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Preface

Microfluidics and biosensors have been massively utilized in biomedical research.
During the last decade, they have reached a high degree of performance offering
unprecedented opportunities for the investigation of pathophysiological processes
and with an enormous potential to improve patient prognosis. As a result, the
scientific community has adopted the use of microfluidic devices and analytical
biosensing tools as a routine practice for their investigations. The synergistic combi-
nation of both technologies can provide revolutionary approaches in the clinic,
particularly in the oncology field, where novel technologies and medical practices
are always demanded. As such, biosensors-integrated microfluidic systems offer
unique advantages in the area of cancer diagnosis and drug screening by providing
accurate sensing tools for detecting the onset of the disease or realistic
microenvironments for assessing the efficacy of drugs. Additionally, the high
sophistication of this type of technology also enables their use for other applications,
such as for developing advanced drug delivery systems or as innovative
biofabrication tools, thus expanding the conventional range of applications of this
type of technology. Therefore, microfluidics and biosensors can provide to
physicians and researchers innovative tools and procedures for unraveling unknown
mechanistic determinants of cancer dissemination or the mechanism of action of
drugs, and for improving the discovery and screening of drugs in a rapid, efficient,
and minimally-invasive manner. In this regard, this point-of-care technology can
undoubtedly boost the field of personalized and precision cancer medicine leading to
a new paradigm in cancer research.

This book focuses on the critical use of biosensors and microfluidics, either
individually or in combination, to develop advanced lab-on-a-chip systems for
cancer research applications. For this, we have gathered the contributions of
world-recognized experts in cancer biology, microfluidics, nanotechnology,
biosensors, biofabrication, and tissue engineering from academia, industry, and
clinic, describing the latest developments, innovations, and applications on this
area. Notably, the book includes looking-forward visions and opinions from experts
about the future of this new generation of miniaturized diagnostic, screening, and
biofabrication methods in oncology. Finally, we hope that this book will prove
helpful in illustrating the potential of microfluidics and biosensors in cancer research
as well as in other fields of study, and in particular, for designing new experiments to
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answer some of the essential questions related to crucial mechanisms involved in
cancer metastasis or the efficacy of drugs, among others.

Braga/Guimarães, Portugal
June 2022

David Caballero
Subhas C. Kundu

Rui L. Reis
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Fundamentals of Biosensors and Detection
Methods 1
Marília Barreiros dos Santos, Laura Rodriguez-Lorenzo,
Raquel Queirós, and Begoña Espiña

Abstract

Biosensors have a great impact on our society to enhance the life quality, playing
an important role in the development of Point-of-Care (POC) technologies for
rapid diagnostics, and monitoring of disease progression. COVID-19 rapid anti-
gen tests, home pregnancy tests, and glucose monitoring sensors represent three
examples of successful biosensor POC devices. Biosensors have extensively been
used in applications related to the control of diseases, food quality and safety, and
environment quality. They can provide great specificity and portability at signifi-
cantly reduced costs. In this chapter are described the fundamentals of biosensors
including the working principles, general configurations, performance factors,
and their classifications according to the type of bioreceptors and transducers. It is
also briefly illustrated the general strategies applied to immobilize biorecognition
elements on the transducer surface for the construction of biosensors. Moreover,
the principal detection methods used in biosensors are described, giving special
emphasis on optical, electrochemical, and mass-based methods. Finally, the
challenges for biosensing in real applications are addressed at the end of this
chapter.

Keywords
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1.1 Biosensors

Biosensors are flexible analytical tools of enormous importance, being able to
resolve a potential number of problems and challenges in diverse areas like home-
land security, defence, medicine and pharmacology, environmental monitoring, and
food safety, among others [1]. They have a great impact on our society and are
expected to improve life quality, regarding the control of diseases, food quality and
safety, and the quality of our environment [2]. For instance, the earlier detection of
diseases and disease screening may be improved using biosensor-based diagnostics.
These analytical tools may monitor the disease progression and treatment, being
extremely appropriate to improve the related prognosis and enhance healthcare
delivery in the community [3, 4].

Biosensors are used to investigate the presence of target analytes in a variety of
samples, including body fluids (urine, blood, saliva, tears, and sweat), food samples,
cell cultures, and environmental samples [5–7]. Numerous potential advantages can
be found in biosensors compared with other biodetection methods, such as the
increase in assay speed and flexibility, rapid and real-time analysis, multi-target
analyses, automation, and reduction of costs [4].

Biosensor is defined by the International Union of Pure and Applied Chemistry
(IUPAC) as “a device that uses specific biochemical reactions mediated by isolated
enzymes, immunosystems, tissues, organelles, or whole cells to detect chemical
compounds usually by electrical, thermal, or optical signals” [8, 9]. A schematic
diagram of the building blocks comprising a typical biosensor is shown in Fig. 1.1.

A biosensor consists of two main components: a biorecognition element or
bioreceptor (Fig. 1.1a) and a transducer (Fig. 1.1b). The bioreceptor, which specifi-
cally recognizes the target analyte, is generally an immobilized biological system or
component among many others (impurities). The transducer converts the biological
response into a measurable signal. The small input signal from the transducer is
amplified (Fig. 1.1c) to a large output signal, which contains the essential waveform

Fig. 1.1 Schematic diagram of a biosensor with the different building blocks: (a) bioreceptor, (b)
transducer, (c) amplifier, (d) signal processor, and (e) recording and display
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characteristics of the input signal. Then, the signal processor processes the amplified
signal (Fig. 1.1d) that can be stored, displayed, and analyzed (Fig. 1.1e) [4].

The biorecognition layer must be highly specific to the analyte in a successful
biosensor and the reaction must be independent of several physical parameters like
pH, stirring, and temperature. Moreover, the biosensor signal must be stable and
without electrical noise and the sensor response should be linear over a useful
analytical range, accurate, precise, and reproducible [10–12], preferentially without
sample dilution or pre-concentration. The biosensor should be portable, fast, inex-
pensive, manageable, and adaptable to be used by an unskilled operator. A
non-invasive monitoring must be employed in clinical situations and the biosensors
should be small and biocompatible [7, 13]. The sensitivity and selectivity of the
biosensor is critically affected by the selection of a suitable bioreceptor with a high
affinity for the analyte, the right transducer, and a feasible method to immobilize the
bioreceptor onto the transducer surface [4]. For this reason, these important factors
involved in the biosensor design will be further discussed in detail. This chapter will
be mainly focused on affinity or bioreceptor-based biosensors, even though other
types of biosensors based on non-affinity sensors have been widely
investigated [14].

1.1.1 Bioreceptors

A bioreceptor is a biological molecular specie or living biological system that uses a
biochemical mechanism for recognition [15]. Bioreceptors, crucial for the specificity
of the biosensor, are generally classified into four major categories: antibody,
enzymes, nucleic acids, and cellular structures/cells. Nevertheless, other
bioreceptors, such as aptamers, biomimetic receptors, peptides, and bacteriophage,
have been widely used in the last years [6, 10, 16–18]. A detailed description of the
most used bioreceptors will be presented in the next sections.

1.1.1.1 Antibody
Antibodies are the most widely used biorecognition elements due to the high
antibody-antigen binding specificity. The three-dimensional structures of antigen
and antibody molecules match in a highly specific manner. For this reason and due to
the diversity inherent in individual antibody make-up, it is possible to find an
antibody that can recognize and bind to any antigen of a large variety of molecular
shapes [6, 17]. Biosensors that use antibodies as biorecognition elements are termed
immunosensors, and they are usually used because antibodies are highly specific,
versatile, and bind strongly to the antigen. The main advantages of using antibodies
are their high sensitivity and selectivity. Long-term stability and manufacturing
costs, especially when many ligands are needed for multi-target biosensor
applications, are some of the limitations of this type of biosensors [3, 4].

Antibodies can recognize and bind to an analyte within a large number of other
chemical substances, even in very small amounts. The antibodies can be
immobilized onto a surface of the transducer to specifically capture the antigens,
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being antibody-antigen reactions highly compatible with known conjugation
chemistries [4, 19]. All these antibodies properties make the immunosensors a
great analytical tool to detect cancer biomarkets [20], chemicals [21], biomolecules
[22], and microorganisms [23, 24], among others [25, 26].

1.1.1.2 Cells
Cell-based biosensors use living cells as bioreceptor to acquire information from an
external physical or chemical stimulus [27]. The application of cell-based biosensors
ranges from environmental monitoring to pharmaceutical research areas, in which
significant accomplishments have been achieved for pathogens detection [28] and
early diagnosis of oral cancer [29]. For instance, toxicity assessment and water
quality monitoring have used different cell types (bacteria, yeast, fungi, algae),
while the study of disease pathogenesis and basic cellular functions have used
eukaryotes cells (fish, rat, and human cells) [30].

Cell-based biosensor present several advantages in terms of long-term recording
in non-invasive ways, fast response, and the biosensor fabrication process is rela-
tively simple and inexpensive compared to pure enzymes, nucleic acids, and
antibodies [27]. In the past few years, more sensitive, accurate, and efficient cell-
based biosensing technologies have been created by emerging microfluidics, 3D
bioprinting, and microarray technology [30]. The main limitation of this type of
biosensors is that the cell viability is affected by factors like the lifetime of cells,
sterilization, and biocompatibility issues of the device [27].

1.1.1.3 Enzymes
Enzymes are frequently chosen as bioreceptors due to their specific binding
capabilities and their catalytic activity [15]. Several possible mechanisms have
been used for analyte recognition: (a) the sensor detects a product that was produced
by the enzyme conversion of the analyte, (b) the enzyme inhibition or activation by
the analyte is detected, or (c) the interaction of the analyte with the enzyme results on
enzyme properties modification of that can be monitored [31]. Even though enzymes
are considered one category of the biorecognition elements, they are frequently used
as labels instead of bioreceptors. Enzymes have gained popularity as labels in
immunoassay detection like Enzyme-Linked ImmunoSorbent Assay (ELISA), in
which three enzymes are generally: alkaline phosphatase, horseradish peroxidase
(HRP), and beta-galactosidase [4, 32].

Enzyme-based biosensors can be used to detect cancer biomarkers [33], choles-
terol [34], food safety and environmental monitoring [35], heavy metals [36] and
pesticides [37]. Enzymes offer several advantages in terms of high sensitivity, long
stability and direct visualization possibility, eliminating the need for expensive and
complicated equipment. Some disadvantages found when using enzymes as labels
include the multiple assay steps and the possibility of interference from endogenous
enzymes [6].
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1.1.1.4 Nucleic Acids
In nucleic acid biosensors, complementary strands of nucleic acids are used as
biological recognition elements and the identification of a target analyte nucleic
acid is based on the natural affinity of matching the complementary base pairs of
adjacent strands, forming a double helix of deoxyribonucleic acid (DNA) though
stable hydrogen bonds [31, 38]. In classic nucleic acid biosensors is measured the
hybridization of a single strand DNA strand immobilized onto the sensor surface
with its complementary strand in the samples. Moreover, intercalating agents can be
inserted in the helical structure of a double-stranded oligonucleotide and be used in a
nucleic acid biosensor [39].

Biosensors based on nucleic acid are highly stable, simple, rapid, inexpensive,
and easily reusable by thermal melting of the DNA duplex. This type of biosensor
possesses a remarkable specificity that can be found in this type of biosensor and the
presence of a single molecule species can measure in a complex mixture. Moreover,
the nucleic acid recognition layers can be regenerated and readily synthesized in
comparison with enzymes or antibodies. One of the most important factors for
nucleic acid bioreceptor is DNA damage. Detection of chemicals may cause irre-
versible damage to DNA by changing the structure of DNA and the base sequence,
which in turn disturbs the DNA replication [4, 6, 40].

Applications of nucleic acids as biorecognition elements are numerous and
DNA-based biosensors have potential applications in clinical diagnostics for virus
and disease detection [41, 42]. Moreover, several applications of DNA microarrays
have been found in the last decades for, among others, the detection and characteri-
zation of pathogens and genotyping, and the profiling of gene expression [43, 44].

1.1.1.5 Aptamers
Aptamers are single-stranded oligonucleotides of DNA or Ribonucleic acid (RNA)
sequences, usually 25–80 bases long [45], produced by an in vitro selection process
called systematic evolution of ligands by an exponential enrichment (SELEX). This
process identifies a monomer sequence and strongly binds the target from a large
library of random sequences [39, 46].The main characteristic of aptamers include
small size, cost efficiency, chemical stability, and once selected, can be synthesized
with high reproducibility and purity from commercial sources. Moreover, aptamer
provides remarkable flexibility and convenience in the design of their structures
[47]. Aptamers are more stable than antibodies and the biosensors using aptamers,
termed aptasensors, can be regenerated [39]. The structural pleomorphic and chem-
ical simplicity of nucleic acids is a common challenge of aptasensors that reduce the
assay efficiency and increase its production cost [4, 40].

Aptamers can be chemically modified by biotin, thiol or amino groups, allowing
them to be immobilized on various solid supports [48]. They possess a high
recognition ability toward specific molecular targets ranging from small molecules
to proteins and even cells [49]. Aptasensor’s applications include the detection of
biomarkers like thrombin [50], clinical testing of cancer-related markers [51, 52],
and also detection of microorganisms and viruses [53].
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1.1.2 Immobilization Strategies in Biosensors

Awide variety of different materials and modification methods have been used in the
design of biosensor surfaces to obtain efficient biosensing devices with oriented
biomolecules. The typical materials used include gold (Au), silicon, silicon oxide,
silicon nitride, graphite, glass carbon, and Indium Tin Oxide (ITO), among others
[7]. Moreover, the surfaces may need to fulfill specific requirements depending on
the measurement technique, for example, electrical conductivity for electrochemical
measurements or transparency for optical devices.

The modification of the sensing surface to integrate the selected biorecognition
elements is one of the most critical steps in biosensor development because biosen-
sor performance (sensitivity, response time, dynamic range, and reproducibility)
depends on how the original properties of the bioreceptor are kept after its immobi-
lization. The immobilization strategies include adsorption (Fig. 1.2a), entrapment
and encapsulation into polymers or membranes (Fig. 1.2c, respectively), cross-
binding or covalent binding of a biomolecule to a silane or self-assembled
monolayers (SAM) (Fig. 1.2d) [4, 48, 54].

The immobilization of the bioreceptor must be stable and the accessibility of the
target molecule and its recognition ability must be guaranteed. Moreover, the
modified surface needs to be inert and biocompatible in a way that it does not affect
the sample composition or its integrity, and a constant signal baseline should ensure.
The different biomolecule immobilization strategies mentioned are described in
more detail above.

Fig. 1.2 Different examples of biomolecule immobilization strategies: (a) adsorption, (b) entrap-
ment (c) encapsulation, and (d) cross-linking to a pre-assembled SAM
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1.1.2.1 Adsorption
Non-specific adsorption (Fig. 1.2a) is based on the deposition of biomolecules on the
surface that interact in a completely random way. At an initial stage, the driving
forces may be hydrophobic or electrostatic, then the protein adsorption is stabilized
by a combination of hydrophobic interactions, hydrogen bonding, and/or Van der
Waals forces [55]. The resulting behavior is highly dependent on each protein
surface involved, as well as a highly stable product [56, 57]. This method is one of
the easiest ways to modify the surface and presents some advantages, such as
simplicity, a cost-effective process, and no modification of the bioreceptors is
required [10]. In terms of limitations, proteins may partly denature as a consequence
of adsorption and thus lose structure and/or function [58]. Moreover, the adsorption
process is difficult to control and the amount of protein adsorbed to most solid
surfaces is usually below a close-packed monolayer. In addition, the exposure of
internal hydrophilic groups of proteins to hydrophobic surfaces during the adsorp-
tion causes a decrease in the activity and specificity of the protein/target interactions
[4, 48].

1.1.2.2 Entrapment
Biomolecules can be entrapped within organic or inorganic polymer matrices during
the matrix polymerization (Fig. 1.2b) and their integrity is not affected since there is
no chemical modification during the process. The proteins are stabilized by the
confinement into small inert spaces, being this method easy and cheap [55, 59]. The
main drawbacks associated with this strategy include the requirement of high
concentrations for both monomers and biomolecules, poor accessibility to certain
target molecules, lack of reproducibility and sensibility to the polymerization
conditions and/or polymer components [4, 60].

1.1.2.3 Microencapsulation
Microencapsulation (Fig. 1.2c) involves the entrapment of molecules within micro/
nano-capsules with different compositions (particles, spheres, tubes, fibers, vesicles;
made of hydrogel, polymer, carbon, silica, lipids, etc.) that can be formed by
different strategies (via template molding, polymerization, self-assembly, emulsifi-
cation, etc). Encapsulation has been reported to protect proteins from unfolding and
degradation, ensuring longer activity times. On the other hand, microencapsulation
requires relatively high biocomponent concentrations and generates longer response
times over the biocomponent is free in solution [4, 48].

1.1.2.4 Self-Assembled Monolayers
SAM are well-defined organic surfaces formed by the spontaneous organization of
thiolated molecules on metal surfaces [61]. SAMs are easy to prepare and
functionalize in an ordinary chemistry laboratory, can be formed on surfaces of
any size and it is possible to link molecular-level structures to macroscopic interfa-
cial phenomena. SAMs are often the basis for the subsequent immobilization of the
biorecognition elements since the functional groups provided by the SAM layer
termination can be personalized to suit any specific requirement [4, 56].
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1.1.2.5 Silanization
Silanes have the general chemical composition formula RSiX3, where R is an
organofunctional group selected according to the desired surface properties; and X
is a hydrolyzable group, typically an alkoxy group (alkyl group linked to oxygen).
They are capable of reacting with different substrates such as silica, silicon, silicon
oxide, silicon nitride, glass, cellulose, and metal oxide surfaces. Silanization is a
SAM substitute and hydroxyl-terminated substrates are one of the most frequently
and effectively used procedures for the chemical and physical properties modifica-
tion of the substrate. Silanes are normally hydrolyzed at some stage in the coating
process, allowing interaction with the substrate either via hydrogen or covalent
bonds [4, 48].

1.1.2.6 Chemical Conjugation
The most commonly used strategy of chemical conjugation consists in cross-binding
between carboxylic (-COOH) and amine groups (-NH2), exploiting the carbodiimide
chemistry (i.e. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-
hydroxysuccinimide (NHS)). The COOH group can be situated either on the termi-
nation of the SAM or on the (bio) component to be immobilized. The use of
glutaraldehyde allows the reaction of two amino groups. Thiols can be coupled to
amino groups using heterofunctional cross-linkers such as succinimidyl
4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (SMCC) or N-succinimidyl
S-acetylthioacetate (SATA). The polysaccharides present in some proteins can be
oxidized with sodium periodate and later conjugated to amine or hydrazide groups in
the SAM by reductive amination. Hydroxyl groups on a SAM can be treated the
same way [62]. In addition, the recognition element may also be self-assembled. For
example, a modified nucleic acid fragment incorporating an –SH terminal group is
directly self-assembled on the metal surface [4, 48].

1.1.3 Transducers

The transducer has an important role in the detection process of a biosensor.
Biosensors can be classified based on the transduction methods used, which include
electrochemical, optical, magnetic, mass sensitive, and thermal. In the past years, the
transduction mechanism has been improved significantly by using nanomaterials
that can provide them different characteristics in biosensors, such as greater sensi-
tivity, faster detection, shorter response time, and reproducibility [10]. The different
nanomaterials include nanoparticles (NPs), nanorods (NRs), nanowires (NWs),
carbon nanotubes (CNTs), quantum dots (QDs), graphene (G), graphene oxide
(GO), carbon dots (CD), metal-organic frames (MOFs) and dendrimers. For exam-
ple, metallic NPs are usually employed in biosensor as enhancers of biochemical
signals. For instance, NWs are used as charge transport and carriers, while the CNTs
are used as enhancers of reaction specificity and efficiency. QDs may be employed in
biosensor as contrast agents for improving optical responses [10]. There are some
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reviews available with an in-depth description of the most recent advances of
nanomaterials in biosensors [10, 55, 63–69].

Optical, electrochemical, and mass-based transducers are the most popular and
common methods used [6, 70]; for this reason, they are given more importance in
this chapter. These transducers can be categorized into two groups: (1) direct
recognition and (2) indirect detection biosensors. For instance, the direct detection
biosensors exploit the direct measurements of the phenomenon occurring during the
biochemical reactions on a transducer surface and no requirements of labeling for
detection are needed (i.e., label-free). In the case of indirect detection biosensors, the
detection is enhanced by secondary elements (labels), such as enzymes,
fluorophores, and nanoparticles [3, 65, 71].

1.1.3.1 Optical-Based Biosensors
Optical-based biosensors have been commonly employed due to the numerous
different types of spectroscopy measurements available (e.g., fluorescence, Raman,
refraction, phosphorescence, absorbance, dispersion spectrometry, etc.)
[15, 17]. The optical biosensors are probably the most popular especially because
of their sensitivity, high specificity, cost-effectiveness, and small size. These types of
transducers also permit direct, real-time, and label-free detection [72].

Figure 1.3 shows some examples of the most common optical detection methods
used in the biosensors field: (a) fluorescence and chemiluminescence, (b) surface
plasmon resonance (SPR), (c) surface-enhanced Raman scattering (SERS), and
(d) colorimetric.

Fluorescence-Based Biosensors
Fluorescence biosensors can detect the concentration, location, and dynamics of
biomolecules based on a fluorescent phenomenon. This phenomenon occurs when
electromagnetic radiation is absorbed by fluorophores or fluorescently labeled
molecules, in which the energy is converted into fluorescence emission [73]
(Fig. 1.3a). The fluorophore molecules that label target biomolecules can be dyes,
fluorescent proteins, or QDs. These types of biosensors usually embrace three main
approaches: (a) Fluorescent quenching (turn-off), (b) fluorescent enhancement
(turn–on), and (c) fluorescence resonance energy transfer (FRET) [10, 74]. Fluores-
cence biosensors often includes: excitation light source (e.g. LEDs (light-emitting
diodes), lasers, fluorophore molecules, and photodetector that records changes in the
fluorescence intensity [73, 75].

Fluorescence-based biosensors combine high sensitivity, sensitivity, and short
response time, being widely employed in medical diagnosis [76], environment and
food quality monitoring applications [63]. FRET-based optical sensors also have
drawn much attention in clinical applications, such as cancer therapy and aptamers
analysis, since they can detect changes in angstroms to nanometers [10, 77]. As for
disadvantages, fluorescent molecules (i.e., organic dyes) can be often toxic and
easily photobleached. The use of nanomaterials has introduced an interesting
approach to the development of low-cost and portable fluorescent devices, in
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which nanostructures that enhance the fluorescence signal has been used to construct
remarkable fluorescent sensors [66, 78].

Chemiluminescence-Based Biosensors
Chemiluminescence is a phenomenon in which light energy is released due to a
chemical reaction [10] (Fig. 1.3a). Certain substances (reactants, intermediates, and
fluorophores) are activated by oxidation to form an oxidized high-energy intermedi-
ate, generating luminescence by the decomposition or transference of this interme-
diate energy to nearby fluorophores that return to its ground state.
Chemiluminescence can generally be divided into direct chemiluminescence and
indirect chemiluminescence strategies, depending on the different chemical energy
conversion mechanisms [79]. The intensity of emitted light can be measured by three
different means: (a) in static, the mixture of reagents is done in front of the detector;
(b) the interaction of chemiluminescent reagents with the analyte occurs by diffusion
or convection when reagents are immobilized on a solid support (e.g., filter paper);
and (c) inflow measurement systems [80].

The instrumentation for chemiluminescence measurements consists of a mixing
device and a detection system. The affordable instrumentation, simplicity, low
detection limit, and wide calibration limit are some of the advantages of

Fig. 1.3 Schematic overview of optical-based biosensors: (a) fluorescence and
chemiluminescence-based biosensors, (b) Surface Plasmon Resonance, (c) Surface-enhanced
Raman scattering, and (d) colorimetric
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chemiluminescence-based biosensors [10]. Nevertheless, poor sensitivity and lim-
ited selectivity of analysis, unless coupled to a powerful separational set-up, are
some of the main drawbacks [81]. Electrogenerated chemiluminescence sensors, a
kind of chemiluminescence phenomenon, have been attracting much attention in the
last years due to the possible unusually high sensitivity, extremely wide dynamic
range, and excellent controllability [82]. The application of chemiluminescence-
based biosensors includes the detection of biomarkers [83], toxins [84, 85], metal
ions, viruses, and bacteria [82]. Nowadays, new applications had been extended by
using nanomaterials that have been employed to improve the sensitivity [86].

Plasmon-Based Biosensors

Surface Plasmon Resonance
SPR is a powerful technique to measure biomolecular interactions in real-time and
label-free environment [87]. The changes in the refractive index in the metal surface
vicinity are measured by SPR that create a change in the resonance angle [88, 89]. A
scheme showing the working principle of a SPR biosensor is shown in Fig. 1.3b. A
sensor chip with a thin Au layer on the top is irradiated from the backside by
p-polarized light (from a laser) via a hemispherical prism, and the light is reflected
by the metal film acting as a mirror. The change in the angle of incidence, θ, can be
monitored providing the intensity of the reflected light. The intensity of the reflected
light passes through a minimum and at this angle of incidence, the light will excite
surface plasmons, inducing a surface plasmon resonance, and a dip in the intensity of
the reflected light is caused. The properties of the gold-solution interface can
determine the angle position of this minimum. Later, adsorption phenomena and
even reaction kinetics can be monitored using this sensitive technique [4, 89].

In addition to the high sensitivity and temporal resolution offered by SPR, the
main advantage of this technique is that labeling is not needed on target molecules.
This has a direct impact on time and cost, as well as can avoid possible perturbations
during the biorecognition studies due to this additional step. The main drawbacks of
this technique lay in its complexity (specialized staff is required), high cost, and
large size of most currently available instruments [4, 88, 90]. SPR has been widely
used in cancer research [66] and monitoring of contaminants in food and
environment [39].

Localized Surface Plasmon Resonance
Another plasmon-based biosensor of great interest is localized surface plasmon
resonance (LSPR)-based biosensors due to their potential of label-free and
multiplexing, portability, low-cost, and real-time monitoring of diverse target
[91]. This type of biosensor is based on the LSPR properties of certain metal
nanostructures (e.g. Au, Ag, Cu), which is generated by the collective oscillation
of conduction electron upon excitation with the appropriate light (e.g., a laser beam).
As a consequence of this excitation, an absorbance band(s) can be acquired by using
UV-Vis spectroscopy. The energy window of LSPRs in gold and silver NPs lies
typically within the visible NIR and depends on the size, shape, and composition of

1 Fundamentals of Biosensors and Detection Methods 13



the NPs, as well as on the orientation of the electric field relative to the NP and the
dielectric properties of the surrounding medium [92]. This allows for designing
biosensor based on the LSPR variation when a biomarker is adsorbed/attached on the
metal surface. However, their fabrication presents significant challenges, including
the elimination of probe set—target set cross-reactivity, selection of well-
characterized bioreceptors, minimization of non-specific binding, and synthesis of
stable nanoparticles.

Few examples of multiplexed detection have been reported [93]. These assays
were based on mixtures of functionalized gold nanorods in an aqueous solution; and
subsequent detection of targets through changes, both at intensity and shifted, of the
longitudinal surface plasmon band. These LSPR changes are generated by means of
dependent-response to binding events (i.e. biorecognition antibody-antigen). These
studies demonstrate that it is possible to detect multiple analytes within a single
assay, but this still requires large improvement regarding reproducibility, limit of
detection, and spatial resolution. This could be possible by using detectors with
better signal-to-noise ratio or higher resolution [94], and increasing the intrinsic
biosensor’s sensitivity [95]. The utilization of different nanoparticle shapes may be a
good alternative or the detection of single NPs [96], which may help to improve
sensitivity through narrower plasmon bands, but the lower signal-to-noise ratio
could be a limiting factor.

Surface-Enhanced Raman Scattering
SERS offers unique advantages as an analytical tool with a high selectivity and
sensitivity without matrix interference and minimum sample preparation. It can
provide high throughput chemical information (unique fingerprints containing vibra-
tional information) on particles with sizes down to the nanometric scale [97]
(Fig. 1.3c). SERS is based on the enhancement of the Raman signal by several
orders of magnitude for molecules adsorbed on a noble metal nanostructured surface
(e.g. gold and silver). This enhancement is principally caused by the LSPR in a metal
nanostructure. Excitation of the LSPR results in the enhancement of the local field
experienced by a molecule adsorbed on the nanostructure surface [98]. This together
with the recent advances in nanofabrication techniques [99], which fuel the devel-
opment of a large variety of rationally designed SERS substrates with optimized,
uniform, and reproducible responses, pave finally the way for the successful transla-
tion of the great analytical potential of SERS to reliable, widely accepted and
commercially viable sensing applications, addressing several limitations posed by
conventional analytical techniques [100]. SERS-based biosensors offer two detec-
tion design approaches:

• Direct SERS. The detection is obtained by monitoring the characteristic changes
of the vibrational profile of bioreceptors, bound to the metal surface, when
complexed with the target species [101]. However, direct detection is not the
best option due to the complexity of detecting simultaneously multicomponent
mixtures of biological fluids. If the number of molecules, including targets and
background species, is high, the overlapping of vibrational modes of different
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molecules is very likely. In this situation, the interpretation of the vibrational
spectrum becomes difficult or nearly impossible. One solution consists of the
application of chemometric deconvolution algorithms such as partial least squares
regression, principal component analysis, or hierarchical cluster analysis [102].

• Indirect SERS. In this case, the plasmonic substrate is encoded with a good
Raman reporter which acts as a source of strong and distinctive SERS signature
whose intensity has been designed to selectively vary according to the biomarkers
concentration. This strategy is usually employed in those cases where the direct
approach yields low Raman signatures or for the multiplex analysis of big
analytes in very complex fluids [100].

Importantly, the availability of a large library of SERS fingerprints allows the
simultaneous detection of a set of biomarkers with high selectivity enabling an
accurate diagnosis of a complex disease. Moreover, the development of the
multiplexed SERS-based sensors allows also for expanding the number of potential
biomarkers, including new small peptides/molecules that cannot be employed with
the current technology because of sensitivity limitations. Finally, the introduction of
nano-enabling SERS sensing technology could enable rapid detection of multiple
biomarkers at point-of-care and may facilitate fast personalized healthcare delivery.

Colorimetric-Based Biosensor
Colorimetry is a well-known sensing principle that is widely, maybe the most, used
in commercial biosensors (e.g., ALS SARS-CoV-2 RT-LAMP kit [103]). It
determines the concentration of an analyte by detecting a color change easily by
naked eyes or simple portable optical detector, which is associated with a specific
(bio) chemical reaction. These types of biosensors have been developed for a wide
type of bioreceptor such as antibody, enzymes, and nucleic acids [104]. Colorimetric
biosensors can be also designed using metal nanoparticles, which may cover the
need for label-free and high-throughput analysis in diagnostics.

Lateral flow assay is one of the most popular colorimetric biosensors (Fig. 1.3d).
This is a simple, specific, portable, and low-cost diagnostic device used to detect an
analyte such as pathogens or cancer biomarkers and is currently used for PoC
detection. Numerous labels are used in lateral flow biosensors, AuNPs being the
most widely used. Lateral flow biosensors traditionally involve the use of antibodies,
but aptamers or/and nucleic acid have also been implemented. The home pregnancy
test is an excellent example of how to work a lateral flow using the optical properties
of AuNPs to provide practical solutions to real problems. The concept of this
pregnancy lateral-flow test is based on the presence in pregnant women’s urine of
an important excess of human gonadotropic hormone (HcG). HcG presents a specific
protein structure that binds to a complementary DNA sequence. AuNPs are then
functionalized with this complementary sequence. AuNPs also provide red color.
Therefore, if HcG is detected, the spot or line of the dipstick shows red; if not, blue
color is observed [105].

Despite all the advantages of the colorimetric biosensors, there are some
limitations on their implementation such as (1) excellent bioreceptor preparation is
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obligatory; (2) analysis time is sample-dependent; (3) inaccurate sample volume can
reduce sensitivity and precision; and (4) sample preparation is needed for many of
non-liquid samples [103].

1.1.3.2 Electrochemical-Based Biosensors
In the electrochemical-based biosensors, an important subclass of biosensors, an
electrode is used as a transduction element [40]. Electrochemical biosensors can be
classified into several categories such as amperometric, potentiometric, and
impedimetric based on the measured parameter: current, potential or impedance
(Z ), respectively (Fig. 1.4) [88]. Electrochemical biosensors hold great potential as
the next-generation detection systems due to their high sensitivity, portability, low
cost, low-power instrumentation required, ease of operation, and high compatibility
of integration into miniaturized devices [64, 106]. However, their sensitivity and
selectivity can be slightly limited [4, 6]. The integration of nanomaterial in electro-
chemical biosensors, such as G, GO, and CNTs (single or multiple one atom-thick
carbon concentric tubes) as well as NPs and NWs of different materials, can
nowadays allow limits of detection lower than previously possible, enabling even
single-molecule detection [11, 64, 67].

Electrochemical sensing usually requires a reference electrode (RE), a counter
(CE) or auxiliary electrode, and a working electrode (WE), also known as the sensing
or redox electrode. The RE, being the most conventional silver/silver chloride

Fig. 1.4 Schematic overview of some electrochemical detection methods: (a) potentiometry, (b)
amperometry, and (c) electrochemical impedance spectroscopy, based on faradaic measurements
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(Ag/AgCl), is kept at a fixed distance from the reaction site in order to maintain a
known fixed and stable potential. The CE usually uses an inert conducting material,
such as platinum (Pt) or graphite, and establishes a connection to the electrolytic
solution so that an excitation can be applied to theWE. Finally, theWE, is employed
as a solid support for the immobilization of the biomolecules and it serves as the
transduction element from the biochemical reaction to the electrical signal. There-
fore, the WE should be both conductive and chemically stable [4, 67]. The materials
most commonly used are Au, Pt, ITO, and carbon-based [7, 40, 107].

Potentiometric Biosensors
Potentiometry is the electrochemical measurement of an electrical potential differ-
ence between two electrodes, known as the indicator and reference electrodes, when
the electrochemical cell current is zero. The reference electrode provides a constant
half-cell potential, while the indicator electrode develops a variable potential, which
is dependent on the activity or concentration of a specific analyte in solution. The
change in potential E is plotted as a function of time (Fig. 1.4a) and is related to
analyte concentration in a logarithmic mode, allowing the detection of extremely
small concentration changes [4, 6, 7].

Potentiometric biosensors rely on the use of an ion-selective electrode (ISE) and
ion-sensitive field effect transistor for obtaining the analytical information. The pH
sensor is the most well-known example of an ISE [108]. The specificity of the device
is conferred by a selective membrane, which may be formed from metal salts or
polymeric membranes containing ion-exchangers or neutral carriers. Up to the
present, there is a range of commercially available ISEs that can detect specific
ions such as calcium, potassium, copper, barium, chloride, etc. [108]. Likewise, it
can also be used to detect cancer biomarkers and other crucial biological compounds
[109, 110]. The potentiometric biosensors are very attractive because they are
simple, low cost, selective, and provide a fast analysis time. Nevertheless, these
devices are still less sensitive than other electrochemical techniques and often
present a slow response to a steady-state potential value [12, 35, 44].

Amperometric Biosensors
Amperometric sensors measure the current as a function of time, at a constant
potential, Fig. 1.4b, resulting from the oxidation and reduction of an electroactive
specie in a biochemical reaction that mainly depends on the concentration of an
analyte [7, 40]. The applied potential serves as the driving force for the electron
transfer reaction, and the current produced is a direct measure of the rate of electron
transfer [6]. The peak current value acquired is directly proportional to the
electroactive specie concentration. In the case of biosensors, where direct electron
exchange between the electrode and either the analyte or the biomolecule is not
permitted, redox mediators are required. Redox mediators are small size compounds
able to reversibly exchange electrons between the electrode surface and the
biological recognition molecule (e.g., ferricyanide, osmium or ruthenium
complexes, dyes, etc.) [4, 88, 111].
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The amperometric devices often use an indirect sensing system, however their
sensitive is usually superior to potentiometric devices [7]. Amperometric biosensors
were the first type to be developed and have been widely combined with different
biorecognition molecules and used for various applications, from health, food safety,
and environmental monitoring [112]. An example of an amperometric device is the
well-known glucose biosensor, which is based on the amperometric detection of
hydrogen peroxide. The enzyme, glucose oxidase, is immobilized onto the electrode
surface and it catalyzes the conversion of glucose to gluconic acid and hydrogen
peroxide [113, 114]. Nevertheless, amperometric biosensors show some drawbacks
that limit their use, like the presence of electroactive interference in the sample
matrix can cause the transducer to generate a false current reading. Although, there
are various methods proposed to overcome this constraint such as sample dilution,
coating of the electrode with polymers, changing the medium of analyte, and/or
adding a mediator [4, 40].

Voltammetry is a form of amperometry, through which information about an
analyte is obtained by determining the change in current as a function of applied
potential. A potential between the WE and the RE is applied and the current
generated externally from the CE to the WE is measured, also classified as an
electro-analytical technique. The peak current value is used for identification,
while the peak current density is proportional to the concentration of the
corresponding species. The advantages of this type of electrochemical biosensor
are highly sensitive measurements and simultaneous detection of multiple analytes
[115]. Different voltammetric techniques such as linear sweep, differential staircase,
differential pulse, normal pulse, reverse pulse, and polarography among others can
be used, according to the way that the potential is scanned [116]. The first work
addressing voltammetric immunosensors was published by Weber and Purdy (1979)
[117], reporting the detection of an antigen in the presence of a bound antigen. Since
then, an immeasurable amount of voltammetric detection schemes have been
reported for different applications from cancer diagnosis to food and environmental
fields [40, 118, 119].

Electrochemical Impedance Spectroscopy Biosensors
Electrochemical impedance spectroscopy (EIS) is a suitable technique for the detec-
tion of binding events that occurs on the transducer surface and a valued tool for
characterizing surface modifications [120]. This versatile electrochemical tool
characterizes the intrinsic electrical properties of any material or solution and its
interface. The impedance Z of a system is generally determined by applying a
voltage perturbation with small amplitude (between 5 and 10 mV) and detecting
the current response. The impedance measures the voltage–time function V(t) and
the resulting current–time function I(t), and thus is expressed in terms of a magni-
tude, Z and a phase shift, ϕ:
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Z ¼ V tð Þ
I tð Þ ¼ V0 sin 2πftð Þ

I0 sin 2πft þ ϕð Þ ¼
1
Y

ω ¼ 2πfð Þ

where V0 and I0 are the maximum voltage and current signals, respectively, f is the
frequency (angular frequency ω), t the time, φ the phase shift between the voltage–
time and current–time functions, and Y is the complex conductance or admittance.
The result of an impedance measurement can be illustrated using a Bode plot that
plots log|Z| and φ as a function of ω (or f ) or using a Nyquist plot which represents
ZRe and ZIm (Fig. 1.4c) [4, 56, 107, 120].

EIS data is commonly modeled using an equivalent electrical circuit model that
characterizes the different physicochemical properties of the system and usually
consists of resistances and capacitances. Equivalent circuits are used to correlate the
experimental data with the modeled curve [103]. The four elements usually used to
describe the impedance behavior of EIS biosensors are: ohmic resistance of the
electrolyte (Rs), capacitance (double layer) (Cdl), constant phase element (CPE),
electron transfer resistance (Rct), and Warburg impedance (Zw) [46, 48, 107]. The Rct

is the electron transfer resistance across the electrode–electrolyte interface. The Cdl

gives the specific capacitance at the interface of the electrolyte with the electrode and
is characterized by the non-faradaic charge that arises from the surface, from the
solid/liquid interface. Cdl is sometimes substituted with a CPE, to compensate for
non-ideal capacitor behavior that occurs due to non-homogeneity of the surface at
the double-layer interface. Zw is called the impedance of diffusion and is a parameter
that becomes significant in magnitude when a diffusion-controlled electron transfer
process is present [121]. The most popular equivalent electrical circuit is the Randles
equivalent circuit model, Fig. 1.4c, which includes Rs, Rct, Cdl, and Zw. From the
Randles circuit model, the magnitude of the previously introduced circuit elements
can be extracted and provide unique information about the conductive material under
investigation, as well as about the biochemical reaction that is taking place on the
surface of the electrode. It also serves to evaluate the suitability of the experimental
operating conditions and design of the EIS system [103].

EIS can be divided into Faradaic and non-Faradaic, depending on whether there is
a redox-related charge transfer across the electrode interface during measurement. In
faradaic EIS, a redox specie is alternately oxidized and reduced by the transfer of an
electron to and from the metal electrode (Fig. 1.4c). Faradaic EIS approaches are
widely used in biosensors [122–124] and a typical redox probe used is ferricyanide
[Fe(CN)6]

3�/4�. In non-Faradaic EIS, no redox process occurs and capacitive
biosensor is the term usually designated [4, 46, 107]. Impedimetric biosensors
have been received incredible attention from the research community, with a large
number of publications in different areas, ranging from food quality control
[125, 126] and environmental monitoring [127] to clinical diagnostics [128] due to
their high sensitivity, portability, low cost, simplicity of instrumentation, label-free
and ease of operation [64]. Some limitations include the susceptibility to
non-specific binding and reusability of the electrodes.
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1.1.3.3 Mass-Based Biosensors
Mass-based biosensors are another form of transduction used for biosensors that
measures small changes in mass. The mass analysis usually depends on the use of
piezoelectric crystals that can be made to vibrate at a specific frequency with the
application of an electrical signal of a specific frequency. The frequency of oscilla-
tion is dependent on the applied electrical frequency to the crystal and the mass of the
crystal. Therefore, the mass increases with the frequency of oscillation of the crystal
changes due to the binding of chemicals. This resulting change can be measured
electrically and to determine the additional mass of the crystal [6, 17]. Quartz is
being used as a common piezoelectric material and the two types of mass-based
sensors are bulk wave (BW) or quartz crystal microbalance (QCM) and surface
acoustic wave (SAW) [6, 16, 129]. The main advantages of using mass-based
include real-time monitoring, label-free detection, and simplicity of use. Neverthe-
less, some important drawbacks are lack of specificity and sensitivity, and excessive
interference [4, 40].

1.2 Challenges in Biosensing

Biosensors are expected to play a very important role in “the medicine of the future”
or “P4 medicine,” which is predictive, personalized, preventative, and participatory
[130]. One of the best examples is the huge development in wearable biosensors
(Table 1.1). Despite these advances, extensive efforts are still required to realize their
full diagnostic potential. In this section, we will briefly discuss the main barriers for
biosensors’ full transference and passing the “valley of death” in real application and
market and the most recent developments to overcome them.

1.2.1 Market Barriers

1. Scalability:
Cost-affordability and reproducibility of biosensors in production highly depend
on the industry capability to increase the number of devices per batch. With the
ever-growing complexity of biosensors (many times depending on biomolecules,
NPs or nano/microfabricated devices), their reproducible scalability is highly
difficult. Reducing the dependence on highly complex systems and increasing
the number of specialized pilot plants for production will increase the success of
overcoming this issue.

2. Certification:
There are high regulatory barriers due to the strict international healthcare
standards. Apart from the need for licenses on genes and molecules, new
regulations are released. In Europe, Regulation (EU) 2017/745 establishes the
frame on the clinical investigation and sale of medical devices for human use and
it is full into force since 26 May 2021. This regulation included a stricter
premarket review of high-risk devices, strengthened designation criteria for
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notified bodies, improved traceability, as well as a risk-based classification
system for In Vitro Diagnostic systems (IVDs). Time and budget investment
needed to obtain those licenses and certifications are many times the biggest
barrier to the full implementation of biosensors.

1.2.2 Technical Barriers

– Robustness:
Biosensors depend on a biorecognition element that binds to the target analyte.
Those biomolecules are typically highly sensitive to pH, temperature, and salinity
among other parameters that are highly variable in a human fluid or at POC. Over
the years, this fact has greatly limited the robustness of biosensors and their
transference to market. Recently, the development of biomimetic recognition
elements has enabled great advances in this issue [131]. Nanozymes, synzymes,
molecularly imprinted polymers (MIPs), nanochannels, and metal complexes
such as metal-organic frameworks, with selective recognition capability but
improved resistance and recyclability have been developed and integrated,
mainly in electrochemical sensors to improve their robustness.

– Sample interference:
Typically, biological fluids composition is complex and the presence of a high
concentration of salts, proteins, carbohydrates, and nucleic acids can compromise
the biosensors’ sensitivity, selectivity, and robustness. However, POC devices
should be independent of complex sample preparation procedures such as centri-
fugation, filtration, or solid-phase extraction. Microfluidics have been applied to
address the challenges of sampling and sample interference. Integration of sample
preparation steps in modules that are compatible with automation or the same
sensing device has been one of the raising trends in the last decades [132]. The
incorporation of magnetic beads or nanoparticles for analyte preconcentration or
solid-phase microextraction are clear examples of how miniaturization and
automatization of processes can help to address the sample interferences.

– Power:
• Power consumption. Another important problem to face to use biosensors for

innovative IoT and Big Data applications is to have energetically autonomous
sensors for improving the accuracy/resolution of the measurement for given
power consumption, to increase their operation time or allowing a “perpetual”
operation. So, electronic sensors and their electronic interfaces need to be able
to operate autonomously and wirelessly during a relatively long period of time
from an embedded local power source. Unfortunately, batteries are most
commonly based on lithium, which is scarce (particularly in Europe) and
highly demanded, and systems for energy harvesting are still obsolete.

• Autonomy (energy harvesting systems and batteries). In relation to power
consumption, the autonomy and the power consumption will define the
power storage and/or supply requirements. POC biosensors consume energy
in the sensing process (directly related to the number of measurements or
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analytes detected), but as well in data processing and communication. Power
sources can be based on batteries, and/or energy harvesting and storage
devices such as biofuel cell or solar cells, and more recently based on a
combination of sources [106, 133, 134]. Energy can be transferred wireless
but biosensors can be designed to be self-sustainable incorporating their own
biofuel cells based on the target analyte. A better energy-efficient biosensor
can be also obtained by the optimization of the sampling frequency, data
storage, processing, and communication.

– Fouling:
Unspecific adsorption of biomolecules and subsequent layers of biofluid
components and/or microorganisms is one of the main reasons for decreased
robustness and reliability of biosensors in a real scenario. For instance, the high
concentrations of protein in saliva, including mucins and proteolytic enzymes,
along with food debris, can lead to rapid biofouling of the oral cavity sensor
through nonspecific adsorption at the transducer surface. These challenges can be
addressed by developing perm-selective protective coatings that exclude
macromolecules from the surface [106]. Recent advances have been applied for
surface modification which minimizes surface fouling, including immobilization
of polymers, self-cleaning coatings, incorporation of biocidal agents, and surface
structuring. Surface functionalization, however, sometimes hinders or interferes
with the sensor sensitivity. Recent reports include a new generation of surface
functionalization that avoids fouling formation without compromising sensor
signal, such as the use of zwitterionic-based materials [128].

1.3 Conclusions

In this chapter, we have discussed the fundamentals of biosensors focused on
receptors (enzymes, antibodies, nucleic acid, cell, and aptamers), transducers (elec-
trochemical, optical, and mass sensitive), and the main strategies for the immobili-
zation of biomolecules onto surfaces. In the recent decade, a rapid growth in
biosensing technology has been observed, at the research and product development
level, becoming more versatile, robust, and dynamic. This growth has been produced
mainly due to the development of new biorecognition elements and transducers,
progress in miniaturization, the introduction of novel nanomaterials and
nanostructured devices, microfluidics, on-chip electronics, sampling techniques,
and novel anti-fouling surface chemistries, among others. Biosensors are versatile
and powerful tools for POC applications, such as for the monitoring of treatment
efficacy and disease progression, food control, drug discovery, environmental mon-
itoring, and biomedical research. For instance, biosensors can be of most importance
for POC testing, providing quick results in a cost-effective manner and allowing the
rapid diagnostics of disease condition. In this regard, lab-on-a-chip technology has
an important role in the development of POC and cancer biomarkers multi-target
analysis, maintaining the precision and reliability of a laboratory analysis.
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How to Get Away with Gradients 2
Jordi Comelles, Óscar Castillo-Fernández, and Elena Martínez

Abstract

Biomolecular gradients are widely present in multiple biological processes.
Historically they were reproduced in vitro by using micropipettes, Boyden and
Zigmond chambers, or hydrogels. Despite the great utility of these setups in the
study of gradient-related problems such as chemotaxis, they face limitations when
trying to translate more complex in vivo-like scenarios to in vitro systems. In the
last 20 years, the advances in manufacturing of micromechanical systems
(MEMS) had opened the possibility of applying this technology to biology
(BioMEMS). In particular, microfluidics has proven extremely efficient in
setting-up biomolecular gradients which are stable, controllable, reproducible
and at length scales that are relevant to cells. In this chapter, we give an overview
of different methods to generate molecular gradients using microfluidics, then we
discuss the different steps of the pipeline to fabricate a gradient generator
microfluidic device, and at the end, we show an application example of the
fabrication of a microfluidic device that can be used to generate a surface-
bound biomolecular gradient.
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2.1 Introduction

Gradients are defined as “an increase or decrease in the magnitude of a property
(e.g. temperature, pressure, or concentration) observed in passing from one point or
moment to another” by The Oxford online dictionary [1]. Thus, gradients are all
around in nature and, in particular, in living organisms. Biomolecular gradients are
an important, evolutionarily conserved signaling mechanism to guide cell growth,
migration, and differentiation within the dynamic, three-dimensional environment of
living tissues. Gradients direct many biological processes such as cancer metastasis
[2, 3], immune response [4], and neuronal growth [5].

Historically, various in vitro assays were developed to study the effects of
biochemical gradients on cell behavior. For example, micropipettes, Boyden and
Zigmond chambers, and hydrogels have been used to generate concentration
gradients of soluble factors [6]. These gradient generation setups were and still are
incredibly useful in multiple applications, such as understanding immune cell
response to pathogens or screening the efficiency of antimetastatic drugs. However,
these gradients are limited to soluble factors, they have short-range spatial action,
and some of them are not fully compatible with microscopy techniques. These
limitations hamper the amount of biological questions that can be addressed by
such techniques [7].

Later, other methods to create biomolecular gradients, both on surfaces and in
solutions, emerged. These include vapor diffusion [8], immersion technique applied
to self-assembled monolayers [9], and microfluidics [10]. These techniques have the
advantage of allowing a better control of the gradient length and shape, which is
crucial in the development of graded interfacial zones that mimic transitions in
heterogeneous tissues. The length scale over which a surface physicochemical
property changes gradually characterizes each gradient. To this end, each gradient
can be viewed as having a dual character. First, the length scale that is associated
with the overall gradual variation of a given property on the sample: the inherent
gradient length scale. And second, at length scales significantly smaller than the
inherent length scale, the sample appears to exhibit a uniform property. The overall
sample can then be considered as a collection or library of individual homogeneous
specimens, each having a discrete value of a given property. This dual nature
(discrete at the nano/microscale and continuous at the mesoscale) makes gradients
a powerful tool for systematically studying various physicochemical phenomena,
and, on the other hand, driving certain phenomena [11].

Therefore, if a gradient is envisioned as a drug screening platform, the sample
must be large enough, and the gradient slope must be small enough so that the library
possesses a uniform property at the size of an individual cell. Moreover, it is
imperative that the characteristics of the individual library elements remain uniform
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at the scale of the cell to obtain an acceptable uncertainty in the measured effect
[12]. However, if one aims to use a gradient to drive a phenomenon that takes place
at micrometric length scales, like cell migration, then the sample must change its
properties at this very same length scale.

In this chapter, we will focus on the development of gradients with a length scale
closer to the cell size using microfluidic technology. We will briefly cover the
fundamentals of microfluidics, discuss the key aspects to consider when designing
the device, introduce the different technical approaches, and finally present a step-
by-step process to fabricate a fully functional microfluidic device to generate protein
gradients.

2.2 Microfluidics to Generate Gradients

2.2.1 BioMEMS

Microelectromechanical systems (MEMS) are a collection of devices manufactured
using techniques similar to those used to produce integrated circuits in microelec-
tronics. MEMS cover a vast zoology of devices such as channels, valves,
microreservoirs, micropumps, cantilevers, rotors, and sensors, among others
[13]. These devices comprise dimensions ranging from hundreds of microns down
to few micrometers and below, which are matching the length scale of cells and
subcellular structures. Therefore, MEMS gave access to interact with biological
process at a scale that was not possible before their appearance, giving rise to a
completely new field known as BioMEMS.

BioMEMS devices have been applied to a wide range of applications, ranging
from the measurement of the force exerted by a cell [14] to the sequencing of DNA
[15] or measuring the mechanical properties of single molecules [16]. In particular,
BioMEMS have fostered the appearance and growth of a whole new scientific and
technological field such as microfluidics. Applications of microfluidics in biology,
medicine, or chemistry have been developed; and it can be used for sorting,
counting, labeling, mixing, and culturing cells or a combination of these functions
in devices known as lab-on-a-chip [17, 18]. Microfluidic applications take advantage
of the basic driving forces, mechanisms, and properties of microflows, which are
very useful to perform the tasks listed above and to obtain molecular gradients with
controlled shape at scales relevant to the cells.

2.2.2 Fundamentals of Microfluidics

The mechanical aspect of the flow, which is the motion of a liquid, is described by
classical mechanics and hydrodynamics. For solid objects, their position and veloc-
ity are used to describe motion, while for fluids the velocity field becomes a more
convenient quantity. This means that we are not looking at the velocity of one
particular “fluid particle,” but instead we look at the velocity of the fluid at a certain
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region in space. If we imagine a constant flow rate within a tube, the velocity field
should be also constant. But if the tube has a narrow region, the liquid needs to
accelerate to go through it, in order to maintain an overall constant flow rate.
Therefore, a particular fluid particle, which would always be subjected to Newton’s
second equation, may experience acceleration, even if the velocity field is steady.
The acceleration in a steady flow experienced by the fluid particles is the result of
forces acting among them. These forces are usually caused by the pressure and the
viscosity of the fluid. The equation that relates these elements (velocity fields v

! ,
pressure P, and viscosity η) is the Navier–Stokes’ equation.

ρ
∂ v
!

∂t
þ v

! ∙∇v
!

� �
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!

When the Navier–Stokes’ equation is rearranged in its dimensionless form, it only
depends on one parameter,

ρv0L0
η

∂ ev!
∂et þ ev! ∙ e∇ ev!

 !
¼ �∇ePþ e∇2 ev!

with, Re ¼ ρv0L0
η called the Reynolds number.

If the Reynolds number is large (Re >> 1), the equation is dominated by the left

side, which describes inertia. Due to the non-linear term ev! ∙ e∇ ev!, the behavior of the
flow in a “high Reynolds number mode” is chaotic (turbulent flow). Alternatively, if
Re is low (Re � 1), the contribution of the inertial part can be neglected, and the
equation is dominated by pressure and viscosity terms, which correspond to the
laminar flow regime. In the case of microfluidic channels, because of their small
dimensions, the Reynolds numbers are typically much smaller than 1. Then, the
system presents no turbulence, and it is in the laminar regime. This fact has
important consequences that impact directly on the potential applications of
microfluidic systems: mixing between two fluids only happens due to diffusion,
which is a slow process. As a consequence, different fluids do not initially mix in a
microfluidic channel, since mixing only occurs by diffusion at the interface between
them. Mixing will only appear when advancing along the length of the channel, and
to accelerate this process, long microfluidic channels with serpentine shapes are
needed.

In a microfluidic channel, under certain conditions, the flow rate is proportional to
the pressure difference at the channel ends and to a parameter depending on the
channel geometry and viscosity. The relation between the flow and pressure differ-
ence is analogous to the Ohm’s law in electronics, which describes the
proportionality between current and a voltage difference, and the proportionality
parameter is called “hydrodynamic resistance.” Also, the solution of the Navier–
Stokes’ equation under these circumstances results in a parabolic velocity profile,
with velocity close to zero next to the channel walls. Therefore, at low Reynolds
number, laminar regime with limited diffusion, and parabolic velocity profiles with
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velocity close to zero next to the walls, two streams introduced into a microfluidic
channel will flow side by side and the width of each stream will be proportional to
their respective flows.

All these properties of microflows will be of paramount importance to apply
microfluidics to obtain molecular gradients. Below, we describe the most common
microfluidic platforms to generate gradients.

2.2.3 Gradient Generation Platforms

Several microfluidic devices have been used to generate gradients suitable for cell
biology experiments. The three most common are the (1) convection mixing-based
gradient generators, (2) the laminar flow diffusion-based gradient generators, and
(3) the static diffusion-based gradient generators.

In convection mixing-based gradients, a network of serpentine-shaped
microchannels with multiple junctions is used to create a series of mixtures between
a reagent and a buffer solution (Fig. 2.1a). First introduced by Jeon [10], it relies on
the mixing of the two solutions in serpentine-shaped channels, the even distribution

Fig. 2.1 Schematics of the most common microfluidic gradient generator devices. (a) Convection
mixing-based gradient generator with the inlet, the serpentines and the main channel indicated. (b)
Laminar flow diffusion-based gradient generator. (c) Static diffusion-based gradient generator with
the two lateral channels and the gradient chamber where no shear stress is present
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of flows due to equivalent hydrodynamic resistance in the joint points, and the
laminar regime of the fluid when entering the main chamber. The gradient created
is perpendicular to the direction of the flow.

Laminar flow diffusion-based gradient generators use simple Y-shaped channel
structures (Fig. 2.1b) to flow two different solutions that conflate side by side in the
main channel due to the effect of the laminar regime [19]. It relies on the slow
diffusion-driven mixing at the interface of the two liquids to generate a gradient at a
distant region of the joint of the Y-shaped channel. The gradient created is perpen-
dicular to the direction of the flow as well. This gradient generation platform has a
simple structure and is very easy to fabricate. Moreover, the length of the gradient
generated can be established at the length scale of single cells and the gradient shape
is very stable over time and controllable. However, since it requires constant flow to
be maintained, a shear stress is created, and it will affect cells in the channel during
the experiment. These limitations can be overcome by using Y-shaped channels and
laminar flow regime to create gradients of surface-bound proteins [20, 21], as we will
discuss later in the final section of this chapter.

Finally, static diffusion-based gradient generators can also generate a stable
gradient while avoiding the undesired effects of shear stress on cells [22]. These
systems consist of two external channels, one for the solution 1 and one for the
solution 2, which are connected by a section with high fluidic resistance (a set of
narrow channels, a membrane, or a hydrogel) (Fig. 2.1c). This design reduces the
effects of shear stress and can generate a wide range of gradient profiles and shapes;
however, it has limited dynamic control of the gradient since it relies on passive
diffusion through the high resistance section.

Altogether, there are multiple designs and approaches to generate molecular
gradients using microfluidic devices. Which of them will be more suitable will
depend on the application envisioned.

2.3 Things to Consider when Planning your Chip

There are different approaches to obtain functional microfluidic devices for gradient
generation and characterization. One direct way is the layer-by-layer approach, to
obtain a microfluidic device by the addition in a stack, of different elements
combined [23]. Each layer consists of a material with a specific hollow design and
a given thickness that could be performed by using cutting tools. Then, by stacking
all the layers together, the complete chip is assembled (Fig. 2.2a). Another approach
is the replica molding [24]. The typical pipeline to produce a microfluidic chip to
generate gradients with this method follows the subsequent steps: (1) chip design,
(2) mold production, (3) replica molding and (4) bonding (Fig. 2.2b). To select one
of these approaches, there are several aspects that need to be considered before
generating a molecular gradient: what application is it intended for, which are the
equipment and facilities that are available, what materials will suit the best for the
intended application, and in which conditions the experiment will be performed,
among them.
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In terms of protein or molecular gradients, we can think of two main categories:
soluble gradients or surface-bound gradients. This first choice will have an important
impact on the chip design. If the biological question that we want to address involves
a gradient of soluble molecules, we should select a chip design that generates such
type of gradient. Convection mixing-based, laminar flow diffusion-based, and static
diffusion-based gradient generators can be used. Among them, we may favor one or
another depending on the degree of dynamic control we aim at, and the amount of
shear that can be present in the experiment. Lately, static diffusion-based devices are
becoming the gold standard, moreover since commercial products are available
[25]. In case we envision a surface-bound gradient, such as the ones that lead to
haptotaxis, also all the types of gradient generators listed above can be used,
although a more detailed knowledge about the kinematics of protein or molecule
adsorption will be required [20, 21]. Moreover, for this type of gradients, shear stress
will not be an issue, since the gradient can be formed prior to cell seeding, and the
fluid flow can be stopped after it is formed.

The second thing that we must take into consideration when planning a
microfluidic chip to generate a gradient is what resources we do have available.
Those resources will constrain the method of choice to fabricate the mold. Tradi-
tionally, molds for gradient generators were fabricated using microfabrication

Fig. 2.2 Approaches to obtain a functional microfluidic device. (a) Layer-by-layer approach and
(b) traditional replica-molding approach
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techniques. This involved the usage of specialized equipment and facilities (clean
rooms and mask aligners). However, rapid prototyping systems such as milling
machines can be used if the design has the smallest features at the � 100 μm
range. Currently, the widespread use of 3D printers has opened the possibility of
producing fast and cheap molds for microfluidics.

Once the mold is obtained, we will have to select the material to use for the
microfluidic chip. The most common material employed is the polydimethylsiloxane
(PDMS) elastomer. It is biocompatible and it can faithfully replicate
sub-micrometric features with no need of specialized equipment. Alternatively,
thermoplastics can be used. However, to conform the thermoplastic with the mold,
we will need to use specialized embossing equipment. Due to its simplicity of usage
and handling, PDMS is the most popular material for the fabrication of microfluidic
chips.

Finally, the different options to seal the chip should be considered. Which one is
the best will depend on the application and the materials chosen. PDMS microfluidic
chips are normally irreversibly bonded to the underlying glass substrate after oxygen
plasma or Corona activation. This type of bonding is especially advantageous when
the experiment is performed inside the chip. When alternative materials are used
(either for the chip or the substrate) or when a reversible bonding is required (the
need of detaching the substrate from the chip after the gradient is formed), alternative
methods must be considered. Several options are available: irreversible thermal
bonding (when the chip and the substrate are made of thermoplastics) or reversible
mechanical bonding (when the chip and the substrate are sealed mechanically).

In the next sections, the different options that have been succinctly described
above will be discussed in detail.

2.4 Chip and Mask Design

The first stage of the process to fabricate a microfluidic gradient generator is the
design of the chip. Here we will define the shape of the chip, the different inlets and
outlets of the device, and the sizes for each channel. In addition, we will make sure
that the hydrodynamic resistances drive the flow according to what we aim. At this
stage, it can be extremely useful to use a software to simulate the behavior of the
chip. There we can typically load the chip design, define the inlets, outlets, and walls,
the equations that rule the dynamics of the flow, the diffusion of the species, and
introduce the physical parameters that match the ones in our experiments. As result
of the simulation, we will obtain the predicted velocity fields and concentration
profiles at different positions inside the chip (Fig. 2.3a). By doing so, we can easily
readjust the chip design to obtain the desired outcome if needed.

Once we settle the chip design, we will generate a CAD (or equivalent) version.
At this point, we should take into consideration some basic rules to finalize the
design:
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1. We must ensure that we add alignment motifs to the design to align the different
layers of the chip, if needed.

2. We will check that the inlet and outlet channels have enough room to punch the
holes to allow the tubing connections. This is typically done by adding a circular
reservoir at the end of the inlet (outlet) channel. Such circular region should be
large enough to allow the punching of a hole where the tubes for inflow (outflow)
will be connected.

3. Aspect ratios lower than 1:10 (height:width) should be avoided. If we generate
channels that are more than 10 times wider than taller, they may collapse (the roof
of the channel will attach to the substrate). This applies mainly to PDMS
microfluidic chips.

4. Adding tolerances to the design is highly recommended. By incorporating
sufficient tolerances, we will ease the alignment among the motifs at the different
layers. This means that the device should be designed to function properly despite
certain alignment errors in all directions.

When the chip design is finalized, it is ready to be loaded into the 3D printer or the
rapid prototyping device to generate the mold. On the contrary, if we use photoli-
thography to generate the mold, the design of the chip must be translated into a mask.

The mask is the element that will let you imprint the chip design on the
photosensitive resist used during photolithography. The shape of the design on the
photomask will be transferred to a thin film of a light-sensitive chemical material

Fig. 2.3 Chip and mask design. (a) COMSOL simulation of a mixing-based gradient generator. (b)
Acetate mask of a mixing-based gradient generator. (c) Chromium mask with multiple microfluidic
device designs to optimize processes and reduce costs. (d) Masks with positive and negative
polarity printed on the same acetate film
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(Fig. 2.3b). The dark regions of the mask will prevent the light to pass through
(UV light is typically used and the process is known as UV-photolithography), while
the transparent regions will allow it. The resist will undergo a different chemical
alteration depending on whether it has been exposed to light or not. Then, a series of
chemical treatments etches the exposed/non-exposed part of the positive/negative
resist. Through this process, it is possible to obtain a well-defined mold with motifs
in the micrometric range.

There are two main options for UV-photolithography masks: chromium masks
and plastic masks. The first type consists of a quartz glass covered with a thin
chromium layer. Through a series of technical processes, the design is transferred to
the chromium layer creating transparent and opaque regions on it. Chromium masks
have an excellent spatial resolution but are significantly more expensive than plastic
masks. This second type of masks consist of transparent plastic sheets with the
design printed on them with black ink. They are fairly affordable and sufficiently
resolved for features �10 μm.

When preparing the file with the mask design to be submitted to the company that
will print it, there are few things that should be taken into account.

1. Prepare the mask in a file format accepted by the supplier. CAD files or CleWin
files are generally accepted.

2. The motifs of the mask will be transferred to a silicon wafer. Try to use a layout
that has the size of the wafer that will be used. Dedicated software has
pre-established templates for wafers of standard sizes.

3. Use a resolution (dots per inch) according to the one set by the supplier.
4. Try to fit as much designs as possible in one wafer, while leaving enough space

between them to safely retrieve their replicas (Fig. 2.3c). Also, make sure that
your designs do not overlap the outer region of the wafer (around 5 mm next to
the edge), since defects may appear during spin coating of the photoresist in
this area.

5. Make sure that your mask polarity (positive or negative masks (Fig. 2.3d))
matches the needs of the resist that will be used in the microfabrication process
(positive or negative resist).

2.5 Fabrication of the Mold

The first step to produce a microfluidic chip is the fabrication of the mold. As
mentioned in the previous section, there are three main approaches:
UV-photolithography, 3D printing, and micro milling.

In UV-photolithography, a photosensitive resist is spun coated over a substrate,
typically a silicon wafer. The spin coating process will define the thickness of the
resist coating and therefore the heights of the structures on the mold. Then, by using
a mask aligner, the resist is exposed to UV light. Exposure is not even, since the light
passes through the mask that contains the chip design. The resist undergoes a series
of chemical reaction upon light exposure, and the shape of the mask will be

40 J. Comelles et al.



transferred to it. For a negative resist, the exposed regions will crosslink and remain
on the mold. On the contrary, for positive resists the exposed regions will be
removed after the application of a developer. As a result, a mold with the shape of
the mask and the thickness of the resist layer will be obtained.

3D printers, as mentioned above, can be used as well to fabricate molds. There
are two main 3D printer approaches, which are both additive manufacturing
approaches: (1) Fused Deposition Modeling (FDM) and (2) stereolithographic
techniques. FDM printers consist in the controlled and continuous deposition of a
fused filament, generally thermoplastic. The position on the x, y, and z coordinates
and the displacement of the extruder head allow the control of the filament deposi-
tion. The addition of several filaments creates de 3D model. Among
stereolithographic techniques, the most common is the Digital Light Processing
(DLP) technique. DLP printers produce the solidification of thin layers of a photo-
sensitive resist in a layer-by-layer process. Each of these solid layers can have a
specific and independent appearance by the digital control of the light exposure. The
additive sum of different layers gives shape to 3D objects. Both techniques are
suitable to build a mold, however, the DLP printers generate smoother surfaces than
FDM printers.

In the case of Computer Numeric Control (CNC) micro milling, it is a subtractive
process that consists of removing material from a thermoplastic or metallic bulk with
the shape of the negative of our design. In the case of a microfluidic chip, the micro
milling process would remove most of the material, resulting in a flat surface with
the topographical shape of the channels.

2.6 Fabrication of the Microfluidic Chip

As mentioned in Sect. 2.3, there are two main strategies that can be used to fabricate
a fluidic device. The first one is the replica-molding approach: by using a mold
where the channels are defined, the design can be replicated as many times as we
want. The second one is a mold-less approach: the addition, layer by layer, of
different sheets which combined to generate a microfluidic device, with each layer
consisting of a material that could be shaped by using machining techniques or
molding processes. In this section, we discuss these two approaches with more
detail.

2.6.1 Replica-Molding Techniques

Once we get the mold, which approach is the optimal to fabricate the microfluidic
chip will depend on the materials selected, and the equipment we do have available.
Below, we describe in more detail two replica-molding techniques, focusing specifi-
cally on the strategies employing optically transparent materials. These materials are
compatible with standard microscopy techniques, which is of paramount importance
in biology-related applications.
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2.6.1.1 Hot Embossing of Thermoplastics
Thermoplastics are polymeric materials that become adaptable above a specific
temperature, named as glass transition temperature (Tg), and when cooling down
below Tg they become solid again. This property makes these materials very suitable
for microfluidic applications. Moreover, thermoplastics such as polystyrene (PS) or
poly(methyl methacrylate) (PMMA) are optically transparent, cheap, chemically
stable, and biocompatible, which make them a solid option to be used for BioMEMs
applications. Because of their mechanical properties, the features of a mold can be
easily and faithfully transferred to the surface of these materials. Therefore, they are
good candidate materials for the fabrication of microfluidic chips using hot
embossing in a rapid prototyping manner.

The method of fabricating microfluidic channels by hot embossing consists in the
transfer of a structure from a hard mold onto the surface of the polymer using an
equipment that controls the temperature and the pressure necessaries for the printing
procedure. The surface of the thermoplastic polymer is brought into contact to the
structured mold. Then, the mold-substrate sandwich is heated above the glass
transition temperature of the polymer, so that its Young’s modulus and viscosity
decrease and it can flow. Simultaneously the pattern on the mold is pressed into the
softened polymer, filling the gaps on the mold surface. After cooling the whole
system and releasing the pressure, the replica can be peeled off the mold.

2.6.1.2 Micro Molding with PDMS
PDMS is a hydrophobic material widely used in the BioMEMS field. Among many
reasons, it is gas permeable, biocompatible, and transparent. PDMS is a stable
silicone elastomer that behaves as an elastic material at physiological temperatures
(�37 �C) because its glass transition temperature is very low (Tg � �120 �C). It is
suitable to replicate microstructures from molds generated by soft lithography,
which consists of casting PDMS against a patterned mold.

For soft lithography applications, the PDMS pre-polymer is mixed with a cross-
linker (typically in a ratio 1:10 cross-linker: pre-polymer), degassed, and poured
onto the mold. The pre-polymer/cross-linker mixture will fill all the cavities of the
mold easily, thanks to its viscous nature and the slow dynamics of the cross-linking
process. Eventually, the polymer crosslinks and achieves its characteristic elastic
nature. The PDMS can then be peeled off the mold, resulting in an elastic solid
material that is shaped complementary to the structures presented on the surface of
the mold.

PDMS can be easily cut and punched, which makes it very convenient for the
setup of microfluidic chips. In addition, PDMS can faithfully replicate submicron
structures, so it has many applications beyond the production of microfluidic chips.

PDMS, SYLGARD® 184 Silicone, can be found in most distributors of chemical
products. Regarding punchers, they can be found in different suppliers, we recom-
mend to use Biopsy Punches, which are available in a large variety of sizes and are
very robust.
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2.6.2 Mold-Less Technique: Layer-by-Layer

A microfluidic channel can be seen as a stack of layers, the layer with the base of the
channel, the layer with the lateral walls of the channel and the layer with the roof of
the channel. Thus, a chip can be built by stacking several layers that, if designed
appropriately, results in a device through which liquids can be perfused. This
approach does not require the use of molds and relies on rapid prototyping
techniques, such as micro milling and cutting tools, which are described next.

Through laser cutting, parts of the bulk materials are removed from a thermoplas-
tic sheet, creating holes with the shapes needed (for example, the microfluidic
channel). Then, this layer is stacked with additional sheets acting as the base or
the roof of the microchannel, which can also contain hollow structures (inlet and
outlet reservoirs, for example). The assembled structure forms the final chip. A
similar procedure, known as xurography, is followed using a cutter plotter. In this
case, a razor, which is more suitable for silicone materials and paper, is used instead
of a laser.

This approach has the advantage of skipping the mold fabrication. However, how
the stack is assembled to seal the channel without leakage is a very important step to
be considered in these fluidic devices. It will be critical to select properly the
materials to use, how the different layers will bond together, and which are the
chemical requirements to do so. Moreover, this approach brings along a higher
complexity in the mask design, since a single mask may need to be prepared for
each layer, a precise alignment may also be required for the correct function of the
microfluidic gradient generator.

2.7 Bonding

The channels obtained, whether from replica molding or through layer-by-layer, are
open structures that need to be closed to function as microfluidic channels. This
sealing process should ensure that the dimensions and shape of the channels are not
altered and that no clogging is produced. Therefore, this is a critical step, and the best
approach will depend again on the needs of our device, the materials used, and the
equipment that we have available.

We can define two main bonding categories: reversible and irreversible bonding.
Reversible bonding implies that the different elements can be separated again
without damaging any of them, contrary to irreversible bonding, where some
potential damage might happen. Therefore, if we aim at creating a surface-bound
gradient to be used outside the chip, we will need to choose a reversible bonding. On
the contrary, if the whole experiment is going to take place inside the chip, an
irreversible bonding can be used. Below, we review the most common bonding
strategies.
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• Oxygen Plasma
One of the most common approaches in microfluidics is using a glass substrate to
seal a PDMS chip. The elastomer adheres reversibly to the glass; however, this
adhesion is weak and cannot sustain high flow rates. To create stronger adhesions,
both the glass and the PDMS can be transiently activated with oxygen plasma
treatment (Fig. 2.4a). This will generate Si-OH groups on both surfaces that,
when brought together, will react forming Si-O-Si covalent bonds. It is an easy
method to produce channels that can sustain high flow rates without leakage.

• Corona Treatment
The working principle of the corona treatment is the same as the oxygen plasma,
creating the same type of irreversible bonding. In this case, the equipment needed
is simpler (Fig. 2.4b), but the activation of the surfaces is less even than the one
achieved with plasma treatments. This results in a higher uncertainty in the
outcome.

• Solvent Bonding
In case the chip is not fabricated with PDMS and glass but formed by two parts
made of thermoplastic polymers, we can use solvent bonding. This approach

Fig. 2.4 Bonding methods. (a) O2 plasma equipment and (b) corona device for irreversible
PDMS—glass bonding. (c) 3D printed clamping setup and (d) paper clip arrangement for reversible
PDMS—glass bonding
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takes advantage of the solubility of some thermoplastics to specific solvents. The
polymeric chains at the chip surfaces interpenetrate through diffusion at the
interface, thus resulting in a strong irreversible bonding between the two parts
of the chip after solvent evaporation. However, this technique has the drawback
of potential breakage points if the solvents do not completely evaporate.

• Adhesives
Bonding can be achieved by placing an adhesive sheet in between the two layers
that need to be attached. These adhesive layers can be activated by pressure or
temperature. For example, polyethylene terephthalate foils covered with acrylic
glues at both sides become activated by pressure and are very useful to bind
different layers of a chip.

• Glues
Glues are based on chemical reactions at the interface between the two parts of the
chip. The gluing substance is placed at the interface and the reaction can be
mediated by evaporation, temperature, or UV light. It is mainly an irreversible
approach, although it may change depending on the type of glue selected. Typical
glues are epoxy resist or acrylates.

• Thermal Bonding
When thermoplastics are used to build the microfluidic chip, direct thermal
bonding is a suitable option. It is an irreversible method that follows the same
principle that hot embossing technique: above the glass transition temperature,
thermoplastics become liquid. So, the two sides of the interface are heated up to
the Tg while controlled pressure is applied. This process leads to the interpene-
tration of polymer chains of the two bulks that become interconnected when the
thermoplastic re-solidify as the temperature decreases. However, it requires a
fine-tuning of the parameters of the process to avoid the appearance of defects in
the shape of the channel or clogging.

• Clamping
The most common reversible bonding is clamping. In this approach, the two sides
of the interface are held in contact and sealed by using mechanical force. It can be
performed by using screws (Fig. 2.4c) or simple paper clips (Fig. 2.4d). The
critical point in this approach is to ensure the even distribution of pressure over
the interface to avoid non-uniform deformations of the channels or leakage due to
low stress resistance.

2.8 Tube Connections

To flow liquid through the microfluidic chip, we must set up proper fluidic
connections between the chip inlets and the syringes or fluid reservoirs. Although
the type of connection will depend on the material used to produce the chip, the
tubbing used is usually made of a material compatible with autoclave.

Typical tubbing materials are platinum-cured silicone, peroxide doped silicone or
polytetrafluoroethylene (PTFE), which are transparent or translucid materials that
can sustain autoclave process.
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To set the tube connections, the inlet hole must have a diameter smaller than the
outer diameter of tube selected, this difference depending on the materials used.
Typically, we will proceed following the next steps: (1) drill a hole on the chip,
(2) apply a metallic cannula inside the silicone or PTFE tube, and (3) apply the
cannula to the hole on the chip (Fig. 2.5).

To create a hole on the chip, we can use different options depending on the
material of the chip. For PDMS devices, a puncher can be used. For PMMA devices,
holes can be drilled on the chip surfaces using drillers. As mentioned above, the
diameter of these holes must be in accordance with the outer diameters of the
cannulas and the tubes. In Table 2.1, we present a short relation of different cannula
sizes with the recommended internal tube diameter and punches to perform on the
PDMS insert.

For PDMS devices, we can take advantage of their elastomeric nature to tighten
the tubbing connection without any adhesive, simply by introducing the tube a few
millimeters inside the PDMS body. That kind of connections are the simplest ones
and can resist high local pressure if the PDMS device is thick enough. Moreover,
using PTFE tubes, we could directly apply the tube on the PDMS skipping the
metallic cannula as PTFE is rigid enough to sustain the forces applied by the PDMS
[26]. In this case, the outer diameter of the tube rather than the one of the cannula
should be larger than the diameter of the hole.

Tubes mentioned in Table 2.1 are HelixMark® and MasterFlex®. They are
available at several distributors and providers such as: Cole-Parmer®, IDEX Health
and Science, Nordson Medical, or Freudenberg Medical. The cannula, different

Fig. 2.5 Typical steps for tube connection. First, a hole is punched on the reservoir (1, 2), then the
metallic cannula is applied inside the silicone tube (3), and finally, the cannula is inserted in the hole
drilled on the PDMS (4)

Table 2.1 Relation of different cannula sizes with the recommended internal tube diameter and
punches. (OD: outer diameter; ID: inner diameter)

Needle gauge Cannula OD
Tube ID
HelixMark®/Masterflex® Punch

16G 1.65 mm 1.47 mm/ 1.42 mm 1.5 mm

18G 1.27 mm 1.02 mm / 1.14 mm 1 mm

20G 0.9 mm 0.76 mm / 0.89 mm 0.75 mm

23G 0.64 mm 0.51 mm / 0.51 mm 0.5 mm
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connectors and other elements can be find in the catalog of those providers as well.
The different punch sizes are available as Biopsy Punches on different distributors,
as mentioned above. There are some companies with a specific catalog of accessories
and tools dedicated to microfluidics and related: Darwin microfluidics and
Microfluidic Chip-Shop.

2.9 Application Example

In this final section, we will describe the process to fabricate a Y-shaped microfluidic
device that can be used to generate diffusion gradients [19] or surface-bound
gradients [20, 21]. We will fabricate the chip with PDMS replica molding and use
mechanical bonding to seal it. For this example, we selected this approach since it is
simple, versatile and it does not require complex equipment or specialized infra-
structure (such as the one found in a clean room).

The microfluidic channels will be 500 μm in width and 200 μm in height. Since
these dimensions are faithfully achieved by 3D printing, we will use this method to
generate the mold. The mechanical bonding will be performed by screwing two 3D
printed holding pieces, such as the one depicted in Fig. 2.4c, which were designed
with the dimensions of a multi-well plate to fit a microscope stage. Finally, the
tubing and their connection to the chip and to the syringes will be performed with
metallic cannulas and luer connectors, respectively.

The 3D designs for the mold and the mechanical bonding presented in this
example can be downloaded at: https://github.com/BiomimeticsLab/Chapter-
Gradients.

2.9.1 Chip Design

As mentioned above, for this example we selected a simple Y-shaped microfluidic
channel. We generated a 3D model of the chip using FUSION 360 (AutoDesk)
software.

Our design consists of two inlet channels of 500 μm in width and 9 mm in length
that converge into a main channel with an angle of 40 degrees. The main channel has
500 μm in width and 70 mm in length. At the end of each channel, we placed circular
reservoirs to host the tubing connections for the inlets and outlets. These reservoirs
are 2 mm in diameter.

Since the minimum dimensions of this design are compatible with the lateral
resolution limit of a digital light processing (DLP) 3D printer, we decided to use this
technique to produce the mold. Because of this, we had to define the height of the
channels in the design as 200 μm (in classical microfabrication, the height is set
during the spin coating steps of the UV-photolithographic process). Note that
vertical resolution for the DLP 3D Printer technology strongly depends on the
relation between the resist and the energy dose for cross-linking. Therefore, a
previous characterization process is needed.
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It is important that this height fulfills the criteria for aspect ratios defined in Sect.
2.4. In the present example, the wider structure will be the diameter of the inlet/outlet
reservoir, which should be not more than ten times the height of the chip (2 mm:
200 μm). However, experimentally, the final aspect ratio achieved was close to
15 due to the variability of the vertical resolution in the 3D printer. To solve this
problem, we decided to prepare a thicker PDMS chip (increasing the thickness
between the roof of the channel and the upper surface of the chip), which will
prevent the roof of the channels from collapsing.

We added walls at the edge of the mold so the whole dimensions of
the microfluidic chip will be already set, and we can ensure that the thickness of
the chip is sufficient to prevent any collapsing of the channels. This edge will contain
the uncross-linked PDMS when poured onto the mold. Since this wall is 3 mm high,
the thickness of the PDMS chip above the channel will be more than 2 mm, ensuring
as well that when the metallic cannula is introduced into the PDMS body, it will be
tightened because of the elastomeric nature of the PDMS. We could implement this
feature because we use a 3D printer to fabricate the mold. In traditional molds
prepared on silicon wafers, the total thickness of the chip will be set by the amount
of PDMS poured in the dish containing the mold.

2.9.2 Mold Fabrication

To generate the mold for the microfluidic channel, we have used an ABS-like
commercial resist, from Phrozen. As mentioned above, we selected a DLP 3D
printer, which has sufficient lateral resolution for the design we have prepared.
The printer is a Solus platform connected to a Vivitek h1188 DLP projector system
(1920 � 1080 pixels). In this case, the light source is a halogen bulb with homoge-
nous light distribution and high luminosity. The choice of the ABS-like resist in
combination with this Solus configuration aimed to maximize the resolution offered
by both elements. As a result, we can reduce the roughness on the surfaces of
the mold.

After the printing process, we cleaned the mold by rinsing it with the Resinaway
solution. This process removes the resist leftovers that did not solidify. Then we put
the mold under UV light for 5 min for a post-curing step to ensure the complete
solidification of the mold. Finally, we cleaned and removed any solvent remaining
by washing the mold with water and soap. To do so, we kept the mold in a solution of
water and soap on an orbital shaker for 24 h.

This final process is critical to guarantee the correct cross-linking of PDMS in the
following steps. The solvent extraction strategy depends on the type of solvent used
(usually organic solvents such as isopropanol alcohol are employed) [27].
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2.9.3 Chip Fabrication

The PDMS chip was obtained by replica molding. First, 10 mL of a 10:1 mixture of
PDMS pre-polymer and cross-linker was thoroughly mixed. The uncured PDMS
was then poured on the 3D printed mold and kept under vacuum for 45 min to
remove air bubbles. Once all the air was removed, the mold with PDMS was cured in
two steps, first overnight on a flat surface to prevent tilting, and then in the oven at
65 �C for 4 h. Once cross-linked, the PDMS was peeled off the mold and stored in a
plastic petri dish until use.

As we described above, the 3D printed mold was shaped to obtain a PDMS chip
with the desired size and thickness (Fig. 2.6). In the present example, the size of the
chip matches a microscope glass slide and it is thick enough to ensure proper tubing
connection and preventing the collapse of the reservoirs.

2.9.4 Mechanical Bonding Setup

Here we aim at having a chip that has a reversible bonding, thus the substrate
enclosing the channel can be separated from the PMDS chip. To do so, we have
designed a holder that keeps the channel closed mechanically, considering that we
will close the fluidic chip using a microscope glass slide and that we will place the
holder on a microscope to image some parts of the process.

The holder has two elements, a bottom part and a top that are kept together by
screws. The size of the holder is compatible with standard microscope stages. The
bottom part has a cavity 4.5 mm deep to accommodate the glass slide
(25 mm � 70 mm area, �1.5 mm thick) with the PDMS chip (3 mm thick). We
also include a large aperture to allow the visualization in different optical
configurations (upright, inverted, transmission, reflection). We have placed four
screw holes for M3 screws at each side. This allows to close the holder and apply
the force needed to ensure the bonding and avoid leakage. The top part has the same

Fig. 2.6 Fabrication of the PDMS chip. (a) 3D printed mold. (b) PDMS is poured on the channel
structure. (c) The cross-linked PDMS is peeled off the mold
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aperture for visualization and the same holes for the screws. Moreover, the top part
of the holder has an extruded volume facing the chip, this ensures the pressure over
the PDMS surface.

2.9.5 Tubing

In this example, we used a tubing setup consisting of metallic cannula—silicone
tube—female luer connector. As explained before, the diameters of the different
elements of the tubing setup are selected to ensure tight connections. The outer
diameter of the metallic cannula (0.9 mm/20G) is larger than the inner diameter of
the silicone tube (0.76 mm), which in turn is smaller than the outer diameter of the
luer connector. This connector is shaped in a way that maximized its capacity to
sustain high flow rates. Finally, the connection of the cannula to the chip is made by
taking advantage of the elastomeric nature of the PDMS. We drilled a hole onto the
PDMS using a puncher to hold the cannula tightly.

By selecting this configuration, we have a tubing setup that can be autoclaved,
which can be easily connected to syringes through the standard luer connectors, and
that can be closed if we use luer caps.

2.9.6 Chip Assembly and Fluidic Experiment

To assemble the microfluidic chip, we first made on the PDMS the holes that will
host the tubing connections. To do so, we used a punch with a diameter of 0.75 mm
at the reservoirs (Fig. 2.7a), making sure that no leftovers that could potentially
block the flow remained. It is advised to drill from the channel side towards the outer
side, to avoid PDMS residues being left inside the chip.

Once the holes were drilled, we placed the PDMS chip onto a glass substrate to
close the microchannels (Fig. 2.7b). The PDMS chip sticks to the glass substrate
easily. This facilitates this step but has the drawback of difficulting the alignment of
the channel with the motifs of the substrate, if any.

We then placed the chip on the 3D printed holder (Fig. 2.7c) and closed it by
tightening the screws (Fig. 2.7d).

Next, we assembled the tubing system. First, we inserted the metallic cannula into
the silicone tube (Fig. 2.7e). Second, we inserted the silicone tube into a female luer
connector (Fig. 2.7f). Then, we connected a syringe to the luer and filled it with the
solution through the metallic cannula (Fig. 2.7g). Finally, we removed the air
bubbles from the system. Last, we inserted the metallic cannula into the holes
performed on the reservoirs (Fig. 2.7h).

At this point, the syringes were mounted onto the syringe pumps, and we could
start flowing the solutions to the chip. Figure 2.7i shows blue ink and water flowing
through the chip and defining an interface at the point where the two inlets met.
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2.9.7 Gradient Generation

Using this simple Y-shaped microfluidic chip, we can follow two strategies to
generate molecular gradients: by diffusion [19], or by progressively exposing the
substrate to the molecule of interest [20]. The first approach generates a gradient in
solution, while the second one generates a gradient on the surface of the channel.

The classical diffusion gradient is generated by the lateral diffusion of the two
solutions at the interface. While near the region where the two inlets merge, there is a
well-defined interface between the two fluids, further into the main channel this
interface blurs due to passive diffusion. The shape of the gradient generated is fairly
stable and can be modulated by adjusting the flow rates of the two inlets. However,
the experiment (such as the study of chemotactic effects on cells, for example) has to
be performed inside the chip and while the solutions are flowing, thus in the presence
of shear stress.

We encourage the reader to explore this approach by using inks to easily visualize
how the gradient behaves before the actual cellular experiments. Food colorings are
very useful for this test phase. Then, a subsequent step would be to use fluorescently-
labeled molecules, such as dextran. By selecting such a fluorescent probe with a
molecular weight similar to the one of the “molecule of interest,” one can fairly
model the profile of the gradient that the final experiment should have.

Fig. 2.7 Steps to assemble the chip. Overview of the different steps undertaken to assemble the
microfluidic device
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Alternatively, we can generate surface-bound gradients if we progressively
expose the substrate to the protein of interest. With this strategy, we take advantage
of the well-defined interface between the two solutions in the region of the main
channel closer to the intersection between the two inlets. Since we can control the
position of the interface by changing the ratios between the flow rates of the two
inlets, we can in fact control what region of the surface is exposed to a certain
solution at every time. This process is equivalent to progressively incubate the
substrate with the molecule of interest. Therefore, if we know the adsorption
dynamics of the molecule on the substrate, we can control the amount of protein
that will adsorb on each region. When this progressive incubation is finished, the
flows can be stopped and we can either detach the microfluidic chip (if the bonding
was reversible) and use the substrate as in any other experiment, or flow cells into the
channel and when adhered and spread, perform the experiment in static conditions
preventing the effects of shear.

If selecting this approach, it is extremely important that (1) the adsorption kinetics
of the molecule that is used is well-characterized and that (2) the region where the
interface is well defined without diffusion is well-known. Thus, as before, some
“calibration” is needed. Some relations between flow rate and incubation times can
be found in the literature [26].

2.10 Conclusions

In this chapter, we have given an overview of the different steps needed to design
and fabricate a microfluidic chip to generate biomolecular gradients. We have
discussed (1) 3 different gradient generators and their working principles, (2) impor-
tant aspects when designing the chip, (3) different methods to fabricate the mold and
the chip, (4) different bonding strategies and (5) the most common methods to
connect the chip to the tubing system. Finally, we have shown an application
example to illustrate the complete process. Overall, we have seen that it is of
paramount importance to define the type of experiment that we want to perform
and to identify the resources that we have available, before starting the process of
designing and fabricating the chip. The experiment will define a set of requirements
for the device, and the resources will drive us through the different methodologies
that are currently available for fabricating microfluidic devices. The widespread of
3D printing technologies has opened the possibility to obtain molds fast, fairly
unexpensive and without the need of specialized facilities such as cleanrooms.
Therefore, we believe it is now time for microfluidics to become a common resource
of cell biology labs.
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Sensors and Biosensors
in Organs-on-a-Chip Platforms 3
Gerardo A. Lopez-Muñoz, Sheeza Mughal, and Javier Ramón-Azcón

Abstract

Biosensors represent a powerful analytical tool for analyzing biomolecular
interactions with the potential to achieve real-time quantitative analysis with high
accuracy using low sample volumes, minimum sample pretreatment with high
potential for the development of in situ and highly integrated monitoring platforms.
Considering these advantages, their use in cell-culture systems has increased over
the last few years. Between the different technologies for cell culture, organs-on-a-
chip (OOCs) represent a novel technology that tries to mimic an organ’s function-
ality by combining tissue engineering/organoid with microfluidics. Although there
are still challenges to achieving OOC models with high organ mimicking rele-
vance, these devices can offer effective models for drug treatment development by
identifying drug targets, screening toxicity, and determining the potential effects of
drugs in living beings. Consequently, in the future, we might replace animal studies
by offering more ethical test models. Considering the relevance that different
physiological and biochemical parameters have in the correct functionality of
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cells, sensing and biosensing platforms can offer an effective way for the real-time
monitoring of physiological parameters and, in our opinion, more relevant, the
secretion of biomarkers such as cytokines, growth factors, and others related with
the influence of drugs or other types of stimulus in cell metabolism. Keeping this
concept in mind, in this chapter, we focus on describing the potential use of sensors
and biosensors in OOC devices to achieve fully integrated platforms that monitor
physiological parameters and cell metabolism.

Keywords

Sensors · Biosensors · Organ-on-a-chip · Screening · Pre-clinical platforms

3.1 Biosensors

According to market projections, the biosensors market is valued at USD 25.5 billion
in 2021 and can reach USD 36.7 billion by 2026 [1]. Between the different
applications, point-of-care (i.e., insulin monitoring, pregnancy test) represents the
main segment of the market (about 57%); however, there is a remarkable increase in
biosensors for nonmedical applications, for example, in the development of cell-
culture systems. Among the different biosensors suitable for cell-culture systems,
electrochemical biosensors are still the most relevant due to their high-throughput
quantification and analysis of biochemical interactions. However, optical biosensors
have emerged with the fastest growth over recent years. This rise in optical
biosensing technology is related to a wide analytical coverage [1].

3.1.1 Definition of a Biosensor and Classification

How can a biosensor be described? The International Union of Pure and Applied
Chemists (IUPAC) describes a biosensor as “a device that uses specific biochemical
reactions mediated by isolated enzymes, immunosystems, tissues, organelles or
whole cells to detect chemical compounds usually by electrical, thermal or optical
signals” [2]. From this description, we can define two main features: a biosensor
device requires a biological recognition element in direct contact with a transducer
and transforms a biorecognition or biophysical event mainly into a signal that later
can be measured. Although there are many aspects involved in the design of a
biosensor, we can describe three main parts: the first part is the biorecognition
material (i.e., antibody, aptamer, or enzyme) that gives the potential to detect the
analyte with high specificity and selectivity; the second part is the transducer (i.e.,
optical, electrochemical, mechanical) that transforms the biorecognition event in a
physical quantity, which later can be measured and analyzed by an electronic device
that monitors the results for the final user (see Fig. 3.1) [3].

56 G. A. Lopez-Muñoz et al.



On the other hand, there are expected attributes from a biosensor. These attributes
range from the potential to detect and quantify biomolecular interactions in minutes,
using minimum sample pretreatment and reagents, to the potential to be portable and
used by non-trained personnel. Biosensors are considered as analytical tools with a
high potential to achieve miniaturized and integrated Lab-on-a-Chip (LOC)
platforms and end-user devices [4]. As a consequence of these potential attributes,
the biosensors field has been extensively investigated and developed over the recent
few years and, year-to-year emerge novel point-of-care and end-user devices.

There are different transduction methods for biosensors; however, only three
technologies have relevance in the market [5]: electrochemical, mechanical, and
optical biosensors.

Electrochemical biosensors have been the gold standard over the years in
biosensing. The working principle of these biosensors is to detect electrochemical
changes with biorecognition events. When the biorecognition layer covers the working
electrode and an electric potential is applied, electroactive species conversion into
electrical changes can be quantified (see Fig. 3.2a). Electrochemical biosensors allow
simple and high-throughput fabrication with compact instrumentation [8].

The principal example of this technology in our lives is the glucose biosensor.
This biosensor emerged in 1962 and is based on the amperometric detection of an
enzymatic reaction related to hydrogen peroxide generation [8]. Over the last years,
there have been significant improvements in electrochemical biosensors. However,
there are still many changes to overcome, most of them related to novel materials
that improve the limited sensitivity of the biosensors and their stability [9, 10].

Mechanical biosensors also have been widely reported and employed. The
working principle of mechanical biosensors is to detect the biorecognition events
as superficial mass changes. Between the different mechanical biosensors, the quartz
crystal microbalance (QCM) biosensor is the most representative. QCM has a native
resonant frequency. This frequency changes with mass changes in their surface, in
this case, when the analyte binds to the biorecognition molecule (see Fig. 3.2b). This
change in resonant frequency is proportional to the amount of analyte bound
[11]. Among their main advantages is the possibility to achieve label-free and

Fig. 3.1 Representation of the main parts of a biosensor device. The analyte, the biorecognition
material, the transducer, and the signal processing system
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multiplexed biodetection. However, the mechanical nature of their working principle
decreases their sensitivity and potential uses; between them in the biodetection of
bacteria and cells [12]. Also, liquid environments without thermal control lead to
erroneous readings [13, 14].

Although optical biosensors have been widely studied over the last decades, the
last advances in nanomaterials boosted their growth in recent years. These
biosensors detect variations in intensity, wavelength, and refractive index between
others of the propagated light with biointeractions [15]. Between the different
detection mechanisms, most optical biosensors measure refractive index changes
[16]. Refractometric biosensing uses the evanescent field, which acts as a probe to
detect refractive index changes near the surface [17]. The amount of analyte in the
biorecognition event is proportional to the optical changes [18]. As mentioned
before, these biosensors only detect superficial changes and, as a consequence,
there is a limited interference of other compounds of the media [19]. Unlike electro-
chemical and mechanical biosensors, optical biosensors have a high sensitivity and
do not suffer from electronic or mechanical interferences. Although there are
different optical biosensors, we can summarize two principal technologies: those

Fig. 3.2 Schematic illustration of the working principles of the three leading biosensing
technologies in the market: (a) electrochemical (Adapted and reprinted with permission from
[6]. # Copyright 2021, Elsevier Inc.), (b) mechanical quartz crystal microbalance (Adapted and
reprinted with permission from [7].# Copyright 2015, Elsevier Inc.), and optical (c) prism coupled
SPR and (d) transmission/reflection LSPR
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based on dielectric waveguides like interferometers [20] and resonators [19], and
those based on plasmonic modes. Plasmonic biosensors are the most widely used
optical sensors to study multiple biorecognition events in the last decades
[21]. Unlike semiconductor materials, noble metals (mainly gold) have a well-
established surface biofunctionalization based on thiol-based surface chemistry
with high chemical stability [15].

Contemporary biosensing techniques have sought through years to achieve
favorable figures of merit such as high sensitivity, limits of detection, signal-to-
noise ratio, specificity, and binding capacity by employing different techniques to
design integrated biosensors. Attempts to design an all-encompassing biosensor
have been futile and instead took recourse to focus on achieving at least one of
these facets of device performance. Revolution in immunochemistry and biomarker
detection began in the 1970s when Faulk and Taylor conjugated an antibody to gold
nanoparticles to visualize salmonella antigens in direct electron microscopy. After
Seeman presented DNA as a structural molecule in 1980, Mirkin and Alivisatos
explored the possibility of using DNA to produce aggregated gold nanoclusters.
Taking inspiration, Boal explored the utility of 2 nm gold nanoparticles protected by
self-assembled monolayers to serve as building blocks for micro and eventually
macro-scale constructs. Multiple studies, henceforth, used controlled and self-
assembly of gold nanostructures to develop different types of biosensors, including
the electrochemical and optical types. These devices work by amplifying the optical
or electrical signal generated of the interaction within gold and the biorecognition
elements. Therefore, two properties of gold nanoparticles have mainly been interest-
ing; surface plasmon resonance and electrical conductivity. For optical biosensors,
multiple factors allowed for accounting and tuning the sensor’s performance. These
included the particles’ size and shape, interparticle distance, and the refractive index
of the surrounding media/environment. In 1983, Lieberg, for the first time, used
surface plasmon resonance (SPR) for label-free detection of biomolecular
interactions and gas sensing. The technique was presented as a hassle-free, cheap
way to detect analytes without any expensive machinery. Biacore™’s optical
sensors deserve a special mention in the SPR optical sensor field [22]. They have
various options that allow measuring the specificity, affinity, thermodynamic
parameters, biologically active concentration of the analyte, and the association
and dissociation constants. Their technology couples a microfluidic system with an
exchangeable sensor chip. Biacore™’s optical SPR sensors have been in use since
the 1990s to answer questions about bio-specific interactions [22].

The working principle of plasmonic biosensors, also called SPR biosensors, can
be summarized. SPR is an electromagnetic (EM) wave that occurs when incident
light hits a noble metal surface. At specific conditions in momentum or wavelength
between others, a portion of the light energy couples with the surface electrons of the
metallic layer, which move due to excitation [23]. The electrons’ oscillation
generates an exponentially decaying evanescent field which is highly sensitive to
refractive index changes, especially near the surface. Consequently, the
biorecognition events close to the surface generate variations of the different optical
properties of the propagated light, such as intensity, wavelength, or phase, which can
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be monitored and quantified. Plasmonic phenomena can be generated through
grating couplers [24] or by waveguides [25], although the most common way is
using a coupling prism, usually known as Kretschmann configuration (see Fig. 3.2c).
However, this configuration considerably reduces the potential for multiplexing and
miniaturization of plasmonic sensors [15].

The need for “bulky” coupling elements for SPR generation can be overcome using
metallic nanostructures in the sub-wavelength size range instead of thin metallic films
(see Fig. 3.2d), generating the so-called localized surface plasmon resonance (LSPR)
[15]. Meanwhile, plasmonic waves propagate through the surface of a continuous
metallic film; localized surface plasmons are confined excitations of the conduction
electrons of metallic nanostructures. These modes arise naturally from the light scatter-
ing of sub-wavelength conductive nanostructures in an oscillating electromagnetic
field. Another consequence of the nanostructured surfaces is that plasmon resonances
can be excited by direct light illumination than conventional SPR [26]. The presence of
edges in nanostructures strongly scatters light at a specific wavelength range. Analo-
gous to conventional SPR, LSPR can be exploited for biosensing applications, as the
wavelength depends on the surrounding media’s refractive index. The binding on the
surface of the nanostructures results in a refractive index change, causing a shift in the
extinction peak wavelength, which can be maximized by optimizing the nanostructure
characteristics (i.e., metal type and geometry).

Table 3.1 summarizes relevant emerging examples of different biosensors based
on the leading transduction technologies (optical, mechanical, and electrochemical).

Table 3.1 Examples of emerging biosensing technologies applied to relevant clinical diagnosis

Type of
Biosensor Material Biomarker

Limit of
detection Application

Electrochemical
[27]

Au nanoparticles
/graphene
modified carbon
electrodes

microRNA (21,155, and
210)

Up to
0.04 fM
in serum

Breast
cancer

Electrochemical
[28]

ZnO/Au
electrodes

Cytokines (IL-6, IL-8,
IL-10, TRAIL, and IP-10)

Up to
1 pg/mL
in
plasma

Sepsis

Optical [29] Au nanopillars SARS-CoV-2 virus
particles

370
virus/mL
in PBS

SARS-
CoV-2

Optical [30] Au nanoprisms microRNA
(10b,64,145,143 and
490-5p)

100 aM
in
plasma

Bladder
cancer

Mechanical [31] Au electrodes MDA MB 231 human
breast cancer cells

12 cells/
mL

Breast
cancer

Mechanical [32] Graphene oxide/
Au nanoparticles
coated Au
electrodes

Carcinoembryonic antigen Up to
0.06 ng/
mL in
serum

Colorectal,
ovarian,
and breast
cancer
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Most of the presented examples directly detect human fluids and present relevant
clinical diagnosis applications, including cancer diagnosis.

3.1.2 Biosensors and Cancer Research

Multiple biomarkers have been considered for cancer detection, such as circulating
tumor cells (CTCs), circulating DNAs and micro RNAs, proteins, and exosomes. Of
these, the CTCs and protein biomarkers have been utilized in the design of multiple
biosensor devices. Current techniques popularly used for detecting and quantifying
these markers include ELISA and sequencing kits commercially available, such as
SafeSeqS, PCR, and TamSeq (Tagged Amplicon Sequencing) [33]. While these
techniques are reliable, they have considerable limitations such as a lengthy multi-
step protocol, impossibility to achieve device miniaturization, integration, and
multiplex detection. Other techniques such as FACS, Dynamic Light Scattering
(DLS), and NTA require complex machinery and are, therefore, restricted to the
laboratory. Nanoplasmonic sensing techniques such as SPR and LSPR, therefore,
present viable solutions to these issues. These optical sensing techniques depend on
the optical shift observed as a change in local refractive index within a comparatively
small sample size. They are label-free and can provide measurements free from the
interference of the surrounding medium, particularly LSPR. SPR presents the
capability to measure surface depths between 100–200 nm suitable for detecting
circulating tumors cells, proteins, and exosomes but not nucleic acids, while the
LSPR technique has a sensing depth of 5–20 nm, thereby providing the opportunity
to detect nucleic acids directly. Both SPR and LSPR are capable of detecting low
concentrations of the sample analyte. One of their key differences is that while the
interaction of monochromatic light source on planar conductive thin film creates an
evanescent wave as observed in SPR [34], the interaction of the electromagnetic
light source with conductive metallic nanoparticles with sizes smaller than the
wavelength of incident light causes localized surface plasmon resonance, which is
a collective, non-propagative oscillation of the conduction band free electrons
[33]. This enhances the local electromagnetic field in the vicinity of the particle
surface. In other words, any change in the local environment of the dielectric will
directly affect the nanoparticle’s polarizability and the optical extinction spectrum
[35]. Such changes will alter the electron wave function delocalization of the
nanoparticles, resulting in proportional changes to the LSPR pattern, allowing the
opportunity to quantify biorecognition events [36].

The thermal convection method was used to deposit gold nanoislands from a
colloidal gold solution on a glass slide [37]. Their design allowed the detection of
exosomes via vn96 polypeptide through LSPR in an MCF7 conditioned cell-culture
media. Nevertheless, the binding capacity was only theoretically, and not practically,
proved.
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A parallel gold nanorod LSPR, microfluidic-based, portable lab-on-a-chip sensor
was developed with eight channels and 32 sensing sites for real-time detection of
four cancer biomarkers, including alpha-fetoprotein (AFP) and prostate-specific
antigen [38]. The device can simultaneously measure analyte concentrations as
low as 500 pg/mL in a solution with 50% human serum in all eight channels. This
design bridges substantial gaps in sensors miniaturization, reliability, sensitivity,
integration, and compactness. The researchers claimed the device to be ready for the
transition from lab to market. There are, however, noticeable differences between
LOD values for different biomarkers attributed to the uneven and different perfor-
mance of antibody pairs.

Like proteins and exosomes, miRNAs continue to hold great promise for the
non-invasive detection of cancer. An ssDNA functionalized gold nano prism-based
LSPR sensor capable of achieving sensitivity as low as 140 zp/M was also developed
[36]. Their design could detect a single base-pair mismatch in the ssDNA and
miRNA duplex by sensing a significant change in the LSPR properties. The
researchers assayed four types of miRNAs obtained from 50 uL of bladder cancer
patients’ plasma, namely microRNA-10b, -182, -143, and -145. This work
substantiated the utility of noble metallic nanoparticles to achieve device miniaturi-
zation, particularly for cancer detection [36].

3.2 Sensors and Biosensors in Organs-on-a-Chip Platforms

3.2.1 Organs-on-a-Chip Definition

Studies on two-dimensional in vivo cell cultures and animal models have
contributed to significant cellular and molecular biology accomplishments, but the
progress has been slow. The ratio of FDA-approved drugs to the billions of dollars
spent on research development programs is unprofitably low and decreases mono-
tonically. To curtail this drop, contemporary drug development approaches require
substantial advancements in tools and techniques to achieve efficiency with cost-
effectiveness. The role played by animal models in drug development to unveil
essential aspects of physiology and biochemistry has been pivotal to evaluate drug
response. Nevertheless, the anatomic and physiologic difference between humans
and animal models is hard to ignore and often becomes a bone of contention to
predict a patient’s response. This is evidenced by the fact that from the drugs that fail
in the clinical trials, 60% are inefficacious and 40% are due to toxicity. It is therefore
impractical and illogical to use animal models for developing a patient-specific
personalized treatment. Currently, efforts are in place to get the organs-on-a-chip
(OOCs) (see Fig. 3.3) approved by the National Institute of Health Sciences for
clinical research and translation [40].

An OOC device has cells harvested from the patient or a healthy donor in a
3-dimensional microfluidic cell-culture platform to the input culture medium, drug
of choice, and harvest the products of cellular metabolism. The output can then be
tested either with sensors integrated into the chip or by off-chip analyses. These

62 G. A. Lopez-Muñoz et al.



microfluidic chips allow growing the organs in an environment mimicking the
microenvironment within the human body. The organs or organoids are allowed to
culture in a hydrogel, exchanging nutrients and metabolites, thereby monitoring drug
response in situ. Therefore, choosing the biomaterial to encapsulate the organs/
organoids of choice is essential to design a platform similar to the patient’s or
model’s microenvironment.

3.2.2 Clinical Applications

After developing lung-on-a-chip as the first OOC model, many OOC platforms were
developed for disease modeling, toxicology studies, pathophysiological evaluation,
drug response testing under varying external and internal conditions (see Fig. 3.4).

3.2.2.1 Pancreas-on-a-Chip
Type 2 Diabetes caused 1.5 million deaths in 2019 alone. While the cause of type
1 diabetes is a genetic predisposition to the disease, the leading cause of type
2 diabetes is excess body weight, lack of exercise, and unchecked dietary intake.
Islets of Langerhans or beta cells play a pivotal role in regulating glucose metabo-
lism. However, static culture techniques do not bode well with the Islet functionality

Fig. 3.3 Relevance of OOC devices as platforms to controllably and systematically interrogate
human biology. Adapted and reprinted with permission from [39].# Copyright 2021, Elsevier Inc.
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because they cannot mimic the in vivo physiology and the continuous perfusion
offered by microfluidic platforms to the 3-dimensional organs or organoids. There-
fore, the Islets of Langerhans mounted on microfluidic platforms are the culture of
choice for studying disease pathology and drug response. The cells can be harvested
from diseases and healthy donors. At present, glucose-stimulated insulin secretion
(GSIS) assays which are primarily enzymatic in nature, are conducted to evaluate
islet functionality. However, the OOC technology offers the opportunity to integrate
detection of in situ response with different types of sensors. Numerous research
teams have come up with varied designs to address complexities about organ growth
and detection mechanisms. In 2009, Mohammed et al. came up with the first
microfluidic perfusion design to achieve multimodal characterization, which
included functionality analysis of mitochondrial potential and simultaneous quanti-
fication of insulin production through ELISA under a glucose challenge [41]. Their
chosen combination of analyses provided a more reliable course for assessing islet
quality before transplantation than the standard assays in practice at the time. Over
time the integration and real-time evaluation of islet cell integrity and functionality
have continued to improve. Perrier used integrated electrochemical biosensors based
on a microarray of platinum black electrodes to study ionic fluxes generated with
variable glucose concentrations [42]. This approach allowed to detect changes in

Fig. 3.4 The prospective multi-functional utility of OOC platforms disease modeling in drug
development and as an alternative of research with animal models. Adapted and reprinted with
permission from [39]. # Copyright 2021, Elsevier Inc.
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islet function proportional to glucose within only 40 μs. The integrated islet-on-a-
chip with an LSPR sensor device developed in 2021 allows studying in situ response
of the microtissues or islets-on-a-chip to external stimuli [43]. Moreover, the GSIS
assays are now acknowledged to have low potency to predict islet cell potency in
insulin production. In another example, a microfluidic device has been used to test
the glucolipotoxicity stimuli on in situ Ca2+ signaling and the viability of the cells
embedded in a hydrogel has been tested (see Fig. 3.5) [44].

Another critical concern while designing the islet or pancreas on a chip is to
control differentiation, optimize culture and flow conditions to minimize shear
stress, and improve the exchange of nutrients. Multiple researchers have attempted
to address these complications by approaches such as dynamic culturing to achieve
matrix reconstitution [45], employing a multilayer perfusion system to optimize
differentiation of pluripotent stem cells (iPSCs) [46], developing a system with self-
guided trapping sites to optimize both real-time monitoring and functionality
analyses [47] and using scaffolds based on the right biomaterial such as cellulose
to enhance the differentiation, formation, and functionality of pancreatic pseudo-
islets [48].

Researchers from the Edmonton group [49] demonstrated that islet transplanta-
tion in 7 patients allowed them to achieve significant insulin independence coupled
with steroid-free immunosuppression. After that, islet cell transplantation has been
considered to be a promising approach, particularly for type 1 diabetes. However, the
transplantation process requires manual handling and is often coupled with
pro-inflammatory signals and ischemic damage. Pancreas-on-a-chip allows not
only to precisely control the flow conditions but also to check the vitality of islets
post-isolation. They also provide an opportunity to assess the growth and function of
stem cell-derived beta cell function. Other checks against size heterogeneity preva-
lent between different islets, physical protection, and control of nutrient flow can
also be controlled within the platform to achieve standardization (Table 3.2).

Fig. 3.5 Scheme of the monitoring of glucolipotoxicity stimuli on in situ Ca2+ signaling and
viability of hydrogel-embedded pancreatic islets. (a) Schematic representation of the experimental
workflow. (b) Time-course snapshots of a representative (i) GCaMP islet and (ii) accumulated dead.
Adapted and reprinted with permission from [44].# Copyright 2021, American Association for the
Advancement of Science
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3.2.2.2 Muscle-on-a-Chip (Muscular Dystrophy)
Muscle-on-a-chip models have been developed to study the underlying pathologies
of progressively degenerative diseases such as Duchenne Muscular Dystrophy,
amyotrophic lateral sclerosis (ALS), diabetes mellitus, endothelial inflammation,
and atherosclerosis. These models provide an opportunity to develop personalized
treatment options alongside studying the underlying biochemical pathologies by
detecting cytokines, transcription factors, and other relevant biomarkers such as
dystrophin. While immunostaining allows for studying immunohistochemistry,
electrical stimulation allows evaluating contractile muscle response under multiple
external stimuli, ranging from chemical to electrical impulses.

To achieve these objectives, contemporary research on muscle-on-a-chip has
aimed to find the right biomaterial, perfusion strategies to enhance organoid forma-
tion and function, and integration with sensors to achieve real-time monitoring. The
cells used can be both myoblasts and satellite cells harvested from both human
donors and mice. Human amniotic mesenchymal stem cells (hAMCs) have also
recently shown potential for myogenic differentiation [50]. There are, however,
specific differences in the culture or encapsulation protocols and components of
the growth/differentiation medium to be used for each of these cell types. There are
also innate differences in the functionality of these cells. For example, skeletal
muscle tissue organoids made from mice C2C12 cells show spontaneous
contractions instead of those harvested from human cells, which show stimulated
or induced contractions.

The applicability of PEG-DA and GelMA was proved as promising biomaterials
for dielectropatterning of cells [52] (see Fig. 3.6), after which a nano-biosensor was
developed to evaluate glucose consumption by GelMA hydrogel encapsulated
skeletal muscle models under electrical stimulation at different time durations
[53]. They found that skeletal muscle organoids exhibited maximum glucose

Table 3.2 Pancreas-on-a-chip models with their fabrication technology

Objective Technique

Multimodal characterization Functionality analysis of mitochondrial potential and a
simultaneous quantification of insulin production
through ELISA under glucose changes [41].

To study islet ionic fluxes in
response to nutrient stimulation

Array of platinum black electrodes to detect changes in
islet function proportional to glucose within only
40 μs [42].

To optimize matrix reconstitution Dynamic culturing [45].

To optimize differentiation of iPSCs
to organoids

A multilayer perfusion system [46].

To achieve real-time monitoring and
functionality evaluation

Development of self-guided trapping sites [47].

To optimize the formation and
function of pseudo-islets

Using scaffolds based on cellulose [48].

To study in situ response of islet cells
to external stimuli

Integration of an LSPR sensor [43].
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consumption in the initial 3 h, and the chosen biomaterial offered low viscosity and
helped maintain cell viability [53]. Geometric orientation and alignment have been
found to be extremely important for the proper development of myotubes. Towards
this end, extracellular matrix conditions, type of scaffold, and patterning techniques
play an essential role. Components in the chosen biomaterial act as geometric cues to
achieve proper alignment, as observed in Matrigel, which has Collagen I, II, and
these components create a tensile stretch necessary to achieve cell alignment into
tubules and elasticity [54]. The fabrication approaches to achieve this alignment are
also multiple such as 3D printing (bioprinting) [55], microfluidic extrusion/
electrospinning [55, 56], bio-casting, 3-D and 2-D bioprinting [57], thermal gelation,
micro-molding [58], photo mold patterning [59], micropatterning (3D and 2D),
dielectropatterning [52], droplet-emulsion assisted patterning, e-field assisted print-
ing [55], cryogelation and hydrogelation. All these techniques facilitate alignment
and cell orientation and help identify biochemical, micromechanical, and geometric
cues to enhance myotubes’ differentiation, maturation, growth, and regeneration
(Table 3.3).

Fig. 3.6 Bioengineered 3D skeletal muscles in GelMA hydrogels. (a) Fabrication protocol to
obtain 3D skeletal muscle tissues hydrogels. (b) Microscope images of cell-laden micropatterned
hydrogels. (c) Representative confocal microscopy images of 3D skeletal muscle microtissues
stained for the muscle maturation marker sarcomeric α-actinin (SAA, green) and nuclei (DAPI,
blue). Adapted and reprinted with permission from [51]. # Copyright 2021, Walter de
Gruyter GmbH
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3.2.2.3 Liver-on-a-Chip
The liver is not only the largest but also the most important internal organ of the
human body. Its primary functions include detoxification, metabolism of
macronutrients, drugs, and hormones, glycogenesis, bile production, and inflamma-
tory response control. This organ is known for its regenerative capacity but is
sufficiently vulnerable to drug toxicity. Liver-on-a-chip platforms allow mimicking
the spatiotemporal characteristics and subsequently evaluating drug response outside
the actual human body. At present, there are three primary research paradigms:
disease modeling, drug toxicology, and organ physiology and regenerative capacity.

Current approaches involve multiple strategies to fabricate liver-on-a-chip
devices. Among these, a few studies have even attempted to synergistically associate
artificial intelligence with OOC to study disease pathology, such as that for NAFLD
[62] (see Fig. 3.7). A few of these have been summarized in Table 3.4.

Similarly, OOCs for other organs such as the lung [65, 66], heart [67], gut
[68, 69], kidney [70], and brain [71] also exist, as do the co-culture and multiple
organ systems. There is, at present, exhaustive literature evidencing research
undertaken using different approaches to elucidate drug responses, toxicology,
physiology, biochemistry, regenerative capacity, and inter-organ communication.

3.2.2.4 Tumor-on-a-Chip
Billions of dollars are spent every year in research and development for unmasking
underlying disease pathology in cancer and the development of viable drug targets.
Conventional techniques, such as 2-D and 3-D cell cultures and animal models, are
unsuitable as they cannot precisely replicate the tumor microenvironment, notably

Table 3.3 Skeletal muscle-on-a-chip models with their biofabrication technology

Objective Technique

To identify the biochemical and microphysical
cues involved in myoblast alignment

Electrospinning and 3-D printing to co-culture
HUVECs and myoblasts [55].

To induce morphological retention and
stimulate cellular alignment in myoblasts

Thermogel-assisted bioprinting [57].

To test the applicability of PEG-DA and
GelMA for cell-patterning

Dielectropatterning [52].

To evaluate glucose consumption, GelMA
encapsulated myoblasts under electrical
stimulation

Nano-biosensor integrated with GelMA
hydrogel encapsulated myoblasts coupled with
electrical stimulation [53].

To bioengineer an all-encompassing 3-D
skeletal muscle model of myotonic dystrophy
type 1 and subsequent drug testing

Photomold patterning of GelMA and CMCMA
hydrogel laden with cells [59].

To develop a new approach for vascularization
of in vitro synthetic tissues

Micromilling-molding [58].

To enhance skeletal muscle development and
evaluate the effect of agrin treatment on growth
dynamics

Microfluidic extrusion and photo-
crosslinking [56].

To design a new process to achieve better
alignment and differentiation

E-field assisted printing [60].
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Fig. 3.7 Design of a microfluidic platform for the liver sinusoid model. (a) The liver sinusoid
functional unit, (b) two proposed microfluidic configurations; and (c) bioreactor circuit for contin-
uous perfusion of media and waste collection. Adapted and reprinted with permission from
[61]. # Copyright 2015, John Wiley & Sons

Table 3.4 Liver-on-a-chip models with their biofabrication technology

Objective Technique

To fabricate in vitro integrated models for
evaluation of hepatic safety and metabolism of
drugs

3-D liver OOC and spheroid culture for
hepatoxic screening and metabolic profiling
using PDMS based microchannels [63].

To model the first-pass metabolism of a
flavonoid using a co-culture model

Soft-lithography to model to develop a live
co-culture first-pass metabolism [64].

To model liver sinusoid Soft-lithography (single and dual-channel
designs) to support long-term primary liver
cultures [61].
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the extracellular matrix. The tumor microenvironment plays an essential role in
cancer progression. This is where tumor-on-chip devices provide the opportunity
and flexibility to replicate tumor microenvironment as close as possible to the in vivo
environment, such as creating biomimetic microfluidic channels to mimic the oxy-
gen gradients with spatial and temporal resolution. This oxygen gradient is known to
be pivotal for metastasis. Therefore, the tumor-on-chip models can be used to mimic
angiogenesis, metastasis, and transition from early to advanced forms by epithelial to
mesenchymal transition [72]. A few models of tumor-on-chip are tabulated below
(Table 3.5).

3.2.3 Drugs/Dosage Tested on Organs-on-a-Chip Technology

As previously stated, one of the purposes of developing OOCs is to model disease
phenotype for drug development. Table 3.6 shows a few examples of drugs that have
been tested for their response in different organ systems. A database by The North
Columbian 3R’s Collaborative (https://www.na3rsc.org/mps-tech-hub/) provides
easy access to commercially available OOC platforms along with exhaustive litera-
ture and previous studies.

3.2.4 Integration of Biosensors in OOC Platforms

Although the number of examples applying different biosensors to detect relevant
biomarkers in OOC devices is steadily increasing, there are limited advances in the
achievement of fully integrated and self-operative devices, with complete integration
in compact autonomous platforms and their validation in real environments.

Integration and high-throughput analysis are required to succeed in the develop-
ment of relevant biosensor devices for OOC platforms. Microfluidics is, in this
sense, an indispensable module to provide simultaneous analysis and assure low

Table 3.5 Tumor-on-a-chip models with their biofabrication technology

Objective Technique

To evaluate the possibility of 3D multicellular
structure bioprinting for investigating the
response of paclitaxel on breast cancer
spheroids

A dual nozzle bio-deposition system to
bioprint cells and spheroids using different
bioinks based on matrigel, gelatin, alginate,
and collagen [73].

To address obstacles to high-throughput
screening assays

Production of tumor spheroids using ultra
low-attachment microplates and microwell
arrays of hydrogels [74].

To precisely model complexity of in vivo
pathophysiology of colorectal cancer and
efficacy of drug loaded nanoparticles in a dose-
dependent regime

A PDMS microfluidic platform fabricated by
photolithography. The endothelial invasion of
the core was quantified using bright-field
microscopy followed by gene expression
studies [75].
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sample and reagent consumption. Appropriate dimensions and geometries in
microfluidic pathways can enhance the diffusive mixing and, consequently, the
speed and accuracy of reactions. Performance improvements like reduced measure-
ment times, improved sensitivity, higher selectivity, and parallelism can be obtained
by integrating an appropriate microfluidic system. On the other hand, the appropriate
surface biofunctionalization that allows sensitive and selective biorecognition while
minimizing non-specific adsorptions from cell-culture media is highly desirable.
Also, it is necessary to remark that most of the proposed surface biofunctionalization
methods are based on single-use/detection, limiting the platforms’ capability. New
surface functionalization methods that allow biosensor regeneration for several
biodetection cycles would be ideal.

The impact of external stimuli or internal abnormalities manifests in
multiple ways: changes in temperature, the optical density of the extracellular
media, pH, levels of oxygen and carbon dioxide, metabolites such as glucose and
lactate, and chemicals such as hormones and cytokines, and changes in the cell
behavior. Table 3.7 shows only a few different techniques adopted to monitor these
parameters for multiple objectives.

Over the last years, there have been limited examples of integrated biosensing
systems for in situ biodetection of segregated biomarkers from OOC devices.
Considering the high availability of commercial electrodes for the development of

Table 3.6 Commercially available OOC systems used in drug assays

Drug Model Objective

Aurora B kinase
AZD2811 inhibitor

Bone marrow-on-
chip

To elucidate the clinical toxicity profile of the
drug in question [40].

Cisplatin and
cyclosporine

Kidney-on-chip Drug-induced nephrotoxicity and linkage
with glucose accumulation [76].

AntagomiR-23b DM1 skeletal-
muscle-on-chip

Protects and helps in restoring both
molecular and structural characteristics of
DM1 myotubes [59].

Inhibitor empagliflozin Kidney-on-chip Significantly reduced cisplatin and
cyclosporine-mediated kidney damage due to
glucose accumulation [40].

Nimesulide and
troglitazone

Liver-on-chip To evaluate toxicity dose-dependent profiles
of nimesulide and troglitazone (direct
hepatotoxic agents) [77].

Trovafloxacin Liver-on-chip To evaluate indirect immune-mediated
hepatotoxicity [78].

Acetaminophen,
amiodarone, troglitazone,
and rotenone

Liver-on-chip To evaluate drug-induced hepatoxicity by
disruption of mitochondria [79].

Fialuridine and
acetaminophen

Liver-on-chip and
3D hepatic
spheroids

To analyze and compare model sensitivities
of two drugs by measuring cytotoxic
profiles [63].

Apigenin Gut-on-chip To verify the success of first-pass metabolism
by analyzing the metabolites [64].
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electrochemical biosensors, most of the developed biosensing systems are based on
this technology. Recently, Ramon-Azcon research group presented a multiplexed
integrated platform based on electrochemical biosensors for high sensitivity
biodetection of IL-6 and TNF-α in a muscle-on-chip model platform with electrical
stimulation [90]. Although they reach a sensitivity in the order of ng/mL, it is based
on an amplified biodetection (sandwich assay) using a secondary recognition anti-
body, increasing the complexity of the bioassay. Other examples of electrochemical-
based biosensing devices have been developed by Khademhosseini research group
(see Fig. 3.8). The first device was based on the multiplexed monitoring of creatine
kinase, albumin, and GST-α in a Heart-Liver-on-Chip model using monoclonal
antibodies [92]. The system was able to detect changes of the biomarkers with a
sensitivity of ng/mL produced by the presence of acetaminophen as a model for liver
toxicity. The second device was based on the single monitoring of creatine kinase in
a heart-on-chip model using biorecognition based on aptamers [93]. The system

Table 3.7 Integrated sensors for respective culture parameters

Parameter Technique

Temperature To monitor any physiologic changes in iPSC culture medium using an
integrated CMOS smart sensor [80].

pH To measure temperature, oxygen, and pH simultaneously using a combination
of silica beads and fluorescent dyes for florescent based sensing [81].

pH To measure carbon dioxide and oxygen using a pH sensitive fluorescent
indicator within ethyl-cellulose [82].

pH To dynamically measure cancer metabolism based on potentiostatic
analysis [83].

O2 To study the respiratory kinetics in adherent (HeLa) cells using a Clark-type
oxygen chip [84].

O2 To develop sensitive miniaturized amperometric oxygen sensors [85].

O2 To study hepatocyte polarization and metabolic function based on the
involvement of non-parenchymal cells (NPCs) using luminescence-based
sensor spots (building on the ability of oxygen to quench luminescence) [86].

O2 To study oxygen gradients and oxygen consumption in 2-D and 3-D hydrogel
cultures using amine functionalized polystyrene bead-based oxygen sensor.
Monitoring was performed using FireStingO2 optical sensor at 1 Hz [87].

CO2 To measure temperature, oxygen, and pH simultaneously using a combination
of silica beads and fluorescent dyes for florescent based sensing [81].

CO2 To measure carbon dioxide and oxygen using pH sensitive fluorescent
indicator within ethyl-cellulose [82].

Metabolites:

Glucose and
lactate

To dynamically measure cancer metabolism using an enzyme immobilized
hydrogel for amperometric measurements [83].

Glucose and
lactate

To measure mitochondrial function in liver-on-a-chip model using imbedded
amperometric sensors for glucose and lactate [79].

Glucose and
lactate

To selectively detect ascorbate, glucose, and lactate using dehydrogenase
based sensing mechanism adsorbed onto single-walled carbon nanotubes [88].

Calcium To study activity dynamics and electrical activity in neurons using a
microfluidic/microelectrode array [89].
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based on aptamers shows a high shelf life for up to 7 days while antibodies
biosensing performance decreases over time. Even more, the aptamer biosensor
showed a superior biosensing performance with a sensitivity in the order of pg/mL
in cell-culture media. The heart model was based on the secretion of creatine kinase
under doxorubicin, an anticancer drug used as a model to induce cardiac injury.

Finally, a novel optical biosensing platform has recently been presented by
Ramon-Azcón group based on nanoplasmonic biosensors for monitoring insulin
secretion from pancreatic islets spheroids under the presence of different
concentrations of glucose in a Pancreas-on-Chip model [43]. The nanoplasmonic
biosensor based on gold rod-shaped nanoantennas allows multiplexed monitoring of
insulin secretion with a sensitivity of 0.85 μg/mL. Although the sensitivity is worst
compared to other biosensors, the system allows label-free real-time monitoring
without sample pretreatment and amplification. The optical readout is based on
simple transmission configuration, increasing the potential for highly integrated
monitor systems. Table 3.8 summarizes the most relevant emerging examples of
different biosensing platforms applied to OOC devices. On the other hand, in
Fig. 3.9, we present the schemes of two examples of all integrated OOC/biosensing
platforms.

3.3 Conclusion and Perspectives

Biosensors are a rising technology in their integration with OOC devices to achieve
fully operative and autonomous platforms that can effectively monitor physiological
parameters and the secretion of biomarkers by the cell to a physical and chemical
stimulus. Although there are still challenges to surpass, mainly related to the
integration and multiplexing biosensing, the new advances in surface
biofunctionalization can minimize cross-reactivity, non-specific adsorption and
allow biosensors regeneration for real-time multiplexed detection. On the other
hand, effective microfluidic designs with the correct flow components can create
compact and modular systems. Due to its high versatility and straightforward
integration in OOC platforms, biosensors technology is an exciting candidate for
developing sensing platforms for real-time cell monitoring in OOC devices.

Table 3.8 Examples of emerging biosensing systems in the monitoring of relevant biomarkers in
OOC devices

Type of biosensor OOC Biomarker Limit of detection

Electrochemical
[90]

Muscle IL-6 and TNF-α ng/mL

Electrochemical
[92]

Liver/
heart

Creatine kinase, albumin, and GST-α ng/mL

Electrochemical
[93]

Heart Creatine kinase pg/mL

Optical [43] Pancreas Insulin μg/mL
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Fig. 3.9 Schematic illustration of OOC systems with integrated biosensing platforms based on (a)
electrochemical (Adapted and reprinted with permission from [90]. # Copyright 2019, Royal
Society of Chemistry) and (b) optical (Adapted and reprinted with permission from [43]. # Copy-
right 2021, MDPI) detection
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Abstract

Despite the significant amount of resources invested, cancer remains a consider-
able burden in our modern society and a leading cause of death. There is still a
lack of knowledge about the mechanistic determinants of the disease, the mecha-
nism of action of drugs, and the process of tumor relapse. Current methodologies
to study all these events fail to provide accurate information, threatening the
prognosis of cancer patients. This failure is due to the inadequate procedure in
how tumorigenesis is studied and how drug discovery and screening are currently
made. Traditionally, they both rely on seeding cells on static flat cultures and on
the immunolabelling of cellular structures, which are usually limited in their
ability to reproduce the complexity of the native cellular habitat and provide
quantitative data. Similarly, more complex animal models are employed for—
unsuccessfully—mimicking the human physiology and evaluating the etiology of
the disease or the efficacy/toxicity of pharmacological compounds. Despite some
breakthroughs and success obtained in understanding the disease and developing
novel therapeutic approaches, cancer still kills millions of people worldwide,
remaining a global healthcare problem with a high social and economic impact.
There is a need for novel integrative methodologies and technologies capable of
providing valuable readouts. In this regard, the combination of microfluidics
technology with miniaturized biosensors offers unprecedented advantages to
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accelerate the development of drugs. This integrated technology have the poten-
tial to unravel the key pathophysiological processes of cancer progression and
metastasis, overcoming the existing gap on in vitro predictive platforms and
in vivo model systems. Herein, we discuss how this combination may boost the
field of cancer theranostics and drug discovery/screening toward more precise
devices with clinical relevance.

Keywords

Biosensors · Cancer · Drug screening · Microfabrication · Microfluidics

4.1 Introduction

Cancer is a leading cause of death worldwide, responsible for about 10 million
deaths in 2020 [1]. Breast, lung, colorectal, prostate, stomach, skin, and liver are the
most common cancer cases. Cancer mortality can be significantly reduced by early
detection and improved treatment of the disease and before the appearance of any
evident symptoms. During the last years, the cancer research community has
demanded more sophisticated technologies that overcome the intrinsic limitations
of traditional screening and modeling methods to study the effect of drugs better and
reproduce key cancer-related events [2]. These are based on regular—flat—tissue
culture dishes, which fail to reproduce the biological, rheological, and structural
complexities of the native scenario, and where cells react to drugs very differently
compared to what happens during systemic delivery.

Additionally, conventional screening methods are, in general, too laborious, and
some of them require a myriad of pre-treatment steps and high sample volumes.
More sophisticated in vitro systems include three-dimensional tumor spheroids or
semi-permeable membrane assays, with or without ECM, and other cell types.
However, these approaches lack, in general, fluid flow, may be incompatible with
live imaging, and cannot recapitulate the metastatic cascade [2]. Similarly, animal
experimentation cannot reproduce the human condition, particularly the immune
system, and therefore, are poor predictive models of human cancer. Additionally,
and in general, animal models do not permit the identification of the individual
factors from the tumor microenvironment (TME) responsible for tumor growth and
progression. Overall, all the mentioned above causes that about 90% of the (oncol-
ogy) drugs developed by the pharmaceutical industry that successfully reach the
clinical assay stage fail when tested in humans due to lack of efficacy and/or safety.

More integrative technologies capable of providing more valuable readouts
during drug discovery and screening and new insights into cancer pathogenesis are
needed. The combination of biosensors and microfluidic technologies can provide
unprecedented opportunities in cancer theranostics by merging their unique
properties in terms of accuracy, real-time detection, lower consumption of reagents,
portability, or high-throughput [3, 4]. This integration will improve the predictability
of drug screening by evaluating their efficacy (or toxicity) in a realistic
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microenvironment and help physicians decide about the use of the right drug and
dose for each patient. It will also enable early tumor diagnosis by detecting and
analyzing predictive biomarkers in real-time [5]. Additionally, this leading technol-
ogy will gather more robust and reliable data about the mechanism of action of drugs
and the pathophysiology of the disease while reducing animal experimentation.
Finally, their low fabrication costs associated with the microfabrication technology
inherited from the microelectronics industry and the capability of automation and
parallelization of experiments make the combination of biosensors and microfluidics
a robust methodology to address the demands mentioned above. This will univocally
result in better point-of-care platforms for improved cancer diagnosis and treatment,
with promising applications in the clinics [6].

This chapter introduces the fundamental fields of biosensors and microfluidics
applied to cancer research and illustrates how their combination can boost drug
discovery and screening and improve cancer diagnosis and therapy. We first intro-
duce both topics separately and the most relevant concepts involved, and next,
discuss the advantages of merging both technologies with some clarifying examples.

4.2 The Tumor Microenvironment: An Overview

The TME is a highly rich, complex, and dynamic habitat where a diverse population
of—malignant and non-malignant—cells interact with each other, with the ECM
network, and with a complex repertoire of cytokines, chemokines, growth factors
(e.g., pro-angiogenic factors), signaling molecules, and enzymes (e.g., matrix
metalloproteinases—MMPs), among others, located at the center or periphery of
the tumor region (Fig. 4.1). Besides the cancer cells, the TME includes the micro-
vasculature (vascular and lymphatic vessels), cancer-associated fibroblasts (CAFs),
immune cells (T and B lymphocytes, NK and NKT cells, macrophages, dendritic
cells, etc.), stem cells, adipocytes, and others [7]. The ECM of the TME is not just a
physical scaffold to provide support to cells, but it has an active function in the
spreading of the tumor. In brief, CAFs and tumor-associated macrophages (TAMs)
are responsible for reorganizing the ECM into aligned bundles that, together with the
generation of biochemical gradients, guide the locomotion of cancer cells toward the
microvasculature that transport the cancer cells to distant tissues for their coloniza-
tion. The ECM is typically more rigid than the standard healthy counterpart due to
increased proteins, mainly collagen and elastin [8, 9].

The ECM has a fundamental role in tumor growth and metastasis. Indeed, several
pre-clinical approaches have aimed at targeting (or replicating) different aspects of
the TME. In particular, the specific aligned architecture of the ECM can be easily
replicated in vitro (or on-chip). By culturing fibroblasts in an environment that
orients their adhesion, polarization, and motion, it is possible to control the deposi-
tion of ECM that is rich in collagen, fibronectin, and elastin, among other
components, and with an aligned tumor-like orientation. Methods to do this include
the use of topographical templates for the contact guidance of cells [10, 11],
haptotactic gradients [12], mechanical gradients [13], or shear stress
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[14]. Alternatively, CAFs can be encapsulated within a 3D hydrogel of natural- (e.g.,
Matrigel™ or collagen I) or synthetic- (e.g., poly(ethylene glycol)—PEG) origin to
re-organize the polymeric network into aligned, cross-linked, and rigid fibers by the
sustained release of MMPs [15]. One of the main advantages of this approach is that
the rigidity of the hydrogel can be modulated to mimic the higher stiffness of the
tumor ECM.

As mentioned above, within the TME, there is a cocktail of chemokines,—pro-
angiogenic—growth factors, and inflammatory enzymes, among other cues, with
acidic pH and hypoxic niche (low O2 levels) that influence the activity of cells and
upon which the ECM can be remodeled. These are, in part, responsible for the
formation of newly formed vascular (angiogenesis) and lymphatic
(lymphangiogenesis) vessels, which play a fundamental role in the growth of the
tumor and its dissemination, and are involved in the generation of an elevated
interstitial fluid pressure that contributes to driving the migration of cancer cells
(and other tumor-related compounds) toward the lymphatic and vascular vessels.
These vessels become highly fenestrated and leaky, facilitating the invasion

Fig. 4.1 The complexity of the tumor microenvironment. The voyage of cancer cells during tumor
dissemination includes a multitude of events that starts with the tumor growth and is followed by the
invasion in the surrounding stroma, the intravasation into the microvasculature, the transit of
circulating tumor cells, their extravasation in a distant region, and the formation of a secondary
metastatic niche
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(intravasation) of tumor cells, extracellular vesicles, and other types of tumor-related
compounds into the microcirculation system [16]. This enhanced permeability is
known as the EPR effect, that is, enhanced permeability and retention effect, and it
is used as a therapeutic strategy to precisely deliver drugs into tumors. In addition to
this permeability, the (micro) vasculature around the TME also displays a significant
alteration in their architecture, dimension, and flow rate, which is very heteroge-
neous (i.e., from almost null to important flow values).

Overall, the TME is a highly heterogeneous, complex, and dynamic ecosystem
comprising many constituents that interact among them. Accumulating evidence has
shown its importance for the initiation, progression, and invasion of the tumor, and
its response to therapies. For this reason, modern therapeutic approaches need to
switch from a tumor-centric system to a more TME-oriented one [17]. In this regard,
the use of integrative technologies capable of reproducing the native habitat of cells
with better accuracy can greatly benefit further investigations about the mechanism
of action of drugs, contributing to improving the unsatisfactory efficiency of drugs
when developed using traditional culturing approaches. In this regard, microfluidics
offers multiple advantages to mimic the cellular, biochemical, mechanical, and
dynamical events of the TME, including cancer metastasis.

4.3 Microfluidics

4.3.1 Introduction to Microfluidics

Microfluidics is defined as the manipulation of minute amounts of fluid (from few μL
to pL) using channels and chambers of micrometric size [18]. This technology
originated from the so-called Micro Total Analytical Systems, or μTAS, which
aimed at integrating all the lab equipment and functions into a microfabricated
chip of tens of millimeters in size to carry out the microprocessing and microanalysis
of compounds with high resolution and sensitivity at a meager cost and short time of
analysis. As mentioned above, microfluidics and μTAS exploit the technology
initially developed by the microelectronics industry to fabricate integrated circuits.
This enables the mass production of chips, a crucial factor in developing cheap
point-of-care products addressed to the healthcare market. A subset of μTAS
systems are lab-on-a-chip (LoC); these are microfluidic platforms where only a
few lab processes are employed for manipulating biological material, such as fluids
from patients, or for modeling in vitro specific tissues from the human body.

The design and fabrication of the LoC microfluidic devices rely on a wide range
of scientific and technical aspects. In particular, recapitulating on-chip the architec-
ture and the physiology of a specific tissue requires the computed-assisted design of
a photomask containing all the essential features of the chip (e.g., reservoirs,
channels, microstructures, and others). Then, microfabrication technologies, typi-
cally UV-photolithography, are used to transfer the chip design to a photosensitive
polymer (photoresist) by controlled UV exposure through the photomask [4]. After
some steps of curing and developing, the resulting molds are replicated in a
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polymeric and biocompatible biomaterial, typically an elastomer, by soft lithography
and sealed with a glass slide. Finally, after perforating the inlets/outlet to permit the
perfusion of fluids, the chip is ready (e.g., to encapsulate the cells).

In some cases, very versatile chip designs can reproduce the tissue of interest and
recapitulate physiological responses with high precision. Indeed, some of these chips
are commercially available and utilized by many laboratories for their experiments
[4]. In addition to these technical aspects, the use of adequate cells (primary cells or
cell lines) and engineering ECMs with native-like structural properties (e.g.,
hydrogels with well-controlled stiffness and biochemical cues) are also major
scientific concerns. Next, fluid flow (and shear stress) within the chip must be
accurately simulated and experimentally validated to mimic that from the actual
tissue to provide the cells with the hydrodynamic cues encountered in vivo. This is
particularly important to investigate the flow of drug-loaded carriers in endothelial-
coated channels and investigate their interaction with the endothelial wall. Finally,
the material used to fabricate the chip has a significant impact on the behavior of
cells. Typically, polydimethylsiloxane (PDMS) is employed due to its superior
properties (e.g., good optical properties, biocompatible, tunable, etc.). Other bio-
compatible polymeric materials used for microfluidic chip fabrication include
polymethyl methacrylate, polycarbonate, or polystyrene, among others. However,
these materials cannot reproduce the soft cellular environment. Cytocompatible
hydrogel-based microfluidic devices have been developed during the last years by
traditional replica molding or more sophisticated biofabrication methods, such as 3D
bioprinting [19]. These are more physiologically relevant than the PDMS-based
counterparts. Still, it is vital to avoid the inherent swelling of hydrogels that can lead
to a deformation of the embedded structures and channels and decreased mechanical
strength. In this regard, hydrogels made of silk fibroin [20], (methacrylated-) gelatin
[19, 21], di-acrylated poly(ethylene glycol) [22], or Pluronic F127 [19], offer
advanced performance in terms of mechanical and cellular stability, and powerful
alternative to conventional PDMS.

In some cases, though, framing the hydrogel with a more rigid material (e.g.,
acrylic or PDMS) is necessary to provide extra mechanical support to avoid their
collapse or deformation [23]. Finally, an essential challenge of LoC systems is their
compatibility with existing characterization and analytical technologies, such as
optical microscopy and biosensors, among others. This makes LoC technology
very attractive for the biomedical sector, including R & D laboratories, big pharma,
and hospitals. Indeed, significant efforts have been invested in studying tumor
growth and metastasis using biomimetic LoC models of tissue and organs due to
its superior capacity to culture different tissue types under physiological conditions
[2, 4, 11, 24–29]. Moreover, LoC also enables the real-time and high-resolution
imaging of living cells and the well-controlled perfusion of cell culture media under
physiological conditions. Similarly, microfluidics has also found vast applications in
the field of diagnosis and therapeutics, in particular in cancer research (Fig. 4.2). In
the following, we comment on how microfluidics can be employed to investigate
different events of cancer metastasis as well as for drug development and
therapeutics.
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4.3.2 Microfluidics in Cancer Research

4.3.2.1 Tumor Modeling
LoC technology can be applied to develop biomimetic microfluidic devices for
identifying essential factors involved in the pathogenesis of the disease, novel
therapeutic targets and drugs, or their mechanism of action [4]. For this, microfluidic
chips can be combined with the culture of human cells arranged to simulate
fundamental units of human organs and tissues, resulting in the so-called organ-
on-a-chip (OoC) models [30]. This type of biomimetic platform is capable to
faithfully recapitulate the multi-cellular composition, architectures, interfaces, bio-
chemistry, and vascular perfusion of the human body not possible with traditional
culture systems. This makes the cells embedded within the chip show phenotypes,
dynamics, and gene expressions similar to those encountered in vivo, and therefore,
provides a more realistic scenario to investigate the etiology of diseases and for the
discovery of drugs. These superior characteristics (compared to traditional culture
platforms) made OoC receive significant attention from the cancer research commu-
nity due to its high potential to reproduce key events of the metastatic cascade and
for identifying novel biomarkers or therapeutic targets; in this case, they have been
denoted as cancer-, tumor-, or metastasis-on-a-chip platforms. Indeed, tumor
modeling using OoC platforms has enormously progressed during the last decade and
big pharmaceutical and biotechnological industries have invested in this technology
to discover and screen novel pharmacological compounds [25] (Fig. 4.2).

Multiple works have shown how OoC can contribute to understanding character-
istic features of tumor progression [2, 4, 16, 31–34]. For this, the structural (i.e.,
mechanical and architecture), biochemical (i.e., growth factor gradients,
chemokines), rheological (i.e., shear stress, fluid flow), and multi-cellular properties
and content of the native scenario need to be accurately reproduced on-chip. A
myriad of OoC models has been fabricated so far, including the seminal work on
lung-on-a-chip, and follow-up publications, which paved the way for the develop-
ment of this technology [35–37]. Other organs- and tissues-on-a-chip include the
heart [38], spleen [39], gut [40], liver [24], kidney [41], brain [25], and vasculature

Fig. 4.2 Primary applications of microfluidics in cancer research. Microfluidic systems are mainly
employed in tumor modeling, therapeutics, and diagnosis, with many different uses. ADMET
Administration, distribution, metabolism, excretion, and toxicity, HTS High-throughput screening
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[16, 33], among many others [42]. These models have been utilized for various
applications ranging from mechanistic studies to more applied uses, such as drug
discovery and screening [43–45]. This versatility has contributed to OoC having
reached a significant degree of maturity in the academic field. Similarly, the interest
in this technology by the end-users is advancing at a good pace, as demonstrated by
the adoption of OoC by certain industrial stakeholders (e.g., pharmaceutical and
biotech companies) and regulatory agencies (e.g., the U.S. Food and Drug Adminis-
tration—FDA) [2, 46, 47].

OoC models of cancer enable the real-time monitoring of tumor progression with
high control over the molecular, cellular, biochemical, and structural (mechanical
and architecture) parameters of the TME, particularly the formation of chemokine
gradients. This is fundamental to accurately reproduce all the cascade of events
occurring during metastasis, namely (1) tumor growth and invasion, (2) angiogene-
sis/lymphangiogenesis, (3) intravasation, (4) transit of cancer cells in the vascula-
ture, (5) extravasation, and (6) secondary organ invasion. These events can be
reproduced either in conjunction or independently, thus helping to uncouple the
mechanistic determinants responsible for each event. In the following, we briefly
comment on how these different events can be reproduced and studied using OoC
technology. For more detailed information or examples on each case, the readers are
referred to specialized reviews on the topic [2, 32, 34, 45].

1. Tumor growth and invasion-on-a-chip: The uncontrolled growth of the tumor is
the first event of the cancer metastasis cascade prior to the invasion of tumor cells
in the surrounding stroma. During this event, the tumor grows, and eventually,
one or several cells perform an epithelial-to-mesenchymal transition (EMT) and
start to migrate directionally along the re-arranged fibers of the ECM. This is one
of the most specific events to model within a microfluidic device, which mainly
requires a 3D chamber where to seed the tumor cells, and a microfluidic channel
(coated or not with endothelial cells) mimicking the native microvasculature for
perfusion. A co-culture with other types of cells can also be performed to
investigate the cross-talk among the different cells or evaluate their influence
on the addition of anti-cancerous drugs. Other features to be explored include the
impact of the rigidity or architecture of the ECM in tumor growth and invasion of
the surrounding microenvironment. Similarly, the levels of hypoxia or the pres-
ence of cytokines or growth factors can be quickly investigated.

2. Angiogenesis- and lymphangiogenesis-on-a-chip: This is the growth of newly
formed blood and lymphatic microvasculature from pre-existing ones to support
the development of the tumor with nutrients and oxygen supply (angiogenesis)
and to release the excess of interstitial fluid within the TME (lymphangiogenesis).
In both cases, the vasculature is chaotic, highly fenestrated, and with a heteroge-
neous flow. All these factors favor the directed locomotion of cells toward the
vessels in response to chemokine and growth factor gradients (e.g., the vascular
endothelial growth factor—VEGF), and second, their intravasation within the
vessels [16, 31, 48, 49]. Typical microfluidic chips employed to recapitulate this
phenomenon use a central 3D tumor chamber containing the tumor (typically, a
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spheroid) embedded within a hydrogel matrix interconnected by micro-slits or
micro-posts to lateral channels coated with—blood or lymphatic—microvascular
cells, which initiate sprouting toward the tumor.

3. Intravasation-on-a-chip: It is defined as the invasion of cancer cells into the blood
or lymphatic vasculature due to its fenestrated phenotype. This high permeability
facilitates the transendothelial invasion of cancer cells into the bloodstream,
where they become circulating tumor cells (CTCs). This event can be reproduced
using a reductionistic approach with only two cell types: the tumor cells and the
endothelial (blood or lymphatic), and a simple design. Typically, two main
techniques are used. The first is based on a 3D chamber containing the tumor
cells interconnected through a porous membrane or micro-slits to a hollow
microchannel coated with endothelial cells mimicking the native vasculature.
The second one is based on building a vascular network within a tumor cell-laden
3D hydrogel matrix by direct self-assembly and monitoring the intravasation of
the tumor cells. In this case, though, the presence of tumor cells may impact the
interconnectivity of the generated network [50].

4. Transit of cancer cells on-a-chip: During this event, the intravasated CTCs transit
along the vasculature, and eventually, arrest under certain favorable conditions
(e.g., adhesion to the vessel wall, physical entrapment, flow patterns). Typically,
this event is modeled together with intra- or extravasation phenomena. Therefore,
a chip containing a primary and/or secondary tumor reservoir and a hollow
channel coated (or not) with endothelial cells is needed.

5. Extravasation-on-a-chip: This is the opposite event of intravasation, that is, the
transendothelial migration of CTCs off the vasculature. The location of extrava-
sation is a crucial factor, which determines the organ specificity of cancer
metastasis. The “seed & soil” theory determines, among other factors, that this
location is determined by the morphological and hydrodynamic properties of the
vessel. Upon favorable conditions, the CTCs adhere and arrest in the walls of the
endothelium, where they mature a diverse repertoire of adhesion molecules that,
in the end, allows their invasion in the surrounding stroma [51]. The basic design
may be similar to the intravasation counterpart: a hollow channel coated with
endothelial cells interconnected to a metastatic niche chamber through micro-slits
or porous membrane. Alternatively, extravasation can also be studied using a self-
assembled network of vessels within a 3D matrix [52].

6. Secondary organ invasion (metastasis-on-a-chip): This is the last and most
critical step of the metastatic cascade, where cancer cells extravasate off the
vasculature, form a pre-metastatic niche, and proliferate, invading a specific
tissue/organ forming a secondary tumor. Strikingly, it is not known why a
particular tumor invades specific tissues in contrast to others. Intense research
has been focused on understanding this organ specificity, and OoC is the ideal
platform to unravel its mechanism of action due to the high control over the
involved parameters, that is, the structural composition, the biological content,
and the hydrodynamic properties. This has led to the development of multi-organ-
on-a-chip (multi-OoC) devices where cancer cells have been seeded together with
cells from different tissues or organs. Due to the particularity of the various
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tissues, these have been seeded in separate chambers, and in some cases, follow-
ing a physiological distribution. This more complex platform is denoted as
metastasis-on-a-chip and has provided vital insights into the physiopathology
of the disease, particularly the biophysical rules governing organ specificity [2].

Undoubtedly, OoC has enormous potential, as showcased by its properties and
applications described above. However, this type of single-organ model cannot
recapitulate certain conditions of human physiology, particularly the interaction
between different tissues and organs. This is of utmost importance for particular
applications, such as drug screening, where the effect of drug metabolites or their
potential toxicity must be considered [5, 53, 54]. With this in mind, several OoC can
be interconnected following a physiological configuration resulting in multi-OoC
platforms (Fig. 4.3). These more advanced multi-organ microfluidic models can
recapitulate with higher fidelity the native scenario, providing a more realistic
environment for testing drugs and unraveling the mechanistic determinants of
pathologies. Indeed, many multi-OoC have been reported during the last years
[32, 53, 54] (Table 4.1). They differ in their complexity, tissues and organs modeled,
and the scientific question addressed. The simplest models include two organs/
tissues interconnected through a microfluidic channel coated with endothelial cells
to reproduce the native (micro-) vasculature. This is of particular interest for cancer
dissemination studies to investigate organ specificity during metastasis or to evaluate
the toxicity of a drug using a heart model (i.e., cardiotoxicity) or the effect of drug
metabolites in a secondary tissue using a livermodel [65, 66]. Undoubtedly, increas-
ing the number of interconnected organs also increases the complexity of the

Fig. 4.3 (Multi-) organ-on-a-chip technology. (Left) Scheme showing the rationale of using OoC
technology either as a single or in combination. (Right) Summary of the characteristics of single vs
multi-OoC
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microfluidic model. A particular bottleneck is the need for a common cell culture
media for the different types of cells. In some cases, such as when using stem cells or
primary cells, this is not possible, and therefore, alternative strategies are employed
to separate the different tissues. One option is mixing culture media at specific ratios
[55], even though this becomes challenging when increasing the number of organs
interconnected. Another option is using different chambers interconnected through
micro-slits or porous membranes that physically separate tissues with dis-
tinct requirements of media; however, this is associated with some technical
challenges. Intense efforts have therefore been focused on the development of a
universal media suitable for different multi-cellular tissues. Such utopic achievement
would boost even more the applicability of OoC in all the biomedical fields, and in
particular, in oncology.

4.3.2.2 Tumor Diagnosis
Microfluidics has considerable potential for isolating, enriching, and molecular
characterizing cellular and molecular markers, such as CTCs, extracellular vesicles
(e.g., exosomes), or ctDNA/RNA, from peripheral blood. These biomarkers can
provide critical information about the pathophysiology of the primary tumor. Their
levels in metastatic cancer patients are related to their clinical progression, and

Table 4.1 Examples of multi-organs-on-a-chip models

Multi-organs/tissues
Num.
organs Applications Ref.

• Liver—Heart 2 Drug screening and cardiotoxicity
evaluation of drugs

[55]

• Liver tumor—Heart 2 Cardiotoxicity of anticancer drug resulting
from toxic metabolites produced in the liver

[56]

• Gut—Liver 2 Drug screening and metastasis studies [57]

• Liver—Heart—Lung 3 Screening of drug toxicology; disease
modeling

[58]

• Intestine—Liver—Skin—
Kidney

4 Evaluation of the long-term ADMET of
drugs

[59]

• Lung tumor—Brain—Bone—
Liver

4 Study of organ specificity of lung cancer
metastasis

[60]

• Cardiac—Muscle—Brain—
Liver

4 Long-term investigation of the effect of
different drugs with well-known toxicity

[26]

• Intestine—Liver—Colorectal
tumor—Connective tissue

4 Evaluating the efficacy and toxicity of anti-
cancerous drugs and their metabolites

[61]

• Intestine—Lung—Liver—
Bone marrow—Kidney

5 Evaluating the cross-talk among the
different organs; drug ADMET; screening
of cellular biomarkers and gene expression

[62]

• Intestine—Liver—Kidney—
BBB—Muscle

5 Studies of drug ADMET, organ-specificity,
and PK/PD

[63]

• Intestine—Liver—Kidney—
Heart—Lung—Skin—BBB—
Brain

8 Human body mimicry of physiological
functions; PK/PD of drugs; drug discovery

[64]
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therefore, can help physicians on therapy decision-taking (Fig. 4.2). This assay is
reminiscent of analyzing the genetic content of a solid tumor biopsy, and therefore,
the characterization of CTCs is known as liquid biopsy. In this regard, the isolation
and analysis of tumor biomarkers within a microfluidic device have been coined
liquid biopsy-on-a-chip. Besides pure isolation and enrichment of tumor-associated
biomarkers, their molecular characterization and analysis can also be performed
on-chip by standard immunolabelling assay. Similarly, CTCs can be automatically
detected, enumerated, and profiled on-chip by integrating miniaturized electrodes
that work as high-speed and label-free micro-Coulter counters or analytical
biosensors [67].

The presence and number of CTCs in the bloodstream are associated with a poor
outcome in the prognosis of cancer patients and indicate that the tumor has started to
disseminate (i.e., metastasize) throughout the body. Therefore, their early detection
and analysis could be advantageous for initiating the most appropriate treatment
adjusted to the genetic profile of the primary tumor, thus enabling personalized
medicine and improving the recovery of patients. However, their isolation is indeed
very challenging. This is because their number in peripheral blood is very scarce
(1–10 CTCs in 1 mL of blood) compared to the vast amount of other cells present in
the blood (~109 cells). Traditional isolation methods to collect CTCs, such as
immune-capture or flow cytometry, are not efficient enough. Microfluidics can
improve the detection and capture of CTCs and other types of tumor-associated
biomarkers, such as ctDNA/RNA, extracellular vesicles (e.g., exosomes), or
antibodies from peripheral blood. The advanced capabilities of microfluidic systems
for the separation of particles of different sizes, shapes, or rigidity can be exploited as
a liquid biopsy-on-a-chip approach for the isolation and capture of tumor biomarkers
[27]. Most of these microfluidic systems are related to the capture and isolation of
CTCs, most likely due to the difficulty to capture the other ones (lower presence and
smaller size compared to CTCs). Typical isolation methods include the use of
affinity-based techniques for their entrapment. For this, microfluidic channels
containing micro-sized posts functionalized with specific biorecognition elements
(e.g., antibodies) specific to the epithelial surface markers of CTCs—whose pres-
ence showcases its foreign origin—, such as the epithelial cellular adhesion mole-
cule—EpCAM, E-Cadherin, vimentin or cytokeratins, are employed. Some of these
affinity methods can also target non-CTCs cells to purify or enrich the CTCs content.
For this, herringbone structures can be created within a microfluidic channel coated
with antibodies specific to white blood cells (e.g., anti-CD45). The herringbone
promotes the mixing of cells within the channel and their physical interaction with
the functionalized structures.

Unfortunately, CTCs can be very heterogeneous and do not always present the
markers mentioned above on the membrane surface as they may gain more
mesenchymal-like properties [68]. Alternatively, label-free methods can be used to
isolate the CTCs. Microfiltration uses physical trapping to isolate CTCs taking
advantage of their larger size (15–20 um) compared to other type of cells present
in peripheral blood (in average, red blood cells: 5–8 um; white blood cells:
12–16 um). Despite its simplicity, this method is limited to manipulating low
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volumes of samples due to the risk of clock. Other approaches include magnetic
isolation or the use of spiral—inertial—microfluidic channels for their
hydrodynamic separation, among others (e.g., deterministic lateral displacement,
centrifugation, inertial focusing). All these methods can be further combined with
affinity-based isolation to boost the efficiency of the isolation. A fascinating way
used for CTCs isolation is inertial microfluidics, which exploits the hydrodynamic
forces at the microscale to sort the cells according to their physical properties (size
and deformability) without the need for labeling. This method operates in an
intermediate Re number (1 to ~100), where the inertial effects start to be relevant,
and cells can move transversal to the direction of the fluid flow; the separation is
again based on the difference in cell size. This approach, when mastered, is capable
of achieving high throughputs. Indeed, several spiral devices have been utilized to
isolate CTCs directly from peripheral blood, which are then employed for further
molecular analysis [28, 29, 69].

Altogether, liquid biopsy-on-a-chip is a robust methodology for detecting,
isolating, and analyzing CTCs and other tumor-derived biomarkers. It provides
multiple advantages compared to traditional methods based on collecting a biopsy
of the tissue or imaging approaches, which are invasive or not very sensitive. Finally,
it is worth noting that this advanced performance can further be boosted by
integrating miniaturized biosensors into the chips (see below), which may help
their rapid identification and analysis.

4.3.2.3 Tumor Therapeutics
One of the main advantages of microfluidic devices is their capability to reproduce
dynamic physiological events and key features characteristic of the native tumor
scenario. Of great interest is the generation of (bio) chemical gradients, which have
been demonstrated to have a fundamental role in the initial stage of tumor dissemi-
nation by favoring the invasion of tumor cells [70]. For this, a myriad of microfluidic
designs is available for the generation of growth factors and chemokines gradients,
namely cascade-based, Y-shaped, membrane-based, or pressure-balanced methods
[4]. In all these cases, the flow properties of fluids at the microscale are exploited to
generate gradients with high precision. At this scale, the fluid shows a laminar flow
within the microchannel where viscous forces dominate over the inertial ones. A
dimensionless parameter coined Reynolds number (Re), quantifies this ratio. It is
defined as Re ¼ (ρ�l�ν)�η�1, where ρ, l, v, and η are the fluid density (kg�m�3), the
length scale (m), the flow velocity (m�s�1), and the fluid viscosity (kg�m�1�s�1),
respectively. Values of Re � 2000 correspond to a laminar flow where the fluid
streamlines flow in parallel and display a Gaussian profile with a null flow at the
walls of the channel. In contrast, if Re > 2000 the flow of the fluid is turbulent.

A key advantage of generating gradients using microfluidic chips is the possibil-
ity to evaluate the correct dose regime of therapeutic drugs in a genuinely physio-
logical and multi-cellular microenvironment, saving a lot of effort and resources
[71]. Along the same line, microfluidic OoC systems can also be employed to
evaluate their pharmacokinetics and pharmacodynamics (PK/PD) (Fig. 4.2). More
specifically, multi-OoC platforms can be utilized to assess the so-called ADMET of
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drugs, their administration, distribution, metabolism, excretion and toxicity [5, 26,
54]. This is fundamental to evaluating which drugs are more efficient in treating an
individual patient’s tumor while reducing potential toxicity events. The latter is of
utmost importance since most of the drugs that have been released from the market
are related to cytotoxicity, which has not been observed when tested on traditional
screening platforms. Finally, microfluidic OoC can also be utilized to investigate the
mechanism of systemic drug administration [31]. In particular, the development of
vessel-on-a-chip devices emulating the cellular composition and architecture of the
native microvasculature can provide critical insights into the microvascular transport
of drugs or drug-loaded carriers, their interaction with the endothelial wall, and even
the mechanism of corona formation [16, 33, 72].

4.4 Biosensors

4.4.1 Introduction to Biosensors

Biosensors are miniaturized analytical devices designed to detect a specific analyte,
or group of analytes, by converting the detected biological or chemical response into
a readable signal proportional to the analyte content [73]. Biosensors are nowadays
omnipresent in a multitude of research fields, in particular, in biomedical research
(pharmacology, medicine, etc.) for drug discovery, disease diagnosis, or monitoring
its progression and response to treatment [73–77]. Other areas where biosensors are
being utilized are food control (e.g., detection of micro-organisms [78, 79]) or
environmental monitoring (e.g., detection of pollutants [80, 81]), among others. In
this regard, biosensors offer unprecedented capabilities to assess the health status
(as external point-of-care systems; or implantable devices, e.g., pacemakers) and
disease progression, with attractive applications for the academic, clinical, and
industrial sectors. Indeed, the significant growth in cancer cases resulting from the
aging of the population, pollution, and unhealthy lifestyle, has increased the demand
for point-of-care devices for the early detection, routine check-ups, and continuous
monitoring of patient healthcare status in a rapid, precise, and effective manner.

Biosensors are characterized for displaying specific attributes that determine their
final performance. These include a high sensitivity (i.e., low limit of detection, that
is, the minimum amount of analyte that can be measured), specificity (i.e., response
to a single analyte without interference from other elements), reproducibility (i.e.,
generation of identical responses in different experiments), stability (i.e., the reaction
from the biosensor is not affected by ambient disturbances), and working in a linear
range (i.e., the biosensor output signal changes linearly with the analyte concentra-
tion). Mathematically, this linearity can be expressed as: [output signal] ¼ k�[con-
centration analyte], where k is the sensitivity of the biosensor and the slope of the
graphic representation within the linear range. In general, biosensors can be classi-
fied according to their transducer type. Most types of biosensors contain three main
components (Fig. 4.4):
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1. A biorecognition layer containing the biological-based high-affinity detection
elements, such as antibodies, aptamers, DNA/RNA strands, peptides, molecularly
imprinted polymers, cells, or similar, on top of the sensor transducer. The specific
coupling between the detection element and the analyte is denoted as
“biorecognition.” Depending on the type of biorecognition elements used,
biosensors are classified as immunosensors (for antibodies), aptasensors (for
aptamers), or enzymatic biosensors (for enzymes), among others.

2. A physicochemical transducer converts the detection signal of a biological/
chemical substance, or analyte, into a quantitatively measurable signal (the
biorecognition reaction determines the selectivity and sensitivity of the trans-
ducer). The produced signal is typically proportional to the amount of analyte-
bioreceptor interactions [73].

3. An electronic system device is used to read, amplify, process, and digitalize the
physicochemical output signal from the transducer. Then, the output signal is
shown using a readable display and especially dedicated software. This readout
can be in the form of a table, graphic, or image.

The most typical detection signals are optical (e.g., surface plasmon resonance—
SPR) and electrochemical (e.g., cyclic voltammetry, electrochemical impedance
spectroscopy), even though other types of signals, such as magnetic (e.g., magneto-
resistance), thermal (e.g., thermistor), or mass sensitive—acoustic/piezoelectric
(e.g., quartz crystal microbalance—QCM) are also available (Fig. 4.4). Optical-
based biosensors, particularly those based on the emission of fluorescence, are
undoubtedly very popular and efficient. However, one of their main disadvantages
is that, in general, they are non-label free, which may threaten specific measurements
(e.g., the biorecognition of low analyte concentrations may not be readable by
fluorescence), alter the properties of the analyte to be detected, or generate
interferences. In contrast, label-free methods are more convenient considering the
limitations mentioned above. Techniques such as SPR (changes in the refractive
index), or QCM and microcantilevers (variation in resonant frequency due to mass

Fig. 4.4 Typical build-up and components of a biosensor
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changes) permit the quantitative detection of minute amounts of analyte without the
need for labeling and in real-time. Despite their performance, one limiting factor of
these biosensors is their difficulty to be miniaturized and integrated within point-of-
care devices to improve their signal-to-noise ratio. In this regard, electrochemical
biosensors are more advantageous due to their high degree of integration capacity
(i.e., miniaturization), selectivity, sensitivity, fast response, and low detection limit.
This versatility has made electrochemical biosensors one of the most employed
detection methods. They are also low cost, simple to operate, and require no
expensive equipment besides a standard potentiostat.

Electrochemical biosensors began in the 1950s by Leland C. Clark Jr. with the
invention of an electrode to measure the dissolved O2 in the blood of patients
undergoing surgery [82, 83]. A modification of this system led to the first blood
glucose biosensor containing an oxygen electrode, an inner membrane semiperme-
able to O2, a thin GOx layer, and an outer dialysis membrane [83]. An electrochemi-
cal transducer was used to immobilize enzymes, and a decrease in O2 was
proportional to the glucose concentration. This type of glucose oxidase sensor is
still widely used, even though significant improvements have been made to increase
its performance. Next, almost two decades later, the first urea biosensor was devel-
oped by Guilbault and Montalvo, Jr. [84], and in 1975 the first commercial biosensor
was launched into the market by Yellow Spring Instruments for the detection of
glucose. Nowadays, many other types of biosensors are widely available for various
applications, including well-recognized pregnancy tests, (illegal) drug testing, cho-
lesterol measurement, or, more recently, COVID-19 tests, among many others. A
particular area of interest of biosensors is cancer research. They could be massively
utilized to detect disease onset early, monitor its progression and therapy efficacy, or
identify novel therapeutic targets. By doing this, the patient prognosis would be
univocally improved. Overall, biosensors are expected to boost the development of
novel anti-cancer drugs, unravel the mechanism of key pathophysiological pro-
cesses, and therefore, helping physicians in taking appropriate interventions.

4.4.2 Biosensors in Cancer Research

The early diagnosis and subsequent treatment of cancer can significantly improve the
prognosis of cancer patients. Typically, the identification of mutations in the
DNA/RNA of cancer patients through biopsies or detecting changes in protein
levels, together with imaging methods (MRI or ultrasounds), are the strategies
employed in the clinics to detect tumors. In particular, polymerase chain reaction
(PCR), Western Blot, enzyme-linked immunosorbent assay (ELISA), or immunohis-
tochemistry are the most common screening techniques used. However, and despite
being quite efficient, usually, these methodologies are incapable of detecting the
presence of the tumor at a very early stage but only after the appearance of related
symptoms. In addition, these methods may not allow grading the tumor and indicate
the most effective treatments, besides being invasive (which is inconvenient for the
patient), time-consuming, costly, tedious, and requiring expensive reagents,
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facilities, and trained personnel. In contrast, biosensors are emerging as a powerful
alternative to standard analytical methods for the detection of cancer biomarkers.
Biosensors are rapidly expanding in the medical field, with the significant impetus
coming from the healthcare, diagnosis, and biotechnology industry.

Biosensors have already been applied in clinics to detect cancer biomarkers in
body fluids (e.g., blood, serum, urine, saliva, or cerebral spinal fluid, among others).
Among all the types of biomarkers, molecular ones are the most common types.
They include (onco-) genes, growth factors receptors, proteins, or other classes of
tumor-specific compounds (Table 4.2). There are +160 types of biomarkers related
to different types of cancer [85]. This requires the biosensor to be specific and
exclusively recognize the analyte of interest, avoiding interference with other
molecules or compounds present in the sample.

Similarly, non-specific adsorption of compounds must be avoided to reduce
signal noise or false positives. In this regard, typical methods include a washing
step with a buffer to remove weakly adhered molecules. Next, the developed
biosensors must be robust and reproducible. This means that the functionalization
protocols should be easily reproduced to provide always the same response inde-
pendently of the operator. For this, integrating controls is imperative to ensure that
the device is working as it should. Next, sensors must be capable of working with
shallow volumes of samples, particularly in the clinics. In this regard, their integra-
tion within lab-on-a-chip platforms provides the perfect technological environment
to fulfill this requirement.

Perturbation of an individual molecular biomarker’s levels does not univocally
determine the presence of a tumor, since this alteration may arise from other
disorders (e.g., inflammation, cardiovascular disease, infection, and others). In
contrast, an alteration of a panel of different markers may be specific to a particular
type of tumor and, therefore, may constitute a molecular signature of that specific
tumor. Finally, the type and design of the biosensor may differ according to the
specific biomarker (or repertoire of biomarkers) to be detected.

4.5 Integration of Biosensors Within Microfluidic Devices

Despite the myriad of publications and success of human OoC, very few works have
been reported of OoC integrating biosensors for the real-time measurement of
pathophysiological parameters and the dynamic responses of tissues to drugs.
However, the compatibility of biosensors with cutting-edge microfabrication
technologies has enabled their integration within microfluidics systems for the
continuous, in situ, and non-invasive quantification of soluble biomarkers, boosting
their diagnostic applications. Typically, integrated sensors are based on the use of
electrochemical transducers. These provide multiple advantages compared to
optical-based readouts, which cannot quantify the released levels of a specific
chemokine; for this, the medium needs to be collected at desired time points and
analyzed outside the chip by traditional analytical methods, such as ELISA. Other
advantages include a high degree of portability (enabling in-field applications), easy
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manipulation (for being utilized by non-skilled personnel), rapid detection (for
starting the necessary treatment), reduced perturbation/disturbance of the
microtissue due to continuous sampling of large volumes, or a high-throughput
production (reducing its cost). Undoubtedly, the main attribute of microfluidics-

Table 4.2 Tumor markers in everyday use

Cancer type Biomarker Source

Bladder BTA—Bladder tumor antigen
CEA—Carcinoembryonic antigen
Chromosomes 3, 7, 17, 9p21
Fibrin/fibrinogen
NMP-22—Nuclear matrix protein 22 (NMP22)

Urine
Urine
Urine
Urine
Urine

Breast BRCA 1/2
CA15–3 and 27–29—Cancer antigen 15–3 and 27–29
CEA
C-reactive protein—CRP
CTCs—Circulating tumor cells
Cytokeratins
ER—Estrogen receptor
HER-2/neu—Human epidermal growth factor receptor 2
P53 antibodies

Serum/tissue
Serum
Serum
Blood
Blood
Blood
Tissue
Tissue
Tissue

Colorectal ANXA3
BMP4
CA19–9 and 72–4—Cancer antigen 19–9 and 72–4
CEA
CTCs—Circulating tumor cellsa

Epidermal growth factor receptor—EGFR
MMP7 and MMP11

Urine/serum
Serum
Serum
Serum
Blood
Tissue
Serum

Gastric CEA
CA19–9

Serum
Serum

Liver AFP—α-fetoprotein
CEA

Serum
Serum

Lung ALK—Anaplastic lymphoma kinase
CRP
CEA
PD-L1

Tissue
Serum
Serum
Blood

Melanoma S100 protein
CEA

Tissue/serum
Serum

Ovarian CA-125
CEA
BRCA genes
hCG—Human chorionic gonadotropin

Serum
Serum
Serum/tissue
Serum

Pancreas CRP
CEA
CA19–9
PIGR—Polymeric immunoglobulin receptor

Serum
Serum
Serum
Tissue

Prostate CTCs—Circulating tumor cells
Prostate-specific antigen—PSA

Blood
Serum

aThrough the CellSearch™ system
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integrated biosensors is the possibility to provide quantitative and accurate informa-
tion about the biological and biochemical events occurring within the chip, and
therefore, can have an instrumental role not only for the diagnosis of cancer but also
for its prevention, treatment evaluation, and drug discovery/screening.

The high performance of microfluidic-integrated biosensors is, in particular,
given by their reduced sensing area. They are typically made of conductive material,
such as metals (e.g., gold, platinum, ITO, etc.) fabricated by conventional photoli-
thography, where photoresists are used as sacrificial layers before metal deposition
[78, 79, 86]. Then, a solvent (typically, acetone) is employed to dissolve the
non-desired photoresist underneath the deposited metal during the lift-off, releasing
the sensing electrodes. The patterned metallic microelectrodes can further be coated
with conductive polymers (e.g., polypyrrole) to increase the biocompatibility and/or
sensitivity [87]. The size of the generated electrodes impacts the sensitivity of the
biosensors. In general, the smaller the electrode, the higher the sensitivity. However,
the dimensionality depends on the fabrication methodology employed. With
UV-photolithography, this is about 1–5μm. The fabrication of nanoelectrodes may
require the use of alternative fabrication technologies, such as e-beam (~10 nm),
nano-imprint lithography (<100 nm), or focused ion beam (~10 nm), among others.
As a drawback, these techniques are costly and show a low throughput.

Integrating several microelectrodes in the chip (microarrays) permits the high-
throughput detection of multiple analytes simultaneously. This multiplexing ability
is fundamental for screening biomarkers that work as the tumor’s “signature”
(or indicator) or for the rapid screening of drugs. One limitation of (micro-) electrode
integration within microfluidic devices is the effect of shear stress, which can detach
(or inhibit) the binding between the biorecognition element and the analyte of
interest due to the planar configuration of the electrodes. To solve this, a new
generation of biosensors has emerged to improve capture efficiency and sensitivity.
These are 3D biosensors, which typically display an enhanced roughness, porosity,
or 3D topography, enhancing the amount of captured analyte and, similar to the use
of herringbone in CTCs discussed above, promote their interaction with the capture
probes [3]. Indeed, CTCs and a diverse repertoire of tumor biomarkers have been
detected (and analyzed) by microfluidic-integrated biosensor devices [88].

External electrodes can also be used in combination with microfluidic devices
[89], despite impacting on the overall sensing performance (e.g., sensitivity, porta-
bility, and others). Either way, this combination allows developing more sophisti-
cated point-of-care systems capable of detecting or monitoring the analytes of
interest in biological fluids with improved sensitivity (several orders of magnitude)
compared to traditional assays. Similarly, they are advantageous to analyze specific
metabolic parameters of living cancer cells, which are critical to monitoring tumor
evolution. In particular, oxygen concentration [90], lactate production, glucose
consumption, oxygen peroxide levels, or pH value are among the critical parameters
directly associated with the growth of the tumor and its dissemination. Therefore,
they can provide essential information about the metabolic characteristics or its
response to drugs. In the following, we briefly comment on the aspects of these
biomarkers and how they can be detected.
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• H2O2 detection: Hydrogen peroxide (H2O2) is a reactive oxygen species that play
an essential role in cells’ physiological functioning. At high levels, it can cause
cell damage, and it is associated with tumor growth and progression. Diverse
methods have been used to measure H2O2 (enzymatic, fluorescent, luminescent),
but the most efficient ways to detect and quantify H2O2 are based on electro-
chemistry. H2O2 is reduced or oxidized at various electrode materials, such as Au,
Ag, and Pt, a specific catalyst for H2O2 redox reactions. Methods to detect
hydrogen peroxide include:
– Potentiometry measures the voltage between two electrodes (a working and a

reference electrode—WE and RE, respectively) at zero current. The WE has to
be functionalized with H2O2-sensitive moieties to correlate changes in voltage
to changes in H2O2 concentration.

– Voltammetry estimates the current resulting from oxidation/reduction
reactions occurring at WE of a given electroactive species, typically dissolved
in an electrolyte solution. The potential difference then drives redox reactions
at the electrode/electrolyte interface vs a RE. Increasing [H2O2] changes the
cathodic and/or anodic current at a particular potential, depending on the
reduction or oxidation of the analyte, respectively.

– Amperometry measures the changes in current at constant voltage resulting
from the oxidation or reduction of an electroactive species.

• O2 detection: Hypoxia is a hallmark of tumor development resulting from the
disorganized vasculature. Low pO2 levels impact the dissemination of cancer
cells by promoting EMT and their resistance to radiotherapy. In this regard, the
measurement of pO2 levels is critical. The detection is based on the so-called
“Clark electrode,”which employs a Pt electrode and amperometry to measure, via
a reduction reaction, a current proportional to the pO2 levels.

• Lactate detection: Typically, there is an increase in lactate concentration in
oxygen debt situations (from 0.5–1 mM in healthy individuals to >4 mM in
sick patients) [91]. Typically, electrochemical sensors are employed to detect
lactate through the translation of enzymatic reactions into an electric signal in the
presence of its specific enzyme. For this, the enzymes, such as lactate oxidase
(LOX) or lactate dehydrogenase (LDH), are immobilized on the surface of an
electrode as the biorecognition elements. The most typical electrochemical
methods for lactate measurements are amperometry and potentiometry.

• Glucose detection: Similarly, glucose detection is mainly performed using elec-
trochemical sensors by transforming the detection of the enzymatic reaction into
an electric signal. For this, enzymes, such as glucose oxidase (GOx), immobilized
on the electrode’s surface, are employed. However, this strategy is associated
with some challenges, such as low stability and performance (e.g., interferences).
Non-enzymatic detection of glucose has been explored for its direct electro-
oxidation in the absence of GOx to solve. In particular, the use of Cu
NPs-based biosensors has shown a sensitivity equivalent or superior to those
based on GOx [92].

• pH detection: Acidic pH is another hallmark of the TME. Its detection can be
performed either by optical, chemical or electrochemical sensors. The former
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includes the immobilization within the microfluidic device of materials sensitive
to pH values, such as a molecular probe with a chromophore that reacts to the
different protonation levels having a pH-dependent behavior. Alternative, more
simple color-coded pH-sensitive strips can be utilized. These are sensitive
materials in the entire range of 1–14 values but not very sensitive. More sophisti-
cated optical biosensors use chemical species that modify their optical properties
when reacting with acidic/basic solutions, such as the index of refraction or
absorbance [93]. An advantage of optical transducers is their simple read-out,
but leakage coming from the medium must be considered. In contrast,
electrochemical-based pH sensors are susceptible to the entire range of values.
They are mainly potentiometric and voltammetric. The working mechanism
measures the voltage between the WE and RE (potentiometry) and current during
the redox process (voltammetry) and correlates it with pH. Typically, these
approaches require the functionalization of the electrodes with molecules that
react to the pH level, such as polymeric membranes, even though metallic-based
pH sensors have been described [94]. A particular type of electrochemical sensor
that does not require pH-sensitive molecules is ISFETs (ion-sensitive field-effect
transistors). Different pH values alter the electrical current that flows via the field
effect between the source and the drain through the H+-sensitive gate [95]. A clear
advantage of electrochemical biosensors, in particular ISFETs, is their easy
miniaturization and integration within a microfluidic chip, as well as their high
reproducibility and reusability [96].

Finally, the next generation of clinically-oriented point-of-care microfluidic
devices needs to fulfill rigid requirements if they are intended to be adopted by the
clinics. In particular, they need to be portable and require minimal manipulation.
Other key elements must also be integrated on-chip to perform all the required
operations, such as micro-sized pumps and valves (to drive the fluid toward the
sensing elements) and multiple reservoirs and channels (for the processing of the
sample) [97, 98]. Next, if unprocessed specimens are utilized, such as raw human
fluids, the injection, filtration, pre-treatment, and sample processing must also be
carried out on-chip. Additionally, this diagnostic device must ensure a proper habitat
for cells, with controlled physiological (flow, temperature, humidity, etc.) and
structural (rigidity, architecture, chemical composition, etc.) conditions to mimic
the native human condition. This biomimicry provides improved sensitivity and
reliability to the measurement, reduces the sensing time and the volume of reagents
employed, and the overall cost of the assay.

A recent example of microfluidics-integrated biosensors includes the develop-
ment of a multi-sensor fully-integrative microfluidic modular platform for the in situ,
continuous, and automated sensing of biophysical microenvironmental parameters,
such as pH, O2, and temperature through physical sensors, and quantification of
soluble protein biomarker levels through electrochemical-integrated sensors
[55]. However, the high versatility and modularity of this approach enables its use
for a diverse variety of applications, such as drug screening applications, as recently
described (Fig. 4.5A) [99]. The system was employed, among other applications, to
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assess short-term acute toxicity using liver cancer- and heart-on-a-chip model
systems. A relevant feature of this approach was the possibility of regeneration of
the microelectrodes, a limiting factor of most of the sensing devices, even though the
procedure was significantly slow (around 4 h). Other limitations include using
traditional PDMS, which is associated with several drawbacks, as discussed
below. Finally, the number of available antibodies is limited; however, the use of
aptamers is proposed as a feasible alternative (Fig. 4.5A). A similar multi-parametric
microfluidic device capable of measuring pH and O2 of the TME and the lactate and
glucose levels was reported using a modular chip with miniaturized integrated
microsensors [100]. Human brain tumor cells were seeded into the chip to demon-
strate the performance of the device (Fig. 4.5B). By periodically stopping the flow,
the media’s acidification, O2 levels, glucose consumption, and lactate production
were continuously monitored, showing a high sensitivity within the desired linear
range. All the electrochemical sensor electrodes (WE, RE, and CE) were integrated
within the chip for amperometric measurements. It is worth mentioning that the
developed chip was also transparent, which permitted the optical observation of the
cultured cells. Finally, the pharmacokinetics and overall responses of the device
were tested after the addition of cytochalasin B. It was found that the altered
metabolism and recovery of the cells could be detected. Overall, and despite being
developed a while ago, this work is still a reference about how microfluidics and
biosensors can be combined for the on-chip monitoring of human cancer cell
metabolism.

Finally, and as described above, the microfluidic isolation and enumeration of
CTCs from unprocessed peripheral blood is of utmost importance due to their
significance in early cancer diagnosis and personalized medicine [101]. Indeed, a
large variety of microfluidic-based methods have been reported so far [102]. Most of
them are based on the physical/antibody capture and identification of phenotypic
surface CTCs markers by fluorescence immunostaining [103, 104], where a more
detailed analysis of the genetic content and subtype classification of the cells is
typically performed either inside or outside the chip [105]. However, this approach
does not fully benefit from microfluidics’ sensing and analytical capabilities to
screen the phenotypic distribution of CTCs on-chip to predict disease tumors and
therapy efficiency better. Despite the obtained insights, these approaches are limited
to the standard surface markers (typically, one), which have been demonstrated to be
inadequate to differentiate CTCs sub-types in particular through fluorescence means,
which lack specificity and are associated to background noise. To solve this limita-
tion, a new microfluidic device was recently developed for the isolation and profiling
of CTCs using surface-enhanced Raman scattering (SERS) spectroscopy as an—
optical-based—sensing method (Fig. 4.5C) [101]. As a proof-of-concept, three
subtypes of breast cancer cells with different metastatic potential (as CTCs) were
injected into the chip and captured explicitly through a porous membrane based on
their large size. Next, a cocktail of multiple SERS aptamer vectors, namely HER2,
EpCAM, and EGFR, was injected to recognize the different subtypes through the
SERS spectrum. This “signature” was used to profile and classify the content of the
sample. Altogether, this SERS-based liquid biopsy-on-a-chip provided a new
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quantitative approach for the in situ isolation, detection, and profiling of a heteroge-
neous population of CTCs, and therefore, may have clinical utility for the diagnosis
of cancer.

Overall, this new paradigm in point-of-care devices can fulfill the demand of the
cancer research community for high-performance instruments capable of providing
accurate results while being—relatively—automated and cheap. This is of utmost
importance for cancer diagnosis since the early detection of prognostic biomarkers
can initiate sooner the treatment and provide critical information about the tumor.

4.5.1 Challenges of Microfluidics-Integrated Biosensor
for Point-of-Care Applications

Even though the use of microfluidics-integrated biosensors has exponentially grown
during the last decade for cancer research applications, their adoption by the clinics,
who aim for simple, robust, and multi-functional devices capable of providing a
helpful readout, is still minimal. The reasons for this may be very heterogeneous but
are mainly related to the current level of development of most microfluidic
devices. In the following, we comment on the technological and biologically-related
challenges that this type of technology must face to overcome this lack of attention.

4.5.1.1 Technological Challenges
• Low high-throughput characteristics: Current microfluidic-integrated biosensor

devices lack HTS characteristics and are mainly based on single sensing
electrodes. Integrating an array of microelectrodes may permit the realization of
multiple assays in parallel (i.e., multiplexing). This will enable the screening of a
large battery of anti-cancerous compounds for ADMET studies and detect tumor-
associated biomarkers characteristic of a particular type of tumor rapidly and
efficiently. Alternatively, the development of multi-well plates (which are com-
patible with a large plethora of laboratory equipment) containing an array of
microfluidic chips together with electrodes may raise the interest of clinics and the
industrial healthcare sector.

• Current microfluidic chips are difficult to manipulate and fragile: This complex-
ity originates from its development by academic labs with no focus on translating
the chips to the market. However, if intended to be used by the non-trained
clinical users, they should be simpler to manipulate and robust. For this, the
automation of chip manipulation would boost their adoption by the clinics.
Indeed, some companies are working in this direction where all the seeding,
perfusion, and monitoring are done within a single piece of equipment.

• Lack of well-established protocols for manipulating patient cells into microfluidic
chips: This is a significant issue for applying microfluidics in clinics. This type of
device must be developed under the so-called GMP conditions (i.e., good
manufacturing practices) using protocols and biomaterials approved by the regu-
latory agencies with rigid requirements in terms of biocompatibility. Similarly,
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strict protocols about the isolation, manipulation, and integration of cells from
patients inside the chips must also be developed.

• Lack of standardization of microfluidic chips and biosensors and compatibility
with existing technologies: Typically, microfluidic chips are not generic, but their
design is “fit-for-purpose”, that is, different laboratories have developed their own
microfluidic devices. First of all, this approach is not compatible with mass
production and is not cost-effective. Second, this diversity is univocally
associated with a large variability of results from lab to a lab. Moreover, and in
general, these custom-made systems are not compatible with other analytical
technologies typically used in the clinics (e.g., plate reader) besides standard
optical microscopy. One solution would be to fabricate universal units that
recapitulate each tissue, which can be interconnected following a Lego™--
like—modular—approach; this would be a step toward the universalization of
this technology. Alternatively, highly versatile commercial devices have emerged
(e.g., Mimetas™, Emulate™, AIM Biotech™, Cherry Biotech™, ChipShop™,
etc.), which can be employed for various applications [2]. However, few of them
integrate electrodes on-chip (e.g., Micronit™, Darwin Microfluidics™,
Micrux™). Some others integrate the sensing unit outside the chip, which may
be enough for certain applications (e.g., Elveflow™, Dropsens™, etc.). Clinical
applications of these devices may include the accurate screening of released
compounds (e.g., analytes, metabolites, cells, etc.) or evaluating the efficacy of
new drugs or drug combinations.

• Increase sensitivity of integrated electrodes: The gold-standard biomaterial in
biosensors is gold. Other materials, such as Pt, ITO, conducting polymers, and
others, are also widely utilized due to the easy manufacturing, compatibility with
microfabrication techniques, or integration. Under certain circumstances, these
materials do not show the desired signal-to-noise ratio hampering the detection of
expected biochemical or biological events. In this regard, using materials with
advanced physical and chemical properties, such as carbon nanotubes or
graphene (and its derivatives, such as graphene oxide), can provide lower detec-
tion limits, enabling single-molecule detection.

• Incapacity to translate the developed products into the market: Unfortunately,
very few biosensors or microfluidic-integrated biosensors have reached the mar-
ket (e.g., pregnancy tests, glucose, illegal drugs, or COVID-19, among few
others). The main reasons behind this difficulty are complex regulatory laws,
lack of performance compared to existing methods, high complexity of the
biosensor, or lack of market to generate a profit for the industry.

4.5.1.2 Biological Challenges
• Reproducing the complexity of the native TME from each patient: It is challenging

to collect the different types of cells (tumoral and non-tumoral) from each patient
(e.g., for metastasis or drug screening studies), keep the cells alive for long
periods, and seed them within the chip. Protocols should be clear for combining
microfluidics and cells from patients, which are non-complex and less time-
consuming. In this regard, applications should be focused on culture tissue
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biopsies on the chip to evaluate the efficacy of drugs in a more predictable
environment. Chips with (non-essential) pre-seeded cells would also be
advantageous.

• Isolation of different cell types and use of animal-origin materials/reagents: This
may also be considered a technological challenge since collecting different cells
(tumoral, stromal, endothelial, immune cells, and others) from the same patient is
highly complex. In addition to this, seeing the purified cells within the chip in the
correct proportion and location keeping them alive for an extended time using
adequate cell culture media with serum from animal origin (e.g., FBS) and/or
biomaterials for cell encapsulation (e.g., Matrigel™) is a significant challenge.
The use of scaling concepts may help in selecting the proper cell ratio. Finally, the
use of alternative xeno-free biomaterials substituting Matrigel™, such as platelet
lysates or silk fibroin, may solve a multitude of problems.

• Addition of actuators to mimic dynamic events and rhythms: The body is not
static but in movement. Besides the continuous flow of fluid and/or blood,
microfluidic devices must integrate miniaturized actuators to reproduce specific
physiological activities. A clear example is a lung, where the action of breathing
inflates and deflates the alveoli. Mimicking this mechanical stretching is, there-
fore, of utmost importance to understand critical events associated to it, such as
the capacity of cancer cells to invade the surrounding stroma resulting from this
cue. Similarly, Circadian rhythms are typically overlooked on-chip, and
reproducing them would make the models more realistic and predictable.

A recent set of articles with researchers from academia, clinicians, industry, and
policymakers reported on the challenges and requirements that microfluidic chips
must address to be adopted by the healthcare market and clinics [106]. Among all the
discussed topics, the use of human-induced pluripotent stem cells, the need to
characterize the genetic and functional cell state within the chip, and the need to
respect physiological scaling rules, were some of the main conclusions obtained. If
these and the challenges mentioned above are addressed (and others non-mentioned
here), it is expected that microfluidics-integrated biosensors will become a standard
tool used in clinics to evaluate cancer onset, progression, and response to medication
in a better, safer, and more accurate way. This statement is supported by the
inclusion in 2016 of OoC technology as one of the ten most promising technologies
by the World Economic Forum with the potential to improve lives and transform
industries. Indeed, some microfluidic companies, some of them already introduced
above, have emerged and already reached their maturity. The fabricated chips are
being employed by several pharmaceutical companies and regulatory agencies, such
as the FDA in the USA, e.g., to assess the toxicity of compounds. Several market
studies have valued the microfluidics market at $44 billion by 2025, growing at a
CAGR of 22.9% [107], and the biosensors one at around $38,600 million by 2026,
with a CAGR of 10.4% [108]. Overall, combining both technologies will univocally
accelerate the transfer of microfluidics from the bench to the bedside, paving the way
toward developing a highly profitable market.
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4.6 Discussion and Future Directions

There is a growing clinical and societal demand for novel technologies for the
routine monitoring of cancer patients, which are more reliable, inexpensive, and
capable of delivering results with better specificity, sensitivity, and immediacy. In
this regard, the integration of miniaturized biosensors within microfluidic chips is
essential for the early detection of a broad spectrum of biomarkers indicative of
tumor onset, thus helping oncologists treat the patient very early. Similarly, this
integrative technology is opening new avenues for the improved discovery and
screening of drugs, and their mechanism of action, due to the lack of predictive
power of traditional in vitro and in vivo models. Importantly, key events of the
metastatic cascade can be modeled with high accuracy and released compounds
detected and analyzed in real-time. However, as mentioned above, this technology is
still far from being adopted by the clinics and the healthcare market. To this aim, this
type of point-of-care devices must demonstrate that they are safe and their perfor-
mance is similar (or superior) to those obtained by regular clinical laboratory tests
before receiving approval by the regulatory agencies; this would allow their use by
healthcare professionals in patients with total confidence.

Additionally, current microfluidic systems and biosensors must overcome other
bottlenecks. This includes their lack of portability, low mixing capacity due to
laminar flow, or surface effects. Another improvement may be devoted to finding
alternatives to the widely used PDMS. Despite being considered a biocompatible
biomaterial, optically transparent, flexible, gas permeable, and—relatively—cheap,
PDMS can also absorb small molecules, such as drugs, that may hamper certain
studies about the PK/PD of therapeutic compounds. More investigation into material
science is necessary to provide an alternative to PDMS. An additional advantage of
microfluidics and biosensors integration is the capacity to generate wearable sensing
systems with the potential to revolutionize the canonical medical diagnosis of
cancer, treatment follow-up, and tumor relapse. Together with the Internet-of-Things
(IoT) and artificial intelligence, this type of healthcare approach is expected to
change the medical policy to this and other diseases and, therefore, reduce the
associated costs to the national healthcare systems.

4.7 Conclusions

The combined characteristics and advantages of microfluidics (for manipulating
biological fluids) and biosensors (for the specific detection and analysis of the
analytes of interest) have made microfluidic-based systems ideal platforms for
cancer research and improved healthcare. Indeed, an extensive portfolio of
applications combining microfluidics and biosensor technologies have been
reported, ranging from realistic tumor modeling to drug discovery and screening.
Even though most of these applications have been developed for fundamental
applications, this technology has a promising future in the clinics to help physicians
in decision-making. Therefore, microfluidics-integrated biosensors can have a very
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influential role in the clinics and biomedical industry. Early cancer detection,
selection of the most appropriate drug, monitoring therapy efficiency in real-time,
or evaluation of side effects are only a few of the applications where microfluidics
and biosensors can significantly improve the prognosis of cancer patients.
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Abstract

The tumor microenvironment (TME) is like the Referee of a soccer match who
has constant eyes on the activity of all players, such as cells, acellular stroma
components, and signaling molecules for the successful completion of the game,
that is, tumorigenesis. The cooperation among all the “team members”
determines the characteristics of tumor, such as the hypoxic and acidic niche,
stiffer mechanical properties, or dilated vasculature. Like in soccer, each TME is
different. This heterogeneity makes it challenging to fully understand the
intratumor dynamics, particularly among different tumor subpopulations and
their role in therapeutic response or resistance. Further, during metastasis,
tumor cells can disseminate to a secondary organ, a critical event responsible
for approximately 90% of the deaths in cancer patients. The recapitulation of the
rapidly changing TME in the laboratory is crucial to improve patients’ prognosis
for unraveling key mechanisms of tumorigenesis and developing better drugs.
Hence, in this chapter, we provide an overview of the characteristic features of the
TME and how to model them, followed by a brief description of the limitations of
existing in vitro platforms. Finally, various attempts at simulating the TME using
microfluidic platforms are highlighted. The chapter ends with the concerns that
need to be addressed for designing more realistic and predictive tumor-on-a-chip
platforms.
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5.1 Introduction

The cell is the basic unit of human life and the building block of tissues and organs.
Cell proliferation is involved in fundamental physiological processes, such as
embryonic development, tissue repair, or wound healing. In normal conditions,
cell division is tightly controlled by several regulators to maintain tissue homeosta-
sis. But when this control system collapses, cells start dividing uncontrollably,
resulting in a mass of cells often called tumors. Yet, a tumor is not simply a group
of uncontrollably dividing cells. It is instead a heterogeneous crowd of resident and
infiltrating host cells that secrete various signaling molecules such as cytokines and
chemokines and produce extracellular matrix (ECM), all of which together form the
tumor microenvironment (TME) [1, 2]. The precise composition of TME varies
between types of tumors. Still, it is well accepted that the “tumor microenvironment
is not just a silent bystander, but rather an active promoter of cancer progression”
[3]. Apart from cancer cells, the TME also hosts non-tumorigenic healthy cells,
including fibroblasts, endothelial cells, pericytes, a diverse repertoire of immune
cells, stem cells, and neurons. Tumor cells are adept at deceiving these cells to join
hand with them to bypass the body’s immune surveillance. Hence, the components
of TME can be broadly classified into two categories: cellular and acellular. In the
following, we discuss the main features and functions of these two building blocks of
the TME.

5.1.1 Cells in the TME

TME contains the tumor vasculature and lymphatics, immune cells, fibroblasts,
stromal cells, and occasionally adipocytes along with tumor cells [4, 5]. These
cells comprise more than 50% of the primary mass of the tumor and have a dynamic
and tumor-promoting function during its development (Fig. 5.1). Intercellular com-
munication occurs through the well-controlled release of cytokines, chemokines,
matrix remodeling enzymes, inflammatory mediators, and growth factors.
Macrophages are also occasionally found in TME and are associated with immune
suppression, angiogenesis, migration, invasion, and recruitment of other immune
cells [6]. Macrophages and innate immune system cells serve as the first line of
defence against infection and tissue damage [7]. Macrophages get activated under
the influence of the local ECM or cytokine milieu. In a tumor, chemokines such as
C-C motif chemokine ligand 2 (CCL2), C-X-C motif chemokine ligand
10 (CXCL10), and cytokines like interleukin-34 (IL-34), IL-6, colony-stimulating
factor I (CSF-1)—together activate macrophages. Once activated, macrophages
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either exhibit an M1 state, responsible for inflammation, or an M2 state, involve in
tissue homeostasis and regeneration. The M2 macrophages lack tumor antigens and
are called tumor-associated macrophages (TAMs) [8]. TAMs secrete IL-10, fibro-
blast growth factor (FGF), epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), matrix metalloproteinases (MMPs), chemokines (CCL-2,
-5, -8, -22) and also regulate aerobic glycolysis and apoptotic resistance in tumor
cells, thus promoting malignancy [9]. When a pathogen or foreign antigen enters the
body, the immune cells such as T- (or B-) cells become active. But the rate of
activation of these immune cells is much lower than the rate of infection. Hence,
macrophages rush to the site to manage the situation and instruct the T cells to
produce Th-1 or Th-2-type response [10]. The M1-Th-1 contributes to antitumor
defence [11]. The presence of tumoral macrophages is associated with unfavorable
prognosis.

Apart from macrophages, the other types of immune cells recruited by the tumor
are neutrophils, eosinophils, CD8+ cytotoxic tumor cells (the major anti-tumoral
component in TME), antigen-presenting cells (APCs), CD4+ T helper 2 cells (Th-2),
and regulatory T cells (Tregs). Lesser in number than macrophages, neutrophils are
drawn to the TME by IL-8 secretion. The neutrophils take part in two opposite
activities: (1) pro-tumorigenic activity (N2) by facilitating angiogenesis, ECM
degradation, and immune suppression and (2) tumor inhibiting activity
(N1) [12]. Interferon-gamma (IFN-γ) turns neutrophils into tumoricidal N1 cells.
The neutrophil infiltration is associated with a poor prognosis. Next, eosinophils
participate in Th-2 type immune responses and become tumoricidal in certain tumors
[13]. The presence of eosinophils is associated with a good prognosis. During the

Fig. 5.1 The TME and its complex cellular content. Illustration summarizing the different types of
cells present in the TME and their central role. Like the arms of an octopus, tumor cells have various
“tricks” to deceive healthy cells in their microenvironment to help the tumors grow
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early stages of tumor development, CD8+ T lymphocytes are active in the TME.
These cells, along with CD4+ T helper cells, promote the production of IL-2, IFN-γ,
and induce the arrest of the cell cycle, apoptosis, and necrosis [14]. The APCs in
TME phagocyte the proteinous debris of apoptotic cells. The Tregs augment CD8+

cell proliferation while inhibiting macrophages and APCs’ activity. Other CD4+ T
cells like Th-2 produce IL-4, IL5, and IL-13, favoring tissue inflammation and tumor
growth [15]. CD4+ T cells are most commonly known as “Tregs”, which inhibit the
immune system’s identification and clearance of tumor cells [16]. In the TME, the
presence of Tregs is correlated with the worst type of prognosis, whereas CD8+ T
cells are associated with good prognosis.

The TME also contains endothelial cells, mesenchymal stem cells (MSCs), and
cancer-associated fibroblasts (CAFs). Tumor cells secrete basic fibroblast growth
factors (bFGFs) and VEGF to induce angiogenesis via Akt and NF-κB pathways
[17]. The endothelial cells of the TME further release angiocrine factors, such as
chemokines and adhesion molecules, which are essential for metastasis [18]. Addi-
tionally, MSCs migrate toward inflammatory sites, such as tumor, and incorporate
with it. In the TME, MSCs assist the tumor in multi-stage disease progression,
including epithelial-to-mesenchymal transition (EMT) and metastasis [19]. These
MSCs are of bone marrow or fat tissue origins, stimulating tumor cell quiescence
and drug resistance [19]. Lastly, CAFs are one of the most important cellular
components of the TME, being the largest population of tumor stroma cells that
secrete the ECM components [20]. The origin and functional heterogeneity of CAFs
are not entirely understood, despite their potential as therapeutic targets [21]. CAFs
secrete VEGF-A, CXCL12, IL-6 and remodel the ECM that, together, promote the
invasion of cancer cells that result in metastasis [22]. Finally, CAFs also regulate the
plasticity of cancer stem cells [23] and alter the metabolism of epithelial tumor
cells [24].

Finally, non-tumorous cells, such as normal fibroblasts, are also present in the
TME. Their primary function is to deposit the interstitial ECM. Once activated by
the tumor cells, they enable the mechanical alteration of ECM topology. Activated
myofibroblasts trigger the secretion of pro-inflammatory factors such as
Transforming Growth Factor β (TGF-β), TGF-α, Fibroblast Growth Factors
(FGFs), leading to the creation of a cytokine and chemokine storm. Further-
more, macrophages recruited into TME secrete TGF-β, which collaborates with
myofibroblast secretion to produce dysregulated, overactive, and highly proliferative
myofibroblasts [25].

5.1.2 The ECM as a Multi-Functional Regulator of Cell Activity

Based on its location, function, and composition, the ECM can be classified as
(1) the interstitial matrix—a 3D porous and interconnected network located around
the cells connecting the cellular stroma to the basement membrane and (2) the
basement membrane—a sheet-like and dense membranous structure lining the
basal surface. In the TME, the ECM is composed of a complex network of
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macromolecules, mainly collagen, laminin, fibronectin, and elastin. Proteoglycans
are also key players in the ECM, and among other functions, they are directly
involved in regulating cell signaling properties, particularly in growth control
[26, 27]. All these ECM components form the acellular part of the TME, which,
when organized normally, provides physical support to the cells. The ECM not only
serves as a scaffolding material to embed the cells of a given tissue, but it also
functions as a reservoir of growth factors and cytokines to regulate cell behavior. As
such, it plays a crucial active role in tumor cell dissemination [28].

During tumorigenesis, four fundamental mechanisms are involved in ECM
remodeling, which also affects its mechanical, biophysical, and biochemical
properties:

1. Deposition of neo-ECM components (predominantly, fibrillary collagen, which
represents ~60% of the tumor mass) by CAFs [29], making the tumors stiffer than
the surrounding tissues;

2. Post-translational modifications of ECM components;
3. Proteolytic degradation of ECM, which not only releases bioactive fragments but

also creates space for cellular migration;
4. Force-mediated ECM reorganization [30].

Tumor cells deposit collagen type I, collagen type III, and ECM modifying
enzymes, namely lysyl oxidases (LOX) and LOX-like proteins [31]. LOX cross-
links the collagen fibers and, together with the action of stromal cells, an abundant
collagen-rich ECM with increased rigidity is formed with a minimum number of
cells, mainly fibroblasts and myofibroblasts. This is known as desmoplasia and has
been associated with a poor prognosis. Desmoplastic tissues also include those with
an abundant presence of cells, such as fibroblasts, endothelial cells, or immune cells
with little ECM [32]. In both cases, the increased stiffness alters the expression of
cell surface markers. For example, integrin expression is upregulated, triggering
integrin-mediated mechano-signaling in TME.

The ECM can be degraded by proteases, such as MMPs and disintegrins, secreted
by the tumor and other recruited cells (e.g., stem cells), causing basement membrane
breakage. This proteolytic degradation leads to a sequence of events characteristic of
cancer progression [30, 33]:

1. Replacement of the degraded ECM by a new tumorous one;
2. Migration of tumor cells, which form invadopodia (a specific type of invasive

protrusions) that express integrins for binding and invading the ECM;
3. The release of soluble molecules promotes tumor cell proliferation, angiogenesis,

and invasion.

The migration of tumor cells can be categorized into (1) single-cell migration
(amoeboid or mesenchymal locomotion mode) and (2) collective migration in the
form of cell sheets. The type of migration exhibited by the tumor cells is influenced
by the physical properties of the TME, such as the porosity of the TME, which
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promotes single-cell migration. In contrast, low porosity supports the migration of
cell sheets [34]. During mesenchymal migration, cells form a rich repertoire of
protrusions to optimize their invasion efficiency, including actin-rich protrusions
called lamellipodia, filopodia, invadopodia, lobopodia, and others. At this stage, the
tumor cells become more deformable than healthy cells, allowing them to squeeze
through the rigid ECM pores. This, together with the aligned architecture of the
ECM, enables the directed migration of cancer cells toward the microvasculature.
Therein, the tumor cells can intravasate, becoming circulatory tumor cells (CTCs).
Then, the CTCs transit along the vessels and eventually attach to the vascular wall
before extravasating and invading a secondary site, forming a secondary tumor. This
invasion is facilitated by the previous remodeling of the ECM. This increases the
activity of MMPs, causing a leaky vasculature that facilitates the extravasation of
CTCs [35].

The dynamics of ECM during tumor progression also generates spatiotemporal
gradients, which are chiefly of different types: (1) chemical, (2) mechanical, and
(3) electrical gradients. For the latter, each cell possesses an electric potential across
the plasma membrane, which is regulated through ion channels, the ionic composi-
tion of the ECM, and the bi-electric gradient within a tissue. Tumor cells exhibit
a comparatively higher positive membrane potential than healthy cells, similar to
multipotent stem cells [36]. The growth of tumor cells encounters interference with
membrane and trans-epithelial potential, local ionic environments,—together, read-
just the localized ionic setting. This physiological electric field guides the migration
of metastatic tumor cells through TME, known as electrotaxis or galvanotaxis.

An additional characteristic feature of the TME is the lack of oxygen (and
nutrients) needed to maintain adequate tissue homeostasis resulting from the lack
of vascularization. This is known as hypoxia, which generates a necrotic core in the

Fig. 5.2 The TME and its main characteristic features. The acidic pH in the TME acts as a shield
for tumor cells, protecting them from the body’s immune surveillance. The low pH washes out all
the antitumor immune effectors, such as T cells and antigen-presenting immune cells, by inducing
the onset of a negative feedback mechanism involving the reprogramming of a subset of the
regulatory T cells and myeloid cells into pro-tumor cells, or immunosuppressors. Simultaneously,
the acidification of TME upregulates the HIF-1α that promotes the activation of pH regulator genes,
leading to a further decrease in pH. The low pH additionally traps ions that retain drugs in the ECM
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tumor [37] (Fig. 5.2). For survival, tumor cells undergo metabolic reprogramming
and overexpress glycolysis-related surface proteins, including glucose transporter
1 (GLUT1), GLUT3, pyruvate kinase M2 (PKM2), and lactate dehydrogenase-A
(LDHA) to increase glucose uptake [38]. LDHA catalyzes pyruvate to lactic acid,
thus turning the tumor ECM acidic. Hypoxia promotes EMT of tumor cells by
down-/up-regulating the expression of N-cadherin, E-cadherin, slug, and/or
vimentin, among others, with a rise in the production of MMPs [39]. This further
facilitates the migration of tumor cells, allowing them to invade the surrounding
stroma. In hypoxia, cells overexpress hypoxia-inducible factor-1 (HIF-1), which in
turn drives the process of new blood vessel formation (i.e., angiogenesis) by
upregulating the VEGF protein [40]. Tumor neovascularization inhibits the matura-
tion of dendritic cells (DCs) and the presentation of antigens on the cell surface. It
inhibits the activity of cytotoxic T cells through angiogenic factors while recruiting
immunosuppressive cells [41]. However, the new blood vessels formed are leakier
and dilated, challenging the delivery of oxygen and the removal of metabolites. As a
result, the TME becomes highly acidic and hypoxic. Additionally, the fenestrated
endothelium also threatens the effective delivery of chemotherapeutics [42]. Further,
a VEGF chemoattractant is formed, increasing the infiltration of tumor-associated
macrophages, which constitute nearly 50% of the entire cellular mass of TME [43].

Finally, the degree of TME heterogeneity is different among individuals or even
at various sites of an individual’s body. This heterogeneity is manifested both
biologically and chemically. For this reason, it needs to be taken into consideration
in cancer theranostics for personalized medicine and for designing screening models
with improved predictive power. In this regard, the overview of ECM remodeling
and its impact on cell behavior will enable a better understanding of how to
design more realistic pre-clinical tumor models (Fig. 5.3).

5.2 Capturing the Complexity of the 3D TME In Vitro: Existing
Models and Limitations

A myriad of 3D in vitro models of the TME have been developed, overcoming the
limitations of traditional 2D platforms. These advanced systems provide a more
realistic scenario for investigating the complexity of cell–cell and cell–ECM
interactions [44]. These models include the culture of cancer (and other) cells in
biomimetic hydrogels, scaffolds, transwell membranes, and microcarriers, or the use
of tumor spheroids (fabricated by traditional hanging drop, forced floating, or
agitation-based methods) that recapitulate the native tumor architecture and micro-
environment complexity [45] (Table 5.1). Even though conventional 3D in vitro
models offer a good platform for identifying prognostic biomarkers and screening
potential anti-cancer drugs, there are still several unmet needs threatening their
adoption by the cancer research community. Among all of them, the 3D models
are typically static. They can barely recapitulate some of the dynamic physiological
events occurring during tumorigenesis and cancer cell dissemination, such as fluid
flow, biochemical gradient formation, or specific events of the metastatic cascade
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[55]. As an example, the transwell inserts allow the study of endothelium adhesion
and transendothelial migration. But, they fail to reproduce the dynamic condition of
the extravasation process and the endothelial junction architecture [56].

Three-dimensional in vitro models also suffer from additional limitations. This
may include the use of large volumes of sample and reagents, which is also
associated with a high economic burden. Similarly, using “big” scaffolds may
limit the integration and compatibility with traditional analytical techniques and
high-throughput screening (HTS) platforms. Hence, there is an immense interest in
bridging the gap between 3D in vitro models and existing HTS platforms. This is
particularly relevant for the pharmaceutical industry, which is continuously pursuing
innovative, efficient, cost-effective, automated, quantitative, and, importantly,
highly predictive technologies [57]. In this regard, microfluidic platforms appear
as the best-suited, rational alternative option over traditional systems, and discussed
below.

Fig. 5.3 Summary of the main events taking place in the TME during tumorigenesis
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Table 5.1 Conventional 3D in vitro tumor models

Techniques Process Advantages Limitations References

Spheroid—
hanging-
drop
method

A drop of single-cell
suspension is pipetted into
a surface (plate/tray). The
surface is then inverted,
which turns the drop into a
hanging droplet. The cells
aggregate at the tip of the
drop due to surface
tension–gravity

• A small
volume of
sample
(20–50 μl)
• Inexpensive
• Uniform sizes
of the spheroids

• Lack of
extracellular
matrix
•

Inappropriate
for migration
assays
• The
spheroids are
not
transferrable to
another surface
or molds
• Fail to
create the
different
gradients of
TME
• Difficulty in
maintaining the
long-term
culture

[46–48]

Spheroid—
forced-
floating
method

Cells are cultured using
non-adhesive surfaces like
poly-
hydroxyethylmethacrylate
(poly-HEMA), agarose-
coated surfaces, and
commercially available
PrimeSurface, Lipidure,
and Sumitomo Bakelite.
The non-adhesive surfaces
forcefully enhance the
cell–cell interaction and
spheroid formation

• Inexpensive
• Simple, but
the commercial
surfaces are
costly

[46–48]

Spheroid—
agitation-
based
approaches

In this case, the cells are
maintained in solution
either by the continuous
stirring of the cell
suspension (by using
spinner flask bioreactors)
or rotating the whole
container (by using
rotating cell culture
bioreactors) or consistent
feeding of the cell chamber
from external flow to
promote cell–cell
interaction and formation
of cellular aggregates

• Simple, easy
handling, and
long-term
maintenance of
the spheroids in
culture
• Low sheer
force in rotating
bioreactors
• The fluid
motion facilitates
nutrient supply
and waste
removal
• Controllable
mechanical cues
can be provided
using a
compression
bioreactor

• No control
over spheroid
sizes
• Spinner
systems alter
cellular
physiology by
sheer force of
stirring bar
• A larger
amount of
culture medium
is needed

[49–51]

Matrices
and
scaffolds

Cells are either seeded on
the top of matrices or
encapsulated within the
gel-like substances and
cultured over time. The
cell–cell and cell–matrix
interactions lead to the
development of solid

•

Recapitulation of
ECM component
in TME and the
cross-talk
between cells
and ECM
• Able to

•

Nonuniformity
in the sizes of
the spheroids
• Expensive
for scale-up
• Batch-to-
batch

[48, 52]

(continued)
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5.3 Investigating the Hallmarks of Cancer Metastasis Using
Microfluidics

With a length scale comparable to that of cells and tissues, microfluidic platforms
offer immense opportunities to investigate some of the—dynamic—events occurring
during tumor progression, from cellular to subcellular level [58]. The narrow
microchannels of the microfluidic systems can reproduce the rheological forces
and shear stress experienced by cells and tissues in the circulatory system
[59, 60]. A key feature of microfluidic platforms is their ability to reproduce the
main events occurring in the metastatic cascade, which allows further unraveling
of unknown fundamental mechanisms. For example, a critical event in the dissemi-
nation of cancer is the extravasation of CTCs. In a microfluidic assay, it has been
shown that cell stiffness is a critical determinant of their retention time in the
circulatory system [61]. Stiffer cells revealed a prolonged transit time in the vascu-
lature compared to softer cells, a characteristic feature of metastatic tumor cells.

Table 5.1 (continued)

Techniques Process Advantages Limitations References

tumors. Natural
biopolymers such as
collagen, laminin, alginate,
silk fibroin, gellan gum, or
commercially available
ECM materials such as
Matrigel, basement
membrane extract (BME)
are popular scaffolding
materials for tumor
modeling

investigate the
matrix
remodeling
curing disease
progression
• The balance
between disease
complexity and
experimental
control

variability of
ECM material
• Usually
lack
vasculature

3D
bioprinting

Offers simultaneous
deposition of cells,
signaling factors, and
biomaterials using
computer-aided design to
generate highly controlled
architecture

• Allow the
incorporation of
perfusable
vascular
networks
• Readily
integrated with
an automated
platform
• Offer high-
throughput fast
testing
• Allow the
creation of
complex
structure

• Expensive
• Required
sophisticated
equipment and
skilled
personnel
• Limited
choice of
materials as
bioink
• Reduced
printing speed
• Resolution
is
compromised
in certain types
of printers

[53, 54]
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Microfluidic devices are especially well-suited for investigating how cancer cells
respond to external mechanical cues, in particular during their metastatic dissemina-
tion, where migratory metastatic tumor cells usually experience higher axial strain
compared to their healthy counterparts [62]. To study the effect of mechanical
constraint on CTCs’ migration, Irimia and Toner [63] proposed a microfluidic
platform containing microchannels with dimensions comparable to the cell’s size.
This work revealed that cancer cells spontaneously migrate when subjected to
mechanical constraint. Similarly, Mak and colleagues used a device known as
Multi-staged Serial Invasion Channels (MUSIC) to investigate how the mechanical
confinement at sub-nuclear scale could cause phenotypic changes in migratory
tumor cells as well as the dynamics of their mobility [64]. Finally, the mechanical
properties of a single deformed cell in suspension could be determined using optical
laser-induced deformation in a microfluidic optical stretcher [65]. However, this
approach failed to recapitulate the mechanical dynamics experienced by migratory—
adherent—cells under physiological conditions [66].

The characteristic (bio) chemical gradients of the TME can be easily reproduced
within a microfluidic chip, taking advantage of the unique properties of fluid flow
(laminar) at this length scale [67]. For example, gradients can be generated by
mixing (by diffusion) different concentrations of biomolecules using cascade
microfluidic channels, which create star-shaped chemical gradients [68]. However,
this approach requires a relatively large amount of solution to preserve the gradient,
and cells can experience shear stress, affecting their mobility and viability. To
overcome this, microchannels have been fabricated with relatively small diameters
or filled with hydrogels that create chemical gradients by passive diffusion [69]. The
hydrogel packed channels recapitulated the TME more closely. In this case, the
selection of an appropriate hydrogel material determines the success of these
microfluidic platforms. Table 5.2 details the different hydrogel systems that are
used in microfluidic channels, along with their advantages and limitations.

Overall, the versatility in the design of microfluidic platforms and the associated
advantages of operating at the microscale serve as a good toolbox for the recapitula-
tion of the TME in vitro. Besides the aforementioned features, other properties of the
TME can also be reproduced on-chip, including electrical fields or gradient-free
locomotion, mimicking the native electrotaxis or ratchetaxis of migratory tumor
cells [78–80]. This versatility of microfluidic chips may boost the discovery of
unknown mechanisms involved in tumorigenesis, the reproduction of patient-
specific in vitro models for individualized drug screening, or the early diagnosis of
the pathology. In the following section, some examples of microfluidic-based
platforms are described to highlight their importance for understanding the disease’s
etiology and improving anti-cancer drug discovery and treatments.
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5.3.1 Microfluidic Cancer Cell Sorter: Liquid Biopsy

5.3.1.1 Molecular Surface Markers
As previously described, the first stage of metastasis is the detachment of cancer cells
from the primary tumor before their dissemination to distant sites through the
vasculature as CTCs. The presence of CTCs in the bloodstream permits the early
detection of the disease and improves therapeutic success by analyzing the genetic
background of the captured cells. This can provide critical information about the
tumor origin and etiology, and therefore, more specific and individualized therapies
can be applied, improving their efficacy. However, the detection and capture of
CTCs are challenging due to their low availability (1–10 CTCs in 1 ml of blood)
[67]. In this regard, microfluidics offers a considerable potential for detecting and
isolating CTCs.

CTCs of epithelial origin express epithelial cell adhesion molecules (EpCAM) on
their surfaces. Typical strategies employed for their capture are based on recognizing
these (and other) molecules. This is indeed the approach used by the commercial
CellSearch™ system developed by Veridex [81, 82], a pioneering microfluidic-
based platform approved by the US Food and Drug Administration (FDA) for the
detection of CTCs in different cancers, such as breast or lung. This platform uses
ferrofluid containing magnetic particles coated with antibodies targeting EpCAM
[83]. The sample volume needed is approximately 7.5 ml of blood, and the capturing
efficacy is reported to be around 85% [82]. The CellSearch™ based isolation of
CTCs is a quantitative approach, and typically, the isolated cells cannot be used for
further investigations.

Other microfluidic platforms have been reported for the purification and isolation
of CTCs. For example, in iCHIP, the CTCs specifically bound to EpCAM-magnetic
beads were separated from platelets and non-nucleated blood cells, such as red blood
cells, using inertial focusing and magnetic capture [84]. Following isolation, the
CTCs could be further characterized by PCR or immunohistochemistry. As the
CTCs were not physically bound to the microfluidic device, this magnetophoretic
separation method outperformed the CellSearch™ platform in terms of throughput
(97% capturing efficacy).

Micro- and nanostructured surfaces further improve the efficiency of CTC sorting
within microfluidic chips. Different microfluidic platforms with geometrically
enhanced microstructures have been developed. For example, Kirby et al. [85]
developed a geometrically enhanced differential immunocapture (GEDI) chip that
improved the collision frequency between the antibody-coated micro-posts (specifi-
cally, anti-prostate-specific membrane antigen—PSMA) and the target cells (pros-
tate CTCs), resulting in CTC enrichment. Another commercially available similar
platform is the Cell Enrichment and Extraction™ (CEE) microfluidic chip developed
by Biocept™ [86]. Finally, it is worth mentioning that besides antibodies, surface
functionalization with aptamers can closely mimic the basement membrane and
further help in CTC isolation [87].
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5.3.1.2 Physical Properties
Apart from surface markers, the physical characteristics of CTCs, such as size,
stiffness, density, metabolism, electrical and magnetic properties, can also be
exploited to sort them out using microfluidic platforms. Size-based platforms like
the commercially available ISET (Rarecells™, Paris, France) and ScreenCell™
employ membranes with uniform pores (6–10 μm in diameter) for cell sorting
[88], while others use laminar flow within precisely controlled microtextured
microchannels [89]. For example, crescent-shaped pillars [90] or wire-shaped
barriers [91] trap the CTCs from whole blood. Similarly, a trapezoidal cross-section
spiral microfluidic chip reported an 80% efficacy in CTC sorting in less than 10 min
with a minimal sample volume (<7.5 ml) and without affecting the viability of
isolated CTCs [92].

Finally, it is worth mentioning that combining size-based microfluidic sorting
systems with dielectrophoretic (DEP) technologies can result in more advanced
platforms with enhanced purification performance [93]. For example, in DEP-field
flow fractionation (FFF) microfluidics, the continuous-flow dielectric field-flow
fraction-hydrodynamic lift is combined with sedimentation force [94]. As a result,
different blood components can simultaneously be separated and collected into
distinct chambers located at different heights.

5.3.1.3 Metabolic Properties
Tumor cells use glycolysis as a chief metabolic pathway, which results in acidifica-
tion of the TME due to the secretion of lactate. Therefore, the metabolic status of
tumor cells can also be exploited for their detection using microfluidics. Indeed, a
micro-droplet emulsion microfluidic device was recently developed for the meta-
bolic detection of CTCs [95]. Each droplet contained a pH-sensitive dye, which
changed its color in response to lactate produced by the encapsulated CTCs within
20 min after encapsulation. A vital feature of this high-throughput liquid biopsy
approach is that the CTC-laden droplets can be retrieved and used for further
analysis.

5.3.2 Modeling Hypoxia

Oxygen concentration gradients have also been created in microfluidic channels. The
typical approaches that are employed to develop such concentration gradients
include [96]:

1. Control of gas supply within the microchannels: The microfluidic platforms in
this approach have multi-layered channels. Their optimal positioning over or
under the cell layer allows tight control over oxygen diffusion [97, 98]. In
advanced devices, channels are created above and below the cell chamber
[97]. In some cases, aqueous solutions or culture media are pre-equilibrated
with oxygen to reduce the variations in oxygen concentration [98]. However,
oxygen fails to equilibrate equally in all the sample volumes.
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2. Injection of oxygen scavenging chemicals: Injecting oxygen-scavenging
chemicals is a popular method for controlling the level of oxygen in microfluidic
channels. The oxygen concentration gradient is created by placing oxygen-
generating reaction on one side and oxygen-scavenging material on the other
side of the channel [99]. Airflow is continuously injected using either a syringe
pump or passive pumping techniques to maintain the oxygen gradient.

3. Oxygen impermeable materials: The traditional material employed for
microfluidic chip fabrication, i.e., polydimethylsiloxane (PDMS), is replaced by
other oxygen non-permeable materials, such as polymethylmethacrylate
(PMMA) in this approach to prevent the diffusion of oxygen from the atmosphere
[100]. This approach enables to conduct investigations under micro-aerobic and
anaerobic conditions. Importantly, partial oxygen permeability can be
incorporated into this system by blending the oxygen impermeable material
with PDMS [101]. However, the fabrication of channels using the
non-permeable material is time-consuming. The incorporation of these channels
into ancillaries is challenging too.

5.3.3 Modeling the Tumor Microvasculature

The vasculature is a crucial component of the TME necessary to maintain the supply
of nutrients and gases. It is also a vital element of the metastatic cascade to
disseminate cancer cells to distant tissues and organs. Microfluidics technology
can be used to engineer on-chip perfusable vascular network structures that mimic
the TME microvasculature and investigate the mechanism(s) involved in these
critical processes [102, 103]. Typically, two strategies are followed to generate
vascular networks within a microfluidic chip: (1) self-organization of endothelial
cells and (2) cell coating of micro-engineered channels. Self-organization takes
advantage of the self-assembly properties of (micro-) vascular cells. For this,
endothelial cells are typically cultured on 3D hydrogels (e.g., Matrigel™). The
necessary nutrients and/or vasculogenic or pro-angiogenic factors are injected to
promote vessels formation and maturation. Next, many methods have been reported
to fabricate microchannels for endothelial cells coating. Traditional methods like
molding capillaries in hydrogels using rods or needles, sacrificial templates, replica
molding, 3D bioprinting, or viscous fingering instabilities have been used to create
simple and more complex vascular structures [104, 105]. Alternatively, a pressurized
air stream can be used to form hollow tubes of diverse diameters in partially
solidified microchannels filled with non-crosslinked silicone [106, 107]. The diame-
ter of these hollow tubes can be controlled by employing the double templating
strategy [108]. In double templating, the inner open chamber is created using airflow
or rod templates, while the outer layer uses plastic as a template. The resultant PDMS
vasculature is optically transparent, permeable to gas, and possesses elasticity
like that of native blood vessels.
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Overall, microfluidic perfusable platforms provides the opportunity to investigate
dynamic events of cancer metastasis, such as angiogenesis, intra/extravasation, etc.,
in a well-controlled environment.

5.3.4 Modeling Critical Events of Cancer Metastasis On-Chip:
Tumor-on-a-Chip

A tumor-on-a-chip is a microfluidic device that reproduces the functional units of a
tumor, including the cellular and non-cellular content. It is typically made of
optically transparent material containing perfusable microchannels and 3D chambers
bearing the living cells, including the tumor cells. These are spatiotemporally
arranged like the native physiological environment [109]. The viability of the cells
is continued over several days, or even weeks, by the continuous supply of nutrients
through endothelium-lined or parenchymal-lined vascular channels. In addition, the
endothelialized microchannels can also support the flow of whole blood for a while
recapitulating more realistically the circulatory system [110].

The typical tumor-on-chip device is compartmentalized, containing a tumor
(3D chamber) and endothelial (microchannels) regions interconnected by micro-
posts or through porous membranes. The tumor cells are typically seeded in a 3D
ECM material and can be co-cultured with stromal cells, such as fibroblasts,
endothelial cells, stem cells, or immune cells, to study their cross-talk and involve-
ment in cancer progression [45]. The hollow microchannels are typically coated with
endothelial cells, such as HUVEC, to mimic the vasculature. These endothelial cells
can be stimulated to sprout toward the tumor, thus mimicking physiological angio-
genesis. These platforms can also exhibit air–liquid interfaces, fluid flow, and shear
stresses.

The tumor-on-a-chip can be customized to study the cross-talk between cancer
cells and the heterocellular TME [111]. In 2008, Walsh and colleagues developed
one of the first-ever tumor-on-a-chip devices that reproduced the microenvironment
gradients occurring during tumorigenesis [112]. Later, more complex designs were
adapted, such as incorporating multiple parallel channels loaded with tumor
spheroids, allowing us to explore the role of soluble factors in EMT without the
direct contact of cells [113, 114]. Finally, the presentation of specific ligands of
TME, such as CXC-chemokine ligand-12 (CXCL-12), the higher expression of
which in the endothelium is linked with preferential adhesion of CTCs [115], can
also be incorporated into the microfluidic device using a multi-layer approach [116].

Microfluidic platforms offer a unique performance to reproduce many of the—
dynamic—phenomena occurring during cancer dissemination in a well-controlled
manner. For this, microfluidics also takes advantage on the high control over fluid
flow using perfusion (continuous, intermittent, or cyclic) and pneumatic micro-
valves, which is a major advancement over the traditional static culture methods
enables also the investigation of, e.g., paracrine loops [117]. The incorporation of
perfused endothelium-lined vasculature provides better clinical relevance to investi-
gate the delivery of therapeutics and modeling pharmacodynamics and
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pharmacokinetics [118]. In addition, the establishment of chemical and physical
gradients, air–liquid interfaces, and the mechanical environment (shear stresses and
hydrostatic pressures) are additional advantages offered by the microfluidic plat-
form. Finally, the effect of mechanical forces or chemical cues on cancer dissemina-
tion can be easily investigated by integrating flexible structures [119] and biosensors
[120] on-chip.

5.4 Concluding Remarks and Prospects

The TME is a highly complex, dynamic, and rapidly changing microenvironment
with an active role in cancer progression. The recapitulation of the main features of
the TME in vitro is crucial for investigating the critical mechanisms of tumorigenesis
and developing better drugs. In this regard, microfluidic platforms offer a more
realistic recapitulation of the TME complexity. Microfluidic devices are envisioned
as revolutionary platforms to improve healthcare diagnosis and precision cancer
medicine. However, its success largely depends on our understanding of the TME
properties and dynamics, which unwinds the interplay between tumor cells and
stroma. The current research goal is to gain a more realistic mechano-biological
insight of these cross-talks, which improves the performance of the microfluidic
devices and leads to new therapeutic interventions. The most-reported tumor models,
including the microfluidic ones, typically lack immune cells, such as macrophages
and T lymphocytes. But the immune landscape of the tumor is more significant and
closely regulates the behavior of stromal cells. These hurdles need to be overcome to
mimic the TME. Next, cellular heterogeneity is also a hallmark of the TME. To
recapitulate it, in vitro co-culture models need to be established involving different
media cocktails. The composition of these media cocktails and the optimum ratios of
other cells are also critical in faithfully recapitulating cancer progression in
microfluidic platforms. Finally, a key challenge of most pre-clinical models is their
predictability. Typically, cell lines are employed to investigate a large plethora of
cancer-related events and drug screening, despite the limited relevancy of the
obtained data. In this regard, the use of patient-derived cells on-chip is considered
a significant milestone. To do this, the isolation, manipulation, and culturing
conditions of these cells need to be well defined to ensure the reproducibility of
the investigations.
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Abstract

This chapter summarizes the current biomaterials and associated technologies
used to mimic and characterize the tumor microenvironment (TME) for develop-
ing preclinical therapeutics. Research in conventional 2D cancer models system-
atically fails to provide physiological significance due to their discrepancy with
diseased tissue’s native complexity and dynamic nature. The recent developments
in biomaterials and microfabrication have enabled the popularization of 3D
models, displacing the traditional use of Petri dishes and microscope slides to
bioprinters or microfluidic devices. These technologies allow us to gather large
amounts of time-dependent information on tissue–tissue, tissue–cell, and cell–
cell interactions, fluid flows, and biomechanical cues at the cellular level that
were inaccessible by traditional methods. In addition, the wave of new tools
producing unprecedented amounts of data is also triggering a new revolution in
the development and use of new tools for analysis, interpretation, and prediction,
fueled by the concurrent development of artificial intelligence. Together, all these
advances are crystalizing a new era for biomedical engineering characterized by
high-throughput experiments and high-quality data.

Furthermore, this new detailed understanding of disease and its multifaceted
characteristics is enabling the long searched transition to personalized medicine.
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Here we outline the various biomaterials used to mimic the extracellular matrix
(ECM) and redesign the tumor microenvironment, providing a comprehensive
overview of cancer research’s state of the art and future.

Keywords

Tumor micro environment (TME) · Biomaterials · Microfluidics · Extra cellular
matrix (ECM) · 3D models · Cancer

6.1 Introduction

The disease cancer was named after the word crab by the father of medicine,
Hippocrates, is caused by consecutive mutations in the DNA sequence initiating
from a single abnormal cell. The progressive gene instability with a few rounds of
selective mutation leads to the formation of a tumor mass [1]. After several cycles of
cell division, the expanded mass of neoplastic cells breaks open the basal membrane
to invade locally by metastasizing and eventually causing fatality. The nature of the
tumor and its progression depend on external and internal environmental factors.
The contributing factors occur in parallel or sequence, leading to a massively
growing lump of cells showing abnormal and uncontrolled clonal expansion
[2]. Other important aspects like cell adhesion, secretion of proteolytic enzymes,
tumor angiogenic factors, etc., are increasingly studied to understand the nature of
tumor progression and its ability to escape the immune system and resist drug
therapies [3]. The most common therapies to treat cancer consists of chemo and
radiotherapy along with checkpoint inhibitor drugs. The drugs have shown efficacy
but with many side effects on healthy cells, highlighting the central role of biomate-
rial research in providing better models for more targeted and personalized therapies
[4, 5].

In this context, materials with tunable properties matching tissue stiffness give us
a fair chance to study cancer cell development, progression, and infiltration
properties in real-time outside the “noisy” in vivo environment. Here we cover the
biomimetic use of biomaterials to reproduce the tumor microenvironment for the
study of tumoral development and immunotherapy.

6.2 Cancer Pathology and Progression

Despite the vast number of open questions related to cancer, its conceptualization as
a genetic disorder and a somatic mutation was established more than a century ago
[6]. Due to the shift in the chromosomal stability, the transition from normal to
malignant tumor is witnessed. Nonetheless, be it malignant or benign still ends up
killing their host. Therefore, understanding the mechanisms behind the disease
development and progression is central to developing new therapies. In particular,
the prevention of tumor dissemination from the origin to distant sites, which might

140 R. Das and J. G. Fernandez



occur before diagnosis, is necessary to enable targeted treatments [7, 8]. The tumoral
extravasation to distant sites starts with an epithelial to mesenchymal transition,
followed by the invasion into the new site by degrading the basal lamina of the ECM.
In the new site, the cells are characterized by their reliance, enabling them to survive
long enough to promote angiogenesis and start expanding. After the process is
complete, the new tumor will continue developing while evading the immune
system [9].

In the following section, we describe the complexity of the tumoral niche and the
complex relations with the microenvironment enabling cancer persistence.

6.2.1 Cancer Complexity and Dynamics

The robustness of tumors results from complex functionalities and synergetic
mechanisms, enabling cells to continue proliferating against checkpoints and anti-
cancer therapies. This robustness is theorized to be connected to an outstanding
feedback control system that allows rapid adaptation and functional redundancy to
replace compromised functionalities.

6.2.1.1 Functional Redundancy
Cellular redundancy plays an essential role in maintaining cancer cells’ robustness, a
strategy used in cellular biology at many levels [10]. For example, it has been seen
that the transcription factor E2F1-3 is involved in many functions like DNA replica-
tion, mitosis, DNA repair, differentiation, etc., and also restricts the mammalian cells
from entering the S-phase [11]. Additionally, Cdk2 compensates for Cfk-4, -6, and
-1 due to their redundancy in governing the cell cycle [12]. In the case of cancer
cells, numerous overlapping changes in their genes ensure their survival and resis-
tance to drugs through the escape of cell cycle checkpoints, uncontrolled growth,
dodging apoptosis, etc. These mechanisms effectively enable, among others, high
drug efflux, decreased drug uptake, and very efficient DNA repair. This sophisti-
cated, rapid, and mostly unknown response to external factors makes the treatment
of advanced cancer largely ineffective [13]. The concept of biological redundancy is
always neglected while drug designing procedure which thereby leads to the devel-
opment of multidrug-resistant cells due to the dysfunctional cell cycle mechanism
[14]. This translates into an acquired cancer cell resistance, even before their
exposition to a new treatment.

6.2.1.2 Feedback Control System
The feedback loop mechanism and associated genes synchronously preserve the
redundancy and robustness of the neoplastic cells [15]. When the feedback control is
triggered, a cascade of reactions occurs to ensure the survival of cells. A
paradigmatic example of this system is the lowering of cytotoxin levels in the
tumor cells, maintained by the upregulation of the multidrug-resistance 1 gene
(MDR1) through a positive feedback mechanism. In this state, cells export drugs
out of the cytoplasm through an ATP- dependent efflux pump [16]. Similarly, the
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overexpression of the MDM2 gene due to internal changes causes degradation of the
p53 gene, thereby blocking apoptosis of the cancer cell. MDM2-p53 interaction is
generally enhanced once the DNA is seriously damaged, and the feedback control
loop mechanism contributes to the robustness [17]. The feedback loops maintain the
cell cycle against cellular perturbations, enabling the continuous proliferation of the
neoplastic cells after therapy.

Along with the intracellular feedback loops, tumor cells also initiate these feed-
back mechanisms in response to the environmental cues. When the tumor cells
harmonize with the extracellular matrix and the immune cells, they adapt to the
innate tumor-suppression mechanism and cope with its environment. In instances of
stress, such as nutrient deprivation or low oxygen concentration, tumor cells accli-
matize to the change by either taking advantage of the swapped condition or
migrating to a distant location, thereby starting the process of metastasis [18].

6.2.2 Tumor Microenvironment

The tumor microenvironment (TME) is one of the regulatory factors for tumor
formation and progression. Therefore, monitoring the surrounding microenviron-
ment, along with the genetic factors, is required to understand the dynamics of the
neoplastic cells. The TME comprises the tumor cells, fibroblasts, endothelial cells,
adipose tissue, specific immune cells, and proteins making up the extracellular
matrix (ECM) [19]. The cancer cells use healthy cells to their advantage, signaling
cross-talk mechanism to initiate and maintain tumorigenesis, metastasize and
develop an effective resistance against therapeutic drugs [20].

6.2.2.1 Cancer-Associated Fibroblasts
Cancer-associated fibroblasts (CAFs) are healthy (i.e., non-cancerous) cells that are
generally activated and rapidly multiply in wounds. However, in the case of a tumor,
they are perpetually activated as a mechanism for the tumor to grow [21].

The activation is maintained by the plethora of secreted growth factors and
chemokines, playing a crucial role in cancer progression and ECM remodelling.
For example, CAFs have overexpression of Galectin-1 protein, which leads to a poor
prognosis of the disease [22]. Additionally, it was seen that MMP-2 was a major
remnant from the CAF-CM (conditioned media) derived from oral squamous cancer
cell culture and thereby, leading to keratinocyte dis-cohesion and invasion into the
epithelium when studied in collagen gel [23].

6.2.2.2 Immune and Inflammatory Cell
Immune cells are programmed to survey and defend bodily functions, eliminating
invading foreign pathogens. During a typical (i.e., non-cancerous) illness, the
immune cells do not persist at the site of inflammation, avoiding the creation of
downstream pathologies. However, the immune-inflammatory cells linger in the
inflammation site in abnormal cases, leading to neoplasia and angiogenesis, signal-
ing the initial cancer stage [24]. After that, these cancer cells will transit through
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three stages in coordination with the immune cells (i.e., elimination, equilibrium, and
escape) [25]. In the initial elimination stage, the immune cells mitigate the diseased
cells to defeat the budding neoplastic cells. However, in the consecutive stages, the
cancer cells evolve phenotypic changes to continue growth and progression. In this
limited environment, cancer cells continue developing using the support of the
immune cells to escape and promote invasion. The interaction of various cell types
with the inflammatory cells in the TME results in the immune cells behaving
erratically, producing numerous cytokines and other proteins, thereby challenging
the design of uniform drugs for therapy. Similarly, healthy granulocytes can con-
tribute to cancer development by producing cytokines-like hematopoietic growth
and granulocyte colony-stimulating factors [26].

6.2.2.3 Lymphatic Networks
The blood and the lymphatic networks are the major components helping the tumor
progress and escape the defense mechanism [27]. This process happens in two main
ways. First, a tumor surrounded by new blood vessels is generally leaky, twisted, and
inefficiently retains its cells, leading to quick metastasis [28]. Second is the angio-
genesis process, an omnipresent and necessary factor of tumorigenesis. The new
vasculature significantly increments the complexity of the tumoral site, a drawback
overshadowed by the provided ability to access oxygen from the surrounding
environment [29]. Therefore, the new or primary tumor cells find it easy to adapt
to hypoxic conditions with the help mainly of the blood system.

Similarly, the lymphatic system excludes the immune cells not to affect the
survival of the tumor cells. The myeloid-derived suppressor cells (MDSCs) and
the immature dendritic cells restrict T-cells’ normal function to clear out the mutated
cells [30]. Additionally, the lymphatic vessel forms a physical link between the
sentinel lymph nodes and the primary tumor. This connection, in turn, creates the
primary direct path for the tumor cells to spread to all possible other locations.

6.2.2.4 ECM in the Microenvironment
The extracellular matrix is made from various proteins such as collagen, laminin, and
fibronectin and secretes multiple growth factors and cytokines, which contribute to
cancer development and metastasis [31]. The extra cellular secretions affect the
tumor progression by altering the phenotype of the stromal cells, causing many
oncogenic mutations providing enhanced survival capacity in hypoxic or acidic
environments. After these ECM-induced mutations, tumoral cells tend to express
markers like TGF-ß1 and IL-6, which makes them escape the detrimental effect from
the macrophages and results in a high rate of angiogenesis [32] (Fig. 6.1).

6.2.3 Emerging Biomaterials for Cancer Models

One of the critical aspects of cancer survival and development is its microenviron-
ment. Understanding the tumor microenvironment and replicating it in vitro allows
rapid and efficient designing of drugs for preclinical trials, providing a controlled
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environment for testing. This enhanced control is critical, as tumors are characterized
by changing behavior and a heterogeneous population of cells, difficulty the inter-
connection between genetic and phenotypic observations. Among all the engineer-
ing tools developed to understand the disease progression, biomaterials have played
a central role in the past two decades as vehicles to replicate and manipulate the
cancer TME. The broad number of materials developed to encapsulate and maintain
cells can be logically divided between those using the native components of
organisms (i.e., natural) and those synthesized for the task (i.e., synthetics). The
following section is a general overview of the main materials to engineer cell
encapsulations and their use as scaffolds to study cancer.

6.2.3.1 Natural Matrix
Two-dimensional (2D) cell cultures are prevalent, and they are the first approach to
model disease due to their simplicity in producing and characterizing cell
populations [34]. However, this straightforwardness comes with the trade-off of a
poor ability to replicate physiological behaviors and disease mechanisms. In that
aspect, three-dimensional (3D) models significantly outperform their flat

Fig. 6.1 Representation of the dynamic tumor micro environment (TME). (A) The illustration
represents the cross-talk that takes between the normal cells and the mutated cells. Several growth
factors are involved in the process and interplay of the microenvironment for tumor development
and metastasis. (B) Modelling the TME by using materials to mimic the ECM composition,
stiffness, topography to study cancer development (Reproduced with permission from [33])
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counterparts. This ability to reproduce physiological mechanisms is greatly
enhanced when in addition to reproducing the 3D geometry, the model is developed
using native and naturally derived biomaterials replicating the composition.

Matrigel is one of the first commercial natural 3D models for cell culturing and
still being among the most popular ones. Matrigel is a combination of collagen IV,
entactin, perlecan, laminin, and other growth factors, and while it has broad use, it
has gained special attention in cancer for the specific culture pancreatic cells.
However, the main limitation of Matrigel, arising from its natural origin, is the
batch-to-batch variation, constraining the reliability of its results when mimicking
the ECM [35, 36]. Another popular option to study cancer cell migration in an
environment close to the native one is the direct use of collagen type I and IV, the
abundant protein molecule in the interstitial stroma [4, 37]. Collagen is denser than
normal tissue and linearly organizes to provide an appropriate and tuneable matrix
stiffness to culture cancer cells. It also allows secretion of MMPs by the cells, further
influencing downstream cell–cell communication for cell migration, and promoting
cell adhesion, thereby excluding the requirement to functionalize the matrix
artificially [38].

An equally popular natural approach is the use of fibronectin, a cell surface
glycoprotein binding to integrins. It supports cell invasion and metastasis, and it is
known for having pro-tumorigenic factors. In a 3D cell culture setup, fibrillar
fibronectin closely mimics the natural ECM, supporting spheroid cell cultures and
cell migration [39].

Hyaluronic acid (HA), a glycosaminoglycan, has also been demonstrated to
provide a very stable platform to culture cancer cells. HA binds to the receptor
CD44, which encourages cancer cell proliferation. The material has been extensively
used to explore the behavior of pancreatic carcinoma cells. Other properties of HA
include initiating cell invasiveness, supporting spheroid formations, and enabling
tweaking the scaffold stiffness [40].

Among other native materials with growing use as artificial scaffolds, laminin,
and fibrinogen are rapidly gaining interest, as they have a demonstrated ability to
mimic the properties of basement membrane along with enhancing cell invasiveness.

6.2.3.2 Synthetic Matrix
Synthetically designed polymers offer a broader range of biochemical and bio-
mechanical properties over naturally occurring ones [41]. However, since they
generally lack the moieties required for cell adhesion, invasion, and migration,
they demand many added chemical modifications. In this category, the most popular
options are polyethylene glycol (PEG), poly (vinyl alcohol) PVC, and polyacryl-
amide (PAAm). These molecules are conjugated with RGD groups or with MMPs to
enhance their susceptibility to cells.

Modifying the matrix with peptides makes the material suitable to study the
growth and morphogenesis of cancer cells. The degree of customization of synthetic
polymers enables PEG-based hydrogels and oligopeptides-derived hydrogels with
specific amino acid sequences. This customization enables the accurate mimicking
of the TME for cancer research using chemically stable and versatile peptides. A
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common example is the antiparallel organized peptide RADA-16, which has great
implications in studying anticancer drug resistance [42].

A common approach to simultaneously have the customizability of synthetic
polymer and the accuracy of natural ones is using hybrid hydrogels, developed by
combining natural and synthetic polymers. The natural polymers act as the bioactive
part, taking care of the cell adhesion and other biological phenomena. In contrast,
synthetic polymers help regulate the mechanical properties, enabling the replica of
the tissue counterpart. For example, norbornene modified gelatin and thiolated
hyaluronic acid were cross-linked in the presence of white light with eosin-Y and
used to culture pancreatic cancer cells [43]. The gel’s stiffness is managed by
controlling the cross-linking (resulting in the desired modulus). Similarly, collagen
fibers chemically linked to (PEG-diNHS) alter collagen’s stiffness without altering
the space between the adjacent fibers, preserving the similitude with natural tissue.
With a tensile modulus between 0.7 and 4.0 kPa, these models succeed in mimicking
soft tissue stiffness and the suitability to model hepatocellular carcinoma [44]. There-
fore, by modulating the material stiffness properties of the hepatocytes vary. Poly-
urethane is also emerging as a suitable material for culturing cancer cells but upon
fibronectin coating modification which allows cells to attach and proliferate
[45]. Polyurethane coated with fibronectin to enable cellular attachment and prolif-
eration is an emerging material for culturing cancer cells. Similarly, hybrid
hydrogels prepared from chitosan and poly (γ-glutamic acid) have shown promising
results for pancreatic cancer studies [46].

In addition to being biocompatible, these hybrid polymeric materials can produce
scaffolds of controlled and highly interconnected micro-porosity and abnormally
long degradation rates [47]. These properties have enabled recently culturing oral
squamous carcinoma cells during 3 weeks, without significant changes in the
scaffold, establishing the link between the size of the tumor with the production of
specific angiogenic factors [48]. Additionally, cells cultured in these 3D systems
generally possess higher invasion rates than those cultured in 2D and are
characterized by the expression of specific epithelial and mesenchymal markers.
The stable sponge-like environment enables cancer cells to grow and develop,
recreating an in vivo-like atmosphere and promoting clusters with physiological
morphology and chemokine secretion.

6.2.4 Tumor and Drug Response

Tumor response to drugs has classically been studied by investigating the molecular
mechanism of the cells. These studies are critical in understanding the drug resis-
tance mechanism that the cells develop over time [49]. Apart from cellular processes,
the TME also plays a role in developing drug resistance [50]. Cancer cells generally
adopt two distinct mechanisms to establish a protective action against drugs. First, an
interplay between various interleukins secreted by non-tumor cells support cancer
cell survival and block apoptosis. Second, an interaction mediated by the TME
upregulates integrins to activate signaling cascade to stop the induced apoptosis.
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6.2.4.1 Influence of Interleukins on Drug Response
Interleukins (IL-1,4 and 6) are the pro-inflammatory cytokines that mediate the
proliferation of cancer cells and help them escape the defense surveillance of the
immune cells [51].

There are two types of IL-1, i.e., IL-1ß and IL-1α In general, IL-1 is tracked in all
cancer development stages and is responsible for protecting the cells from therapeu-
tic drugs [52]. This is carried out by the secretion of inflammatory molecules like
MMPs, VEGF, chemokines, integrins, etc., which block the drug receptors. IL-4 is
an indicator of tumor aggressiveness and invasiveness. Cancer cells produce IL-4 for
the upregulation of cathepsin production, which is critical for metastasis, growth,
invasion, and angiogenesis [53]. IL-4 also increases drug resistance by expressing
CD133 cell surface markers and establishing an anti-apoptotic pathway in the cells,
protecting them from chemo radiations [54].

IL-6 is predominantly produced by bone marrow stromal cells and indicates the
growth and development of myeloma cells. IL-6 enhances cells to become resistant
against the apoptotic stimuli from drugs such as dexamethasone or vitamin D3.
Additionally, IL-6 is known to activate the MAPK and JAK/STAT pathways, which
are prime in blocking cell-mediated apoptosis in the presence of drugs. This activa-
tion results in the regulation of the STAT3 dimerization and production of the anti-
apoptotic protein Bcl-xl, enabling cells to avoid chemotherapeutic drugs [55].

6.2.4.2 Cell Adhesion-Dependent Drug Resistance
Cell adhesion-dependent drug resistance (CAM-DR) occurs when the cancer cell
interacts with specific receptors of the microenvironment or other cells. These
established contacts lead to upregulation of p27kip1 and drug resistance. Along
with the abovementioned proteins, integrins are the major players in the drug
resistance mechanisms of cancer [56]. Integrins participate in the intracellular signal
transduction mechanism giving higher survival opportunities to cancer cells. For
instance, integrin ß1 and fibronectin cause suppression of apoptosis and are indica-
tive of high cell survival rates against treatment. Furthermore, VLA-4 and VLA-5
specifically have been highlighted as the most critical integrin receptors giving rise
to resistance against popular anticancer drugs, such as Doxorubicin or Melphalan.
The role of cell-mediated drug resistance comes into play when the integrins and
fibronectin bind their respective receptors, leading to the phosphorylation of the
Bcl-2 family of protein. This process triggers a cascade of reactions initiated by the
PI3 kinase/AKT pathway, which is well known to play a central role in cell survival
and drug efflux strategies [57].

6.2.5 Engineered 3D Matrix to Study Tumor-Associated ECM
Alterations

Tumoral tissue strongly affects and is in continuous communication with the
surrounding ECM. The secreted MMPs and growth factors change the behavior of
the ECM, helping the cells proliferate, invade, and metastasize. During the entire
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process of tumor development and progression, the matrix keeps on altering.
Detailed characterization of the changing ECM has been performed in stand-alone
studies, exploring various molecules that make up the matrix. For example, collagen
I levels are elevated in primary breast, liver, and lung cancer [58].

Similarly, HA is overexpressed in breast, prostate, colon cancer resulting in poor
prognosis and metastasis [59]. Variations of laminin production, where laminin-111
decreases and laminin-332 increases, are common in breast cancer. However, all
these factors have not been aggregated into a comprehensive disease model because
of the matrix’s complexity. As an alternative, genetically modified models such as
Cre/Lox are now a popular platform for studying cancer. This section analyses the
various engineered models to study cancer progression and the methodologies to
recreate the microenvironment [60, 61].

6.2.5.1 Engineered ECM Models
In multicellular organizations, cellular mutations trigger changes in both the cells
and their interaction with the environment. The disease progression strongly impacts
the cell-matrix biology, a process often studied by mimicking the ECM on a chip
using biomaterials. For example, the complex intravasation and extravasation of
cancer have been studied on endothelial cells in fibrin gels. The model was later
enhanced by incorporating other patterned growth factors and chemokines, enabling
a step-by-step controlled replication of tumoral complexity. However, the model was
time-limited by the biomaterial. While fibrin is a good model at the early stages of
development, as the tumor grows tends to become more fibrous, diverging from
fibroin. In later stages, collagen hydrogels provide a more physiologically relevant
replica of the ECM, highlighting the importance of choosing the right biomaterial for
the study. Additionally, collagen is suitable for patterning structures and
topographies, enabling the incorporation of geometrical cues [62, 63]. Lumens of
a specific diameter, for example, help alining epithelial cells and produce tubular
structures of cancer cells, closely mimicking fallopian tubes and enabling the study
of ovarian cancer [64, 65].

6.2.5.2 Biomaterial Approach
To better understand the influence of ECM on tumor progression, the native
biomaterials of the ECM have been used to reconstruct the tumor microenvironment.
This reconstruction of the ECM in artificial scaffolds is accomplished either using
the whole ECM (e.g., decellularized matrix) or individual ECM components
[66]. Decellularized scaffolds are extracted from native tissue and considered to
retain the chemical cues required for cell function. In the case of cancerous tissue,
proper decellularization of the ECM has been demonstrated to retain factors leading
to high chances of developing cancer. Additionally, the patient-derived tumor-
affected ECM shows increased migration of cells when compared to the healthy
decellularized ECM [67]. Similarly, spheroids made from colon cancer grow faster
on cancer-derived ECM when compared to a healthy ECM. Similarly, spheroids
made from colon cancer grow faster on cancer-derived ECM compared to a healthy
ECM [68]. While decellularized cancer-derived ECM is one of the best platforms to

148 R. Das and J. G. Fernandez



study cancer progression and probably the closest possible composition of the tissue
matrix, sourcing, preparation, and consistency are of extreme complexity. A more
reliable solution (at the expense of significance) is the fabrication of scaffolds from
the matrix protein. Gels based on Collagen I from explants are primarily used to
produce breast cancer models. Recently, these scaffolds have gained popularity as
platforms to add other ECM components [69]. Similarly, native fibronectin and
collagen I combinations are popular models to study breast cancer invasion, migra-
tion, and MMP production [70].

6.3 Tumor on a Chip

Tumor-on-a-chip models have soared in the last decade because of the inflection
point they represent in the field of in vitro experimentation. Tumor-on-a-chip are:
(1) relatable to in vivo 3D tissue, (2) enabled for dynamic studies because of their
microfluidic component, (3) easy to monitor compared to animal and patient
models [71].

Conventional platforms have set credible benchmarks to study and understand the
biology and mechanism the cancer cell plays in the presence of various cues.
However, their 2D design (i.e., monolayer) strongly differs from the three-
dimensional physiological tissue. While 2D systems have been the base of modern
cancer research since its inception, nowadays, their limitations have set a glass
ceiling in the field, limiting the development of models to carry out pharmaceutical
and industrial-level drug testing. Those limitations are triggering a fast transition to
standardized 3D tumor models, enabling the acquisition of the relevant information
unreachable by 2D setups. In this transition, tumor-on-a-chip models have emerged
as promising platforms to mimic the ECM in a controlled fashion to study cancer
progression, including the complexity and dynamics of tumor niches [72].

6.3.1 Microfluidic Platform to Model Cancer

Organ-on-a-chip setups are microfluidic devices fabricated from glass, rigid plastics,
or flexible polymeric materials, such as PDMS, to culture cells in micro-channels
replicating some of the physiological and pathophysiological complexity of an
in vivo system. They are named “chips” because, in the absence of custom methods,
the initial fabrication processes were borrowed from the micro-manufacturing field
(Fig. 6.2).

6.3.1.1 Organ on Chip Technology
The central and common element to most organs-on-a-chip is one or several
channels, populated with various cell types, and designed to replicate the complexity
of a tissue. These channels are coated or incorporate a biomaterial mimicking the
ECM. Additionally, the “chip” configuration allows a dynamic manipulation of
parameters such as mechanical stiffness, chemical cues, and cell density
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[77]. These characteristics enable an unprecedented characterization of the cell-
matrix interactions in both diseased and normal conditions [78].

The segregated design of organs-on-a-chip platforms enables multicellular
architectures, a feature unachievable in 2D culture platforms. Furthermore, cell
viability is maintained for an extended time in these architectures without disrupting
the population, thanks to the constant circulation of nutrients and gases. Recent
advances have shown the establishment of various organs on chip format and their
use to perform tests on drugs, toxins, inflammatory cytokines, or radiation. These
complex analyses include mapping the cancer cascade, enabled by framing up the
disease in a chip format [9].

6.3.1.2 Growth and Neovasculature
The growth of the tumor cells is vastly regulated by their interaction with the
surrounding healthy cells. Breast carcinoma cells T47D, for example, when cultured
with human mammary fibroblast cells (HMFs) with various proteins forming the
ECM, change their growing pattern to form clusters. Included in a cancer-on-a-chip
configuration, the MMPs involved in this change and the influence of the ECM
composition were mapped. The precise control of the media enabled by the
microfluidic platform enabled the identification of the downregulation of estrogen
receptor-α in cancer, which is now exploited to develop hormonal therapies to treat
cancer [79].

The freedom to incorporate various cell types, enabled by organ-on-a-chip
platforms, has helped establish models addressing the role of cytokines and other
paracrine signaling processes in cancer growth, beyond breast cancer. For example,
lung cancer cells follow very distinct development patterns when they grow alone or
in the presence of healthy lung cells. In the former case, cancer cells fail to proliferate
in standard conditions. This result set the ground for finding the specific growth
factors secreted by the healthy cell that are prime for the tumor cells to survive and
develop.

As mentioned above, the survival, proliferation, and extravasation of cancer
cells—and their progression from hyperplasia to neoplasia—are strongly linked to
the neovascularization of the tumor site [80]. This critical role has motivated the
development of several microfluidic platforms recreating the micro-vessels and
capillary sprouting design of tumoral vasculature [81]. Due to their hollow architec-
ture, sacrificial 3D printing is one of the preferred methods to design and produce
micro-channels. These structures are transformed into hollow structures, suitable to
harbor endothelial cells, by the solubilization of the sacrificial material [82]. The
monolithic close design enables continuous media perfusion with leakage, closely
mimicking the design of blood vessels [83]. These platforms have enabled, among
others, the demonstration of a consistent cell sprouting from the vessel in response to
the perfusion of tumor angiogenic factors. Furthermore, the suitability of these
systems to rapidly compare cellular responses to changes in the media has enabled
the evaluation of those results in the presence of a library of various growth factors
and concentrations (e.g., VEGF, HGF, and bFGF).
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Another popular design for microfluidic devices modelling vasculogenesis is the
fabrication of ECM gel-filled chambers containing endothelial cells within a cell-free
environment. Because of their relative simplicity, these models are broadly used to
study interactions between cancer and endothelial cells in varied conditions [84].

6.3.2 3D Printing Cancer Models

Because of the extraordinary complexity of cancer and its metastasis process, their
interpretation using 2D and animal models is cumbersome, expensive, and prone to
fail to capture the critical aspect of disease progression. This lack of suitable models
is resulting in a decreasing efficiency of the drug discovery process. Animal models
permit systematic investigation for understanding cancer progressing. However, due
to new ethical concerns and regulatory policies, the use of animals is nowadays the
last resource, rather than the traditional primary approach to study processes such as
ECM-cell interactions, cell proliferation, and migration.

In the last decade, the field of physiological models has branched out towards the
advancement in tissue engineering, aiming to substitute animal models with equally
relevant and less unethical options. This approach is giving a significant boost to the
replication of the matrix-cell paradigm, closely studying the mechano-chemical
properties of the cancer cells with the help of biomaterials [85]. These biomaterials
can mimic the organization of the ECM and precisely recapitulate the tumor
microenvironment [86]. When incorporated in bioreactors, they overcome the
limitations of current models reproducing physiological conditions, emerging as
strong candidates to revolutionize medical cancer research [87].

3D printing has advanced to the levels of minutely incorporating polymer and
cells to fabricate a replica of an organ of interest with proper nutrient and oxygen
diffusion, provided by micro-channels printed simultaneously during the
manufacturing process [88]. The entire systematic process of designing, fabricating,
and modelling tumors with 3D bioprinters is very detailed, and the hopes for leading
future drug innovation are very high [89].

In 3D bioprinting, the traditional extrusion-based technique gives control over
porosity and produces mechanically robust constructs [90]. However, direct and
inkjet printing are better fitted for incorporating cells while printing with a
reasonably defined resolution [91, 92]. These techniques allow the usage of a
broader range of cell-friendly polymers and can be incorporated into the ink while
printing. Recent advances in using decellularized scaffold-derived inks have brought
together a heterogenous protein composition and intricate geometry similar to the
tumor microenvironment [93].

The manufacturability of the bio-inks can be enhanced by chemical
modifications, becoming photocurable materials suitable for more complicated
architectures [94]. This enhanced manufacturability has enabled, for example, the
production of 3D spheroids with MCF-7 breast cancer cells with a hypoxic core
using gelation and PEGDMA hydrogels [95]. Similar results have been produced
with the direct extrusion of PEG-based hydrogels, which are employed to create
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microstructures enabling the formation and long-term culture of cancerous
spheroids. Later on, these spheroids are used to investigate drug resistance and
malignancy hallmarks in the tumor cells, providing new insights into the proteins
secreted in hypoxic conditions enabling drug resistance. This mechanism, for exam-
ple, is absent in 2D platforms.

3D printing enables printing intricate and defined structures, such as vasculatures,
comparable to those in vivo. However, in addition to producing complex geometries,
3D printing also enables tweaking the micro-architectures and stiffness of the matrix
and their influence on cell migration and proliferation [96]. This versatility opens a
new venue to study crucial parameters in understanding cancer cell behavior that are
often overlooked on 2D systems, such as cell displacement, velocity, and path
straightness.

The geometrical and mechanical advantages of bioprinting add to the versatility
of the cell population. This versatility is apparent in co-culture studies, such as the
recent printing of OVCAR-5 ovarian cancer cells with MRC-5 fibroblasts on
Matrigel, to understand the synergies between both to promote proliferation and
migration [97]. The model also incorporated drug candidates to study their efficacy
to prevent tumor progression. Similar studies using fused-filament 3D printing have
been performed to study the influence of a bone-like microenvironment in the
proliferation and migration of breast cancer.

While most studies in 3D printed models performed to date have been conducted
using immortalized cell lines, the field is rapidly moving toward the use of patient-
derived cells. This transition is a significant step toward drug discovery and critical
in the development of personalized medicine.

6.3.3 Towards Personalized Medicine

The traditional “one-size-fits-all” idea of medicine is rapidly adapting to incorporate
the heterogeneity and variability of human biology [98]. Each individual’s biology is
different, even the biology of one individual at different time points changes.
However, the precision achieved in many medical procedures enables their accom-
modation to this conventionally overlooked variability. The type of drug used in
cancer treatment is as critical in its performance as the procedure and dose employed.
However, the correct dose is a moving target, depending on the patient’s metabolism
and situation, and usually aimed through a trial and error process. The new genera-
tion of medical procedures aims to diversify the process of drug discovery and
utilization. Instead of using a generic model, perform the development process
focused on the patient’s specific biology. The main barriers to achieving
personalized medicine’s ambitious and logical goals are the cost, sample prepara-
tion, and delivery system required for such development [99]. Moving the medicine
out of the patient to overcome these barriers requires the development of
biomaterials and devices designed and fabricated customized for patient-specific
analyses.

154 R. Das and J. G. Fernandez



6.3.3.1 Device Fabrication Based on Patient Information
Mass manufacturing is based on the parallel replication of a single process, enabling
a theoretically infinite scaling of the process and its efficiency [100]. The same
approach is also the base for fabricating and using biomaterial-based devices for
patient-specific medicine. The idea is to fabricate a series of devices with physiolog-
ical relevance for a particular patient and disease. Therefore, these devices have a set
(but modifiable) biological, chemical, and mechanical configuration, enabling the
study of the effect of a specific treatment. Furthermore, by parallelizing different
conditions and treatments, such devices aim to identify the best approach for the
case. Technologies such as additive manufacturing, photolithography, and direct ink
writing are the main in the device manufacturing process for their combination of
versatility and high throughput [101]. Combined with the recent advancements in
material chemistry, they are being used to produce devices focused on recording and
analyzing patient-specific data in real-time. Biopsy tumor testing kits offer a differ-
ent approach to producing patient-specific information but are hampered by labor-
intense procedures [102]. They use immunohistochemistry (IHC) or in situ
hybridization (ISH) to identify the relevant genes involved in developing a specific
tumor. In order to access similar information but without lengthy laboratory
procedures, the method is being substituted by a combination of qPCR and
microfluidic devices. The microfluidic platforms are designed to recognize the
exact gene mutation (e.g., Her2 or KRAS) and, therefore, provide valuable informa-
tion to narrow down possible drugs for the treatment [103]. These microfluidic
platforms are coated with various types of matrix proteins to enhance the quality
of the data acquired [104]. The cell-friendly surface enhances the integration of the
cells from the biopsies, resulting in better characterizations and, ultimately, higher
quality data, suitable for machine-aided algorithms and computational analysis.
Additionally, the data can also be used in reverse to identify patients that would
require treatment. Patient-specific circulating cancer cells, which often branch out
from the primary cancer site into the bloodstream, have also been extracted in
microfluidic devices to formulate drugs and design therapies. The most well-
established system using this approach isolates CTCs escaping from breast, colorec-
tal, and prostate cancer [105]. It utilizes the EpCAM markers expressed by epithelial
cells to separate the CTCs from the remaining cell population.

6.3.3.2 Enhanced Drug Delivery to Tumor
Drugs administered into a living host will immediately be coated by various
biomolecules, predominately proteins, significantly affecting their activity
[106]. Critical parameters such as stability, size, and adsorption get impacted,
significantly modifying the original pharmacokinetics [107, 108]. This modification
can happen in any direction. For instance, when the nanoparticle-loaded drugs are
covered with albumin or apolipoprotein, their activity is greatly reduced, but their
encapsulation by plasma membrane proteins will enhance it [109]. Therefore, the
right drug may be unusual if it cannot perform in this environment. Because of this,
the nanoparticles used as drug carriers with physicochemical properties suitable to
adapt to these varying conditions are critical to drug delivery.

6 Biomaterials for Mimicking and Modelling Tumor Microenvironment 155



The relation between blood circulation and drug circulation half-life is as crucial
as drug adaptation to encapsulating proteins [110]. A significant downside of this
approach is the encapsulation of the drugs with surrounding proteins. The
functionalization of the particles to promote their hydrophilicity has traditionally
been used to improve the process, and recent technologies, such as pegylation of the
carrier, have shown enrichment of the protein clustering and an associated
non-specific macrophage drug uptake [111]. Similarly, modifications of the
nanoparticles with proteins targeting the inhibition of phagocytosis (e.g., CD47)
are also producing positive results [112].

After the delivery profile and the drug half-life, drug penetration into the tumor
site is the last crucial controllable aspect defining the outcome of a drug. The
diffusion kinetics of a drug is a consequence of its size and binding affinity
[113]. Molecules with high binding affinity are characterized by short penetration
distances, while those characterized by weaker interactions with the tissue are prone
to traverse it. Similarly, large drugs and drug carriers, independently of their nature,
are more susceptible to entangle in the tumor microenvironment than their small
counterpart. As a result, fewer amounts extravasate to the target site [114].

The use of drug carriers enables and independent control of such parameters
without affecting the chemistry of the drug. For example, drug carriers of about
15 nm and a surface functionalized with cyclic peptides are considered ideal for
rapid tumor penetration. Similarly, 10 nm quantum dots loaded in 100 nm spherical
nanoparticles are becoming a standard for rapidly reaching a tumor and diffusing a
drug [115].

6.3.3.3 Challenges in Clinical Translation
The rapid emergence of novel techniques to design and fabricate tools in the last two
decades has enabled a significant leap in the development of therapeutics and the
understanding of the environmental factors playing a role in cancer cell progression
and extravasation. However, the large-scale screening of therapies is still hindered
by suboptimal reproducibility and precision [116]. The current strategy to improve
the screening efficiency and make it high throughput goes through the substitution of
traditional 2D cultures by 3D organoid culture systems. Forming embryoid bodies
can be routinely done by various methods (e.g., digital manufacturing and
microfluidic platforms), enabling the upscaling of the testing pipeline and enhancing
its physiological relevance [117]. In addition to the incorporation of patient-specific
samples, this efficiency is a critical step to generalize the production of customized
treatments, which requires studies on a genetic level, running numerous trials, and
low-profit margin.

6.3.4 Contribution of AI in Cancer Biology

Years of documented medical cancer research have produced outstanding amounts
of data. This data is not only abundant but also unstructured and, in many cases,
contradictory due to the disease’s dynamic nature. Although this knowledge banked
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through years of research has made enormous contributions to advancing medical
treatments, its complexity prevents its efficient use by physicians to predict progno-
sis accurately. Machine learning has emerged as a promising tool to overcome
human analytical limitations in cancer research [118]. These algorithms are discov-
ering unobvious patterns and finding out relations between the disease onset and its
future development. Therefore, machine learning complements the new physical
tools and devices for personalized medicine, providing the tools to handle the
unprecedented amount of data collected.

6.3.4.1 Machine Learning in Cancer Prediction and Survival
Machine learning algorithms predict the prognosis of the disease by mapping it,
using modelling tools based on supervised and unsupervised learning [119]. These
tools can identify and isolate unobvious parameters related to cancer susceptibility,
survival, and relapse rate. Beyond predictions associated with cancer properties,
machine learning algorithms have proven useful linking phenomena at very different
scales, such as the properties of a specific tumor and its diagnosis [120]. Deep
learning tools can infer, from biopsies, patient-specific information such as life
expectancy, survivability, and treatment sensitivity [121].

Similarly, due to the human analytical limits and time availability of physicians,
the usual diagnosis is based on histological and clinical data [122]. It rarely covers
in-depth features like family background, diet, or habits that play a role in predicting
cancer development. With swift improvement in analytical techniques, such as
microscopy, physicians now have access to much more valuable data, yet its greater
complexity results in even more challenging predictions. Therefore, machine
learning tools are becoming increasingly popular tools for physicians to predict
disease progression [123].

6.3.4.2 Clinical Application of the Prediction
The use of machine learning in health care was nominal only 10 years ago
[124]. Since then, it has rapidly developed, being ubiquitous in imaging platforms
and analytical tools, revolutionizing the treatment paradigm. In radiology, machine
learning gives radiologists an upper hand by providing them with tokens of digital
knowledge, which adds to the clinical data they already have access to
[125]. Incorporating artificial intelligence into medicine does not aim to replace
radiologists but rather help them use amounts of data that would otherwise be
unmanageable. The algorithms help run analyses with great accuracy and precision,
helping, for example, enhance images or generate results useful in the treatment
process.

In oncology, the heterogeneity of the tumor requires analyses based on cells at the
individual, or close to the individual, level. The genomic and proteomic data,
necessary to produce custom and personalized drugs, occur at that level. However,
the vast and complex data generated by next generation sequencing makes the
analysis unreachable without the use of artificial intelligence algorithms. Therefore,
with a future medicine based on genetic information, artificial intelligence plays a
critical role in the future of therapeutics [126, 127].
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6.4 Cancer Vaccines

Cancer disease most probably is the therapeutic medical field that has advanced the
most since its inception. Its parallel progression improving technology, specificity,
deep learning methods for diagnostics and radiology, specific target selection, and
developing checkpoint inhibitors are unmatched. The field’s focus on eradicating
cancer is equally absolute and ambitious and has triggered the development of new
fields focused on that goal. Cancer vaccines, for example, aim to induce tumor
regression with zero relapse tendency, eliminate the adverse effect of drugs, and
produce memory cells preventing any relapse.

6.4.1 Types of Cancer Vaccines

Cancer vaccines aim to create a specific response to tumor antigens. Tumor antigens
are proteins overexpressed in cancer and playing a role in its initiation and progres-
sion [128]. Therefore, the choice of antigen is the single most crucial component of
cancer vaccine design. Since protein production is ubiquitous in normal and diseased
cells, the challenge is to isolate those produced by cancer cells for survival and not
by normal cells (Fig. 6.3).

6.4.1.1 Virus Based
Our body has evolved complex and efficient mechanisms to respond against viruses,
and various viruses are studied as candidates for a cancer vaccine making use of
those mechanisms. When a viral pathogen invades our immune system, it causes the
activation of antigen-presenting cells (APCs), which is triggered by the interaction of
the viral antigens with pattern recognition receptors [133]. Exploiting these
interactions, viral vaccine vectors, such as poxviruses and adenoviruses, have been
used for therapeutic applications in cancer.

The main drawback of using virus antigens to tag cancer cells is the neutralization
effect of the viral vectors by the body, difficulting the use of booster doses. However,
this limitation can be circumvented in some cases. For example, PROSTVAC-VF/
Tricom, a virus-based vaccine for prostate cancer, is designed to dodge the immune
system with booster shots containing the same tumor antigen but different viral
vector or vector type [134]. Additionally, the activity of the vaccine can be enhanced
with virus-based immunotherapy regimens, which are primed with checkpoint
inhibitors—this therapy with prostate-specific membrane antigen is under clinical
trials. The therapy is further enhanced by coupling it with subcutaneous injections of
antibodies, such as CTLA-4 antagonist or tremelimumab [135].

6.4.1.2 Tumor Based
Vaccines carrying either killed cancer cells or patient-specific antigen-presenting
cells (APCs) with cancer antigens are developed to have specificity against the
disease and are irradiated to restrict further cell division [136]. Some of these
vaccines, for example, are prepared using whole tumors explants that are genetically
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modified to secrete cytokines and granulocyte–macrophage colony-stimulating
factors. These GM-CSF play a significant role in antigen presentation and survival
of dendritic cells [137]. Vaccines working on this principle have shown potent action
on murine models but a low success rate in humans. However, those successful
cases, such as Sipuleucel-T, which is FDA approved for prostate cancer, are ham-
pered by costs preventing worldwide use [138].

Other cell-based vaccine preparations using bacteria and yeast have succeeded in
stimulating an immune response. This approach was first demonstrated by Coley
et al. using heat attenuated bacteria to treat cancer patients. Since then, many other
examples have emerged [139]. For example, BCG (also heat-inactivated) is com-
monly used to treat bladder cancer. Other [140] species of bacteria, such as
attenuated strains of Salmonella and Listeria, have also been used as cancer vaccines.
These are internalized after infection and help the APCs deliver DNA-or
RNA-encoded tumor antigens, followed by a robust antitumor immunity.

6.4.1.3 Peptide-Based
Peptide vaccines are based on a single antigen-based short peptide showing an
immune response, potent enough to be employed for therapeutics [141]. Existing
examples use short peptides and a single antigen, neglecting the heterogeneity of the
pool of antigens, and are characterized by reduced immune responses [142]. This
reduced response arises from the tendency of small peptide moieties to directly bind
MHC class I molecules, bypassing the APCs processing and increasing T-cell
dysfunction and tolerogenic signal. Efforts to improve the design of the vaccine
focus on enhancing the activation of T-cell responses by incorporating peptides into
constructs that are either amphiphilic or combined with inflammatory and immune
modulators. Poly-IC and Poly-ICLC are ligands that have succeeded as adjuvants in
peptide vaccines in experimental setups [143]. Additionally, some long peptides
containing both MHC class I and II moieties have succeeded in eliciting CD8 and
CD4 T-cell response through DC cell processing rather than APCs [144]. These long
peptides produce a more robust T-cell response than short peptides, with the
additional advantage of a simultaneous induction of memory T-cell response [145].

6.4.2 Biomaterials for Cancer Immunotherapy

Biomaterials are a necessary piece to study cancer progression by recapitulating its
native microenvironment in vitro. In the last decade, the field has developed from the
original goals focused on biocompatibility and survival of an encapsulated cell
population to reproduce specific tissue properties [146]. This growing interlink
between materials and biology promotes a new paradigm, where materials move
beyond their support role to become essential in controlling cellular pathways
[147]. This new paradigm has profound implications on the role of biomaterials in
cancer drug testing and therapeutics.
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6.4.2.1 Drug Delivery
Current strategies to fight the progressing disease of cancer are a combination of
surgical interventions, chemotherapy, and radiation therapy. The main downside of
these methods is their suboptimal specificity. They effectively block DNA synthesis
and mitosis in cancer cells but also affect the functionality of healthy cells [148].

The collateral damage of cancer drugs partially results from the high doses
required due to their poor accessibility to the cancer cells [149]. Therefore, there is
an immediate need for therapies that actively or passively target the cancer cells
only, avoiding the need to flood the system for a significant amount to reach the
cancer site. Towards that objective, several materials have been developed with the
specific aim to deliver drugs directly to the cancer site—synthetic and natural
biopolymers, lipids, hydrogels, and nano-inorganic carriers, to name but a few.
Furthermore, these carriers are in continuous enhancement by other fields, as they
are designed to easily bind to ligands like DNA, RNA, and proteins, simplifying the
process of drug delivery [150, 156].

Inorganic carriers (generally based on metal cores) are bringing new
functionalities to the field. Quantum dots, for example, have already proven to be
very effective in both drug delivery and tissue imaging. Because of its size
(1–10 nm), large surface-area-to-volume ratio, photoluminescence, and uniformity,
QDs have emerged as one of the best methods [164]. Their main drawback is their
intrinsic hydrophobicity, resulting in a tendency to form aggregates [158]. Neverthe-
less, coating the QDs has proven to be an effective strategy to increase their affinity
to water and bioactivity. Similarly, carbon nanotubes (CNTs) have recently found a
unique application as the central element in photoablation therapy, where they
transform incident light into heat, selectively raising the temperature of tumoral
tissue [151, 155].

Superparamagnetic iron oxide nanoparticles (SPIONs) are another inorganic
carrier that is now increasingly being used. They are characterized by magnetism,
easy visualization, and biocompatibility, playing a central role in modern magnetic
resonance imaging [152].

Organic carriers based on nano-size biocompatible polymers complement have
also found direct application in cancer treatment and diagnostic. These polymeric
vehicles can be prepared from synthetic polymers such as PCL, PLA, HPMA, and
PLGA or natural polymers like chitosan, gelatin, and collagen [157, 160]. Unlike
their organic counterparts, drugs encapsulated in these bioabsorbable polymer
matrices are released by erosion or swelling, followed by diffusion. This process,
significantly slower in synthetic polymers than in natural polymers, provides the
former with the advantage of a prolonged drug release, which can be sustained for
several weeks. For example, Doxorubicin is a drug used to treat solid cancer and
typically encapsulated in a hydrogel by conjugating it to a sugar moiety (i.e.,
dextran) [165]. Similarly, PLGA has been used to embed Tamoxifen, an anticancer
drug cleaving tumoral DNA [161]. Carrier and cargo are designed as part of a unique
system rather than as separate parts in all cases. In the design process, factors such as
the drug-to-polymer ratio, the polymer’s molecular weight, and the polymer’s source
affect the drug’s delivery and effectiveness [153].
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Liposomes, lipid bilayers with enclosed aqueous centers, are an emerging carrier
for hydrophilic drugs. They have unparallel biocompatibility and effectiveness but
suffer from difficult clearance from the system. Midway between the polymer and
the liposomes are the hydrogels, characterized by a very porous core and unmatched
ability to absorb biological fluids. Hydrogels are primarily used to encapsulate
hydrophilic drugs [159]. However, their susceptibility to modifications makes
them suitable to carry other drugs and perform controlled drug release, targeted
drug delivery, and promote bio-adhesion.

6.4.2.2 Combination Therapies
While some patients in advanced stages of cancer tend to respond more favorably to
a single treatment, in the vast majority of clinical cases, combination therapeutics
show higher effectiveness. For example, a combination of regulators expressed by
T-lymphocytes, such as CTLA-4 and PD1(Nivolumab), results in a synergetic effect
where CTLA-4 (Ipilimumab) plays a role in dampening the T-cell priming, and PD1
blocks the effector response of T-cells [141]. The efficacy of the treatment increases
by 60% when the drugs are used in combination with respect to their use in isolation.
However, this increased efficacy comes at the cost of additional toxicity to
non-cancerous cells, comparable to autoimmune diseases.

Combining chemotherapy and checkpoint inhibitors is also a usual strategy to
lower the impact of tumor treatment in other cells. For instance, Cyclophosphamide
is known to deplete T regulatory cells, and when combined with chemotherapeutic
drugs like Paclitaxel, it enhances antitumor T-cell functions and initiates antitumor
responses [154, 162]. However, not all combinations of drugs result in a positive
effect. Several drugs have shown detrimental effects that largely overcome the
possible benefits and have resulted in their discontinuation. As a result of these
extreme side effects of chemotherapy and the massive damage that can cause to
healthy cells, there is a growing field of research focused on developing molecularly
targeted therapies. These therapies are designed to target cells with the specific
genetic characteristics of cancer.

Immunostimulatory antibodies are another class of cancer therapeutics that are
used as monotherapy or in combination. These are designed to target the TNF
receptors in order to activate them. For example, a combination of checkpoint
inhibitor anti-CTLA-4 and immunostimulatory antibodies anti-4-1BBL triggers
T-cell co-inhibitory blockade in B16 melanoma and prostate tumors [163].

The combination of molecular therapeutics with immunotherapy does not, how-
ever, provide optimum results in all situations. For example, while some molecular
therapies impart immunomodulatory effects, they inhibit the benefits of the
mutations caused by chemotherapy, making immunotherapies less effective. Never-
theless, while current combinatorial strategies are far from perfect, modern studies
have demonstrated solid advances in developing effective drug combinations that do
not compromise the health of normal cells.
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6.5 Summary

Even though tremendous advances have been made in the field to bridge the gap
between cancer vaccine development and biomaterials, there is still much work left
to translate the research from lab to bedside.

The development of better disease models is critical to remove the disagreement
between the immunological response in small animals, large animals, and humans.
Furthermore, these models need to be developed within the paradigm of cancer as an
individual disease, with particular characteristics and exceptionalities for each
patient. In developing biomaterials for cancer study and treatment, it is critical to
address the native batch-to-batch variance of the material and the different responses
between patients and situations. These two aspects will strongly condition the
success of the field upscaling to strategies of general use.

The use of biomaterials as the primary agent for developing potent cancer
immunotherapeutic is promising but still has a long path to cover before its applica-
tion. All the main challenges of the field are, however, characterized by a strong
multidisciplinary. Thus, succeeding on the objective of fully understanding and
eradicating cancer will ultimately depend on our ability to establish collaborations
between scientists from various fields, from medical and material sciences to com-
puter and mechanical sciences.
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Advancing Tumor Microenvironment
Research by Combining Organs-on-Chips
and Biosensors

7

Isabel Calejo , Marcel Alexander Heinrich , Giorgia Zambito,
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Abstract

Organs-on-chips are microfluidic tissue-engineered models that offer unprece-
dented dynamic control over cellular microenvironments, emulating key func-
tional features of organs or tissues. Sensing technologies are increasingly
becoming an essential part of such advanced model systems for real-time detec-
tion of cellular behavior and systemic-like events. The fast-developing field of
organs-on-chips is accelerating the development of biosensors toward easier
integration, thus smaller and less invasive, leading to enhanced access and
detection of (patho-) physiological biomarkers. The outstanding combination of
organs-on-chips and biosensors holds the promise to contribute to more effective
treatments, and, importantly, improve the ability to detect and monitor several
diseases at an earlier stage, which is particularly relevant for complex diseases
such as cancer. Biosensors coupled with organs-on-chips are currently being
devised not only to determine therapy effectiveness but also to identify emerging
cancer biomarkers and targets. The ever-expanding use of imaging modalities for
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optical biosensors oriented toward on-chip applications is leading to less intrusive
and more reliable detection of events both at the cellular and microenvironment
levels. This chapter comprises an overview of hybrid approaches combining
organs-on-chips and biosensors, focused on modeling and investigating solid
tumors, and, in particular, the tumor microenvironment. Optical imaging
modalities, specifically fluorescence and bioluminescence, will be also described,
addressing the current limitations and future directions toward an even more
seamless integration of these advanced technologies.

Keywords

Microfluidic systems · Organs-on-chips · Cancer · Tumor microenvironment ·
Biosensors · Imaging · Bioluminescence

7.1 Introduction

Organ-on-chip (OoC) technology, or physiological microsystems, is a rapidly
emerging field, which, by extension, leads to major impacts on the development of
biosensors and imaging techniques. OoCs are microfluidic living cell culture
devices, comprising micrometer-sized chamber networks, and are designed to emu-
late (human) tissue- and organ- (patho-) physiology as well as respective key
functional features [1]. The seamless integration of biosensors with OoC allows
for straightforward screening of specific tissue or cellular events, or even molecular
processes [2]. The combination with advanced (molecular) imaging techniques
renders these state-of-the-art in vitro models with the unique ability to provide
quantitative spatial and temporal information that can be used for investigating
organ/tissue (patho-) physiological mechanisms, and/or for drug development.
These new mechanistic and holistic insights are expected to lead to future
advancements in personalized medicine and disease modeling.

The combination between OoC and biosensors allows for more sensitive and
precise measurements over complex tissues. Furthermore, the blend of these fields is
leading to the development of smaller sensors and less invasive detection methods,
which results in improved access to and easier detection of (patho-) physiological
markers. Together, both technologies are expected to not only lead to more effective
treatments but also importantly, to improve the ability to detect several diseases at an
earlier stage, which might drastically enhance patient survival. This is particularly
relevant for complex diseases, such as cancer. Over 50% of cancer occurrences are
only diagnosed after the malignant tumor has metastasized [3]. This late diagnosis
often leads to more deadly cases and increases the difficulty of treatment. Cancer
biomarkers are fundamental indicators for diagnosis, the monitoring of tumor
growth and are key to defining the most suitable treatment strategy for the patient
[4]. The development of advanced model systems, such as OoC, with integrated
biosensors to detect cancer biomarkers, could have a major impact, allowing better
prediction of disease progression and evaluation of treatment efficacy. This new
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technological approach not only offers the possibility of multitarget detection of
multiple biomarkers but likewise facilitates the assessment of propensity of cancer
progression toward secondary tissues, enabled by multi-organ-on-chip platforms.
Even though the complexity and diversity of cancer presents several challenges,
biosensor and OoC technologies offer a higher degree of variable control and human
specificity, while significantly less time-consuming, more cost-effective and more
ethically desirable than animal alternatives. It is expected that in the upcoming
10 years, this combination of technologies will revolutionize cancer therapy devel-
opment, toward a personalized medicine approach [5].

Cancer biomarkers and respective biosensors can assist on (earlier) disease
detection, facilitate diagnosis/prognosis, and can improve imaging of tumors and
their associated microenvironments [6]. These features can ultimately support and
advance drug targeting and delivery. In more detail, biomarkers, which are molecu-
lar recognition elements or signals, are converted by different signal transducers into
quantifiable/analyzable electric or digital signals. These transducers may be mass-
based, calorimetric, electrochemical, or optical. The latter includes interferometry,
colorimetry, fluorescence, and luminescence. When integrated into OoC, these
advanced monitoring tools and coupled read-outs provide spatial-temporal informa-
tion on the tumor and its microenvironment, possibly also incorporating inline
detection of pharmacodynamics of anti-cancer drug responses [7]. OoC coupled
biosensors permit multiplexing and online monitoring of several physico-chemical
parameters associated with the tumor microenvironment (TME), including pH,
osmolarity, O2, CO2, protein content, metabolites, and/or degree of DNA methyla-
tion, characteristically in short-time and using reduced sample volumes. In parallel,
these biosensors may also offer information over biological processes, with a focus
on assessing cellular behavior and their context, thus, cell–cell and cell–matrix
interactions, typically using imaging-based detection [8].

The purpose of this chapter is to provide a comprehensive overview of biosensors
and their integration on OoC platforms, focusing on applications toward modeling
and investigating the TME. Recent advances in biosensors and innovative imaging
modalities on-chip will be described, with particular emphasis on optical imaging
modalities, namely fluorescence and bioluminescence techniques. Furthermore, it
will provide a perspective on future directions for hybrid approaches combining
OoC and biosensors, anticipated to increase predictive efficacy while decreasing
time and costs associated with bringing novel cancer therapeutics or biologics
toward clinical translation.

7.2 The Tumor Microenvironment

Most people are familiar with the concept, that cancer is caused by the abnormal
growth of cells, called neoplasia, eventually forming a tumor [9, 10]. These tumors
can be benign or malignant, and only the latter describes the situation known as
“cancer” [10]. However, most solid tumors do not solely consist of these neoplastic
cells but malignant tumors also gradually change the environment around them as
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they develop, creating what is known as the tumor TME. Already back in 1986,
Harold F. Dvorak stated correctly that tumors are “wounds that never heal” and
further described the development of the TME as “wound healing gone awry”
[11, 12]. Although Dvorak made this observation 35 years ago, his description
still defines the underlying nature of the TME in a correct way. In the early stages
of tumor development, tumor cells cause an inflammatory response in the
surrounding tissue, which induces a wound healing response [9]. During the further
development, however, tumor cells gradually change this surrounding tissue, which
is often also referred to as the tumor stroma, the non-neoplastic parts of the TME,
toward a tumor supporting environment, characterized by an in general anti-
inflammatory behavior that is eventually supporting the progression and invasion
of tumors as well as increasing the resistance to therapy and immune clearance. The
TME in each cancer type can vary drastically depending on the surrounding envi-
ronment, however, in general, tumors can be divided into fibrotic and non-fibrotic
tumors.

7.2.1 The TME in Fibrotic Tumors

Due to the high prevalence and often high mortality of fibrotic tumors, such as
breast, lung, or pancreatic cancer, a lot of research in recent years focused on
identifying the components and underlying biological process in the TME of these
tumors [13–15]. Although in general every cancer type has its own specific TME,
most fibrotic cancers share similar characteristics when it comes to the cellular and
acellular compositions of the TME. Fibrotic tumors are often characterized by an
abundance of cancer-associated fibroblasts (CAFs), which deposit an excess amount
of extracellular matrix (ECM) proteins such as collagen, fibronectin, laminin or
hyaluronic acid, creating a dense and fibrotic environment, hence the definition of a
fibrotic tumor [9, 15, 16]. In pancreatic ductal adenocarcinoma (PDAC), for exam-
ple, CAFs account for around 80% of the tumor stroma, making it one of the most
fibrotic tumors known today [17–20]. Other cellular components in the TME are
tumor-associated macrophages (TAMs), neutrophils, infiltrating regulatory T cells
(Treg cells), myeloid-derived suppressor cells (MDSCs), and natural killer cells
(NK cells) as well as endothelial cells and pericytes forming the vasculature in
tumors (Fig. 7.1) [9, 16]. The interaction of tumor cells with these stromal cells can
play a significant role in the progression, metastasis, and immune evasion of tumors.
In the following sections, we will briefly discuss each of these components in greater
detail.

7.2.1.1 Cancer-Associated Fibroblasts (CAFs)
As aforementioned, in fibrotic tumors, CAFs are often the most prevalent cell type in
the TME. In general, fibroblasts are a natural component of the wound healing
response taking place in tumor development [21–24]. During that phase, fibroblasts
are actively recruited by tumor cells via growth factors such as fibroblasts growth
factor (FGF) or platelet-derived growth factor (PDGF) [24, 25]. The interaction of
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these fibroblasts with tumor cells and in autocrine fashion results in an activated
cancer-associated state. CAFs can originate from several different sources, including
mesenchymal stromal cells, infiltrating fibroblasts, or tissue-resident fibroblasts
[9, 26, 27]. For instance, in PDAC, CAFs originate from tissue-resident pancreatic
stellate cells that upon crosstalk with tumor cells achieve an activated state
[28, 29]. For a long time, CAFs have been thought to solely present a
myofibroblast-like phenotype (myCAFs), characterized by a high expression of
alpha-smooth muscle actin (αSMA) and PDGF receptor beta (PDGFRβ) [30]. How-
ever, in recent years, several other subtypes of CAFs have been identified including
inflammatory CAFs (iCAFs), lacking the expression of αSMA but highly express
interleukin-6, or antigen-presenting CAFs (apCAFs), which highly express major
histology complex II (MHCII) [31, 32]. It has been shown that the proximity to
tumor cells can directly alter the phenotype of CAFs, where fibroblasts in direct
contact obtain a myCAF phenotype, and distant fibroblasts an iCAF phenotype
[31, 32]. As such, different subpopulations have only recently been identified, it is
shown that a lot of underlying biological processes and interactions are not yet fully
understood and potential other subpopulations might yet to be discovered. In

Fig. 7.1 The tumor microenvironment. Schematic representation of the TME describing different
crucial processes such as the recruitment of fibroblasts, polarization of macrophages, immune
suppression as well as ECM degradation allowing tumor cells to intravasate and metastasize.
ECM Extracellular matrix, Treg regulatory T cell. Copyright # The author(s) 2020. Published by
Elsevier Inc
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general, CAFs are known to produce an excess amount of ECM as previously
mentioned. This causes a high desmoplasia in tumors creating a very dense and
pressurized environment, which is hard for any anti-cancer therapeutics to overcome
[9, 16]. Furthermore, this dense stromal barrier increases hypoxic and necrotic
conditions in the TME, which has effects on the invasive behavior of tumor cells
as well as on the immune response. CAFs have also been shown to secrete different
cytokines such as stromal-derived factor (SDF), metallopeptidases (MMPs) or
vascular endothelial growth factor (VEGF), actively shaping the TME and promot-
ing the vascularization of tumors [24, 25, 33]. Furthermore, CAFs have also been
shown to play a role in immune suppression by the secretion of transforming growth
factor beta (TGFβ) or programmed death-ligand 1 (PD-L1). Due to their abundance
in fibrotic tumors, CAFs have also been the target of recently developed therapies
that aim to modulate the TME to reduce the CAF-mediated growth and invasion and
to increase the efficacy of conventional therapies to overcome the dense stromal
barrier [26, 34, 35].

7.2.1.2 The Tumor Immune Micro-Environment (TIME)
One of the main characteristics of tumors is that they are able to escape the natural
immune response, which, as part of the inflammatory response, should actively
recognize and kill tumor cells. However, in recent years, it became apparent that
tumors can evade the immune response and “brainwash” infiltrating immune cells to
their advantage [36]. The TIME comprises several different immune cells, either
resident or infiltrating, such as TAMs, T cells, neutrophils, MDSCs, and NK cells,
which will be discussed in more detail in this section.

Tumor-Associated Macrophages (TAMs)
After CAFs, TAMs form the second most prevalent cell type in the TME [9, 37,
38]. Originally TAMs have been described as M2-like anti-inflammatory
macrophages, opposing to M1 inflammatory macrophages. Yet, more recently, it
has become clear that the classic categorization of M1 and M2 macrophages is not
comprising all subsets of macrophages that have been identified [39, 40]. As a result,
TAMs are often regarded a macrophage subtype on their own. The hypoxic
conditions in the TME promote macrophage influx into the tumor. Furthermore,
tumor cells are also known to actively recruit macrophages by the secretion of
colony-stimulating factor 1 (CSF-1), IL-6 or C-C motif chemokine ligand (CCL2).
Within the TME, the presence of IL-4, IL-13, IL-10, and TGFβ is polarizing
infiltrated macrophages toward a TAM-like phenotype. Once polarized, TAMs are
actively involved in several processes such as the progression of tumor cells,
recruitment of fibroblasts via FGF expression, promotion of angiogenesis via
VEGF expression, remodeling of the ECM via the expression of several MMPs, as
well as in the suppression of other immune components via the secretion of TGFβ
and IL-10 [24, 36, 39, 40]. Given their importance in several tumor-related pro-
cesses, the modulation or education of TAMs has become a promising treatment
strategy against several cancer types forming one of the main targets of
immunotherapy.
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T Cells, Neutrophils, Myeloid-Derived Suppressor Cells (MDSCs), and Natural
Killer (NK) Cells
In general, the high presence of TGFβ and PD-L1, mediated by tumor cells, CAFs,
and TAMs in the TME create a highly immune-suppressive environment
[24, 41]. While, for instance, CD8+ T cells, the main anti-tumor cells in the human
body, are still present during the early stages of tumor development, at later stages
these cells often become exhausted and the presence of PD is highly limiting their
function. As a result, later-stage tumors often lack CD8+ T cell in their TME.
Similarly, tumors lack the presence of anti-tumoral CD4+ T cells [41]. The lack of
CD8+ also limits the presence of N1 neutrophils in the TME, which show anti-
tumoral activity mediated by the secretion of IL-12, interferon-gamma (IFNγ) and
TNF by CD8+ T cells [42, 43]. However, the lack of these cells, in combination with
high TGFβ levels, favors the presence of N2 neutrophils, which themselves are
pro-tumoral by the secretion of MMP9, HFG, or VEGF [42, 43]. TGFβ secretion in
combination with other secreted factors, such as IL1, IL6, granulocyte macrophage-
colony stimulating factor (GM-CSF) or C-X-C motif chemokine ligand
12 (CXCL12) also enhances the influx of MDSCs into the TME, which further
increases the immunosuppressive characteristics [24, 44]. This highly immunosup-
pressive TME also prevents the presence of NK cells in the TME, which would
actively kill tumor cells as via cell surface receptors such as MHCI, or natural killer
group 2D (NKG2D) or induce CD8+ T cells by secretion of IFNγ [45, 46]. Altogether,
the immunosuppressive crosstalk in the TME favors tumor progression and invasion
by altering the function and efficacy of the body’s own defense system. The
re-activation of this defense has become an interesting and promising strategy to
treat different tumors and so far it has shown promising results [36]. One of the most
well-known strategies to re-activate the immune system was presented by James
P. Allison and Tasuku Honjo, who received the Nobel prize in 2018 for their strategy
to block the function of CTLA4 and PD-1 using specific antibodies, which eventu-
ally promoted the tumor-killing potential of the immune system [47].

7.2.1.3 The Tumor Vasculature
The vasculature in tumors displays significant differences compared to the healthy
counterpart throughout the body. The often rapid and uncontrolled formation of
blood vessels in the TME creates vessels that are leaky in nature presenting structural
gaps in the endothelial layer [48]. As a matter of fact, the treatment of solid tumors in
the last years mainly relied on this leaky vasculature as main strategy to target the
tumors, as the leaky vasculature caused what is known as the enhanced permeability
and retention (EPR) effect [48]. The EPR effect describes the accumulation of
intravenously administered drugs in tumors. Especially drugs that present a higher
circulation time in the body have a higher chance to accumulate in the tumor over
time, which motivated the use of nanomedicines (therapeutics in combination with a
nanocarrier system) to prolong their circulation time [48]. However, the high
desmoplasia in fibrotic tumors creates a high intratumoral pressure, preventing
therapeutics from extravasating despite the leaky vasculature [20, 49]. Furthermore,
this desmoplasia and pressure causes the vasculature in these tumors to compress
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and collapse so that therapeutics cannot reach the tumor in the first place
[50, 51]. Recent studies have shown that the modulation of the TME, for instance,
inhibition of CAFs, can lead to a re-opening of the vasculature, which, subsequently,
enhanced the drug perfusion and efficacy [34].

7.2.2 The TME in Non-fibrotic Tumors

In general, the TME in non-fibrotic tumors is similar to the TME in fibrotic ones. The
main difference derives from the typical lack of fibrosis in “non-fibrotic” tumors,
based on the absence of CAFs. One of the most well-known examples of a
non-fibrotic tumor is glioblastoma multiforme (GBM), the most malignant type of
brain cancer [52–54]. Although the TME in glioblastoma lacks CAFs, the general
immune environment in GBM is similar to the TME in fibrotic tumors, presenting
the same immunosuppressive environment and properties [53, 55]. One cell type that
is only present in GBM are tumor-associated astrocytes (TAAs), originating from
brain resident astrocytes [56, 57]. It has been shown that these TAAs play a crucial
role in the progression and invasion of GBM, as well as in the immunosuppressive
and anti-inflammatory environment in GBM, based on their crosstalk with tumor-
associated microglia, originating from brain-resident microglia depicting similar
functions as TAMs [58, 59]. In general, the TME in GBM is less understood
compared to fibrotic tumors. Nevertheless, different treatment strategies, such as
the inhibition of tumor-associated microglia using immunotherapy has shown
promising results in preclinical stages [60].

Altogether, the TME in fibrotic and non-fibrotic tumors displays a complex
network of cellular and acellular components that are all in constant crosstalk and
interaction. This often results in a very dense environment that prevents therapeutics
from reaching their target as well as prevents the body’s immune systems to function
properly. The modulation of the TME by either inhibiting or reducing the high
desmoplasia in fibrotic tumors or by re-activating the immune system has shown
promising results in recent years. Yet a lot of interactions in the TME remain to be
discovered and understood, so that more efficient treatment strategies can be
designed. While in the past, animal models were often used to identify such
interactions, these models hardly present an optimal environment to investigate
certain cell–cell or cell–ECM interactions in greater detail due to the high complex-
ity of such models. Furthermore, animals arguably display too large differences in
anatomy and physiology compared to human, which makes it difficult to translate
found interactions to the human setting. Contrastively, 3D in vitro models, such as
OoC platforms, have found wide applications to understand biological interactions
in greater detail in a controlled and biologically relevant environment [61]. In this
context, high-throughput and modular OoC technologies are introduced aiming at
reconstructing the in vivo TME in a more reliable way for cancer research. Namely,
tumor-on-chip systems can replicate key in vivo TME features, exhibiting great
promise as more pragmatic and detailed platforms for studying tumor metastasis,
distribution and mechanisms of growth, not withdrawing, drug toxicity, and
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therapeutic efficacy. The superiority of these platforms as candidates for conven-
tional preclinical models has attracted worldwide research attention, and great
amounts of scientific progress have been made in promoting a broader adoption of
these platforms.

7.3 Organs-on-Chips: Living Microfluidic Cell Platforms

The development of OoC requires the unique combination of four key components:
(a) engineering approaches (microtechnology, such as microfluidics and
microfabrication; tissue engineering); (b) biological methodologies (including cell
biology and immunology); (c) drug delivery; and, (d) advanced biosensing and
imaging technologies (Fig.7.2a) [61]. The ultimate goal of these next-generation
models is not to build a whole living organ or tissue, but rather to mimic their
minimal functional units, as physical, biochemical, and biological (micro)
environments. Interestingly, OoC also uniquely permit controlling basic mechanical
and extracellular cues that enable the recapitulation in vitro of a given tissue or key
organ functions. The first OoC models were initially introduced in the early 2000s
[62]. These earlier models typically consist of a single, perfused microfluidic
chamber containing one kind of cell, mostly exhibiting functions of one tissue
type [1]. Even though these individual systems provide useful information regarding
the physiological responses of the target organ, they often do not truly replicate the
naturally occurring interactions between the different tissues/organs as observed in
the human body [63]. Therefore, more complex designs, with two or more
microchannels connected by porous membranes, lined on opposite sides by different
cell types, have been devised, aiming at the recreation of interfaces between different
tissues [1], as the example of blood-brain barrier-on-chip [64–66]. Additionally,
different individual OoC devices can be vascularly interconnected to build multi-
organs-on-chip (Fig. 7.2b), also commonly referred to as human-on-chip, to study
organ–organ or tissue/tissue crosstalk [67], drugs pharmacokinetics/dynamics
(ADME processes) [68], cancer metastasis [69] and development of personalized
treatments [70] (Fig. 7.2c).

7.3.1 Multi-Organ-on-Chip: The Power of Inter-Organ
Communication

Multi-organ-on-chip (multi-OoC) platforms have shown great potential to redefine
the way in which human health research is driven. Briefly, these platforms can be
divided into two main distinct types: (1) single OoC units (the “Lego-like”
approach), likely to be preferred for more fundamental research in an academic
setting; and (2) multi-OoC platforms that, in contrast, offer higher throughput, and,
hence, are more appropriate for the identification of biomarkers, therapeutic targets,
and selection of drug candidates [71]. Multi-organ disease modeling typically suffers
from the poor accessibility of some organs and the fact that different cell types are
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required in the overall metabolic homeostasis. In this context, multi-OoC approaches
can provide more complex disease models while giving information on key molecu-
lar mechanisms [47]. Taking as an example the COVID-19, multi-organ-on-chip
devices that included a lung model containing COVID-19 infected cells from
patients, could be combined with other organs to evaluate possible co-effects in
cardiovascular, liver, and kidney tissues, as it was already reported to occur in
patients [72, 73]. Diabetes type 2 mellitus [50] have also been modeled by taking
advantage of multi-OoC, using co-cultures of human pancreatic islets and liver
spheroids which maintained postprandial glucose concentrations in circulation,
thereby mimicking the feedback loop that controls glucose consumption and insulin
secretion, while in single cultures, glucose levels remained elevated in both organ
modules [74]. Another example highlights the importance of the development of
multi-OoCs to understand the processes involved in cancer metastatic cascade and
for the design of new treatments. These chips can replicate the complex 3D micro-
structure and, thus the TME or TIME, providing a better understanding of the
mechanisms of tumor growth, importance of microvascularization and, conse-
quently, metastasis. For instance, a multi-OoC model enabled the spreading of
lung tumor cells into distant organs (brain, liver, and bone), all equipped with a
microvasculature, and demonstrated the metastasis of cells in all three organs [75].

Nowadays, strong evidence demonstrated that organs-on-chips are capable of
reproducing human organ physiology and organ-level features of disease at both, the
single person to (sub-)population levels. These bioengineered systems allow the
application of different features in cell culture, such as relative cell ratios, tissue’s
spatial arrangement and ECM (3D tissue/organ architecture and physical cues), fluid
flow, defined circulating fluid (which may contain chemical cues), and mechanical
cues. Altogether, these features provide unprecedented flexibility in dissecting and
decoupling the cellular, molecular, chemical, and physical contributors to tissue and
organ function, as well as disease development, namely cancer, as briefly discussed
above.

7.3.2 Tumor and Tumor Microenvironment On-Chip Modeling

Indeed the composition of the TME and its stromal interactions are major factors that
exacerbate tumor growth and metastasis, typically resulting in poor clinical
outcomes [76, 77]. Over the years, increasing evidence has demonstrated that the
activated stroma is a disease-defining factor, stressing it as an important player in
cancer cell migration, invasion/extravasation, angiogenesis, drug resistance [78, 79],
stemness of cancer cells [80], and tumor immunosurveillance evasion [81]. As
explained in detail earlier in this chapter, the non-neoplastic component of the
TME is composed of abundant ECM and multiple cells types, namely endothelial
cells, pericytes, CAFs, immune cells, and less prevalent mesenchymal stromal cells
(MSCs) and platelets [82]. Bi-directional interactions are described to actively occur
between stromal cells and tumor cells, and with the ECM by the secretion of growth
factors (GFs), chemokines, enzymes, extracellular vesicles, and microRNAs, known
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to regulate genes and proteins expression and to influence cancer-associated meta-
bolic pathways [83]. Thus, much attention has been given to the accurate modeling
of TME interactions in vitro and in vivo.

Over the past decades, several in vitro and in vivo cancer models have been
developed aiming at understanding molecular mechanisms and cancer therapies
screening. Clearly, traditional 2D in vitro static models, even though have been
proven effective to a certain extent for studying cancer cell behavior [84], they
cannot accurately recreate the level of complexity observed in the human body,
namely cell–ECM and cell–cell interactions [85], or even less so at the systemic-like
level, that is organ–organ or tissue–tissue interactions. Likewise, animal models
have played important roles in understanding the pathobiology of cancer, drug
screening, and drug discovery [86]. However, these models lack key features of
human cancer, such as genomic instability, latency, tumor heterogeneity and micro-
environment, limiting their ability to recapitulate the real pathobiology of human
cancers [87]. Furthermore, ethical considerations and the social awareness to reduce
animal experimentation have driven the development of advanced in vitro models
toward more accurately represented stages of its human disease counterpart [88]. To
date, numerous in vitro 3D models have been developed to bridge the gap between
conventional cancer models and native human tumors [82, 89]. Among these,
advanced microfluidic devices have revolutionized the ability to mimic the natural
biophysical/chemical conditions of cells in in vitro models and target new extrinsic
and intrinsic targets associated with tumor dynamics (Fig. 7.3). These systems allow
a dynamic culture of multiple cell types in a microfluidic chip to analyze specific

Fig. 7.3 Tumor-on-chip targets. Recent evidence has identified a multitude of cancer targets
including both extrinsic and intrinsic targets, namely tumor microenvironment and intra- and
inter-cellular interactions/functions. Created with BioRender.com
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interactions, which renders them particularly interesting when investigating the
communication between cancer and stromal cells. As an example, a perfusable
multicellular tumor-on-chip platform was developed to assess breast cancer–
immune cell interactions [90] (Fig. 7.4a). Breast cancer cells, monocytes, and
endothelial cells were spatially confined within a gelatin hydrogel in a controlled
manner by using 3D photopatterning, while human leukemic T cells (TALL-104)
were dispersed within the perfused media and allowed to infiltrate. The results
showed greater T cell recruitment when higher levels of hypoxia were emulated

Fig. 7.4 Tumor-on-chip platforms for modeling solid and liquid tumors. (a) Schematic represen-
tation of the 3D photopatterning gelatin hydrogel with outer and inner GelMA hydrogels (i).
Schematic of the mass transfer model demonstrating the domain geometry, boundary conditions,
and position of the cell aggregates of cancer cells (MCF7), monocytes (THP-1, green), and
endothelial cells (ii). (b) Design of colorectal tumor-on-chip model with a round microfluidic
central chamber incorporating human colon cancer cell line (HCT-116 cancer cells) embedded in
Matrigel and human colonic microvascular endothelial cells (HCoMECs) seeded in the side
channels to form vessel-like assemblies (i). Schematics of HCoMECs invasion from the lateral to
central chambers in response to VEGF presence (demonstrating the formation of endothelial sprouts
(ii). (c) Schematic figure of primary tumor formation. Top (i) and cross-sectional (ii) views of the
microfluidic OoC used to model in vitro the microarchitecture of ductal carcinoma in situ (DCIS) of
the breast in vitro. Schematics of DCIS spheroids showing proliferation of cancer cells from day
0 to 3 under non-treated and treated conditions (paclitaxel) (iii). (d) Schematics of a biomimetic 3D
angiogenesis chip to study leukemic-cell-induced bone marrow angiogenesis (i). Representative
schematics of directional angiogenic sprouting toward the leukemic channel (ii). Schematic
representations adapted from (a) [90]; (b) [104]; (c) [106] and (d) [122]
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by using tumor spheroid cultures. Moreover, the results showed that higher infiltra-
tion of the leukemic T cells occurred when monocytes were present in the culture
[90]. These findings demonstrate the critical role of personalized tumor-on-chip
devices in generating heterotypic 3D models where different cell types can be
cultured in a dynamic microenvironment, allowing the study of specific tumor–
stroma interactions.

7.3.3 On-Chip Features and Requirements

As a complex and dynamic system, the human body is composed of organs that are
constantly interacting with each other. So, if emerging technology has the power to
accurately capture this complexity, it will become an extremely powerful tool for
disease progression analysis and drug development. However, developing such
sophisticated systems poses biological and engineering challenges. Interestingly,
OoC platforms have critical and defining features that make them an excellent
solution to recapitulate key functional aspects of organs and tissues: (1) 3D nature
and organization of the tissues inside the chips; (2) integration of multiple cell types
aiming the replication of a more physiological cellular microenvironment; and
(3) biomechanical forces important to the tissue’s modeling [91]. Nonetheless, the
integration of emerging technologies such as OoC coupled with biosensing
techniques has been revolutionizing this field (Table 7.1). The goal is to connect
real-time monitoring techniques for a more mechanistic biological insight about
tissue’s microenvironment interactions. At the same time, this approach enables the
study and monitoring of the interactions between diseased tissues and several
organs, to ultimately provide a deeper understanding about healthy and diseased
tissue’s biology. In turn, this multi-disciplinary combination of efforts is expected to
contribute to a faster progress in drug discovery, biomarker detection, and long-term
pharmaceutical metabolism [91]. Great examples report on the use of these
technologies to study tumor–stroma interactions in cancer progression, metastasis,
and drug resistance [92–96].

Moreover, a major requirement for drug development advances in this area is the
design of tumor-associated vasculature, which represents an important component of
the TME and reliable therapeutic targets. Indeed, several anti-angiogenic drugs have
been developed for use in cancer; however, not trustworthy clinical trial outcomes
and oftentimes marginal survival gains have been reported [97]. Thereby, OoCs hold
the promise to help elucidate the factors that contribute to therapy failure, and,
ultimately, lead to more effective therapies. Furthermore, the incorporation of this
feature into tumor-on-chip platforms is a breakthrough as (1) it allows the mimicry of
in vivo structure, function, and disease processes of a vascularized tumor mass; (2) it
models poorly understood key steps of metastasis, which involve tumor-stromal cell
interactions and are difficult to investigate using the current preclinical models; (3) it
allows a more realistic pharmaceutical screening due to the establishment of physio-
logically selective barriers; and, (4) drug’s anti-angiogenic and anti-metastatic
efficacy can be directly assessed using these systems [98]. In this regard, several

184 I. Calejo et al.



Ta
b
le

7.
1

O
ve
rv
ie
w
of

ex
am

pl
es

of
in
te
gr
at
io
n
of

O
oC

w
ith

bi
os
en
si
ng

te
ch
ni
qu

es
,h
ig
hl
ig
ht
in
g
th
e
bi
om

ar
ke
r
as
se
ss
ed
,t
he

ty
pe

of
se
ns
or
,a
nd

th
e
te
ch
ni
qu

e
us
ed

fo
r
de
te
ct
io
n

B
io
m
ar
ke
r

qu
an
tifi

ca
tio

n
T
yp

e
of

bi
os
en
so
r

T
yp

e
of

us
ed

te
ch
ni
qu

e
(e
xa
m
pl
es
)

M
od

el
s
(e
xa
m
pl
es
)

R
ef
er
en
ce

O
xy
ge
n

O
pt
ic
al

L
um

in
es
ce
nc
e-
ba
se
d
se
ns
or
s

M
ic
ro
fl
ui
di
ca
lly

su
pp

or
te
d
bi
oc
hi
ps

of
liv

er

[1
07
]

O
xy

ge
n-
qu

en
ch
ed

fl
uo

re
sc
en
t
pa
rt
ic
le
s

In
te
st
in
e-
on

-c
hi
p

[1
08
]

R
at
io
m
et
ri
c
op

tic
al
ox

yg
en

se
ns
or
s

B
re
as
tt
um

or
-o
n-
ch
ip

[9
6]

O
xy

ge
n-
qu

en
ch
ab
le
lu
m
in
es
ce
nt

dy
e

In
te
gr
at
ed

hu
m
an

liv
er

(c
an
ce
r)
-
an
d
he
ar
t-
on

-
ch
ip
s

[1
09
]

L
um

in
es
ce
nc
e-
ba
se
d
se
ns
or
s

L
iv
er

bi
oc
hi
p

[1
07
]

E
le
ct
ro

ch
em

ic
al

A
m
pe
ro
m
et
ri
c

B
ar
e
pl
at
in
um

el
ec
tr
od

es
B
ra
in
-c
an
ce
r-
on

-c
hi
p

[9
2]

A
m
pe
ro
m
et
ri
c
ox

yg
en

in
kj
et
-p
ri
nt
ed

se
ns
or
s

L
iv
er
-o
n-
ch
ip

m
od

el
[1
10
]

pH
O
pt
ic
al
+
el
ec
tr
oc
he
m
ic
al

O
xy

ge
n
bi
os
en
si
ng

pr
in
ci
pl
e
of
th
e
th
io
l–
en
e-

ep
ox

y
bi
oc
hi
ps

an
d
el
ec
tr
oc
he
m
ic
al
ox

yg
en
-

se
ns
in
g
m
et
ho

d

B
lo
od

-b
ra
in
-b
ar
ri
er

bi
oc
hi
ps

[1
11
]

O
pt
ic
al

O
n-
lin

e
pH

m
on

ito
ri
ng

th
ro
ug

h
op

tic
al
fi
be
rs

L
un

g
ca
nc
er
-o
n-
ch
ip

[9
3]

M
ic
ro
fl
ui
di
c-
ba
se
d
op

tic
al
pH

se
ns
in
g
by

de
te
ct
io
n
of

lig
ht

ab
so
rb
ed

by
ph

en
ol

re
d

O
rg
an
-o
n-
ch
ip

[1
30
]

O
pt
ic
al
fi
lte
r
an
d
ph

ot
od

io
de

fo
r
m
ed
ia
co
lo
r

ch
an
ge

K
id
ne
y-
on

-c
hi
p

[1
12
]

P
hy

si
ca
l

pH
se
ns
or

de
te
ct
io
n
th
ro
ug

h
lig

ht
ab
so
rp
tio

n
of

ph
en
ol

re
d

M
ul
ti-
or
ga
n-
on

-c
hi
p

(l
iv
er

an
d
he
ar
t)

[1
09
]

G
lu
co
se

an
d/
or

la
ct
at
e

O
pt
ic
al

C
ol
or
im

et
ri
c

E
nz
ym

e-
lin

ke
d
im

m
un

os
or
be
nt

as
sa
y

H
an
gi
ng

dr
op

ch
ip

[1
13
]

E
le
ct
ro

ch
em

ic
al

A
m
pe
ro
m
et
ri
c

In
te
gr
at
ed

am
pe
ro
m
et
ri
c
se
ns
in
g
el
ec
tr
od

es
H
um

an
co
lo
n
ca
nc
er

m
ic
ro
tis
su
es

pl
at
fo
rm

[1
14
]

O
ff
-c
hi
p
el
ec
tr
oc
he
m
ic
al
se
ns
or

un
it

L
iv
er
-o
n-
ch
ip

[1
15
]

B
ra
in
-c
an
ce
r-
on

-c
hi
p

[9
2]

(c
on

tin
ue
d)

7 Advancing Tumor Microenvironment Research by Combining Organs-on-Chips. . . 185



Ta
b
le

7.
1

(c
on

tin
ue
d)

B
io
m
ar
ke
r

qu
an
tifi

ca
tio

n
T
yp

e
of

bi
os
en
so
r

T
yp

e
of

us
ed

te
ch
ni
qu

e
(e
xa
m
pl
es
)

M
od

el
s
(e
xa
m
pl
es
)

R
ef
er
en
ce

S
ilv

er
/s
ilv

er
ch
lo
ri
de

(A
g/
A
gC

l)
an
d
pl
at
in
um

el
ec
tr
od

e
bi
os
en
so
rs

C
yt
ok

in
es

an
d

ot
he
r

m
et
ab
ol
ite
s

E
le
ct
ro

ch
em

ic
al

A
m
pe
ro
m
et
ri
c

S
up

er
w
et
ta
bl
e
bi
os
en
so
rs

C
an
ce
r-
on

-c
hi
p

[9
4]

M
ul
tip

le
xe
d
am

pe
ro
m
et
ri
c-
ba
se
d
se
ns
or
s

M
us
cl
e-
on

-c
hi
p

[1
16
]

A
pt
am

er
-b
as
ed

bi
os
en
so
rs

H
ea
rt
-o
n-
ch
ip

[1
17
]

L
iv
er
-i
nj
ur
y-
on

-c
hi
p

[1
18
]

E
C
im

pe
da
nc
e
sp
ec
tr
os
co
py

(E
IS
)

E
le
ct
ro
ch
em

ic
al
im

m
un

o-
ap
ta
se
ns
or
s

H
ea
rt
-b
re
as
t
ca
nc
er
-

on
-c
hi
p

[9
5]

F
un

ct
io
na
liz
ed

sc
re
en
-p
ri
nt
ed

go
ld

el
ec
tr
od

es
M
us
cl
e-
on

-c
hi
p

[1
16
]

L
ab
el
-f
re
e
el
ec
tr
oc
he
m
ic
al
im

m
un

ob
io
se
ns
or
s

M
ul
ti-
or
ga
n-
on

-c
hi
p

(l
iv
er

an
d
he
ar
t)

[1
09
]

T
ra
ns
ep
ith

el
ia
l
el
ec
tr
ic
al
re
si
st
an
ce

(T
E
E
R
)–
m
ul
ti-
el
ec
tr
od

e
ar
ra
y

(M
E
A
)

In
-c
hi
p
in
te
gr
at
io
n
of

T
E
E
R
an
d
M
E
A

H
ea
rt
-o
n-
ch
ip

[1
19
]

T
E
E
R

In
te
gr
at
ed

se
ns
or
s

B
lo
od

-b
ra
in
-b
ar
ri
er

ch
ip

[6
5]

E
nz
ym

at
ic

B
ea
d-
ba
se
d
m
ic
ro
fl
ui
di
c
el
ec
tr
oc
he
m
ic
al

im
m
un

os
en
so
rs

L
iv
er
-o
n-
ch
ip

[1
20
]

O
pt
ic
al

O
rg
an
ic
-p
ho

to
de
te
ct
or

ar
ra
ys

S
yn

ov
iu
m
-o
n-
ch
ip

[1
21
]

186 I. Calejo et al.



groups have designed micro-vascularized on-chip constructs in which perivascular
and vascular cells self-organize de novo into a living and perfused vascular network
in response to fluid flow and shear stress [99–101].

Microfluidic devices with the ability to control multiple gradients are often
employed to analyze the effect of growth factors, cytokines, and/or drugs in a
biomimetic microenvironment [102, 103]. As an example, to replicate the human
colorectal tumor microenvironment and reconstitute the microvascular tissue
functions, a simple tumor-on-chip in vitro model was fabricated [104]. The platform
consisted on a radial drug penetration by diffusion of small molecules from the outer
boundaries into the central core of solid tumors, and it evaluated in real-time using
live imaging, interactions between pre-labeled colorectal cancer cells and endothelial
cells that infiltrated the vascular endothelial growth factor-infused tumor core [104]
(Fig. 7.4b). Using such 3D microfluidic cell cultures, the study of phenomena such
as vascularization and oncogenesis under dynamic conditions demonstrates the
suitability of these models to provide a powerful insight on the cancer stage
prognosis and, ultimately, on depicting a more suitable treatment option.

Given the possibility to study tumor-stroma activation that sustains cancer pro-
gression, microfluidic devices have been created to replicate the characteristic tumor
stroma-ECM remodeling. As an example, Gioiella et al. [105] described a breast-
cancer-microenvironment-on-chip model consisting of a stromal compartment com-
posed by fibroblast-assembled ECM and breast cancer cells. This model elegantly
replicated the interactions of breast cancer cells with the stroma and ECM activation
during tumor progression. Results from inline tissue imaging (immunofluorescence-
based analysis) revealed that cancer cell invasion led to the activation of cancer-
associated fibroblasts, along with the overexpression of fibronectin and hyaluronic
acid in the ECM [105]. Moreover, real-time analysis of collagen remodeling
revealed that normal fibroblasts deposited collagen bundles that more closely resem-
ble the native structures, when compared to CAFs, supporting earlier findings of
human biopsy studies [105]. Also, similar models have been used to evaluate drug
efficacy. Choi et al. [106] recently developed a micro-engineered ductal carcinoma
in situ (DCIS)-on-chip platform (Fig. 7.4c). To mimic the surrounding matrix, an
initial confluent layer consisting of human mammary epithelial cells on a porous
membrane was assembled, followed by another layer of mammary fibroblast-
containing hydrogel. Afterward, ductal carcinoma spheroids were inoculated on
top of the epithelial cells to complete the model [106]. Using this model, the effect
of paclitaxel, an anti-cancer drug, was evaluated and even though demonstrating
negligible toxicity on the epithelial cells alone, it showed pronounced toxicity
toward the ductal carcinoma spheroids [106]. Additionally, paclitaxel effectively
inhibited the progression of the ductal carcinoma spheroids, revealed by their
consisting sizes when compared with the increased tumor volume observed in the
absence of the drug [106].

Interestingly, these platforms not only have been used for reproducing the solid
tumor microenvironment, but they can also be adapted to liquid tumor modeling,
commonly associated with hematological malignancies. Recently, Zheng et al. [122]
developed a microfluidic 3D angiogenesis chip to study leukemic-cell-induced bone
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marrow angiogenesis (Fig. 7.4d). By modifying a previously established angiogen-
esis microchip, leukemic cells were infused into one side of the chip, while endo-
thelial cells were seeded on the other side and allowed to sprout into a middle
chamber filled with collagen [122]. When needed, HS5 human bone marrow stromal
cells in collagen gels were also inoculated at the two ends of the leukemic channel
for co-culture establishment [122]. By both confocal and phase-contrast microscopy,
the directional sprouting of endothelial cells was found to be influenced by the
presence of leukemic cells, suggesting the angiogenic capacity of these leukemic
cells, whereas the control group without leukemic cells revealed minimal invasion of
endothelial cells [122]. Also, sprouted endothelial cells were observed to form lumen
structures, which could be further enhanced by co-culturing the leukemic cells with
HS5 human bone marrow stromal cells [122].

Microfluidic tumor-on-chip devices have also been used for evaluating
nanomedicine, where not only the mass transport of nanoparticles (NPs) with
varying parameters, namely size, shape, and surface characterizations, can be
emulated, but also the geometry of the relevant architectures can be reproduced
[123]. For example, Yang and co-workers customized a microfluidic 3D breast
cancer model by culturing human breast cancer cells and adipose-derived stromal
cells and evaluated the effectiveness of photodynamic therapy (PDT) agents, such as
gold NPs [124]. Results showed that monolayer cultures were more susceptible to
the photodynamic agents than the 3D cultures post-irradiation [124]. Also, in both
2D and 3D cultures, the increased rate of reactive oxygen species generation
associated with the presence of NPs, demonstrated the efficacy of the photodynamic
agents [124]. Using tumor-on-chip platforms for these photodynamic treatments has
provided relevant insights into the advantages and drawbacks of current NP
treatments, hence allowing for treatment regimens’ optimization.

Recently, given the importance of rapid mutations and multidrug-resistant
(MDR) phenotypes associated with an altered response to therapies, multi-organ
platforms have gained attention for personalized medicine in cancer research. Over
the past years, several models have been generated aiming to recapitulate human
cancer phenotypes, thus, is considered as the best approximations of the human
disease counterparts [125]. Even though currently used primary tumors resected
from patients and derivative cell lines have been helping us to understand
biomarkers and cellular phenotypes, they are not fully adequate to study early-
stage cancer progression. In contrast, patient-derived induced pluripotent stem
cells (iPSCs) can potentially represent the earliest stages of disease by assisting in
the identification of significant molecular events responsible for disease triggering
and progression [126–128]. Moreover, iPSC-based cancer models would help in the
understanding of the niche in which cancers develop, enabling the re-creating of the
physiological cancer-initiating context and model development [126–128]. Nonethe-
less, by using patient-specific in vitro organoids generated from cancer tissue
biopsies, it is possible to create a cancer biobank, enabling an effective drug
screening based on patients’ genetic profile [129].

Overall, currently described and used platforms provided a unique way to moni-
tor the switch between healthy and pathological stroma in vitro and represent an
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alternative to currently employed in vivo experiments, that present limited applica-
tion, namely in the prediction of treatments, human tumor progression events and
response specificity and drug doses translation. In this context, the implementation
of biosensors will offer the potential to better monitor the response to external stimuli
and assess organotypic functionality under controlled culture conditions, while
enabling a real-time monitoring of the cellular physiological microenvironment
and improving the functionality of OoC models.

7.4 Biosensors and Advanced Imaging Modalities On-Chip

Biosensors are devices that allow the monitoring of physiological processes over
long or short time points and in an automated manner [130]. They can be integrated
into OoC platforms, rendering in situ and non-invasive analysis of cell behavior,
tissues, and organs possible. Thus, kinetics and prognostic studies can be performed
in these platforms, bypassing standard methods, such as end-point analysis, which
typically requires a large volume of samples and fix time points [131]. The integrated
analytical techniques implemented in OoC include electrochemical, optical, piezo-
electric, thermal, magnetic, and micromechanical sensors.

7.4.1 Organs-on-Chips Integrated Analytical Techniques

The typical electrochemical biosensors integrated with OoCs are non-microscopy-
based biosensors [132]. These allow the evaluation of inline cell, tissue and organ
processes, the detection of cell communication/secreted signals, the formation/dis-
ruption of barrier functions, the detection of complex biotransformation processes,
and the screening of absorption, distribution, metabolism, and toxicity (Fig. 7.5a).
Recently, embedded electrodes have been developed to enable non-invasive and
real-time detection. For instance, semi-transparent electrodes have been described
for transendothelial or transepithelial electrical resistance (TEER) measurements to
assess the integrity of human endothelial or epithelial barrier models [133].

The development of microfluidic co-cultures with integrated biosensors is of
major significance when secreted signaling molecules, such as cytokines and growth
factors, need to be studied. An example is the development of a liver-on-a chip
model, where the cell signaling and communication is monitored on-chip, in
co-cultures of hepatocytes and stellate cells during liver injury [118]. Similarly,
sensorized on-chip systems with integrated electrothermal micropumps and sensors
have been designed to study cell proliferation or adhesion, oxygen consumption, and
pH detection, to prevent physiological disorders due to cellular acidification [134].

On the other hand, optical biosensors mostly involve imaging read-outs using
microscopy or other imaging detection systems. In some cases, optical biosensors
enable the study of the events at cellular level via sampling output media, and signal
analysis is performed in a luminometer. However, most of the OoCs are analyzed by
microscopy-based technologies. Optical biosensors applied as integrated detection
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in OoCs comprise optical imaging modalities, namely fluorescence (FL) and biolu-
minescence (BL) techniques. Moreover, optical biosensors are typically
non-destructive, robust, and compatible for in situ and inline monitoring thanks to
the light emitted. Thus, the integration of optics with microfluidics is currently
coining a new field named optofluidics, mainly based on label-free and label-based
strategies.

The label-free strategies allow the study of cellular secreted compounds, cellular
morphology, and detection of specific areas by surface plasmon resonance [135],
scanning electron microscopy [136], Raman spectroscopy [137], and optical

Fig. 7.5 Biosensing technologies integrated in organ-on-chip devices. (a) Electrochemical
biosensors monitor physical parameters of the microenvironment (amperometry, voltammetry),
enzymatic reactions like redox reaction between an enzyme and the targeted molecule, measure-
ment of electrical resistance for cellular barrier integrity namely Transepithelial/transendothelial
electrical resistance (TEER). Optical Biosensors monitor bioluminescence and fluorescence
reactions. Both technologies enable multicolor imaging of cells. (b) Detection of bioluminescence
from OoC. Ivis imager system has a sensitive CCD camera and detection of BL form the chip
enables real-time monitoring of cell vitality and proliferation. Bright-field microscopes can be
upgraded with an installed CCD camera and the detection of multicolor luciferase-expressing cells
can be achieved. Created with BioRender.com
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tomography [138]. In particular, Raman spectroscopy measures the light interacting
with vibrating chemical bonds of the sample and resulting in an energy shift of the
backscattered light. This technique, combined with a confocal microscope to pro-
duce a better spatial resolution, can be applied to monitor insulin secretion kinetics
[139] or to measure water content in a ski-on-chip [140]. Optical tomography has
instead the advantage to detect the wide refractive index of cell distribution and
allows label-free and 3D imaging detection. Yet quantification of specific proteins is
quite limited. Nevertheless, Lee et al. successfully carried out a quantitative analysis
of vasculogenesis-on-chip using optical diffraction tomography [138]. Still, some
limitations of the label-free method remain related to the possible interference with
the conformation of molecular structures, interaction with biological processes, and
demand for bulky external equipment.

Label-based strategies, in contrast, rely on fluorescence or chemiluminescence
biosensors. Successful strategies using engineered fluorescent protein/molecules
have been extensively adopted for fluorescence-based analysis. A collection of
fluorescent proteins includes not only the gold standard green-fluorescent protein
(GFP), but also many other improved probes, such as mCherry, dsRed, mEOS,
which have higher stability, brightness, and additional wavelengths. These probes
enable the imaging of cellular phenotypes and detection at the single-cell level by
confocal microscopy [141]. Fluorescence-based microscopy is the most commonly
used to detect and visualize specific tagged proteins or molecules. Some examples
can be referred to appropriate literature where confocal microscopy has been used
for assessing liver, kidney, tumor, brain, and vasculature models [142–146]. To
minimize process variability and user bias, fluorescent probes have been exploited
for automated fluorescent workflow. Automated workflows acquire and analyze
confocal images of OoC of different formats. This also allows to probe cellular
phenotypes in large batches of chips, thereby increasing the throughput. Automated
drug screening has been successfully implemented to assess toxicity in a liver-on-
chip model [147].

Characteristically, fluorescence-based analysis requires invasive endpoint
procedures, for example, cell fixation, necessary for histology and immunohis-
tochemistry assays [148]. Recently, fluorescence microscopy has been combined
with bioluminescence detection for non-terminal imaging of cell status. To study the
osteogenic differentiation on bone-on-chip, Sheyn et al. elaborated a novel system
for real-time monitoring of cell viability, proliferation, and differentiation while
culturing cells in the bone-on-chip [149]. However, fluorescence-based sensors
may also cause several technical issues due to photobleaching, phototoxicity, and
autofluorescence of cells or tissues. Light-sheet microscopy offers low levels of
photodamage and adequate imaging in 3D cell models as tumor spheroids, but its
spatial resolution still requires some improvements [150]. Additionally, biolumines-
cent resonance energy transfer (BRET) technologies can also resolve undesirable
outcomes due to photobleaching and allow long-term monitoring of cells. Worthy of
note is the employment of microfluidic devices for the measurement of thrombin
activity [151].
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Another optical imaging modality used in optofluidics is bioluminescence (BL).
Bioluminescent-based sensors have a higher signal-to-noise ratio than fluorescence,
because a bioluminescent chemical reaction does not need an external excitation
light source (Fig. 7.5b). Therefore, photobleaching does not occur in biolumines-
cence, in turn allowing long-term imaging and preventing phototoxicity of cells.
Bioluminescent light is produced when a luciferin substrate is oxidized by a lucifer-
ase enzyme [152]. The luciferin substrates have to fulfill some chemical
characteristics, such as stability, good cell membrane permeability (especially
when imaging OoC models), and affinity for the luciferase enzyme [153]. The latest
has been improved by site-specific engineering of the luciferase enzyme to ensure
high affinity (low Km; measure of how easily the enzyme can be saturated by the
substrate) and, therefore, less amount is needed to achieve Vmax (maximum rate of
an enzyme-catalyzed reaction i.e. when the enzyme is saturated by the substrate) and
generate stronger bioluminescent signals [154]. Luciferases derived from terrestrial
fireflies (FLuc), click-beetles (CBG2 and CBR2) and railroad worms (SRL) show
great potential for single cells analysis and they are compatible with the standard
D-luciferin substrate [155]. Synthetic substrates have also been designed to increase
cell membrane permeability and to improve efficiently the performance of Fluc
luciferases as CycLuc, Cybluc, and Akalumine-HCl substrates [156–
158]. Optimized marine luciferases derived from copepod (GLuc) [159], or deep-
sea shrimps (Nanoluc) [160] also yield bright blue BL light when paired with
coelenterazine type of substrates. In particular, coelenterazine analogs, such as
furimazine, and more recently Hikarazine-003, have been optimized to enhance
the performance and the stability of Nanoluc, increasing the light output up to 2.5-
fold [161]. There is a clear need for a more sensitive system for single-cell imaging
inspired by the BRET technologies, that combines a bioluminescent donor and a
fluorescent acceptor. One example is Antares, a Nanoluc enzyme fused with an
orange-red fluorescent probe (CyoFp), that enables sensitive single-cell imaging due
to the red-shift emission of light (λmax ¼ ~580 nm) [162]. Notably, multicolor-
bioluminescence imaging can be also performed, where the combination of multiple
luciferase-expressing cells emitting different BL lights are co-cultured on the same
chip. Another strategy for non-invasive detection of enzymatic activities, small
bioactive molecules, or specific uptake is represented by caged-luciferin substrate
by addition of a protecting group. This has been done either to stabilize furimazine-
based substrates, allowing a high signal-to-noise ratio at the single-cell level [163],
or with D-luciferin analogs at its amino group, which prevents the luciferase binding
and quenches the BL emission [164, 165]. Cellular events can be studied through the
conversion of caged pro-luciferins in active luciferin upon the specific enzymatic
event. Notably, caged D-luciferin has been employed for example to measure
enzymatic processes like caspase activity or the uptake of glucose and peptides at
desired time points [164, 165]. The luciferin conversion can be also easily detected
by a conventional luminometer upon the addition of the specific luciferase and
necessary co-factors. Noteworthy, luminescent bacterial operons can similarly be
applied for heterologous engineering of organisms. The entire bacterial operon
comprises the synthesis of both luciferase and substrate and can be inserted into
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the genome of other organisms. The independence of the external administration of
the substrate renders the bacterial system particularly attractive. Recently, iLux
operon has been optimized for mammalian cell expression, thereby enabling auton-
omous single-cell screening [166]. However, this approach still needs some
improvements mostly due to the low photon yield [167]. Nonetheless, they hold
the promise to image cells on-chip without the addition of substrates.

7.4.2 Advanced Imaging Modalities for Optical Biosensors

Conventionally, luminometers equipped with photo-multiplier tubes are used for BL
read-outs of in vitro assays. Sensitive charged-coupled device (CCD) cameras are
instead required for the detection of luminescence and are usually installed in a wide-
field inverted microscope. Currently, the imaging of single cells expressing the
luciferase is quite challenging due to the dim light emitted. Therefore, to transmit
the light from the sample to the detector, long exposure times (from seconds to
minutes) are needed to enhance the detection. Thus, the development of improved
microscopes for ultra-low light consists of modified imaging lenses that allow the
reduction of the acquisition time for very bright luminescent systems, such as
Nanoluc/furimazine [168]. Further developments in BL microscopy include the
use of ultra-low-light imaging cameras, namely liquid nitrogen-cooled CCD
cameras, photon-counting CCD cameras or image-intensifying CCD cameras
[169–174]. To our knowledge, the newest camera commercially released is the
electron-multiplying camera (EM-CCD) which provides excellent sensitivity and
image quality [175, 176]. Notably, EM-CCD cameras have also been upgraded with
iXon EMCCD that has a large field view (512 � 512 pixels) and cooled at�100 �C,
allowing imaging within seconds. Dual-color imaging from two cell populations has
also been attempted by installing two dichroic mirrors in an upgraded BL micro-
scope. The collimated beam of light by the objective lens can separate green and red
light reaching the EM-CCD camera [149, 177]. Another remarkable achievement
allowed to exploit the detection of luciferin as a fluorescent probe. As reported by
Goda et al., the possibility to select specific optical filters enabled the detection of
emission spectra of both fluorescence from GFP and of BL from firefly luciferase
emitted from the same sample [178]. Interestingly, promising advances in imaging
hardware are represented by miniature microscopes. These optimizations yielded a
miniscope (BLmini) which is lighter in weight (2.5 g only) and offers up to 15 times
higher signal. The miniscope is sensitive enough to capture spatiotemporal dynamics
of bioluminescence emitted by Nanoluc in the brain of mice [179]. Outstanding
results are also shown by CMOS cameras of smartphones interfaced with OoC
setups and can detect Nanoluc/Nanolantern expressing cells [180]. Future
developments foresee the implementation of imaging devices for sensitive monitor-
ing of single BL cells in 3D cell cultures.
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7.5 Conclusions and Future Directions

While the potential of OoCs is exciting, this attractive technology is in an early
phase. Although highly promising, some challenges remain to be resolved over the
next decade, namely cell sourcing, platform standardization, increase in automation
and throughput, non-invasive real-time imaging, and read-outs. On the other hand,
while reduction and refinement of animal use is achievable, the total replacement of
animals in drug and research development is still currently seen as unlikely in the
very near future.

Concerning the modeling of cancer in vitro, it is clear that this complex field has
undergone great advances, thus allowing a deeper understanding of the key molecu-
lar and cellular pathways related to tumor progression and malignancy. Namely, by
the recent developments in microfabrication technologies, the creation of ground-
breaking bioengineered 3D models with the potential to emulate the TME has been
clearly heightened. Nevertheless, even though the current path is promising showing
proof of functionality of on-chip platforms, challenges remain to be addressed,
mainly regarding reproducibility and reliability, before tumor/TME-on-chip models
are widely adopted into healthcare settings and drug R & D. Excellent examples of
such promising trajectory are current collaborations formed between pharmaceutical
companies, regulatory entities and academic centers that develop on-chip
technologies. Yet, due to the complexity inherent to in vivo TME, OoC systems
developed to mimic these, still face many challenges before their integration into
practical pharmaceutical industrial and clinical applications. The list of challenges
includes: (1) Optimization of biosensor detection and analysis paths to deconvolute
complex signal regulation functions; (2) The industrial manufacture and
standardization of microfluidic devices with biosensors, toward more user-friendly
on-chip systems, so that non-experts can immediately apply these models for clinical
translation; and (3) Transition to non-adsorbing materials for chip fabrication, while
keeping transparency and elastic behavior. The most used material in use for chip
fabrication remains polydimethylsiloxane (PDMS), which can easily adsorb hydro-
phobic compounds, such as drugs and proteins, and, thus, reducing the efficacy and
activity of drugs, leading to experimental errors and limiting its application. As
mentioned above, cell sources are another critical hindrance that remains to be
addressed. Although increasing attention is being given to patient-derived cells or
iPSCs, obtaining primary cells for some tumors can be difficult (e.g., pancreatic
cancer). Even though it is generally accepted that primary cell sources, which can be
commercially available, are more interesting for personalized medicine or to provide
a better understanding of biological processes, cell lines might still continue to be
used for drug screening as they are more homogenous. One should also consider that
with the increased complexity derived from multi-sensor implementation on-chip,
the resulting read-outs may become more convoluted and, thus, more demanding to
process. Assistance from other fields such as artificial intelligence and machine
learning proves to be essential for the analysis of the next generation of OoC
platforms [181], which will push the field forward, as a truly multi-disciplinary
effort.
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Although these systems still face many challenges, they are undoubtedly
promising platforms for the development of therapies. To accomplish these goals,
interdisciplinary cooperation among researchers from material and biomedical
sciences, biophysics, biology, and oncology is needed to achieve concerted efforts
in designing and integrating read-outs, in a high-throughput manner for pathologies’
research and drug discovery, finally translating bioinspired designs to clinical
applications. In this context, OoC has the potential to enable a paradigm shift in
clinical settings, as these technological platforms will not only help in a personalized
diagnosis but also in individualized treatment, allowing a more clinically oriented,
patient-centric approach.
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Abstract

Despite considerable advances in cancer research and oncological treatments, the
burden of the disease is still extremely high. While past research has been cancer
cell centered, it is now clear that to understand tumors, the models that serve as a
framework for research and therapeutic testing need to improve and integrate
cancer microenvironment characteristics such as mechanics, architecture, and cell
heterogeneity. Microfluidics is a powerful tool for biofabrication of cancer-
relevant architectures given its capacity to manipulate cells and materials at
very small dimensions and integrate varied living tissue characteristics. This
chapter outlines the current microfluidic toolbox for fabricating living constructs,
starting by explaining the varied configurations of 3D soft constructs
microfluidics enables when used to process hydrogels. Then, we analyze the
possibilities to control material flows and create space varying characteristics
such as gradients or advanced 3D micro-architectures. Envisioning the trend to
approach the complexity of tumor microenvironments also at higher dimensions,
we discuss microfluidic-enabled 3D bioprinting and recent advances in that arena.
Finally, we summarize the future possibilities for microfluidic biofabrication to
tackle important challenges in cancer 3D modelling, including tools for the fast
quantification of biological events toward data-driven and precision medicine
approaches.
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8.1 Introduction

The past couple of decades have been marked by remarkable advances in the
engineering of living tissues. More than ever, it is nowadays established that the
architecture of biological tissues, their physical and mechanical characteristics, are
important modulators of cellular responses and contribute to the overall tissue and
organ functionality—to a similar extent to that of biochemical cues [1]. This notion
applies to healthy tissues, but also diseased ones, such as cancer, where changes in
the architecture of the tissue, extracellular matrix composition, and consequent
mechanics play critical outcomes in cellular responses, from early proliferation to
late metastasis [2]. Therefore, when attempting to approach and miniaturize living
tissues for creating important research models, which are capable of recapitulating
critical physiological responses, it is essential to reconstruct the tissue microenvi-
ronment and approach its 3D complexity to derive relevant responses, such as
predicting the outcome of a certain drug in cancer cell invasion.

In biofabrication, a more recent area of the global tissue engineering field, there
has been continuous development of technologies which allow for constructing
complex cell/material structures with increasing level of detail and complexity. In
the field of bioprinting, for example, the latest advances have enabled the creation of
human-sized organ constructs such as the heart [3], or even other 3D structures in a
matter of seconds [4]. Even though bioprinting presents an important advance to
recreate tissues or even approach whole organs, it entails a resolution which is not
yet fine enough to reproduce the intricacies of very fine biological environments,
namely those of the cancer microenvironment [5–7]. Therein, differences at the
single-cell level can be found, with a variety of cellular entities and extracellular
matrix components, interacting in a very small niche, which gradually grows and
evolves toward a more mature cancer tissue. As such, creating smaller structures that
still encompass the 3D characteristics of cancer environments can take advantage of
microfluidic technologies and their finer resolution capacities.

In microfluidic conditions, liquids such as hydrogel precursors flow in very small-
sized channels, where turbulence is extremely low and thus fluids tend to maintain
their trajectory without typically mixing. This characteristic can be employed to
translate multiple precursor flow 3D configurations into hydrogel shapes by taking
advantage of crosslinking precursors upon extrusion, using a varied toolbox of
hydrogel crosslinking techniques [8–12]. By manipulating materials and cells at
very small scales, microfluidics enables for a whole set of possibilities for
biofabrication. Unlike typical on-chip technologies that attempt at recreating the
physiology of tissues and organs within plastic chips in dynamic cultures, this
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chapter will mostly explore microfluidics as a direct biofabrication tool to create
independent structures with advanced 3D complexity at very small scales.

Starting with an overview of how microfluidic flows can be combined with
hydrogel technologies to create soft, 3D structures that can approach the mechanics
of living tissues and integrate cells, within structures such as cell-laden fibers,
droplets, and combinations of such. Then, we will discuss how the quick and easy
manipulation of different flows can be used to create space-varying compositional
characteristics within fabricated structures, such as gradient-like transitions that can
approach those transitions typically found in healthy and diseased tissues, or be
leveraged toward high-throughput, single-sample screening approaches. After, we
will discuss how flows alone can be used to create complex 3D architectures within
microfluidic-biofabricated structures, from hundreds of micrometers to near single-
cell dimensions, approaching the organization of several living microenvironments,
namely those of cancer in early invasive stages. We will then explore how additional
complexity can be obtained by combining different technologies with microfluidic
biofabrication, namely bioprinting for the gradual assembly living constructs with
complex shapes due to microfluidic-enabled manufacturing.

By providing an overview of the current microfluidic biofabrication toolbox, this
chapter exposes the opportunities and current needs within the field of cancer-like
environment engineering. We outline a clear set of strategies that can be used to
imbue purely 3D, soft, microfabricated constructs with material and cellular
architectures that can approach important characteristics of living cancers. By
allowing to do so in fast, standardized, and affordable ways, microfluidic
biofabrication is likely to grow in the next few years and overcome other
technologies when cellular-level resolution is required, such as the recreation of
truly physiological cancer microenvironment models.

8.2 Microfluidics: A Versatile Tool for 3D Hydrogel Processing

Microfluidic techniques are designed to manipulate liquids of various viscosities,
and different available techniques are best suited to process liquids of different
nature. When the liquid is a hydrogel precursor, typically a water-based solution
of specific polymers, some conditions induce its sol–gel transition or, in other terms,
the crosslinking of the dissolved polymers and hardening of the liquid into a
hydrogel [13]. These conditions depend on the gel-forming solution and determine
which is the most suitable microfluidic technique to process them into a 3D hydro-
gel. These gel-forming polymers are categorized, sometimes improperly, into two
main families based on their sol–gel mechanism: those that form gels physically and
those that form gels chemically.

The family of polymers that physically forms gels include those polymers that do
so thanks to noncovalent (ionic and weak interactions) bonds between the polymeric
chains. Alternatively, chemically crosslinked polymers form a gel by strong covalent
bonds between the chains. Some physically crosslinked polymers are
thermoresponsive polymers that rearrange due to temperature variation into
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insoluble structures. Gelatin and collagen belong to this family, and the former
presents an upper critical solution temperature above which gelatin and water are
miscible and the gel is formed by cooling a warm solution below the critical
temperature, which is around 35 �C [14]. Collagen, regardless of being the precursor
of gelatin, form gels in the opposite way and presents a low critical solution
temperature close to physiological conditions, above which forms a gel. The forma-
tion of gels by temperature variation can be a relatively slow process, especially
when strong cooling or heating is not allowed [15]. This limitation is particularly
evident when cells are present in the solution because of their sensibility to drastic
variation in temperature that affects their viability. For this reason, polymers such as
collagen and gelatin are well suited for droplet-based microfluidic techniques that
allow the necessary time for them to harden.

With this technique, the droplet is formed thanks to a microfluidic setup that
comprises a junction of two or more channels containing different phases. The
water-based droplet-forming phase is forced into the hydrophobic continuous
phase at the junction, then the shear stresses applied by the continuous phase
break the stream of the water-based solution, forming a droplet. This process leads
to high-throughput formation of highly monodisperse and separate droplets of
liquids in an immiscible phase[16]. The outlet channel can be connected to a tube
of variable length and can be treated at different temperatures than the temperature of
the starting solutions. The separation of the droplet is ensured by the presence of
surfactants that avoid coalescence, thus allowing enough time for the gel droplet to
form, and then be collected by various means such as centrifugation or filtration. A
similar technique is typically used to produce droplets of photo crosslinked
polymers.

Photocrosslinkable polymers are chemically crosslinkable polymers containing
functional groups along the backbone that are sensible to radical chemical reactions
that form covalent bonds among the polymeric chains. These polymers can be
obtained by chemical modification of natural polymers, such as hyaluronic acid
[17] or can naturally have this characteristic, such as collagen using riboflavin as a
photoinitiator [18]. Here, the microfluidic setup for the production of 3D hydrogels
is similar to the one used for the thermoresponsive polymers because also this
photocrosslinking process tends to be relatively slow [19]. In fact, a light of high
intensity that makes the formation of gel quicker is not optimal because it could also
harm cells. The droplet-forming solution contains a photoinitiator that forms a
radical reactive species when exposed to light of a specific wavelength, so the outlet
channel or tube where the droplet flow is exposed to light and the hardened droplets
can be collected. Here, the material that makes the outlet should be transparent to the
specific wavelength that excites the photoinitiator into the radical (e.g., fluorinated
ethylene propylene for UV light). While droplets based techniques are optimal for
thermoresponsive and photocrosslinkable polymers, they still require a careful
selection of the materials used for the microfluidic system.

For the fabrication of hydrogel droplets, the system must be hydrophobic so that
the oil can efficiently wet the channels of the microfluidic setup to avoid contact
between the droplets and the system. The materials that make the system should be
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compatible with the oil used, a suitable and well-performing surfactant should be
present, be compatible with the oil, and should favor the formation of water droplets
in oil. Considering two commonly used surfactants, for example, Tween and Span,
the former is characterized by a high HLB number (Hydrophilic, Lipophilic Balance,
is an index of the solubilizing properties of emulsifiers) thus favoring the formation
of oil in water droplets, oppositely the latter has a low HLB number and favors the
formation of water droplets in oil [20, 21].

Droplet techniques, due to their nature and in particular being emulsion-based,
are challenging when used to process ionically crosslinkable materials, which
represent an important family of biopolymers that include alginate and gellan gum.
These polymers contain carboxyl groups along their backbone that carry a net
negative charge. In the presence of positive ions, they form insoluble complexes
due to the complexation of those groups that are responsible for the solubility of the
polymer in water. Emulsion-based microfluidic techniques are less straightforward
to employ with these polymers due to the challenges in using dissolved ions in these
systems. The positive ions typically derive from the dissolution of salts in water that
should be placed in contact with the polymeric solution to obtain the gel. To do this,
it is possible to follow a more complex approach and fabricate two different droplets,
one containing the polymer and the other containing the salts, which coalesce
forming a gel before collection. Another approach is to use a hardening bath
containing the dissolved salts. When the suspension of water droplets and oil reaches
the bath, the droplets can separate from the oil due to differences in density so that
they can reach the water solution containing the salts. During this process, the
droplets must pass through the oil-hardening bath interface that acts as a barrier
that can deform the droplets or can block them if the difference in density is limited.
Overall droplet-based techniques are interesting approaches for the fabrication of 3D
hydrogels that are highly monodispersed in size. The size can vary from submicron
to some hundred microns based on the viscosity of the solution used, the size of the
channels, the flow rates of the oil, and the gel-forming solution. Furthermore, given
their round shape and sub-needle size, the hydrogels can be easily handled with a
pipette and can be injected if needed. Moreover, recent advances in microfluidic
droplet fabrication are even opening new possibilities for increasing their 3D
complexity, such as the creation of inner architectures using airflow (Fig. 8.1) [22].

Other than droplets, microfluidic techniques can be used to produce fibers and
those techniques are generally referred to as continuous flow microfluidics. These
techniques are wet spinning techniques, where a microfluidic chip is used to extrude
a polymeric solution into the hardening bath. These techniques are simpler than
droplet-based techniques if applied to those materials that rapidly crosslink in the
presence of a hardening bath, and for this reason, they are well suited to process
ionically crosslinkable materials. Here, when the solution exits the chip, the surface
in contact with the bath quickly crosslinks forming a fiber, which can then sink or
float based on the density ratio between gel-forming solution and bath. The fiber can
be collected easier than droplets because the oil is not present and post processing
steps to remove it are not needed.
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Oppositely to droplet techniques, continuous flow is challenging when used to
process polymers that do not crosslink rapidly since the gel-forming solution does
not have enough time to form the gel and ends up being dissolved into the bath.
While droplet and continuous flow microfluidic are different, they share the same
microfluidic concept related to how fluids behave in microchannels, that is, they flow
in laminar conditions. In laminar conditions, fluids have a tendency not to mix so
that it is possible to design a microfluidic chip with two inlets that meet at a junction,
thus obtaining two fluids flowing side by side in the outlet. Similarly, it is possible to
design a junction so that one fluid flows on the inner portion of the outlet and one on
the outer part forming a coaxial flow [23].

More complex designs that encompass more fluids are possible, for example,
obtaining two fluids side by side enwrapped in the third liquid. One or more fluids,
e.g., the fluid generating the shell in the previous example, can be a polymeric
solution that forms solid hydrogels in specific conditions. Those conditions can be
triggered on-demand to solidify one or more of the streams to obtain outside the chip
a micro-hydrogel with the same spatial distribution of the generating fluids. The
outcome is a hydrogel fiber with different regions recognizable in its cross-section.
The amount of space that these regions will occupy in the fiber is determined by the
flow rate of the liquid they were made from. By changing the flow rate of the fluids,
for example, one can obtain a coaxial fiber with a big core and a thin shell or a small
core and a thick shell by inverting the initial flow rates. This size distribution can be
obtained into a single fiber with a constant diameter using programmable flow
pumps that linearly change the flow so that one side of the fiber can have a small
core and the other side a bigger core with a thinner shell.

Finally, it is worth mentioning that certain approaches aim at combining discrete
droplet generation with continuous hydrogel fiber spinning. A recent work has
shown that GelMa droplets generated by oil–water separation could be integrated
into a continuous stream of alginate, originating a hydrogel fiber with highly packed
cellular spheroids (Fig. 8.2). This approach represents a very interesting alternative
to fabricating single cancer cell droplets or spheroids, as the hydrogel fiber serves as
a support for improving the manipulation of several droplets at once, making it easier
for applying different culture treatments (e.g., anticancer drugs) as well as analyzing
(e.g., fixing, staining, and imaging).

8.3 Microfluidic Real-Time Control of 3D Construct
Composition

Using microfluidics-based techniques for processing hydrogel materials presents
also unique opportunities to control the composition of constructs, namely, to obtain
gradient-like distributions. Gradients are interesting architectures for tissue engineer-
ing and biofabrication for two main reasons. The first, is that biological tissues
present natural gradients formed at interfaces such as tendon–bone or cartilage–bone
interfaces [1], a characteristic which is very important when attempting to engineer,
e.g., osteochondral tissues [25]. The second, is that gradients are able to integrate
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a full spectrum of conditions in a single sample, serving as very powerful platforms
for high-throughput screening cell–material interactions [26]. In this regard, gradu-
ally changing material composition, cellular density, or ECM molecule distribution
are important characteristics of 3D niches that must be optimized for engineering
cancer microenvironments, in which microfluidic biofabrication has enabled unique
advances.

For some time, microfluidic mixer chips have been used to manipulate liquid
hydrogel precursors and establish gradients ranging between two extreme
conditions, coupled with different crosslinking strategies, such as
photopolymerization of PEG hydrogels [27]. Moreover, the manipulation of hydro-
gel precursors for gradient formation can be simultaneously combined with cell
encapsulation in such chips, creating not just surfaces for cell adhesion but gradient-
like 3D environments where cell responses can be studied, as a function of
crosslinking density, polymer concentration, or even cellular density, in order to
optimize the engineering of the tumor microenvironments [28]. In that work,
researchers have shown that this platform was able to successfully present glioma
cells with varying tumor microenvironment relevant characteristics, such as

Fig. 8.2 The combination of microfluidic droplet generation and continuous flow fiber fabrication
enables the creation of cell-bead-laden alginate fibers, which can transport highly cellular, packed
spheroid-like structures within a single support fiber. Reprinted, with permission, from [24]
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extracellular matrix density, mechanics, and glioma cell density, where in situ
analysis could be performed at the molecular and genomic levels, such as the
expression of genes of interest (VEGF and HIF-1) or the secretion of MMPs. Even
though these gradient-forming chips present interesting opportunities for library
building and 3D biomaterial screening, the engineered environments are still con-
fined to the chip and limited by its size and the possibilities for post-fabrication
manipulation of the construct. Typically, these are also analyzed in a limited number
(e.g., three or four) regions, which reduces the overall throughput of the technique.
To overcome these limitations, researchers have developed techniques to fabricate
3D gradients using microfluidic biofabrication to derive individual out-of-chip
constructs, which can be further manipulated and yield higher levels of throughput.

In such an approach, researchers have combined microfluidic-driven precursor
mixing with wet spinning to fabricate cell-laden 3D hydrogel fibers with composi-
tional gradients, which were able to integrate a gradient of 3D hydrogel stiffness,
used to screen stem cell differentiation triggering, but representing an equally
important characteristic to assess for cancer microenvironment engineering [29]
(Fig. 8.3). In this work, the team has also demonstrated that a similar approach
could be combined with multiple crosslinking stimuli to fabricate multi-material,
multi-crosslinking gradients, where further responses ranging from adhesion to
proliferation and mechanotransduction could be studied. In previous work, 3D
hydrogel fibers were also shown to be interesting platforms for quickly engineering
3D tumor-like environments, where different cancer cell: macrophage ratios in
proximity could be adjusted for mimicking different cancer stages [10].

Droplet-like microgels have also been explored as an alternative to continuous
fibers for gradient fabrication. A team has demonstrated that droplets could be
fabricated from different precursors using microfluidic water/oil emulsions and
UV-crosslinking, then aggregating the resulting microgels to create patterns or
gradients. By annealing the microgels, the researchers showed that a continuous
3D microgel scaffold could be deposited with gradients in stiffness or biodegrad-
ability. Mesenchymal stem cells were then cultured to screen their adhesion and
morphology with the varying 3D microenvironmental characteristics [30] (Fig. 8.4).
This approach may be further combined with recently developed microgel jamming
and printing technologies [31], where 3D gradients can be assembled in more
complex shapes for approaching the architectures of tissues or, for example, different
compartments relevant to approach the cellular heterogeneity of the cancer
microenvironment.

The cancer heterogeneity is not only related to architecture and mechanics but
also to the presence of distinct cell populations and subpopulations, where varying
numbers of cells and ratios between, e.g., cancer, stromal, and immune cells come
into play as in any other functional organs [32]. In that regard, microfluidic-driven
platforms have also been applied, albeit to a lower extent, to cellular and cell density
gradient studies. By manipulating hydrogel precursors with suspension cells simi-
larly to the previously discussed results, researchers have also demonstrated how
intricate cellular niches, such as those of hematopoietic stem cells, can be studied in a
high-throughput fashion, by creating cellular gradients ranging from pure
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hematopoietic progenitor cells to pure osteoblast populations [33]. More recently,
3D gradients of vascular density were also fabricated via microfluidic mixing to
study the effect of angiocrine cues on stem cell behavior [34]. Similar approaches
can be leveraged to cancer microenvironment engineering, where the cancer cell

Fig. 8.4 Microfluidic-driven generation of hydrogel droplets and microgel annealing for creating
3D gradients suitable for cell culture and high-throughput screening. Adapted with permission from
[30]
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niche and cell–cell interactions can be studied and optimized quickly taking advan-
tage of broad ranges of ratios between cancer cells, vasculature, stromal cells (e.g.,
cancer-associated fibroblasts), and immune cells (e.g., macrophages or T-cells).

Moreover, other types of cancer hallmarks can be approached in a high-
throughput fashion for screening drugs or modelling physiologically relevant
responses, such as hypoxia. Typically, cancers are characterized by highly dense
environments with deficient vasculature, where certain regions of the tumor tissue
experience low oxygen levels (hypoxia), which in turn lead to altered metabolism,
and trigger signaling cascades such as those promoting angiogenesis [35]. Indeed,
hypoxic conditions can alter the response and resistance of cancer cells to drugs, and
the absence of such physiologically relevant parameters in 3D cancer models may
lead to wrongful conclusions when testing new therapeutic strategies. Microfluidic
chips and platforms present interesting opportunities to tackle this scenario by
allowing for the creation of gradients also in oxygen concentration [36]. Researchers
have shown that oxygen levels ranging from 0 to 20% could be obtained in a single
chip, where cancer spheroids could be cultured in gradually changing levels of
oxygen, demonstrating how varying oxygen levels could alter the metabolic activity
of cancer and immune cells, as well as differences in the success of the anticancer
drugs Doxorubicin and Tirapazamine [37]. The team demonstrated that lower
oxygen levels (hypoxia) led to increased resistance to both drugs, highlighting the
need for approaching physiological conditions when miniaturizing cancers for drug
testing.

Lastly, it is important to refer that microfluidic-biofabricated gradients are not
only important as fundamental and applied research tools, but these may also be
more closely interfaced with clinical settings for patient-specific, personalized, and
precision medicine approaches. A recent work has demonstrated how patient-
derived tumor xenografts of glioblastoma could be integrated into gradients of
brain-mimicking stiffness, showing how varying 3D mechanics affected cellular
proliferation and, particularly, regions with increased stiffness led to increased
resistance to the drug temozolomide [38]. Even though the work does not employ
microfluidic techniques, it clearly demonstrates the importance of creating physio-
logically relevant platforms for assessing patient-derived cell responses to
treatments, namely going beyond traditional 2D plates with nonphysiological stiff-
ness. By further combining this knowledge with the high-throughput and speed of
microfluidic-driven biofabrication, future platforms may enable a much faster and
personalized approach to therapies, where patient cells can be quickly employed for
in vitro therapeutical studies, also requiring lower amounts of cells and materials due
to the unique microfluidic miniaturization capabilities.

8.3.1 Discrete Generation of Individual Microfluidic Segments

Even though the previous section focuses on continuous microfluidic structures, it is
also important to discuss the possibility to create individualized segments within
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microfluidic-fabricated structures, which can be separated by inert gaps and function
as an array of 3D environments.

Indeed, the fluid tendency to not mix with microchips can be exploited to
fabricate vertically segmented fibers using a microfluidic chip containing a junction.
The junction can be a simple T or Y junction or can have a more advanced geometry
able to connect more channels together. The junction is made in such a way that the
fluids coming from different inlet channels can join in one common exit channel. By
applying pressure on one or more channels, only the fluids from those channels will
flow to the exit channel. By stopping the application of pressure on those channels
the flow will stop. By pressurizing other channels new and different fluids will flow
in the exit channel pushing forward the fluid already present in the exit channel. By
repeating this process, the exit channel is filled with different fluids, such fluids do
not mix (or with minimal mixing) so that different compartments along the path of
the exit channel can be identified. After this, some or all the fluids composing
the segments of interest are hardened so that the compartments can keep separated.
The segments may not be perfectly shaped cylinders due to the rheological nature of
the generating fluids. Fluids that behave as Newtonian fluids develop a parabolic
speed profile inside the channel and as such the segment generated by these fluids
may have a parabolic profile at the bases [39]. Oppositely, a fluid following a
non-Newtonian power law model develops a different speed profile-forming
cylinders with a flatter base in the middle and a parabolic profile on the sides. The
final product of this technique is a fiber composed of segments that can be composed
of different materials.

This feature can be exploited to obtain single segments, making this technique an
oil-less alternative approach to droplet microfluidic. The advantage of this technique
is the absence of oil that simplifies the fabrication (see Sect. 2) and cylinders are
formed rather than spherical objects. Spheres are the geometrical shape that includes
the highest amount of mass in the lowest amount of surface and this is how water-
based droplets minimize the surface in contact with the oil. Oppositely, cylinders
present a higher surface-to-volume ratio, which favors the diffusion of nutrients and
metabolites when cells are encapsulated [40]. To obtain single segments there are
two main approaches that can be followed: the use of a sacrificial gelling agent or the
use of a non-gelling agent as one of the segments. In the first case, a fiber is formed
and a sacrificial gelling agent can be degraded and removed. One example is a fiber
composed of gellan gum and alginate segments, where the alginate can be removed
by enzymatically accelerated degradation using alginase or by using chelating agents
that do not affect gellan gum [41, 42]. Considering the second case, segments are
formed directly by using any solution with a similar viscosity that one of the
segments of interest that does not form gels in the hardening bath, such as hyaluronic
acid. When extruded, the non-gelling phase dissolves in the hardening bath while the
gelling phase hardens forming cylindrical gels that can be collected for further use.
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8.4 Microfluidic Flow-Based Generation of 3D and Cancer-Like
Architectures

As initially outlined, the shapes and architectures present within living tissues are as
important as their bulk composition and play an important role in the consequent
mechanical properties and biological events. Characteristics such as ECM orienta-
tion, tissue anisotropy, and the presence of multiple compartments with different
cellular and ECM compositions are critical to approach and model living tissues
[1]. In 2D surfaces, oriented topographies and their impact on cellular behavior have
been explored for a long time [43–45], but their translation to 3D systems is not so
straightforward. Typically, to introduce orientation and shape in 3D hydrogels, there
is a need to use composite systems where nanoparticles [46] or microgels [47] are
aligned using externally-driven methodologies such as magnetic fields, to create 3D
orientation and introduce shape control in hydrogels. Alternatively, the process of
hydrogel crosslinking can also be combined with the manipulation of ice crystal
formation to induce a certain degree of control in pore dimension and orientation
[48]. Even though the discussed technologies present high versatility and can be
employed for introducing 3D shapes and topographies within constructs, these
require multiple steps and component manipulation to implement and control struc-
ture within the fabricated hydrogels. However, recent studies have demonstrated that
by taking advantage of microfluidic flows alone, it is possible to create organization
within hydrogel precursors pre-crosslinking, which, if maintained upon crosslinking,
can lead to varied and interesting architectures at very small dimensions.

One interesting approach is that of leveraging chaotic hydrogel flows with
different precursors mixing and swirling together due to the presence of helical
elements in microfluidic channels within a print head [49, 50]. Researchers have
demonstrated how this approach could combine continuous, high-throughput wet
spinning with the orientation of separate compartments of different hydrogel
precursors (between alginate and alginate-gelatin methacryloyl (GelMA) blends),
resulting in 3D hydrogel microfibers with intrinsic 3D architectures, generated by
flows alone and without the need for any additional entities (Fig. 8.5). The
researchers demonstrated that chaotic flows enabled spinning fibers with incremental
numbers of semi-parallel GelMA filaments within alginate ones, and these 3D
hydrogel pockets were single handedly capable of promoting muscle cell alignment
and muscle fiber-like maturation [50]. Previously, the team also applied a similar
strategy of chaotic flows to create densely packed cellular structures, enabling, e.g.,
the creation of constructs where different degrees of intimacy between cancer cells
and healthy cells could be obtained [51]. The combination of both concepts presents
interesting opportunities for the high-throughput fabrication of fibers where multiple
compartments can mimic the interaction between cancer cells and other microenvi-
ronment entities, approaching and miniaturizing important processes and providing
very interesting platforms for therapy testing.

Indeed, the creation of hydrogel microfibers is a particularly powerful approach
for cancer modelling. Using less chaotic, more organized 3D flow-focusing hydrogel
biofabrication, it was also demonstrated how a single microfluidic setup could be
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employed together with the tuning of hydrogel precursor viscosity and the organiza-
tion of flows within the chip, to create a plethora of multi-compartment hydrogel
fibers with very small dimensions down to sub-50 μm diameters [52] (Fig. 8.6a).
These unique microfibers were validated as suitable platforms to mimic and minia-
turize important biological organizations, namely those present in cancer.

Fig. 8.5 Chaotic generation of hydrogel fiber architectures with hydrogel compartmentalization
and 3D cell/hydrogel alignment. Reprinted with permission from [50]
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By exploring a specific shape, called ribbon-like, the team demonstrated that
cancer/basement membrane/stroma compartments could be organized in a parallel
manner, encapsulating melanoma cells in the cancer compartment, fibroblasts in the
stromal one, and a thin basement membrane separating both, recreating the first steps
of cancer cell invasion, potentially preceding metastasis (Fig. 8.6b). The results
demonstrated that the basement membrane invasion started as early as 1-day post-
fabrication, becoming more and more evident as the cancer cells overtook the
construct invading toward the stroma. Furthermore, the team showed that the
complexity of the 3D construct directly affected the outcome of cancer cell responses
to doxorubicin, as their resistance to the drug increased with higher model complex-
ity. These results evidence how the recapitulation of tumor microenvironments in

Fig. 8.6 3D Flow-focusing hydrogel biofabrication of multi-architecture hydrogel microfibers (a)
and ribbon-like engineering of melanoma-on-a-fiber models (b). Adapted with permission from
[52]
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their multiple dimensions is important to obtain relevant responses in in vivo cancer
models [52].

Moreover, it is also important to consider that modelling the 3D complexity of
cancer microenvironments needs to be coupled with advances that enable the
efficient analysis of ongoing biological processes, to derive clear and quantifiable
data that can be used for next generation testing platforms and precision medicine
approaches. In this regard, microfluidic biofabrication and microfiber compartment
architectures may also present exciting opportunities by interfacing the engineering
of 3D microtissues with advances in hydrogel optical fibers [53–56]. Very recent
work has demonstrated that cytocompatible, polysaccharide-based hydrogel fibers
could take advantage of co-centrical layers in order to clad a cell-laden fiber core
with lower refractive index layers, to transport and maintain cancer cells while
simultaneously enabling the guiding of light [57] (Fig. 8.7a). In these living optical
fibers, the team demonstrated that light-cell interactions could transport information
regarding cellular events, such as metabolic activity, proliferation, and protein
expression. By taking advantage of this process, the study demonstrated how the
growth of cancer fibroids (fiber-like organoids) could be tracked over time via fast,
nondestructive optical analysis, directly converting the complex process of cancer
3D proliferation to directly quantifiable optical data. This quantification was then
leveraged to quickly screen and identify inhibitory thresholds of the anticancer drug
cisplatin, easily pinpointing the concentration level at which the drug successfully
inhibited 3D cancer growth (Fig. 8.7b). The capacity to perform the digitalization of
biological events presents exciting new avenues for the generation of biological data
from cancer in vitro 3D models and paves the way for faster personalized medicine
testing and precision, data-driven approaches.

Overall, microfluidic biofabrication and, particularly, the continuous, high-
throughput spinning of hydrogel fibers has presented very interesting technological
advances, ranging from the creation miniaturized microenvironments, with living
tissue-like architectures, to the tackling of new challenges in the conversion of
biological events into quantifiable data. Even though these hydrogel structures
have evolved to integrate significant complexity within single fibers, the combina-
tion of microfluidic biofabrication with bottom-up, additive manufacturing
approaches such as bioprinting, presents further possibilities for increasing
dimensions, and obtaining further complex biological constructs and models, as
discussed ahead.

8.5 Microfluidic-Enabled Bioprinting

So far, we have been discussing the possibilities for microfluidic-fabricated
structures such as fibers or droplets to integrate a broad arrange of characteristics
encompassing important materials, shapes, and cues within inner architectures that
can mimic relevant biological environments. Even though these constructs can be
seen as the final model, they can also serve as building blocks, which can further be
assembled toward larger, more complex 3D structures. In particular, this process can
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Fig. 8.7 Biofabrication of living optical fibers based on multi-layered polysaccharide hydrogel
fibers (a), and the conversion of 3D cancer fibroid growth to directly quantifiable optical data for
drug inhibitory threshold discovery (b). Adapted with permission from [57]
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be approached by leveraging 3D bioprinting principles to deposit and assemble
microfluidic biofabricated building blocks [58, 59].

An earlier example is that of using microfluidics to obtain two side-by-side,
non-mixing flows, printing them as single fibers with two compartments, frequently
named as Janus Fibers. This type of structure, unlike single-composition fibers,
enables close contact between, e.g., different cell populations [60]. For example,
researchers 3D printed constructs with dual fibers containing fibroblasts and muscle
cells, each in a different Janus-fiber compartment, assembling the construct and
demonstrating improved in vivo integration when compared to a uniform hydrogel
construct [61]. With the advances in microfluidic-driven bioprinter devices, the dual
inlet chips evolved to more complex configurations, where multiple materials can be
controlled as well as their crosslinking, employing independent channel pressures
[62]. This type of approach has been explored to create 3D muscle tissue models that
responded physiologically to a variety of biochemical stimuli [63]. Similarly,
microfluidic bioprinting was used to create renal models, where core-shell
configurations could be manufactured to approach renal tubules, with dimension
and compartment size resolutions which are typically hard to approach with classical
3D printing nozzles [62]. These technological advances may further improve previ-
ously reported multi-material 3D printing approaches, where a single nozzle
connected to a variety of hydrogel precursors can be controlled to alternate between
deposited material on-demand, enabling, e.g., the creation of vascularized 3D
models, which would be very interesting for approaching cancer tissue vasculariza-
tion modelling [64]. More recently, the integration of microfluidic-fabricated
microgels within hydrogel inks has also been demonstrated as an interesting
approach to obtain heterogeneous constructs with pockets of cell-laden hydrogels
surrounded by an environment of a different bioink [65]. Even though the authors
did not focus on cancer applications, this strategy can be very interesting to obtain
micro-tumors surrounded by a distinct cellular environment in a biphasic composi-
tion that can be printed in an arbitrary shape (Fig. 8.8).

Other than taking advantage of microfluidics to create complex, multi-
compartment, but continuous fiber composition, the field of bioprinting has recently
explored the capacities to obtain space-varying compositions. Microfluidics has
been used to combine and mix different inputs, timing it with the 3D bioprinting
deposition to obtain not only single fiber gradients but gradual composition changes
in whole 3D printed constructs. By developing a custom print head where a coaxial
extrusion nozzle received material from a passive microfluidic mixer, which was
connected to the inlets, researchers have shown how different bioinks could be
deposited individually or together at the same time. By uniformly mixing inlet
material before extrusion, the researchers were able to deposit layers with gradually
changing composition toward approaching the osteochondral (bone cartilage) tran-
sition [66]. In a more recent work, a similar concept was explored where a custom
setup connected different material inlets to a chaotic mixer, and then to an outlet
[67]. Researchers demonstrated how light-based crosslinking could then be used to
crosslink multiple hydrogel layers that could contain intricate gradients of composi-
tion, in different shapes (Fig. 8.9). The team then used this process to fabricate 3D
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cancer cell density models, where the number of cancer cells decreased radially from
the center, approaching the dense characteristic of highly hypoxic tumor centers.
They also demonstrated the capacity to create complex vascular structures with
gradually changing configuration and channel dimensions (Fig. 8.9). The combina-
tion of both types of models would be also extremely relevant to approach cancer
vascularization and the hypoxic dynamics behind angiogenesis, blood vessel
growth, and potential metastatic disease.

Another interesting combination at the interface of microfluidics, bioprinting, and
biofabrication, is the creation of intricate 3D architectures within chips. This can be
approached through different manners, namely by bioprinting structures directly
inside microfluidic chips, such as vascular channels that can then be perfused in
dynamic culture conditions, among other examples [68]. However, bioprinting
directly within a microfluidic chip presents limitations, as either the printing resolu-
tion is not fine enough to create complex microfluidic architectures or, alternatively,
the resulting chip presents very large dimensions and diverges from the main
purposes of having a microfluidic setting. To overcome this, researchers have also

Fig. 8.8 3D Printing of heterogeneous bioinks via the combination of microfluidic biofabricated
microgels within a uniform bioink blend for the integration of 3D cell-laden hydrogel depots within
bioprinted constructs. Adapted with permission from [65]
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developed maskless lithography, exploring the way materials flow within
microfluidic conditions, and then “locking” them in a particular 3D configuration
using light-based crosslinking [69]. Among other applications, this approach
allowed for the creation of small tumor environments with a randomly distributed
vascular-like network, all limited to an area of around 10 mm2, which represents a
very small size within which relevant 3D shapes could be miniaturized without the
restraints of having to physically print them.

Overall, microfluidics has enabled very interesting advances in the field of 3D
bioprinting by allowing the controlled deposition of different fiber shapes, as well as
quickly altering between different inks in real printing time to create gradients and
approach important transitions of living tissues both within health and disease
contexts. It will be interesting to see how some of these advances come together
soon, e.g., how the combination of printed 3D cancer models may incorporate the
advances in printing of blood vessel networks to recapitulate important events
behind metastatic disease, which represents the highest disease burden scenario of

Fig. 8.9 Microfluidic-enabled bioprinting for the assembly of complex 3D constructs with
gradients in layer composition, and their application to density-varying breast cancer and complex
vascular networks biofabrication. Adapted with permission from [67]
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most cancers. Similarly, the creation of more complex, multi-cellular constructs may
provide important platforms to understand the complex cancer microenvironment
crosstalk, as well as model the effect of next generation, microenvironment-
disruptive therapeutics.

8.6 Conclusions

Microfluidic techniques present unique opportunities to miniaturize important
characteristics of biological environments in fabricated structures, ranging from
individual droplets to continuous fibers. The capacity to manipulate hydrogel
precursors as liquids within low turbulence settings, allied with the broad toolbox
that exists in hydrogel crosslinking on-demand, microfluidic biofabrication is primed
to lead the field of biofabrication at the smallest of scales and highest level of 3D
resolution. Indeed, microfluidic biofabrication has enabled important advances in the
miniaturization of multi-compartment 3D constructs, as well as the particularly
important space-varying composition creation, either from a high-throughput screen-
ing perspective or to simply recapitulate the complexity of living tissues.

In the specific case of cancer, the complexity of the diseased tissue and its
similarity to an organ on its own requires a paradigmatic shift in the way it is
modelled in vitro, namely to integrate the multi-cellular dynamics of the microenvi-
ronment, as well as the ECM characteristics such as the typical fibrotic responses
[70]. In this regard, microfluidic biofabrication has enabled important breakthroughs
in the creation of complex multi-cellular, multi-material, and multi-compartment 3D
architectures which can enable, e.g., closely monitoring cancer/stroma and basement
membrane invasion dynamics. Indeed, the creation of 3D shapes within structures
such as hydrogel fibers represents important advances to model 3D cancer
environments, but a further challenge remains: the way to translate ongoing
biological events into quantifiable, comparable data.

Indeed, models are only useful if their complexity can be matched by means to
extract data, where advances such as the integration of optical, electrical, thermal,
and similar means of analyzing biological constructs such as 3D hydrogel fibers [57]
or spheroids and organoids [71] will play an ever-growing role in future in vitro
models. As the ways to analyze engineered constructs evolve, so does the amount of
data that can be generated in brief amounts of time. This data will create unique
opportunities for mining, analyzing, and creating large 3D biology model databases,
where its interface with machine learning and other artificial intelligence algorithms
may expand in silico modelling informed on 3D in vitro constructs. Simultaneously,
those technologies can also be explored to drive the optimization of microfluidic
biofabrication parameters, resulting in improved models, and so on and so forth in
successive synergistic iterations [72, 73].

Finally, the combination of microfluidic biofabrication with approaches that
typically function at slightly different dimensions, such as 3D bioprinting, is also
providing important advances where the powerful real-time material manipulation
via microfluidics can be combined with 3D material deposition to create larger
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constructs. Thus, characteristics such as multi-compartment fibers and space-varying
compositions can be translated to 3D printed constructs. This area can still evolve
toward the unique combination of multiple structures, such as cancer hypoxic 3D
environments and bioprinted vascular beds, leading to a significant step forward in
the understanding of multi-entity events, such as those involved in metastatic disease
[74]. Furthermore, it is still important to mention that microfluidic fabrication has
also been employed for some time at smaller dimensions, namely for the fast
fabrication of nanoparticles of different dimensions for drug delivery purposes
[70, 75, 76]. Even if not so straightforward, it would be interesting to see advances
where microfluidic nanosynthesis could be combined with biofabrication platforms
to assess, for example, the interaction and distribution of nanoparticles in complex
3D cancer models as well as their therapeutic efficacy. These models are primed to
partially replace in vivo animal studies while remaining closer to human physiology
using human-derived cell sources.

After decades of cancer research and the development of anticancer therapeutics,
the societal burden of the disease is still among the highest, and several cancers are
extremely hard to treat, especially those undergoing metastasis. Uncovering the
intricate 3D complexity of the disease and the multi-entity interactions that contrib-
ute to the development and prognostics of cancer may likely hold the key for next
generation therapeutics. In this context, the unique capacity of microfluidic
biofabrication to miniaturize 3D biological environments in high-throughput fabri-
cation and analysis setups is primed to open new avenues for cancer research by
enabling unprecedentedly complex, easily adaptable models. Combining these
models with tools for the direct quantification of biological events and data analysis
is likely to unlock a whole new frontier in precision, data-driven cancer research, and
medicine.
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Advances in 3D Vascularized
Tumor-on-a-Chip Technology 9
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Abstract

Tumors disrupt the normal homeostasis of human body as they proliferate in
abnormal speed. For constant proliferation, tumors recruit new blood vessels
transporting nutrients and oxygen. Immune system simultaneously recruits lym-
phatic vessels to induce the death of tumor cells. Hence, understanding tumor
dynamics are important to developing anti-cancer therapies. Tumor-on-a-chip
technology can be applied to identify the structural and functional units of tumors
and tumor microenvironments with high reproducibility and reliability, monitor-
ing the development and pathophysiology of tumors, and predicting drug effec-
tiveness. Herein, we explore the ability of tumor-on-a-chip technology to mimic
angiogenic and lymphangiogenic tumor microenvironments of organs.
Microfluidic systems allow elaborate manipulation of the development and status
of cancer. Therefore, they can be used to validate the effects of various drug
combinations, specify them, and assess the factors that influence cancer treat-
ment. We discuss the mechanisms of action of several drugs for cancer treatment
in terms of tumor growth and progression involving angiogenesis and
lymphangiogenesis. Moreover, we present future applications of emerging
tumor-on-a-chip technology for drug development and cancer therapy.
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9.1 Introduction

Microfluidic technology enables researchers to bioengineer in vitro culture models
that can replicate the physiological environments of human organs. These models
more accurately describe the spatiotemporal evolution of tumor microenvironments
(TMEs) than Petri dish-based traditional models [1–3]. A tumor-on-a-chip provides
a means for precise monitoring of the interaction between tumor cells and
surrounding cells and how this induces the formation of metastatic niches and
favorable environments for the growth of the tumor. Hence, tumor-on-a-chip tech-
nology is useful for studying the complexities of cancer development and therapy. In
particular, this technology enables the reconstruction of physiologically relevant
three-dimensional (3D) tumor models, which can be applied for high-accuracy, rapid
screening of novel biomarkers and therapeutic agents.

Moreover, a tumor-on-a-chip enables researchers to control cell patterning and
self-assembly of cells in microchannels; thus, researchers can construct highly
organized cultures and juxtapose stromal cells with 3D hydrogels to study tumor-
induced angiogenesis and lymphangiogenesis. Several therapeutic strategies that
interfere with tumor growth and metastatic spread have been investigated using
such systems [4]. A tumor-on-a-chip can facilitate biomarker profiling and provide
information on the effectiveness of therapeutic strategies according to structural and
functional changes in the relevant vessels. Thus, it can be used to experimentally test
the efficacy of therapeutic compounds in tumor models and elucidate their underly-
ing mechanisms. Microfluidic platforms have helped advance clinical-stage research
and elucidate cancer pathophysiology for precision medicine.

This chapter discusses the various types of microfluidic-based culture systems
available for reconstructing angiogenesis and lymphangiogenesis, and the various
factors and drugs used for inducing these processes on microfluidic platforms. It will
help readers better understand vessel generation and the tumor-on-a-chip.

9.2 Angiogenesis

Blood is an important source of nutrients and oxygen for cells and helps them
eliminate waste [5]. Blood mainly communicates with cells through blood vessels,
which form a 3D network throughout the body. Existing blood vessels occasionally
create new ones, enabling immune responses to inflammation and antigens [6]. Such
formation of new blood vessels from a parental vessel is called angiogenesis [7].

232 S. Jung et al.



9.2.1 Structure of Blood Vessels

Blood vessels include arteries, veins, and capillaries. Arteries and veins comprise
three layers: tunica intima, tunica media, and tunica externa. Capillaries are the
thinnest blood vessels and possess only a tunica intima layer [8–10].

Tunica externa, the outermost layer, is composed entirely of connective fibers and
surrounded by an external elastic lamina. This layer may be thicker in veins because
it protects vessels against external damage. Tunica media, the middle layer, is
composed of smooth muscle cells, with elastic and connective tissues arranged
around the vessels. Tunica intima, the thinnest and innermost layer, is composed
of a single continuous layer of endothelial cells (ECs).

In vitro 3D angiogenesis models are based on various ECs such as human
umbilical vein endothelial cell (HUVECs), human dermal microvascular ECs,
human retinal microvascular ECs, and human brain microvascular ECs. For the
formation of functional blood vessels, it is important to construct an extracellular
matrix (ECM) simultaneously. Vascular smooth muscle cells (VSMCs), such as
those of the human coronary artery, can be cultured with ECs for more precise vessel
reconstruction [11]. ECM covers blood vessels and has morphological and func-
tional relevance [12]. Thus far, researchers have constructed blood vessels through
two main approaches, (1) self-morphogenesis: self-assembly of vasculature via
communication between blood vessel cells and surrounding ECM cells (Fig. 9.1a)
[13], and (2) wall patterning: the layering of ECs along a narrow, hollow space to
form a single vessel (Fig. 9.1b) [14]. These methods enable the formation of 3D
vascular networks and the inner lumen of blood vessels, respectively.

a

b
EC

Acrylic plate Cover slip Collagen gel

Fixed rods & collagen injection

Microchannels

Glass rod
(ϕ 600 μm)

500 μm

12 mm

2.5 mm

8 mm
Device assembly Cell seeding

VEC

VEC

LEC Formation of vascular &
lymphatic structures

Perfusion culture
Podoplanin/DAPI

LEC

24 h
7−10 d

EC / Astrocyte EC / Pericyte EC / Pericyte / Astrocyte

Fig. 9.1 Two main approaches to reconstruct blood vessels in vitro. (a) Self-morphogenesis
method. (b) Wall patterning method (All figures are reprinted with permission from the publisher
of each article)
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9.2.2 Mechanism of Angiogenesis

Angiogenesis occurs through the interaction between vascular ECs and surrounding
cells. A cell receives substances secreted by peripheral cells through receptors and
relays a signal to ECs to promote EC proliferation and migration [15]. One of the
signals triggers the differentiation of vascular ECs into tip cells and stalk cells. The
cell type switches from tip to stalk or stalk to tip [16]. Tip cells release proteolytic
enzymes (proteases) that degrade the basement membrane (BM) to allow ECs to
escape from the parental vessel. Stalk cells proliferate behind tip cells, allowing the
elongation of the capillary sprout.

Angiogenesis can be mainly divided into four stages: degradation of BM by
proteases, EC migration into the interstitial space and EC sprouting, EC prolifera-
tion, and lumen formation, generation of new BM through pericyte recruitment,
formation of anastomoses, and blood flow (Fig. 9.2).

After tip cells degrade the BM of parental vessels, an angiogenic sprout grows
through an opening formed by EC proliferation. As stalk cells proliferate, the sprout
elongates, and ECs form a tubular lumen. Angiogenesis is completed when the new
vessel anastomoses with other vessels or tissues, and blood flows through the vessel
after a new BM is formed via pericyte recruitment [17].

Fig. 9.2 Mechanism of angiogenesis and lymphangiogenesis. For angiogenesis, there are four
stages; (i) Degradation of basement membrane by protease, (ii) EC migration into the interstitial
space and EC sprouting, (iii) EC proliferation, (iv) Lumen formation and the generation of new
basement. For lymphangiogenesis, there are four stages; (i) Commitment, (ii) Budding, migration,
and formation of lymph sacs, (iii) Primary lymphatic plexus, separation of blood vessels and
lymphatic vessels, (iv) Maturation of lymphatic vasculature
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9.2.3 Effect of Angiogenic Factors

Angiogenesis is a complex process involving the constant interaction of various cells
and cytokine secretions. Nevertheless, researchers have induced angiogenesis in 3D
in vitro models using several factors such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), angiopoietin 1 (Ang1), and tumor
growth factor β (TGF-β), which are discussed below [4, 18].

There are several types of VEGFs, among which VEGF-A is known to affect
angiogenesis. VEGF-A binds to VEGF receptor 2 (VEGFR-2) in ECs and activates
the cells; it plays a more important role than other growth factors. VEGF-A increases
the expression of B-cell lymphoma 2 (Bcl-2) and survivin through the
phosphatidylinositol-3 kinase/protein kinase B (PI3k/Akt) pathway to inhibit EC
apoptosis [19]; it also activates the mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) cascade to increase EC proliferation and
migration [20]. In addition, it promotes ECM degradation and matrix organization
to ensure the completion of the first and second steps of angiogenesis [21].

bFGF, also known as fibroblast growth factor 2, increases the secretion of matrix
metalloproteinases (MMPs) in fibroblasts to enhance ECM degradation and organi-
zation [22]. It also promotes the formation of a tubular lumen structure, similar to
VEGF-A, and increases the expression of Bcl-2, which inhibits EC apoptosis
[23, 24].

Ang1, similar to VEGF-A, increases the expression of survivin through the PI3k/
Akt pathway, thus inhibiting EC apoptosis [25]. Similar to bFGF, Ang1 increases the
expression of MMP-2, thereby enabling effective ECM degradation and
organization [26].

TGF-β promotes tumor growth. Generally, tumor cells grow constantly and
penetrate aggressively. The binding of TGF-β to TGF-β receptor activates
MMP-2, which promotes ECM degradation. MMP-2 activation also promotes EC
proliferation and migration by activating the urokinase-type plasminogen activator
system [21].

9.2.4 Tumorigenesis

Tumor cells show abnormally progressive growth. They break down the systems that
control cell growth and proliferation and inhibit apoptosis. Since tumor cells grow
constantly, they require large amounts of nutrients for survival [27]. Tumorigenesis
is the phenomenon by which tumor cells actively recruit blood vessels for abundant
nutrient delivery. Tumorigenesis is mediated by tumor-secreted angiogenic growth
factors that interact with surface receptors expressed on ECs [28].

Although tumor cells receive oxygen via blood, the levels can be limited in the
inner part of the cell mass since the gas is delivered from the surface of the cell mass.
Consequently, cells inside the tumor cell mass undergo necrosis due to a lack of
oxygen, a phenomenon called hypoxia [29].
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Several factors induce tumorigenesis, but VEGF-A plays the most important role,
as in angiogenesis [30]. Tumor cells secrete VEGF-A via two routes: (1) activation
of the Ras–Raf–MAPK pathway by excessive proliferation of tumor cells and
(2) hypoxia. Increased VEGF-A secretion increases the permeability of blood
vessels by activating various pathways and EC proliferation [31]. Nutrients that
leak through blood vessel walls are delivered to tumor cells through the ECM
surrounding tumor cells [32].

Angiogenesis occurs through repetitive tumor cell proliferation and hypoxia;
when nutrient-supplied tumor cells proliferate, or the hypoxia level becomes severe,
VEGF-A secretion is induced. The tumor size increases as this positive feedback is
repeated. As mentioned in the previous section, inhibitors of vascular growth are
used in tumor therapy.

9.2.5 Anti-angiogenic Drugs

Tumorigenesis is one of the mechanisms through which tumors survive, and several
researchers and doctors worldwide have developed drugs to inhibit tumor growth by
preventing tumorigenesis. Although numerous drugs have been developed, only
13 are FDA-approved (Table 9.1), and most of these function through VEGF or
VEGFR inhibition. Angiogenesis plays a role in growth and healing, and several
normal functions of the body depend on this process [33]; therefore, its inhibition has
side effects, the likelihood of which depends on the health status of the patient [34–
36]. VEGF-targeting angiogenesis inhibitors can induce hemorrhage, arterial clots
(resulting in stroke or heart attack), hypertension, impaired wound healing, and
protein leakage into urine. Gastrointestinal perforation and fistulas are rare side
effects of certain drugs. Anti-angiogenesis agents that target VEGFR have additional
side effects, such as fatigue, diarrhea, biochemical hypothyroidism, hand-foot syn-
drome, cardiac failure, and hair alteration.

Drugs are named according to their mechanism. The suffix -mab indicates that a
drug is based on monoclonal antibodies, whereas the suffix -ib indicates that it is
based on small molecules with inhibitory properties. Monoclonal antibodies act on a
specific molecule or receptor, whereas -ib drugs act on multiple tyrosine kinase
receptors. Axitinib, pazopanib, sorafenib, sunitinib, and vandetanib inhibit VEGFR;
cabozantinib, regorafenib, and ramucirumab inhibit VEGFR-2; bevacizumab
inhibits VEGF-A; and ziv-aflibercept inhibits VEGF.

Some drugs indirectly inhibit angiogenesis without directly targeting VEGF or
VEGFR. Everolimus reacts specifically with mammalian target of rapamycin com-
plex 1 (mTORC1), whereas its parent compound, rapamycin, targets both mTORC1
and mTORC2. Both lenalidomide and thalidomide bind with cereblon, an E3 ligase
component, but they have opposing mechanisms. Lenalidomide activates the pro-
tein, whereas thalidomide suppresses it. Ubiquitin E3 ligase participates in various
signaling pathways. When the ligase is activated by lenalidomide, ubiquitination-
induced suppression of mTOR-interacting proteins or ubiquitination of hypoxia-
inducible factor 1α (HIF-1α) suppresses VEGF expression [25]. VEGF expression
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can also be suppressed through the inhibition of Iκ-B kinase by thalidomide, which
in turn suppresses nuclear factor-kappa B (NF-κB) production [37].

9.3 Lymphangiogenesis

Lymphatic vessels (LVs) play an important role in regulating the immune system,
tissue fluid homeostasis, and absorption of dietary fat. However, under pathological
conditions, such as inflammation or tumor development, LVs show abnormal
function. These abnormalities can lead to lymphangiogenesis, which refers to the
generation of new vessels from existing LVs.

Table 9.1 Angiogenesis inhibitors approved by FDA

No. Name Target Cancer type Reference

1 Axitinib Inhibit
VEGFR

Kidney cancer [38–40]

2 Pazopanib Inhibit
VEGFR

Kidney cancer, advanced soft tissue
sarcoma

[41–43]

3 Sorafenib Inhibit
VEGFR

Kidney cancer, lung cancer, thyroid
cancer

[44–46]

4 Sunitinib Inhibit
VEGFR

Kidney cancer, gastrointestinal stromal
tumor (GIST), pancreatic
neuroendocrine tumor (PNET)

[42, 47,
48]

5 Vandetanib Inhibit
VEGFR

Medullary thyroid cancer [49, 50]

6 Cabozantinib Inhibit
VEGFR2

Medullary thyroid cancer, kidney
cancer

[51, 52]

7 Regorafenib Inhibit
VEGFR2

Colorectal cancer, GIST [53–55]

8 Ramucirumab Inhibit
VEGFR2

Advanced stomach cancer, colorectal
cancer, gastroesophageal junction
adenocarcinoma, non-small cell lung
cancer

[56–58]

9 Bevacizumab Inhibit VEGF-
A

Colorectal cancer, kidney cancer, lung
cancer

[59–61]

10 Ziv-
aflibercept

Inhibit VEGF Colorectal cancer [62, 63]

11 Everolimus Inhibit
mTORC1

Kidney cancer, advanced breast cancer,
PNET, mantle cell lymphoma

[64–66]

12 Lenalidomide Activate
ubiquitin E3
ligase
cereblon

Multiple myeloma, mantle cell
lymphoma

[67–69]

13 Thalidomide Inhibit
ubiquitin E3
ligase
cereblon

Multiple myeloma [37, 70]
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9.3.1 Structure of Lymphatic Vessels

LVs are composed of initial lymphatics, pre-collecting lymphatics, and collecting
lymphatics. Initial lymphatics contain blind-ended sacs that have gaps between
lymphatic ECs (LECs) and a discontinuous BM that surrounds the LECs. In contrast
to blood vessels, initial lymphatics lack pericytes and VSMCs. Instead, short
anchoring filaments connect the abluminal membrane of LECs to the surrounding
elastic fibers for controlling the elongation of the ECM and elastic fiber according to
changes in the internal fluid pressure [71]. Using the gaps between LECs and elastic
fibers, fluids and cells enter the LVs but do not leave. Fluids and cells that flow into
LVs are called lymph. Lymph flows into pre-collecting lymphatics and reaches
collecting lymphatics [72]. Unlike initial lymphatics, collecting lymphatics are
surrounded by VSMCs and contain a valve to ensure the application of sufficient
force to enable lymph flow along the entire LV in a certain direction [73]. Then,
lymph flows to the bloodstream through the thoracic duct.

9.3.2 Mechanism of Lymphangiogenesis

Although the exact mechanism of lymphangiogenesis under pathological conditions
is under investigation, it can be predicted based on embryonic LV formation. The
mechanism of embryonic LV formation is as follows (Fig. 9.2). ECs undergo
arterial-venous specification after differentiating from angioblasts [74]. Prospero
homeobox protein 1 (PROX1), sex-determining region Y box (SOX)18, and chicken
ovalbumin upstream promoter transcription factor II (COUP-TFII) are co-expressed
in the subpopulation of venous cells. Interaction between these transcription factors
causes venous ECs to differentiate into lymphatic progenitors. These lymphatic
progenitors begin to express LV endothelial hyaluronan receptor 1 (LYVE-1) [75].

The lymphatic progenitors leave the cardinal vein and merge to produce the first
lymph sacs [76]. This process is regulated by VEGF-C/VEGFR-3 interaction
[77]. VEGF-C secreted from adjacent mesenchyme binds to VEGFR-3 expressed
in the cardinal vein to promote sprouting, proliferation, and migration of LECs.
Several receptors and factors also increase VEGF-C responsiveness. Typically,
neuropilin (NRP)-2 is a co-receptor that reacts with VEGF-C [78].

After this stage, LECs begin to express podoplanin, which induces platelet
aggregation; it blocks the lymphatic-venous connection and separates the blood
and lymphatic vascular systems [79]. Finally, the lymphatics differentiate into
lymphatic capillaries and collect LVs. The LVs recruit smooth muscle cells, form
intraluminal valves, develop continuous inter-endothelial junctions, and produce
a BM.
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9.3.3 Effects of Lymphangiogenic Factors

Lymphangiogenesis depends on the balance of pro- and anti-lymphangiogenic
factors. This balance is disrupted by the secretion of pro-lymphangiogenic factors
from inflammatory cells, tumor cells, and stromal cells in the TME. Several studies
have demonstrated that the interaction between VEGF-C and VEGFR-3 is a key
regulator of lymphangiogenesis [80]. The binding of VEGF-C to VEGFR-3 causes
receptor dimerization and leads to the phosphorylation of critical tyrosine residues
on the cytoplasmic domains of LECs, which initiates the downstream signaling
cascade. This signaling cascade initiation results in LEC proliferation, migration,
and vessel dilation [81]. Additionally, VEGF-C binds to VEGFR-2 and neuropilins
to enlarge LVs and modulate LEC migration, respectively [82, 83]. VEGF-D also
binds to VEGFR-2 or VEGFR-3 and affects lymphatic functional capacity. Com-
pared to wild-type mice, VEGF-D-deficient mice form initial LVs of smaller caliber,
resulting in the uptake and transport of dextran. They also form highly edematous
and thicker epithelium when wounded; this causes inadequate lymphatic drainage
[84]. It is known that Ang-Tie interaction affects lymphangiogenesis by promoting
lymphatic sprouting and growth [85]. Apart from growth factors and angiopoietins,
other factors that affect lymphangiogenesis are under investigation.

9.3.4 Anti-lymphangiogenic Drugs

LVs play an important role in the TME as they act as a route for tumor cell migration,
regulate tumor immunity, and provide a niche for stem-like tumor cells to induce
tumor recurrence [86–88]. Thus, targeting lymphangiogenesis might be efficient for
preventing tumor progression. As discussed in the previous section,
lymphangiogenesis occurs through the action of various pro-lymphangiogenic
factors and receptors, but it is known that VEGF-C/VEGFR-3 interaction is the
dominant signaling axis in this process. Therefore, some drugs have been developed
for blocking this interaction (Table 9.2). These drugs can be divided into two types:
small-molecule receptor tyrosine kinase inhibitors (TKIs) that block the phosphory-
lation of critical tyrosine residues, and antibodies or peptides that block VEGF-C or
VEGFR-3 function.

Four TKIs have been approved by the FDA: sorafenib, sunitinib, pazopanib, and
axitinib. The therapeutic efficacy of TKIs has been confirmed under various tumor
conditions. Sunitinib reduces the number of blood vessels and LVs around breast
cancer cells, as well as tumor metastasis to lymph nodes, in mouse models [89]. As
described in the section on angiogenesis, these drugs are widely used to treat
angiogenesis because they respond to various receptors as well as VEGFR-3.
These characteristics of low specificity and selectivity can cause adverse effects;
hence, it is necessary to develop anti-VEGFR-3-specific TKIs.

Antibodies that can target specific growth factors and receptors have been
developed in recent years. Some antibodies target the VEGF-C/VEGFR-3 interac-
tion, and their therapeutic efficacy has been tested under various tumor conditions.
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According to ClinialTrials.gov NCT01514123, VGX-100, which specifically binds
to VEGF-C, is effective on metastatic solid tumors. IMC-3C5 was tested in a phase I
study on colorectal cancer and showed minimal antitumor efficacy by blocking
VEGFR-3 [90]. Although other antibodies or peptides that target the VEGF-C/
VEGFR-3 interaction have been investigated in preclinical studies, this mechanism
cannot completely block lymphangiogenesis because it cannot block the
lymphangiogenesis driven by the VEGFR-2/VEGF-C pathway or other receptors.
Therefore, various combination therapies are being developed to solve these
problems.

Targeting tumor-associated lymphangiogenesis is considered a new therapeutic
strategy to treat tumors. Recently, various anti-lymphangiogenesis drugs have been
developed and some have reached the stage of clinical trials. However, there are still
problems to be solved.

9.4 Vascularized Tumor-on-a-Chip

Blood vessels and LVs play a vital role in tissue regeneration, immune activity, and
cell–cell communication [99–101]. Therefore, when reconstructing 3D in vitro
models, it is important to construct not only tissues or tumors but also the ECM
surrounding blood vessels [102]. Cell morphology, cell interaction, and gene expres-
sion in 3D in vitro models are more similar to in vivo behaviors than those in
two-dimensional (2D) models; however, 2D cultures are still widely used because of
the low cost and short experimental time involved. More in vivo-like

Table 9.2 Lymphangiogenesis inhibitors approved by FDA or in clinical testing

No. Name Target Type
Current
status Reference

1 Sorafenib Inhibit VEGFRs Small
molecule TKI

FDA-
approved

[91]

2 Sunitinib Inhibit VEGFRs Small
molecule TKI

FDA-
approved

[89]

3 Pazopanib Inhibit VEGFRs Small
molecule TKI

FDA-
approved

[92]

4 Axitinib Inhibit VEGFRs Small
molecule TKI

FDA-
approved

[93]

5 Cediranib Inhibit VEGFRs Small
molecule TKI

Phase III [94]

6 Brivanib Inhibit VEGFRs Small
molecule TKI

Phase III [95]

7 VGX-100 Inhibit VEGF-C Antibody Phase I [96]

8 IMC-3C5 Inhibit VEGFR-3 Antibody Phase I [90]

9 Anti-VEGFR3
peptide

Inhibit VEGFR-3 Peptide Preclinical [97]

10 Diabody Inhibit VEGFR-2/
VEGFR-3

Antibody Preclinical [98]

240 S. Jung et al.



microfluidics-based 3D models, which include the surrounding ECM, can overcome
the shortcomings of xenograft models such as limited accuracy and similarity to
in vivo behavior.

9.4.1 Fabrication Approaches for Microfluidic Devices

Microfluidic devices have been studied and steadily developed since the 1950s. In
particular, the emergence of soft lithography based on polydimethylsiloxane
(PDMS) led to an explosion in microfluidic device research. Soft lithography can
create precise microfluidic channels with high resolution [103]. However, given the
time-consuming and labor-intensive nature of lithography, which is unfavorable for
high-throughput experiments, and the tendency of PDMS to absorb small molecules
[104], it is necessary to develop other methods for fabricating microfluidic devices.
Digital lithography is a laser processing technology to create microfluidic channels
on PDMS. A continuous-wave laser guides successive photothermal pyrolysis as it
converts PDMS to removable silicon carbide (Fig. 9.3). Digital lithography can
overcome time-consuming and labor-intensive nature of soft lithography through a
fully automated process with high accuracy. However, the shortcomings associated
with the PDMS material properties remain [105].

Microfluidic devices can also be fabricated via 3D printing. There are various 3D
printing methods, but stereolithography apparatus (SLA) and digital light processing
(DLP) are the most used (Table 9.3). Both processes share some similarities because
they fabricate a sample by hardening the photopolymer using light [106]. 3D
printing can be used to easily and rapidly create complex shapes owing to its high
degrees of freedom; it can be utilized to prototype the designed microfluidic devices
[107]. In addition, it can fabricate a large number of devices within a short time
compared to soft lithography. However, the performance of 3D printer needs to be
kept constantly and it has a lower resolution compared to soft lithography. In
addition, material properties must be carefully considered not to be toxic to cells.
Using bio-compatible polymers, some research transplanted a 3D printed structure
that contains cells or tissues into a mouse [108, 109].

Injection molding is another method for the fabrication of microfluidic devices
and is widely used in industries supporting mass production. Many products can be
quickly fabricated from the mold and have largely uniform wells. Hence,
microfluidic devices can be high-throughput and reproducible. However, the mold
design process is characterized by a low degree of freedom, owing to the technical
characteristics of injection molding: the upper and lower plates are repeatedly
coupled and separated. Complex shapes are difficult to design and have low struc-
tural stability. In addition, one of the widely used injection molding materials,
general-purpose polystyrene, limits the resolution of the technique. These limitations
can be overcome by compression molding, wherein resin can be compressed through
elaborate molding to create the desired shape. However, mold prices and technology
costs are higher than those of injection molding; therefore, the accessibility of the
technology is low. Nevertheless, compression molding seems to be the best
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technique currently available for commercial fabrication of microfluidic devices
because of high resolution as soft lithography and mass productivity.

9.4.2 Experimental Approaches of In Vitro Tumor Models

In vitro tumor models can be categorized into two experimental approaches: tumor
cluster models and tumor spheroid models. Tumor clusters are the aggregation of
tumor cells relatively in small size. Tumor cells can be clustered in microfluidic
devices as they proliferate inside or can be introduced after they clustered elsewhere
[110, 111]. Tumor spheroids are relatively bigger aggregation of tumor cells com-
pared to tumor clusters. A U-shaped 96-well plate or a hanging droplet are utilized to
form tumor spheroids [112–114]. ECMs are generally mixed with cells to assist cell
adhesion proteins holding ECM and surrounding cells and keeping a spheroid-like
shape. 3D bioprinting can be applied to reconstruct in vitro TME as printing cell
mixtures and to form tumor spheroids. Due to 3D bio-printer continuously extruding
mixture of cells and hydrogel, tumor cluster models are more dominant than a single
tumor spheroid models. 3D bioprinted in vitro tumor models can be reconstructed
within the microfluidic devices or printing itself [115].

9.4.3 Vascularized Tumor Models

Vessels circulate blood, oxygen, and nutrient in living organisms. Under pathologi-
cal conditions like tumor, vessels undergo structural and functional changes by the
factors secreted by the tumor [116]. Studies on vessel-tumor interaction and tumor
therapies have been actively established with the increasing effort on anti-cancer
treatment. Microfluidic based organ-on-a-chip enables to emulate more in vivo
like TME.

9.4.3.1 Brain Cancer Models
The brain is the most complex organ in the human body and controls overall body
functions, including emotion and physical activity. It communicates with the whole

Table 9.3 Differences between stereolithography apparatus (SLA) and digital light processing
(DLP)

Criteria SLA DLP

Light source aUV laser beam UV light from a projector

Light movement Point to point Stationary

Light intensity Invariable Variable

Curing High accuracy and smooth surface Low accuracy and rough surface

Printing time Slow Fast

Cost Expensive Cheap
a Properties are compared only between two methods
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body by transmitting electrical signals through the central nervous system (CNS).
Therefore, diseases of the brain and CNS lead to lethal disorders, against which the
human body has several barriers to protect itself. The blood-brain barrier (BBB) has
highly selective semi-permeability and prevents macromolecules from entering the
brain [117, 118]. It even disrupts drug delivery to the brain and hence causes
difficulties in developing new drugs. Therefore, in vitro models incorporating
BBB and glioblastoma have been utilized to develop effective drug delivery
methods.

Chonan et al. seeded glioma-initiating cells (GICs), which are considered respon-
sible for the therapeutic resistance and recurrence of glioma, onto a PDMS-based
microfluidic chip composed of three channels: glioblastoma channel, invasion
channel, and blood vessel channel [119]. They observed the interaction between
GICs and HUVECs; HUVECs promoted GIC invasion and the expression of tubulin
β3 (TUBB3), a differentiated cell marker. Silvani et al. integrated a microfluidic chip
and 3D bioprinting to reconstruct a glioblastoma multiforme (GBM) environment
including BBB (Fig. 9.4a) [120]. They bioprinted a mixture of gelatin methacryloyl
(GelMa)-alginate and GBM cells on the tissue compartment of the chip so that the
GBM spheroids were formed inside the hydrogel. They showed that the
BBB-surrounding tissue compartment covered by hCMEC/D3 (human cerebral
microvascular endothelial cell line) cells allows no diffusion into the tissue compart-
ment. Using the model, they observed that gravity influenced the morphology and
characteristics of GBM cells such that they invaded and aggregated into the
surrounding microenvironment. Cui et al. developed a microfluidics-based 3D
“GBM-on-a-chip” microphysiological system with patient-derived cells from
nivolumab-treated patients [121]. They distinguished immunosuppressive signatures
by 6 subtypes depending on DNA methylation. They made a brain tissue-mimicking
hydrogel to construct a GBM environment with interpenetrating growth-factor-
reduced Matrigel matrix (Corning) and MMP-sensitive hyaluronic acid
(HA) hydrogels with a volume ratio of 1:1. They showed that CD8+ T cells
penetrated blood vessels toward the GBM environment and that GBM regulated
immunosuppression via tumor-associated macrophages (TAMs). Finally, they
suggested combo therapy with anti-PD-1 and anti-CSF1R to restore the immune
system; CSF1 is a cytokine that GBM secretes to activate TAMs. Unlike
monotherapy, combo therapy induced the recruitment of CD8+ T cells into the
GBM environment.

9.4.3.2 Lung Cancer Models
The lung is a vital respiration organ for gas exchange. It is composed of alveoli
surrounded by capillaries. The lungs are at risk of infection due to the entry of
aerosols. Lung cancer is one of the major cancers with a high mortality rate and is
known to metastasize to other organs. The demand for experimental models has
followed the development of drugs to treat this disease, in order to improve the
development of tumor therapeutics; therefore, in vitro microfluidics-based lung
tumor models have been developed.
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Fig. 9.4 Categorization of organ-on-a-chip models based on the organ type. (a) A schematic of
GBM-on-a-chip. 3D bioprinting is used to cover a tissue compartment with tumor-stroma concen-
tric structure. Shear stress is applied through flow in the vessel. Fluorescence images show
separately printed structures; GBM cells inside and endothelial cells outside. (b) A schematic of a
vascularized lung cancer-on-a-chip. The cancer spheroids composed of A549 cells (green) and RFP
HUVECs (red) grow in the cell culture chamber with structural integration for 7 days. (scale bar,
50 μm). (c) A schematic of a multi-organ microfluidic system. Cancer and epithelial cells are
cultured with exposure to air (top) and stromal cells are cultured with media (bottom). (d)
Fluorescence images show difference in the invasion of lung cancer cells (red) by co-culture
conditions. (e) A schematic of breast cancer-derived EVs in the liver-on-a-chip. Fluorescence
image shows LSECs (top) and co-cultured hepatocytes and human LFs (bottom). (f) A schematic
of 3D melanoma model production process. Keratinocytes and melanoma are cultured on the first
sheet, and LECs, VECs, and fibroblasts were cultured on the bottom two sheets. A fluorescence
image shows 70 μm transverse cryosection of 3D melanoma model. (white dot: dermo-epidermal
junction, green: LEC, pink: tumor). (g) A schematic of colorectal cancer-on-a-chip model. Fluores-
cence images show EC (red), epithelial cell (purple), CRC (green), and nuclei (blue). (h) Fluores-
cence images show difference in CRC phenotypic heterogeneity when CRC cultured on chip (left)
and on plastic (right). (All figures are reprinted with permission from the publisher of each article)



Using a platform with an open-top cell culture chamber, Paek et al. made a solid
tumor model with a vascular network (Fig. 9.4b) [122]. They used the A549 cell line
(a type of lung cancer cell) and made self-assembled perfusable vascular network-
surrounding tumor spheroids. They observed the live/dead ratio of tumor cells and
the condition of blood vessels with a clinical dose of paclitaxel. Paclitaxel induced
an increase in caspase-3/7 expression and the production of reactive oxygen species
in ECs; these can damage vasculature through apoptosis and oxidative stress,
respectively. Yang et al. observed the effect of interaction between cancer cells
and surrounding cells using a microfluidic device [123]. They mimicked the alveolar
membrane that consists of lung cancer cells, fibroblast cells, and ECs using poly
(lactic-co-glycolic acid) (PLGA) electrospun nanofibers. They showed that anti-
cancer drug resistance by fibroblasts and cancer cells causes apoptosis or death of
ECs, which results in cancer invasion. Hassell et al. developed orthotopic models of
non-small-cell lung cancer (NSCLC) using a microfluidic device to study tumor
growth/invasion patterns [124]. This chip had two channels consisting of epithelium
and endothelium separated by a porous ECM-coated membrane and two parallel side
chambers. To recapitulate the breathing motion, cyclic suction was applied in these
chambers. It was observed that breathing motion suppresses cancer cell growth and
invasion and increases drug resistance via alterations in epidermal growth factor
receptor (EGFR) and MET protein kinase signaling. Recently, Xu et al. designed a
multi-organ chip to study lung cancer cell metastasis to the brain, bone, and liver
(Fig. 9.4c) [125]. They separated the device into three PDMS layers using a
membrane. The upstream section of this device mimicked lungs, and the three
downstream sections contained grown astrocytes, osteocytes, and hepatocytes.
They observed lung cancer development, invasion, and metastasis in this chip by
analyzing the changes in gene expression when lung cancer cells were co-cultured
with other types of cells (Fig. 9.4d).

9.4.3.3 Liver Cancer Models
The liver is a metabolic organ responsible for detoxification, glycogen storage
regulation, and bile synthesis. The liver is composed of hepatic sinusoids that
transport nutrient-rich blood to the hepatic artery and portal vein. Since the liver is
characterized by the nutrient-rich blood supply and the presence of humoral factors,
it is a major tumor site. Several platforms have been developed to study the functions
of the liver in tumor metastasis.

Lu et al. developed a liver tumor-on-a-chip containing decellularized liver matrix
(DLM) and GelMA to screen drug toxicity [126]. This platform enhances cell
viability and hepatocyte functions by preserving DLM-associated structural proteins
and liver-specific growth factors. They reconstructed an in vivo-like TME that
reflected the structural scaffold and biophysical cues. Jing et al. developed a
tumor-vessel co-culture system using a microfluidic device composed of two pieces
of polymethylmethacrylate frames and three layers of PDMS membranes separated
by a porous membrane to study the tumor metastasis stage and test anti-tumor drugs
[127]. They showed that the flow affects the stage of tumor metastasis and increases
drug efficacy. Kim et al. fabricated a liver-on-a-chip that acts as a premetastatic niche
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to study the effects of primary tumor-derived soluble factors on secondary organs
(Fig. 9.4e) [128]. They observed that primary tumor-derived extracellular vesicles
(EVs) induce the mesenchymal transition of liver sinusoidal ECs (LSECs) and
destruction of vessel barriers and increase the adhesion of cancer cells in the liver
microenvironment by upregulating the expression of fibronectin, an adhesive extra-
cellular matrix protein, in LSECs.

9.4.3.4 Skin Cancer Models
The skin, as the largest organ in the body, acts as a physical and immunological
barrier to the external environment. The skin is composed of three layers: epidermis,
dermis, and hypodermis. The epidermis is the outermost stratum and is mainly
composed of keratinocytes, which form a barrier against external matter such as
pathogens. The dermis, which is underneath the epidermis, mainly comprises
fibroblast-embedded collagen and contains blood vessels. This layer provides flexi-
bility and acts as a cushion. The hypodermis, which is the deepest layer, is composed
of adipocytes that store fat. Skin cancer commonly arises from squamous cells, basal
cells, or melanocytes in sun-exposed areas. Various skin-on-a-chip platforms have
been developed to test drugs for the treatment of skin cancer.

Skin equivalents with perfusable vessel models are essential to studying cancer.
Wufuer et al. fabricated a PDMS-based three-layered chip that exchanges substances
through a membrane to mimic the epidermal, dermal, and vessel layers for functional
responses of human skin in inflammation, edema, and drug-based treatment
[129]. Although the three cells were co-cultured, activity in the 3D environment
could not be realized because each was cultured two-dimensionally. Jushoh et al.
developed a 3D skin-irritation platform to test the toxicology of cosmetic
compounds [130]. They showed that irritants damage keratinocytes, which results
in the release of proinflammatory mediators and promotes angiogenesis. They also
found that substances known as non-irritants influenced the number of sprouts, area,
and length during angiogenesis. Businaro et al. developed a PDMS-based
microfluidic chip consisting of two end-closed channels and two cell culture
compartments to study the link between cancer and the immune system
[131]. Using this platform, they co-cultured melanoma and murine spleen cells
and showed that the spleen cells expressing interferon regulatory factor 8 migrate
toward cancer cells and inhibit tumor cell migration and invasion. Ayuso et al.
developed a microfluidic chip composed of circular chambers separated by a narrow
connection channel to study the effects of epidermal keratinocytes and dermal
fibroblasts (DFs) on melanoma [132]. They showed that keratinocytes and DFs
change the melanoma cell morphology, secretion pattern, and metabolic phenotype.
Although there is a plethora of chips that model skin and vessels separately, only a
few platforms have been developed to integrate these two systems. Bourland et al.
developed a 3D melanoma model with blood and lymphatic capillaries by stacking
cell sheets to study the interaction between melanoma cells and the microvasculature
(Fig. 9.4f) [133]. To determine the effect of the vessels in skin tumors, it is necessary
to develop a microfluidic chip that can mimic the tumor and vessel environment.
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9.4.3.5 Other Cancer Models
Tumors are malignant growths that mankind must overcome. Researchers and
doctors worldwide have tried to elucidate the survival mechanism of tumor cells,
which gain nutrients through angiogenesis or remodeling of surrounding vessels and
matrices [134]. Since xenograft models require a lot of time and money, researchers
have started using in vitro models that are high in throughput and content.

Nguyen et al. developed a pancreatic ductal adenocarcinoma (PDAC)-on-a-chip
for studying the interaction between PDAC and vascular network [135]. This chip is
composed of two hollow cylindrical channels surrounded by collagen gel. One
channel mimics pancreatic cancer duct and the other channel mimics blood vessels.
They observed the PDAC invaded into vessel lumen and ablated the ECs by the
activin-ALK pathway. Strelez et al. developed colorectal cancer (CRC)-on-a-chip
for studying the progression of CRC which is an early step in metastasis (Fig. 9.4g)
[136]. Two channels were separated by a porous membrane with fluid flow and
cyclic strain. The upstream layer comprises epithelial and cancer cells and down-
stream layer comprises of HUVECs. They observed that 3D tumor-on-a-chip reflect
phenotypic heterogeneity more during intravasation than 2D models and coculture
with stromal cell increases CRC invasion to blood vessels (Fig. 9.4h). Chen et al.
made a tumor extravasation model with MDA-MB-231, a breast cancer cell line
[137]. They engineered MDA-MB-231 cells to exhibit β1 integrin knockdown using
siRNA. They examined the role of β1 integrin in transendothelial migration (TEM).
They observed the degree of transmigration of tumor cells depending on the posi-
tion: breached ECs but not laminin, fully transmigrated but no breaching of laminin,
simultaneously breaching EC and laminin layer, and fully breached EC and laminin
layers. β1 integrin was required to invade the endothelial BM; transmigration of a
tumor cell was hard if α3β1 and α6β1 integrins could not adhere to endothelial BM
laminin.

9.4.4 Trends and Perspectives

Microfluidic devices have been applied to reconstruct in vitro disease models. Most
models utilized cell lines that have different properties compared to primary cells
and patient-derived cells (PDCs). In particular, PDCs show different characteristics
in proliferation and metastasis according to personal genetic characteristics
[138]. Therefore, clinical translational research through microfluidic devices is
emerging as they recapitulate personal disease models. Although clinical translation
actually means that clinical approach utilizes in vitro data, the current research
accepts PDC models or reversely applies clinical data to in vitro since in vitro
models are insufficient in terms of data reliability and model accuracy.

Anti-cancer treatment through chemical and targeted drugs is discussed about
side effects and shortcomings. Chemical therapy affects normal cells as well as
tumor cells, and target therapy becomes neutralized by the mutant of target cells.
Utilization of personal immune system is emerging to overcome obstacles of
previous generation drugs. Hence, interests about the dynamics between immune
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cells and tumors are increased. Ayuso et al. observed the relativeness between NK
cell exhaustion and TME on the microfluidic device [139]. Breast cancer cells and
NK cells are seeded in the middle chamber of the device surrounded by collagen
matrix with wall-patterned blood vessels. NK cell cytotoxic capacity seemed to be
suppressed in TME.

In addition to constructing disease models and drug screening, a novel therapeutic
strategy that targets a certain signal is suggested through the observation of
biomarkers and signaling pathways of models. Cui et al. showed the performance
of a combo therapy of Cilengitide and LY-364947 that inhibit interactions between
EC and M2-like tumor-associated macrophage (TAM) through the GBM cell line
model [140]. The combo therapy showed better anti-angiogenic effect compared to
mono treatment of each drug. Cui et al. also developed a PDC model from GBM
patients [121]. They observed GBM regulated TAMs to suppress T cells. They
suggested a combo treatment of anti-PD1, immunotherapy to inhibit T cell suppres-
sion of TAM, and anti-CSF1R, which inhibits the TAM regulation of GBM, and
observed the combo treatment-induced immune recovery.

9.5 Conclusions

Many researchers have used microfluidic devices to mimic and study the functions
of each TME integrated with vascular networks. It is hard to supply sufficient
nutrients and observe cell–cell interactions if a model is only composed of tumors
without a vessel network. Since it is known that the vessel network is critical for the
survival of tumors, a vascularized tumor model is required for research [27].

Microfluidic models have been developed and used to reconstruct vascularized
tumor models. Such models have ensured high productivity through various
manufacturing methods and have been developed to enable more complex recon-
struction. In this chapter, we summarized angiogenesis, lymphangiogenesis, and
growth factors and related drugs, and introduced related research using microfluidic
devices.

The microfluidic model enables relative ease in experimentation compared to
xenograft and organoid models. First, it facilitates three-dimensional fluorescent
imaging through immunofluorescence. However, several preprocessing steps are
required to determine internal events. Second, the microfluidic model helps save
time and resources since it is possible to obtain results simultaneously in a short
period for various cases, whereas xenograft and organoid models take a long time for
each case. In addition, xenografts often show different results in practice due to their
heterogeneity, whereas the microfluidic model exhibits homogeneity since it uses
human cell lines or patient-derived cells. However, xenograft models are believed to
be more reliable because microfluidic models lack peripheral environments such as
immune cells. Early PDMS-based microfluidic models were low-throughput due to
long fabrication times and large labor requirements; however, the introduction of
new methods for mass production, including 3D printing and injection molding, has
allowed high-throughput and high-content screening. Moreover, microfluidic
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models are compatible with existing instruments following standard “Society of
Biomolecular Screening” formats. High throughput allows reproductivity under
repetitive experiments. In the future, a human-on-a-chip, the ultimate goal of
organ-on-a-chip technology, is expected to be realized through connection and
circulation among microfluidic models.

Although the tumor-on-a-chip is a simplified one, it is valuable in biological
research about structural and functional units of tumors and TME. Current tumor-on-
a-chips are mostly used to evaluate drug performance for the development of new
drugs. They can extend their application into studying in vivo mechanisms and
clinical area through increasing reliability of data. Real-time data from biosensors
integrated into tumor-on-a-chip can be one of the means to assist reliability; optical,
chemical, and electrical measurements can support the value of data. Latest tumor-
on-a-chip research attempted clinical translation that compares clinical and in vitro
data and recommends an efficient, novel combo therapy based on internal informa-
tion of cells. Such models are expected to promote personal medicine development,
as they can help determine the combination and dose of drugs for each patient.
However, novel biological information including unknown physiological
mechanisms of tumor dynamics are not explored enough through tumor-on-a-chip
models. Thus, it is hoped that the advance in tumor-on-a-chip technology contributes
to treating cancer through overcoming existing limitations.
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Abstract

Cancer is the second leading cause of death worldwide, and its survival rate is
significantly affected by early detection and treatment. However, most current
diagnostic methods are symptoms oriented, and detecting cancer only in
advanced phases. The few existent screening methods, such as mammograms
and papanicolaou tests are invasive and not continuous, resulting in a high
percentage of non-detected cancers in the early phases. Thus, there is an urgent
need to create technologies that make cancer diagnostics more accessible to
populations, enabling continuous or semi-continuous, noninvasive, “long-term”

screening of cancer in high-risk patients and the whole population. Biosensors are
being developed to create technologies that can be applied to point-of-care,
wearable, and implantable diagnostics, aiming to fill this important gap in cancer
early detection, and, therefore, increase the cancer rate of survival and reduce its
morbidity. The versatility of these technologies, due to their miniaturization and
diverse detection modes, will enable great advances in cancer early detection,
since they can be adapted to the patient and its context, allowing personalized
medicine to become a reality.
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10.1 Introduction

Cancer is a world burden being responsible for 9.6 million deaths in 2018, being the
second leading cause of death worldwide [1]. It is a group of diverse diseases caused
by the uncontrolled growth of abnormal cells that can spread to different organs
forming malignant tumors that can affect the organs’ function, disturbing the
patient’s life quality and even causing death if not treated [2].

The survival rate is highly affected by early diagnosis. Studies suggest that 80%
of patients survive for at least 10 years after being diagnosed in the early stages of
eight of most common cancers, according to Cancer Research UK [3]. Cancers are
characterized by development stages depending on the size of the tumor, the
spreading in surrounding tissues, and in other parts of the body (metastasis). Early
diagnosis implies detecting cancer when it is small and confined to a single part of
the body, which typically translates into none or few symptoms to the patient,
making it harder to detect [4]. Early diagnosis depends on screening programs that
are not currently available for all types of cancers and are typically expensive and
invasive [5]. Screening programs are also dependent on the country and their
availability of diagnosis facilities and qualified personnel. For example, breast
cancer screening relies on mammograms, which expose women to a significant
amount of radiation and therefore are usually performed in women after 40 years
old every 2 years in most of the countries worldwide. Mammograms rely on X-ray
diagnostic technology and professional operators that are not always available in
developing countries. Therefore, these screening programs are not usually
performed there. The same can be said for cervical and colorectal cancer that rely
on the papanicolaou test and in colonoscopy, respectively. Both of these screening
tests are invasive and demand highly trained personnel and expensive technology.
Consequently, there is an urgent need to create cancer screening tests that are simple,
cost-effective, and do not demand highly trained operators. These technologies
should be harmless for the patients, and allow automated continuous or semi-
continuous cancer detection from body fluids analysis using cancer biomarkers.
This easy and accessible diagnosis of cancer is still not a reality due to the lack of
specific biomarkers that can have useful clinical use, and the absence of portable,
highly sensitive technologies capable of continuous monitoring of physiological
conditions and detection of cancer biomarkers in very low concentrations in body
fluids, which happens in early cancer stages [6]. Another important factor for
increasing patient survival is the treatment monitoring and early detection of cancer
recurrence, which can also be significantly improved by the creation of accessible
technologies capable of sensitive and specific detection of cancer biomarkers [7].

Biosensors are analytical technologies that use biological recognition agents and
different types of transducing systems to specifically quantify a biomarker in a
mixture, for example, different types of body fluids (e.g., blood, urine, plasma).
They aim to provide improved performance, real-time, label-free, portability, and
continuous detection of cancer biomarkers by using point-of-care, wearable, and
implantable devices (Fig. 10.1). Therefore, they could close the existent technologi-
cal gap in cancer early detection and recurrence diagnostic devices. The
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development of biosensors happens hand in hand with the choice of a biomarker,
since the nature of the late will dictate the bio-recognition layer and the necessary
transduction system for reliable signal detection. Proteins are the gold standard of
cancer biomarkers, such as CAE (carcinoembryonic antigen), PSA (prostate cancer
antigen), or AFP (alpha-fetoprotein); however, these biomarkers are not enough to
satisfy the clinical needs of cancer diagnosis, in particular, due to their lack of
specificity [8]. New types of cancer biomarkers have been proposed and are waiting
clinical validation such as cancer circulating cancer cells and miRNAs [9]. Also,
extracellular acidification, caused by lactate accumulation, promotes the evolution of
cancer cell phenotypes, which become resistant to acid-induced cytotoxicity. This
powerful growth advantage promotes unconstrained proliferation and invasion
[10]. Therefore, extracellular pH or lactate concentration can be used as a diagnostic
biomarker for tumor aggressiveness [11] and metastases, [12, 13] as long as an
extracellular medium can be reached for analysis. Since the single analysis of one
cancer biomarker is not always effective, it is important to create technologies
capable of simultaneous analysis of several biomarkers that can provide more
information for a more accurate diagnosis.

In this chapter, we explain the working principles and present examples of
different biosensing technologies for point-of-care (POC), wearable or implantable
diagnostics, that can be used for early detection and treatment monitoring of
different types of cancer. These technologies aim to achieve a close-to-the-patient
diagnostic approach, so that the physiological conditions are continuously or semi-
continuously monitored and provide an increase in cancer survival rates in the near
future.

Fig. 10.1 Biosensor technologies that can contribute to cancer early detection and treatment
monitoring
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10.2 Biosensors Approaches for Cancer Diagnostics
and Treatment

10.2.1 Point-of-Care (POC) Technologies

POC diagnostic technologies are portable, usually power-free, user-friendly, dispos-
able, and miniaturized devices that allow rapid results [14]. Qualitative POC
diagnostics are widespread technologies; however, POC quantitative devices are
still not a reality [15]. Cancer POC diagnostics would significantly contribute to an
increase in screening programs which would reflect an overall early detection and
therefore decrease of cancer mortality. Simultaneously, POC technologies would
allow cancer patients to monitor their treatments and early detect possible
recurrences at home or in local health centers, which would simplify the process,
increase patient’s life quality, and reduce mortality.

The current limitations of cancer POC diagnostics rely on the lack of sensitivity
of diagnostic technologies, alongside their cost-effectiveness, as well as the lack of
biomarkers with clear clinical meaning [16, 17]. In order to surpass these needs,
different biosensing technologies have been developed and further integrated into
microfluidic devices, in order to combine the advantages of microfluidic systems
with biosensors. Microfluidics allows fast, high-throughput, multiplexed tests, with
low sample volumes and reagent consumption [18], while current biosensing
technologies can provide high sensitivity, label-free, real-time, and continuous
detection [19].

Barbosa et al. (2019) reported AuTiO2 thin-film composites that exhibit localized
surface plasmon resonance (LSPR) detected by a custom-built optical system
(Fig. 10.2). These thin films were produced by reactive DC magnetron sputtering,
conjugated with a thermal annealing procedure. The combination of these two
processes allows the control of AuNPs size and distribution in the TiO2 metal matrix,
producing films with desired sensitivity for LSPR. This is a fast and cost-effective
coating technique that allows the deposition of many types of materials onto

Fig. 10.2 Antibody immobilization on AuTiO2 thin films and their detection using LSPR and
Confocal Microscopy. Figure and legend reproduced with permission from Elsevier [21]
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different substrates by the use of a specially formed magnetic field applied to a diode
sputtering target [20]. In order to expose the AuNPs of the films for biomolecule
immobilization, the authors had to proceed with further plasma etching treatment,
allowing the immobilization of an antibody monolayer that was detected by LSPR,
and confirmed by confocal microscopy. These thin film composites allow nanoscale
biomolecules real-time, label-free detection of proteins, and can be easily
incorporated in microfluidic device arrays for cancer biomarker multiplex
detection [21].

In another study, a new biocompatible surface-enhanced Raman scattering
(SERS) hybrid material capable of lactate detection was reported (Fig. 10.3). This
SERS-based 3D nanobiosensor was produced by embedding gold-based
nanostructures into gellan gum “sponge-like” hydrogels. These 3D plasmonic poly-
meric matrices were able to detect two cancer-cell-related extracellular metabolites,
lactate and thiocyanate, and provide stability to the embedded gold-based
nanostructures. Due to their mechanical properties, these matrices can be easily

Fig. 10.3 (a) SEM images ofGGhydrogels at differentmagnifications for theAuNSs (1,3 and 5) and
Au@AgNRs (2,4 and 6). (b) (i) SERS spectra of the control (GG-SLH–AuNSwithout analyte) and of
the lactate accumulated from lactate solutions at concentrations of 1000, 10, and 0.1 μM (highlighted
in yellow two characteristic peaks of lactate at 1127 and 1420 cm�1). (ii) SERS spectra of the control
(GG-SLH–Au@AgNR without analyte) and of the thiocyanate accumulated from solutions at
concentrations of 10, 1 and 0.1 mM. Images reproduced with permission from the RSC [22]
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deformed for microfluidic incorporation, and recover their shape and properties after
3 h. The production method of the matrices is cost-effective and they are also shelf-
stable for 1 year, which are important features for POC diagnostic devices [22].

In a different approach, a flexible LSPR biosensor was reported for the detection
of A549 lung cancer cells. This biosensor consisted of a tri-layer of metal–insulator–
metal (MIM) nanodisks integrated with biocompatible polydimethylsiloxane
(PDMS) substrate. The different geometries and arrangements of embedded
nanodisks were studied and optimized to enhance the spatial overlap of the LSPR
waves, achieving a sensitivity of 1500 nm/RIU. In addition, the LSPR biosensor was
able to distinguish a solution containing PBS and another containing PBS plus A549
(Fig. 10.4). In the future, flexible on-chip microfluidic biosensors can be developed
by integrating LSPR sensors on chips capable of having multiple parallel channels
on nonflat surfaces [23].

10.2.2 Wearable devices

Wearable diagnostic technologies provide a closer monitoring of a patient’s physio-
logical conditions through minimal invasive measurements of biomarkers in
biofluids, using devices that are in continuous contact with the human body. These
technologies could significantly contribute to cancer early detection and treatment
monitoring, since continuous, real-time monitoring can alert users and medical

Fig. 10.4 (a) Schematic diagram of the flexible MIM-disk LSPR refractive index sensor integrated
into a PDMS fluidic chamber. A single MIM disk on a PDMS substrate is also shown. The MIM
structure contains a 50-nm-thick Au disk, a 60-nm-thick SiO2 disk, a 50-nm-thick Au disk, and a
240-nm-thick SiNx adhesion layer. (b) Absorption spectra of phosphate-buffered saline solutions
with A549 cancer cells and phosphate-buffered saline solution without cells, as detected using
MIM-disk LSPR biosensors. The wavelength shift of return-to-zero is based on the absorption
spectra of the MIM-disk LSPR biosensors covered with a phosphate-buffered saline solution.
Figure and legend reproduced with permission from Spring Nature [23].
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professionals for abnormal or unforeseen situations in high-risk or on-going treat-
ment patients [24].

Wearable biosensors need to provide direct contact with the sampled biofluids
without inducing discomfort to the wearer. Such body compliance can be achieved
through the use of advanced materials and smart designs that provide the necessary
flexibility and stretchability [25].

The development and commercialization of wearable sensors is more challenging
than POC technologies since they need to ensure continuous on-body monitoring for
long-duration measurements, on the contrary of POC technologies that provide cost-
effective disposable cartridges for punctual measurements. These features interfere
with biosensors performance, in particular with their reliability and reproducibility,
since it is necessary to maintain the biorecognition elements activity, avoid sensor
surface biofouling, overcome the inefficient transport of sample to the sensor
surface, and perform complex multistep assays and receptor regeneration [26]. The
calibration of on-body sensors is another important aspect of wearable biosensors
which presents technical challenges. The long-term measurements also rely on
power supplies and data storage processes that need to be miniaturized and
integrated into the sensor, which adds complexity and technical challenges to
wearable technologies [27]. Commercial wearable platforms perform glucose
measurements either on skin through patches, and finger clip, and on eyes through
contact lens that measure glucose in tears [28]. Nevertheless, there are still no
commercial wearable technologies that monitor cancer biomarkers. Although sev-
eral have been reported in literature, most of them aim to monitor physiology
conditions of sweat and interstitial fluid on the skin, since skin is the largest organ
of the human body, and it offers a diagnostic interface rich with vital biological
signals from the inner organs, blood vessels, muscles, and dermis/epidermis [26].

A flexible printed temporary-transfer tattoo amperometric biosensor that
conforms to the wearer’s skin was developed for lactate detection in sweat
(Fig. 10.5). The biosensor showed chemical selectivity toward lactate with linearity
up to 20 mM. This biosensor consisted of a printed tattoo made with three electrodes
printed onto GORE-TEX textile to simulate the viscoelastic properties of the skin.

Fig. 10.5 (a) Schematic illustration of a three-electrode “NE” tattoo biosensor for electrochemical
epidermal monitoring of lactate. (b) Constituents of the reagent layer of the working electrode
which is coated by biocompatible polymer (chitosan). See the text for further details. Figure and
legend reproduced with permission from Nature [29].
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The working and carbon electrodes were made using carbon ink and the reference
electrode was prepared with silver/silver chloride ink. The working electrode was set
by tetrathiafulvalene (TTF) and multi-walled carbon nanotubes (CNT)
functionalization followed by lactase oxidase that was covered by a biocompatible
chitosan overlayer. The latter prevents the efflux of the biochemical backbone from
the reagent layer onto the underlying epidermis [29].

Implementing a different electrode composition, Payne et al. (2019) also reported
a flexible, amperometric sensor made from printed electrodes for lactate enzymatic
detection on sweat (Fig. 10.6). However, this sensor uses printed gold as the working
electrode and Ag/AgCl as reference electrode, and the electrodes were printed on
plastic substrates. The working electrode was modified with chitosan and carbon
nanotubes responsible for lactate oxidase (LOX) mediating layer, carbon nanotubes
were dispersed in ethanol in the specified concentration. A mediator layer composed
of TTF and carbon nanotubes was introduced below the enzyme layer to avoid
interference from oxidation of other components of sweat. The optimized sensors
show a linear range up to 24 mM lactate and sensitivity of 4.8 μA/mM which
normalizes to 68 μA cm�2/mM when accounting for the surface area of the
sensor [29].

Fig. 10.6 Diagram showing the requirements of implantable biosensors. Figure reproduced with
permission from Elsevier [30]
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10.2.3 Implantable Devices

Recent innovations in fields like electronics, microfabrication, or nanotechnology
led to an increased interest in the development of implantable biosensors. Implant-
able biosensors present a huge potential for early diagnostics and cancer monitoring,
since they have the ability to continuously monitor target analytes and detect change
in their levels from inside the human body, which should translate in real-time and
accurate data, enabling the detection of physiological events right from the begin-
ning. Therefore, although initially invasive, implantable biosensors would provide
long-term sensitive monitoring of cancer development, revolutionizing the way we
perceive diagnostics, and significantly contributing to mortality decrease and incre-
ment of patient’s life quality.

However, fully developed implantable biosensors capable of monitoring and
transmitting the data still remains a challenge. In order to achieve that, biosensors
should possess some specific requirements (Fig. 10.6) [30, 31]. First, biosensors
need to be biocompatible, so that their implantation does not promote any acute
immune reaction of the body, which can damage device functionality. This usually
happens due to the fibrous encapsulation of devices created by the body’s human
response. Secondly, biosensors should be specific, enabling monitoring of a specific
target in the defined range within complex mixtures, like blood or interstitial fluid.
Thirdly, they need to be sensitive, and therefore able to accurately quantify very low
biomarkers amounts. Finally, they need to be power self-sufficient and able to
transmit the data to the outside of the body. Conventional implantable biosensors
usually use an external power source, which can be heavy and discomforting.
Consequently, technologies like wireless powering have been used to improve
powering methods in implantable biosensors [25, 32]. Wireless technology has
also been used in data transmission, since traditional wires can easily be damaged
and introduce noise in the data. Implantable biosensors should be able to monitor
and remotely send data to an external device, like a computer or smartphone, in a
meaningful and easy way for both patients and clinicians [25, 33].

In order to improve biocompatibility and decrease foreign body response, Gray
et al. developed an implantable biosensor based on six materials (silicon dioxide,
silicon nitride, Parylene-C, Nafion, biocompatible EPOTEK epoxy resin, and plati-
num) for monitoring the intra-tumoral O2 and pH [34]. For that, the biocompatibility
of the developed biosensor was evaluated up to 7 days post-implantation in a human
breast cancer xenograft tumor (Fig. 10.7a). The immunochemistry results did not
show the formation of biofouling, variations in tumor necrosis, hypoxic cell number,
proliferation, or apoptosis.

In another study, with the intuition of achieving cancer early-stage detection and,
consequently, improve survival rate, William et al. (2018) developed an implantable
nanosensor able to detect, in a noninvasive way, HE4 (human epididymis protein 4),
an ovarian cancer biomarker, and transmit data by near-infrared emission to an
external detector. The nanosensor is composed of single-well carbon nanotubes,
which present optical properties suitable for in vivo signal transduction. Authors
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implanted the nanosensor inmice, with an antibody for HE4 attached in the probe, and
HE4 was detected and measured by photoluminescent methods (Fig. 10.7b, c) [35].

10.3 Limitations of Current Biosensor Approaches

Despite the enormous advances in biosensors for use in cancer diagnostics, their
translation to the clinics in the near future is not expectable, since only, a few
successful examples are already clinical trials (Table 10.1). Note that in the clinical
trials it can only be found POC and wearable biosensors technologies, which implies
implantable biosensors, although desirable, still have to overcome serious techno-
logical constraints to pass for the clinical trials phase of product development.

The reduced clinical use of cancer biosensors is due to several challenges that
they need to overcome, some are specific to POC, wearable and implantable
technologies, and some are common to all of these technologies [31, 37, 38]. Com-
mon challenges to all biosensors technologies are reliability, cost-effectiveness, and
ability to multiplex. Reliability is probably the biggest challenge in biosensors, since
it requires intensive study of their reproducibility, sensitivity, and long-term storage.
Often, the complex body fluid compositions or non-specific binding can lead to

Fig. 10.7 (a) The effects of different biomaterials on mice tumor volumes; (b) near-infrared image
of nanosensor emission from the implanted device and (c) photograph of typical data acquisition
from the probe-based system used to excite/acquire near-infrared emission from the implanted
sensor in mice. Figures reproduced with permission from Wiley and AAAS [34, 35].
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Table 10.1 Most relevant clinical trials on biosensors for cancer diagnosis [36]

NCT number
Date and
status Title Comment

NCT02195076 2014–2017
Unknown

Non-Invasive Detection of
Lung and Breast Cancer by
Odor Signature

A system which uses
biosensors that can scent the
volatile compounds (VOCs)
that lung and breast cancer
cells produce, thus
distinguishing between
healthy control and lung or
breast cancer

NCT02659358 2016–2017
Completed

Evaluating the Use of
Wearable Biosensors and
PROs to Assess Performance
Status in Patients With
Cancer

To evaluate the association
between wearable biosensor
data, performance status, and
patient-reported outcomes in
cancer patients

NCT03173729 2017–2022
Recruiting

Point of Care Test to
Diagnosed Colorectal Cancer
and Polyps in Low Middle
Income Countries

To adapt a 3-metabolite
biosensor that identifies
patients with colorectal
cancer (CRC) and
precancerous polyps to
Nigerian patients. To evaluate
the POC biosensor device in
Nigeria

NCT00813878 2001–2012
Terminated

Nipple Secretion Samples in
Detecting Breast Cancer in
Patients and Healthy
Participants Undergoing
Breast Cancer Screening,
Breast Diagnostic Studies, or
Treatment for Benign Breast
Disease

Once the feasibility of the
nipple blot assay has been
determined, an optical
biosensor will be developed
to detect fluorescent-labeled
antibodies directed against
CEA found in serum and
breast sections

NCT02957370 2015–2021
Recruiting

Molecular Biosensors for
Detection of Bladder Cancer

To develop specific and
sensitive detectors of
biomarker-based signatures
associated with diagnosed
and recurrent bladder cancer

NCT04518072 2020–2023
Not yet
recruiting

Synthetic Metabolic and
Genetic Networks for
Medical Diagnosics
(SynBioDiag)

Develop a scalable,
programmable biosensors
platform for the multiplexed
detection of biomarkers in
clinical samples

NCT04260230 2020–2020
Not yet
recruiting

Remote Monitoring of
Patients at Risk of Sepsis
(REACT)

To assess the feasibility of
using remote wearable
biosensors to record key
physiological parameters and
transmit this data

NCT03757182 2018–2020
Recruiting

Digitally-Captured Step
Counts for Evaluating
Performance Status in

To examine the relationships
between objectively
measured physical activity
and provider-assessed and

(continued)
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signal fluctuations, which delay the use of the biosensor in clinics, since for that it is
necessary to obtain reliable and quantitative detection results [37, 38]. Another
challenge relies on cost-effectiveness of biosensor production, since most of the
times biosensors are made for research prototypes without a proper up-scale plan,
that contemplates cost, and mass-production manufacturing procedures. Addition-
ally, multiplex is extremely important in cancer’s diagnostics and treatment follow-
up, since there is not a unique biomarker for cancer screening, which means there is a
need to detect a combination of several biomarkers with different thresholds [16, 37,
38]. Finally, biocompatibility is for wearable and implantable technologies a major
requirement, since properties like composition, size, shape, charge, among others,
can trigger off the foreign body response and lead to an immune reaction of the
patient and even damage the biosensor [31, 39].

Although most biosensors are produced in optimized laboratory conditions, there
is a long way until they reach the clinics: animal testing and clinical trials [31, 40].

10.4 Conclusions and Future Perspectives

Cancer is a worldwide high rate mortality disease and its early detection and its
continuous monitoring could significantly affect cancer’s prognosis and treatment.
This could be achieved by biosensing technologies able to continuously screen and
monitor specific biomarkers at different clinical thresholds. There are mainly three

Table 10.1 (continued)

NCT number
Date and
status Title Comment

Advanced Cancer Patients
(DigiSTEPS)

patient-reported functional
outcomes in patients with
advanced cancer

NCT03623945 2018–2022
Recruiting

Autoantibodies in Breast
Cancer Detection (ABCD)

Collection of blood only to
look at circulating
autoantibodies that recognize
breast cancer proteins to
potentially be used as a
biosensor for identifying
patients with increased risk of
having breast cancer

NCT00658658 2008–2015
Completed

Panitumumab in Children
with Solid Tumors

To evaluate the safety and
pharmacokinetics of up to
3 different dose schedules of
panitumumab in pediatric
patients with solid tumors

NCT00411450 2006–2010
Completed

Panitumumab Regimen
Evaluation in Colorectal
Cancer to Estimate Primary
Response to Treatment
(PRECEPT)

Use of biosensors for the
detection of anti-
panitumumab antibodies
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types of biosensors for cancer diagnostics depending on the local they are applied:
POC, wearable, and implantable biosensors. POC technologies allow a quickly and
accurately real-time biomarker monitoring. Through the use of portable POC
biosensors, the cancer diagnostic process could be improved and patients could be
given the most effective and efficient care when and where it is needed. However,
limitations such as reliability, sensitivity, and reproducibility need to be overcome.
Wearable and implantable biosensors foresee the biomarker detection directly in the
human body, which provides a continuous and reliable real-time monitoring of
physiological conditions. However, this drastically improves the complexity and
technical challenges to the biosensing system, including self-power capability,
foreign body response, and data transmission.

Despite the huge development in biosensors, clinical diagnostics still present
several challenges that biosensors are not yet able to fulfill. Parameters like portabil-
ity, precision, reproducibility, sensitivity, and biocompatibility still need to be
improved before the biosensor’s transition into clinics. Cancer early diagnosis and
follow-up treatment could be significantly improved by the monitoring of cancer
biomarkers, when biosensing technologies will be capable of meeting clinical
demands.
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Flexible Sensing Systems for Cancer
Diagnostics 11
Anne K. Brooks, Sudesna Chakravarty, and Vamsi K. Yadavalli

Abstract

Practical screening tools and ultrasensitive technologies can play pivotal roles in
precision cancer profiling for early diagnosis at asymptomatic stages, as well as
for monitoring prognosis, risk stratification, and disease recurrence. While a
number of sensors and diagnostic tools continue to be developed for ultrasensitive
detection and off-site analysis, there has been an increasing interest in point-of-
care devices, particularly those that are mechanically flexible and potentially
wearable by the patient. In this chapter, we present a critical insight into the
integrated engineering approaches involved in such flexible systems. We con-
sider various aspects in the design of flexible devices, the biomarkers of interest,
and the different transduction mechanisms by which mechanically flexible
devices can be used in the area of cancer monitoring. We then discuss the
different types of flexible biosensing platforms that have been developed to
date, including wearables on skin and on clothing, and exhaled breath and
implantable sensors. Finally, we discuss the design challenges and future outlook
in the development of flexible platforms that can provide comprehensive cancer
biomarker panels for patients and clinicians.
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11.1 Introduction

Cancers are among the leading causes of mortality arising from noncommunicable
diseases. Globally, there were over 19 million new cancer cases, with nearly
10 million fatalities in 2020 [1, 2]. Among the various forms of cancers, the highest
mortalities have been associated with conditions affecting the respiratory system
(lung), digestive system (stomach, pancreatic, colon, liver), prostate, and breast.
High cancer mortality rates can be attributed to several causes, including the lack of
timely interventions, and challenges associated with the inherent complexity and
heterogeneity of cancers [3]. Current testing modalities and bioassays have been
linked with issues of invasiveness, sampling errors, large sample volume
requirements, and difficulties in obtaining real-time or continuous data. The high
cost of imaging, and complications arising from surgical biopsies, particularly for
inaccessible/deep tissue tumors, are among other factors that impede efficient cancer
management from a detection, treatment, and recovery perspective [4].

Strategies toward reducing morbidity and mortality are focused on improving
early-stage detection via non-invasive/minimally invasive routes, and developing
efficient strategies to enable continuous monitoring of patients during and after
treatment, to prevent cancer recurrence. It is now known that even individuals
with similar cancer types may not respond to the same standards of treatments
[5]. Developing scalable platforms for continuous and multiplexed biomarker detec-
tion and monitoring the efficacy of therapeutics, can therefore help in forming
personalized strategies based on an individual’s parameters [6]. While various
sensing systems have been studied for the ultrasensitive detection of cancer related
biomarkers in diverse formats (conventional assays and point-of-care (POC)) [7–9],
mechanically flexible and wearable biosensors have the potential to provide a new
paradigm in cancer care. This has been motivated by several factors including
increased desire for portability, reducing complex protocols with long assay times,
and cost-effectiveness [10, 11]. The ability to obtain high sensitivity, rapid response,
small footprint, and multiplexed sensing capabilities makes them suitable for ambu-
latory usage, with both disease diagnosis and continuous monitoring. Development
of such flexible and wearable sensors can lead to enhanced personal monitoring of
conditions (often remotely), while potentially enabling implantable systems for the
integrated monitoring and treatment of cancers in vivo.

In this chapter, we discuss some of the developments and design considerations
for the fabrication of flexible platforms used in cancer diagnostics and therapies. The
challenges and solutions associated in translating such prototypes to real systems
will also be discussed. The reader may note that this is currently a nascent, albeit fast
developing field, with a number of devices geared for the consumer market. Several
flexible systems have been reported that are usable for a host of healthcare
applications [12–15]. We will therefore endeavor to limit our discussion to devices
that are either specifically designed for use in cancer biodiagnostics, or those that
share vital features that enable them to be adaptable for improving the lives of cancer
patients worldwide.
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11.2 The Need for Flexible Biosensors in Cancer Detection
and Monitoring

At the outset, we consider some of the key driving forces for flexible and wearable
systems in cancer detection and monitoring. There is an increased emphasis in
healthcare toward patient-centered prevention and early detection of diseases and
monitoring of chronic conditions [16]. Rapid, cost-effective, and minimally
invasive/non-invasive strategies that can enable monitoring at the bed-side or in a
portable fashion, characterize POC devices. These systems have utilized advances in
miniaturization such as microfluidics, sample handling, and microelectronics to
obtain data in a portable format. They are designed to provide rapid, accurate
analysis and often, continuous or automated data via small-footprint devices that
may be handheld, or easily transportable. Thus, there is no need for complex sample
collection and dispatch to laboratories for testing [17, 18]. Patient samples are used
to obtain the parameter of interest—directly and often instantaneously at the site of
collection, spurring patient-oriented disease management, reducing the frequency of
clinical visits, and providing personalized on-demand interventions [15]. Several
POC devices have been demonstrated for the monitoring of targets from biofluids
(e.g., blood, urine, saliva). The complex heterogeneity of cancers and the need for
personalized treatments therefore, provide the primary motivations to develop and
adapt such systems for this aspect of healthcare.

Wearable devices form a subset of POC systems that are designed to be worn on
(or positioned within) the physical person [19, 20]. While flexible devices are often
designed to be wearable, many currently wearable devices are not necessarily
mechanically flexible, providing operation in rigid formats. Thus, flexible systems
work on, or inside the body, while conforming to the contours of the body
(or clothing) to obtain parameters of interest in a continuous or semi-continuous
fashion from an often-ambulatory target (Fig. 11.1). To date, technologies have been
developed and even commercialized to monitor diverse physiological parameters,
including heart rate, respiration, blood pressure, and locomotion. Sensors have been
integrated into everyday wearables such as clothing, footwear, wrist bands, wound
dressings, and even tattoos, allowing individuals to continuously monitor physio-
logical signals on-the-go, without the need for expensive equipment or trained
professionals. The use of soft, stretchable, and flexible systems is envisioned to
further aid in improving human–machine interfaces, as sensors, implantable devices,
and theranostics [21, 22].

The early detection of cancers at asymptomatic stages and the monitoring of
therapies for patients are examples of areas where flexible platforms can play a
pivotal role. Mechanically flexible systems are of interest for on-body diagnostics.
Flexible devices are designed to be small, low weight, and portable, making them
easy to use in a clinical or outpatient setting, often directly by the end-users
themselves. Such devices can intrinsically conform to irregular curvatures, which
could include external surfaces such as skin, or internal surfaces such as soft tissues,
or even tumors. They are envisioned to directly interface with the target areas, giving
them increased sensing capacity and signal transduction compared to other POC
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systems. This increases the detection threshold of a given biomarker, and higher
sensitivity. Given that many are often thin films, they also could allow for monitor-
ing over an entire surface instead of collecting data at selected points. Thin films also
take less material to produce and lead to less waste after use, giving them commer-
cial and ecological advantages over rigid electronic POC systems that are often
produced using conventional silicon microelectronics. Small on-body biosensors
that are capable of instantaneous and accurate results are desirable, as there is ideally
no time lapse between sample preparation, analysis, and the delivery of results to the
clinician and patient. Conformable and flexible (bio)sensors can reduce physical
discomfort to patients requiring continuous monitoring, while reducing cost per
analysis, and providing opportunities for home-based monitoring. The flexible
biosensors with potential in cancer management can include a diverse range of
integrated medical devices—from smart needles and on skin-wearables to monitor
UV exposure, to implantable sensors to monitor tumors. Overall, the benefits include
a reduction in the healthcare burden, and an increase in the patient survival rate.

11.3 Target Biomarkers of Interest

Biomarkers are defined as measurable biological indicators of a physiological
condition, such as a disease. These can include a variety of types of molecules,
such as nucleic acids, proteins, oncogenes or tumor suppressor hormones,
metabolites, enzymes, and antibodies [8, 23]. Biomarkers are typically detected in
human tissues as well as in biofluids such as blood, serum, urine, or cerebral spinal
fluid (Fig. 11.2). While diagnostic biomarkers correspond to detection, prognostic
biomarkers help predict outcome and recurrence, and predictive biomarkers estimate
responsiveness to treatment [24]. In cancers, some biomarkers may undergo

Fig. 11.1 Formats of flexible sensing platforms—wearable devices for monitoring biophysical
parameters (e.g., motion, heart rate), bandage-type or tattoo sensors on skin, smart textiles for
non-invasive monitoring, and implantable devices that can be placed temporarily or permanently
within the body. Wireless transmission of data from implantable devices provides a route for
non-invasive data handling

278 A. K. Brooks et al.



alterations even when phenotypic tumor changes are not observed. Additionally,
physically observing changes in tissue and tumors can be invasive, costly, and prone
to error and oversight. This makes the analysis of a quantitative biomarker profile
useful in the detection of emerging cancer, monitoring progression, and determina-
tion of treatment effectiveness. The biomarkers of interest change with different
types and stages of cancer making such analysis challenging. We further note that
many biomarkers are not easy to adapt to flexible or even POC systems, still
requiring off-site assays. In this section, we discuss some types of biomarkers that
have been particularly interesting from the perspective of developing flexible
systems for cancer. This list is not meant to be exhaustive and the reader is referred
to other chapters or references for the various cancer relevant biomarkers [3, 25].

11.3.1 Proteomic Biomarkers

The onset and progression of cancer can be characterized by the changes in numer-
ous proteins within biofluids or tissues. These proteins can play a vital role in the
management of cancer. Few important proteomic biomarkers of clinical relevance
include Breast (BRCA1, BRCA2, CA 15-3, CA 125, CA 27.29, CEA, NY-BR-1,
ING-1, HER2/NEU, ER/PR), Colon (CEA, EGF, p53), Esophageal (SCC), Liver
(CEA, AFP), Lung (CEA, CA 19-9, SCC, NSE, NY-ESO-1), Melanoma

Fig. 11.2 Cancer types and sample source of biomarkers having clinical utility that can be applied
to wearable and implantable systems. Biomarkers within the same subtype or across the various
subtypes can be used to develop comprehensive biomarker panels for the design of multiplexed
flexible assays (“M”—“Male,” “F”—“Female”)
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(Tyrosinase, NY-ESO-1), Ovarian (CA 125, HCG, p53, CEA, CA 549, CASA, CA
19-9, CA 15-3, MCA, MOV-1, TAG72), Prostate (PSA) [26]. Various systems have
been developed targeting one or more of the biomarkers from this list using body
fluids such as serum or plasma as the samples of interest.

11.3.2 Genomic Biomarkers

Tumors can acquire mutations through a variety of pathways including changes to
the base sequence of DNA (point mutations, deletion or amplification, malfunction
of repair genes) or changes in methylation of DNA bases in promoter regions that
alter subsequent processes of signal transduction, growth, DNA repair, and apoptosis
[27]. Monitoring such genes can shed vital information regarding the onset and
progression of cancer. Examples of some important genomic biomarkers of clinical
utility for cancer include miRNA-21, miRNA-122, miRNA-223, p53, p62, and
circulatory biomarkers (ctDNA, miRNA) [28].

11.3.3 VOC Biomarkers

Cancers associated with the respiratory system such as lung cancer are normally
detected at later stages leading to low survival rates. Cancers of the lung are usually
accompanied by an increase in oxidative stress leading to the generation of volatile
organic compounds (VOCs). VOC biomarkers that can play vital roles in the early
detection of such cancers include saturated and unsaturated hydrocarbons, and sulfur
containing compounds. Sensors placed in the mouth, or which can measure the
VOCs using handheld devices focus on such targets. Other non-volatile compounds
can be measured in samples such as exhaled breath condensate as useful indicators
for disease [29–31].

11.3.4 Metabolomic Markers

A variety of metabolic pathways are reprogrammed in cancer. For example, the
Warburg effect describes changes in glycolysis, wherein cancer cells take up glucose
and produce lactate. Changes in amino acid, fatty acid, and cholesterol metabolism
are also common. H2O2 is another biomarker of interest, as cancer cells secrete larger
amounts of H2O2 due to their rapid uncontrolled growth. Thus, metabolomic
biomarkers such as acetaminophen, uric acid, ascorbic acid, dopamine, and H2O2

can contribute to the field of cancer detection and therapy [32, 33].
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11.4 Characteristic Properties of Flexible Biosensors for Cancer
Diagnostics

In this section, we discuss a few of the salient features of the flexible devices that are
pertinent to cancer diagnostics. As discussed above, flexible devices for monitoring
physiological parameters typically comprise mechanically compliant supporting
substrates with sensing regions that can maintain their function even under physical
motion or deformation. In comparison to their rigid counterparts, flexible sensors are
typically designed to be functional at non-planar, soft, and non-stationary interfaces.
They are designed for continuous or real-time monitoring, which enables operation
directly at sites of interest, and without interrupting the normal activities of the
wearer. Such systems therefore have the potential to be patient friendly, with a high
cost-effectiveness and speed of detection and often, continuous monitoring.

11.4.1 Design Considerations

(Bio)sensors (in both rigid and flexible platforms) are used for the detection and
sensitive quantification of specific biomarkers in clinical diagnosis. This can permit
evaluation of regular biological and pathological activities, or responses to thera-
peutic interventions [34–36]. While POC sensors have focused on translating con-
ventional bioassays to miniaturized and portable formats, with easy readouts and
reduced sample requirements, flexible sensors are relatively in their infancy. To date,
many flexible and wearable sensors have focused on the measurement of biophysical
parameters such as temperature, pH, heart rate, pressure, motion, etc. [19, 37,
38]. The use of UV monitoring for assessing skin cancer risk is an interesting
example of a sensor target that falls outside these boundaries. Such wearable devices
can monitor an external parameter (solar exposure) during outdoor activities
[39, 40]. Recently, small molecule targets such as ions, glucose, cortisol, and
dopamine have been addressed [41, 42]. For various applications in cancer, often
multiplexed detection of larger and more complex targets is needed. Examples of
such targets and devices are discussed in other sections. Often a broader panel of
biomarkers is sought, which necessitates a multi-omics approach featuring similar
type biomarkers (e.g., proteomic or genomic) or combinatory biomarkers
(proteomic, genomic, metabolic VOCs). Together with the choice of location of
the sensors and the target biofluids, the nature of the information sought (e.g.,
qualitative (yes/no answers) or quantitative (specific concentration)) comprises
factors that can determine the design considerations for cancer screening, diagnosis,
prognosis, risk stratification, and recurrence monitoring.

Sensors are often designed in terms of accessibility to biomarkers, which can be
found in various body fluids at different concentrations. This includes whole blood
(typically high biomarker concentrations) or saliva, sweat, urine, and ascites (typi-
cally low biomarker concentrations). VOCs in exhaled breath may also act as
biomarkers primarily for cancers associated with respiratory systems. The choice
of biofluids in turn, dictates the invasiveness of the sensor ranging from non-invasive
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sensors (e.g., sweat) to minimally invasive (e.g., blood) or invasive (e.g., subcutane-
ous or implanted). Though the sampling in biofluids such as sweat, saliva, etc., is
easier, the biomarker concentration in such biofluids can be 10-fold lower than that
found in blood/serum samples [17]. Therefore, typical sensor issues such as sensi-
tivity, response time, selectivity, reproducibility, and stability are magnified. Based
on the biofluid chosen, the location dictates the design vis a vis the interfacing of the
sensor with target tissues or fluids. These issues are compounded in the development
of multiplexed sensors for the simultaneous detection of many targets on the same
platform [17]. There is often a need for enhancement of detection specificity in
complex biofluids via the incorporation of antifouling materials and response time
acceleration. Multiple biomarkers are often needed for a conclusive outcome in
terms of comprehensive profile within a short time frame, which can restrict the
development of integrated platforms together with the utilization of minimally
invasive/non-invasive sampling approaches.

11.4.2 Material Selection

Depending on their intended application and site of use, material selection may be
guided by factors such as mechanical flexibility and/or stretchability, optical trans-
parency, adhesion, hydrophilicity, selective permeability, and biocompatibility
[43]. The choice of materials varies depending on the desired properties of both
the substrate and the active components, which include functional elements such as
conductive electrodes, biomolecules, filters, etc. Conformation with the target area,
incorporation of antifouling materials, materials as well as novel engineering
approaches are important for reliable performance. Devices must be mechanically
strong and durable, yet able to undergo deformations to match the body’s motions, or
even exhibit self-healing properties [44]. They should ideally match the mechanical
stiffness of native tissue, and adhere to soft and wet surfaces. Intrinsically soft
materials have been considered for flexible devices, requiring less material modifi-
cation [45]. However, rigid materials can also be used if fabricated as ultrathin films,
altered through shape changes, such as cuts or buckled architecture, or via the
inclusion of micro- or nanoarchitectures to impart flexibility [46]. Flexible and
biocompatible devices are also of interest for on-body applications, which include
considerations such as conformation to wet and soft tissue, and skin curvature.
Synthetic, nature-derived, and hybrid materials have found use in flexible electron-
ics, each having their own advantages and disadvantages.

11.4.2.1 Synthetic Materials
Among the most widely used materials in flexible systems are synthetic polymers
such as polyethylene terephthalate (PET), polydimethylsiloxane (PDMS), and
polyimide (PI) [47]. These are commercially available, while offering benefits
such as easy processability, chemical and biological inertness, and thermal stability.
Polymers can be easily molded, pressed, or cast into mechanically robust, ultrathin,
optically transparent configurations. Active components have typically utilized soft
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conductors such as metal nanoparticles and nanowires in inks, conductive polymers
such as PEDOT:PSS and PANI, and metal hybrid materials involving carbon and
polymers [45]. While incredibly stable, these films are usually not biodegradable,
necessitating surgical removal for internal applications, or contributing to
non-degradable medical waste. Given the wide interest in developing sensors for
cancer, different substrates for the same target have been reported. For instance,
biosensors for the human papillomavirus (HPV) responsible for clinical conditions
including cervical carcinoma have included pencil graphite surfaces, paper, screen-
printed carbon, and interdigitated platinum electrodes [48–50].

11.4.2.2 Nature-Derived and Bioinspired Materials
Nature-derived materials have emerged as attractive alternatives for the development
of flexible systems owing to advantages including biocompatibility, biodegradabil-
ity, and environmental sustainability. Biological materials exploited include
proteins, polysaccharides, and specialty materials such as pigments [51]. Salient
advantages include transparency, ductility, low weight, high flexibility, and low cost
[52]. Commonly used proteins include silk, keratin, and collagen/gelatin. Silk fibroin
shows promise in terms of biodegradability, biocompatibility, mechanical robust-
ness, adjustable water solubility, ease of processing, and light weight
[53, 54]. Keratin’s mechanical strength and durability have made it an ideal substrate
[55]. Collagen and its derivative, gelatin, are among the most abundant proteins on
earth, and can be processed in different ways to confer different material properties
[56]. Polysaccharides include cellulose, chitin, as well as seaweed-based alginate
and agarose, and plant-derived starch. Paper, consisting of processed cellulose, is
inexpensive and widely available and lightweight. It is thin and porous, making it
easy to form composites or incorporate inks through screen printing or inkjet
printing. However, its fragility and low stability in wet environments limit its use
[57]. Chitin and its partially deacetylated form chitosan have properties such as
biodegradability, biocompatibility, antimicrobial properties, and low immunogenic-
ity that have made them ideal for biomedical applications [58]. Naturally derived
pigments such as melanin (e.g., derived from squid) and indigo (plant derived) have
also found interest owing to unique physical and electrochemical properties [59].

Examples of a few systems and the materials utilized in the substrates therein, are
presented in Table 11.1.

Various fabrication technologies have been employed for development of
platforms for bioassays. These are dictated by the material choice, feature sizes,
and manufacturability, among numerous considerations. Fabrication technologies
such as micromolding, photolithography, digital laser processing, etc., enable the
fabrication of thin films, fibers, and gels with micro- and nano-scale features
[12, 103]. Even if the active devices themselves are thin, soft, or biologically
interfaced, external connections to power sources and microelectronics such as
data processors and transmission must often be considered in their development.
Recent advances in low power wireless technologies such as near-field
communications (NFC) or radio frequency identification (RFID), integrated with
wireless sensor networks (WSNs) are providing new modalities in data collection

11 Flexible Sensing Systems for Cancer Diagnostics 283



Table 11.1 Examples of different flexible material substrates, sensor configurations and their
corresponding cancer biomarkers

Type Material Configuration Biomarker type/cells Reference

Synthetic PDMS Film Proteomic [60]

PET Film Proteomic, metabolomic,
VOCs

[50, 61–
64]

PMMA Film Proteomic, genomic [65, 66]

Polyimide Film Proteomic, genomic [67–69]

Film wrapped
around needle

Various metabolites [70]

Layer on carbon
electrode

Proteomic [71–73]

PVC Graphene sensor on
PVC film

VOCs [74]

Poly
(vinylidene
fluoride)
(PVDF)

Film Proteomic [75]

Polycarbonate Film with gold
nanobumps

Tumor marker (proteomic) [76]

ITO Electrode coated in
polydopamine

Proteomic [77]

Black phosphorous
nanosheets, MOF

Circulatory biomarker
(exosomes)

[78]

Glass Sheet with Au
electrodes

Proteomic [79, 80]

Optical fiber Fiber Proteomic,
Endomicroscopy

[81]

Carbon Cloth Human breast cancer cells
(MCF-7) and lung cancer
cells (A549)]

[82]

Glassy carbon
electrode with
conductive layer

CA 19-9, DNA
methylation

[83–85]

Carbon fiber
wrapped in
conductive material

Metabolite [86]

Metal Gold film/electrode Proteomic, VOCs,
metabolomic

[87–90]

Nanowires Genomic, metabolomic [91]

Cu substrate coated
in PPy film

Proteomic [92]

PPy Sandwich film Proteomic [93]

Natural Chitosan Film with
MWCNTs

Proteomic [94]

Silk Fiber pH [95]

Film Proteomic [96]

Cellulose Sheet MCF-7, proteomic [97–99],
[100, 101]

Textile Cloth Breast tissue imaging [102]
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and transmission [104]. Device end of life must also be considered; for some
applications, it is desired that devices are stable for long-term use while ultimately
being biodegradable, as to not contribute to e-waste, while for other applications, it is
desired that devices are bioresorbable after short-term use. Degradability includes all
parts of a device, such as the substrate, active components, and external connections,
all of which depend on the materials of construction [105].

11.5 Sensing Strategies Pertinent to Flexible Devices

Biosensors combine a biological component with a physiochemical transducer to
produce a signal quantifying a biological or chemical process [106]. A typical
biosensor includes a biorecognition element, a transducer to convert the recognition
event into a signal, and a signal processing system to provide the user with a
quantitative descriptor of the interaction. There are primarily two approaches for
biomarker detection—label-free and labeled. Label-free sensors are able to directly
quantify the analyte, while labeled sensors require a recognition element for detec-
tion and/or signal amplification [107]. The biorecognition element is usually a
macromolecule that interacts with an analyte, the target molecule of interest. This
may be an enzyme, aptamer, antibody, oligonucleotide, polysaccharide, cellular
structure, etc. The biorecognition element is typically immobilized on a substrate,
or physically entrapped in a matrix to facilitate interaction with the target, usually
from a biofluid (e.g., blood, serum, sweat, saliva, etc.). Of specific interest for cancer
sensing are immunosensors (protein biomarker detection using antigen–antibody
interactions), aptasensors (aptamer-based biomarker detection), and genosensors
(genomic biomarker detection). It is worth noting that while a number of biomarker
sensing strategies have been developed, only a subset of them are transferrable to
flexible platforms. This is primarily dictated by the ability for the sampling, trans-
duction, and processing elements to be miniaturized and/or portable. Electrochemi-
cal, optical, and transistor-type analytical transduction systems have been adapted to
flexible platforms. In this section, we briefly discuss sensing strategies pertaining to
flexible cancer biosensors. For a broader discussion on biosensors and various
transduction, the reader is referred to a number of excellent reviews on the topic
[108, 109].

11.5.1 Electrochemical Sensors

Flexible electrochemical sensing strategy utilizes changes in various electrical
parameters for the rapid and timely detection of analytes. Such a strategy holds
numerous advantages in personalized cancer therapy owing to its cost-effectiveness,
potential for miniaturization (that can be integrated with microfluidics), ease of
interfacing with human skin/fabrics due to high conformability, high sensitivity,
high selectivity, and in situ monitoring of health condition [110]. Furthermore, such
systems can be integrated with smartphones or wireless technologies [111]. This
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enables continuous/non-invasive/minimally invasive monitoring of clinically impor-
tant biomarkers in biofluids by physicians in remote settings [112]. Techniques such
as Cyclic Voltammetry (CV), Chronoamperometry, Square Wave Voltammetry
(SWV), Electrochemical Impedance Spectroscopy (EIS), and Differential Pulse
Voltammetry (DPV) have been employed for proteomic and genomic cancer bio-
marker detection and quantification [10, 113, 114].

A flexible amperometric sensor based on MnO2-nanowires (NWs) on gold
nanoparticle modified graphene fibers was employed for the quantification of hydro-
gen peroxide (H2O2) released from live human breast cancer cells with high sensi-
tivity and selectivity [91]. The flexible format allowed for mechanical stability under
a variety of deformations without affecting performance. Similarly, a flexible
amperometric sensor for H2O2 secreted from cancer cells (human breast cancer
cells (MCF-7) and lung cancer cells (A549)) in situ was reported. The sensor-
carbon cloth supported NiCo-DH/AuPt micro-nano arrays, and exhibited good
analytical performance with a limit of detection of 0.145 μM and a wide linear
range 10 μM to 22.08 mM. Woven carbon fibers enabled high surface area for
surface modification and cell attachment [82]. A flavin adenine dinucleotide (FAD)
immobilized Ti3C2Tx flexible electrode was developed for H2O2 detection in ovarian
cancer cell lines (OVCAR-5 and SKOV-3 cell lines) using CV. It showed good
analytical performance for H2O2 detection with 0.125 μA nM/cm2 sensitivity and a
limit of detection of 0.7 nM [115]. A flexible electrochemical sensor composed of
gold nanoparticles and polypyrrole (PPy) deposited on polyethylene terephthalate
(PET) polymer strip coated with indium tin oxide (ITO) was developed for specific
detection of HPV, which has importance in cervical cancer—over 90% of cervical
cancer cases can be prevented via early detection of HPV. The electrochemical
detection of the HPV16 gene was carried out using CV, and was found to be highly
selective, specific, and sensitive (LOD 0.89 pg/μL, LOQ 2.70 pg/μL). The flexible
conducting film was conducive to nanoparticle electrosynthesis, with improved
electrochemical properties and high surface area compared to rigid alternatives
[50]. A flexible, fully organic, biodegradable, label-free impedimetric biosensor
for the biomarker, vascular endothelial growth factor (VEGF) was shown on a silk
substrate. The biosensor was constructed by photolithographically patterning a
conducting ink consisting of a photoreactive silk protein coupled with a conducting
polymer and could be interfaced with soft tissue. Electrochemical impedance spec-
troscopy (EIS) was used to detect low concentrations of VEGF in various fluids
(buffer, human serum, and simulated urine, with and without albumin), as well as
under conditions of bending [96].

11.5.2 Optical Sensors

Optical biosensors utilize light for the transduction of the recognition event into a
signal. Over the years, various types of optical sensing strategies have been used in
the field of cancer such as fluorescence, Surface Plasmon Resonance (SPR), Surface
Enhanced Raman Scattering (SERS), and optical fibers [116, 117]. While some
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optical devices are constrained by size, the portability and non-invasive nature of
light is promising for use in ex vivo, in vivo, and in vitro cancer applications. One of
the first examples in this regard was a flexible gallium nitride (GaN) light-emitting
diode (LED) fabricated on a liquid crystal polymer (LCP) substrate. A water-
resistant and biocompatible polytetrafluoroethylene (PTFE) coated flexible white
light-emitting phosphor-coated GaN LED was used to detect prostate-specific anti-
gen (PSA). The bending radius and fatigue tests demonstrated the mechanically and
optically stable characteristics of the GaN LEDs on the flexible substrates [118].

Magnetically propelled nanomotors have been used for fluorescence-based detec-
tion of genomic cancer biomarkers. Au-Ni nanowires as nanomotors were fabricated
using a combined electrochemical approach for the preparation of Au with DC
magnetron sputtering of the Ni segment. The nanomotors were then modified with
a ssDNA as capture probe for the selective and sensitive detection of miRNA-21
(a potential biomarker for colorectal, breast, prostrate, lung, pancreatic, and gastric
cancers) with a limit of detection of 2.9 pM [119]. A flexible fluorescence sensor
based on graphene oxide-modified microfluidic paper was also reported for cancer
specific cells such as MCF-7 (Linear range—180–8 � 107), K562 (210–7 � 107),
and HL-60 (200–7 � 107 cells mL�1) [120]. In another work, a silk fibroin-coated
silica exposed core fiber (ECF) sensor for in vivo pH sensing in a mouse model of
hypoxia was shown [95]. Such pH sensing enables continuous monitoring of acidity
levels in the body, potentially aiding in cancer management.

Exosome detection plays an important role in early-stage cancer detection. Thin
silver film coated nanobowl SERS substrates are used to capture exosomes in
solution for the biochemical analysis of intact and ruptured exosomes. The active
surfaces are fabricated via soft lithography on flexible PDMS substrates on which a
thin layer of silver is sputtered [121]. Such encoded exosomes can provide quantita-
tive pH sensing of the intracellular tumor microenvironment which in turn, has
implications for intracellular imaging/cancer therapy. The flexibility of the system
offers potential for intracellular applications, particularly in advanced stages of
cancer. In another work, a flexible nanosilica-integrated PDMS polymer coated
interdigitated sensor was fabricated for an endothelial growth factor (EGFR) muta-
tion which accounts for 85% non-small cell lung cancer cases. Here, the PDMS
provides a flexible interface for the EGFR mutation detection. The sensor exhibited a
limit of detection of 1 aM complementary mutant target [122]. A flexible optical
fiber-based surface plasmon resonance was reported for HER 2 biomarker detection
with a limit of detection of 10 ng/mL [81]. Probe based endomicroscopy plays a vital
role in early-stage in vivo detection of cancers associated with GI tract such as
gastric, lung, and stomach cancer. A flexible endomicroscope was developed based
on fiber Bragg grating sensing for intraoperative gastric endomicroscopy. The sensor
was able to perform fast scanning of the target surface (4.4 mm2) in 1 min,
demonstrating a high efficiency compared to traditional imaging techniques
[123]. Optical techniques can be envisioned to be translated to wearables as shown
in Fig. 11.3. Hybridization events of miRNA and other oligonucleotides transiently
and in vivo could be detected via spectral changes of carbon nanotube
photoluminescence. The sensor enables multiplexed detection using different
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nanotube chiralities and real-time monitoring of DNA-strand displacement, which
could be used for detecting miRNA biomarkers for urinary bladder cancer or
urothelial carcinoma [124].

Fig. 11.3 Various sensing modalities in flexible cancer sensors—(a) Optical sensor based on
flexible 2 � 2 GaN LED arrays (each 100 � 100 μm2) on a plastic substrate. The inset indicates
electrodes (Au) and active GaN LED devices used to detect PSA [118]. (b) Integrated bandage
sensor for epidermal TYR monitoring for melanoma screening. (1) insulator, Ag/AgCl, (2) carbon
printing, and (3) casting of agarose gel. The bending and flexibility of wearable bandage sensor and
electronic board. The amperometric data is wirelessly transmitted to a smart device. A microneedle
sensor is integrated to the soft flexible electronics for transdermal detection of the TYR melanoma
biomarker [126]. (c) A flexible silk protein biosensor for impedimetric detection of VEGF. The
sensor electrodes are 2–3 μm thick and can be conformable to soft tissue for potentially in situ
detection of biomarkers at tissue interfaces [96]. (d) A graphene–Nafion field-effect transistor
(GNFET) biosensor for cytokine biomarker detection. Images of the flexible biosensor conformably
mounted on the human hand with the ability to be crumpled [125]. (e) Hybridization events of
miRNA and other oligonucleotides for urinary bladder cancer or urothelial carcinoma can be
detected via spectral changes of carbon nanotube photoluminescence. This can be envisioned as a
wearable device that records the emission in response to an excitation signal [134]. (f) Schematic of
a GNM FET biosensor integrated on a PDMS film and attached on the human skin. Images of the
transparent and flexible GNM FET device arrays under bending, curling, and twisting. Scale bars
are 2 cm [62]. (Images used with permission from the respective publishers)
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11.5.3 Sensors Based on Field-Effect Transistors

Field-Effect Transistor (FET)-based systems utilize electric fields to control the flow
of current. Recently, a flexible FET type sensor was utilized for the detection of the
ovarian cancer antigen biomarker-CA125. The sensor was fabricated using
polymethyl methacrylate (PMMA) functionalized with multiwalled carbon
nanotubes—MWCNTs-COOH/rGO. The sensor showed a LOD of 0.5 nU/mL
with a wide linear range (10�9 to 1 U/mL). It was also able to detect CA125 in
human serum samples [65]. Another work showed graphene nanomesh FETs on
flexible PET substrates for HER2 detection. It was able to detect breast cancer cells
overexpressed with HER 2 down to the single cell level [62]. A flexible and
regenerative aptameric field-effect transistor biosensor, consisting of a graphene–
Nafion composite film was used for detecting cytokine storm biomarkers in undi-
luted human biofluids. The composite film enabled the minimization of nonspecific
adsorption and reusability. Cytokines (e.g., IFN-γ, an inflammatory and cancer
biomarker) could be monitored in undiluted human sweat with a detection range
from 0.015 to 250 nM and limit of detection down to 740 fM [125]. Examples of
some of the sensing modalities are shown in Fig. 11.3 showing how diverse
configurations and devices may be integrated.

11.6 Formats and Configurations of Flexible
Sensing/Therapeutic Platforms

In the above sections, we have discussed various sensor design elements and targets
of interest for cancer diagnostics. We now present some sensor configurations in
flexible formats for health monitoring [52]. These sensors may be integrated with
therapeutic platforms as a closed loop system. This offers regulation by means of
releasing a therapeutic agent whenever illness biomarkers prevail [127]. By
detecting cancers prior to manifestation in biomarkers levels, therapeutic dosing
can relate to the severity of such changes. The designs of the devices depend not only
on the targets and transduction mechanisms, but also on the way in which the sensors
interface with the human body or environment. The application of flexible platforms
(biosensors) for cancer can be classified into various formats such as attachments to
skin or fabrics, implants, integrated devices for exhaled breath, etc. For instance,
skin-mounted electronics systems can assess physiological parameters such as
temperature, heart rate, blood pulse, and respiration rate, or chemical constituents
in sweat, saliva, and tears.

11.6.1 Wearable on the Human Body

Wearable devices can be mounted directly on the body in order to collect biometric
data in a non-invasive fashion. Flexible and wearable platforms can play an impor-
tant role in cancer therapy, particularly for the care of patients via home-based

11 Flexible Sensing Systems for Cancer Diagnostics 289



monitoring. Such devices can be worn at locations on the skin including the waist,
the upper arm/wrist, behind the ear, etc. Other flexible wearables can include patch-
type sensors on skin, tattoo-like strips, wristbands, intraocular sensing within contact
lenses, and even sensors on tooth enamel [128]. Flexible systems are built on
substrates that mimic the flexibility and stretchability of human skin, with low
thickness to reduce bending-induced strain. They are designed to be non-irritating
and possess the ability to adhere to skin without the need for additional adhesives
[129]. While most sensors are typically thin-film devices that aim for enhanced
sensing due to increased surface area contact, there are also rigid, small-footprint
devices affixed to skin through adhesive pads, penetrating needles, or clamps.

The fabrication of a fully integrated flexible epidermal bandage and a
microneedle electrochemical sensing platform was reported for skin melanoma
rapid screening. The sensor targets tyrosinase (Tyr) as a biomarker of interest, and
the analytical output was investigated using phantom gel, agarose, and porcine skin.
The conformable skin wearable sensor has the potential for melanoma screening in
decentralized systems, overcoming the issues associated with painful biopsies and
the delays/anxiety associated with conventional assays [126]. The concept of using
flexible devices integrated with drug delivery can also be explored in this manner.
Bioresorbable, miniaturized porous-silicon (p-Si) needles with covalently linked
drug cargos were built on a water-soluble film formed from polyvinyl alcohol
(PVA). This flexible film can be intimately interfaced with the irregular surface of
living tissues, followed by complete dissolution with saline solution within 1 min.
Consequently, the p-Si needles remain embedded inside tissues and then undergo
gradual degradation, allowing for sustained release of the drug cargos [130]. In
another work, a flexible wearable on skin optical device was reported for breast
cancer therapy, using continuous monitoring of rapid hemodynamic changes during
the patient’s chemotherapy infusion. The sensor consists of a flexible substrate with
an array of LEDs and optodes which showed high precision in measurement, good
thermal stability, high signal-to-noise ratio, and low detector crosstalk [131].

Ultraviolet light radiation (UVR) is one of the primary drivers of skin cancers,
one of the most common cancers globally. Devices that accurately measure exposure
levels are among the interesting applications in this area. By being flexible and
wearable, they can provide real-time, personalized assessments. Figure 11.4 shows
exemplary devices that possess these attributes. A spectrally selective colorimetric
monitoring of UVR was shown using a photo-electrochromic ink consisting of a
multi-redox polyoxometalate and an e-donor. The ink could be combined with
simple components such as filter paper and transparency sheets to fabricate
low-cost sensors that provide naked-eye monitoring of UVR, even at low doses
typically encountered during solar exposure (Fig. 11.4a). Importantly, the diverse
UV response of different skin colors demands personalized sensors. Customized
design of robust, real-time solar UV dosimeters can meet the specific needs of
different skin phototypes [132]. An optical metrology approach combining optoelec-
tronics designs and wireless modes of operation serves as the basis for a miniature,
low-cost, and battery-free device for precise dosimetry at multiple wavelengths. The
diameter, thickness, and weight of the device are 8 mm, 1.5 mm, and 110 mg,

290 A. K. Brooks et al.



Fi
g
.1

1.
4

E
xa
m
pl
es

of
fl
ex
ib
le
an
d
w
ea
ra
bl
e
se
ns
or
s
de
si
gn

ed
to

be
w
or
n
on

th
e
bo

dy
to

m
in
im

iz
e
ri
sk

of
sk
in

ca
nc
er
s.
(a
)
A

co
lo
ri
m
et
ri
c
pa
pe
r-
ba
se
d
U
V

se
ns
or

w
ith

an
aq
ue
ou

s
so
lu
tio

n
co
nt
ai
ni
ng

ph
ot
o-
el
ec
tr
oc
hr
om

ic
ph

os
ph

om
ol
yb

di
c
ac
id
(P
M
A
)t
ha
ti
s
re
du

ce
d
by

U
V
ra
di
at
io
n
in
th
e
pr
es
en
ce

of
la
ct
ic
ac
id
to

pr
od

uc
e
a
bl
ue

pr
od

uc
t.
T
hi
s
w
as

re
po

rt
ed

as
a
pr
ot
ot
yp

e
de
vi
ce

in
a
w
ri
st
ba
nd

fo
rm

at
w
ith

pa
pe
rd

is
c-
ba
se
d
sm

ile
ys

to
al
lo
w
an

ea
si
ly

re
ad
ab
le
do

se
-d
ep
en
de
nt

se
ns
or

re
sp
on

se
(a
da
pt
ed

fr
om

[1
32
])
.
(b
)
M
ill
im

et
er
-s
ca
le
,
ba
tte
ry
-f
re
e,

w
ir
el
es
s
se
ns
or
s
of

U
V
A

ra
di
at
io
n.

C
ir
cu
it
di
ag
ra
m

of
th
e
sy
st
em

an
d
its

w
ir
el
es
s

11 Flexible Sensing Systems for Cancer Diagnostics 291



Fi
g
.1

1.
4

(c
on

tin
ue
d)

in
te
rf
ac
e
to
a
sm

ar
tp
ho

ne
.T

he
N
F
C
ch
ip
,t
he

M
O
S
F
E
T
,t
he

S
C
,a
nd

th
e
ph

ot
od

et
ec
to
ra
re
la
be
le
d
N
F
C
,M

O
S
,S

C
,a
nd

P
D
,r
es
pe
ct
iv
el
y.

G
N
D
in
di
ca
te
s
gr
ou

nd
.I
m
ag
es

de
m
on

st
ra
tin

g
th
e
fl
ex
ib
ili
ty
of

th
e
se
ns
or

on
va
ri
ou

s
bo

dy
pa
rt
s,
m
at
er
ia
ls
,a
nd

fo
rm

fa
ct
or
s
(a
da
pt
ed

fr
om

[3
9]
).
(c
)A

lG
aN

/G
aN

he
te
ro
st
ru
ct
ur
e
m
em

br
an
es

us
ed

as
w
ea
ra
bl
e
sy
st
em

s,
su
ch

as
w
ri
st
ba
nd

s
to

m
ea
su
re

th
e
U
V

ex
po

su
re

le
ve
ls
[1
33
].
(d
)
U
V

se
ns
iti
ve

ph
ot
od

et
ec
to
r
de
vi
ce

co
nfi

gu
ra
tio

n
of

p-
C
uZ

nS
/n
-T
iO

2
N
T
A
s
w
ith

A
g
co
nt
ac
ts
,a
nd

fo
rm

of
th
e
fl
ex
ib
le
w
ea
ra
bl
e
ph

ot
od

et
ec
to
ra
s
a
re
al
-t
im

e
U
V
m
on

ito
rw

ith
le
ve
ls
re
po

rt
ed

fr
om

a
m
ob

ile
de
vi
ce

[4
0]
.(
Im

ag
es

us
ed

w
ith

pe
rm

is
si
on

fr
om

th
e
re
sp
ec
tiv

e
pu

bl
is
he
rs
)

292 A. K. Brooks et al.



respectively, and use a chip with near-field communication, radio frequency antenna,
photodiodes, supercapacitors, and a transistor (Fig. 11.4b) to exploit continuous
accumulation for measurement [39]. Flexible UV light sensors using an
interdigitated photodetector were created using aluminum gallium nitride (AlGaN)
and free-standing single-crystalline layers of gallium nitride (GaN). These
membranes are easily bent, allow for use in flexible and wearable sensors
(Fig. 11.4c) and operated at high levels of responsivity and sensitivity [133]. Another
flexible wearable skin sensor with a p-CuZnS/n-TiO2 photodetector for skin cancer
was reported. The sensor was stable even at a 50� bending angle, high responsivity
640 AW�1, and high quantum efficiency (Fig. 11.4d) [40]. These works show the
diverse strategies for the fabrication of flexible skin wearable platforms for skin
cancer.

11.6.2 Flexible Sensors Integrated in Textiles

Sensors on fabrics and textiles form an important segment within this category.
Functional and “smart” fabrics are becoming increasingly popular, with high
conformability to the body profile [134]. Making devices that are wearable and
can be incorporated with everyday clothing makes monitoring easy for the patient, as
it requires no extra effort, and allow for continuous on-body sensing. Different
strategies are considered in developing such fabric-based flexible wearable sensors
including the printing of functional electrodes on finished garments via flexible
deposition/printing, or modifying fibers/thread to form functional textiles. Modified
textiles include sheets woven or knitted from fibers, and non-woven 2D structures.
While these have been traditionally made from wool, cotton, or synthetics (nylon,
polyester), new materials have been explored for smart textiles [12–
15]. Modifications to traditional textile materials, such as treatment to give
nanoporous surface morphology and incorporation of functional coatings, can confer
properties such as electrochemical conductivity [47]. Considerations include dura-
bility, machine wash stability, and biocompatibility to avoid irritation.

Researchers have exploited both forms of flexible wearable electrodes for cancer.
A millimeter sized nickel manganate based Negative Temperature Coefficient
(NTC) chip thermistor probe was reported for early-stage breast cancer detection.
This may be attached to any kind of fabric, with high sensitivity, accuracy, and
reliability in terms of analytical performance [135]. As clinicians are accustomed to
image interpretation, 2D and 3D thermal imaging systems have been developed to
predict hot spots by measuring body surface temperature. A wearable textile antenna
was used for the detection of cancerous tumors (xeroderma pigmentosum) in the
X-frequency band (8–12 GHz). It showed a reflection coefficient magnitude of
�10 dB (between 8 and 12 GHz) in a model of dielectric artificial skin [136]. A
flexible wearable ultra-wideband (UWB) antenna was similarly developed for
microwave imaging of breast cancer. Specifically, the antenna was composed on
three layers of polyimide, with transmission provided by periodic spiral patches. It
showed a maximum efficiency of 85%, maximum gain of 3.87 dB, and a wide
bandwidth of 3.26–23.37 GHz [137].
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An evolution in the design of such flexible and wearable systems can be seen in
Fig. 11.5. A continuous-wave wearable diffuse optical probe for investigating the
hemodynamic response of locally advanced breast cancer patients during
neoadjuvant chemotherapy infusions was developed [138]. The system consisted
of a flexible printed circuit board with an array of six dual wavelength surface-mount
LED and photodiode pairs (Fig. 11.5a). The probe could be encased in a soft silicone
housing that conforms to the natural breast shape in order to explore continuous
hemodynamic changes during chemotherapy. A similar flexible wearable on textile
sensor was shown with a 20 � 20 mm 16 antenna array for the microwave detection
of breast cancer (Fig. 11.5b). The antenna operated in the range of (2–4) GHz
[102]. The proposed biosensor comprised a flexible substrate (50 μm Kapton
polyimide) with 16-element 20 � 20 mm antennas asymmetrically embedded in
clothing to provide the wearable interface (Fig. 11.5c). However, the embedded
antennas were delicate and required a switching matrix to connect each pair

Fig. 11.5 (a) Flexible PCB and optical components. Top and bottom view of the wearable probe
and its flexibility under gentle pressure [138]. (b) A wearable prototype showing the connectorized
monopole antenna with the array inside the bra-cup. The outside showing the SMA cables that
connect to the antennas (the device is sitting on a breast model) [102]. (c) Thermistor sensors
integrated into clothing for measuring temperature fluctuations in breast tissue. (d) Wearable
biometric patches of the Cyrcadia Breast Monitor showing the sensor side of the patches and
their placement on skin surface [140]. (Images used with permission from the respective publishers)
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individually to sensing array ports with a vector network analyzer for measurement,
which was somewhat time consuming. In these, the sensor placement was not very
comfortable. Figure design changes are seen in Fig. 11.5c, d, which are commer-
cially developed sensors integrated into clothing. The iTBra exploits the relationship
between temperature and cancerous cell division, with a heat sensor to track temper-
ature fluctuations in breast tissue [139]. The Cyrcadia Breast Monitor (CBM), a
non-invasive, non-compressive, and non-radiogenic wearable device for breast
cancer detection that can help reduce unnecessary biopsies. The CBM records
thermodynamic metabolic data from the breast skin surface over a period of time
using two wearable biometric patches consisting of eight sensors each and a data
recording device. The acquired multi-dimensional temperature data are analyzed to
determine the presence of breast tissue abnormalities [140].

11.6.3 Exhaled Breath Sensors

Exhaled breath analysis is another non-invasive way to measure the physiological
status of an individual. There has been interest pertaining to exhaled breath sensors
using the detection of various compounds ranging from non-volatile compounds in
exhaled breath condensate (EBC) (e.g., cytokines, leukotrienes and hydrogen per-
oxide) to VOCs such as isoprene, acetone, ethanol, methanol, other alcohols and
alkanes [29]. Flexible devices provide a strategy for ambulatory and wearable
sensing of these parameters. A flexible chemoresistive sensor was shown for four
types of exhaled breath biomarkers—ammonia, isoprene, acetone, and hydrothion.
The chemoresistive sensor array was constructed via graphene oxide metal hybrid
film deposition on a flexible PET substrate patterned with interdigitated electrodes. It
showed 95.8% sensitivity and 96.0% specificity in lung cancer detection in clinical
samples [64]. The flexibility of such devices render rapid, non-invasive, and
personalized healthcare management. Another work showed the fabrication of a
flexible sensor array based on MXene as a sensing layer with a graphene
interdigitated electrode for VOC biomarker detection such as alcohol in human
exhaled breath [141]. The sensor showed prediction accuracy up to 88.9% in breath
samples. Here, owing to attachment of the flexible device to irregular surfaces on the
body, the real-time measurement of human breath was enabled. A flexible sensor
based on MXene/rGO/CuO hybrid was reported for sensing acetone (a cancer VOC
biomarker) [142]. It was found to exhibit 52.09% sensor response toward 100 ppm
acetone at room temperature with a fast response and recovery time [142]. Acetone
could be detected in human breath using a flexible Pt on Ga–In bimetal oxide
nanofiber sensor. It exhibited good analytical performance with low limit of detec-
tion (300 ppb), short response time, and a high response to ppm levels of acetone
[143]. It also exhibited good stability and moisture insensitivity in the range
40–95%. Flexible sensors can also be used for other forms of analysis. Since lung
cancer patients may experience shortness of breath, flexible sensors with the capa-
bility of monitoring breath patterns can play a vital role in their treatment and care. In
this regard, a multifunctional flexible sensor based on p-NiO/n-CdS on ITO was
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fabricated using low temperature solution processed deposition technique. It was
shown to have a capability of distinguishing different breath patterns such as deep,
fast, and slow [144]. Here, the solution processing enables low-cost fabrication with
high throughput.

11.6.4 Implantable Devices

Various devices can be implanted in human bodies/animal models for the continuous
monitoring of heath conditions. These may include the monitoring of in vivo tumor
progression, tracking of biological metabolites, and could eventually integration
with feedback controls for tailored drug delivery. With their mechanical
conformability, soft and intrinsically flexible devices may be used as subcutaneous
sensors or wholly implanted devices. There is the possibility of damage to tissue
during insertion of traditional rigid electrodes and implants. Chronic stress in
biological environments may also lead to the development of fibrous capsules
surrounding the device and eventual failure. Flexible devices made of bioinert or
biocompatible materials are therefore designed to avoid these issues, while matching
surface softness and shape in vivo [22]. Devices match dynamic deformation and
elongation of tissue, and adhere to wet surfaces with varied features. Specificity and
selectivity in a complex in vivo environment are practical considerations. Sensors
designed to degrade within the body are attractive options to obviate the need for
recovery. Biodegradability and hydrolysis in the aqueous environment must there-
fore match the timescale of sensing. Degradation byproducts must also be biocom-
patible. An encapsulation layer of inert material that has tunable degradability can be
used; however, this can block sensing and signal transmission. Additionally, devices
may need external connections for power and transmission of data, or a wireless
alternatives [145]. While many in vivo flexible implantable devices are of profound
utility in cancer detection, integrated delivery of anti-cancer drugs, and therapy in
deep-rooted tumors, many are far from deployment in the human body.

An innovative strategy to monitor asymptomatic cancer was shown in the form of
a tattoo-based biosensor to detect hypercalcemia, which is associated with various
forms of cancer (gastrointestinal, lung, prostate, colon, breast). The applicability of
the tattoo was shown in mouse models injected with breast and colon cancer cell
lines, with the ability to detect cancer development at asymptomatic stages [146]. A
flexible 6 μm thick PET based device (Mylar foil) capped with an encapsulation
layer (5 μm thick) was shown. The foil hosted a temperature sensor and a heating
unit, and used in the liver tissues of murine cancer models. A 0.1 �C accuracy in
temperature was noted at a bending radius of 2.5 mm, showing efficiency in handling
exophytic tumor nodules [147]. An example of a flexible therapeutic implant was
shown in the form of an implantable self-powered photodynamic therapy system
based on a twinning structure piezoelectric nanogenerator encapsulated by
parylene-C. It showed a significant antitumor effect (87.46% tumor inhibition)
upon irradiation with intermittent continuous simulation of light for 12 days, thus
showing potential for clinical cancer treatment [40]. Such implants can be integrated
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with sensors to form closed loop therapies. Flexible devices can be integrated with
controlled drug release as shown via a noteworthy biodegradable flexible electronic
device for controlled paclitaxel delivery. The device was powered by an external
alternating magnetic field and showed good inhibitory effect on cancer cell prolifer-
ation (MCF-7). The device design comprising Zn and MgO allowed for complete
biodegradability, thereby providing relief to breast cancer patients without the need
for a second extractive surgery to retrieve the device [148].

Thus, skin and textile-based wearables, implantable and integrated exhaled breath
flexible biosensors/platforms can play a pivotal role in cancer management ranging
from early detection to long-term monitoring and integrated drug delivery.

11.7 Outlook for Flexible Sensors in Cancer Diagnostics

In conclusion, we note a few of the challenges and opportunities in the future
development of clinically relevant flexible systems for cancer diagnostics. Most of
these are broadly applicable to the field of wearables and flex systems for human
health monitoring, which will also guide the specific area of disease diagnostics. As
discussed in this chapter, the goals of personalized cancer detection and therapeutic
monitoring are among the primary drivers triggering interest in the field of mechani-
cally flexible systems. While conventional (rigid) electronics and POC devices offer
a host of analytical services, flexible systems are designed to enable adherence to
novel form factors [149]. Systems that can advance the functionality and compati-
bility of materials with the body, improve stability, accuracy and reliability, and
provide the ability to integrate different components to autonomously gather, ana-
lyze, and transfer data, will provide the roadmap for new products and applications.

As noted above, depending on the sample source (e.g., sweat, blood) and nature
of biomarkers (e.g., biophysical, biochemical), various categories of mechanically
flexible systems (e.g., wearables, implantables) are possible [150]. Typically, the
devices are low power, mechanically robust to deformation, low cost, or disposable.
From bending and rolling, to conforming onto irregular shapes, folding, twisting,
stretching, and deforming, the key performance metrics involve maintaining perfor-
mance and reliability in the face of mechanical challenges [151]. To promote patient
and clinical use, devices need to be compact and comfortable [152]. Flexible and
lightweight circuitry design that fits within tight spaces can optimize space and
efficiency. The choice of materials for the substrate with the appropriate mechanical
properties, the inks, as well as integration with the electronics components are
important considerations in addition to manufacturing itself. The material choice
in turn, may be dictated by the placement of the flexible device. The rise of
biocompatible, synthetic, and naturally biodegradable materials can provide the
substrates for soft implantable devices [153]. The requirement for flexibility further
necessitates novel technologies for device manufacturing and processing. Methods
such as roll-to-roll technologies are ideal for large-scale production of pliant
interconnects [154]. Further, devices have to possess interconnects that provide
low signal loss and increased mechanical flexibility. Interconnects that can connect
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systems without loss of signal, or interfering with the form and fit of the wearables
are needed [155]. There often tends to be a mechanical mismatch between the
devices and the soft tissue, as well as flexible substrates and microelectronics.
These include stiff electronic components including microprocessors, connectors,
transmitters, receivers, resistors, capacitors, and power supplies. Smart design and
integration of MEMS devices, microcontrollers, and power sources in small and
“soft” form factors are needed. Novel ideas such as flexible antennas and flexible
energy storage and conversion systems as power sources, batteries, supercapacitors,
fuel cells, and even autonomously powered devices powered by the body itself are
being developed to form completely soft devices [156, 157]. Low power consump-
tion is important in terms of long-term performance and patient safety. Proximity of
the electrical components to living tissues places restrictions on power dissipation
for both on-body or implanted systems, in order to minimize cellular damage [158].

In addition to the issues surrounding device design itself, other considerations
include, but are not limited to—exploring clinically relevant and appropriate
biomarkers, and developing stable and biofriendly interfaces via different biofluids
or body parts. Stable interfacing between the analyte of interest and sensor surface
tends to be challenging in flexible systems. New strategies must be explored to
effectively detect ultralow concentrations, such as circulating tumor cells or
nucleotides in μL of fluids. Flexible devices have a higher signal-to-noise ratio
than traditional sensors because of better contact and conformability. Thin-film
flexible devices reduce the thickness of the diffusion layer, increasing flux.
Approaches such as using nanopores for migration, magnetic nanoparticles, and
flexible microfluidics are emerging as viable options [159, 160]. Reproducibility
consists of precision and accuracy, that is, giving the same value repeatedly over
time [159]. The human body is a dynamic environment, so changes in temperature,
pH, humidity, and even mechanical bending or stretching for flexible electronics can
affect the signal. Biofouling and hysteresis contribute to non-reproducibility over
time, necessitating research in temperature and pH-responsiveness, magnetic and
acoustic clearing, and self-cleaning [161].

Combinatorial approaches of flexible systems and clinically relevant biomarker
panels as potential fingerprints for cancer are still being developed [162]. Many
cancers cannot be detected through use of a single biomarker, and are instead,
characterized by a host of atypical changes. Further, many different types of cancers
or noncancerous conditions can affect the same biomarkers. The development of
more accurate biomarker diagnostic panels for different types and stages of cancer is
an ongoing challenge not only for conventional assays, but flexible systems as well
[163]. This has led to many flexible platforms utilizing chemical to electrical sensing
strategies, as to minimize the need for additional equipment and expensive reagents.
It is envisioned that the flexible devices work in conjunction with other forms of
assays and diagnostic tools to discern multiple biomarkers of interest simultaneously
for clinical use. These may include both biophysical and biochemical markers of
disease and wellness.
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Device design must factor into the end-user demographics and usage settings.
Improving access to under-served communities and resource limited countries is
equally critical [164]. Flexible platforms offer unique advantages for on-demand
care, but may involve different constraints that limit their usability [19]. For at-home
use, applying and removing devices consisting of disposable (adhesives, sensors)
and reusable components (batteries and circuitry, plastic housings) might not be
intuitive. Flexibility oftentimes may lead to increased elasticity but loss of mechani-
cal strength. Micro-/nano-scale thinness can make devices fragile and hard to handle.
Developments in wireless technology, micro and nanoelectronics, and functional
materials have helped remedy some of these issues. These come with increased
costs, which may be prohibitive in terms of wider access. Disposal devices may lead
to issues of medical waste. Simultaneously, there is a need for improved ease-of-use
of the devices and user-friendly platforms/software to help with data processing and
interpretation, both for the patient and clinician [165]. Cybersecurity and secure
storage/transmission of patient data is vital [166].

11.8 Conclusion

In summary, this chapter outlines some of the aspects in the design of mechanically
flexible devices, sensors, and diagnostic tools that are finding an increasing applica-
tion in the area of cancer monitoring and therapy. We have discussed various
features of such devices, their materials and configurations, areas of application,
and the outlook for this stimulating and rapidly growing area of research. We note
that given the complexity of cancers and the diverse choices available, devices can
adopt different biological, material, and sensing requirements. Not all materials and
methods will be applicable to all systems, and not all designs will be clinically and
commercially feasible beyond the lab setting. Advances in materials science, nano-
technology, and biosensing strategies are needed to continue to advance the field to a
point where convenience and reliability make flexible, on-body, and POC devices
worth using in the eyes of a patient compared to current standards. If these are
achieved, it is envisioned that development of clinically relevant flexible systems can
aid in personalized cancer management ranging from early detection and therapeutic
response monitoring, thereby enhancing cancer patient survival and quality of life.
The range and diversity of these flexible devices and configurations is remarkable
and provides a host of possibilities for the elucidation of different kinds of
biomarkers in different environments. The exciting developments in this field, in
turn have significant benefits in enhancing patient survival rates, mitigating
suffering, and reducing healthcare costs.
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Abstract

Early cancer detection is still a major clinical challenge. The development of
innovative and noninvasive screening approaches for the detection of predictive
biomarkers indicating the stage of the disease could save many lives. Traditional
in vitro and in vivo models are not adequate to copycat the native tumor
microenvironment and for the discovery of new biomarkers. Recent advances
in microfluidics, biosensors, and 3D cell biology speed up the development of
micro-physiological bioengineered systems that improve the discovery of new
potential cancer biomarkers. This can accelerate the individualization of cancer
treatments leading to precision medicine-oriented approaches that could improve
patient prognosis. For this reason, it is necessary to develop point-of-care diag-
nostic tools that can be user-friendly, miniaturized, and easily translated into
clinical practice. This chapter describes how far this new generation of cutting-
edge technologies, such as microfluidics, label-free detection systems, and molec-
ular diagnostics, are from being applied in the current clinical practice.
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12.1 Introduction

The World Health Organization (WHO) estimates cancer is among the first two
death causes before the age of 70 years in most countries. Cancer incidence and
mortality are also increasing because the main risk factors of cancer are related to
socio-economic development [1]. Current methods for cancer detection are
ultrasounds, magnetic resonance imaging, and biopsy, all based on cancer morphol-
ogy. These techniques are helpful but not able to capture the genetic and epigenetic
landscape of cancer disease [2]. Biomarkers-based technologies are less invasive and
aim to improve early cancer diagnosis and increase the life expectancy from the
diagnosis. Early diagnoses make a difference in administrating a more personalized
therapy in a shorter time [3]. Currently, researchers and pharmaceutical companies
are investing their efforts in developing more efficient sensing technologies for the
detection of cancer biomarkers in a more precise, fast, and reliable manner for
clinical uses. Biosensors can detect nucleic acids, proteins, metabolites, enzymes,
or hormones (Fig. 12.1) [4]. The presence, absence, or perturbation of these
biomarkers can contribute to predicting the onset, stage, and/or sub-types of cancer,
leading to an improvement of the therapy. For this aim, it is necessary to improve the
efficiency and reliability of the detection strategy, and the portability of the tests to
enable the clinical translation of the biomarkers. Hence, miniaturized biosensors are
the key to making point-of-care testing platforms for improved analytical perfor-
mance [5]. Next, it is fundamental to improve the relevancy of the tumor models
employed for the discovery of predictive biomarkers. In this regard, 3D in vitro
models, such as organoids and multicellular spheroids, have demonstrated a superior
performance compared to conventional platforms to recapitulate the complexity of

Fig. 12.1 Biosensors overview. A biosensor is a device that measures biochemical reactions by
generating a signal that is proportional to the concentration of the analyte of interest. The signal
generated is related to metabolites, nucleic acids, pH, and oxygen variation in the biological sample.
Created by Biorender
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the in vivo scenario. As such, they have become the standard for recapitulating
human disease or investigating tissue development [6, 7]. When combined with
biosensors and dynamic culture platforms, such as microfluidics, these miniaturized
physiological systems can expand the discovery of molecules that could be consid-
ered as biomarkers in cancer detection [8]. In this chapter, we provide an overview
on the integration of 3D tumor models into micro-physiological sensing platforms,
and their essential role in the discovery and detection of new cancer biomarkers.

12.2 A New Era of In Vitro Models

Animal models and 2D cell culture have greatly contributed to biomedical research
by understanding the key molecular disease pathways. However, they are very
limited in reproducing the complexity of the native scenario and the correct response
of cells to drugs, besides other bottlenecks. To solve this, micro-physiological
systems were developed by combining microfluidic chips with 3D environments
made up of natural or biomimetic synthetic matrices encapsulating different cell
types. These systems bypass the ethical concerns related to the use of animal models
and, at the same time, they copycat cell organization and tissue architecture better
than cells culture grown on artificial plastic dishes [9–11]. Indeed, 3D in vitro
models are replacing 2D culture platforms and animals little by little due to their
superior relevance and versatility. Among 3D in vitro models, organoids deserve a
special mention. They derive from freshly resected human tissues that are processed
by mechanical and enzymatic dissociation [12, 13]. Dissociated cells are embedded
in hydrogels (mainly Matrigel) and maintained in a growth factors-rich culture
medium [14]. The use of organoids in preclinical and clinical trials has increased
during the last years, opening new avenues for compound testing in vitro. Due to the
high correlation between organoids and the original tissue, organoids can play a
fundamental role in investigating new biomarkers for cancer detection
[15]. Organoids can also be incorporated into a microfluidic chip to mimic the native
compartmentalization of different tissue within the human body or to modulate
nutrient distribution by the generation of well-controlled gradients [16]. In the
following, we highlight several examples on the development and exploitation of
organoids, alone and incorporated in microfluidic chips, with particular attention to
the strategy for sensing biomarkers that could help cancer detection at an early stage
or support the diagnosis.

12.2.1 The Advantage of Miniaturizing Organs
in the Microfluidic Chip

Microfluidic technology has been widely exploited for the investigation of a myriad
of pathophysiological phenomena. Microfluidic devices represent a versatile plat-
form for studying cell–cell interaction, migration, and drug screening, and impor-
tantly, allow precise control over nutrients distribution, pressure, oxygen, and/or
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shear stress [17, 18]. Microfluidic devices permit the investigation of the spatial
distribution of the cells, and consequently, on the metabolites, ncRNAs, proteins,
genes in the cancer tissues, with particular focus on the molecules involved in the
mechanisms of extravasation and metastasis [19]. In this section, we briefly highlight
how the combination of microfluidics, biosensors, and cancer can contribute to
shedding light on the secreted or endogenous molecules. Moreover, the technology
exploited to detect these molecules and how microfluidics contributed to this is
discussed.

Organoids overcome the oversimplification of the multicellular microenviron-
ment of organs and tissues, as mentioned above. Their physiological relevance
allows them to be used as ex vivo 3D models that capture partial or complete
functions of tissue and organs. Organoids, by definition, are self-organizing 3D
cellular structures that copycat the architecture and the cellular composition of an
organ or tissue. For almost one century, researchers tried to allow the growth of cells
and organs ex vivo with some exciting results using sponges, chick embryos, or
amphibians. However, in 2009, some researchers managed to grow adult intestinal
stem cells in 3D organoids using Matrigel. These cells, expressing that single
leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5), are able to
differentiate in crypt-villus structures paving the way for the growth of many other
organs and tissue such as stomach, liver, pancreas, lung, kidney, brain, and retina
[15]. Organoids have little by little reduced the use of immortalized human cancer
cell lines and mouse models, such as patient-derived xenografts since they physio-
logically resemble tissue heterogeneity and architecture. In addition, when the 3D
organoids culture is established in the laboratory, it is cost-effective and less time
consuming [20]. For these reasons, in the last decade, tumor organoids, or
tumoroids, have exponentially increased their presence in cancer research, starting
from colorectal cancer organoids that self-sustain the growth in response to complex
and defined culture medium containing growth factors. Nowadays, researchers
copycat the morphology and mutational landscape of many cancer types, including
breast, gastric, ovarian, bladder, kidney, lung, and prostate. Modern approaches,
such as CRISPR-Cas9 and RNA interference, punctual mutations in cancer-driving
genes are inserted in wild-type cells in order to recapitulate different stages of cancer
progression [21]. When combined with sensing technologies, microfluidic devices
enable the continuous monitoring of key metabolic parameters or environmental
conditions of the tumor, such as pH, hypoxia, and/or temperature, while controlling
the culture conditions and the cellular response to biochemical and biophysical
stimuli [22]. Overall, microfluidics provide scalable and reproducible platforms for
standardizing the culture, growth, and processing of cancer organoids [23].

12.3 Raman Spectroscopy Application in Biological Samples
and In Vitro Organoids-on-Chip Models

Surface-enhanced Raman Spectroscopy (SERS) is an emerging technology for the
label-free sensing of molecules obtaining information about their structural and
chemical composition [24]. The mechanisms underpinning SERS involve the
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amplification of the signal when the molecules are immobilized on metallic
nanostructures (typically, gold nanostars), which are illuminated; SERS is generated
from the scattered light [25]. One of the challenges in SERS is to drive the molecules
in solution to the nanostructures in order to increase the sensitivity. Microfluidics
device integrated on a flat silver surface can be employed to increase the sensitivity
of the SERS-based detection system. Here, the silver surface with nanoholes is
illuminated by mean of a 633-nm laser in order to increase the yields of the SERS
signal [26]. This approach could be adopted to grow cells and analyze by SERS their
secretome for detecting a transition from normal to tumoral state. Moreover, each
molecule in nature can produce its spectral signal. In this way, SERS provides a
unique fingerprint for specific molecules [24]. In the last decades, SERS has paved
the way for new clinical applications, such as cancer diagnosis, therapy monitoring,
and drug screening and testing. The so-called Raman-active molecules can be either
lipids, proteins, or nucleic acids that can work as early indicators of a specific
physiopathological state. Moreover, when Raman spectroscopy is coupled to
patient-derived organoids, it can predict drug efficacy or copycat tumor metabolism
and physiology in vitro (Fig. 12.2a) [27]. In the case of 3D tumor models or
biological specimens, it is possible to integrate a microscope to the Raman spectro-
scope to analyze a specific region of the sample [25]. An interesting example of the
clinical application of Raman spectroscopy is the comparison of the blood signatures
of healthy and breast cancer patients. It was shown how the spectral bands with
higher intensity moved from methionine/tryptophan (amino acids) to phospholipids
and guanine. Moreover, it was possible to distinguish the different stages of breast
cancer on the basis of the analysis of blood samples [28].

The continuous research addressing the discovery of new targets or compounds in
the fight against cancer pushes the improvement of the current technology toward
high-throughput screening. For this reason, Raman spectroscopy is a reliable
approach for understanding biochemical features of cancer spheroids, in particular,
the drug response. The samples do not need pre-treatment, such as fixation or
staining that could alter the biochemical profile of the cells. For example, Raman
spectroscopy in MCF7 breast cancer spheroids treated with staurosporine, a
pro-apoptotic protein kinase inhibitor revealed a significant difference in drug
sensitivity when compared to conventional 2D culture. Interestingly, Raman distin-
guished the presence of microcalcification peaks in spheroids of different ages,
showing that this technique can potentially detect the stage of cancer [29].

Raman spectroscopy also supports monitoring the differentiation state of
organoids derived from hiPSCs. Changes in glycogen, lipid composition, or cyto-
chrome protein are hallmarks of hiPSCs differentiation that can be detected in fixed
samples of these cells to guide the differentiation. Recently, it has been demonstrated
that the chromatin status and organization reflect the stage of differentiation of
hiPSCs lineage. However, the techniques to analyze chromatin are destructive and
not suitable for high-throughput. Liver organoids are made up of a high-throughput
system based on an agarose multi-well system. The liver-specific signal pathway is
blocked and the differentiation status of the cells is monitored by confocal light
absorption and scattering (CLASS) microscopy and Raman spectroscopy that are
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able to catch the changes in chromatin organization and biochemical composition in
the liver organoids in a nondestructive manner (Fig. 12.2b, c) [30].

3D cell cultures, such as spheroids and organoids, are not homogeneous due to
the gradient of oxygen and nutrients from the outer to the inner region. It is therefore
challenging to map the spatial heterogeneity and predict the differentiation status in
3D. In this regard, microfluidics coupled to Raman can help on promoting and
identify the differentiation status of complex tissues. For example, Raman analysis
of three peaks corresponding to hydroxyapatite (960 cm�1, an odontogenic differ-
entiation marker), β-carotene (1156/1528 cm�1, precursor of hydroxyapatite), and
protein/cellular components (2935 cm�1) helped the recognition of the differentia-
tion status of human dental pulp stem cell spheroids. This study demonstrated that
the outer region of the spheroids was mostly subjected to odontogenic
differentiation due to the closer and direct exposition to the medium carrying the
differentiation factors. Raman spectroscopy allowed the mapping of odontogenic
differentiation induced up to 40–50 μm toward the inner part of the spheroids [31].

12.4 Biosensors Integration for Metabolic Read-Out Detection
in Organ-on-Chip Platforms

Low cost and short time analysis allow microfluidics to be a valuable approach for
detecting metabolites in micro-physiological disease models. However, the complete
adoption of these sensor-integrated microfluidic devices will be achieved when they
provide user-friendly interfaces that can be utilized by nonspecialized users inside
and outside biological laboratories [32, 33]. The first generation of electrochemical
biosensors is represented by the analytical devices that transduce biochemical
reactions (enzyme–substrate reaction and antigen–antibody ligands) to electrical
signals (such as current, voltage, and impedance). In this case, the electrode acts
as solid support for the biomolecules’ immobilization. It is necessary to maintain the
correct orientation of the immobilized enzymes, for example, in order to avoid loss
of activity and specificity. One of the challenges is also the choice of the electrode
materials that could support this compatibility [34]. The development of biosensors
allows the easy monitoring of many different physiological parameters, such as pH,
glucose, lactate, oxygen, nitric oxide, and transepithelial electrical resistance.
Biosensors can be integrated into 2D and 3D micro-physiological systems enabling
static and dynamic detection of single or multiple parameters. Miniaturizing the
electrochemical biosensors for on-site analysis with accurate sensitivity and high
reproducibility is still a challenge. At this aim, nanomaterials, that present a larger
surface area and subsequent higher loading capacity and improved reactants trans-
port, could support the sensor apparatus and increase the performance of the analysis
by amplifying the signal. One example of integration between biosensors, 3D cell
culture, and bioreactor is given by a model that exploits luminescence-based oxygen
sensor beads for the detection of glucose and lactate in spheroids [35]. Another
example is provided by a versatile platform relying on tumor spheroids in a
microfluidic hanging-drop network with multi-analyte biosensors, where it is
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possible to monitor in parallel the temporal evolution of lactate levels and glucose
consumption inside the spheroids. The main advantage of this approach is the
separation of the sensor unit from the microfluidic chip, offering an easy-to-fabricate
modular device [36].

Cell metabolites secretion is altered by extracellular stimuli and by a change in the
microenvironmental conditions, such as hypoxia, which could trigger chemotherapy
resistance. To better mimic these conditions, a microfluidic chip platform that
supports matrix-based organoids culture is integrated into sensitive electrochemical
sensors to detect lactate, glucose, and oxygen in response to changes in hypoxia
levels. This micro-physiological system allows medium perfusion and continuous
parameters monitoring of patient-derived-negative breast cancer cells, a choice that
increases the device’s physiological impact [37]. One of the main risks of the
biosensor-integrated microfluidics platform is the complexity of the fabrication
methods and translatability of these devices from the research laboratories to the
market. A good example comes from a device that attempts to simplify the detection
of toxicology parameters in the cells in response to nanomaterials or nanoparticles
stimuli. It is based on a noninvasive optical sensing strategy where luminescent
sensor spots (for example, for oxygen and pH) are integrated with a microfluidic chip
to detect the changes in cellular response to different stimuli in a dynamic lung
cancer environment [38]. The device would replace multi-well plates primarily used
in diagnostics to assess cell viability. Another example of how optical sensors
facilitate the observation of viable parameters in cancer is given by a microfluidic
device able to monitor in real time the oxygen level in hepatocytes for up to 4 weeks.
The optical sensor system is based on an immobilized chromophore in polymer
beads. The local oxygen concentration is measured using intensity-modulated exci-
tation light since the chromophore phosphofluorescence lifetime is proportional to
the oxygen levels. The beads are closely placed into small wells embedded in a
collagen matrix inside a dynamic bioreactor for continuous monitoring of oxygen in
hepatocytes cell lines and primary cells [39].

Many of the sensors-integrated microfluidic devices can detect biological
parameters in 2D that cannot recapitulate some features of cancer progression,
such as cell adhesion, growth, and motility. Electrical cell-substrate impedance
sensing (ECIS) can detect the electrical alternations between the electrode and the
cells in a label-free and not destructive approach. Hence, this technique is gaining
much attention in anticancer drug discovery. When ECIS is coupled to microfluidics,
it is possible to monitor at a single cell level the 3D migration trajectories. In
particular, in a model of breast cancer with invasive MDA-MB-231 or less invasive
MCF7 cells, it is possible to follow their migration in real time in Matrigel
[40]. Interestingly, an approach integrating electrochemical affinity-based
biosensors and microfluidic chips allows the noninvasive quantification of biochem-
ical biomarkers in situ. This approach is possible by sensor regeneration directly in
the platform. Usually, the biochemical detection of biomarkers is carried out by
ELISA that may not be suitable for miniaturized 3D cell culture, since they use a
larger volume of samples in comparison to the microliter volumes of microfluidic
chips. Moreover, the advantage of this approach is the possibility to regenerate the
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electrochemical sensor up to 25 times [41] (Fig. 12.2d, e). All the reported examples
could be translated to clinical routine using primary cells or organoids. Still, one
necessary condition should be the simplification of these systems with user-friendly
interfaces.

12.5 Future Perspectives and Conclusion

The description of the state-of-the-art approaches in the field of viable biosensing
parameters in the cancer microenvironment leads to a critical question: when will
these biosensors-integrated devices become portable and routinely used in diagnos-
tic laboratories around the world? The progress in the technology underpinning
consumer electronics (e.g., smartphones, tablets, or Google glasses) will positively
impact the development of innovative point-of-care devices. The integration of
microfluidics and biosensors is still far from reaching a straightforward design due
to the need for imaging or optical equipment typically found in an advanced
laboratory. We envision that the future of point-of-care devices should rely on
platforms that allow sample preparation and analysis in situ preferentially in an
automated manner. This chapter described how exploiting 3D tumor models, pri-
mary spheroids, and organoids, improves the read-outs of biosensor-integrated
microfluidic platforms pushing toward more physiological data from in vitro
screening. This approach shortens the gap between the scientific laboratories and
the point-of-care diagnostic market. Moreover, the miniaturization of sensors and the
possibility of using them in parallel in microfluidic devices pave the way to adopting
electrochemical biosensors as the most interesting integrated micro-physiological
system for viable biosensing parameters.
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Abstract

Breast cancer with unpredictable metastatic recurrence is the leading cause of
cancer-related mortality. Early cancer detection and optimized therapy are the
principal determining factors for increased survival rate. Worldwide, researchers
and clinicians are in search of efficient strategies for the timely management of
cancer progression. Efficient preclinical models provide information on cancer
initiation, malignancy progression, relapse, and drug efficacy. The distinct
histopathological features and clinical heterogeneity allows no single model to
mimic breast tumor. However, engineering three-dimensional (3D) in vitro
models incorporating cells and biophysical cues using a combination of organoid
culture, 3D printing, and microfluidic technology could recapitulate the tumor
microenvironment. These models serve to be preferable predictive models bridg-
ing the translational research gap in drug development. Microfluidic device is a
cost-effective advanced in vitro model for cancer research, diagnosis, and drug
assay under physiologically relevant conditions. Integrating a biosensor with
microfluidics allows rapid real-time analytical validation to provide highly sensi-
tive, specific, reproducible, and reliable outcomes. In this manner, the multi-
system approach in identifying biomarkers associated with cancer facilitates early
detection, therapeutic window optimization, and post-treatment evaluation.

This chapter showcases the advancements related to in vitro breast cancer
metastasis models focusing on microfluidic devices. The chapter aims to provide
an overview of microfluidic biosensor-based devices for cancer detection and
high-throughput chemotherapeutic drug screening.
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13.1 Introduction

Breast cancer (BC) is the most frequently diagnosed cancer, with an estimated 2.3
million new cases worldwide [1]. Metastasis accounts for over 90% of fatality in
cancer patients. The differences in tissue origin, the extent of invasiveness, tumor
grade, lymph node status, and the presence of known predictive markers are
correlated for BC screening, diagnosis, and chemotherapy regimen.

Although there is a plethora of information on breast cancer, the contributing
factors for the transformation into invasive form and later into metastasis are still
unclear. The profound understanding of cancer progression influences clinical
assessments and drug discovery. Traditionally, preclinical studies are based on
two-dimensional (2D) in vitro culture models using human breast cancer cell lines
and animal models. But they lack the physiological resemblance of human tumor.
Microfluidic system is an advanced model incorporating multicellular compartmen-
talization combined with physio-biochemical factors. Adaptation of biosensors
integrated with microfluidics provides highly sensitive and specific quantitative
measurements within a clinically relevant time frame.

In this chapter, we first describe the major regulating factors involved in breast
cancer metastasis. Followed by a brief description of various in vitro breast tumor
model systems, we move on to an elaborate discussion on microfluidic devices. In
this section, we look into the recent applications of microfluidic systems in breast
cancer metastasis and their implications in anti-cancer drug studies. Next, we will
dive into the understanding of biosensors and its applicability integrated with
microfluidics. We end the chapter with a brief description of the challenges and
future perspectives of biosensor-based microfluidic platforms for advanced cancer
diagnostics and chemotherapeutic monitoring.

13.1.1 Key Regulators in Breast Cancer Metastasis

Breast cancer metastasizes to bone, lung, liver, and brain. Paget describes the process
of metastasis with the “seed and soil” hypothesis, highlighting the influence of the
microenvironment in determining cancer cell fate at the primary or metastatic site
[2]. The rate-limiting steps involved in this metastatic cascade are survival of cancer
cells in the vasculature (hematogenous or lymphatic) and homing of cells for
tumorigenesis in the secondary site [3]. The following section brief the importance
of identification and understanding of mediators in the metastatic cascade, which
aids in the sequential management of metastatic breast cancer patients.
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13.1.1.1 Extracellular Matrix (ECM)
The ECM acts as a scaffold that provides biochemical and mechanical cues for cells.
The plethora of ECM proteins alters the cell adhesion, proliferation, apoptosis,
dormancy, and stemness of tumor cells. For example, increased levels of glycosami-
noglycan hyaluronan are associated with tumor progression and poor prognosis
[4]. A case study predicted the risk of breast cancer distant metastasis using tumor
microenvironment of metastasis score independent of the histological score [5]. A
quantitative mass spectrometric analysis of ECM exhibited distinct ECM-associated
proteins in different metastatic organs. This study proved the importance of niche-
specific ECM protein in metastatic tropism by knockdown of SERPINB1(serine
protease suicide inhibitor family), leading to a reduction in brain metastasis [6].

13.1.1.2 Intravasation and Extravasation
The epithelial-mesenchymal transition (EMT) mechanisms drive cells toward a
migratory phenotype. The master mediators for the EMT notably, the transcription
factors TWIST, SNAIL, and SLUG have proven clinical relevance [7]. The cancer
cells found in blood samples are called circulating tumor cells (CTCs). Studies
indicate the presence of CTCs as a prognostic marker of metastatic advancement
and relapse [8]. The clinical validation of CTCs is challenged by its scarcity in the
sample (1 CTC/7.5 mL of blood) [9].

13.1.1.3 Colonization or Mesenchymal-Epithelial Transition (MET)
The exact mechanisms underlying metastatic organotropism are still elusive. The
reverse of EMT promotes colonization. However, a substantial number of studies
reveal the contribution of cytokines, chemokines, metalloproteinases, and angio-
genic factors in tissue tropism [10]. The disseminated tumor cells (DTCs) are mostly
inefficient to transform into a metastatic lesions. The foreign stroma composition,
cytokines, and immune threats challenge DTCs toward their colonization. Bone
metastatic breast cancer cells hijack homeostasis of osteoblasts and osteoclasts,
resulting in tumor outgrowth and bone resorption. The main players of the vicious
cycle of tumor progression include parathyroid hormone-related protein (PTHrP)/
RANK-L, insulin-like growth factor-1 (IGF-1), osteopontin (OPN), jagged1 (JAG1)
with interleukins (IL-6, IL-8, IL-11) and matrix metalloproteinases (MMPs)
[11]. The breast-derived tumor cells on reaching the brain activate astrocytes
initiating oncogenic signaling via IL-1, IL-3, IL-6, tumor necrosis factor-α
(TNF-α), platelet-derived growth factor (PDGF), and transforming growth factor-
beta (TGF-β) [10].

13.1.1.4 Immune System
Successful metastatic derivatives have the potential to overcome the immune regu-
latory mechanisms. Largely immunology studies focus on primary cancer lesions.
Deciphering the complex crosstalk of the immune system and secondary site-specific
tumor microenvironment may aid in the development of new immunotherapies and
immunoassays targeting metastatic tumors. The assessment of transcriptomic
profiles and pathological data revealed the site-specific immune changes from
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primary to metastatic tumor [12]. The programmed death protein-1 (PD-1) and its
ligand (PDL-1) status difference in primary and metastatic lymph nodes helps to
evaluate immunotherapy. The PD-1/PD-L1 positive expression in metastatic lymph
nodes shows an association with poor prognostic features including a high Ki-67
index, a high TNM stage, a large number of metastatic lymph nodes, and a high
histology grade [13].

13.2 Breast Tumor Modeling

The development of experimental models enhances the understanding of the
mechanisms in cancer biology and functions as a platform for testing drugs. A
multi-system approach to recapitulate the complexity of the disease condition
could improve studies unraveling the molecular mechanisms of breast cancer metas-
tasis. Studies confirm the relevance of using 3D cell cultures over 2D monolayer
cultures [14, 15]. Elaborate evidence on the role of stroma influencing the tumor
behavior and dissemination of cells necessitated a three-dimensional (3D) model to
allow stromal, multicellular interaction within a dynamic extracellular matrix
(ECM). After successful in vitro tests, the drugs are subjected to animal models,
primarily in rodents despite the inter-species variation. Patient-derived xenograft
(PDX) models are generated by transplanting and expanding primary tumor
fragments or cells in an immunocompromised murine host. They are used in
preclinical settings as they preserve patient-specific tumor characteristics. The
standardization, nonhuman matrix components, and unknown effects from immune
checkpoints restrict the broad applicability of PDX models [16]. Furthermore,
in vivo animal models face challenges in understanding biomechanical cues,
visualizing the specific metastatic pathway, and lacking temporal resolution. In
vitro 3D cancer models; spheroids or organoids derived from patient cells or
commercially available cell lines within ECM/scaffold provide physico-biochemical
cues that mimic cancer tissue. The development of microfluidic technology allows
multicellular culture incorporating fluid flow, vasculature, mechanical cues within
specific ECM under controlled experimental variables.

This section briefly looks into 3D in vitro systems classified as non-microfluidic
and microfluidic models (Fig. 13.1). The non-microfluidic system includes
spheroids, engineered naturally derived or synthetic scaffolds, ex vivo tissues, and
organoids. Further, we detail the application of microfluidic technology in breast
cancer biology and therapeutics.

13.2.1 Non-microfluidic 3D Models

Spheroid-based models are the most used 3D tumor system. Spheroids are self-
assembled cell aggregates of single tumor cells or co-cultures. Technologies like
hanging drop, gel embedding, suspension culture, and nonadherent surface methods
are used for spheroid generation [19]. The core of a spheroid contains limited oxygen
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mimicking hypoxia. Hypoxia influences the expression of genes that control multi-
drug resistance (such as MDR-1) and the generation of cancer stem cells (CSCs)
[20]. Studies demonstrated that triple-negative basal breast cancer cell-derived
spheroids exhibit metabolic heterogeneity and functional properties of solid tumors
enabling studies associated to drug effectiveness and resistance [21, 22]. The diffu-
sion gradient in non-uniform spheroids and the lack of nutrients in the core of a
spheroid may hinder the evaluation of drug penetration [19]. Further, they lack
vasculature and mechanical properties influencing tumor behavior.

Scaffold-based models provide biophysical and mechanical cues to the cellular
components determining the tumor microenvironment landscape. The material could
be hydrogel, natural-based, or synthetic-based polymers. Natural polymers include
collagen, gelatin, hyaluronic acid, agarose, alginate, and chitosan. The decellularized
extracellular matrix (dECM) having an intact tissue ultrastructure has indicated the
regulation over cellular behavior. Common synthetic polymers are polylactic acid,
poly(ε-caprolactone), polyethylene glycol, and polyurethane. Breast cancer cells on
porous poly(ε-caprolactone) (PCL) scaffolds with elastic modulus 7.0 � 0.5 kPa,
comparable to that of breast tumor tissue upregulated the genes implicated in
metastasis compared to cells grown in conventional 2D tissue culture plates
[23]. The scaffold-based models showed tremendous advancement with the inven-
tion of 3D bioprinting, allowing layer-by-layer construction of 3D structures with
intricate geometry using a combination of biomaterial with cells and biochemical

Fig. 13.1 Overview of in vitro tumor models. (a) Schematic representation of fundamental
components involved in existing cancer models. Source: Reproduced from [17] with permission
from Elsevier. (b) Comparison of 2D and 3D in vitro systems with 3D microfluidics. Source:
Reprinted from [18] with permission from Elsevier
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[24]. A 3D bioprinted model established using dual hydrogel-based bioinks with
adipose-derived mesenchymal stem cells and primary breast cancer cells allowed the
examination of doxorubicin (DOX) resistance [25]. A few downsides of employing
these materials involve the complexity of preparing compatible materials, batch to
batch variation, reproducibility, unpredictable results, and low scalability. Another
critical factor is the suitability of the mechanical property of material for cellular
compatibility and behavior with the downstream application for drug response [26].

Ex vivo tumor slices represent the direct tumor of a patient. The tissue could be
either derived from explanted patient-derived primary and metastatic tumor tissues
or patient-derived xenografts. This model contributes to a more personalized thera-
peutic approach. One drawback of the ex vivo culture model is its limited application
for functional studies. A recent study proved the feasibility of a functional test for the
analysis of homologous recombination status in metastatic biopsy specimens
[27]. Ex vivo triple-negative breast cancer specimens maintained in the bioreactor
system allow cell viability up to 3 weeks. Upon treatment with PDL-1 and anti-
cytotoxic T lymphocyte-associated protein (CTLA-4) showed a marked reduction in
the number of viable cancer cells after 7 days, whereas the lymphocytes and normal
breast tissue were intact [28]. This system lacks reproducible results as all slices will
have different compositions of cells and require advanced imaging algorithms for
data interpretation. The availability of tumor tissue always remains an issue for
conducting detailed studies.

Organoids are 3D cell systems with self-renewal and self-organization capability.
Organoids are cultured from biopsy tissue, embryonic body, or pluripotent stem cells
using extracellular matrix (such as Matrigel or collagen gel) and the air-liquid
interface method [29]. Sachs et al. proved the robust generation of BC organoids
from various breast cancer subtypes exhibiting intact histological and genetic het-
erogeneity. This model can be used for studying patient-specific responses to
chemotherapeutic drugs [30]. The standardized organoid culture conditions are
still poorly understood.

13.2.2 Microfluidic Model: Breast Cancer-on-Chip

Microfluidic system has microchannels or microchambers (10–1000 μm) dealing
with small sample volumes from microliters (10�6 L) to femtolitres (10�15 L) hence
reducing the reagent utilization and supporting automated high-throughput analysis
[31, 32]. Microfluidic system offers static and dynamic culture conditions in
spatio-temporal manner. In static, growth media is provided once with sufficient
intermittent change when there is nutrient depletion. In dynamic, the growth media
is perfused in a controlled and continuous manner. Therefore, the devices can
generate concentration gradients of drug combination with real-time monitoring
[33]. Microfabrication adopts a direct or replica approach. The device manufacturing
can involve chemical, mechanical, laser-based processes for low volume production
(casting, lamination, laser ablation, 3D printing) and high-volume production (hot
embossing, injection molding, and film or sheet operations) elaborated in various
review articles [34, 35]. Most of the microfluidic devices used for in vitro models are
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fabricated by soft lithography. The accessibility and affordability of 3D printing
technology allowed the generation of 3D printed microfluidic devices. Here, we
explain various applications by classifying microfluidic devices into conventional
and 3D printed microchips.

13.2.2.1 Conventional Microchips
Soft lithography involves the fabrication of master and then transfer of master
pattern on polymers such as polydimethylsiloxane (PDMS). This technique allows
the incorporation of micro-nano scale design with high resolution [36]. Further
investigations are needed to explore the use of polymeric materials in microfluidics
for better microfabrication output allowing bright-field microscopy of cells [37]. The
diverse design patterns allow co-culture of cells which provides insight on invasion,
extravasation, micro-metastasis, and mechano-regulation. For example, a recent
study induced mechanical stimuli by oscillatory fluid flow (1 Pa, 1 Hz) for osteocytes
and proved that loading reduced breast cancer bone metastasis by calculating the
distance and percentage of extravasation in a microfluidic device [38]. Microfluidics
offers the opportunity to include 3D structures. The devices with 3D lumen embed-
ded in an ECM gel assisted to study the conditioning effect of breast cancer cells on
lymphatic vessels [39]. A perfusion-based microfluidic OrganoPlate® platform
embedded with ECM allows the simultaneous culture of 96 microtissues to simplify
the appropriate therapy selection [40]. A microfluidic device engineered by
Nashimoto et al. recapitulates tumor vasculature that enables long-term perfusion
culture of the MCF 7 spheroids (>24 h) with drug administration. The authors
claimed the importance of continuous nutrients and oxygen support for a drug
screening platform [41]. Combination of organoid culture with microfluidics
established organs-on-a-chip platforms. Organ-on-a-chip is a promising tool
mimicking structural and functional characteristics of native tumor organs with
tissue-tissue interactions. A microfluidic device developed using tumor cells or
patient-derived tumor organoids with quiescent perfused microvascular network
proved the feasibility to assess the impact of chemotherapeutics (paclitaxel) and
anti-angiogenics (bevacizumab) within a clinically relevant time period of
1–2 weeks [42].

The requirement of cleanroom facility, high expense, and time required for
fabrication of microfluidics limits the mass production required for clinical
management.

13.2.2.2 3D Printed Microchips
3D printing of microfluidic devices reduces the fabrication time from several days to
hours. The basic manufacturing approaches for 3D printing are direct, mold-based,
modular, and hybrid printing. Mehta et al. give a detailed review on these approaches
using various additive manufacturing materials [43]. This technology allows rapid,
inexpensive, and customized fabrication of functional components with good reso-
lution. For instance, a recent study reported the fabrication of PDMS microchannel
scaffolds having 350 μm to 100 μm resolution in width by 3 D printing at a cost less
than USD 1.50 for a 5000-piece module library [44]. Bioprinting with microfluidics
allows the printing of multiple cells in 3D micropatterns with good spatial resolution
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and reproducibility for mapping tumor heterogeneity [24]. A microfluidic device
with spatially confined 3D photopatterned mixture of endothelial cells and cancer
spheroids within a gelatin methacrylate hydrogel allowed monocyte interaction on
T-cell recruitment [45]. 3D printing allows rapid change in design according to the
application. The optimization of surface area and fluid flow (optimal rate of 1 mL/h)
in the inner design of 3D printed microfluidic device demonstrated an increased
capture efficiency of CTCs from blood samples [46]. In another study, a 3D printed
microfluidic device enriched CTCs without relying on tumor-specific markers from
whole blood samples (Fig. 13.2). The CTC capture efficiency was enhanced by
negative depletion of white blood cells through immuno-functionalization of surface
with anti-CD45 combined with microfiltration (pore-size 3 μm) [47]. Microparticle
and nanoparticles synthesized in microfluidics by taking advantage of precise
control over fluid mixing have proven high drug loading with no batch variability
and improve anti-cancer drug delivery systems. For instance, an alginate microgel
formed by a 3D printed microfluidic chip with a diffusion mixing pattern displayed

Fig. 13.2 3D-printed microfluidic device for isolation of circulating tumor cells (CTCs) from
peripheral blood. (a) Schematics and photo of the microfluidic device depicting the negative
enrichment principle. (b) Tumor cell capture efficiency of the microfilter system (~ 99%). (c)
Fluorescence images show retention of white blood cells (WBC) on filter while tumor cells are
released with optimal reverse flow. Source: Reprinted from [47] under the Creative Commons
Attribution 4.0 International Public License

326 V. S. Sukanya and S. N. Rath



optimum loading efficiency of DOX [48]. A recent study revealed a novel method to
prepare a biomimetic metal-organic nanoparticle formulation for disulfiram-based
anti-cancer therapy [49].

The printability of materials and resolution limits the potential of 3D printing
microfluidic devices. Unfavorable surface properties of materials post printing
(surface roughness, optical transparency, etc.) may perturb specific biological
applications. Most of the 3D-printed microfluidic channel sizes are in the millimeters
range owing to printer parameters (motor step size, printing speed, nozzle diameter,
pixel size, etc.) [43].

13.3 Biosensor Application in Breast Cancer

The early cancer diagnosis is a critical factor for survival rate. Traditionally cancer
detection is based on imaging tests through computed tomography (CT), X-ray,
positron emission tomography (PET), and nuclear magnetic resonance imaging
(NMRI). The widely used diagnosis method is the immune histochemical/compati-
bility (IHC) analysis of biopsy samples [16]. The microarray gene expression
technology and immunoassay (such as enzyme-linked immunosorbent—ELISA)
are the two high-throughput diagnosis tools based on the detection of cancer
biomarkers [16]. Though, they facilitate a successful outcome; it is a labor-intensive,
time-consuming, and expensive procedure. Also, one cannot deny the incorrect
interpretation of data due to false-positive results. A platform with rapid sensitivity
for the detection of tumor-associated biomolecules would overcome the challenges
in early cancer diagnosis.

A biosensor is an analytical device with a biochemical recognition element
integrated with a transducer. Previous articles have provided detailed reviews on
the evolution of biosensors and its applications in biomedical research and
healthcare [50, 51]. A biosensor consists of three main components: a biomarker
(target molecule), a bioreceptor (recognition element), and biotransducer
components (translates the chemical signal into the measurable physical signal,
such as electrical, optical, etc.), together it gives a precise diagnostic output
[52]. A biosensor requires sensitivity and selectivity toward the target analyte,
optimum response time, linearity, and reproducibility of measured results
[53]. One of the critical parameters to check the application of a biosensor is the
limit of detection (LOD).

13.3.1 Biomarkers

The widely accepted definition of a biomarker is “a characteristic that is objectively
measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention” [54]. Biomarkers
can be molecular, cellular, and physiological, which can be present in a cell or
extracellular. The quantitative variation of the biomarkers between healthy
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individuals and cancer patients indicates the disease condition or therapy outcome.
The progression in multi-omics (genomics, transcriptomics, proteomics,
metabolomics) provided the opportunity of identification and validation of various
clinically relevant tumor markers. The conventional clinical scheme checks for the
expression of estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER-2), Ki-67 allowing to distinguish the
three major BrCa phenotypes (luminal A, luminal B, and TNBC) [55]. The relevant
breast cancer-related biomolecules include the following [55, 56]:

• Glycoproteins—mucin 1 (MUC1), HER2, carcinoembryonic antigen (CEA),
epidermal growth factor receptor (EGFR), carbohydrate antigen 15-3 (CA15-3),
CA 27-29, mammaglobin (MAM), and epithelial cell adhesion molecule
(EpCAM)

• Genes—BReast CAncer types (BRCA1, BRCA2)
• Micro RNAs—upregulation of miR-16, miR-21, miR-222, and miR-155.

downregulation of miR-145, miR-125b, miR-100, miR-10b, and Let-7a-2
• Circulatory tumor cells (CTC)
• Proteins—ki 67, osteopontin, and tumor Protein 53 (p53)
• Tumor-Associated Autoantibodies (TAABs)
• Antigens-urokinase plasminogen activator system (uPA), the plasminogen acti-

vator inhibitor (PAI)

A single biosensor device allows multi-marker detection combined with high
sensitivity and specificity at a fast response rate.

13.3.2 Bioreceptor

High selectivity for an analyte is the major prerequisite for the bioreceptor. The
common bioreceptor interactions involve antibody/antigen, enzymes/ligands,
nucleic acids/DNA/RNA, cells/tissue, or nanoparticles. Morales and Halpern discuss
the characteristics and limitations of each of these biorecognition elements to be
considered for designing new biosensors [57].

13.3.3 Biotransducers and Amplification

The transducer or the detector element transforms one signal into another that can be
easily observed and quantified [53]. The transducers in biosensors for biomedical
applications are based on electrochemical, optical, electronic, piezoelectric, or mag-
netic properties. The measurable output of gene or protein expression by sensor
differentiates cancerous cells from non-cancerous ones.

The following section details the use of regularly used biosensors for breast
cancer applications.
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Electrochemical biosensor generates quantitative information by converting bio-
chemical signals into electronic signals. Commonly used electrochemical biosensors
are voltammetric, amperometric, impedimetric, potentiometric, capacitive/conduc-
tometric, and field effect transistor (FET) biosensors. Electric cell-substrate imped-
ance sensing (ECIS) proves to measure cell proliferation, morphology, death, and
motility. A recent study reported bioimpedance spectroscopy assisted with magnetic
nanoparticles to detect cancer cells in an aqueous medium. The method
demonstrated the detection of three pathologically distinct cell lines the early stage
(MCF-7), invasive phase (MDA-MB-231), and metastatic (SKBR-3) correlated with
the expression of specific cell surface markers EpCAM, MUC-1, and HER-2,
respectively [58]. A peptide-functionalized electrode-based capacitive biosensor
detects HER 4 protein in serum, which showed a selective measurement in a
concentration range of 1 pM to 100 nM [59] A CRISPR-dCas9 (clustered regularly
interspaced short palindromic repeats/deactivated CRISPR associated protein 9)
electrochemical impedimetric system provides a label-free tool for detecting
circulating tumor DNA in liquid biopsy with a LOD 0.65 nM [60].

Optical biosensors offer real-time and label-free mode detection of a visible
signal proportional to the presence of the analyte. Optical biosensors are based on
surface-enhanced Raman scattering (SERS), surface plasmon resonance (SPR),
chemiluminescence, colorimetric or fluorescence. Nanobiosensors bring a paradigm
shift to biosensors owing to the high surface area, biocompatibility, and diverse
electromechanical properties of nanomaterials. An ultrasensitive optical biosensor
based on gold nanoparticles absorption allows the detection of microRNA-155 with
a concentration detection limit of 100 aM is helpful in the diagnosis of early stages of
breast cancer [61]. Aptamer (oligonucleotide/peptide) based sensors called
aptasensors provide high selectivity and affinity toward the analyte, allowing reac-
tion independent of the transducer used. An optical fiber aptasensor devised against
mammaglobin proteins for finding circulating breast cancer cells showed LOD of
49 cells/mL, and with a further coating of gold nanoparticles a LOD of 10 cancer
cells/mL was achieved [62]. A nanoplasmonic biosensor developed for real-time
monitoring of mutant p53 protein with the growth arrest and DNA damage
45 (GADD45) promoter proved clinical validation with a low detection limit
(11.47 fM) [63]. Förster or fluorescence resonance energy transfer (FRET) generates
fluorescence emission by the energy transfer between two fluorophores. FRET-
based vinculin (a focal adhesion molecule) tension sensor combined with live-cell
imaging revealed the altered migratory behavior of MDA-MB 231 cells in the
presence of osteocytes. Also, it allowed the quantification of cell tensile forces
[64]. A 3D printed immunomagnetic concentrator (3DPIC) with ATP luminescence
assay allowed rapid and high detection sensitivity within 30 min, up to 10 cell/mL of
CTCs in blood. The sensor claims 10 times more sensitivity than commercial kits for
CTC concentration [65].

Electrochemiluminescence/ECL generates the optical output due to high-energy
electron-transfer reactions through emitters (luminophores), coreactants, and
electrodes. It features near-zero background signal and low power consumption.
Motaghi et al. used an aptamer-based bipolar electrode mounted in a 3D printed
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microchannel to detect the level of nucleolin on the surface of cancer cells. The
luminol intensity of this system is enhanced by the accumulation of gold
nanoparticles on secondary aptamer-conjugate on the captured cells in the presence
of hydrogen peroxide; this system allows a detection limit of 10 cells [66]. A highly
sensitive cytosensor established using luminol/chitosan (attachment biomolecule) as
ECL source was applied in the quantification of metastatic cells with a limit of
20 cells/mL [67].

Piezoelectric biosensor generates stable oscillations upon detecting a change in
mass of the sample (even nanogram level). A quartz crystal microbalance-based
biosensor functionalized with transferrin allowed the detection of highly metastatic
breast cancer cells with overexpression of transferrin receptors from low/no meta-
static potential with a detection limit of 500 cells/mL [68]. Further, this system was
modified with notch-4 receptor and HER2/neu antibodies enabling the detection of
metastatic cancer cells with a LOD of 12 cells/mL and 10 cells/mL,
respectively [69].

13.4 Biosensor-Based Drug Monitoring

The selection of new or combinations of drug formulations is a tedious process. The
commonly used techniques for therapeutic drug monitoring are high-performance
liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS/
LC-MS-MS), and immunoassays [70]. These techniques require trained personnel
for the collection and analysis of the sample and operation of the systems. The
accuracy and sensitivity of these analytical methods may produce erroneous drug
therapeutic effects. A biosensor is a potential tool in validating the efficacy of
therapeutics in a cost-effective, user-friendly approach. From drug development
point of view, the sensor can provide a quantitative assessment of pharmacodynam-
ics (PD) and pharmacokinetics (PK) parameters of adsorption, distribution, metabo-
lism, excretion, and toxicity (ADMET). The anti-cancer monitoring is primarily
assessed by using electrochemical and optical biosensors.

A fiber-optic apoptosis sensor (<4000 USD) allows in vivo monitoring of
heterogeneously expressed biomarkers induced by the chemotherapeutic agent.
The result is quantified using the ratio of the two fluorescent signals (apoptotic
indicator/cell spatial distribution indicator) to modify the drug administration for
personalized chemotherapy [71]. Impedance-based biosensor determined the effi-
cacy to overcome the drug resistance using a paclitaxel-loaded nanoemulsion on
triple-negative breast cancer cells [72]. An electrochemical biosensor with single-
wall carbon nanotubes facilitated monitoring DNA modification (reduction in gua-
nine signal) by anti-cancer drug with a detection limit of 0.6 nM implicates the dose
efficacy screening of cancer therapy [73].
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13.5 Microfluidics Integrated with Bio-sensing

The biosensor associated with microchips contributes to the emergence of point-of-
care (POC) devices. Microfluidics enables the assessment of patient-derived samples
which are mostly in short supply. The adaptation of 3D printing into sensor fabrica-
tion allows rapid prototyping of geometrically complex elements enabling direct
integration with microfluidics. The biosensor can be converted to a wearable biosen-
sor, indicating the ease of integration with microchips to establish portable devices
with enhanced sensitivity and detection of trace levels of the analyte. Table 13.1
summarizes the various state-of-the-art microfluidic integrated biosensors developed
for breast cancer diagnosis.

Pandya et al. demonstrated the integration of microfluidics and electrical sensing
to measure impedance magnitude allowing real-time analysis of the

Table 13.1 Microfluidic integrated biosensors for breast cancer diagnosis

Biosensing specification Biomarker
Limit of
detection Reference

Immunoarray detection of peptide
fragment
• Inkjet Inkjet-printed electrode

array

Parathyroid hormone-
related peptide (PTHrP)

150 aM [74]

Smartphone biosensor with multi-
testing-unit
• Surface plasmon resonance

(SPR)

CA125
CA15-3

4.2 U/mL
0.87 U/mL

[75]

Multi-biomarker detection
• Surface Surface-enhanced

Raman scattering (SERS)
immunoassay

CA153, CA125
CEA

0.01U/mL
1 pg/mL

[76]

Detection and analysis of cancerous
exosomes
• Electrochemical (EC) aptasensor
• Detachable microfluidic device

using a 3D printed magnetic housing

EpCAM positive
exosome

17
exosomes/μ
L

[77]

Multiple biomarkers simultaneous
detection
• Graphene oxide quantum dots

immunofluorescence assay

CA125,CA199,CA153
CEA, AFP

0.01–0.05 U/
mL
1 pg/mL

[78]

Heart and breast–on-a-chip monitoring
of cardiotoxicity
• Electrochemical immuno-

aptasensors

Troponin T, CK-MB,
HER-2

0.1 pg/mL [79]

Capturing extracellular vesicle
encapsulated microRNAs
• DNA-FET biosensors

microRNA-195
microRNA-126

84 aM
75 aM

[80]

CA carbohydrate antigen, CEA carcinoembryonic antigen, AFP α-fetoprotein, CK-MB creatine
kinase-MB isoenzyme, HER-2 human epidermal growth factor receptor 2, 3D three-dimensional,
FET field effect transistor

13 Microfluidic Biosensor-Based Devices for Rapid Diagnosis and. . . 331



chemotherapeutic drug. In this study, they delineated the drug-susceptible and
tolerant/resistant cells in less than 12 h [81]. A 3D culture microfluidic device
embedded with a platinum-based electrochemical microsensor allows the measure-
ment of lactate and oxygen concentrations, which helps to study their influence on
cancer treatment [82].

James Rusling’s group employed inkjet printing to fabricate sensor electrode
arrays for immunodetection of cancer-related biomarkers. They manufactured a
low-cost (<USD 0.25) disposable electrochemical sensor platform by patterning
silver and gold nanoparticle inks into the 8-electrode array with an insulation layer of
poly (amic) acid ink. This sensor array was integrated with a microfluidic device
having a chamber where enzyme-labeled magnetic beads equipped with multiple
antibodies capture the target molecule. They demonstrated the feasibility of the
system for measuring intact parathyroid hormone-related peptide (PTHrP) and
circulating peptide fragments in 5 μL of serum with LOD of 150 aM (�1000-fold
lower than immunoradiometric assay) achieved in 30 min [74]. Further, the device
was improved for the ultrafast detection of HER-2 in serum within 15 min, having a
clinically relevant LOD of 12 pg/mL [83].

Although technically challenging, multiorgan microfluidics with multianalyte
assessment paves opportunities to advance translation medicine. A heart-breast
cancer-on-a-chip (Fig. 13.3) was developed to monitor chemotherapy-induced
cardiotoxicity [79]. Immuno-aptasensors employed with the chip measure cardiac
biomarkers (cardiac Troponin T and creatine kinase-MB isoenzyme) and BC marker
(HER-2) after treatment with DOX. The sensing modules of this device indicated the
limit of detection as low as 0.1 pg/mL for all markers [79]. Further, the model
evaluated the cardiotoxicity with a nanoparticle-based drug delivery system. In
another research, a DNA-FET-based biosensor integrated with microfluidic system
was employed in the quantification of BC biomarkers including microRNA-195 and
microRNA-126. This single multimodule microfluidic chip extracts the extracellular
vesicle from plasma within 4 h and allows the detection of 84 aM and 75 aM
concentrations of microRNA-195 and microRNA-126, respectively [80].

A recent study reported a worm-based microfluidic biosensor (Fig. 13.4) allowing
real-time evaluation of biochemical cues associated with metastasis [84]. The analy-
sis of the chemotaxis index (CI) relied on the presence of chemorepellent metabolite
(glutamate) secreted by cancer cells. The Caenorhabditis elegans in this study
displayed a chemotactic preference (high CI) toward malignant phenotype.

13.6 Conclusion and Future Outlook

Breast cancer metastases remain incurable with relapse and complications from
conventional therapies. The intertumor and intratumor heterogeneity demands for
the treatments tailorable to individual patients. Deciphering the fundamental disease
mechanisms employing engineering solutions could help to bring advanced
therapies for better outcomes in patients who develop metastases. Biosensors are
cost-effective, easy-to-use/make devices with high sensitivity and selectivity
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Fig. 13.3 Cardiac-breast cancer-on-a-chip platform. (a) The design and graphic illustration of
cardiac-breast cancer-on-a-chip platform with the immuno-aptasensing system comparing healthy
cardiac tissues and fibrotic cardiac tissues in presence of transforming growth factor-beta
1 (TGFβ1). (b) Monitoring of biomarkers in healthy cardiac tissue and dual tissues with a
supplement of free doxorubicin (DOX) or nanoparticles (NP)-conjugated DOX. *p< 0.05. Source:
Reproduced from [79] Wiley Materials
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enabling standardization of cancer biomarkers and anti-cancer monitoring. Metasta-
sis-organ-on-a-chip integrated with a multianalyte biosensor mimics the cancer
physiome with the ability to predict treatment efficacy for clinical trials. Innovations
in biosensor technology in synchronous with high-throughput microfluidic devices
would bring successful and accurate clinical predictions, which aids in the realiza-
tion of a personalized chemotherapy system.
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Liquid Biopsies: Flowing Biomarkers 14
Vincent Hyenne, Jacky G. Goetz, and Naël Osmani

Abstract

Metastatic dissemination accounts for most of the death in patients during cancer
progression. There is thus an urge to identify specific biomarkers as proxies for
cancer progression and assessment of treatment efficiency. Cancer is a systemic
disease involving the shuttling of tumor cells and tumor secreted factors to distant
organs, mostly via biofluids. During this transfer, these factors are accessible for
easy sampling and therefore constitute a unique source of information witnessing
the presence and the evolution of the disease. Hence, liquid biopsies offer
multiple advantages, including simple and low-invasive sampling procedures,
low cost, and higher compliance. Importantly, liquid biopsies are adapted to
personalized medicine allowing a longitudinal follow-up to monitor treatment
efficiency or resistance, and risk of relapse.

V. Hyenne
INSERM UMR_S1109, Strasbourg, France

Université de Strasbourg, Strasbourg, France

Fédération de Médecine Translationnelle de Strasbourg, Strasbourg, France

Equipe Labellisée Ligue Contre le Cancer, Paris, France

CNRS, SNC5055, Strasbourg, France

J. G. Goetz · N. Osmani (*)
INSERM UMR_S1109, Strasbourg, France

Université de Strasbourg, Strasbourg, France

Fédération de Médecine Translationnelle de Strasbourg, Strasbourg, France

Equipe Labellisée Ligue Contre le Cancer, Paris, France
e-mail: osmani@unistra.fr

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
D. Caballero et al. (eds.), Microfluidics and Biosensors in Cancer Research,
Advances in Experimental Medicine and Biology 1379,
https://doi.org/10.1007/978-3-031-04039-9_14

341

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-04039-9_14&domain=pdf
mailto:osmani@unistra.fr
https://doi.org/10.1007/978-3-031-04039-9_14#DOI


The evolution of methodologies to isolate circulating tumor cells (CTCs) and
extracellular vesicles (EVs) from blood samples associated with the characteriza-
tion of their membrane surface repertoire and content have been instrumental in
the emergence of liquid biopsies as an easy and non-invasive alternative as
opposed to classical surgery-mediated tumor biopsies.

In this chapter, we comment on CTCs and EVs carrying features with great
potential as cancer biomarkers. More specifically, we focus on the adhesive and
mechanical properties of CTCs as metastatic markers. We also consider the recent
development of EVs isolation methods and the identification of new biomarkers.
Finally, we discuss their relevance as cancer prognosis tools.

Keywords

Liquid biopsy · Biomarker · CTC (circulating tumor cell) · Extracellular vesicle ·
Metastasis

14.1 Introduction

Metastatic cancer is a systemic disease involving the transfer of tumor cells and
tumor secreted factors between organs. This transfer often requires a transition in
biofluids which are then accessible for easy sampling and therefore constitute a
unique source of information regarding the presence and the evolution of the disease.
Hence, liquid biopsy presents multiple advantages, including simple sampling and
low invasive procedures, low cost, and higher compliance, thereby partially
addressing the risks induced by over-diagnosis [1]. Importantly, liquid biopsy is
adapted to personalized medicine as it allows a longitudinal follow-up to monitor
treatment efficiency or resistance and risk of relapse. Establishing specific and
reliable biomarkers for liquid biopsies is essential since the overall decrease in the
mortality rate of cancer patients (29% in 30 years in the United States [2]) is now
limited by relapse, individual tumor heterogeneity and therapy resistance. For these
reasons, the past decades witnessed an explosion in methods available for liquid
biopsies and in the number of biomarkers identified from various nature and sources,
in most cancer types. However, their routine use in clinics still requires significant
adaptations and standardizations [3]. While other sources of biomarkers (such as
soluble seric markers or ctDNA) have been developed [4], we will focus on cell-
derived markers which might reflect much accurately tumor heterogeneity. These
include circulating tumor cells (CTCs) and extracellular vesicles (EVs) for which
new isolation and analysis methods, including microfluidics and biosensor
technologies, recently emerged. We will describe these novel approaches and
highlight some of the most trustful or promising biomarkers. An exhaustive listing
of all discovered biomarkers in CTCs or EVs has been provided elsewhere [5].

As metastatic dissemination accounts for most of the death in patients during
cancer progression [6], there is an urge to identify specific biomarkers as proxies for
cancer progression. Metastasis starts as transformed cells acquire invasive
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properties, breach through the basement membrane of their organ of origin and
invade the surrounding stroma [7, 8]. Cancer cells are then able to reach nearby
vessels and enter either lymphatic or blood circulation in a process named
intravasation and become circulating tumor cells (CTCs). This opens access to the
major hematogenous circulatory system for cancer cells’ hematogenous dissemina-
tion which can then travel to distant organs either as single cells, homo or hetero-
clusters [9]. Once they reach the capillary beds of those organs, CTC arrest either by
occlusion or direct adhesion and enter the perivascular niche using extravasation
[10]. Depending on the fitness to the newly colonized environment, disseminated
cancer cells will either form metastatic colonies, die or enter dormancy [11–13]. Can-
cer cell identity and phenotypic properties are also not set in stone adding an
additional layer of complexity. Cancer cells are able to plastically evolve between
their differentiated identify of origin and a more mesenchymal identity, reflecting the
developmental programs being hijacked, depending on both cell autonomous and
environmental cues, in a process known as epithelial-mesenchymal plasticity [14–
16]. Among this continuum of cellular states lies steps where cancer cells reach a
higher tumor-initiating potential which is highly related to a more cancer stem cell
(CSC) identity, although this is still debated [17, 18].

Recently, it has become obvious that primary tumors permanently release high
levels of factors in the circulation, including soluble proteins, cell-free DNA or RNA
and EVs. Among these factors, EVs present a unique and complex combination of
lipids, proteins, RNAs (mRNAs, miRNAs, lncRNAs, Y-RNAs, tRNAs, piRNAs,
ciRNAs, etc.), and sometimes DNA, conferring them a high potential for liquid
biopsies [19–23]. EVs are extremely heterogenous in sizes (with diameters ranging
from a few nanometers to a couple of microns), molecular content and nomenclature,
with two main families exosomes and microvesicles, distinguished by their
sub-cellular origin [20]. In addition, EVs are present in all body fluids (blood,
lymph, urine, cerebrospinal fluids, saliva, milk, and others) and carry factors repre-
sentative of their secreting cell. Therefore, since all cells secrete EVs carrying a
molecular signature of their pathophysiological status, it could theoretically be
possible to identify EV-related markers specific of any tumor progression step
[24]. This would include early transformation stages and pre-metastatic stages, as
tumor EVs are most likely released at the initiation of the disease and potentially
before tumor cells escape the primary tumor. Functionally tumor EVs were shown to
contribute to multiple aspects of tumor progression by mediating the communication
between tumor cells themselves and between tumor cells and surrounding stromal
cells present in the microenvironment [25, 26]. This can result in the horizontal
transfer of proliferative, migratory, metabolic or drug resistance properties and to the
indoctrination of several types of stromal cells. Importantly, tumor EVs can travel to
distant organs through lymphatic or hematogenous dissemination and induce impor-
tant modifications of the microenvironment. This can result in the formation of
pre-metastatic niches, a favorable microenvironment in organs distant from the
primary tumor before the arrival of metastatic cells [27, 28]. Altogether, the early
and massive presence of EVs in biofluids (107 to 1012 EVs/ml of plasma [29, 30]),
combined with the stability and diversity of their cargoes propelled them as an ideal
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source of biomarkers for the early detection of cancer, therapy resistance and risk of
relapse prediction.

Over the past decades, a large amount of work has been made to understand
primary tumor growth, cancer genetics and clonal evolution, but also the processes
underlying the colonization of secondary sites by disseminated tumor cells until the
emergence of clinically detectable metastatic foci [31–33]. However, the
mechanisms driving the dissemination of circulating tumor cells (CTC) through
the vasculature toward specific organs, i.e., organotropism, remain elusive. In
particular, the role of mechanics and adhesive properties are emerging as important
factors during cancer progression and more specifically during the hematogenous
dissemination of CTCs and EVs [10]. There is thus an urge in developing new
markers to assess the potential of dissemination in cancer-diagnosed patients in order
to fine-tune the therapeutical strategies [34–36]. The evolution of methodologies to
isolate CTCs and EVs from blood samples associated with the characterization of
their membrane surface repertoire and content have been instrumental in the emer-
gence of liquid biopsies as an easy and non-invasive alternative as opposed to
classical surgery-mediated tumor biopsies [37, 38].

In this chapter, we highlight the role of several features of CTCs and EVs as
potential cancer biomarkers. More specifically, we focus on the adhesive and
mechanical properties of CTCs as metastatic markers. We also consider the role of
the molecular content of EVs in cancer progression. Finally, we discuss their
relevance as cancer prognosis tools.

14.1.1 CTC Biomarkers

The cell surface of cancer cells which is the most easily accessible has become a
major center of interest. Hence, it is not surprising that much effort has been put into
using membrane-associated molecular components as either aim for targeted
therapies or prognostic markers. Cell surface-associated biomolecules have thus
emerged as obvious targets either for CTC capture or their characterization [38].

14.1.1.1 Surface Markers
One major cell surface difference between native blood cells and some CTCs is the
presence of epithelial markers (Fig. 14.1). Epithelial cell adhesion molecule
(EpCAM/CD326) has emerged as an important target since it was shown to be
highly expressed by cancer cells [39]. Much attention was devoted toward using
EpCAM not only to identify CTCs but more importantly to capture them in liquid
biopsies. This led to the development of the CellSearch system which is based on the
isolation of CTCs using EpCAM coated magnetic beads coupled to the validation of
the epithelial identity with a pan-keratin antibody—a family of epithelial-specific
intermediate filaments—and a negative staining for CD45, a classic pan-leukocyte
marker [40, 41]. Likewise, isolation approaches are being developed to capture
melanoma CTC relying on the marker melanoma cell adhesion molecule (MCAM/
CD146) [42]. Recent reports also suggest that the combination of EpCAM and
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MCAM might even further improve breast cancer CTC detection [43, 44]. The
CellSearch is so far the only FDA-approved CTC isolation device being used for
the diagnostic purpose to monitor metastatic cancers. The EpCAM
immunopurification methods have been successfully combined to microfluidic
microfabrication with EpCAM antibody-coated structures such as microposts
(CTC chip) or grooves inducing microvortex driven mixing (HB-Chip) in order to
improve throughput and sensitivity [45, 46].

It appears that the simple numeration of CTC might not be the most accurate
proxy for disease progression [40]. Furthermore, it is now well accepted that cancer
cells do not always harbor such epithelial features. They plastically shuttle between
their differentiated identity of origin and a mesenchymal state similar to their
developmental origin using a transdifferentiation-like process—similar to the EMT
for epithelial-derived cancer [17, 47]. The input of developmental and stem cell
biology concepts has been instrumental in understanding the plastic continuum,
among which some hybrid states may uphold phenotypic features of stemness,
which are essential for CTC survival and tumor initiating potential [14, 15, 48]. It
has been now well demonstrated that metastasis initiating CTCs are present in a
myriad of states along the EMT continuum [48, 49]. This explains why detecting and
capturing CTCs solely on markers expressed by differentiated cells could induce a
bias toward a subpopulation of CTCs likely suboptimal in setting up distant colonies
[50–52]. Consequently, there has been an urge in identifying new CTC markers
which could be used complementary or alternatively to EpCAM/MCAM markers.
For instance, the Epispot technique which is based on the use of cytokeratin 19 after
Ficoll based purification [53] was efficiently used to characterize colon cancer
CTCs [54].

As mentioned previously, the switch of cancer cells toward phenotypes yielding
stemness-like properties might boost up their metastatic potential. Identifying and
using such markers might thus turn out to be highly relevant and provide important
potential therapeutic tools. The surface expression of several well-described
stemness markers has been assessed in circulating cancer cells [55]. For instance,
CD24, which among others binds to p-selectin expressed by platelets and endothelial
cells, was demonstrated to be a major marker for CSC in disseminating from small
cell lung cancer—of note, these cells are also overexpressing EpCAM [56]. CD24
was also observed in some subtypes of breast cancers but has not been retained as a
CSC marker since CD24+ are often found to be non-tumorigenic [50, 51, 57]. CD44
is an adhesion receptor for several extracellular matrix components such as
hyaluronan, collagen and fibronectin as well as several endothelial cell surface
receptors including selectins. It is well accepted that CD44+ cancer cells yield a
high metastatic potential [51, 57, 58]. ICAM1, an adhesion receptor that is expressed
by leukocytes and endothelial cells, was recently shown to be expressed by CTCs
and promote their clustering, correlating with a higher metastatic potential
[59]. CD97, a G protein-coupled adhesion receptor, was shown to be expressed by
CTCs promoting their interaction with platelets promoting efficient extravasation
and metastatic colonization [60]. However, these receptors are also expressed by
several blood cell types including leukocytes and hematopoietic progenitors [61–
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63], suggesting they should be used in combination with other markers. Therefore,
attention was put toward the integrin family of adhesion receptors since epithelial
and mesenchymal cells express integrins that are significantly different from those of
blood cells [64]. Integrin β1 expression was shown to correlate with increased
colony formation ability [65, 66]. A very promising integrin pair in the epithelial-
specific integrin α6β4 which is the main adhesion receptor found in
hemidesmosomes [67]. These integrins can be efficiently used to isolate CD44+
breast CTC with tumor-initiating properties thus undergoing at least partly EMT
[68, 69]. A recent study showed that EpCAM purified breast CTC expressed integrin
α6β4 [70]. These markers could be used in combination with CD44 to very effi-
ciently characterized CTC with tumor-initiating properties [71].

It has been suggested that tumor-initiating properties do not correlate with
stemness properties but rather with a regenerative-like phenotype which is
associated with the expression of the neuronal-specific adhesion receptor L1CAM
[72]. This provides an interesting and highly specific metastasis initiating marker
although it remains to be formally demonstrated that this receptor is expressed
on CTCs.

As discussed previously, the paradigm of highly motile mesenchymal cancer cells
driving metastatic progression has been challenged for the past decade. This has
been allowed by the evolution of mouse intravital imaging leading to the striking
observation of disseminating cancer cells expressing E-cadherin and driving CTC
clustering in mouse metastasis experimental models [73]. However, the fine-tuning
of E-cadherin seems elemental as E-cadherin activation led to a decrease in metasta-
sis [74] suggesting a complex relationship between E-cadherin expression and
activation and CTC metastatic potential. It was recently shown that E-cadherin
expression was observed in clustered CTCs from patient liquid biopsies and
correlated with survival [75]. Besides adhesion receptors, other stem cell markers
were assessed for their expression in cancer cells with tumor-initiating potentials.
CD133 (Prom1) was shown to be expressed in CD44+ tumor-initiating cells
[68, 76]. The use of glycosphingolipids gangliosides was efficiently demonstrated
as potent markers to identify cancer cells with tumor-initiating abilities [77–80]. The
transition from an epithelial toward a mesenchymal phenotype include among other
a switch in the expression of intermediate filaments with a downregulation of
cytokeratin and the upregulation of vimentin (a major mesenchymal marker). It
appears that cancer cells express cell surface vimentin through a mechanism that
remains elusive but was shown to be efficient at capturing EpCAM-negative CTCs
[81–83]. The use of ganglioside and cell surface vimentin was efficiently used to
isolate osteosarcoma CTC [80].

The aldehyde dehydrogenase (ALDH), a detoxifying enzyme required for the
oxidation of intracellular aldehydes, is highly expressed in cancer cells with
stemness properties [84]. Breast CTCs with hybrid EMT phenotypes can be effi-
ciently identified in liquid biopsies from patients [85]. One important drawback is
that this is an intracellular marker and is thus less compatible with a high-throughput
clinically oriented strategy. However, the identification of ALDHhigh cells can now
be achieved using fluorescence cytometry [86].
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14.1.1.2 Biomechanical Features
As mentioned above, the use of molecular markers in order to specifically capture
CTCs with tumor-initiating properties requires the use of a combination of them and
might thus limit the throughput. An alternative approach to isolate CTCs lies in their
different biophysical properties compared to blood cells or even their
non-transformed counterparts (Fig. 14.1). Indeed, biomechanical properties are
now emerging as important features driving cancer progression either within the
primary tumor during the growth [87–89], the invasive switch [90, 91] or during
metastatic colonization [10, 92, 93]. Cancer cells are bigger than most blood cells
[46, 94]. Furthermore, there are an increasing amount of data suggesting that cancer
cells are biomechanically softer than their non-transformed counterparts at least
within the primary tumor [95, 96].

Size
The first attempts to purify CTC from native blood cell relied on the use of porous
membrane [97]. With the idea to increase throughput, the engineering of
microfluidic devices to purify CTCs based on their biophysical properties has been
pioneered since the early 2000s by several groups [98]. Early designs were
microfabricated sieving device with parallel columns creating channels of narrower
width [99]. Likewise, other size separation microfluidic device took advantage of
critical gaps with cross-section preventing CTC passage [100]. Another family of
devices depends on the use of centrifugational separation of CTCs based on a spiral
architectured microfluidic device [101]. These designs led to the commercialization
of devices like the Parsotix, which is based on size-exclusion through critical gaps
[102] and the ClearCell FX on the other hand relies on centrifugal forces separation
with a spiral design [103] among others. However, these remain to be formally
approved for clinical use. An alternate design uses hydrodynamic-driven size sepa-
ration. For instance, the CTC-iChip relies on a dual-chip technology with a hydro-
dynamic size-based separation that is combined with EpCAM immunomagnetic
selection of CTC and CD45-driven leukocyte depletion [94]. Such technology was
further developed into a high-throughput device, the LP CTC-iChip which is
compatible with clinically-performed leukapheresis (a procedure where leukocytes
are separated from blood) [104]. Another strategy relies on 3D imprinted chips
which take advantage of centrifugation to filter out CTCs using fluid-assisted
separation technology (FAST). It allows fast size-based isolation of CTCs from
whole blood and is also commercially available [105].

CTC hetero and homo clusters, although rarer in blood, have been shown to yield
a much higher metastatic potential [9, 106–108]. While few clusters could be
captured with non-specific devices such as the Parsotix [107, 108], there has been
a large amount of work aiming at creating devices to target circulating clusters [109–
111]. Using capillary vessel-mimicking microfluidic channels, it was shown that
CTC clusters could squeeze to pass through narrow capillary vessels by individual
cell deformation and remodeling of intercellular adhesion between CTCs [110]. This
suggests that size exclusion might not be the most relevant approach in such a
context. On the other hand, isolation of CTCs by cell sizes does not always provide
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enough specificity in particular in cases where CTCs are smaller (in small cell lung
cancer for instance) and may be lost, while conversely larger leukocytes may be
retained.

Deformability
Optical deformation, a microfluidic device that uses a two-beam laser trap to serially
deform single suspended cells, was able to discriminate subtle mechanical changes
between non-transformed, tumoral, and metastatic breast cancer lines [112]. This
early work suggested that single-cell mechanical phenotyping through deformation
could be a relevant marker to assess the metastatic potential of CTCs. The imple-
mentation of microfluidic-driven cell perfusion makes optical stretching reaching
50–100 cells/h compatible with higher throughput requirements for clinical use
[113]. In a recent study, optical stretching was efficiently used to discriminate
CTCs from CD45- cells isolated from liquid biopsies of breast cancer patients
[114]. In a surrogate approach, deformability cytometry allows rapid high through-
put compatible mechanical phenotyping of circulating cells on the fly. It relies on
cells entering a small constriction and data acquisition through different means
(imaging, electrical resistance or suspended microchannel resonator) with through-
put ranging from few cells to thousands of cells per second [115–119]. A deeper
review and comparison of the different deformability cytometry modalities has been
published recently [120]. Deformability cytometry is able to discriminate between
transformed and metastatic cell lines from lung or breast cancer [117, 121]. In a
configuration where deformability cytometry is coupled to a suspended
microchannel resonator, it could discriminate between CTCs and blood cells and
detected mild mechanical differences between different EMT phenotypes with cells
having a more mesenchymal phenotype being softer [122]. Real-time deformability
cytometry could differentiate low and high metastatic potentials of osteosarcoma cell
lines [123]. A recent development of this technic includes the combination of
mechanical profiling with fluorescence flow cytometry to sort CD34+ hematopoietic
stem cells [124]. This suggests it might be combined with any relevant cell surface
marker making it thus a relevant method for clinal diagnosis purposes on CTCs.
Indeed, deformability cytometry morpho-rheological phenotyping of blood cells was
successfully used to enumerate and characterize the different cell types with high
throughput efficiency. It was also able to discriminate between normal red blood
cells and spherocytosed red blood cells after malaria infection, between leukocytes
that are either non-activated or activated after infection and between normal white
blood cells or leukemic cells [125].

Perfusable deformation-based microfluidic chips were implemented with
channels of different cross-sections where CTC will be retained depending on
their deformability [126]. Similarly, high throughput microfluidic-based methods
for CTC isolation from liquid biopsies rely on a single row of anisotropic
micropillars as a size exclusion and deformability cell filter as the CROSS chip
[127] and RUBY chip [128]. An alternate design is the flexible micro spring array
(FMSA) which is based on highly porous and flexible micro-spring structures
compatible with a high throughput of liquid biopsies [129]. In a quite different
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method, microfluidics combined with the use of acoustic waves were successfully
used to sort CTCs. The separation is also mainly driven by size and mechanical
parameters such as compressibility and density [130, 131]. We provide a
non-exhaustive list of recent methods to isolate CTCs to highlight different
biophysical-based strategies but refer the readers to excellent recent reviews which
cover in detail the latest advances in biophysical-based CTC isolation [132–134].

14.2 Extracellular Vesicles Biomarkers

While CTCs constitute the ultimate evidence of the presence of a (pre-)metastatic
tumor, their scarcity makes their clinical use challenging and their presence might
not accurately correlate with disease progression [40]. Two recent studies show that
tumor secreted EVs might be much more abundant than CTCs in patients plasma.
Indeed, in patients with castration-resistant prostate cancer, metastatic breast cancer,
metastatic colorectal cancer, or non-small cell lung cancer, the number of large
tumor EVs in plasma is 20 times higher than the number of CTCs [135, 136]. In
addition to these large EVs (>1 μm) co-isolated with CTCs and defined as DNA and
CD45 negative and EpCAM and CK positive, there might be even more small tumor
EVs present in the plasma and containing numerous potential biomarkers (Fig. 14.1).

14.2.1 EVs Isolation and Characterization

The large amounts of EVs present in body fluids can be isolated by different methods
relying on EV properties (size, density, solubility) or on the presence of specific EV
surface markers. The former methods include historically and most popular
ultracentrifugation-based protocols, but also density gradient, size exclusion chro-
matography (SEC), ultrafiltration (tangential flow filtration and asymmetric flow
field-flow fractionation) and polymer-based precipitation, while the later are mostly
based on immunocapture [137]. Importantly, the choice of the isolation method
directly impacts the identification of EV cargoes by proteomics or RNA sequencing
and needs to be optimized depending on the sample origin [138–140]. Therefore, the
identification of low expression EVs biomarkers requires considering both EV purity
and EV yield when performing EV isolation. On one hand, with low purity, EV’s
signature will be hidden by contaminants. On the other hand, a low yield will require
higher sample volumes which might be inadequate for patients. For instance, in
plasma, the major source of EVs biomarkers so far, lipoproteins and chylomicrons
contaminants excess by far the number of EVs (>105 to 107) and have similar ranges
of size and density which complicates their separation from EVs [30, 141,
142]. Therefore a proper separation of EVs and lipoproteins from plasma might
require the use of a combination of methods such as SEC and density gradients
[140], SEC and ultrafiltration [143] or EV precipitation, density gradients and SEC
[144]. Alternatively, novel approaches, which might be more suited to diagnosis are
emerging. This is the case for instance of the ultrafiltration-based Exodus method,
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which was shown to improve the yield and purity of urine EVs for transcriptomics
[145]. Yet, the appropriate set of methods adapted to routine use in clinics still needs
to be defined [146]. Once isolated, EVs size and concentration can be analyzed using
classical methods of detection such as nanoparticle tracking analysis (NTA) and
resistive pulse sensing (RPS). However, these approaches require a minimal con-
centration (106–107 particle/ml) and lack specificity as they cannot distinguish EVs
from other objects of similar sizes (lipoproteins, ribonucleoproteic complexes, virus,
etc.). Therefore, additional analyses are required, including electron microscopy to
prove the presence of lipid bi-layered vesicles and molecular analysis to assess the
presence of EV markers (among the most common ones: the 3 tetraspanins CD63,
CD9, CD81, but also AnnexinA1, syntenin-1, Alix. . .) and the absence of
contaminants [147, 148]. The molecular content of EVs can be analyzed as a bulk
by looking at the global EV signature using conventional proteomic, lipidomic or
RNA sequencing approaches or by looking at specific markers using targeted
approaches (by western-blot, ELISA, RT-PCR) [137]. These approaches are instru-
mental in identifying novel EV biomarkers [149], but they do not take into account
EVs heterogeneity since they rely on the bulk analysis of global EV content.

Therefore, the past years witnessed the emergence of alternative methods,
allowing to characterize individual vesicles and the use of specific EV
subpopulations as biomarkers [150]. In particular, consequent progresses were
made in adapting flow cytometry to the detection of nanoscale objects, allowing to
quantify specific subpopulation of EVs isolated from body fluids [151]. For instance,
tetraspanin and EpCAM positive EVs can be efficiently detected from urine by flow
cytometry with 10 times less urine volume than conventional detection
[152]. Besides flow cytometry, several methods of EVs immunocapture have been
developed and can be used in diagnosis [150]. EVs are first captured on a slide or on
a bead using an antibody directed against an EV surface protein and then one
(or more) other surface protein is detected using specific antibody(ies). Revelation
of the antibody labeling can be achieved through various methods such as quantum
dots [153] or biotin/streptavidin affinity [154, 155]. Importantly, those methods were
reported to function on crude plasma without EV isolation. As an alternative to
secondary antibodies, aptamers (short nucleic acid oligomers exhibiting specific
protein-binding affinity) can be used to detect proteins at the surface of EVs with
high sensitivity, using fluorescence [156, 157] or electrochemical detection
[158, 159]. Another method of detection of immuno-captured EVs, based on
surface-enhanced Raman spectroscopy appears promising. For instance, three
markers CD63, Glypican-1 and CD44v6 could be detected with high sensitivity on
pancreatic cancer cell lines EVs using surface-enhanced Raman spectroscopy
[160]. Besides, a similar method was used to track changes in the composition of
four markers in plasma EVs during the treatment of melanoma patients
[161]. Finally, microfluidic chips can be used to analyze specific mRNA levels
enriched in tumor EVs present in blood from patients with glioblastoma [162].

Overall, the boom in new methods of EVs isolation and analysis tends to provide
more sensitivity and specificity to EVs detection and to decrease sample volumes.
However, the best method for clinical translation, allowing fast and quantitative
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analysis of circulating EVs at high throughput and low cost remains to be
determined.

14.2.2 Global EVs Levels and EVs Subpopulations as Cancer
Biomarkers

Over the past years, several types of EV-related parameters were proposed as tumor
biomarkers. They include the total number of circulating EVs, specific
sub-populations of circulating EVs, individual EV proteins or RNAs, combination
of EV molecules or other emerging EV characteristics. The simplest EV-related
biomarker is probably the possibility that the global number of circulating EVs, or
the amount of circulating EV proteins, might reflect the presence and the evolution
of a tumor and could therefore be used in diagnosis [163]. Indeed, several reports
observed such an increase in lymph and blood circulation of melanoma or glioblas-
toma patients [164–167]. This could be explained by the fact that several parameters
related to tumor growth (hypoxia, acidity, nutriments availability, inflammation..) or
treatment (irradiation, chemotherapy) modulate EV secretion rates [168–171]. How-
ever, the accurate rate of EV secretion by tumors during their evolution is unknown.
Animal models allowing to confidently identify circulating tumor EVs have recently
been described and might be instrumental to address this question [172]. Importantly,
the increase of circulating EVs in cancer patients could also be due to non-tumor
EVs. Indeed, circulating EVs levels are also varying depending on immune-related
disorders and on multiple physiologic factors, such as age, fasting, or exercise [173–
175]. These variations make the use of global EV levels more complex and suggest
that measuring specific EV subpopulation might be more relevant biomarkers to
assess tumor progression. Several studies identified an increase in specific EV
subpopulations in plasma from patients with particular cancer types, as for instance
CD81-EpCAM and CD81-EPHA2 EVs in pancreatic cancer [153], CD9-CD63 and
EpCAM-CD63 EVs in colorectal cancer [154], CD9/CD147 EVs in colorectal
cancer [155], CD63-PTK7 EVs in lymphoblastic leukemia [156] or CD9-CD63-
EpCAM-MUC1 EVs in breast cancer patients [157].

14.2.3 EVs Proteins as Cancer Biomarkers

A hunt for EV-associated cancer biomarkers was launched over the past years. It
allowed the identification of tens of novel potential diagnosis targets, which can
either be single RNAs or proteins or more complex molecular signatures [149, 176–
178]. The molecules isolated from cancer patients biofluids are not necessarily
originating from EVs secreted by cancer cells but could be present on EVs secreted
by non-tumor cells when the organism harbors a tumor. Past studies allowed the
identification of single molecules which could be used to monitor either the presence
and/or status of a given tumor or to predict treatment response and clinical outcome.
Among them, the protein glypican-1 (GPC1) received much attention. EV-bound
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GPC1 was initially shown to be enriched in plasma from patients with early
pancreatic cancer and, to a lesser extent from patients with breast cancer
[177]. Highly debated [179, 180], it has then been suggested that GPC1 mRNA
[181], GPC1 regulatory miRNA [182] or GPC1 protein combined with other EV
proteins [183, 184] could be more efficient in pancreatic or colorectal cancer
diagnosis. In addition to GPC1, EV-bound PD-L1, which contributes to immuno-
suppression by exhausting T-cells [185, 186] can also be used for cancer diagnosis,
in particular to distinguish responders from non-responders patients with metastatic
melanoma [186, 187]. Many other EV protein markers were described over the past
years [188, 189]. They include, among others, MIF in metastatic pancreatic cancer
[190], MET in melanoma [163], CD5L as a potential serum EV biomarker in lung
cancer patients [191], Del-1 or fibronectin in EVs from breast cancer patients
[192, 193], Survivin in EVs from breast or prostate cancer patients [194, 195] or
PKG1, RALGAP2, NFX1, TJP2 in breast cancer EVs patients [196] or HSP70 in
breast and lung cancer patients [197].

While each of these markers might be promising, their validation by independent
groups in independent cohorts, a prerequisite for translation toward clinics, is often
awaited. As an alternative to single EV proteins, it might be more efficient to monitor
multiple EV proteins in the same time. A recent and massive study analyzed the EV
proteome of 426 human samples and proposed pan-cancer or cancer-specific EVs
multi-protein signatures which could help to identify and classify cancer in patients
[149]. Although promising, the clinical validation of such signatures remains to be
demonstrated.

14.2.4 EVs RNAs and DNA as Cancer Biomarkers

In addition to proteins, circulating EVs also contain important amounts of RNAs.
EVs miRNAs in particular were proposed as cancer biomarkers potentially
outperforming cell-free plasma miRNA as shown for colon cancer patients
[198]. Many individual EVs miRNAs have been described. This is the case for
instance of plasma EVs miRNAs miR-1246 and miR-21 in breast cancer patients
[199] or miR-10b, miR-21, miR-30c and miR-181 in pancreatic cancer patients
[179]. In addition to plasma, EVs miRNAs biomarkers were also identified in urine
[200], as for instance miR-21-5p, miR-4454, and miR-720-3007a in bladder cancer
patients [201, 202]. Similarly to protein biomarkers, multiple miRNAs could be
more sensitive and specific than single miRNAs and miRNA combination were
proposed to improve breast cancer [203–205] or sarcoma [206] diagnosis. However,
miRNAs constitute a minority of total RNAs present in EVs [207] and other RNA
types might constitute relevant cancer biomarkers, as proposed for coding mRNAs
in breast [178] and prostate cancer [208], piRNAs in prostate cancer [209],
circRNAs in gastric cancer [210] or lncRNA in breast cancer [211]. In addition to
RNA, DNA fragments were identified in circulating EVs form cancer patients
[22, 23, 212]. Importantly, several recent studies showed that DNA EVs is more
abundant and more efficient to detect mutations than cell-free DNA [213–215]. This
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EVs DNA corresponds to double-stranded fragments up to 17 kb long covering the
whole genome, which can be used to detect mutations reflecting the genetic status of
the tumor. EVs DNA sequencing reveals mutations in oncogenes or tumor suppres-
sor genes, such as KRAS, EGFR or P53 [22, 23, 212]. It can therefore help to
analyze the status of the primary tumor in order to choose the appropriate treatment.
For instance, the EGFR T790M mutation, which confers resistance to anti-EGFR
therapy, was shown to be detectable in EVs with an improved sensitivity compared
to cell-free DNA alone [216]. While EV proteins, RNAs and DNA provide valuable
diagnosis tools, their combination might be even more powerful. For instance,
measuring the levels of a set of EVs miRNAs could be combined with
immunocapture of specific EVs subpopulations and significantly improves sensitiv-
ity and specificity in breast cancer [203] or pancreatic cancer diagnosis [217].

14.2.5 Alternative EV Biomarkers

In addition to proteins and nucleic acids, understudied components or properties of
EVs might also constitute valid cancer biomarkers. Indeed, lipid profiles as well as
protein post-translational modifications of EV proteins were shown to differ between
tumor and non-tumor EVs [218–220]. Besides, EVs metabolic signature, which was
recently proposed as tuberculosis biomarkers [221], could also be meaningful in
cancer that are known to have alternative metabolism. More generally, global
differences in EVs biochemical composition could be identified through Raman
spectroscopy, defining a specific signature for patients with Parkinson’s disease
[222]. Similarly, tumor EVs could be distinguished from red blood cell EVs and
lipoproteins [223], opening the door to the establishment of a tumor EV signature.
Indeed, EVs from tumor cells could be differentiated from non-cancer EVs using an
automated Raman trapping analysis [224]. Finally, the mechanical properties of EVs
can now be measured [225] and could potentially be used similarly to those of CTCs.

14.3 Discussion

Liquid biopsies are now accepted as an important diagnostic tool in order to adapt
the therapeutic strategy to each specific patient [37]. There is thus an urgent need for
the development of fast, efficient and clinically compatible strategies to purify CTCs
as well as EVs from blood samples.

Marker-based CTC isolation is so far the most efficient in a clinical context, as
demonstrated by the fact that the CellSearch, an EpCAM-immunoisolation device, is
for now the only clinically approved device. However, these strategies are
challenged by the growing observation they are biasing capture toward specific
phenotypes along the EMT spectrum. Biophysical-based strategies should undoubt-
edly gain momentum in clinics with Parsotix being CE marked for use as an in vitro
diagnostic device in Europe. Given the heterogeneity in size among a single CTC
population and the small size of CTCs observed in some cancer types such as small
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cell lung cancer, the use of biomarker versus biophysical properties should be
adapted to cancer clinical specificities. The combination of both methods might be
a promising solution in an attempt to design a first intention universal device and is
currently being tested [94, 104]. Although still debated, it appears that cancer cells
within the primary tumor are mechanically softer than their normal counterpart
[95]. An emerging concept is also that the mechanical state of cells is not set in
stone and that the different steps of the metastatic cascade might act as bottlenecks to
specifically select the most mechanically fitted state at each step [92]. CTCs are more
resistant to shear stress than first thought. Shear resistance requires plasma mem-
brane repair [226] and nucleoskeleton integrity [227]. Recent work has suggested
that cytoskeletal remodeling is essential in CTC mechanoadaption to shear stress
[228]. Deformability cytometry given its high throughput at the single cell level
seems compatible with large-scale mechanical phenotyping of CTCs from liquid
biopsies. Interestingly it was able to detect that CTC in a more mesenchymal state
were softer and CTC covered with platelets were stiffer [122]. Improving the
sensibility of these device seems essential for efficient cancer targeting personalized
medicine. Single cell-oriented methods might be relevant in a clinical context to
monitor CTC mechanical plasticity along the course of the metastatic progression,
although it remains unknown what are the best mechanically fitted cell states at each
step of the metastatic cascade [92].

As for now, cancer diagnosis relying on circulating EVs lags behind CTCs in
clinics. However, given the growing number of published EV biomarkers candidates
and the number (>50) of undergoing clinical trials on the matter (https://
clinicaltrials.gov), it is likely that EVs will close the gap in the coming years.
However, for this to happen, significant challenges will have to be addressed.
Obviously, the first one will be to identify the appropriate markers or set of markers
for each cancer type, for specific stages and to predict treatment efficiency or
resistance. Most studies describing novel EV biomarkers rely on small number of
patients and need to be validated in independent cohorts [189]. Importantly, the
sensitivity and specificity of those EV biomarkers will have to be compared to
existing non-EVs circulating biomarkers and to conventional diagnosis methods.
This has recently been done for the most advanced EV biomarker to date, the ExoDx
Prostate (Intelliscore) (EPI) test, which relies on the quantification of three EVs
RNAs to diagnose prostate cancer from urine samples [229]. A pooled meta-analysis
from 3 independent studies revealed superior performances of the EPI test compared
to standard diagnosis (including classical prostate-specific antigen (PSA) levels) to
discriminate high-grade prostate cancer.

The transition toward clinics will require standardized sample preparation
procedures following precise guidelines for sensitive and reproducible detection
[146, 230]. Pre-analytical variables, such as sampling time, rapid separation from
cells to avoid secretion, storage, transport, and processing were shown to affect EV
measurement and will therefore have to be defined and standardized [189, 231]. The
optimal method to isolate circulating EVs in clinics might differ from the methods
used in marker discovery phases. For instance, ultracentrifugation, which is widely
used in fundamental EV research (alone or in combination with other isolation
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methods), is time-consuming, has low throughput and reproducibility and is there-
fore not adapted to clinical use. Similarly, other methods such as SEC, density
gradient, or immunocapture exhibit significant drawbacks for clinical use
[189]. Hence, EV isolation methods and readouts will have to be improved or
optimized for clinical translation by taking into account time requirement, standard
equipment, throughput, and cost.

Dual isolation of both CTCs and EVs is a seducing emerging strategy that has
recently been applied to blood samples from melanoma and pancreatic ductal
adenocarcinoma [42, 232]. This could allow a deeper characterization of the meta-
static context including the profiling of disseminating cancer cells and the identifi-
cation of potential preferential sites of colonization with already established
premetastatic niches from a single patient sample. Liquid biopsies-oriented meta-
static cancer analysis has been a major center of interest in both cancer biology as
well as clinics. However, there are several other alternative approaches that have
been implemented recently with the aim of monitoring cancer progression using
non-invasive methods. This includes the use of in vivo cytometry which might is a
promising imaging-based complementary tool to liquids biopsies for diagnosing and
monitoring purposes [233].
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Abstract

Early cancer screening and effective diagnosis is the most effective form to
diminish the number of cancer-related deaths. Liquid biopsy constitutes an
attractive alternative to tumor biopsy due to its non-invasive nature and sample
accessibility, which permits effective screening and patient monitoring. Within
the plethora of biomarkers present in circulation, liquid biopsy has mainly been
performed by analyzing circulating tumor cells, and more recently, extracellular
vesicles. Tracking these biological particles could provide valuable insights into
cancer origin, progression, treatment efficacy, and patient prognosis. Microfluidic
devices have emerged as viable solutions for point-of-care cancer screening and
monitoring due to their user-friendly operation, low operation costs, and capabil-
ity of processing, quantifying, and analyzing these bioparticles in a single device.
However, the size difference between cells and exosomes (micrometer vs nano-
meter) requires an adaptation of microfluidic isolation approaches, particularly in
label-free methodologies governed by particle and fluid mechanics. This chapter
will explore the theory behind particle isolation and sorting in different
microfluidic techniques necessary to guide researchers into the design and devel-
opment of such devices.
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15.1 Introduction

Cancer is a leading cause of death worldwide, accounting for nearly 10 million
deaths per year [1]. From these, over 90% of cancer-related deaths are due to the
metastatic form of the disease [2]. Hence, early diagnosis remains the most effective
tool in the fight against cancer. Liquid biopsy has emerged as a valuable alternative
to solid tumor biopsies due to its non-invasive nature, low cost, and accessibility,
which allows patient monitoring during treatment, enabling personalized medicine.
Several studies have shown that the number of circulating tumor cells (CTCs)
detected in circulation could predict therapy response in cases of metastatic cancer
[3–5].

Moreover, the molecular characterization of these cells by analyzing the genetic
and proteomic signatures can offer valuable insights into the mechanisms of disease
progression and assist in the development of personalized medicine [6–8]. Due to its
predictive value, CTC isolation and detection as a form of liquid biopsy has been
explored over the past years. Alongside CTCs, a new type of player has attracted the
interest of the medical and scientific community. Extracellular vesicles, small lipidic
vesicles released by cells, contain molecular information (proteins, lipids, DNA, and
RNA) from the cell of origin and can provide critical information about the primary
tumor, formation of pre-metastatic niches, and mechanisms of metastasis [9–
12]. Thus, the isolation of these bioparticles permits the identification of the probable
metastatic sites and act as indicators of patient prognosis and recurrence.

Despite the value of CTC and exosome liquid biopsies, they have yet to be
employed in standard clinical practice, mainly due to the technical challenges
associated with their isolation [13, 14]. The applicability of liquid biopsy relies on
the development of well-established protocols and high-throughput dependable
technologies that can easily be operated within a clinical setting with minimal and
automated sample pre-processing steps. Microfluidic platforms are promising
technologies capable of bridging the gap between the lab and the clinic by providing
a methodology that permits particle and fluid manipulation in a simple setup. Even
though many microfluidic devices have been described for CTC isolation at high
recovery rates and purity, the application of these techniques to extracellular vesicles
(EVs) remains a challenge. The size difference between CTCs and EVs requires an
adaptation of microfluidic isolation approaches, particularly in label-free
methodologies governed by particle and fluid mechanics.

This chapter discusses the theory behind bioparticle isolation and sorting in
microfluidic devices and highlights the most relevant and recent studies, acting as
a guide for researchers interested in the field.
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15.2 The Theory Behind Microfluidic Bioparticle Isolation: From
the Micro to the Nanoscale

Bioparticle isolation approaches are generally classified into affinity-based and
label-free approaches. The first considers the isolation of CTCs or EVs according
to the recognition of specific markers, while the latter uses the differential physical
properties of the bioparticles. In the following sections, we will discuss the main
strategies used in microfluidic-based isolation, with particular highlights in label-free
technologies: inertial microfluidics, microfluidic filtration, acoustofluidics, deter-
ministic lateral displacement, and ferrohydrodynamics.

15.2.1 Affinity-Based Isolation

Affinity-based isolation relies on the use of capture probes capable of recognizing
and binding to a specific molecular target in the bioparticle of interest, for instance,
taking advantage of the antigen–antibody/aptamer, substrate–enzyme, or receptor–
ligand interaction.

Although the theory behind the development of surface-biofunctionalized
microfluidic platforms may appear simplistic when compared with label-free isola-
tion, it is necessary to ensure the operating conditions (e.g., flow rate, antibody
concentration, incubation time) are favorable for target binding [15]. For instance,
low flow rates are frequently used to ensure enough time is provided for antigen–
antibody binding, which results in lower throughput systems when compared with
label-free approaches. Despite this, several features can strategically be designed to
enhance the interaction between the probe and the marker of interest. Mixers can be
incorporated to promote these interactions and increase the capture efficiency and
throughput of the system [16–18].

CTC isolation platforms frequently use antibodies to target epithelial surface
markers (e.g., EpCAM, EGFR, HER2, and MUC1) to recover circulating cells that
present an epithelial phenotype [19, 20]. In the case of melanoma-derived CTCs,
EpCAM is downregulated, and therefore its use as a biomarker is not useful in the
clinic. Recent work has shown that the combined use of melanoma specific cell
adhesion molecule (MCAM), also known as CD146 or MUC18, and melanoma-
associated chondroitin sulfate proteoglycan (MCSP) is capable of high CTC recov-
ery from the whole blood of melanoma patients [21]. The proposed microfluidic
immunoaffinity device allowed the distinction between cancer and healthy patients
based on the number of isolated CTCs and exosomes. Despite this, the detection of
epithelial markers does not account for CTCs that exhibit a more mesenchymal
phenotype and that have shown to be correlated with higher invasiveness and
metastasis [19, 20]. For instance, the presence of the CD133 in CTCs isolated
from patients with metastatic lung cancer is indicative of a worse prognosis
[22]. Alternatively, negative enrichment methods, which target leukocyte-specific
surface markers (e.g., CD45 and CD66b), could be used to deplete circulating
immune cells and permit the recovery of CTCs independently of their phenotype.
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EV isolation from clinical samples is often based on the targeting of surface
markers associated with EV biogenesis (CD81+, CD9+, CD63+) [23]. More recently,
the targeting of the lipidic contents of the membrane has been proposed as an
alternative approach [24]. For instance, phosphatidylserine has been recently used
for the directed targeting of vesicles and phosphatidylserine+ cells in a microfluidic
device with structures functionalized with annexin V [25].

Although affinity-based strategies can achieve high purity samples, bioparticle
isolation and fractionation can be accomplished based on the differentiation of their
physical properties, such as size, deformation, electric/dielectric properties. As
microfluidic CTC and EV isolation platforms have been extensively reviewed in
previous works [26–29], the following sections will be dedicated to the principles
and fundamental theory of label-free techniques, used to avoid the initial targeting of
specific subpopulations and loss of potentially relevant biological information.

15.2.2 Inertial Microfluidics

In a straight channel, besides gravity and buoyancy, which produce no alteration in
the lateral migration profile, particles are subjected to inertial forces that direct lateral
migration perpendicularly to the main flow until equilibrium is reached. Lateral
particle migration within a straight channel, in a Newtonian fluid, is dominated by
the inertial lift force (FL), defined as the net force between the shear-gradient-
induced lift force (FLS) and the wall-induced lift force (FLW).

In a microfluidic channel with a Poiseuille flow distribution, FLS will direct the
particles from the center of the channel toward the walls, producing asymmetric
wave around the particle due to its spinning. Once the particles reach the vicinity of
the wall, the wake created by the particles will be disturbed, inducing a force that
propels the particles away from the wall, FLW (Fig. 15.1i). As these forces are
position-dependent, once a particle is near the centerline of the stream, the FLS

will direct particle migration, whereas the FLW will dominate close to the walls. The
resulting net force, FL, can be given by Eq. (15.1) [30, 31]:

FL ¼ f LρfU
2dp

4=Dh
2 ð15:1Þ

where fL is the lift coefficient (a dimensionless number that depends on the Reynolds
number and specific particle position along the cross-section of the channel), ρf, U,
and dp correspond to the fluid density [kg.m�3], maximum velocity of the fluid
[m.s�1], which can be estimated as twice the average characteristic velocity, and
particle diameter [m], respectively. TheDh is defined as the hydraulic diameter and is
calculated based on the geometry of the channel. For instance, for a rectangular
channel, as is the case of most microfluidic channels, Dh is given by Eq. (15.2)
[31, 32]:
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Fig. 15.1 Schematic representation of the label-free strategies for EV sorting. (i–iii) Inertial
microfluidics, (iv, v) Microfiltration. (vi) Acoustofluidics. (vii) Deterministic lateral displacement.
(viii) Ferrohydrodynamics
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Dh ¼ 2wh= wþ hð Þ ð15:2Þ
where w and h refer to the channel cross-section width and height, respectively.

The control of the flow regime, performed by the Reynolds number (Re), is
particularly relevant to modulate the contribution of the inertial and viscous forces
within a fluid (Eq. 15.3).

Re ¼ ρUDh

μ
¼ 2ρQ

μ wþ hð Þ ð15:3Þ

where μ is the dynamic viscosity [Pa s].

15.2.2.1 Dean Flow Fractionation
A microchannel with a Newtonian fluid that presents constriction and expansion
sites, curvatures and localized microstructures will not follow the standard velocity
profile of the Poiseuille flow [30–32]. Instead, these structures will induce a second-
ary flow, named the Dean flow, where two vortices with opposite directions are
created (Fig. 15.1ii-iii). The use of the secondary Dean flow for particle separation
has several advantages. Firstly, the vortices generated by the Dean flow assist in
particle stirring, contributing to lateral particle displacement and reducing the time
required for particles to achieve equilibrium [31–33]. With this, the length of the
focusing channel can be significantly reduced when compared with a device without
the action of Dean forces. Secondly, the existence of secondary Dean flow will
enhance particle distributions along the cross-section of the channel, enabling the
fractionated collection of particles with different sizes [31].

The Dean drag force (FD), perpendicular to the main stream, can be expressed by
(Eq. 15.4) [30, 31]. However, for simplicity, it is often approximated to the Stokes
drag force (FS).

FD ¼ ρfUD
2dpDh

2R�1~3πηdp νf � νp
� � ¼ FS ð15:4Þ

where μ, dp, and ν represent the dynamic viscosity of the liquid [Pa.s], the diameter
of the particle [m], and relative velocity of the particle with respect to the liquid
[m.s�1], respectively.

The flow velocity in a Dean vortex, UD, is often estimated applying the expres-
sion developed by Ookawara et al. (Eq. 15.5) [30]:

UD ¼ 1:8� 10�4De1:63 ð15:5Þ
where De is the dimensionless Dean number given by Eq. (15.6) [32]:

De ¼ Re

ffiffiffiffiffiffi
Dh

2R

r
ð15:6Þ

where R is the radius of the curvature.
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For spiral microfluidics, as the radius of the channel gradually increases from the
inlet to the outlet, the average of Dean number from the innermost (Ri) and outermost
(Ro) radius is typically considered [32].

Inertial microfluidics has been intensively used for particle manipulation, partic-
ularly for the isolation of CTCs [34, 35]. Typically, these devices require a sample
pre-processing step to permit a higher separation resolution and purity in CTC
recovery. This can be done either by sample dilution, removal/lysis of red blood
cells (RBCs), or the addition of a sheath buffer. A recent work published by Smith
et al., reported a microfluidic device capable of enriching CTCs from the whole
blood by the sequential use of inertial microfluidic strategies [36]. The CTCKey
device makes use of microstructures in the first section to direct CTCs toward the
periphery of the channel (Fig. 15.2a). In the following segment, the cells are
processed in two outer channels and four inner channels with curvatures. The
CTCs, previously concentrated in the first segment, are directed towards the two
outer external channels and exposed to Dean forces. Here, they become focused on
the center of the streamline and permit the recovery of 75% of CTCs. The presence
of four inner channels allowed the recovery of approximately 20% of CTCs that
have escaped to the waste in the first section. This process permitted the concentra-
tion of CTCs through the reduction of blood volume by 78% at a flow rate of 2.4 mL/
min.

Expansion–contraction reservoirs have also been used to enrich CTCs and
microvesicles [37, 40]. In this strategy, larger particles are trapped in center of the
microvortices due to the experienced shear lift force, while smaller particles flow
through the central channel (Fig. 15.1ii). This principle has been applied in the
Vortex HT device for the isolation of CTCs from advanced prostate cancer patients
at a high throughput (8 mL/min) (Fig. 15.2b) [37]. Since the CTCs are trapped in the
microvortices, the recovery of these cells requires complete sample processing with
posterior interruption of vortex formation in the expansion sites. This strategy
renders the integration of these devices in subsequent in-line processing or detection
troublesome. On the other hand, spiral microdevices allow the continuous collection
of the fractionated population by incorporating multiple outlets and retrieving the
CTCs from the inner outlet of the device [22, 41, 42].

Although inertial microfluidics has been extensively applied for the separation of
micrometer-sized bioparticles, such as blood cells and CTCs, separation of
exosomes from larger EVs by inertial microfluidics comprises a challenge as the
contribution of the inertial lift becomes trivial once the particle diameter decreases to
the nanoscale [33, 38, 39]. Hence, for the isolation of sub-micrometer and
nanometer-sized bioparticles, additional forces are required to modulate particle
separation, such as the Dean drag force and elastic lift force.

15.2.2.2 Elastic Lift Force
The use of non-Newtonian viscoelastic fluids will exert an additional force on the
moving particles, the elastic lift force, that will enable the modulation of the
particle’s equilibrium position within a microfluidic channel [38, 39] (Fig. 15.1i).
Different synthetic polymer solutions can be used to produce a biocompatible
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viscoelastic fluid with similar properties to blood, namely poly(ethylene oxide)
(PEO) [43], polyvinylpyrrolidone (PVP) [44], and polyacrylamide (PAA) [45].

In a Poiseuille flow with a viscoelastic solution, the elastic lift forces (Eq. 15.7)
arise from variations of the first normal stress (N1) over the particle volume [38]:

Fe ¼ Ced
3
p∇N1 ð15:7Þ

where Ce is the elastic coefficient, and N1 can be defined according to the Oldroyd-B
model for a viscoelastic fluid in a rectangular channel (Eqs. 15.8, 15.9, and 15.10)
[32, 38]:

N1 ¼ Wi _γ2 ð15:8Þ

_γ ¼ 2Q
hw2 ð15:9Þ

Wi ¼ λ _γ ¼ 2λQ
hw2 ð15:10Þ

where _γ represents the characteristic shear rate [s�1], Wi is the Weissenberg number
that measures the viscoelastic effect on the particle, and λ is the relaxation time of
non-Newtonian fluids [s].

A study conducted in 2017 demonstrated that the interplay between the inertial,
elastic lift and viscous drag forces allows the targeted recovery of exosomes (>90%)
from the cell culture medium and serum samples [38]. While larger EVs experience a
more significant elastic lift force (/dp

3) and thus migrate faster to the centerline of
the stream, exosomes, which require higher migration times to reach the centerline,
are collected on the outlets near the walls (Fig. 15.2c). Despite promising, these
approaches require channel lengths of a few centimeters to provide enough time to
achieve sub-micrometer particle separation. Once the particles fall within the nano-
meter range, increased channel lengths are required to overcome the associated
Brownian motion [39]. To overcome this, Asghari et al. developed a simple
microfluidic system composed of a single channel with constriction and expansion
sites to focus and separate EVs of distinct dimensions by an oscillatory viscoelastic
flow. With this system, it was possible to separate p-bodies (300 nm to 1 μm) from a
mammalian cell lysate and λ-DNA (�500 nm) and small EVs (<200 nm) from the
cell culture medium (Fig. 15.2d).

15.2.3 Microfluidic Filtration

One of the most widely used techniques for particle isolation is membrane-based
filtration. These systems allow the straightforward isolation of particles of interest
from clinical samples with minimal sample processing, based on pressure-driven
approaches or combined with electrophoresis to enhance particle isolation. In
pressure-driven microfluidic systems, filtration occurs due to a pressure gradient
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generated between two channels separated by a semipermeable membrane
(Fig. 15.1iv).

The transmembrane pressure drop (Eq. 15.11) can be calculated by multiplying
the flow rate by the membrane resistance.

ΔP ¼ QRmembrane ¼ QNporeRpore ð15:11Þ
The total membrane resistance is determined by the addition in parallel of the

resistance of each pore (Rpore) given by the Dagan equation [46] (Eq. 15.12):

Rpore ¼ μ
r3

3þ 8
π

L
r

� �h i
ð15:12Þ

where μ is the fluid viscosity [Pa.s�1], r is the pore radius [m], and L is the pore
length [m].

In these systems, cross-flow filtration is preferred to dead-end flow filtration as the
tangential flow will disrupt the formation of the filter cake, which reduces the
permeate flux and filtration efficiency [46].

Recently, tangential flow filtration has been used for the isolation and concentra-
tion of EVs above 80 nm in a nanoporous polycarbonate track-etch (nPCTE) and
nanoporous silicon-nitride (NPN) membranes [46]. In this model, the EVs are
retained in the membrane pores and posteriorly recovered when the transmembrane
pressure is reversed. Notably, the authors found that greater membrane thickness
resulted in a higher transmembrane pressure drop which renders EV recovery more
complex. Moreover, NPN membranes enable the direct optical detection of the
retained EVs, in contrast to the conventional track-etch membranes, which lack
optical transparency [46]. In a different work, microfluidic filtration has been used
for the isolation of CTs from the blood of metastatic pancreatic cancer patients using
a lateral flow microfiltration device in which the posts are functionalized with anti-
EpCAM antibodies, enhancing CTC retention in the device while WBCs and RBCs
are depleted [47].

To further enhance particle separation and processing time, combining
microfiltration systems with electrophoretic separation or immunoaffinity is also
possible. Electrophoresis is an electrokinetic phenomenon in which a force is exerted
on a charged particle when it is subjected to an electrical field. In these systems,
particles with different sizes are exposed to the same flow rate but experience
different electrophoretic forces. Particles with smaller hydrodynamic radius (Rh),
such as proteins and exosomes, possess a higher electrophoretic velocity (VE)
(Eq. 15.13) and thus, migrate faster to the electrode than microvesicles and larger
particles for the same electrical field.

VE ¼ qE
6πμRh

ð15:13Þ

where q is the particle’s surface charge [C.m�2], which can be calculated according
to the Grahame equation [48], E is the applied electric field [V.m�1].
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The negatively charged particles, such as EVs [49, 50], migrate toward the anode,
with varying velocities depending on their size, while the positively charged
particles move toward the cathode. The inclusion of nanoporous membranes will
ensure that specific populations can be directed and recovered in certain channels
(Fig. 15.1v). One of the first reports of the use of electrophoresis-based filtration
dates from 2012, where the system was used to separate EVs from whole blood with
higher purity and throughput when compared with the standard pressure-driven
filtration [51].

15.2.4 Acoustofluidic Isolation

Acoustofluidic separation is a label-free, biocompatible, and contactless method that
can be used to separate biological particles such as cells and EVs. Since
acoustofluidic isolation relies on the interplay between the acoustic radiation force
generated by a piezoelectric material and the drag force arising from acoustic
steaming, particles of different sizes and physical properties (p.e. size, density, and
compressibility) will experience distinct resulting forces, and consequentially sepa-
ration profiles (Fig. 15.1vi).

The acoustic radiation force on a spherical particle is given by Eq. (15.14):

Fa ¼ � π2p0
2dp

3βf
12λ

ɸ β, ρð Þ sin 4πx
λ

� �
ð15:14Þ

where p0 is the acoustic pressure [Pa], dp is the particle diameter [m], βf represents
the compressibility of the fluid [Pa�1]. ɸ, λ, and x represent the acoustic contrast
factor, the wavelength of the acoustic waves [nm], and the distance from a pressure
node [nm], respectively.

The acoustic pressure is determined from the device characteristics (Eq.15.15),

p0 ¼
ffiffiffiffiffiffi
PZ
A

r
ð15:15Þ

where Z represents the acoustic impedance [Ohm] of the substrate, A is the area [m2]
of the interdigitated transducers (IDT), and P is the input signal power [W].

The acoustic contrast factor is given by (Eq. 15.16):

ɸ β, ρð Þ ¼ 5ρp � 2ρf
2ρp þ ρf

� βp
βf

ð15:16Þ

where ρp and βp represent the density [kg.m�3] and compressibility of the particle
[m2 N�1], respectively, and ρm and βm depict the density and compressibility of the
fluid. Positive and negative acoustic contrast factors determine whether the force will
be directed toward pressure nodes or antinodes, respectively.
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Suspended particles experiencing acoustic streaming are subject to a drag force
given by Stokes equation (Eq. 15.4). While the motion of micrometer-sized particles
is dominated by the acoustic radiation force (Eq. 15.14), which scales with particle
volume (/dp

3), the acoustic streaming force scales with the particle diameter. In this
sense, as the particle diameter decreases to the nanoscale, the acoustic streaming
force becomes preponderant, dictating the particle’s trajectory. The empowerment of
the acoustic radiation force could be achieved by increasing the operating frequency
of the acoustic waves to the MHz. For this, only surface acoustic wave (SAW) and
not bulk acoustic wave (BAW) devices can be used for the isolation of
sub-micrometer particles as they can operate within 1 MHz to 1 GHz [52]. In
SAW devices, two interdigitated transducers (IDTs) patterned on a piezoelectric
substrate are placed parallel or orthogonally to a microfluidic channel. Once a
radiofrequency (RF) signal is applied, the IDTs generate two series of SAWs that
propagate through the microfluidic channel, forming a standing wave that causes
pressure fluctuations in the liquid and moves the particles to the pressure nodes or
antinodes.

Acoustophoresis has been applied for the isolation of CTCs [53, 54] and bacteria
[55] and more recently for the recovery of erythrocyte-derived exosomes [56]. By
tuning the RF power of the IDTs and the flow rates, it was possible to adjust the filter
size cut-off, with higher frequencies and smaller flow rates contributing to the better
fractionation of smaller vesicles. These experimental conditions allowed the collec-
tion of 200 nm vesicles in the central channel while the larger vesicles were isolated
towards the outer outlets. In a different work, tilted angle standing SAW devices
were combined with two microfluidic separation units for the initial removal of
blood cells, allowing the posterior fractionation of exosomes from microvesicles
present in the sample [57]. By using two sheath inlets, the particle mixture was
forced to form a narrow straight stream, ensuring all particles were subjected to the
same initial separation condition. Upon applying tilted angle SAWs, nanoscale
particles, in which the drag force dominate, continue in the streamline. In contrast,
cells and microvesicles are sequentially removed in each of the purification modules
as they move toward the pressure nodes. This work was the first report of successful
exosome recovery from whole blood samples.

15.2.5 Deterministic Lateral Displacement

Deterministic lateral displacement (DLD) is a size-based particle sorting technique
that makes use of an array of pillars displaying an offset configuration to displace
particles in predetermined paths [58] (Fig. 15.1vii).

Each row of posts is horizontally shifted concerning the previous by a distance
defined as a fraction (δ) of the center-to-center pillar distance (λ). The design
geometry, shift fraction, and gap between adjacent pillars (G) will determine the
critical diameter (Dc) and a maximum angle (θmax), which will dictate the particle
migration path (Eqs. 15.17 and 15.18) [58, 59].
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Dc ¼ 2β ¼ 2ηGδ ð15:17Þ

θmax ¼ tan �1 δ
λ

� �
ð15:18Þ

Particles with a diameter equal to or larger than the critical cut-off will be laterally
displaced by the bumping with the pillar arrays at a migration angle equal to θmax. In
contrast, particles with diameters smaller than Dc will follow the fluid streamline (β)
through a zigzag mode with a mean angle of 0� with respect to the array [59]. Device
clogging is particularly significant when these parameters are approximate, and
particle density is high. Thus, the designed gap must be larger than the diameter of
the largest particle to separate within the system. The smallest particle to be
separated is given by the critical diameter of the section with the smallest δ.

Since this separation technology relies on a deterministic phenomenon, it is
necessary to ensure that fluid dynamics follow a laminar flow regime driven by
advection and not by diffusional processes. For this, two dimensionless numbers, Re
(Eq. 15.3) and Péclet (Pe) need to be adjusted. The Pe number is given by
Eq. (15.19), where the characteristic length is replaced by δλ [58].

Pe ¼ δλv
D

ð15:19Þ

Previous studies have reported the use of DLD for CTC enrichment and recovery
[60, 61]. Recent work described the enrichment of CTCs from whole blood by the
sequential use of filter-DLD modules with different critical diameters (Zongbin
[62]). In the first module, larger cells, including CTCs and WBCs, are recovered
and directed to the cell-size separation module, while smaller cells, such as RBCs,
are depleted from the sample (Fig. 15.3a). In the second module, the critical diameter
gradually increases from 8 to 22 μm, allowing the fractionation of CTCs and WBCs
due to their size differences. This device permitted high separation efficacy (>96%)
and throughput (1 mL/min) with elevated levels of purity (>99%).

Although particle isolation can easily be accomplished for micrometer-sized
particles at high high-throughput, experimental limitations arise from
sub-micrometer particle fractionation, as small δ require longer channel lengths to
achieve significant particle separation due to the increasing contribution of Brownian
motion and diffusion [58]. Computational simulations have shown that the tuning of
the ionic strength of the buffer solution can modulate particle trajectory [64]. Buffer
solutions with lower ionic strengths increase the thickness of the electrical double
layer of the particles, increasing their apparent size and contributing to the lateral
displacement of significantly smaller particles [64]. The first successful DLD
exosome fractionation system consisted of a silicon nanoscale array with gap sizes
between 25 and 235 nm [59]. The authors showed that by conducting experiments at
low Pe numbers, where diffusion and DLD compete, it is possible to sort particles
with diameters between 20 and 110 nm. Additionally, it was reinforced the impor-
tance of accounting for particle–particle interactions and fluid-flow distortion at the
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nanoscale as single particles can influence particle displacement, even in highly
diluted samples for Dp ~ 0.5G [59].

15.2.6 Ferrohydrodynamics

Ferrohydrodynamics allows the label-free size-sorting of diamagnetic particles
immersed in a magnetizable fluid through the modulation of the magnetic field
(Fig. 15.1viii). Under the exposure of a magnetic field gradient, the suspended
magnetic nanoparticles present in the ferrofluid will be polarized while the

Fig. 15.3 Deterministic lateral displacement and ferrohydrodynamic particle separation. (a) Cas-
caded filter DLD device for the isolation of circulating tumor cells. Republished with permission of
the Royal Society of Chemistry, from Zongbin Liu et al. [62]. Permission conveyed through
Copyright Clearance Center, Inc. (b) Ferrohydrodynamic isolation of circulating tumor cells by
cell diamagnetophoresis and white blood cell depletion by the action of magnetophoresis.
Republished with permission of the Royal Society of Chemistry, from Zhao et al. [63]. Permission
conveyed through Copyright Clearance Center, Inc
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diamagnetic particles will move in the opposite direction of the magnetic field
gradient, in a phenomenon entitled “diamagnetophoresis.”

A diamagnetic particle in suspension in a magnetic nanoparticle colloidal sus-
pension is subject to the ferrohydrodynamic force (Eq. 15.20) and the hydrodynamic
drag force (Eq. 15.4). Hence, the balance between these two forces will dictate the
particles’ trajectory.

Fm ¼ �μ0Vp M∇ð ÞH ð15:20Þ
where μ0 is the permeability of the free space [N.A�2], Vp is the particle volume
[m3], andM and H represent the non-linear magnetization [A.m2] and magnetic field
strength [A.m�1], respectively.

The ferrohydrodynamic force is predominant at room temperature for particles in
the micrometer and sub-micrometer range; however, once the diameter decreases to
the nanoscale, the hydrodynamic drag force will become dominant [65]. Hence,
ferrohydrodynamics has been mainly used for the enrichment of CTCs. Zhao and
colleagues developed a microfluidic device capable of enriching low concentrations
of CTCs in RBC-lyzed blood samples of patients with non-small cell lung cancer
[66]. Upon cell debris removal, processed blood samples are focused on a straight
channel by a ferrofluid sheath flow and exposed to a permanent magnet on its
bottom. Larger diamagnetic bioparticles, including CTCs and some WBCs, experi-
ence a more significant repulsive force when exposed to the non-uniform magnetic
field when compared to smaller bioparticles. This causes them to migrate faster in the
opposite direction permitting their separation with a CTC recovery rate of 92.9% and
a throughput of 6 mL/h. In a posterior work, the authors included a second
processing step to ensure higher CTC purity upon recovery [63]. In this work,
WBCs were labeled with magnetic beads, causing them to experience both
diamagnetophoresis (owing to its cell surface) and magnetophoresis (owing to the
attached magnetic beads) (Fig. 15.3b). Once the WBCs flew through the straight
channel, subjected to a magnetic field with its maximum in the center of the channel,
the labeled WBCs migrated toward the middle of the streamline as the magnetic
force outweighed the diamagnetic effect. This permitted a high recovery rate
(99.08%) and sample throughput (12 mL/h) with minimal WBC contamination.

On the other hand, to achieve successful EV fractionation, the balance between
the ferrohydrodynamic force and the hydrodynamic drag force must be modulated to
ensure the ferrohydrodynamic force produces a weak effect on exosomes and
significant contribution to the microvesicle movement. In recent work, this method-
ology has been applied toward isolating EVs and sorting microvesicles and
exosomes from the blood serum of healthy individuals. This was accomplished by
adjusting the geometry of the device, the magnetic field, and fluid operating
conditions. To achieve vesicle sorting, samples pre-mixed with ferrofluid were
flown near the vicinity of the microchannel, where the magnetic field was higher,
inducing the migration of the microvesicles toward the center of the
microchannel [65].
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15.3 Conclusion

Microfluidic devices have demonstrated great applicability in isolating circulating
biomarkers in the laboratory, with high potential to be applied in the clinic. How-
ever, before these platforms are implemented in current clinical practice, it is
imperative to develop standardized protocols that enable the selection of the ade-
quate platform based on the intended downstream application. For instance, if the
intention is to determine the total number of particles within a system, label-free
isolation methods allow the highest recovery, but sample purity may be
compromised. On the other hand, if the purpose of bioparticle isolation is the
analysis of the molecular cargo, affinity-based isolation platforms will allow the
highest purity for further downstream processing. In the future, the ideal platform
will include multiple processing modules that enable particle isolation, quantifica-
tion, and analysis in a single high-throughput platform with minimal pre-processing
steps sample volume requirements.
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Microfluidics for the Isolation
and Detection of Circulating Tumor Cells 16
Jessica Sierra-Agudelo, Romen Rodriguez-Trujillo,
and Josep Samitier

Abstract

Nowadays, liquid biopsy represents one of the most promising techniques for
early diagnosis, monitoring, and therapy screening of cancer. This novel method-
ology includes, among other techniques, the isolation, capture, and analysis of
circulating tumor cells (CTCs). Nonetheless, the identification of CTC from
whole blood is challenging due to their extremely low concentration (1–100 per
ml of whole blood), and traditional methods result insufficient in terms of purity,
recovery, throughput and/or viability of the processed sample. In this context, the
development of microfluidic devices for detecting and isolating CTCs offers a
wide range of new opportunities due to their excellent properties for cell manipu-
lation and the advantages to integrate and bring different laboratory processes into
the microscale improving the sensitivity, portability, reducing cost and time. This
chapter explores current and recent microfluidic approaches that have been
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developed for the analysis and detection of CTCs, which involve cell capture
methods based on affinity binding and label-free methods and detection based on
electrical, chemical, and optical sensors. All the exposed technologies seek to
overcome the limitations of commercial systems for the analysis and isolation of
CTCs, as well as to provide extended analysis that will allow the development of
novel and more efficient diagnostic tools.

Keywords

Microfluidics · Liquid biopsy · Circulating tumor cells · Cancer detection · Cancer
diagnosis

16.1 Introduction

One of the big challenges in cancer is achieving an early-stage diagnosis. Currently
tumors are not found until symptoms appear or by chance when the patient
undergoes a medical test which in both situations can be too late for the patient.
Many analysts now argue that the development of efficient methods for screening,
early diagnosis, and monitoring, are promising technologies to achieve a high-
efficiency therapy and to reduce cancer mortality [1]. As has been reported, several
biological body fluids like blood, urine, and saliva contain biomarkers, which could
be DNA, RNA, proteins, or whole cells [1, 2]. In recent years, interest has arisen in
the development of new technologies to detect those biomarkers from body fluids,
such as liquid biopsies [1]. The emergence of liquid biopsies has been useful for the
diagnosis of physiological conditions, inflammatory processes and specially
represents a good alternative tool for non-invasive analysis of tumor-derived
materials.

Currently, tissue biopsies represent the gold standard for tumor profiling. None-
theless, this method displays many limitations that include the invasiveness, risk and
depending on some anatomical locations is not easy (or even impossible) to obtain
[3]. In fact, it provides a limited vision of the tumor profile, considering that tumors
are heterogeneous composed of different subpopulations of cells, which display a
variability of genetic and epigenetic changes. In addition to differences between
primary and metastatic lesions [3]. Therefore, the tissue biopsies fail to represent the
overall tumor profile, capture the alterations in different parts, and monitor the
diseases progression [4].

On the other hand, liquid biopsies could be done through routine blood extraction
and analysis, a procedure that is much easier and less invasive than a tumor biopsy.
In this context, liquid biopsies are a cheaper, faster, non-invasive alternative to
conventional biopsies, that can be used for personalized cancer therapy [1, 3]. In a
broad sense, liquid biopsy is based on the isolation of biomarkers from blood that
can be used for cancer diagnostic and monitoring. This definition englobes
circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and exosomes
[1, 2, 5].
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16.1.1 What Are the Circulating Tumor Cells?

Since 1869, Ashworth discovered the tumor cells in the peripherical blood and
proposed the concept of a CTC [6]. These CTCs are cancer cells, which leave the
primary tumor and enter the bloodstream initiating a process called metastasis that is
responsible for almost 90% of cancer deaths [7]. From the biological point of view,
these cells do not bind to the extracellular matrix (ECM) and survive in the
bloodstream because of their resistance to apoptotic process known as “anoikis”
[8], as well as factors associated with epithelial and mesenchymal plasticity or stem
cell-like properties.

Metastasis is a biological complex process, which involves cell migration, inva-
sion, arrest at secondary and primary parts, intrusion of tumor cells in bloodstream,
dissemination, extravasation at distant parts, colonization and finally, the formation
of a metastatic secondary tumor clinically detectable (Fig. 16.1) [7, 10]. Recent
studies indicate the high heterogeneity of CTC population, including CTCs clusters,
individual CTCs, epithelial CTCs, hybrid epithelial-mesenchymal CTCs, mesenchy-
mal CTCs and stem-like CTCs [11]. In fact, it has been found that CTCs clusters
show distinct features regarding to individual CTCs, such as phenotype, sign of gene
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Immune phagocytosis
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EV
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Fig. 16.1 Liquid biopsy and CTCs origin and progression under therapeutic application.
Circulating proteins (CPs), circulating tumor DNA (ctDNA), circulating tumor cells (CTCs) and
extracellular vesicles (EVs) enter to the circulation and can be used to detect minimal tumor
generation and monitor tumor heterogeneity. CTCs will be generated by the primary tumor and
cooperate with TEPs (tumor-educated blood platelets) to survive and enter in circulation as single
CTCs or CTCs clusters. Furthermore, EVs represent pre-metastatic scavengers that resist to immune
damage and allow metastasis in secondary areas. After target therapy is applied, the drug-resistant
cancer cells will proliferate by adaptive evolution. Thus, liquid biopsy allows to predict metastasis
or relapse. Natural cancer development is represented by the red arrows, meanwhile the develop-
ment of tumors after therapy is shown by the black arrows. Licensed under CC-BY 4.0 Interna-
tional License. The Final, Published Version of This Article Is Available at [9]
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expression and nature [12, 13]. Moreover, other studies have revealed that CTCs
clusters may have 100 times more metastatic potential than single CTCs [14]. The
presence of CTCs in blood has been recognized in many types of cancer, such as
breast cancer, colon cancer, lung, prostate among others [14]. In fact, previous
clinical studies in patients with breast cancer have correlated the presence of CTCs
with an increase in tumor burden, aggressiveness, as well as decreased time to
relapse [10].

In these circumstances, isolation and detection of CTCs that are circulating into
the bloodstream could be used for early cancer metastasis detection as well as for
monitoring tumor’s responsiveness to radio/chemotherapy and developing
personalized patient treatments. Some of the diagnostic possibilities that CTCs
detection would offer can be summarized as follows [15].

• The presence of CTCs in blood is highly associated with metastatic risk but also
indicates primary tumor existence. As it is known that CTCs are present in blood
from very early stages of the disease and prior to the appearance of symptoms, a
device that allows the detection of CTCs could be used for both determining
metastatic risk and early cancer detection.

• It is also known that the number of CTCs present in the blood sample is related to
the stage of the patient’s disease. Thus, another advantage could be to monitor
tumor’s responsiveness to therapy. This would be done by running routine blood
analysis and comparing the number of CTCs prior and after the treatment.

• Another important issue is tumor heterogeneity, both within a tumor and between
the primary tumor and its metastases, which cannot be captured by a simple tissue
biopsy. This heterogeneity accounts for the genotypic differences between differ-
ent regions of the tumor or between the primary and the secondary tumors. It is
known that almost all tumors treated with any therapy acquire resistance because
of tumor heterogeneity, clonal evolution, and selection [16]. Therefore, CTCs
isolation and analysis would enable to understand better the phenomena of
metastatic drug resistance.

• Tumors are very prone to suffer mutations in their genome, so their molecular
profile changes frequently, and so does the effective treatment required. Thus,
liquid biopsy would allow monitoring the molecular profile of the tumor just by
taking periodic blood samples from the patient. Therefore, according to the results
obtained the clinicians can find out if the treatment is correct or if it must be
adjusted due to mutations.

It is therefore clear that the development of a platform allowing CTCs isolation
and detection from blood samples would be a major improvement in the study and
treatment of cancer. Nevertheless, the identification of CTC from whole blood is
challenging, as the number of CTCs in 1 mL of blood from a cancer patient is only
1–100, in comparison with 109 hematologic cells [17]. Hence, the traditional
methods to isolate cells, like flow cytometry, density gradient centrifugation, and
immunocapture by magnetic beads do not have enough sensitivity to detect rare cells
like CTCs [18].
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Despite the high number of scientific publications related to CTCs detection,
there is only one CTC test approved by the FDA, the CellSearch® system by
Menarini Silicon Biosystems [19]. This system uses magnetic particles coated with
antibodies that bind to the protein EpCAM (epithelial cell adhesion molecule) for
quantifying the CTCs in metastatic breast, prostate, and colon [20]. In the last few
decades, EpCAM was considered as universal tumor biomarker for epithelial-
derived cancer types [21]. Nevertheless, several studies indicate that some CTCs
can be EpCAM-negative [22] such as those which had an epithelial-to-mesenchymal
transition and mesenchymal origin. Moreover, CTCs isolated from patients display a
wide range of EpCAM expression, where a part of these cells are EpCAM-negative
[23, 24] for instance in some advanced lung cancer [23, 25, 26]. This represents one
of the main drawbacks of this platform as well as, it requires expensive equipment
and allows neither 100% purity nor isolation of viable cells for further culture and
studies.

To overcome these limitations, several microfluidic platforms have also been
developed. Indeed, Lab-on-a-Chip (LOC) technologies have been exploited in the
recent decades for several biomedical applications such as diagnostics, biochemical
assays, and drug discovery among others. Microfluidics and LOC technologies are
directly correlated terms since LOC technologies aim to integrate and bring different
laboratory processes into the microscale to exploit the advantages that working at
this length scale provides. Therefore, these devices are frequently composed of
microfluidic elements like microchannels, micropumps, microvalves, etc. to enable
processing small (micro scaled) amounts of liquid.

Nowadays, most of the analytical and diagnostic assays are done with benchtop
equipment in hospitals and/or centralized laboratories, which are either operated by
trained personnel or composed of chains of automated pipetting robots with the
associated increment of power consumption and space demand. Microfluidic LOC
platforms arise as an alternative to the present model of diagnostics since these offer
a wide range of new opportunities that can be summarized as: [27, 28].

• Portability due to its reduced dimensions.
• Higher sensitivity.
• Faster results obtaining.
• Reduced laboratory space.
• Lower cost per test due to less quantity of reagent required.

In addition, apart from those advantages stated above, working at the microscale
allows taking advantage of the unique phenomena taking place at such scale:

• Gravitational force loses importance.
• Well-defined laminar flow.
• Controllable diffusion.
• High degree of parallelization.
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Therefore, all the characteristics mentioned before, together with the fact that
microfluidic LOC devices have the perfect size for cell manipulation and that they
have the possibility to play with well-defined particle forces related to inertial effects
[29, 30], make them ideal for building CTCs isolation devices that can be used for
liquid biopsies.

16.2 Microfluidic-Based Isolation of CTCs

The application of microfluidic devices to the detection and isolation of circulating
tumor cells is quite recent, the firsts scientific works arising towards 2005. The first
scientist to create a considerable impact in the field was Prof. Toner and his group at
Harvard Medical School with the publishing in 2007 of a research paper [31] in
which they obtained promising results concerning the isolation of CTCs on a
microchip capable of efficient and selective separation of viable CTCs from periph-
eral whole blood samples, mediated by the interaction of target CTCs with antibody
(EpCAM)-coated microposts under precisely controlled laminar flow conditions,
and without requisite pre-labeling or processing of samples. At that moment, this
was revolutionary and encouraged a lot of scientists, all with the same purpose of
developing a lab-on-chip device to detect and isolate CTCs. If we now look back on
that paper, it has become the most cited paper regarding CTCs isolation using
microfluidics with almost 3000 citations up to date.

Since then, many other microfluidic devices have been proposed for the separa-
tion of CTC from blood. They can be based in microfiltration, deterministic lateral
displacement, centrifugation, inertial focusing, affinity-based methods, among
others [29, 32–35]. They separate according to cell properties like size, density,
shape, deformability, or biomarkers expression [27, 36, 37]. The parameters used to
evaluate the performance of this technology include purity, throughput, recovery
rate and cell viability. The purity is associated to the blood cells depletion, which
indicates the number of CTCs compared to blood cells. Meanwhile, recovery rate
reflects the ratio of targeted cells collected in the CTCs outlet to the total number of
CTCs, throughput refers to the amount of blood sample (usually in milliliters) that
can be processed in the device per unit of time and thus the number of cells that can
be captured and, finally, cell viability indicates if the cells recovered are alive
[29, 36]. Considering the low concentration of CTCs on the blood, it is important
to guarantee that all the CTCs are being recovered by the device and that they are
viable. Thus, the cells recovered could be used in personalized drug screening
[38, 39]. Overall, with the emergence of personalized medicine the latest developed
devices for CTCs separation are focused on the detection of CTCs via label-
independent methods, low pre-treatment, large volume of sample processing in a
short time, high purity, and possibility to propagate the isolated CTCs [40, 41].
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16.2.1 Affinity-Based Methods

The affinity-based microfluidic devices are based on the use of specific antibodies
attached on the channels walls to capture target cells. These devices have been
developed as positive enrichment techniques when the antibodies are used to directly
capture CTCs and negative enrichment techniques if antibodies are used to target
blood cells. The first positive enrichment platforms were devices composed of series
of posts functionalized with EpCAM antibodies as explained before [31]. Neverthe-
less, the cells follow the fluid streamlines of the laminar flow, which limit the
interaction between the CTCs and the antibody modified surface. To overcome
this, herringbone-like structures were proposed [35, 37, 42–44] that promotes fluid
mixing in the channel, thus increasing particle-surface interaction. Figure 16.2
presents a representation of particles trajectories in a rectangular channel and in a
channel with a herringbone structure. In Fig. 16.2a, the particles follow the fluid
streamlines in a rectangular straight channel, while in Fig. 16.2b, the herringbone
structure promotes a mixing, so the particles move transversally on the channel with
more probability to reach the functionalized channel walls.

Different herringbone chips were studied for positive enrichment, including the
surface functionalization with different antibodies (Fig. 16.4b) [46], specific for
some cell lines. Some of them have two opposed surfaces with herringbone
structures to increase the mixing [35, 37, 42, 44]. Moreover, to decrease the
non-specific cell adherence, Wang et al. proposed a wavy herringbone structure
[35]. However, one of the major disadvantages of this system is associated with the
difficulty of eluding CTCs after being captured, this process could have an impact on
their viability [34].

Recently, new methods have been developed for improving positive enrichment
methods such as hydrogel microparticles (MP) functionalized with EpCAM
antibodies, which have the advantages of water-like reactivity, biologically compat-
ible materials, and synergy with various analysis platforms (Fig. 16.3) [35]. In this
method the hydrogel particles are synthesized using degassed mold lithography
(DML), as a result, the porosity and functionality of the MPs increase achieving
an effective conjugation with antibodies [48]. In addition, the MPs functionalization
is based on carbodiimide cross-link chemistry conjugated to antibodies through
carboxyl groups. Also, NHS and EDC chemistry was used to covalently attach
Neutravidin protein to the carboxyl groups. Finally, biotinylated anti-EpCAM

Fig. 16.2 Graphic representation of the particles trajectories in (a) traditional rectangular channel
and in a (b) herringbone device. Figure from [42] Copyright 2010 National Academy of Sciences
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antibodies were used for avidin–biotin reaction [47]. Moreover, other methods based
on Immunofunctionalized hydrogels have been successfully developed for capturing
CTCs (Fig. 16.4c).

Other studies were focused on increasing the capture efficiency of CTCs, such as
the GEDI chip [49]. In this case, the optimization was based on the displacement,
size, and shape of microposts, as well as the use of a specific prostate antigen
(PSMA). On the other hand, among the commercial methods available, CEE™
microfluidic chip is characterized by randomly located microposts functionalized
with streptavidin, which allow to capture targeted CTCs with biotinylated antibodies
[50]. Meanwhile, The NanoVelcro CTC chip is composed of silicon (Fig. 16.4a)
nanowire substrates (SiNWs) functionalized with EpCAM for CTCs capture
[35, 51].

All the previous methods have a limitation, though. As mentioned before, not all
CTC express a specific membrane marker. Potentially important CTCs
subpopulations like mesenchymal and stem cell like CTCs would be missed
[52]. Besides, the CTCs would need to be eluted after being captured, and this
process might have an impact on the CTC viability [14, 24]. So that, affinity-based
techniques based on negative enrichment were proposed.

Fig. 16.3 Positive enrichment methods based on hydrogel microparticles (MP) and EpCAM
antibodies. (a) Hydrogel microparticles synthesized by degassed mold Lithography (DML). Thus,
UV-induced radical polymerization with prepolymers (i) acrylic acid (ii), polyethylene glycol
diacrylate (PEGDA) and (iii) polyethylene glycol (PEG), hydrogel microparticles containing
carboxyl groups are synthesized. (b) Image of polymerized hydrogel microparticles (MP). Scale
bar 200μm. (c) Interaction between avidin protein and biotin allows the anti-EpCAM–biotin
conjugation. This principle is based on the reaction between carboxyl groups in the particles and
primary amines in NeutraAvidin with the help of N-hydroxysuccinimide (NHS) and
N-(3-dimethylaminopropyl)-N0-ethycarbodiimide hydrochloride (EDC). (d) Circulating tumor
cells (CTCs) captured by functionalized hydrogel microparticles with EpCAM antibody. Licensed
under CC-BY 4.0 International License. The final, published version of this article is available
at [47]
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Fig. 16.4 (a) NanoVelcro CTC Chip is composed of a patterned silicon nanowire (SiNW)
substrate and herringbone features which promote the helical flow in the microchannel improving
the interaction between CTCs and anti-EpCAM coated SiNW substrate. Licensed under Creative
Commons Attribution 3.0 License (CC BY 3.0). The final, published version of this article is
available at [45]. (b) Herringbone microfluidic device composed of 16 parallel microchannels for
cells capture (left image). The center image is a Schematic representation for capture and analysis of
plasma cells in microfluidic device. In this technology, the microchannels are coated with
biotinylated CD138 antibodies, which capture the cells from the flow. Finally, capture cells are
staining with anti-κ immunoglobulin for their identification. Fluorescence image shows the cells
captured from a clinical sample. Red represents the CD138 and green anti-κ immunoglobulin (Right
image). Licensed under Creative Commons Attribution 3.0 License (CC BY 3.0). The final,
published version of this article is available at [46]. (c) Schematic representation of fabrication
and degradation of patterned photodegradable hydrogel films. Thus, a PDMSmaster is covered with
hydrogel and irradiated at 405 nm light. Subsequently, a microfluidic herringbone channel is
bonded on the top of the hydrogel film. The hydrogel can be degraded under flow condition
using irradiation of 365 nm light. Finally, the CTCs can be collected for further processing
[38]. Copyright (2018), Elsevier
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Negative enrichment of CTCs is an affinity-based method that has the purpose of
removing hematopoietic cells by targeting specific antigens that are not expressed by
the CTCs as, for instance, CD45 (leukocyte common antigen) [53]. For example,
CTC-iChip was developed by Ozkumur et al., which eliminate the blood cells based
on physical properties and CD45/CD15 expression [54]. Hyun et al., proposed a
herringbone device for negative enrichment by targeting of leukocytes with the
surface immobilized with CD45 after the blood lysis or centrifugation for
eliminating the erythrocytes [17]. Moreover, other technology known as the geo-
metrically activated surface interaction (GASI) chip was fabricated, which was
similar to the Herringbone chip but with microvortexing features aimed at increasing
the number of captured leukocytes [54]. On the other hand, a novel work was
reported by Fatih Sarioglu and colleagues, they developed a method for negative
enrichment of CTCs using whole blood. This method is composed by 3D
microfluidic device which captures the leukocytes based on immuno-enhanced
microfiltration, also allows the depletion of erythrocytes, and remains the CTCs in
suspension [55]. Overall, negative enrichment allows the capture of CTCs with low
or no expression of EpCAM and the CTCs can be collected intact and viable for
subsequently clinical analysis [56]. However, as the population of leukocytes in the
sample is usually very high, even large depletion rates are not always ensuring good
results concerning the purity of the sample. In addition, negative enrichment is used
to capture the leukocytes after the blood sample has been already processed to
eliminate the erythrocytes, so that, this methodology has the potential to be used
to complement other techniques by enriching their results in terms of purity.

Recent evidence suggests, however, that the entire CD45+ population should not
be considered as a discriminant for isolating CTCs from a population of leukocytes,
due to some CTCs displaying expression levels of CD45 and some leukocytes
subpopulation such as non-lymphocytes, which show low expression of CD45. To
overcome the limitations of employing antibodies, aptamers have emerged as a
potential alternative for the isolation of CTCs. These are single-stranded
oligonucleotides such as RNA, DNA, or peptides that bind to targets such as proteins
with a high specificity and sensitivity [50]. Moreover, it was also discovered that an
in vitro process called “systematic evolution of ligands by exponential enrichment”
(SELEX) allows the synthesis and selection of aptamers in a straightforward manner.
In fact, the potential use of aptamers for isolating CTCs has been successfully
evaluated with samples spiked with different cancer cell lines and in patients’
samples [57]. Based on the previous findings, the key advantage of using aptamers
for the isolation of CTCs is that they can be prepared in different panels targeting
several proteins expressed on available cancer cells, for which it is not necessary to
know the precise targets [58, 59].

Finally, both negative and positive enrichment methods can be combined with
magnetic-activated cell sorting. In this case, magnetic microbeads are coated with
the antibodies and a magnetic field is used to attract the target cells bounded to the
microbeads [29, 60]. However, these devices have limited throughput due to the time
needed for the force to act on the particles [30].
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16.2.2 Label-Free Methods

The devices discussed within the previous section have, as a main drawback, the fact
that they rely on the expression of a certain biomarker present on the cell membrane.
However, this condition is not always satisfied, and this might lead to a loss of CTCs
and affect the performance of the device in terms of the recovery rate. As an
alternative, several microfluidic devices have been proposed for the enrichment of
CTCs from blood based exclusively on physical properties of the CTCs, such as size,
density, mechanical plasticity, and dielectric properties [61]. Among these methods,
the ones that have been more exploited are size-based methods [62, 63].

16.2.2.1 Size-Based Methods
This methodology considers the difference on size between CTCs, erythrocytes, and
leukocytes. As was previously indicated, the diameter of CTCs usually ranges from
15μm to 20μm [18], erythrocytes are between 6μm and 8μm, meanwhile, the
leukocytes go from 6μm to 20μm, where neutrophils represent between 40% and
75% with diameters that go from 10μm to 12μm [64]. Among size-based methods,
one can basically find filters, in which the sample flow through an array of micro-
scale constrictions and inertial microfluidic sorting devices, in which the cells are
separated due to size-dependent inertial fluid forces.

Filtering Microfluidic Sorting Devices
Normally, these kinds of devices capture the CTCs as they are bigger in size,
allowing to pass the other cellular components. Depending on the filtering principle,
they can use either chromatography columns, pillars, or pores [65].

Chromatography is a classical technique for separating components of a mixture
based on their ability to pass through a column with a porous material. This method
is used for separating molecules in a label-free manner [65, 66]. In 2011, Hongshen
Ma et al. used this principle, but in an opposite behavior for CTCs separation. Thus,
dynamic microstructures have the advantages of filtration and hydrodynamic manip-
ulation, wherewith is possible to discriminate cells based in size and deformability,
meanwhile the cells are in a continuous flow [65].

On the other hand, an outstanding device designed in the low Reynolds number
regime is known as deterministic lateral displacement (DLD) (Fig. 16.5a and b). In
this technology, the smaller cells follow the streamlines and pass through a series of
posts without net lateral displacement. Meanwhile, the bigger cells change to a
different streamline when enter in contact with the pillars and are laterally moved
from the original streamline [69]. The evidence from previous studies has shown the
potential of this technology in separating cancer cells from blood with a performance
of 80% [67]. In general, devices based on pillars use an array of microposts that form
constrictions. Mohamed et al. developed a microfluidic device composed by pillars
of four successively decreasing clearances from 20μm to 5μm (Fig. 16.5c) [65, 68].

On the other hand, technology based on pores consist of a membrane with holes
which demonstrated a recovery rate higher than 85%. In fact, there are some
commercial devices based on this principle, such as Rarecells®, Screencell®, and
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Clearcells® [32]. The principle of this technology is based on the force applied to
the cells, which depends on the flow rate and is related with the deformability of the
cells. Thus, the flow rates and the cross-section of the membrane constrictions are the
key parameters that define the efficiency of this kind of devices. Nonetheless, the
major disadvantage of this method is the clogging, when it is used with whole blood
sample and as a result, the flow rate changes. The flow rate modification triggers a
low throughput and change in the limit separation size. Moreover, these microfluidic
technologies do not allow recover the CTCs from the membrane for further clinical
analysis [65].

Inertial Microfluidic Devices
Among the systems proposed in the literature, microfluidic devices based on the
inertial focusing are promising, which could overcome the limitations of other

Fig. 16.5 (a) Microfluidic chip composed of a deterministic lateral displacement (DLD) channel
with mirrored triangular micropost array. Thus, bigger cells like cancer cells and some leukocytes
were concentrated in the middle of the channel, meanwhile the smaller cell such as the erythrocytes
and most of the leukocytes follow the streamlines flow direction. Finally, the capture channel is a
PDMS layer with herringbone structures modified with EpCAM. These structures promoting the
capture of CTCs. Copyright (2013), Elsevier [67]. (b) Fluorescent images of cancer cells captured
on the chip surface. Cells were stained with Vybrant® DyeCycle™ Green. Copyright (2013),
Elsevier [67]. (c) Microfluidic devices for cancer isolation based on cell size and deformability. The
images show blood samples spiked with MDA231 cells, where all the blood cells flow freely
through the device, but the MDA231 cells were retained between the gaps. Copyright (2009),
Elsevier [68]
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methods that use pillars, pores, or labeling approaches with the advantage of
achieving a high throughput [67]. Several studies have revealed that in a Reynolds
number between stokes flow (Re < <1) and inviscid flow, namely, in a range from
1 to approximately 100, forces from inertial effects appear such as drag forces from
Dean flows, shear gradient lift forces, and wall effect lift forces, which are balanced
for achieving the size-based separation [30, 70].

Overall, the system can be described by the channel Reynolds number (Re) and
the particles Reynolds number (Rep) by the following equations, where ρf and μ are
the fluid density and dynamic viscosity, Um is the maximum fluid velocity in the
channel, Dh represents the hydraulic diameter and a the particle diameter. In a
rectangular channel Dh ¼ 2WH/(W + H ), in which W is the channel width and
H the channel height.

Re ¼ ρ f UmDh

μ
ð16:1Þ

Re p ¼ Re c
a2

D2
h

¼ ρ f Uma2

μDh
ð16:2Þ

In 2007, Di Carlo et al. published a pioneer work, in which the inertial focusing
was used to control the particles position in microfluidics devices with curved
channels according to the particles size. They demonstrated that particles did not
follow the fluid streamlines but migrated across them as the inertial forces became
significant. The particle’s position in the microchannel was related to the particle’s
diameter [30].

Traditionally, the inertial lift forces and drag forces are orthogonally on a particle
[71], but in a curved channel a secondary cross-sectional flow start to appear (Dean
flows). Then, the Dean flow triggers the particles experience a drag force on the same
axis as the shear gradient and the wall effect lift forces [30]. Hence, the balance
between these forces cause different equilibrium positions of particles depending on
their size. Thus, small particles follow the Dean flow while big particles are under a
stronger lift force.

The Dean flow can be described by the Dean number through the Eq. (16.3), in
which r is the radius of channel curvature [30, 72]. Moreover, inertial lift forces and
drag forces can be calculated as indicate the Eqs. (16.4 and 16.5).

De ¼ Re

ffiffiffiffiffiffi

Dh

2r

r

ð16:3Þ

FL ¼
f L Rexρ
� �

ρU2
Fa

4
p

D2
h

ð16:4Þ

In Eq. (16.4) Re represents the channel Reynolds number, μ is the fluid dynamic
viscosity, ρ is the fluid density, UF is the average velocity of the fluid and ap is the
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particles diameter. Meanwhile, fL is the lift coefficient that corresponds to a complex
function of the Re and the cross-sectional positions of particles xp.

As previously mentioned, Dean Drag Force can be expressed as Eq. (16.5).
Where ρ is the fluid density, UF is the average velocity of the fluid and ap is the
particles diameter. Meanwhile, Dh is the cross-sectional hydraulic diameter and R is
the radius of the microchannel [71, 72].

FD / ρU2
Fap D

2
h=R ð16:5Þ

Up to now, several spiral devices have been reported for isolating CTCs from the
blood applying inertial forces [36]. As explained before, the separation is based on
the difference of size. Thus, the lift force is important for bigger cells like CTCs,
meanwhile is not significant for smaller cells such as erythrocytes and small
leukocytes. The blood cells mainly follow the Dean flow due to the Drag force,
and do not focus on certain positions. Finally, by carefully designing the device
geometry, the blood cells will leave the system using one device outlet, according to
the Dean cycle and the CTCs are focused on another outlet [51], thus obtaining
separation.

Some devices developed by previous researchers included a sheath flow inlet to
initially confine the blood cells in one wall, so all of them can follow the Dean cycle
[29, 36, 51, 55, 73]. Sun et al. proposed a double spiral device with 6 loops and
alternation of the flow direction due to an S-turn. The device has 20 a low aspect
ratio compared to other devices in the literature (H/W ¼ 0.167) and present one inlet
and three outlets [18]. Moreover, spiral design with a trapezoidal cross-section was
also proposed to generate stronger Dean flow than in a traditional rectangular cross-
section; this Device is composed of 3 loops and a recovery rate of 80% was obtained
[29, 36]. Some years ago, devices with multiplexed setup were proposed to increase
the throughput [29, 73], which are composed of 4 spirals in parallel that were stacked
forming a multiplexed device with 40 spirals, reaching a throughput of ~500 mL/
min. The system was tested for the separation of Chinese hamster ovary cells (CHO)
and yeast [29]. Also, cascade microfluidic devices were proposed including the
integration of more than one spiral [70, 74]. These technologies demonstrated a
recovery rate between 80% and 90% and a throughput up to 2 mL/min [70]. Fig-
ure 16.6 represents different spiral microfluidic technologies.

16.2.2.2 Dielectrophoresis
The dielectrophoresis (DEP) represents a label-free, precise, and low-cost diagnostic
method [78]. This method is based on the dielectric cell properties, due to the cells
are electrically neutral but they can be polarized, which depends on their polarity and
conductivity. Thus, when the cells are subjected to a non-uniform electric field, a
dielectrophoretic force (FDEP) starts to appear, whose magnitude and direction
depend on the dielectric properties of the cells, the medium, their size and shape,
as well as the frequency of the electric field [78]. It has been reported two types of
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FDEP, a positive dielectrophoresis (PDEP) which appears when the cell polarization
is bigger than the medium. Thus, the cells move towards the strong electric field
region. On the other hand, there is a negative dielectrophoresis (nDEP) that appears
if the polarization of the cells is smaller than the medium and therefore the cells
move in the opposite direction [79]. This method allows that cells can be
differentiated depending on the polarizability [80].

Currently, microfluidic devices with electrodes embedded that produce the AC
electric field have been developed (Fig. 16.7a and b). The benchtop device in the
literature presents a recovery rate between 70% and 90% [83]. Alazzam et al. [84]
demonstrated a yield of 95% by applying this methodology. The main drawback is
the low throughput. Therefore, this methodology is used as a complement to the
other ones, as the sized based methods. This has been explored by Moon et al. [85]
who combines hydrodynamic focusing with dielectrophoresis and obtained 162-fold
enrichment of the MCF-7 cells—CTCs cells model over RBCs at a 7.6 mL/h flow
rate [86].

In contrast with traditional technologies reported, microfluidics-integrated sepa-
ration method combined with ODEP (Optically Induced Dielectrophoresis) repre-
sent a novel strategy for complex cell manipulation, which involve suspension,
transportation, collection, and purification of cancer cell. This method was validated
with 8 mL of blood samples with H209 cancer cell clusters, as result an excellent
recovery rate up to 91.5% � 5.6% was achieved [56].

16.3 Microfluidic-Based Detection of CTCs

In general, the CTC separation methods described so far have in common the
absence of integrated detection of the isolated tumor cells into the microdevice.
Most of the systems, to elucidate the presence of the CTCs, use fluorescent-labeled
antibodies specifically attached to the CTC, and the fluorescence label is detected
with an external microscope. However, some authors have gone one step further and
have combined microfluidic isolation techniques with integrated sensors for CTCs
analysis in situ. We have summarized here some representative examples using
either electrical, optical, or chemical sensors.

Field effect transistors (FET) are semiconductor components with three terminals
(gate (G), source (S) and drain (D)) [87]. One of the major challenges of using FETs
as biosensors is achieving the immobilization of affinity reagents such as antibodies
or aptamers on the open gates [88]. Furthermore, Yi-Hong Chen and their colleagues
developed a microfluidic device composed by CTC-specific aptamers functionalized
on a FET surface and it is composed of a dual-layer with two inlets and 14 individual
trapping chambers. The chip was tested with human colon cancer cell lines (HCT-8),
as a CTC model and blood samples were spiked with HCT-8 cells. As result, the
device was able to capture a maximum of 42 from a total of 1000 cancer cells [52].

Some years ago, Pulikkathodia and colleagues developed a high electron mobility
transistor (HEMT), which is composed of a multiplexed sensor integrated into a
microfluidic channel to detect colorectal cancer cells (HTC-8) [42]. Besides, the rise
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of impedance spectroscopy represents an excellent tool for label-free characteriza-
tion of cells, which provides information about electrical cell parameters [89]. Some
devices were developed based on this principle, such as the microfluidic device with
circular electrodes designed by Nguyen and Jen. This Device was validated with
A549 lung CTCs and blood, which was able to discern between the two cell
populations based on their different resistivity [87]. It is worth also mentioning
that in 2014, Hywel Morgan and colleagues used a single-cell microfluidic imped-
ance cytometry to determine the dielectric features of MCF-7 cells and discriminate
them from leukocytes. Moreover, it was demonstrated that the combination of the
impedance cytometry with magnetic beads conjugated with antibodies enables to
detect very low amount of MCF-7 (~100 in 1 ml blood) [90].

To date, some optically read-out methods and their integration into microfluidic
devices have been designed, which include reflectance spectroscopy, surface
plasmon resonance, and evanescent wave sensing, among others. In 2012, Kumeria

Fig. 16.7 (a) Schematic representation of ApoStream flow chamber. This device applies an AC
electric field to the sample and is composed of electroplated copper and gold electrodes on the
bottom part of the flow chamber. The sample was introduced into the flow chamber, and the cancer
cells are collected in the other rectangular port. The principle of separation is based on the DEP
forces, which pull the cancer cells through the bottom chamber and repel the other cells
[80]. Reprinted from, with the permission of AIP Publishing. (b) Microfluidic device composed
of electrodes, which allow the isolation of cancer cells due to the DEP effect and the difference in
cell size. Thus the target cells were trapped onto the sensing electrodes. Finally, the impedance
measurements allow to identify the presence of cancer cells. Copyright (2018), Elsevier [81]. (c)
Microfluidic pH Sensor for detection of cancer cells based on the measurements between a silver–
silver chloride and zinc oxide electrodes for CTCs recognition in blood. The device detects the
cancer cells based on changes of pH in the extracellular environment [82]. Copyright # 2017,
American Chemical Society
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and colleagues reported a microfluidic nanopore reflectometric interference spec-
troscopy (RIfS) device composed of microchannels and Anodic Aluminum Oxide
(AAO) substrate modified with anti-EpCAM for detecting CTCs [91]. Thus, when
the CTCs binding to the EpCAM antibody on AAO Surface, a wavelength shift in
the Fabry-Perot interference fringe appears [91].

With respect to the chemical-based sensing devices, according to the study
provided by Tzu-Keng Chiu et al., the metabolic performance of cancer cells as,
for example, the production of lactic acid by CTCs represents a promising approach.
This technology can count the cells by the formation of a micro-droplet and optical
transduction of lactic acid for cell single detection. Unfortunately, the device cannot
detect the presence of similar cells like leukocytes [92].

Finally, the metabolic change produced by the CTC that produces a reduction in
the surrounding pH was also used as a method for differentiating cancer cell lines.
The PH studies were performed by potentiometric methods with Ag/AgCl reference
electrode and a ZnO working electrode. Nonetheless, the proposed device was not
tested with blood samples (Fig. 16.7c) [82].

16.4 Conclusions

Microfluidic technologies have emerged as high-impact technologies in the field of
circulating tumor cells isolation and detection, which represent a novel method for
early cancer diagnosis, as well as an excellent tool for monitoring the disease
evolution and treatment efficiency. There has been a great advance in the isolation
and detection of circulating tumor cells using microfluidic devices within the past
15 years as they offer a high-throughput, compact, and economic alternative to the
presently established methods. Many of the developed devices have indeed tried to
overcome the limitations of commercial technologies such as CellSearch.

This chapter provided a compilation of literature related to the developed
microfluidic technologies and the principles behind them for detection and separa-
tion of CTCs from others blood components. Also, it was defined the potential of
introducing sensors, physical, chemical, and biological principles in the separation,
detection, and analysis of CTCs through microfluidic devices.

With respect to the isolation of CTCs, many different methods have been
proposed up to date, which we can classify into affinity-based methods, when a
target molecule is used to capture the cells and label-free methods if the cells are
sorted based on their physical characteristics without the need for labeling.

The affinity-based methods have the main drawback that they rely on a specific
interaction between the microfluidic system walls and the cells membrane. However,
this condition is not always satisfied and might lead to the miss of cancer cells and
then affect the recovery rate. In addition, positive enrichment methods directly
capture CTCs and so this result in not trustable cells for further analysis. Besides,
affinity-based methods work better at low cell concentration, which is not the case
for blood samples. Nevertheless, they have proved to be a good alternative to use as a
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complementary method, after a previous purification to remove high cell
contamination.

On the other hand, with respect to label-free methods, the devices based on lateral
displacement and microfiltration are more prone to clogging, so they cannot process
high volume of samples. The devices based on dielectrophoretic forces present very
good selectivity, but they have low throughput due to the weak electrical forces
compared to the hydrodynamic drag. Inertial microfluidic devices offer a good
alternative that solves some of the previous limitations as they can deal with high
cell concentration without clogging, have proven an excellent cell recovery and offer
very high throughput. However, high sample concentration leads to increased cell-
cell interaction, which lower the purity and the inherent overlapping in size between
leukocytes and CTCs also lowers purity.

As an overall conclusion, we can therefore state that microfluidic lab-on-a-chip
devices have the potential to make a breakthrough for the isolation and detection of
CTCs from blood samples. Nevertheless, after a careful reviewing of the available
literature, there is no device with the necessary standard for parameters like purity,
recovery rate, throughput, and cell viability as it is needed for its use in clinical
settings. A convenient strategy would probably be to prioritize a high (or full) cell
recovery and a good quality of the isolated cells (viability) to have a representative
population for further studies. Indeed, CTCs are very scarce, and we cannot afford to
lose any information about the tumor.
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Evolution in Automatized Detection
of Cells: Advances in Magnetic
Microcytometers for Cancer Cells

17
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Abstract

Flow cytometers are well-established tools with fundamental importance in
biology and medicine to examine and identify cell populations, density, size
distributions, compositions, and disease diagnosis and monitoring. Still, these
devices are expensive with a low level of integration for sample preparation.
Miniaturized microfluidic cytometers, i.e., microcytometers, for monitoring cells
in a wide range of biological samples are currently being developed, providing
more affordable and integrated solutions. Several detection methods have been
developed and applied in microcytometers such as electrical, optical, and mag-
netic sensing techniques, which are integrated with microfluidic technology.
Magnetic microcytometers present several advantages when compared to optical
systems such as the fact that these devices provide more stable labeling by using
magnetic nanoparticles (MNPs) or beads (MBs) instead of fluorophores. In this
chapter, we explore the evolution of the automation of whole cell detection and
enumeration that led to the development of microcytometers and particularly
examine the anatomy of magnetic microcytometers applied to cancer research.
We then give an overview of the challenges of Circulating Tumor Cells
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enrichment and enumeration, and the progress of magnetic microcytometers in
this field.

Keywords

Magnetic sensors · Microfluidics · Magnetic Nanoparticles · Microcytometers ·
Circulating Tumor Cells

17.1 Introduction

Cell enumeration has shown its huge impact on the extensive areas of biological
sciences [1]: from the food industry to clinical diagnostics. In this fast-growing era of
cells as biomarkers [2, 3], a variety of techniques have been developed in the past
decades to enumerate and classify single cells. Cells can be identified by the proteins
expressed on their surface membrane for instance which comprise approximately
30% of total human proteins [4]. Therefore cell counting and the proteins expressed
on their membrane serve as valuable prognostic and predictive biomarkers in many
diseases [5], e.g. the enumeration of cancer cells.

Succeeding several approaches for manual cell counting, current innovations led
to the development of automatic cell counters based on numerous sensing methods.
These new automatized methods were the consequence of technological advances in
new materials, fabrication techniques and new sensory techniques. The current gold
standard device for single-cell analysis at high throughput is the well-established
optical flow cytometers. Today, these prominent tools have a imperative impact on
modern biology and medicine. They are extensively used daily to examine and
identify cell populations, density, size distributions, compositions, and, monitoring
of diseases [5, 6]. Still, these benchtop devices are expensive, require operation
specialists and present low levels of integration for sample preparation [7]. This
limits its application in challenging cases of complex specimens such as on the
enumeration of Circulating Tumor Cells (CTCs) from blood patient samples [8].

Flow cytometers are nowadays being miniaturized on more compact equipment,
also called microcytometers [9]. The microcytometers combine microfluidics and
innovative sensing techniques to detect single cells. Compared with the classic,
large-scale flow cytometers, microcytometers provide a more affordable alternative
and present the opportunity of being integrated as point-of-care (POC) devices
[7, 10]. Several detection methods have been developed and applied in
microcytometers, such as electrical detection [11], photodiodes [10, 12], surface-
enhanced Raman spectroscopy (SERS) [13], and magnetic sensing techniques
[14, 15].

Magnetic microcytometers have paved the way in this field and more, allowing
selective cell biomarkers detection and enumeration in complex specimens. Mag-
netic microcytometers, are generally developed by solid-state processes and are
integrated with microfluidic channels to present the cells one-by-one closely to the
sensor [14, 16]. The magnetic detection is performed locally without the need of
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integrating complex equipment, such as micro-lenses used in optical approaches and
provide ultra-fast detection. Furthermore, magnetic microcytometers present some
advantages when compared to optical systems such as the fact that these devices rely
on a more stable labeling by using magnetic nanoparticles (MNPs) or beads (MBs)
instead of fluorophores, which may suffer from photobleaching. Moreover, the use
of magnetic labels enables magnetic cell separation and pre-concentration [17, 18]
which is a very useful technique in some applications.

In the next sections, we present the importance of cell counting, its significance in
many biology fields, and describe a general historical evolution of cell counting and
cell labeling methods employed to discriminate cells. We overview the progress of
automated cell counters in the cancer research, and highlight a particular type of
these microcytometers: the magnetic microcytometer.

17.2 Whole Cell Enumeration Techniques: From Manual
to Automatized to Miniaturized

17.2.1 Manual Cell Detection Techniques

The invention of the microscope led to the discovery and investigation of the most
basic life unit, the cell [19]. With the development of better microscopes and new
techniques to quantify these microorganisms, cell counting was performed manually
and became important in biological sciences [20], for cell culturing and fundamental
research, such as the monitoring of environmental microorganisms, viability studies
in toxicity and drug development, and, in-process controls on industrial
bioprocesses.

The hemocytometer or Neubauer chamber was designed in the nineteenth century
to estimate blood cells under a microscope [20] and has been widely used globally
until today. The concentration of cells in a suspension can be calculated by counting
the number of cells in a known volume. Though, the lowest limit for accurate
counting of cells using a hemocytometer is usually considered to be 2.5 � 105/
mL. To help discern different types of cells, the first labeling methods were devel-
oped, which improved the cell counting systems, e.g. to distinguish between live and
dead cells. These stain labeling techniques consisted on the incorporation of coloring
dyes by the porous membrane of cells, such as Trypan blue, neutral red [21], Turk
solution [22], and Luciferase [23]. These labeling methods become a routine tech-
nique to differentiate and quantify cells to the present-day.

One of the major breakthroughs in microscopy and cell enumeration was the
fluorescent labeling together with the development of fluorescence microscopes in
the early twentieth century [24]. By substituting the white transmitted light in
microscopes with UV-light and treating living organisms with fluorescent
substances, cells were able to emit light and microscopes become much more
complex equipments [24]. Examples of initial fluorescense dies are nucleic acid
stains, calcein, and other esterases. In the 1940s, fluorescent antibody labeling was
developed [25], making way to an ever-growing number of methodologies to
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differentiate cell populations and different compartments within cells. Microscopes’
evolved to increase image contrast and spatial resolution and were coupled to
computers and image processing techniques. Some examples of modern
microscopes specialized in cells imaging include laser scanning confocal micros-
copy, two-photon microscopy, scanning disk confocal microscopy, total internal
reflection, and super-resolution microscopy [25]. All these technological advances
led to devices able to manually identify, count and differentiate cells more easily.
Further on, in the next sections, the automatization of cell counting using optical
methods is described in more detail.

17.2.2 Automatized Cell Detection Methods

While cell counting with manual microscopic techniques is a time-demanding
process, subject to poor reproducibility and inter-observer variability, automated
cell analyzers have raised great interest. Benchtop and portable devices have been
developed for the automatic counting of cells such as analyzing digital images
obtained by microscopy, flow cytometer that detect cells flowing in a capillary
tube, and, the coulter counter method, that detects electric changes when cells flow
through a small aperture.

With the access to computers, in the 1980s, and image processing techniques led
to automated cell counting based on high-quality microscopy images through
photographs of all or a portion of the cells and using statistical classification
algorithms [20, 26, 27]. A large range of image classification techniques arose
according to the microscopy technique and labeling used in the image capture:
bright-field, bioluminescence, fluorescence, etc. Nowadays this method is easy to
implement also using microfluidic channels that trap cells for instance [28, 29] but
also using other image capturing equipment such as smartphones, or digital cameras
[26, 30]. Common drawbacks include complex algorithms [31], lack of image
capture reproducibility due to light exposure and focus, manual adjustment of
algorithm parameters [20], and more importantly, the low throughput for diluted
or low concentrated samples.

With the invention of the photodiode, a new method was developed by detecting
cells in flow rather than static images and that could analyze large volumes: the flow
cytometer. The first concept in flow cytometry was demonstrated by coupling a laser
beam and a method for aligning and moving the cells towards a detection region, and
successfully demonstrated the first use of fluorescence-based flow cytometry
[5]. These fluorescence labels [32] enabled the identification of many types of
cells by deconvolution algorithms. Indeed, high-throughput automated blood cells’
counting became a reality where thousands of cells are detected per second, one by
one, through a laser beam [33]. Later on, another technique, the image-based flow
cytometry [34], combines the high-throughput of flow cytometry and capability of
attaining high-speed microscopic imaging of each detected cell. The flow cytometer
field will remain vigorous with the ever-growing evolving features [6], however,
some drawbacks are well-known, such as the size of bulky devices (generally
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restricted to centralized laboratories), very high cost to purchase and maintenance,
the prerequisite of specialized personnel to operate the equipment, and, the manual
sample preparation and labeling [6]. For these reasons, they are rarely used for
general cell counting applications but then to obtain qualitative and quantitative
analysis on the proportions of cell populations in complex samples.

In contrast to optical approaches, another method for cell detection and counting
can be performed by the cells’ intrinsic electric proprieties. The Coulter effect [5, 35]
is based on the changes in the electrical-impedance when cells flow through an
aperture and an electric current is applied. Cells are detected with current drops as
they are poor electrical conductors and their size can be discriminated by the
measured signal [5]. Coulter counters rapidly became standard apparatus in cell
counting leveraging from a label-free technique and considerable cheaper than flow
cytometers [36]. Though, the specificity in these devices is decreased, unable to
differentiate live from dead cells and cells that form clusters, thus limiting its
application for complex specimens.

17.2.3 Miniaturized and Automatized Cell Detection Methods:
Microcytometers

In the past two decades, the integration and miniaturization of devices were made
possible with the advances in materials, microfluidics, optics, electronics, and
computers. The demand to deliver miniaturized less expensive devices for specific
cell enumeration has been the main motivation of these developments. Further on,
these miniaturized system facilitates the integration of automated sample preparation
which could be used for POC home testing or by unspecialized personnel in
low-resource areas [5]. Additionally, these devices can bypass clogging issues
experienced in benchtop flow cytometry, by making microfluidic cartridges dispos-
able and quickly replaceable fluidic modules [12]. Sample preparation can be
simplified and integrated by the use of other microfluidic devices, such as the ones
presented in the context of CTCs, explored further in this chapter (section 17.4.).

Contrary to standard fluorescent-based flow cytometers, microcytometers were
developed using a panoply of sensing methods, such as optical, electrical-
impedance, and magnetic approaches. In this section, we present an overview of
each of these techniques in microcytometers, how the diferent detection strategy
were designed and what type or if a labeling step was employed.

1. Optical microcytometers

The same level of cell information of benchtop flow cytometers or more is
compulsory in optical microcytometers. Thus several components such as optical
fibers and lenses need to be incorporated into these miniaturized systems. Examples
of additional optical components are waveguides [37], in-plane lenses [38], beam
stops and apertures to suppress stray light, diffractive elements such as prisms and
gratings, optical filters, and power dividers [7, 12, 37]. Typical optical
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microcytometers tend to mimic benchtop flow cytometers but also improve in the
finer detection strategies such as adding two photodiodes for the cell detection [39],
which could also be used to discriminate mechanical cell proprieties. Other label-
free approaches were proposed that employ distinctive optical detectors such as
photonic crystals [40], allowing the recognition of different blood cells and informa-
tion on the cell shape and size.

Label-free methods are very advantageous in cell detection, as they do not require
labeling protocols or sample manipulation. They are particularly useful for cell
specimens with low complexity, such as in vitro cell cultures. For more complex
cell samples, careful labeling strategies are employed, allowing discrimination of
different subpopulations. Examples of labeling methods to detect cells using optical
approaches are fluorescence [12, 41–44], optical scattering [38], and surface-
enhanced Raman spectroscopy (SERS) [45].

The most common approach in optical microcytometers is through multicolor
fluorescence detection. This allows cell recognition through fluorescent-tagged
antibodies that target specific membrane molecules of cells. Such a procedure is
capable of distinguishing morphologically identical cells and of classifying them
according to their biological function [46]. Detection of cells flowing in a
microchannel mounted on top of a microscope was also performed using fluores-
cence, in addition to multi-parametric information like bright-field, and dark-field
[47]. Additionally, this study showed high-throughput discrimination of cell cycle
phases of cells in large cellular populations specimens [47]. Other works [41, 44]
measure fluorescence and scattering through fiber optics integrated into
microfluidics to detect particles and cells. These systems were developed with two
pairs of fiber optics (excitation and reception) to redundantly identify positive CTCs
by the simultaneous identification of signal belonging to two membrane receptors
[41]. More detailed developments in the field of optical microcytometry is presented
in recent literature reviews [12, 13, 45, 48].

Although fluorescence dye labeling is very common, they present inherent
constraints such as photobleaching, saturation, low intensity, and the limitation
number on broad emission spectra that can be distinctly collected within the visible
wavelength region. Thus, other optical labeling techniques are being combined in
microcytometers, such as SERS. For e.g., labeling cells with gold nanoparticles the
simultaneous detection of three cell surface markers of cancer cells could be
obtained [45]. New advances in the miniaturization of these components are being
addressed [7, 49], such as a miniaturization system based on a confocal Raman probe
using a fiber optics.

2. Electrical-impedance microcytometers

Electrical-impedance microcytometers, inspired from label-free Coulter counters,
present many advantages in cell enumeration as electrical signals are the most
straightforward form for recording and processing [50]. They are less complex
devices when compared to optical microcytometers that require optical converter
systems to obtain electrical signals. Also the sensing components, such metal
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electrodes, are easily microfabricated, aligned, and integrated with microfluidic
systems, when compared to other components such as objective lenses, fiber optics,
laser beam, etc. Therefore, electrical-impedance cytometry has great potential for
biomedical applications and diagnostics [11].

While the integration of these sensors is more straightforward than optical
microcytometers, a huge variety of configurations electrodes can be devised for
the electrical characterization of cells. The layout and number of electrodes could be
configurated in coplanar electrodes, parallel electrodes, and constriction channel
[11, 51]. Further on, whereas DC-impedance signals found on Coulter counters
depend on the volume of a cell, AC-impedance gives additional information about
membrane capacity and resistance, cytoplasm conductivity, and permittivity
[46]. An example on the capabilities of electrical-impedance microcytometers is
the discrimination of platelets, red blood cells (RBCs), monocytes, granulocytes, and
lymphocytes from whole blood samples [46]. More recent literature reviews on
electrical-impedance microcytometers highlight the developments on the eletrical
detection and characterization of single cells [11, 36, 52, 53].

Further on, optical and electrical-impedance microcytometers can be combined,
allowing the simultaneous measurement of four parameters of cells in the same
device, namely fluorescence, large-angle side scatter, and dual-frequency electrical-
impedance (electrical volume and opacity) [42]. Finally, although the label-free
approaches has been successfully demonstrated to discriminate cells, other innova-
tive labeling methods can increase the system sensitivity. An example is the quanti-
fication of rare CTCs using graphene nanoplates (GNPs) bound to the cell surface
[54]. These increase the conductivity of the detected CTCs and signal signatures
from other cells. Additionally, other methods could increase the sensitivity of these
devices after the cell pre-enrichment using MBs [54–56].

3. Magnetic microcytometers

Analogous to electrical-impedance microcytometers, magnetic microcytometers
are fully compatible with standard complementary metal-oxide semiconductor
(CMOS) processing, enabling low-cost production and easy integration with auxil-
iary electronics. In fact, magnetic sensors are used in our daily lives, such as
computers, smartphones, and automobiles. Examples of these sensors [15, 57] are
micro-Hall [58], Giant Magneto-Impedance (GMI) [59], magnetic nuclear resonance
(MNR) [60, 61], inductive microcoils [62], and magnetoresistive sensors [63, 64].

More recently, magnetic sensors are being translated into biomedical applications
[15, 65–67]. Magnetic biosensing offers many advantages for cell enumeration as
typically biological materials are devoid of magnetic proprieties [15, 68–70]. They
also present low and stable background when compared to fluorescense labeling
systems, and these sensors cannot pick up the electrical proprieties of the saline
solutions from cell suspensions observed in the electrical-impedance sensing
techniques [71]. To put it simply, cell detection is obtained by first labeling the
surface of cells with magnetic reporting agents, such MNPs or MBs, or by their
internalization. Typically, the reporting agents are functionalized with antibodies
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specific to the proteins expressed on the outer cell surface. When cells flow over the
magnetic sensor, they are detected by the magnetic fields emitted from the reporting
agents. Indeed, magnetic labeling and separation [17, 55] have gained much interest
in the past years, enabling minimal sample processing when compared to other
techniques (e.g., fluorescent labeling). It also provides magnetophoresis techniques
that attract MBs to a specific location, and the possibility to capture and concentrate
cells, proteins, exosomes, etc.

The first proposed prototype of the magnetic microcytometer was demonstrated
in 2011 with the detection of single magnetically labeled Kg1-a leukemia cells
flowing over spin valve (SV) sensors [14]. Cells were magnetically labeled with
50 nm MNPs and flowed through a 150 μm wide and 14 μm high straight
microchannels. There was good agreement between the numbers of cells counted
by the prototype when compared to a hemocytometer. A magnetophoresis technique
with current lines was also demonstrated for a pre-enrichment strategy of these cells
[14, 16, 64].

Then, a different type of magnetic sensor, a miniaturized Hall sensor (μHall
sensor) was successfully implemented, showing the immunomagnetically labeled
cancer cells in whole blood [68]. Enumeration of CTCs was performed at high
throughput (107 cells/min) in the presence of vast numbers of blood cells and
without the need for any washing or purification steps. It demonstrated the potential
application of real-time multiplexing analysis of three membrane cancer biomarkers
of CTCs.

Following this work, a new magnetic microcytometer for the quantification of
cancer cells was demonstrated and integrated with a new magnetophoresis technique
to present cells closer to the sensors [72]. Cancer cells were detected in whole blood,
and cell diameters were assessed using time-of-flight measurements between mag-
netoresistive sensors. Later on, the same group presented a quantitative magnetic
flow cytometer with reproducible rolling of RBCs over giant magnetoresistance
sensing elements [73]. This study demonstrated measurements of hydrodynamic
diameter of cells, quantification of the binding capacity of immunomagnetic labels,
and discrimination of cell morphology. Following this, a new prototype was pro-
posed also based on a Wheatstone bridge configuration of four magnetoresistive
sensor discs [74].

Other works followed with new improvements and applications, for example, in
the rapid and phenotype-specific enumeration of pathogens [75], capable of measur-
ing single, magnetically labeled bacteria directly in clinical specimens. This clinical
utility of the μHall chip was assessed to diagnose infectious diseases by enumerating
Gram-positive bacteria. Following this, a magnetic counter that identifies and
quantifies bacteria Streptococcus agalactiae and Group B Streptococci in milk
samples was developed to diagnose bovine mastitis [76–79], a costly disease for
dairy farmers. Studies used in vitro cultured cells together with 44 milk field samples
from 11 Portuguese dairy farms were demonstrated with this method and correlated
with PCR analysis. In addition, due to the fact that bacterial cells can form clusters
producing different signal signatures, numerical simulation was performed to evalu-
ate correct bacterial enumeration [80].
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Soon after, a new type of magnetic microcytometer was demonstrated for the
detection of cancer cells using an inductive micro-coil [81, 82]. The chip detects
cells labeled with MBs by demodulating the change in coupling between an excita-
tion coil and a pickup coil of a differential spiral transformer. Magnetic labels of
different materials were investigated, showing their suitability for multiplexing
assays. And finally, a new magnetic microcytometer presented a new strategy to
present cells closer to the sensors using a versatile 3D hydrodynamic focusing
feature. By adjusting parameters, cancer cells could effectively be focused on the
bottom of the microchannels achieving at least a two-fold increase in signal [83].

In summary, magnetic microcytometers present several advantages such as the
use of stable magnetic labels to obtain selective cell detection while minimizing
background noise. In this new research field, many advances and configurations
have been demonstrated, such as the use of the different types of sensors, sensor
architecture, and microfluidic channels, enabling these small devices to discriminate
cells on different specimens. Table 17.1 presents a compilation of the state-of-the-art
of magnetic microcytometers for the particular application of cancer cells. Several
configurations of these systems are discriminated such as the type of sensor or sensor
architecture used, targeted cells, type of labels, specimen, microfluidic channel
feature, recognition of specific targets, magnetization level, and output signal ampli-
tude. This shows that these systems work with different configurations, which can be
customized for a particular application or extract different information on the
biological samples. In the next section, we deepen the details on different
architectures, sensing strategies, and signal amplification methods that have been
applied in the cancer field.

17.3 Anatomy of Magnetic Microcytometers for Cancer Cells

Magnetic microcytometers are a particular class of biosensors designed to detect the
presence or enumeration of whole cells. Their recognition occurs when cells labeled
with MNPs or MBs flow over a magnetic sensor, an example is depicted Fig. 17.1.
The sensor picks up the stray magnetic field of the MNPs labeling the cells. This
labeling is typically achieved through the functionalization of antibodies on the
surface of the MNPs. These antibodies are specific to the extracellular protein
expressed on the surface of the cells, thus conferring a selective labeling to target
the cells under investigation. Alternative recognizing molecules [86] other than
antibodies can also be coupled such as aptamers, phages, etc.

Figure 17.1 depicts a schematic representation of the anatomy of a magnetic
microcytometer. A sensing element, such as spin valve (SV), is typically at the
bottom of a microfluidic channel. Cells flow in a horizontal trajectory over the
sensors. The cells are covered with MNPs or MBs via specific recognition of
antibodies functionalized on the surface of these micro or nanoparticles. Typically,
superparamagnetic MBs, i.e., that do not present magnetic field at 0 mT, are selected
to label cells as opposed to other types of MBs, such as ferromagnetic, which could
form clumps. Depending on the sensor type, a strategy used to magnetize
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superparamagnetic MNPs consists of placing a permanent magnet (PM) below the
sensors. This way, labeled cells present a magnetic moment proportional to the
amount of MNPs loaded on the surface, the proprieties of magnetic material of MBs,
and the magnetic field intensity. Cells are typically loaded with a syringe and
microtubing, and pressure is applied with syringe pumps at selected flow rates.
Last and not least, sensors are connected to an electronic setup that amplifies signals,
filters, and records signals on a computer. Typical signals from magnetic
microcytometers are composed of the characteristic shape of peak and valley as
described further in the chapter [85]. The recorded signals are then post-processed by

Fig. 17.1 Anatomy of a magnetic microcytometer [83, 85]. (a) SW480 cancer cells labeled with
1 μm diameter magnetic beads. (b) Schematic representation of a magnetized cell flowing over two
sensors S1 and S2. (c) Schematic diagram of the prototype, incorporating a sensor microchip, a
permanent magnet, the electronic setup, syringe pumps, and computer for processing signals. (d) A
microchip composed of spin valve sensors integrated with the PDMS microchannels on top. The
microchip is on top of a printed circuit board (PCB) for electrical connections, and a permanent
magnet (PM) is positioned underneath. (e) Representation of the 3D hydrodynamic focusing
microchannel with combined lateral and vertical focusing. Figures reproduced with permission
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different algorithms to discriminate signals, count cells, or extract other information
on the cell, such as size.

In the following sections, we give an overview of the architectures behind the
magnetic microcytometers from published works presented in Table 17.1 and give
more detail on how cancer cells are detected with magnetic microcytometers. First,
we give a brief summary of how different magnetic sensors operate and the detection
strategy used in these works, according to the type of sensor used. Then, we give an
overview of how microfluidic integration with the magnetic sensors is obtained, and
how functionalization of MBs and labeling of cells were performed. Finally, we
overview the electronic equipment employed, and what type of signal processing
was devised to automatically enumerate cancer cells on these devices.

17.3.1 Magnetic Sensors and Magnets

There are many different types of magnetic sensors, examples are magnetoresistive
sensors, Hall sensors, fluxgate sensors, superconducting quantum interference
device (SQUID), induction magnetometer, inductosyn, synchros, and resolvers,
Eddy current sensors, magnetic encoders, magnetic force and torque sensors, mag-
netic flowmeters [87]. These sensors have been developed for many different
applications. Only a small portion of these sensors can be miniaturized to cell
dimensions (below 200 μm) which are compatible with standard photolithography
methods and the semiconductor industry. These are the magnetoresistive sensors,
μHall sensors, inductors, GMI, and atomic magnetometers. The sensors used in
Table 17.1 are magnetoresistive sensors, μHall, and μCoils. In this section, we give
an overview of these particular sensors and how they were applied for the detection
of cancer cells.

1. Giant magnetoresistive sensors

Magnetoresistive sensors are a class of spintronic devices [88, 89] a field that has
seen a significant developments in the past decades [90]. It was in the late 70s, with
the progress of thin films technology [63] that new classes of materials composed of
multilayers arose and exhibiting new proprieties. Together with new fabrication
processes at the micro and nano-scale, new devices were developed, such as the
magnetoresistive sensors, based on the magnetoresistance (MR) effect [88]. The MR
is the property of which a material changes its electrical resistance when an external
magnetic field is applied. Different configurations of MR sensors were developed,
such as the anisotropic (AMR), giant (GMR), and tunneling (TMR) [88, 91]. The
MR ratio (%) is defined by the maximum variation of resistance of the material or
device:

MR ¼ Rmax � Rmin

Rmin
ð17:1Þ
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In 1991, IBM® invented a device called spin valve (SV) based on the GMR effect
[92]. A SV is also composed of multistacks of nanometer-thick layers. Typically,
two ferromagnetic (FM) layers: a free layer and a pinned layer, are separated by a
conductive layer. An additional layer (the pinning layer) composed of an antiferro-
magnetic (AFM) material is deposited in direct contact with one FM layer, the
pinned layer. The magnetization of the pinned layer is held locked in a defined
orientation by the strong exchange interaction of the AFM, thus acting as a reference
layer. The other FM layer—the free layer—rotates the orientation of its magnetic
moment as a response to an external field, acting as the sensing layer. Typical MR
ratios in SV are between 6 and 20% [88]. In order to measure small magnetic fields,
the linear region of the sensors is centered around 0 mT, where the change in
resistance of the sensor is proportional to the applied field (typically �15 mT). In
this configuration, the sensor is sensitive to the magnetic fields in the direction along
with its height (h) (easy axis of the pinned layer). The output voltage of the sensor
can be described by [63, 88]:

ΔV ¼ MR ibiasRsqr
W
h

1
2
< cos θ f � θp

� �
> ð17:2Þ

whereW represents the sensor’s width, h is the SV height, Ibias is the current applied,
Rsq is the unit resistance of the SV stack, and, the average difference between the
angles of the magnetization of the free (Ɵf) and pinned (Ɵp) layers with respect to the
current direction.

The GMR sensors are the most popular and widely explored in magnetic
microcytometers. Since most works use superparamagnetic MNPs, a PM is posi-
tioned below the chip in order to magnetize these MNPs directly over the sensors.
The magnetic field generated is perpendicular to the plane of sensors, conferring a
vertical magnetic moment to the MNPs and consequently the labeled cells. The
shape of the signal obtained from single cells in this configuration is composed of a
characteristic peak and valley, presented in Fig. 17.1c.

The first prototype demonstrated used a set of three individual 3 μm� 40 μm SVs
biased with 1 mA each [14]. A PM was positioned below the chip with a vertical
magnetic field of 190 mT. The SV sensor presented a multilayer stack deposited by
ion beam deposition of 2 Ta/2.5 Ni80Fe20/2.5 Co80Fe20/2 Cu/2.5 Co80Fe20/6
Mn76Ir24/2 Ta/15 TiW(N2) (thickness in nm, compositions in at %) and patterned
by ion milling. Contacts (300 nm thick sputtered Al) were then patterned by liftoff.
The SVs presented an MR of 7.69% and sensitivity of 4.8 V T�1.

Helou et al. used a different configuration of a sensor for cell detection composed
of four single SVs in a Wheatstone bridge [72]. The GMRWheatstone bridge had an
MR of 6.6% and a sensitivity of 1.4% mT�1. The configuration of four SV resulted
in a different signature detected signals shape, resulted by the superimpose
amplitudes of the balancing SVs in this configuration. The authors also achieved a
method to predict the cell diameter by measuring the time-of-flight between each SV
when the cells flowed over them.
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Lee et al. also developed a GMR sensor in the Wheatstone bridge configuration
[84]. Each of the four elements consisted of circular 250 μm diameter GMR discs
with a multistack of 10 IrMn/3 NiFe/1 Co/2.5 Cu/1 Co/3 NiFe (thickness in nm). The
authors employed this Wheatstone bridge to enhance the sensing sensitivity and
reduce noise or signal shifts. Since the linear region of these sensors is far from 0 mT,
the authors applied an in-plane magnetic field Hy to shift to the linear range and
applied an out-of-plane magnetic field with an AC coil, instead of a PM.

Indeed, the magnets positioned below the microchip need to be carefully placed
in a region below the 0.5 mm2. This feature often requires meticulous alignment of
the PM, which could induce small magnetic fields transversally to the sensors
(Hx) and decrease their sensitivity [83]. Chícharo et al. designed a custom-made
PM with high out-of-plane magnetic field (>100 mT) and low transverse in-plane
field (<1 mT) over a large area (30.2 mm2). The device developed consisted of
6 independent microfluidic channels each with four individual SV sensors of
3 Ta/2.5 Ni80Fe20/8 Mn76Ir24/1.5 Co80Fe20/NOL/3 Co80Fe20/2.6 Cu/2.5 Co80Fe20/
2.8 Ni80Fe20/3 Ta (target compositions in %, thicknesses in nm). Using two SVs in
the same microchannel, authors were able to measure linear velocities of MBs of up
to 7 cm s�1. The magnetoresistance ratio and sensitivity for sensors were around
8.15% and 7.1 Ω mT�1, respectively. Further on, signal amplitudes depend on
several factors such size of SV, number of MBs, and electronic amplification system,
however, numerical simulated work to predict signals from labeled cells using
different sizes of SVs resulted that signal amplitudes are higher with SV sizes closer
to cells diameter [85].

2. μHall sensors

Another type of magnetic sensor used in magnetic microcytometers was the μHall
sensor. Hall sensors are widely used in consumer electronic products, the automotive
industry, magnetic field measurement devices, etc. They can be miniaturized to the
size of cells, named micron-Hall or μHall [93–95]. Contrary to SV sensors that sense
the in-plane magnetic fields, μHall sensors are sensitive to the out-of-plane magnetic
fields. The μHall is based on the Hall effect, where a voltage difference is observed
on an electrical conductor to an applied magnetic field perpendicular to the electric
current applied. A Lorentz force is generated in the direction perpendicular to the
direction of the electric charge movement resulting in different output voltages to the
applied magnetic field. A μHall sensor converts an external magnetic field into a
voltage or current output signal. This output Hall voltage (VH) is given by [94]:

VH ¼ RH
I
t
B

� �

where RH is the Hall Effect co-efficient depending on the materials used and
dimensions, I is the current flow through the sensor, t is the thickness of the sensor
and B is the Magnetic Flux density perpendicular to the sensor. These sensors have
typical sensitivities up to 175 V/(T.A) 15 and linear response over a large range of
magnetic fields. Microfabrication of μHall sensors is performed by standard
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photolithography methods, good spatial resolution, are compatible with CMOS
technology, and very good performance/cost ratio, however, they present higher
noise than MR sensors.

One significant work with magnetic microcytometers was demonstrated using
μHall sensors [68]. The size of the sensor design was obtained by numerical
simulations of the type of cells labeled with MNPs when subjected to an external
magnetic field. Electrodes were photolithographically patterned, and metal layers
were deposited with a multilayer of 5 Ni/5 Au/25 Ge/40 Au/10 Ni/40 Au (thickness
in nm). Then, passivation layers to protect from biological solutions were obtained
with 30 Al2O3/100 nm Si3N4/100 nm SiO2 (thickness in nm). Eight sensor
configurations (overlapping 2 � 4 arrays) ensured that individual cells pass directly
over at least two μHall elements. Then the signals from all eight μHall sensors were
processed by an algorithm to measure the magnetic moment of each cell. The same
prototype was demonstrated for the rapid and phenotype-specific enumeration of
pathogens [75] capable of measuring single, magnetically labeled bacteria directly in
clinical specimens with minimal sample processing.

3. μCoils

Another type of magnetic sensing strategy used rely on inductors. These are
typically composed of coils that store energy in a magnetic field when electric
current flows through. Contrary to GMR and μHall sensors, which measure the
magnetic field, inductors rely on Faraday’s law. Briefly, a voltage is generated in a
coil upon an out-of-plane alternating magnetic flux. The sensitivity of inductors
increases with the frequency, and therefore large frequencies (gigahertz range) are
typically used to measure small magnetic flux.

This type of sensor, using an inductive micro-coil, was employed to a new class
of magnetic microcytometers [81, 82]. The system detects cells labeled with MBs by
demodulating the change in coupling between an excitation coil and a pickup coil of
a differential spiral transformer. Magnetic labels of different materials were exam-
ined, showing their suitability for multiplexing assays. The system does not require
an external PM, like in the case of GMR and μHall, to magnetize the
superparamagnetic MBs and was integrated into CMOS technology.

17.3.2 Microfluidic Channels and Cell Flow Handling

All these micron-sized sensors are compatible with microfluidic technology for cell
flow. Microfluidic channels deliver the cells on a high-throughput in a single cell at
the time manner, so signals acquired correspond precisely to one cell. Undoubtedly,
the size, shape, and enhanced features in these microfluidic channels have a large
impact on magnetic microcytometers. The first demonstrated magnetic
microcytometer used a straight microchannel, with a rectangular cross-section of
150 μm wide and 14 μm thick, made using standard soft lithography of PDMS
[14]. An irreversible bond was achieved through activation of O2 plasma of the
microchip and the microfluidic module composed of PDMS. This is important since
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pressure is applied to move cell suspension solutions inside the microfluidic channel
and a securing bonding mitigates possible leaks resulting from input pressure.
Bonding is performed under the microscope for the alignment of both structures:
the SV sensors and the microfluidic channel. A syringe pump is typically used to
load the cell suspensions into the magnetic microcytometers. The small thickness of
the microchannel allows cells to be more confined in height and close to sensors,
however, they are also subjected to known parabolic velocity in the microchannel
cross-section. Most subsequent works followed the processes presented in the work,
such as the irreversible bonding and pumping methods; however, different
arrangements of the microfluidic channel sizes and features were further explored.

The μHall system used a curved microfluidic channel and two new features to
align the cell flowing over the sensors [68]. The first feature consisted of lateral
hydrodynamic focusing by inserting two adjacent channels on the sides of the cell
flow. This feature constricts the cells to the center of the microchannel, increasing the
velocity uniformity of cells and decreasing the effects of the parabolic velocity
features near the sidewalls of the microchannel. A second feature was the
incorporation of chevron patterns on the bottom of the channel before the sensing
elements. These structures induce inertial forces on the cells flowing and confine
these cells on the bottom of the channel, closer to the sensors.

Another work [72], employed a different strategy to confine cell movement over
the sensors using an in situ cell pre-enrichment feature. It consisted of a
magnetophoretic guiding mechanism of a ferromagnetic Ni chevron pattern. In the
presence of an external field of a NdFeB magnet, it produces a magnetophoretic
force in the labeled cells with MNPs. Labeled cells migrate to the bottom of the
channel, and with equilibrium with hydrodynamic drag forces from flowing cells,
these are presented to closer the sensing elements. Cells that are not labeled do not
get attracted to the bottom of the microchannel. The microfluidic channel is large
(700 μm width 200 μm height) to avoid clogging, minimize pressure drops and to
increase throughput for large volumes.

Other following works also employed a microfluidic channel (60 μm wide and
47 μm thick) with hydrodynamic lateral focusing to ensure a single cell size focusing
at the time over the sensor [84]. Lee et al. additionally added a downstream feature
for cell separation at the end of the microchannel. Here the microchannel was
divided into two output channels, one of which attracts magnetically labeled cells
to the selected outlet, since they are sensitive to magnetic field gradient by a nearby
PM.

Opposit to most magnetic microcytometers, where an irreversible bonding is
made between the PDMS and the microchip, a work employed a compression fixing
system to seal microfluidic channels over the sensors [79]. The PDMS microfluidic
channel has features of 200 μm in width and 100 μm thick channels and is held
together with a glass cover slide and a compression fit.

Finally, another work developed an adaptable 3D hydrodynamic focusing system
that confines the cells towards the bottom of the microchannel, closer to the sensors
[83]. This was performed using both lateral and vertical hydrodynamic focusing
features on a 300 μm wide and height of 50 μm microchannels. It uses three syringe
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pumps with a set of different flow rates to obtain the high control flow of cells over
the sensors. To calibrate focusing features, numerical simulations on the flow profile
were obtained, which were verified with fluorescent dies on each of the flows
sheaths. Optimal flow rates were obtained down to the size of cancer cells detected.
Similar to the works above, it also demonstrated the importance of the vertical
focusing feature to increase the signal from detected cells, as cells flow much closer
with a more uniform velocity profile.

17.3.3 Magnetic Nanoparticles, Beads and Cell Labeling

Magnetic microcytometers leverage from stable labels of MNPs or MBs [96]. The
selection of MBs is of extreme importance since they are the reporting agents being
detected by the sensors. Furthermore, MBs size and functionalization need to be
selected for different cell sizes and types. The specificity of this recognition is
achieved by functionalizing MNPs’ surfaces. Typically, antibodies are used to attach
to specifically expressed membrane proteins on the target cancer cells presented in
Table 17.1.

For the detection of myeloid leukemia cell lines, which present an average of
5 μm in diameter, Loureiro et al. employed 50 nm diameter MBs for their detection
[14]. Since these cells highly express the CD34 antigen, the authors choose CD34
MicroBeads (MACS, Miltenyi), estimating around 2880 MNPs per cell.

For the clinical evaluation of CTCs, the authors employed three different MNPs
to obtain a multiplexed analysis of three membrane proteins at the single-cell level
[68]. Simultaneous detection of the biomarkers EpCAM, HER2/neu, and EGFR on
individual cells were attained. To achieve efficient cellular labeling with MNPs, the
authors used a two-step bioorthogonal procedure that increased the number of
nanoparticle loading by three-fold, using modified TCO-antibodies with three
MNPs each. Manganese-doped ferrite (MnFe2O4) MNPs of different diameters
(10, 12, and 16 nm) were used for each of the targeted biomarkers. Each MNP has
a unique magnetization response owing to their size differences which were
decomposed to evaluate the expression of cells after signal acquisition.

Helou et al. employed a magnetophoretic pre-enrichment and focusing of labeled
FaDu head and neck cancer cell line [72]. These cell lines have an average diameter
of 16 μm and high expression of EpCAM (epithelial cell adhesion molecule). The
FaDu cells were incubated with superparamagnetic MNPs with a diameter below
200 nm, previously functionalized with anti-EpCAM antibodies. The size of
nanoparticles was selected to obtain a favorable amount of magnetic retention
force over the fluidic drag force in laminar flow conditions of the microfluidic
channel.

Opposite to other works, Lee et al. did not functionalize MNPs and instead, they
co-cultured cells with a water-based ferrofluid (EMG705, Ferrotec) containing
10 nm Fe3O4 for 24 h [84]. Cells used in this study were mouse monocyte-
macrophage cells (RAW264.7) and nasopharyngeal carcinoma cells (NPC-TW01).
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In this work, the MNPs entered the cells by endocytosis, and labeled cells were
pre-concentrated with a PM.

Murali et al. demonstrated the detection of SKBR-3 cancer cells with a μCoil
sensor [82]. These cells present over-expression of EpCAM antigen on their mem-
brane and have a typical diameter of 15 μm. The labeling of these cells is carried out
in a two-step process. First, with biotinylated anti-EpCAM (CD326) antibody
followed by incubation of large magnetic beads of 4.5 μm diameter (Dynabeads).
These MBs consist of single domain (5–20 nm) ferromagnetic nanoparticles embed-
ded in a polymer matrix.

Chícharo et al. demonstrated the detection of SW80 cancer cell lines derived from
colon adenocarcinoma with diameters of ca. 20 μm [83]. This cell line also had
over-expression of EpCAM proteins on their membrane. The authors selected larger
streptavidin-MBs of 500 nm diameter beads (Masterbeads Streptavidin, Ademtech)
and functionalized them with biotinylated anti-human antibody CD326 (EpCAM).
An average loading of 1700 MBs per cell was estimated with a cell surface coverage
area of 21%.

17.3.4 Signal Acquisition, Amplification, and Data Analysis

In magnetic microcytometers, most sensors need electrical biasing and are necessary
to convert the output signal of the sensor/transducer to a measurable quantity, which
can be subsequently processed in the signal chain. An example of a generic sensor
interface can be seen in Fig. 17.2. The output of the sensor goes through an analog
front-end (AFE) where amplification and filtering are performed followed by a
digitalization stage. Regardless of the chosen implementation, there are several
characteristics of fluidics, sensors, electronic signal processing that are correlated
and must be well established. This section summarizes different approaches in
hardware and signal processing for different systems presented in Table 7.1.

To design an efficient interface and configure the electronics biasing and acquisi-
tion of magnetic microcytometers, at least two essential characteristics of the signal
must be determined. First, one needs to determine the necessary signal bandwidth,
and consequently, the acquisition rate. Second and deeply tied to the first, is the SNR
at the output of the sensor, the actual amplitude of the signal. These parameters are
influenced by the overall characteristics of the system, such as flow speed, the shape
and size of the sensor, sensitivity of the sensor, magnet strength used to magnetize

Fig. 17.2 General architecture for resistive sensor interfaces, used in most magnetic
microcytometers
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MNPs, MNPs size, cell size, number of events, and event frequency. MNP conju-
gated with cells, for instance, produce small signals in the order of units to hundreds
of micro-volts [15].

On the system side, the quality of the acquired signal depends first and foremost
on the sensor. The GMR sensors tend to be popular choice for magnetic
microcytometers, since they have the best compromise between noise, signal, and
fabrication simplicity. GMR sensors are also simple to bias and read, either in
alternate or direct current mode. Thus, they have been consistently used in the
works presented in Table 17.1.

Furthermore, one must consider the noise contribution of the reading electronics.
After the sensor, the most important contributor to signal quality are the biasing
architecture, which directly adds to the sensors noise; the biasing is followed by the
first amplification stage, which is the front-end component that contributes the most
to the sensor referred noise. For the resistive/impedance sensors, most of the works
use very simple and reliable biasing schemes [97] like the Wheatstone bridge
[14, 16, 72] or half-bridge [73, 76, 98], or benchtop current sources [68, 75]. The
amplification/acquisition of the signal is, in most cases, performed with ultralow
noise benchtop lock-in amplifiers (reducing the bandwidth with programmable
filters), high precision voltmeters, or with custom build discrete electronics
[68, 75, 78, 97, 99, 100]. For inductive sensors such as flux gates [101] or microcoils
[81, 82], each author designs a specific biasing and reading scheme, and an alternate
current source is usually used for biasing. In [101] a lock-in amplifier is used as a
readout stage. In [81, 82] the architecture of an RF receiver is used. The interfacing

Fig. 17.3 Signal examples from different systems, illustrating differences and similarities of the
signals produced by the systems in (a) [14], (b) [83], (c) [72], (d) [84]. Figures reproduced with
permission
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systems for inductive sensors are usually more complicated than that of resistive
sensors. However, they have the advantage of conveying the targets information also
in the signal phase depending on the materials used in the labeling particles.
According to the authors Murali et al. [82], this property is similar to the different
colors in an optical system. Thus, the phase information allows them to differentiate
among at least three differently marked cells.

Examples of the signals produced by some the systems compiled in Table 17.1,
can be seen in Fig. 17.3. Most of the authors design the system to produce bipolar
signals, and some use compound data from at least two sensors to compute the time-
of-flight of the cells. This can be done with separate signals [83, 100] or with
summed signals [73], depending on if one needs to keep the information of each
sensor separable or not. In this figure, it is also noticeable that signals can be very
weak and with amplitudes in the same range as overall system noise.

As stated before, the signal quality depends on the overall noise contribution of
the system, the signal shape, and the relation between the system bandwidth and the
signal’s band with the most energy/information. Regarding the sampling rate, most
works measure the sensor signal in the base-band, sampling at low rates (<200 kSps)
[73, 78, 100, 15]. Other works use larger sampling frequencies [68, 75]
(<2.5 MSps), allowing for lower test times at the cost of the noise performance.
Some works measure the signal in the radio frequency range [81, 82] due to the
increased performance of inductive sensors at those frequencies. The most demand-
ing signals for the system are also associated with particles traveling at highest
speeds. In [68, 75] it is recommended that at least 10 samples are necessary to fully
reconstruct and characterize a pulse. Thus, the sampling rate should be at least 10/Tp,
where Tp is the overall duration of the pulse. Regarding the signal processing and
filtering techniques, very little is mentioned in the existing literature. Most works
only employ digital or analog band-pass filtering technique to reduce noise and then
employ simple threshold-based heuristics for detection.

17.4 Circulating Tumor Cells in Liquid Biopsies

Cancer remains among the leading causes of death worldwide and constitutes a
growing global society risk and a major obstacle to human development and well-
being [103]. According to the World Health Organization (WHO) [103], there is
more than eight million people dying from cancer worldwide each year, a prediction
of a 70% increase in new cases in the next 20 years. More than 90% of these cancer-
related deaths are due to the progression of a systemic metastatic disease. These
figures mirror our narrow knowledge of the key processes that drive to human cancer
metastasis [103, 104].

Cancer is the outcome of a complex, multi-step evolutionary process during
which normal cells acquire aberrant features that enable them to become tumorigenic
and ultimately malignant [105, 106]. Metastasis is the spread of cancer to several
distant organs. The process comes from cancer cells intravasating from the primary
site into the circulatory system and then extravasating and propagating at distant
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sites, eventually leading to metastatic disease [107]. Thomas Ashworth was the first
scientist to report this, back in 1869 during an autopsy of a metastatic patient, that
microscopically observed cells found in the blood resembled cancer cells
[107]. These cell, circulating tumor cells (CTCs) are cancer cells that detach from
a solid tumor mass and flow through the blood circulatory system, and may begin
colonization processes in distant organs [107–109].

The detection and molecular characterization of CTCs are currently one of the
most active areas of translational cancer research, offering new grounds for liquid
biopsies [110]. Detailed investigation into CTCs remains exceptionally challenging
[107]. They are present in extremely rare numbers, ranging from one to a few
hundred in a 7.5 mL tube of blood. This is very low number when compared against
a background of billions of subpopulations of blood cells. Furthermore, the number
of CTCs found is highly correlated with the patient outcome and survival rate
[111, 112]. An ever-growing methods and techniques for CTC purification and
isolation emerged together with implementation for clinical diagnostic output.
Most of these techniques take advantage of the distinct molecular biomarker profiles
and the physical traits of CTCs [107].

Typical methods for discriminating CTCs are based on the molecular biomarker
epithelial cell adhesion molecule (EpCAM) recognition. The ubiquitous expression
of the EpCAM in epithelial tumor cells allows to differentiate CTCs from blood
cells, as the latter presents little or no expression. Nonetheless, it appears unques-
tionable that EpCAM is not a universal biomarker of cancer, and alternative methods
able to recognize a broader spectrum of phenotypes are undeniably desired
[111, 113]. Several works have already demonstrated that the expression of epithe-
lial surface markers can be transiently lost during the epithelial to mesenchymal
transition (EMT) process [112, 114, 115]. This process enables the detachment of
tumor cells from primary tumor, which then lead to circulation in the bloodstream.
Likewise, epithelial traits might be reacquired during the reverse process of mesen-
chymal to epithelial transition (MET), to allow cell to cell interactions and cancer
cell colonization in distant organs [113, 114].

In the following section, we provide the reader with the current conjuncture of
commercial devices for CTC quantification as well as innovative demonstrated
detection methods for purification, detection, characterization, and quantification
with microcytometers of these rare cells.

17.4.1 Circulating Tumor Cell Enrichment and Enumeration

Currently, there is the fundamental technical challenge to efficiently enrich CTCs
from the normal hematopoietic cells of blood. CTC-enrichment methods are divided
into two major categories: (i) physical properties (e.g., density, size, deformability,
electric charges) and (ii) biological properties (e.g., surface protein expression and
invasion capacity) [107, 116]. Recent review articles can provide the reader with a
deeper look of current technologies used to capture and enumerate CTCs [107, 112,
116–118].
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Separation methods based on physical proprieties allow CTCs enrichment with
no additional labeling steps [119, 120]. Several companies already commercialize
these type of technologies, examples are: (i) density gradient centrifugation (Ficoll®,
OncoQuick™, RosetteSep™, CyteSealer™), presenting losses of CTCs; (ii) filtra-
tion through distinguishing filters (ISET®, ScreenCell®, CellSieve™) or novel
three-dimensional microfilters, also presenting losses of cells as small CTCs can
be lost and large hematopoietic cells can be retained by the pores of the filters; (iii)
inertial separation based on size (ClearCell™ FX); and, (iv) electrophoresis based
separation (ApoStream®, DEPArray™) which discriminates CTCs based on their
electrical signature. Nevertheless, new combined methods and geometry innovations
in microfluidics channels will continue being explored throughout, such as: a
microfluidic filter to trap CTCs by size (larger) and deformability (stiffer) from
blood cells [121]; a microfluidic device combining multi-orifice flow fractionation
and dielectrophoretic cell separation technique [122]; a system composed of two
porous Parylene-C layers with hexagonally arranged 8 μm pores and 40 μm pores for
filtration by size [123]; a microchannel with triangular pillars for efficient capture of
CTC clusters that showed the impact of in the metastasis process [124]; and an
acoustic-based separation method that separates CTCs based on their size, density,
compressibility, or a combination thereof [125].

Within the methods targeting direct biological biomarkers of CTCs,
immunoaffinity-based enrichment is the most widely used strategy [107]. Affinity-
based enrichment technologies can be divided into two categories: (i) positive
enrichment techniques, which target tumor-associated antigens to capture CTCs
specifically, or (ii) negative enrichment techniques that target hematopoietic cells
and thus depletion of the unwanted cells is performed. Typically, higher cell purity is
obtained from positive enrichment techniques (which rely on the antibody’s speci-
ficity, mostly used is anti-EpCAM) at the cost of not expressed targets being
recognized by the antibodies. Negative enrichment technologies overcome some
drawbacks of positive enrichment such as not being limited to the specified antibody
subpopulation of cells and CTCs are obtained without attached antibodies that can
affect downstream applications, such as flow cytometry. Examples of these types of
enrichment technologies are: (i) modified-surface capture through antibodies (PE or
NE) [126–129], which capture cells flowing based on antibodies on the surface of
the device, such as a functionalized guidewire for in vivo capture of CTCs [130]; (ii)
microfluidic micro-post arrays to increase surface exposure [131–133] with multiple
immunoaffinity-type of antibodies; and (iii) immunomagnetic methods as previously
explained that isolate CTCs using antibody-conjugated MBs to concentrate them
using a PM [134–137]. The strategies above summarize the basic principles of the
methodology for enriching CTCs from a complex sample of whole blood.

The cells recovered can undergo either: (i) subsequent analysis such as
immunostaining for specific markers or fluorescence in situ hybridization (FISH)
techniques for microscope inspection of biomarkers expression or presence of
specific DNA mutations on chromosomes; analyzed through flow cytometry [138];
DNA and RNA extraction for sequencing, quantitative RT-PCR (qRT-PCR), and
potential expression profile analysis; or viable cells can be released and propagated
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in cell culture [138]; or (ii) combination of different technologies, which are able to
purify CTCs based on more than one technology or integrate these with detection
systems/sensors for automatic quantification or analysis. Examples of these com-
bined technologies that leverage from tumor-associated physical and biological
properties are: for instance, microfluidic devices for cell separation by size and
immunomagnetic selection with MBs [136]; and, the combination of
immunomagnetic selection of CTCs and image modules to quantify and analyze
CTCs or sensor such as electrical-impedance sensor [54] or μHall sensors [139, 140].

CellSearch® is the only technology approved by the FDA to aid in monitoring
patients with metastatic breast, prostate, and colorectal cancers [141]. A high
prognostic value using these combined technologies has been demonstrated by
CellSearch®, licensed by Janssen Diagnostics. The CellSearch® system uses MBs
functionalized with an EpCAM antibody, performs RBCs lysis and centrifugation,
immunostains for the expression of Cytokeratin (CK 8, 18, 19), DAPI and CD45,
and then uses magnetic separation gradients of the EpCAM positive cells onto the
surface of a glass slide. All the surface area of the glass slide is scanned in bright-
field and optimized fluorescent channels, and an image algorithm detects the cells.
As white blood cells may also be present, a specialized technician then manually
selects and counts all CK+, DAPI+ and CD45- cells of previously enriched EpCAM
positive cells. Although the advances in the clinical settings have been driven by this
technology and serve as gold standard for comparison with newer technologies,
several drawbacks have been identified. Namely, the low sensitivity and versatility
of the system to capture variable expression EpCAM—subpopulations of CTCs,
expensive and bulk equipment, lengthy process for sample processing and micro-
scope scanning, and in particular, the need for specialized personnel to manually
identify and count CTCs from acquired images.

More recently, other commercially available devices were demonstrated to obtain
direct image analysis by improved high-speed imaging and efficient imaging
processing. Some examples may include the need for pre-enriched methods
[142, 143] or not [144–146]. In addition, other emerging technologies [147, 148]
are pioneering ideas such in vivo flow cytometry of CTCs [149].

17.4.2 Circulating Tumor Cell Enumeration Using Microcytometers

Some microcytometers have been developed for CTC automatic cell detection.
These have been demonstrated using different detection systems such as electrical-
impedance, optical, and magnetic detection. An example is the CTC-eChip [54],
depicted in Fig. 17.4 a), which electrically discriminates CTCs from human periph-
eral blood cells. The system also features a lateral magnetophoresis of magnetically
labeled CTCs to enrich them in an outlet and graphene nanoparticles (GNPs) for
labeling and enhanced electrical detection. Amplitude and phase discrimination of
different cell population was achieved using GNPs to increase their conductivity,
and quantification of cancer cell lines spiked in blood was performed. The enrich-
ment efficiency was 37%, with discrimination efficiency of 94%.
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Another tool to quantify the number of CTCs was proposed by presenting a
hydrodynamic optofluidic chip with integrated optical fibers [150], depicted in
Fig. 17.4 b). The device is able to confine the cells in the sample fluid and screen
CTCs simultaneously with two detectors. Two membrane receptors, HER2 and
EpCAM were fluorescence labeled for quantification of CTCs in patient samples
in comparison with healthy patients. Initial volume of 8 mL was reduced from
collection of peripheral blood mononuclear cells (PBMCs) or buffy coat by density
gradient centrifugation.

Another breakthrough in the field was proposed for intravital flow cytometry
[150], depicted in Fig. 17.4 c). First, injection of tumor-specific fluorescent ligand
labels the CTCs in blood vessels and then multiphoton fluorescence imaging of
superficial blood vessels quantifies the CTCs in vivo in flow. The system
demonstrated the capability to quantify CTCs weeks before metastatic disease is
detected by other methods using mice models and subsequently CTC quantification
in whole blood cancer patients at very low concentration of 2 CTCs per ml.

Finally, as mentioned previously, a miniaturized μHall sensor was shown to
quantify immunomagnetically tagged cancer cells in whole blood [68], with no
enrichment or dilution. As the use of a single biomarkers is generally inadequate
to identify a cell type, they developed a bar-code method to detect three biomarkers
and demonstrate CTC quantification compared to CellSearch with clinical standards
of 20 ovarian cancer patients. The μHall achieved a diagnosis accuracy of 96%,
compared to 15% from CellSearch.

Fig. 17.4 Microcytometers for CTC enumeration. (a) Schematic diagram of the CTC-eChip
composed of the CTC-enrichment device and impedance cytometry [54]. (b) SEM image of
Optofluidic Chip with integrated fiber optics and bright-field hydrodynamic focused sample and
laser excitation [150]. (c) Overlay image of three consecutive frames showing an in vivo cell
flowing in a blood vessel [150]. Copyright (2007) National Academy of Sciences, USA
Figures reproduced with permission
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17.4.3 Outlook on magnetic microcytometers

The need to deliver accurate but less expensive devices for the selective count of
cells in different specimens have posed new challenges to scientists and engineers.
Microcytometers are able to miniaturize benchtop devices, such as flow cytometers,
and can be automated or easily integrated with different sample-handling modules
due to advances in microfluidics, optics, electronics, and computers in the past
decades. Several detection methods have been demonstrated to monitor cells in
suspension—such as the ones based on optical, electrical-impedance, and magnetic
transducers.

Magnetic microcytometers present several advantages, such as the use of stable
labels—MBs—to obtain selective cell detection while minimizing background
noise, due to the inherently magnetic-free background of biological samplings.
Although this is a new field in research, many progress has been observed, and
new configurations of devices are retrieving important information on samples and
in particular a more detailed analysis of cells. Examples of different configuration are
the type of sensors, sensor architecture and microfluidic channels, enabling these
small devices to discriminate cells. New advances on this new research field are
being made by several group as this technology is still maturing before being applied
in the clinical or diagnostic settings.
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Droplet-Based Microfluidic Chip Design,
Fabrication, and Use
for Ultrahigh-Throughput DNA Analysis
and Quantification

18

Stéphanie Baudrey, Roger Cubi, and Michael Ryckelynck

Abstract

DNA is widely used as a biomarker of contamination, infection, or disease, which
has stimulated the development of a wide palette of detection and quantification
methods. Even though several analytical approaches based on isothermal ampli-
fication have been proposed, DNA is still mainly detected and quantified by
quantitative PCR (qPCR). However, for some analyses (e.g., in cancer research)
qPCR may suffer from limitations arising from competitions between highly
similar template DNAs, the presence of inhibitors, or suboptimal primer design.
Nevertheless, digitalizing the analysis (i.e., individualizing DNA molecules into
compartments prior to amplifying them in situ) allows to address most of these
issues. By its capacity to generate and manipulate millions of highly similar
picoliter volume water-in-oil droplets, microfluidics offers both the required
miniaturization and parallelization capacity, and led to the introduction of digital
droplet PCR (ddPCR). This chapter aims at introducing the reader to the basic
principles behind ddPCR while also providing the key guidelines to fabricate, set
up, and use his/her own ddPCR platform. We further provide procedures to detect
and quantify DNA either purified in solution or directly from individualized cells.
This approach not only gives access to DNA absolute concentration with unri-
valed sensitivity, but it may also be the starting point of more complex in vitro
analytical pipelines discussed at the end of the chapter.
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18.1 Introduction

DNA is widely used as a biomarker of contamination (e.g., in the food industry),
infection (e.g., detection of pathogenic bacteria or viruses), or disease (e.g., cancer or
genetic disease) and many techniques have been developed to specifically detect a
given sequence and even quantify it. Several isothermal methods allowed to set-up
point-of-care assays [10], sometimes with a simple qualitative result like color
change [12]. Whereas these assays are highly portable, they may also be sometimes
limited by moderate sensitivity and specificity. Besides, very high specificity and
sensitivity (down to single molecule) can be reached with Polymerase Chain Reac-
tion (PCR), a method consisting in performing iterative cycles of primer annealing,
extension, and strand denaturation orchestrated by temperature change. Though the
requirement of a thermal-cycling equipment increases the cost of the method and
limits its portability, the temperature dependence of each step also enables
synchronizing amplification cycles, a feature easing the access to a reliable read-
out especially in quantitative PCR approach (qPCR). qPCR, also known as real-time
PCR, consists in monitoring DNA amplification reaction through the apparition of
fluorescence resulting either from the intercalation of a non-specific fluorogenic dye
(e.g., SYBR Green, EvaGreen) into amplified DNA or from sequence-specific
probes (e.g., TaqMan, molecular beacon being the most widely used) that specifi-
cally anneal to target amplicons [9]. The fluorescent signal is then used to determine
a threshold cycle, Ct (Fig. 18.1a), that is directly correlated with target DNA
concentration (the more concentrated the DNA, the lower the Ct) by comparison
to a standard (either internal or external). Yet, this relative quantification is also an

A. Quantitative PCR (qPCR) B. Digital droplet PCR (ddPCR)

Relative quantification
Cycles
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Sample 1 Sample 2
(Ct = 8) (Ct = 24)

Absolute quantification

Fig. 18.1 Comparison of qPCR and ddPCR DNA quantification concepts. (a) DNA quantification
by quantitative PCR (qPCR). DNA is quantified by monitoring DNA amplification in real time and
the number of cycles required to cross a fluorescence threshold (horizontal red line) is determined as
being the threshold cycle (Ct). Note that for illustration purposes the threshold was placed much
higher than where it should normally be. In the shown example, Sample 1 would contain ~65,500-
fold (2(24–8), assuming both PCR reactions being 100% efficient) more target DNA than Sample
2. (b) DNA quantification by digital droplet PCR (ddPCR). DNA is quantified by counting the
number of fluorescent compartments at the end of PCR amplification. In the shown example, 7 out
of 66 compartments are positive (in green), so the absolute concentration in DNA would be
~0.1 (7/66) DNA molecule per volume of compartment
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Achilles’ heel that may challenge qPCR accuracy in case of differential amplification
efficiency between different targets or samples. Such imbalancement can be due to a
suboptimal primer design or simply result from the presence of inhibitors introduced
during sample preparation (e.g., heparin during blood collection). In any case, proper
quantification would be flawed. Furthermore, qPCR sensitivity can be limited when
searching for specific point mutants contained in large fraction of wild-type
molecules; a scenario typically encountered, for instance, when analyzing tumor
content or circulating DNA [14].

Many limitations of qPCR can be addressed by digitalizing the assay, i.e. by
individualizing DNA molecules into independent compartments prior to amplifying
them using the same molecular tools developed for qPCR. First introduced by
Vogelstein et al using microtiter plates [19], the so-called digital PCR has recently
benefited from the strong miniaturization made possible using droplet-based
microfluidics. In this technology, highly homogeneous emulsion made of picoliter
(pL) water-in-oil droplets is generated using dedicated microfluidic devices
[16]. Diluting DNA molecules into typical qPCR reaction mixture prior to
emulsifying it allows, upon thermocycling and droplet fluorescence analysis, to
easily discriminate those droplets initially occupied by a DNA molecule (highly
fluorescent droplets in which each starting DNA molecule was converted into
hundreds of thousands of copies) from those initially empty droplets that stayed
poorly fluorescent (Fig. 18.1b). Since DNA molecules distribute within droplets
according to Poisson statistics [13], droplet occupancy can easily be computed from
a known DNA concentration and vice versa using Eq. (18.1):

P x¼kð Þ ¼ e�λ

k!
λk ð18:1Þ

where λ is the average number of DNA molecule per compartment, k is the exact
number of DNA molecule per compartment, and P(x ¼ k) is the probability of having
k DNA molecule per compartment. Being able to directly count the DNA molecules
contained in a sample gives access to an absolute quantification of the target, making
the approach less exposed to qPCR limitations. The robustness of this digital droplet
PCR (ddPCR) approach led to the development of several commercial platforms
making the technologies widely accessible. Yet, to be robust, these platforms are
also locked systems with low versatility in their use and are therefore difficult to be
repurposed for other applications. Building on this statement, we present in this
chapter a general strategy allowing everyone to build, set up, and use his/her own
digital droplet PCR analysis platform that can easily be upgraded to perform more
complex analyses discussed at the end of this chapter and that may use ddPCR as
starting point.
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18.2 Setting-up the Stage: Design and Preparation
of Microfluidic Device and Workstation

At the heart of the technology, the microfluidic devices can be fabricated in any
clean-room facility using the procedure described below or ordered from a
specialized company. Moreover, droplet production and fluorescence analysis
using these devices require a custom workstation that can easily be assembled
from commercially available parts.

18.2.1 Preparation of Microfluidic Device

The microfluidic chips used in this chapter (see below) are typically made of
polydimethyl-siloxane (PDMS), a soft elastomer that can be molded (note that
commercial devices are usually rather made of hard plastic). Prior to being able to
fabricate a chip, the blueprint of the device should be designed using a vector graphic
design software like AutoCAD (AutoDesk) prior to being printed as a high resolu-
tion (50,800 dpi) photomask in negative mirror by a specialized company (e.g.,
Selba S.A.). Note that the key distances of the designs used to perform ddPCR as
presented in this chapter are given below. This photomask is then used to prepare a
master mold by photolithography (Fig. 18.2, left column), later replicated into
microfluidic chips using soft lithography (Fig. 18.2, right column).

18.2.1.1 Preparation of a Mold Using Photolithography
The surface of a 3-inch silicon wafer (Si-Mat, Silicon Materials) is first activated for
30 seconds using a plasma cleaner (e.g., Femto device Diener, 40 kHz, 100 Watts)
connected to an oxygen gas source set at 0.5 mbar with power set to 25%. Then, a
0.5 μm layer of SU8 2000.5 photoresist (MicroChem) is spread onto the surface of
the activated wafer using a spin coater (e.g., Laurell WS-650MZ-23NPP) following
manufacturer instructions (Table 18.1). The wafer was then prebaked for 1 min at
95 �C prior to being UV-exposed for 15 seconds (corresponding to an exposure
energy of 60 mJ/cm2). Though no photomask is used at this step, the exposure can be
performed on a mask aligner (see below). The precoated and UV-exposed wafer is
then post-baked for 3 min at 95 �C. This sub-layering step is optional but was found
to help the good adhesion of printed mold structures during the photolithography
step per se.

A 10–40 μm thick layer of SU8-20xx (xx should be adapted to the desired depth)
photoresist (MicroChem Corp.) is then spread onto the prepared wafer using a spin
coater following supplier recommendations (Table 18.1). The coated wafer is
prebaked for 5 min at 95 �C (for 10–15 μm deep molds), or 3 min at 65 �C followed
by 6 min at 95 �C (for the 40 μm deep molds). The wafer is then installed on a mask
aligner (e.g., CP 200 mask-aligner, SUSS Microtec ReMan) together with the
photomask. The montage is then exposed to UV illumination for 60 seconds (here,
an exposure of 240 mJ/cm2). Note that exposure time may have to be adjusted to the
thickness of the resist layer following manufacturer recommendations. Upon
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Fig. 18.2 Main steps of the fabrication of a microfluidic device. (a) A mold is first fabricated by
photolithography. During this step, a sub-layer of 0.5 μm of photoresist is first deposited on the
surface of the wafer (step 1) and activated by UV irradiation. A second layer is then spread onto the
sub-layer and the drawing of the microfluidic device, printed as a negative mirrored photomask, is
patterned by UV irradiation (step 2). The uncured resin is removed by development and a mold is
obtained (step 3). (b) The master mold is then replicated into PDMS microfluidic devices by soft
lithography (step 4 and 5). Upon PDMS curing, the replica is cut off the mold (step 5), the inlets
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exposure, 10 μm and 15 μm molds are post-baked for 1 min at 65 �C and 5 min at
95 �C, whereas 40 μm molds are post-baked for 1 min at 65 �C and 6 min at 95 �C.
Imprinted structures should be readily distinguishable at the end of this baking step.

Unreacted photoresist is then removed by placing the imprinted wafer onto a spin
coater, covering it with SU8 developer (MicroChem) and incubating for 3 min prior
to removing the developer by spinning the wafer for 25 sec at 2500 rpm. The
treatment should be repeated 3 times before washing the wafer with an excess of
isopropyl alcohol followed by 25 sec of spinning at 2500 rpm. Finally, the mold is
hard baked for 10 min at 200 �C to cure cracks that may have appeared at the surface
of the resist.

18.2.1.2 Molding the PDMS Chip by Soft Lithography
The wafer prepared before is transferred into a 9 cm Petri dish and covered by 30 g of
a thoroughly mixed 10/1 PDMS/curing agent solution (Sylgard 184 PDMS kit, Dow
Corning). The mixture is degassed using a vacuum dessicator until no bubble forms.
It is then baked for at least 1 h 30 at 65 �C. Upon curing, PDMS replica is cut with a
surgical blade and peeled off the mold before punching inlets and outlets using a
1 mm biopsy punch (Harris Uni-Core™). A glass slide and the PDMS slab should
then be activated with an oxygen plasma (e.g., Femto device Diener, 40 kHz,
100 Watts) for 30 sec at a power of 25% and 0.5 mbar of oxygen prior to putting
the activated glass and molded PDMS faces into physical contact and placing them
on a hot plate for 15 min at 65 �C. Finally, the surface of the channels is passivated
using a 1% solution of 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (ABCR) diluted
in Novec 7500 (3 M), injected through a 0.45 μMPTFE filter (Merck-Millipore) into
the channels and flushed out with pressurized air. Note that the molding procedure
presented here can be repeated 50 to 100 times with the same mold.

18.2.1.3 Preparation of Emulsion Collection and Incubation Devices
An emulsion can be collected and incubated in any sort of container, possibly
covered by mineral oil to prevent evaporation and to limit damage to the emulsion.
Yet, we recommend using collection devices prepared as described below (Fig. 18.3)
as we found them to allow gentle handling of the emulsion, which prevents
unwanted coalescence.

An 8 mm thick slab of cured PDMS (corresponding to ~36 g of cross-linked
PDMS) should be prepared and cured in a 9 cm Petri dish. PDMS plugs are then
punched off the slab using a 6 mm biopsy punch (Harris Uni-Core™) and two 1 mm
diameter holes are punched into each plug using a 1 mm biopsy punch (Harris
Uni-Core™). A length of PTFE tubing (I.D. 0.56 mm, O.D. 1.07 mm, Thermo
Scientific) is inserted through each hole and the montage is inserted into a 200 μL
tube. The tube is finally filled with Novec 7500 fluorinated oil (3 M) using a syringe

Fig. 18.2 (continued) and outlets are punched (step 6), and channels are closed by binding the
PDMS replica to a glass slide (step 7)
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connected to the shortest tubing while purging the air out of the system through the
other one.

18.2.2 Design and Set-up of a Custom Microfluidic Workstation

Besides the microfluidic chips, the workstation is an instrumental piece of equipment
that can easily be assembled from commercially available parts. A schematic of the
typical prototype we use is shown in Fig. 18.4 and is assembled on a vibration
dampening platform (Thorlabs B75150AX), the optical set-up being assembled on
the breadboard. In this setting, two lasers (a 638 nm laser, Cobolt 06-MLD 180 mW
and a 488 nm laser, CrystaLaser DL488-050-O) are merged using a dichroic mirror
(Semrock FF495-DiO3-25x36; D1) and spots are shaped as a line by a pair of lenses

Table 18.1 Spin coating parameters used to spread the desired thickness of photoresist

Photoresist Thickness 1st spinning step 2nd spinning step

SU8–2000.5 0.5 μm 5 sec at 100 rpm 30 sec at 500 rpm

SU8–2007 10 μm 5 sec at 500 rpm 30 sec at 1500 rpm

SU8–2010 15 μm 5 sec at 500 rpm 30 sec at 1600 rpm

SU8–2025 40 μm 5 sec at 500 rpm 30 sec at 2000 rpm

Fig. 18.3 Preparation of an emulsion collection tube. Two PTFE tubings are inserted into a plug of
PDMS. The tubing at the bottom of the tube is connected to the waste exhaust while the tubing near
the PDMS plug is connected to the microfluidic device to collect emulsion. The entrance of the
emulsion in the collection tube pushes out the excess of oil towards the waste
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(Semrock LJ1567L1-A and LJ1878L2-A, L1 and L2). Excitation lights are then
reflected using a multi-edges dichroic mirror (Semrock Di01-R405/488/561/635-
25x36; D2) and the combined beams enter an inverted Nikon Eclipse Ti-S micro-
scope in which they are reflected by a dichroic mirror (Semrock FF665-Di02-25x36;
D0) located below the microscope objective lenses. Excitation lights are then
focused into microfluidic channel while passing though a Nikon Super Plan Fluor
20x (or possibly a 40x) ELWD objective, and both green (EvaGreen or TaqMan
probe) and red (Cy5) emitted lights are collected through the same path, reflected by
D0 and transmitted through D2 before being resolved by a dichroic mirror (Semrock
FF562-Di03-25x36, D3). Green and red fluorescence are then measured by two
photomultiplier tubes (PMT, Hamamatsu H10722-20) equipped with bandpass
filters (Semrock FF03-525/50-25 and FF01-679/41-25 for green and red detection,
respectively, F2 and F3) to clean the signal. PMT signal is collected, recorded, and
analyzed in real time by an intelligent data acquisition (DAQ) module featuring a
user-programmable FPGA electronic card (National Instruments PCIe 7852R)
installed on the computer and driven by internally developed firmware and software
written in LabView 2019 (National Instrument).

The operations on the microfluidic chip can be visualized in real time using a
CCD camera (e.g., Guppy device from Allied Vision) connected onto the camera
side port of the microscope via a C-mount. To this end, the halogen light-source was
exchanged for a collimated 730 nm LED equipped with a long path filter (Semrock
FF01-715/LP-25, F0). Moreover, the camera was protected from lasers reflection
(wavelength > 665 nm) by a long-pass filter (Semrock, BLP01-664R-25, F1)
mounted in front of the camera. Finally, liquids can be infused into the chips using
a 7-bar MFCS™ pressure-driven flow controller (Fluigent) equipped with S
Flowmeters and driven by MAESFLO software.

Fig. 18.4 Schematic of a microfluidic workstation. The main parts are shown together with a
detailed schematic of the optical set-up including lasers, photomultiplier tubes (PMT), filters (F),
dichroic mirrors (D), and lenses (L). The features of each component are given in the main text
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18.3 Digital Droplet PCR Quantification of DNA

As highlighted in the introduction, DNA is widely used as a biomarker of contami-
nation, infection, and disease. In the case of cancer, for instance, the target DNA can
either be free (e.g., a purified DNA sample originating from a molecular biology
process, a liquid biopsy, or extracted from solid tumors) or contained into cells (e.g.,
from cultured cells, dissociated tissues or tumors). Moreover, PCR amplification can
be detected using either a non-specific intercalating dye or a sequence-specific probe.
As an attempt to address these different possibilities, we will consider two scenarios
of DNA quantification by digital droplet PCR (ddPCR) of which the detection
modes (i.e., intercalating dye and sequence-specific probe) are readily exchangeable.

18.3.1 Scenario 1: ddPCR Quantification of Purified DNA Using
an Intercalating Dye

18.3.1.1 Consideration on the Choice of the Dye
Whereas several intercalating dyes have been developed, they are not all compatible
with ddPCR. Indeed, after having tested several of them, we found that, while some
dyes rapidly partition in the oil phase (personal communication, unpublished data)
and others modified ones (e.g., PEGylated PicoGreen) readily exchange between
droplets [13], EvaGreen (Biotium) is particularly well suited for droplet applications
as it stays properly confined within the droplets where it allows to reliably detect
DNA amplification [17]. Therefore, we highly recommend using either a commer-
cial qPCR mixture already formulated with EvaGreen or to supplement a home-
made PCR mixture with this dye.

18.3.1.2 ddPCR Mixture Preparation
According to MIQE guidelines [7], the PCR mixture should be prepared using
DNA/RNA PCR laminar flow workstation to avoid contamination of stock reagents
with airborne DNA molecules. For a typical ddPCR experiment, 100 μL of reaction
mixture is prepared by mixing 50 μL of SsoFast™ EvaGreen® Supermix (Bio-Rad),
0.5 μM of each primer, 10 μM Cyanine 5 carboxylic acid (Lumiprobe) used as
droplet tracker, 0.1% Pluronic F68 (Sigma Aldrich), and a dilution of DNA to
quantify prepared in 200 μg/μL solution of yeast total RNA (Thermo Scientific).
Pluronic F68 and total RNA are important to limit the loss of DNA by adsorption on
plastic surfaces. Importantly, the solution containing template DNA should never be
introduced in the PCR laminar flow workstation and should rather be added to the
mixture at another location. Moreover, several dilutions of the solution to quantify
should be tested to reach partial droplet occupancy, a non-saturating condition
required for being able to perform a digital quantification.

18.3.1.3 ddPCR Mixture Emulsification and Thermocycling
The PCR mixture is emulsified into 2.5 pL droplets using a 10 μm deep droplet
generator (Fig. 18.5A) prepared using the procedure presented above (see § 18.2.1.1
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and 18.2.1.2). The aqueous phase is loaded into a length of PTFE tubing connected
to the Inlet 2 of the device, whereas the other end of the tubing is connected to a
flowmeter. Droplets are then generated by infusing a stream of Novec 7500
fluorinated oil (3 M) supplemented with 3% fluorosurfactant [11] connected to
Inlet 1 of the chip. 2.5 pL droplets are then produced at a frequency of ~13,000
droplets per second and their volume adjusted by tuning the flow rate of each inlet.
The emulsion is recovered from the Outlet into a collection device (see § 18.2.1.3.).

At the end of the production, PTFE tubings are removed from the collection tube
and the holes are sealed by plugs of melted poly-ethylene tubing (PE-20,
Intramedic). Finally, the tube is placed into a thermocycler (e.g., T100 thermocycler,
Bio-Rad) and subjected to the adapted program (Table 18.2).

18.3.1.4 Droplet Fluorescence Analysis and Digital Quantification
Upon thermocycling, the emulsion is reinjected into a 15 μm deep droplet analysis
device (Fig. 18.5B) prepared using the procedure presented above (see § 18.2.1.1
and 18.2.1.2). Sealing plugs are removed from the collection tube and exchanged for

Fig. 18.5 Microfluidic devices used for the ddPCR quantification of purified DNA. (a) Droplet
generation microfluidic device. An aqueous phase is infused through Inlet 2 and pinched by two
orthogonal flows of fluorinated oil supplemented with surfactant and infused through Inlet 1 to
generate 2.5 pL droplets. The produced emulsion is collected at the Outlet of the chip. (b) Droplet
fluorescence analysis device. The emulsion to analyze is infused through Inlet 2 and the droplets are
spaced by a fluorinated oil stream infused through Inlet 1. Finally, the emulsion leaves the device
through the Outlet. The key dimensions of each device are given in the corresponding box
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lengths of PTFE tubing filled with surfactant-free Novec 7500 fluorinated oil. One of
the tubing is connected to Inlet 2 of the device, whereas the other one is connected to
a flowmeter. A stream of surfactant-free Novec 7500 fluorinated oil is used to push
the emulsion and infuse it into the microfluidic device. Another stream of surfactant-
free Novec 7500 fluorinated oil is infused into the chip through Inlet 1 and used to
space the reinjected droplets to make them distinguishable during fluorescence
analysis.

The green (DNA content) and red (droplet detection) fluorescence of each droplet
is recorded while it passes in front of the laser line of the optical set-up (see § 18.2.2)
and the data are collected and analyzed in real time using a firmware operated by a
user-programmable FPGA electronic card. Measuring the maximal green fluores-
cence intensity of each droplet (detected as red fluorescent objects) allows two
populations to be observed (Fig. 18.6): a first population displaying a low green
fluorescence (4–6 RFUs on Fig. 18.6) corresponding to droplets initially free of
template DNA (empty droplets) and a second population displaying an increased

Table 18.2 ddPCR thermocycling conditions used with purified DNA

Step Temperature Time Cycles

Initial denaturation 98 �C 2 min Not repeated

Denaturation 98 �C 10 sec

Annealing 60 �C 30 sec Repeated 29 times

Extension 72 �C 30 sec

Final hold 4 �C Forever Not repeated

Fig. 18.6 Typical droplet fluorescence analysis profiles. (a) Red and green fluorescence distribu-
tion. The red and the green fluorescence of each droplet are measured. Whereas the fluorescence of
the droplet tracker (red Cy5) is identical for all the droplets, those droplets in which PCR amplifi-
cation took place have a strongly increased green fluorescence (6–8 RFUs emitted by intercalated
EvaGreen) with respect to empty ones (4–6 RFUs). (b) Green fluorescence distribution. Only the
distribution of the green fluorescence is shown and both droplet populations (empty and occupied)
are labeled. Both representations allow to appreciate a 42% droplet occupancy
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fluorescence (6–8 RFUs on Fig. 18.6) due to EvaGreen intercalation into amplified
DNA and corresponding to occupied droplets.

Considering Poisson statistics, the fraction of occupied droplets directly gives
access to the absolute DNA concentration using Eq. (18.2):

λ ¼ � ln 1� Occupancyð Þ ð18:2Þ
In the example shown on Fig. 18.6, 42% droplet occupancy allows to compute a λ

value of ~0.55 target DNA molecule per 2.5 pL droplet, so an absolute concentration
of ~0.22 target DNA molecule per pL.

18.3.2 Scenario 2: ddPCR Quantification of DNA Contained in Cells
Using Sequence-Specific Probes

ddPCR can also be used to detect a target DNA (e.g., point mutations in cell genome
or viral DNA inserted into host genome) contained in cells. Cells may have various
origins but for the sake for simplicity we will consider the case of in vitro cultured
cells in which GAPDH gene is detected using sequence-specific TaqMan probes.

18.3.2.1 Cells Preparation
HEK-293 cells (ATCC® CRL-1573) are prepared in a cell culture room in compli-
ance with cell culture room rules. Cells are cultured in 75 cm2

flask (BD Falcon)
containing DMEM(1X) + GlutaMAX™-I (Gibco) supplemented with 10% of FBS
(Gibco) and incubated at 37 �C and 5% CO2. When reaching 80–90% confluence,
cells are recovered through a 2–5 min incubation with 2 mL of 0.25% trypsin-EDTA
in a CO2 incubator until they start to detach from the flask. Then 8 mL of DMEM
(1X) + GlutaMAX™-I supplemented with 10% of FBS are immediately added to
inactivate trypsin, and cells are pelleted 5 min at 1000 rpm. Cells are washed with
7 mL of DPBS 1X prior to being counted using an automated cell counter (e.g.,
Luna™ Automated Cell Counter, Logos Biosystems).

18.3.2.2 Cells Emulsification
Cells are then individualized in large 100 pL droplets allowing to accommodate
them. Moreover, to ease access to DNA, the cells are usually lyzed upon encapsula-
tion. To prevent unwanted prematured lysis, the cell-containing aqueous phase is
combined on-chip with the lysis solution just prior to droplets production (Fig. 18.7a
and b).

Cells are resuspended at a concentration of 16.106 cell/mL into DPBS 1X
supplemented with 14% OptiPrep™ (a densifier allowing to keep cells in suspension
during the encapsulation process), 2 μM of Cyanine 5 carboxylic acid (to track
droplets), and “ddPCR supermix for probes (no dUTP)” (Bio-Rad) to a 1x final
concentration. The mixture is loaded into a length PTFE tubing and connected on
one side to a flowmeter and, on the other side, to Inlet 1 of a 40 μm deep cell
encapsulation device (Fig. 18.7a) prepared as described above (see § 18.2.1.1 and
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Fig. 18.7 Microfluidic devices used for the ddPCR quantification of DNA contained in cells. (a)
Droplet generation microfluidic device. An aqueous phase containing cell suspension is infused
through Inlet 1, whereas a lysis solution is infused through Inlet 2. Both solutions are briefly
co-flown prior to being dispersed into 100 pL droplets upon pinching by two orthogonal flows of
fluorinated oil supplemented with surfactant and infused through Inlet 3. The produced emulsion is
collected at the Outlet of the chip. (b) Micrographs of the droplet generator in action. Difference in
refraction index of each aqueous solution allows the co-flow to be visualized. Moreover, careful
observation allows encapsulated cells to be distinguished (white arrow in the insert). (c) Droplet
fluorescence analysis device. The emulsion to analyze is infused through Inlet 2 and the droplets are
spaced by a fluorinated oil infused through Inlet 1. Finally, the emulsion leaves the device through
the Outlet. The key dimensions of each device are given in the corresponding box
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18.2.1.2). In parallel, a lysis solution containing 1% Triton™ X-100, “ddPCR
supermix for probes (no dUTP)” (Bio-Rad) to a 1x final concentration and
GAPDH-specific primers/TaqMan probe mixture (PRIME-PCR probe assay
qHsaCEP0041396-FAM, Bio-Rad) added to the recommended concentration is
loaded into a length PTFE tubing and connected on one side to a flowmeter and,
on the other side, to Inlet 2 of the microfluidic device. Both aqueous phases are
infused at the same flow rate to mix both solutions one-to-one (Fig. 18.7b) prior to
dispersing it into 100 pL by a stream of Novec 7500 fluorinated oil containing 3%
fluorosurfactant infused in the chip through Inlet 3. As before, droplet production
can be monitored thanks to Cy5 red fluorescence, and the emulsion is recovered in a
collection device prepared before (see § 18.2.1.3). Upon collection, tubes are sealed
as before (see § 18.3.1.3) and placed in a thermocycler in which the emulsion is
subjected to the appropriate thermal-cycling program (Table 18.3).

18.3.2.3 Droplet Fluorescence Analysis and Quantification of Cells
of Interest

As before (see § 18.3.1.4), upon thermocycling, the emulsion is reinjected from the
collection tubing to a 40 μm deep droplet fluorescence analysis device (Fig. 18.7c)
prepared as described above (see § 18.2.1.1 and 18.2.1.2). The emulsion is infused
through Inlet 2 and droplets are spaced by a surfactant-free Novec 7500 fluorinated
oil infused into the chip through Inlet 1. Droplets are detected by their red fluores-
cence and the presence of a cell containing the DNA of interest (in our example,
every cell fulfills this condition as we choose to target a wild-type cellular gene) will
be associated with an increased green fluorescence resulting from the degradation of
the TaqMan probe during specific amplification. Therefore, simply measuring the
fraction of droplet displaying high green fluorescence allows to immediately access
to the absolute concentration of cells containing the DNA of interest using
Eq. (18.2).

18.4 Conclusions: ddPCR for DNA Quantification and More

Since its introduction a few years ago, digital droplet PCR (ddPCR) appeared to be a
powerful alternative to the more conventional qPCR when high accuracy and/or the
capacity of detecting rare variants are required, as this might typically be the case in
cancer-related studies [16]. For instance, searching for the early apparition of
mutants in a complex population of cells/molecules typically requires to be able to

Table 18.3 Thermocycling conditions used for gene specific ddPCR amplification

Step Temperature Time Cycle repeats

Initial denaturation/enzyme activation 95 �C 10 min Not repeated

Denaturation 95 �C 10 sec Repeated 44 times

Annealing/extension 60 �C 30 sec

Enzyme deactivation 98 �C 10 min Not repeated
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detect a low number of mutated DNA molecules diluted into a large excess of wild-
type ones. In such scenario, qPCR would be rapidly saturated by the latter (e.g., by
titration of amplification primers) and display a limited sensitivity. ddPCR does not
suffer from such a limitation since each template DNA is individualized prior to
being amplified, so that no competition occurs between templates. Therefore, ddPCR
sensitivity is directly dictated by the number of compartments that can be analyzed;
the more compartments can be analyzed, the better the sensitivity. Early
developments established that, indeed, such digitalization allowed to increase the
detection sensitivity of KRAS-coding gene mutants (an oncogene involved in the
apparition of many cancers) from 5% using qPCR to 1/200,000 with ddPCR
[14]. Such sensitivity makes it theoretically feasible to detect circulating free DNA
or even to identify rare cells contained in a complex mixture (e.g., a tumor), since
ddPCR can be performed on DNA from both origins.

ddPCR is now made broadly accessible by the commercialization of benchtop
devices (e.g., QX series platforms from Bio-Rad). However, even though efficient
and robust, such equipment usually handles a low number (i.e., tens of thousands) of
large (nanoliter) droplets. Therefore, should a much higher number of droplets (i.e.,
millions) needed to be produced and analyzed (e.g., to detect ultra rare events or to
amplify DNA while limiting PCR artifacts linked to unwanted recombination
events), this chapter intends to provide the reader with the main guidelines to
fabricate, set up, and use his/her own ddPCR platform and possibly widen its
application scope with minor modifications. Using small pL droplets like those
presented here, also makes it possible to further manipulate them in microfluidic-
assisted manners, for instance, to modify their content on demand by liquid addition
via droplet-droplet fusion [8, 13] or picoinjection [1]. This makes possible, for
instance, to in vitro express (transcribe and possibly translate) the information
carried by the previously amplified piece of DNA [13, 17]. Moreover, the measured
droplet fluorescence can be used as a signal to trig droplet deflection in a sorting
device [20], like the Fluorescence-Activated Droplet Sorter we developed [4]. Com-
bining the use of these different devices enables to perform serial operations on
droplets and doing so to set up ultrahigh-throughput functional screening pipelines
like the microfluidic-assisted In Vitro Compartmentalization (μIVC) and its deriva-
tive [6, 17]. Such pipelines allowed us, for instance, to develop optimized synthetic
RNAs [3, 5, 18] or improved catalysts [2, 17] or even to characterize complex
biological mechanisms like ribosome decoding [15]; a set of possible applications
that all began with a ddPCR step.
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Emerging Microfluidic and Biosensor
Technologies for Improved Cancer
Theranostics
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Abstract

Microfluidics and biosensors have already demonstrated their potential in cancer
research. Typical applications of microfluidic devices include the realistic
modeling of the tumor microenvironment for mechanistic investigations or the
real-time monitoring/screening of drug efficacy. Similarly, point-of-care
biosensing platforms are instrumental for the early detection of predictive
biomarkers and their accurate quantification. The combination of both
technologies offers unprecedented advantages for the management of the disease,
with an enormous potential to contribute to improving patient prognosis. Despite
their high performance, these methodologies are still encountering obstacles for
being adopted by the healthcare market, such as a lack of standardization,
reproducibility, or high technical complexity. Therefore, the cancer research
community is demanding better tools capable of boosting the efficiency of cancer
diagnosis and therapy. During the last years, innovative microfluidic and
biosensing technologies, both individually and combined, have emerged to
improve cancer theranostics. In this chapter, we discuss how these emerging—
and in some cases unconventional—microfluidics and biosensor technologies,
tools, and concepts can enhance the predictive power of point-of-care devices and
the development of more efficient cancer therapies.
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19.1 Introduction

Early cancer diagnosis is fundamental for selecting the adequate therapeutic
approach and improving patients’ prognosis. Traditionally, tissue biopsy has been
the gold standard for diagnosing and profiling the tumor [1]. This method is
reasonably efficient and provides valuable information about the tumor’s genetic
profile helping physicians take decisions. However, tissue biopsy is highly invasive
since it relies on the physical sampling of the tumor for pathologic analysis.
Additionally, the high heterogeneity of the tumor can make that the gathered data
is not representative of the actual tumor, which may lead to a wrong diagnosis and,
consequently, to a non-effective treatment. This situation has generated the need for
more sensitive, reliable, and efficient diagnostic, modeling, and screening
technologies that are also predictive and simple.

During the last decade, a new paradigm has emerged in the field of in vitro models
capable to emulate the complex physiology (e.g., cellular, biological, and biochemi-
cal content), hydrodynamic events (e.g., fluid flow, shear stress), and mechanical
properties (e.g., physical forces, matrix rigidity) of the native tumor microenviron-
ment (TME), as well as the functionality of human tissues and organs, within a
microfluidic device. This new technology was coined organ-on-a-chip (OoC), and
has revolutionized the field of disease modeling, diagnosis, and drug screening. OoC
overcomes the limitations of traditional cell culture methods based on static and flat
platforms, which fail in reproducing the complexity of the in vivo scenario [2], and
importantly, using minute volumes of sample and reagents, making this methodol-
ogy highly efficient compared to traditional approaches based on solid biopsies.
Microfluidic OoC can further be employed to detect and isolate tumor biomarkers,
which are present in peripheral blood, such as circulating tumor cells (CTCs),
extracellular vesicles, antibodies, or DNA/RNA (ctDNA/RNA). Compared to con-
ventional methods, such as tumor biopsy mentioned above, microfluidics can accel-
erate the early detection and diagnosis of the disease and evaluating treatments prior
to testing them on patients.

Throughout the last years, a large plethora of microfluidic OoC has been devel-
oped, such as the lung [3–5], heart [6], spleen [7], gut [8], liver [9], kidney [10], brain
[11], or vasculature [12, 13], among many others [14]. Significantly, tumor-on-a-
chip models have also been developed to investigate the mechanism of action of
drugs or the etiology of the disease. This type of microfluidic model of tumors has
been extensively reviewed [15], and it is the focus of a specifically-dedicated chapter
in the book (see Chap. 6—Das and Fernández). An essential feature of organ- or
tumor-on-a-chip technology is integrating one or several tissues. Therefore, they can
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be employed to investigate the efficacy of treatments and side effects (e.g., toxicity)
in other distant tissues.

The interest in OoC has increased upon the integration of miniaturized sensors
on-chip for the real-time and continuous monitoring of critical physiological (physi-
cal, chemical, and biological) parameters. This cutting-edge technology has already
demonstrated its potential for investigating critical factors involved in tumorigenesis
or for the accurate evaluation of pharmacological compounds’ efficacy (or toxicity).
In this regard, they are pivotal for monitoring tumor evolution and therapy response,
being an essential tool for the cancer research community [15, 16]. Additionally,
microfluidic-integrated biosensors can also contribute to gaining new insights into
the effect of metabolic products.

Overall, the combination of innovative microfluidics and biosensor technologies
provides a unique opportunity to advance in cancer theranostics by enhancing the
reliable detection of tumor biomarkers and the evaluation of anti-cancer drugs’
effects. In this chapter, we discuss the latest advances and emerging technologies
in microfluidics and biosensors for the development of point-of-care devices capable
of providing novel therapeutic solutions and improving the prognosis of cancer
patients.

19.2 Biosensor Technologies for Cancer Diagnosis and Therapy
Monitoring

Biosensors are (bio-) analytical devices employed in healthcare-related applications
to quantify biological and biochemical processes by converting a biorecognition
event of interest into a readable electronic signal proportional to the analyte content
[17, 18]. Biosensors have experienced enormous growth during the last decades due
to their high utility in healthcare and disease management. Figure 19.1 shows the
evolution of biosensors since the invention of the glucose sensor pioneered by Clark
and Lyons in 1962 [19]. Biosensors have improved their miniaturization and porta-
bility capacity over the years [21], boosting their use in the clinics and pharmaceuti-
cal/biotechnology industry. Biosensors emerged to replace the traditional analytical
assays used in research and clinical laboratories, such as the widely utilized enzyme-
linked immunosorbent assay (ELISA). Despite their efficiency, these conventional
methods can be time-consuming and laborious, and more importantly, they lack the
needed automation and continuous and real-time quantification as demanded by
modern medical approaches. New biosensing technologies and methods can provide
multiple advantages for the detection of specific analytes in solution, such a faster
response time and higher sensitivity.

The final performance of biosensors is determined by several key parameters that
affect their sensitivity and selectivity, including their size, architecture, and (bio-)
recognition elements. Other attributes of a suitable biosensor include high specific-
ity, reproducibility, and stability. Altogether, the successful accomplishment of these
characteristics depends on the type of transducer and method employed to detect the
pathophysiological event. Typical transducer methods include optical,
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electrochemical, magnetic, thermal, or mass sensitive. Optical and electrochemical
detections are undoubtedly preferred for their simple integration within microfluidic
devices. This is due to their easy miniaturization capability and compatibility with
microfabrication procedures [22–24]. Regarding optical biosensors, and in addition
to traditional fluorescence characterization of the cellular state, methods based on
surface plasmon resonance (SPR) and evanescent waves have been widely explored.
The main reason is their efficacy, simplicity, and high capacity of miniaturization of
the electrodes and other sensing elements. For electrochemical sensors, their minia-
turization and compatibility with microfabrication technologies also facilitate for
their integration within microfluidic devices. Both types of sensing methods provide
similar outcomes, even though the electrochemical ones have, in general, a superior
performance considering their specificity, response time, and low cost, among other
advantages.

In the following, we describe the current and emerging field of biosensors in
cancer research, including classical approaches and more sophisticated trends. The
objective of this section is not to describe in detail all the available (electrochemical
and optical) sensing techniques applied to cancer theranostics but to give a brief
overview of some of the available methods, technologies, and possibilities. For more
information, the readers may consult the chapter(s) specifically dedicated to
biosensors within the book (see Chap. 1—Barreiros dos Santos et al.) or specialized
reviews on the topic [22, 25].

19.2.1 Current Trends in Biosensors

19.2.1.1 Electrochemical-Based Methods
Most of the 3D biosensors devices used in cancer diagnosis are based on electro-
chemical transducers. The main reason behind this preference is their improved
sensitivity, selectivity, and efficiency compared to other transduction methods. Their
simplicity and low production cost also make electrochemical biosensors the pre-
ferred option for cancer researchers.

In electrochemical-based biosensors, the specific molecular recognition of the
analyte of interest by the immobilized biorecognition element changes the interfacial
charge, capacitance, resistance, mass, and thickness at the sensor surface. This
change can be measured by different electrochemical techniques to quantitate the
amount of target analyte detected. Different measurement methods are available
within electrochemical transducers, but the most utilized ones include the following:

– Electrochemical impedance spectroscopy is a powerful technique that measures
small changes in the resistive and capacitive properties in a liquid media and/or in
the electrode surface by perturbing the system. It analyzes the impedance (Z ¼ V/
I ) of the observed system as a function of the frequency and excitation signal to
provide quantitative information about the conductance, the dielectric coefficient,
and the static properties of the interfaces of a system, and its dynamics change due
to adsorption or change-transfer phenomena. The electrochemical impedance Z is
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usually measured by applying an AC—sinusoidal—potential V (of frequency w)
to an electrochemical cell using a three-electrode potentiostat then measuring the
current I through it. Impedimetric detection is primarily used to develop affinity
biosensors to, e.g., monitor binding events, such as antibody–antigen-specific
interactions on an electrode surface. In this case, the small changes in impedance
are proportional to the concentration of the measured antigen.

– Voltammetry/Amperometry techniques are based on applying a potential to a
working electrode vs a reference electrode and measuring the resulting current,
which occurs from the electrochemical oxidation/reduction reactions at the work-
ing electrode of a given electroactive species, typically dissolved in an electrolyte
solution. In voltammetry, the potential is scanned over a set potential range (e.g.,
cyclic voltammetry, differential pulse voltammetry, square-wave voltammetry,
and others). In amperometry, changes in the current I produced by the oxidation/
reduction are monitored directly with time at a constant potential at the working
electrode with respect to the reference one. The current is proportional to the
concentration of the electroactive species in the sample [25].

– Potentiometry measures the potential between two electrodes (a working and a
reference electrode) in an electrochemical cell at a negligible current. The glass
pH and the ion-selective electrodes (K+, Ca2+, Na+, Cl�) are examples of poten-
tiometric sensors that can be turned into biosensors by coating them with a
biological element, such as an enzyme, that catalyzes a reaction that forms the
ion [25].

Despite their inherent advantages, electrochemical biosensors can suffer from
certain drawbacks, such as cross-reactivity with interfering species, particularly for
potentiometric methods. In contrast, electrochemical biosensors are compatible with
a high miniaturization capacity that enables the integration of microelectrodes within
microfluidic devices for the continuous monitoring of target analytes, as
already mentioned [26]. Such integration capacity also enables their use as actuators,
e.g. the manipulation and capture of rare cancer cells [27, 28].

19.2.1.2 Optical-Based Biosensors
Optical biosensors have been massively utilized in different research fields and
sectors, including (bio) medicine, biotechnology, pharmacology, food safety, and
environmental monitoring, among others. Some examples of daily-used optical
biosensors include pH test strips, pregnancy tests, or the recently developed
COVID-19 test. This high applicability results from their small dimensions, low
LoD, and high sensitivity, which make them ideal tools for the rapid, multiplexing,
and real-time detection of cancer biomarkers [22]. Optical-based biosensors offer
some advantages when compared to their electrochemical counterparts. In particular,
certain optical-based methods enable the label-free detection of analytes of many
biological and chemical compounds remotely. Additionally, other type of optical
components, such as laser diodes or lenses, can be scaled down and miniaturized,
which enables their integration within microfluidic devices [29].
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Optical biosensors can be divided into two main categories, namely label-free
and label-based. The former is based on detecting the signal generated directly by
the interaction of the analysed substance with the transducer [30]. The latter is based
on using a label to generate an optical signal (fluorescent, colorimetric, luminescent)
that can be detected, such as a fluorescently-labeled antibody. Biorecognition
elements can be very heterogeneous, and besides antibodies, other types of elements
can be utilized, such as antigens, nucleic acids, cells, or tissues, among others. Next,
the detection is performed by analyzing the interaction of the optical signal with the
element, substance, or compound of interest. Typical optical transducer methods
include evanescent waves (e.g., surface plasmon resonance—SPR, optical wave-
guide lightmode spectroscopy—OWLS), interference (e.g., Mach–Zehnder interfer-
ometer), resonators (e.g., atomic force microscopy cantilevers), fluorescence (e.g.,
confocal microscopy), absorbance (e.g., UV/vis absorbance), or chemo/bio-
luminescence, among others. These methods are straightforward, and the optical
signal is captured by sensitive detection methods, such as a standard CCD camera or
a photomultiplier device. In the following, we briefly comment on the most predom-
inant optical-based biosensors:

– Surface plasmon resonance is one of the most typical optical-based biosensing
methods that allow the direct, label-free, and real-time detection of analytes. The
working mechanism of SPR biosensors is based on the illumination with
polarized light (typically, a laser beam) of a thin metal surface (the sensor
electrode), normally gold, at a specific angle and at the interface of two media
(e.g., metal and fluid). This generates surface plasmons in the metal, which
reduces the intensity of the reflected light at a specific resonance angle and is
proportional to the adhered mass [30]. The analyte can be detected by measuring
the shift in the refractive index, angle, or wavelength in a kinetic analysis (i.e., as
a function of time). Typically, the metal surface of an SPR chip is functionalized
with a biorecognition element, such as an antibody. Then, the chip is inserted into
a fluidic system for analyte-ligand detection. SPR is very popular in optical
biosensing methods, and indeed, commercial instruments are available, such as
the well-known Biacore™. One key feature of SPR is that it can also be employed
for “imaging” by using a microarray chip (typically, an array of circular metallic
spots), thus allowing simultaneous imaging and quantification of the biosensing
events. Finally, the performance of standard SPR can be enhanced using metallic
nanostructures resulting in Localized SPR (LSPR). The main difference between
traditional SPR and LSPR is that the induced plasmons resulting from the
incident light oscillate locally on the nanostructures and not at the metal/fluid
interface. In LSPR, the absorbance occurs within the ultraviolet-visible band. In
this case, the biosensing event using functionalized nanostructures is based on
spectral shifts, that is, color change and absorption peak shifts.

– Evanescent waves: This method exploits the biological recognition between the
analyte and the ligand within the limited specimen region of an evanescent wave
(or field). The incidence of the light at the interface of a substrate and a
surrounding medium with a lower refraction index generates the evanescence
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wave. This wave has a limited penetration depth from the surface, typically
100–200 nm, and therefore, only events occurring near the surface can be
detected/imaged. This has an associated advantage, since it reduces significantly
the background noise (only the molecules/binding events at the surface are
excited/detected). Evanescent wave sensing methods can be label-free or label-
based. Examples of these two modes are, respectively, the optical waveguide
lightmode spectroscopy (OWLS) or the total interference reflection fluorescence
(TIRF) microscopy.

The intrinsic properties of the above-mentioned electrochemical- and optical-
based sensing systems enable their faithful integration into microfluidic devices to
exploit the analytical improvement associated with reducing size. This is in addition
to other intrinsic benefits of microfluidics by itself, such as the well-known reduced
consumption of reagents or the possibility of automation (see Sect. 19.3.1). How-
ever, despite some successful examples, this type of biosensors displays some
limitations and bottlenecks in terms of miniaturization, integration, and perfor-
mance. In the following section, we describe novel trends in this field to enhance
biosensor sensitivity and signal-to-noise ratio, and therefore, reduce the detection
limit.

19.2.2 Emerging Biosensor Methods

Currently, there is a myriad of innovative biosensing methodologies being devel-
oped for cancer research applications. Among all of them, a few have encountered
particular attention by the cancer research community due to their high performance
and clinical potential. These include three-dimensional (3D), wearable, implantable,
and flexible biosensors (Fig. 19.2). In the following, we briefly discuss their main
characteristics and applications, describing some representative examples of each
technique.

19.2.2.1 Three-Dimensional Biosensors
Current cancer diagnostic and screening assays used in the clinics mainly rely on
imaging and tissue biopsy. These methods typically require the use of complex and
expensive technologies or tedious procedures. In some instances, these
methodologies lack the needed sensitivity and specificity to detect the tumor at an
early stage. Importantly, these procedures cannot evaluate continuously the health
condition of the patient and their response to therapy. As aforementioned, biosensors
offer advanced capabilities for the constant monitoring of patient condition through
the accurate screening of predictive biomarkers that may help to evaluate the efficacy
of anti-cancerous drugs.

Traditional biosensors rely on two-dimensional (2D) surfaces decorated with the
biorecognition layer. However, such planar surfaces are typically associated with
poor analytical performance, such as a low limit of detection or a narrow dynamic
range, resulting from the limited amount of analyte that can be captured. Other
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typical limitations of 2D biosensors include a lack of flexibility (i.e., they are mainly
based on rigid surfaces) that limits their capability to be implanted or used as a
wearable device (see below) [33]. Next, a significant limitation of planar (micro-)
electrodes when integrated within microfluidic devices is the effect of shear stress.
The magnitude of these hydrodynamic forces can detach (or inhibit) the binding
between the biorecognition element and the analyte of interest. To solve this, a new
generation of biosensors has emerged to improve their performance in capture
efficiency and sensitivity. These are 3D biosensors, which typically display a 3D
architecture with a larger roughness, porosity, and/or topographic features, which
enhances the electrode area and the amount of immobilized (captured)
biorecognition elements (analyte), and therefore, the overall sensitivity of the sensor

Fig. 19.2 Emerging biosensor technologies. (a) Three-dimensional biosensors and the typical
architectures used for their build-up [1]; (b) wearable biosensors and specific examples reported
[20]; (c) implantable biosensor for the intravital detection of predictive pH and O2 tumor biomarkers
[31]; and (d) flexible biosensors and an example based on a tattoo system [32]. Figures reproduced
with permission from the publishers
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(Fig. 19.2a) [1]. Some examples of 3D biosensor platforms fitting within this
category include topographically-structured materials, vertically-aligned nanotubes,
electrodeposited fibrillary networks, hydrogel and polymers, nanocomposites, or
molecular-imprinted polymers. These 3D structures can be fabricated through a
diversity of micro/nano/bio-fabrication methods (e.g., UV-photolithography and
physical/chemical etching—for structured materials; bioprinting—for hydrogels;
freeze-drying—for scaffolds; electrospinning—for fibrillary networks; and others).
Typically, hydrogels and/or polymers are used for manufacturing 3D biosensors
because they provide a native-like environment for maintaining the activity of the
biorecognition elements, such as antibodies. The integration of sensing micro- and
nanostructures into the 3D biomaterials can significantly enhance the performance of
biosensors due to the larger active surface area that results in a superior electrochem-
ical or photonic behavior. Probe-free biosensors, such as molecular-imprinted
polymers (MIPs), have also been reported with the advantage of not relying on
biomolecules that lose their activity over time (Fig. 19.2a). An advantageous feature
of MIPs is that they can mimic the natural recognition entities (e.g., antibodies,
proteins, and others). However, probe-free biosensors display reduced sensitivity/
specificity compared to their immobilized counterparts. Finally, the enhanced ana-
lytical performance of 3D biosensors made them ideal candidates for being
integrated within microfluidic devices resulting in more efficient point-of-care
systems. This combination may provide more advanced tools to measure
clinically-relevant parameters with ultrahigh precision in a fast, selective, and
quantitative way, and therefore, with the potential to revolutionize the field of
medical diagnostics. However, the translation of 3D biosensors to the clinics is
still unrealistic. This is because it is not yet clear whether 3D biosensors integrated
within microfluidic chips can actually solve the limitations of traditional analytical
technologies. One of the main reasons is that most tests for in vitro biomarker
detection are typically based on blood extraction and analysis. Therefore, it is not
envisioned how 3D biosensors and microfluidics can overcome this. One solution
may be to fabricate these 3D structures with biocompatible and flexible materials,
making them especially interesting as implantable point-of-care devices. Other
bottlenecks may include a limited multiplex capability, reproducibility, assay dura-
tion, or stability. Multiplex capability can easily be achieved using multiple
microfluidic chips with the 3D sensing entities in parallel for the simultaneous
detection of several analytes [34]. In any case, 3D biosensors are expected to
establish a new paradigm in clinical settings despite these limitations. For this,
though, they may have to display advanced features, such as wearable, implantable,
and/or flexible characteristics, as described below.

19.2.2.2 Wearable Biosensors
Wearable biosensors have tremendously progressed during the last years due to the
advances in microelectronics, nanotechnology, and the growing health awareness
from the population. As described in recent excellent reviews [35–38], wearable
biosensors can monitor in real time health status, such as vital signs (e.g., heart rate)
or exercise activity (e.g., calorie consumption) of patients. Indeed, some of these
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wearable biosensors are already well-established medical products, providing a
portable alternative to traditional analytical instruments [35–37]. Following the
success of minimally-invasive—transdermal—glucose sensors [39], wearable
biosensors have now focused their efforts toward clinical applications for monitoring
predictive biomarkers of health condition, thus avoiding the need for painful (and
invasive) procedures of periodic blood sampling [20]. The main objective of
advanced biosensing systems is to alert the user and medical team of an abnormal
situation early in advance. In this regard, wearable biosensors are expected to
revolutionize the management of certain chronic diseases, particularly cancer.

To date, a multitude of wearable biosensors has been reported for the detection of
analytes in body fluids, including tears (ocular biosensors), saliva (oral biosensors),
or sweat and interstitial fluid (epidermal biosensors), among others (Fig. 19.2b)
[20, 38, 40–43]. These body fluids are a valuable source of—predictive—molecular
disease biomarkers, such as ions, small molecules, and proteins. Body fluids may be
a valuable “supplier” of clinically-useful information for cancer diagnosis and
therapy monitoring. Among all the types of wearable biosensors, epidermal ones
have received a larger attention due to the superior accessibility and availability of
skin in the body. The working mechanism of these sensors is typically based on
using—hollow and solid—micro/nano-needle patches for the sampling of sweat or
dermal interstitial fluid in contact with the sensing biorecognition element [44–
46]. In general, the interstitial fluid provides more systemic (and relevant) informa-
tion due to its blood origin, even though its sampling is slightly more invasive than
that for sweat. Typically, needles-based sensors are fabricated using rigid materials
that penetrate the dermis, such as metals and polymers, even though hydrogels-based
needles have also been utilized [45]. The needles can also be combined with more
flexible and stretchable materials to reproduce the skin’s mechanical properties and
better accommodate the sensing patch on-site. Interestingly, micro/nano-needles
have already demonstrated their utility as a wearable for cancer biosensing
applications. For example, they have recently been employed for the in situ detection
and quantification of miRNA-210, a circulating molecule that correlates with mela-
noma recurrence [47]. The detection of this marker was performed by the incubation
of the patch with DNA intercalator solution, which produced a detectable fluores-
cence signal proportional to the DNA concentration. However, for this application, a
microscope was needed to detect the signal. Thus, its wearable applicability is
limited. Similarly, a micro-needles wearable biosensor was also used to rapidly
screen melanoma [48]. In this pioneering work, the sensor was capable of detecting
the presence of tyrosinase enzyme, a cancer biomarker, in the presence of its
catechol substrate immobilized on the surface of the sensor transducer. Upon
detection, catechol rapidly converted to benzoquinone and electrochemically
detected with a signal proportional to the biomarker level. The sensor was interfaced
with a conformal flexible electronic board, thus enabling their use as a wearable
device with wireless data transmission. Typically, for this type of flexible board, soft
materials are preferred to integrate electronics. On many occasions, the sensing part
is also fabricated with biocompatible conductive polymers, which are also flexible
[49–51]. In this regard, the use of the traditional PDMS (Sylgard 184, 10:1 w/w
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pre-polymer/crosslinker) typically used in lab-on-a-chip applications is not appro-
priate due to its high rigidity (Young modulus—Y ~ 3 MPa). A softer elastomer,
such as Ecoflex™ displaying a rigidity reminiscent of the human skin (Y ~ 125 kPa)
could alternatively be used to fabricate soft sensing entities, and importantly, be
tailored with electrochemical, optical, or mechanical properties [35]. Finally, some
needle-free sampling methods of interstitial fluid have also been proposed, being the
so-called reversed iontophoresis the most popular one due to its simplicity. In brief, a
low electric current is applied across the skin, promoting the transmigration of
biomarkers across the blood vasculature and to the skin surface [52]. Despite its
efficacy, this approach may induce skin irritation and pain.

Wearable epidermal biosensors have also been combined with soft and flexible
microfluidic channels [53–55]. This type of approach enables the transport (and
accumulation) through capillary forces of the target analyte present in sweat or
interstitial fluid toward the sensing area for its in situ analysis, preventing fluid
evaporation or contamination. As a representative example, these cutting-edge
systems have been recently employed to capture and analyze the levels of lactate,
glucose, chloride ion concentrations, or pH present in sweat during physical activity
[54]. This revolutionary device integrates a colorimetric transducer with wireless
communication electronics to transmit information about the result of the chemical
analyses. Importantly, this device was validated in human studies, demonstrating the
functionality of the microfluidic-integrated biosensor.

Similarly, a soft microfluidic chip integrating an electrochemical biosensor was
mounted on the skin for real-time patient-driven sweat analysis of critical
metabolites (lactate and glucose) levels [46]. This biosensing chip merged
microfluidics and electrochemical detection technologies in a flexible electronic
board to transmit the gathered on-body measurements from a patient to a mobile
phone via a wireless connection. This type of approach is an area of special interest
in the clinics, particularly in oncology, and to all the healthcare industry [56]. Indeed,
some proof-of-concept results have illustrated its potential as a non-invasive method
for detecting and screening excreted biomarkers and discriminating between healthy
and non-healthy patients [57, 58]. In some cases, though, the biomarkers’ detection
and profiling was performed off-chip by standard analytical approaches to distin-
guish between controls, primary tumor, or metastasis using a panel of volatile
organic compounds [57].

One of the main challenges of wearable biosensors is to guarantee the stability of
the affinity capture probes over prolonged exposure periods within an environment
that is mechanically active and whose composition evolve, such as for sweat. Other
challenges include (i) the biocompatibility of all the sensing elements in contact with
the body to avoid biofilm formation at the sensing interface, (ii) guarantee an
efficient transport of sample over the sensor area (in particular for microfluidics-
integrated biosensors), (iii) to ensure the proper calibration of the biosensor, and
(iv) to engineer miniaturized power supplies, in particular for electrochemical-based
sensors [20]. For the latter, the energy can be scavenged from the body movement by
using, e.g., non-toxic piezoelectric materials [59]. Indeed, modern piezoelectric
biomaterials for clinical applications avoid the toxicity of conventional piezoelectric
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materials, being additionally biodegradable eliminating the need for surgical extrac-
tion in case of implantation. Next, modern wearable biosensors must be capable of
monitoring different types of clinically-valuable signals to provide more accurate
information of patient condition. For this, different sensing modalities (e.g., optical,
electrochemical, and others) may be combined in hybrid wearable biosensor patches,
as recently reported [43]. Finally, and as discussed in ref. [35], future commercial
biosensors may need to address the problem of attachment (and detachment) of the
disposable components (e.g., sensing elements, adhesives) in a region exposed to
movement, bathing, non-desired sweating, or irritation.

19.2.2.3 Implantable Biosensors
Implantable biosensors are defined as those sensing devices implanted within the
human body. They share some similarities with wearable biosensors, and actually,
they are considered a sub-group of them (Fig. 19.2) [60]. This type of sensor also
allows the real-time and continuous monitoring of the vital signs and health status of
individual (cancer) patients. They can provide valuable information about the effect
of a therapeutic compound without the need for invasive biopsies or laborious
imaging/analytical procedures; only an initial surgery may be needed for their
implantation. In general, implantable biosensors also show flexible characteristics
to accommodate their morphologies to the region around tissues or organs where
they are implanted (see Sect. 19.2.2.4). However, there are several examples of
non-flexible implantable biosensors, such as the pacemaker or the glucose level
pump. In this case, the miniaturization of the sensing device is sufficient for their
operational purpose without producing any discomfort or pain. A particular feature
of implantable biosensors that distinguishes them from wearable ones is that they are
localized (i.e., implanted) within the human body. This is associated with specific
requirements that all implantable biosensors must accomplish. In particular, they
must be highly biocompatible to avoid (i) the foreign body immune response;
(ii) inflammation; (iii) the formation of fibrotic tissue around the sensor; and
(iv) the formation of biofouling around the sensing area.

Additionally, it is desirable to design biosensors that maintain their proper
functionality over long periods and, eventually, display biodegradable properties
to ensure its clearance when they are not anymore needed. Other key features of
implantable biosensors are the need for reliable data transmission and power supply.
For the former, in some instances, this is done by physical means (e.g., transcutane-
ous cables), but this can produce discomfort to the patient, or there is the risk of
infection/rupture, among other potential issues [61]. In this regard, wireless trans-
mission is preferred to communicate the data through electromagnetic induction
(remote powering) by radio frequency, typically at a high-ultrahigh MHz frequency
band. Usually, this method is based on integrating miniaturized antennas and
transceiver units, among other miniaturized components, to transmit outside the
body. Regarding the power supply, an external system can be employed for
powering the implantable devices. These are located either outside or inside the
body. The formers are typically very bulky and the latter may require invasive
surgeries to recharge them; both situations are obviously undesirable. To solve
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this, advances in materials science, microelectronics, and nanotechnology have
resulted in the development of more advanced power supply systems, such as
piezoelectric materials that can scavenge the energy generated by body motion.

Implantable biosensors have an enormous potential for the early detection of
predictive tumor biomarkers (for a more detailed list of tumor biomarkers for each
type of tumor, the readers are referred to Chap. 4 by Caballero et al., within the
book, or to specialized literature). These biomarkers can be of different types, such
as cellular (i.e., detection of disseminated tumor cells by using smart cancer traps
[62]) or biochemical (i.e., detection of specific compounds released by the tumor or
perturbed levels of particular markers). For the latter, low pH and O2 levels (i.e.,
hypoxia) are characteristic of the tumor microenvironment, and are considered well-
established markers. Therefore, implantable biosensors targeting pH and O2 levels
may work as “sentinels” to detect the onset of the tumor in real-time and provide
valuable information before the tumor starts disseminating. Indeed, this approach
was followed using a simple electrochemical biosensor for the simultaneous detec-
tion of these two parameters and implanted in vivo in a mice model [31]. The sensing
electrodes were based on carbon nanotube fibers functionalized with specific
molecules (Hemin-Fc) whose electrochemical behavior changed when exposed to
pH and O2 concentration differences. These changes were monitored (and
quantified) by measuring the shift in the oxidation and reduction peaks of the cyclic
voltammetry (current vs potential) plots (Fig. 19.2c). Despite the simplicity of the
approach, this biosensor demonstrated an unprecedented spatiotemporal resolution,
selectivity, and stability.

Overall, implantable biosensors are an emerging technology with very promising
possibilities in cancer research due to their high performance, including a fast
response time, a miniaturized size, and a low detection limit, among others. Together
with their low manufacturing costs, this type of technology is desirable for the
healthcare industry for developing innovative point-of-care systems to be employed
in cancer patients to monitor their health status and response to therapy.

19.2.2.4 Flexible Biosensors
Bioelectronic devices with flexible and stretchable properties have been postulated
as the new generation of point-of-care devices to monitor in situ the vital signs of
patients (hearth rate, blood pressure, or body temperature, among others) [63]. This
is because flexible biosensors combine the advantages of classical biosensing
technologies with the intrinsic characteristics of certain types of elastic materials
and fabrication methods that provide the biosensors with advanced stretchable
properties. In contrast to their rigid counterparts, flexible biosensors can be easily
integrated on the skin or implanted inside the body adjusted to the complex 3D
morphologies of human tissues and organs [36, 64, 65]. Further, flexible biosensors
can also be fabricated on stretchable membranes enabling the development of
multiplexing devices to detect multiple analytes [66].

Like implantable ones, flexible biosensors are also a sub-group within the more
generic field of wearable biosensing devices (Fig. 19.2). To date, the great majority
of flexible biosensors are based on epidermal electronic patches or dermal tattoos
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[67]. This type of sensors enables the monitoring of proteins, saccharides, or
metabolites confined in the interstitial fluid. Tattoo-based biosensors typically
involve a change in color in response to variations in pH, compounds levels, or
protein concentration (Fig. 19.2d) [32]. In this work, three colorimetric chemical
sensors were used, which produced a color change in the visible spectrum in
response to the aforementioned biomarkers reversibly and quantitatively. The first
sensor detected changes in pH using standard methyl red, bromothymol blue, and
phenolphthalein dyes as pH indicators, whereas the second and third ones detected
changes in the levels of glucose (by enzymatic reactions of glucose oxidase and
peroxidase) and albumin (using a yellow dye turning green upon its association with
albumin). This simple colorimetric biosensing approach could be extended to cancer
diagnostics applications by detecting specific biomarkers in the skin or interstitial
fluid. In particular, it is very amenable for the continuous monitoring of patients
suffering (or at high risk to suffer) from melanoma. Finally, an additional advantage
of tattoos is the possibility of real-time and quantitative measurements of multiple
markers by using, e.g., a smartphone camera, which enables self-diagnoses and
telemedicine.

Similarly, epidermal biosensor patches can also be employed as screening tools to
analyze sweat and interstitial fluid constituents and detect cancer-specific
compounds [57]. Despite the described advantages of this type of sensor, they are
also associated with certain drawbacks that limit their practical clinical application.
These include, but are not limited to, the need for constant calibration, signal drift,
non-representative results (e.g., the sensor may be affected by photobleaching or
degradation), or cutaneous allergy (e.g., bio-incompatibility) [32]. In this regard,
tattoo-based biosensors may offer better performance than epidermal ones due to
enhanced protection of skin.

Overall, flexible biosensors may significantly improve the management of high-
risk cancer patients by monitoring the efficacy of treatments or by the early detection
of predictive biomarkers. This is undoubtedly one step further toward the implanta-
tion of personalized medicine, from which cancer patients may benefit. For more
detailed information, the readers are invited to check other chapters focused on this
type of biosensors (e.g., Chap. 11—Yadavalli et al.) or specialized reviews on the
topic [67].

19.3 Microfluidic Technologies for Cancer Modeling and Drug
Screening

19.3.1 Current Trends in Microfluidics

During the last decades, many advanced cell culture platforms have emerged for
cancer research applications. In particular, three-dimensional (3D) models, such as
hydrogels, scaffolds, spheroids, or microcarriers, have been employed to culture—
cancer—cells in an environment that copycat the in vivo habitat of cells. However,
despite reproducing the native structural (mechanical and architecture) and
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biochemical properties, these models still lack a critical physiological aspect:
the fluid flow. This is fundamental for the continuous delivery of nutrients and
gases and removing the waste products generated by cells. Pre-clinical in vitro
models have evolved toward the design, fabrication, and implementation of
microfluidic-based systems. Microfluidics can solve the limitations mentioned
above by perfusing tiny amounts of culture media or other types of fluids (e.g.,
blood, serum, air) through microchannels at physiological flow rates. These biomi-
metic devices are capable of improving the efficiency and predictability of point-of-
care platforms, particularly relevant for drug discovery/screening and diagnostics.
Microfluidics has indeed revolutionized the in vitro modeling of cancer and drug
discovery/screening efficiency. This is partly because they can efficiently recapitu-
late relevant physiological features of the dynamic native scenario at the microscale,
such as the formation of biochemical gradients, co-culture of cells, or shear stress
stimuli, in a robust and reproducible manner. Additionally, fundamental operations,
such as transport of compounds, molecules, cells, mixing of substances or fluids, or
detection of analytes can also be performed within the microfluidic chip, thus
boosting their analytical potential. Microfluidic organ-on-a-chip devices have
already shown their potential, and a myriad of tissue/organ models have been
reported, as introduced above in Sect. 19.1.

The exponential growth experienced by microfluidics and OoC can be attributed
to the technology employed for their fabrication (developed by the microelectronics
industry to manufacture printed circuit boards) that allow miniaturization, automati-
zation, and parallelization of assays. Typically, a microfluidic device is fabricated
by UV-photolithography following well-standardized procedures; these can be
summarized as follows: (i) CAD design of the chip; (ii) printing of a photomask
containing the microfluidic structures in a transparent-dark format; (iii) photolithog-
raphy patterning and etching to generate a 3D mold of the chip (Note: Alternatively
to UV-photolithography, higher resolution Direct Write Laser Lithography—DWL
can be employed using a laser beam instead of UV light); (iv) replica molding of the
mold using an elastomer, typically PDMS (Sylgard 184, Dow Corning); (v) drilling
of the inlet/outlet(s) to allow the connection of tubing for fluid perfusion; and
(vi) bonding the PDMS replica mold with a glass slide or thin cover slip by plasma
activation. Overall, this fabrication process allows a broad control over the fabrica-
tion parameters (e.g., architecture, mechanical properties, biocompatibility, scalabil-
ity, and others), and a diverse variety of designs can be generated. In this case,
though, and in general, all the events occur in the same optical plane, even though
more complex configurations can be obtained. Finally, the inner channels of the
microfluidic chips are typically coated with adhesive proteins from the ECM, such as
fibronectin, to promote the adhesion of cells (e.g., endothelial cells to mimic the
vasculature). Similarly, chambers within the chip are filled with cell-laden hydrogels
to reproduce the in vivo habitat. Both the microfluidic channels and the chambers are
typically interconnected through micro-slits to permit their interaction and the
migration of cells from one region to the other. Finally, the chip can be located
within a microscope to monitor the behavior of cells.
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As previously mentioned, this approach has been widely utilized to investigate
critical events of cancer, and meaningful insights have been obtained so far. How-
ever, the typical planar configuration and rigid properties of this type of chips are
also associated with certain limitations, such as the appearance of non-physiological
cell responses. In this regard, novel microfluidic technologies have emerged to
address these issues and are described below.

19.3.2 Emerging Microfluidics Technologies

19.3.2.1 Three-Dimensional Microfluidic Chips
The combination of several layers during fabrication or the stacking/sandwiching of
different 2D constructs can lead to the development of 3D microfluidic systems that
better recapitulate the complicated 3D architecture and active mechanical/biological
functions of human tissues. A descriptive example is the lung-on-a-chip, where two
apposed microchannels were interconnected through a thin porous membrane made
of PDMS [3]. This configuration permitted the culture of human alveolar epithelial
cells and pulmonary microvascular endothelial cells on opposite sides of the mem-
brane, thus obtaining a 3D representation of the native human alveolus. However,
this approach is still limited in its ability to generate complex 3D structures, and in
some cases, the cells are still grown on planar and relatively rigid surfaces. Addi-
tionally, it lacks the needed complexity to copycat the tortuous and dense architec-
ture of the native vascular networks, impacting the reproduced tissue’s biological
function [68]. To partially solve this, and as previously mentioned, the
microfabricated chambers or reservoirs can be filled with cell-laden synthetic or
natural-based hydrogels to reproduce the extracellular matrix. This way, the cells can
be grown in a precisely-engineered 3D microenvironment with controlled mechano-
chemical properties that can be further tuned in terms of architecture and chemical
moieties to support the growth of different cell types and complex tissues.

Recent advances in nanotechnology, micro�/nano�/bio-fabrication tools, and
modern tissue engineering methods have permitted the development of a new
generation of microfluidic devices that account for the non-planar and soft nature
of the native habitat of cells. For this, cutting-edge technologies, such as 3D (bio-)
printing [69], microthermoforming [70], sacrificial micromolding [71], or laser
photoablation [55], have been employed. In the following, we briefly describe the
working mechanism of these techniques (for more details, the reader is referred to
the cited references).

– 3D (bio-) printing: This is a layer-by-layer fabrication technique that emerged to
solve the limitation of traditional—planar—microfabrication methods. This tech-
nology has already been used to fabricate many natural and synthetic structures
(e.g., complex 3D scaffolds). Importantly, it has the potential to revolutionize the
field of microfluidics by manufacturing the entire chip with embedded complex
3D structures in a single step [72]. 3D (bio) printing includes various methods,
including inkjet printing, extrusion printing, stereolithography, or two-photon
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polymerization, among others [16]. Microfluidic channels as small as 25 μm can
be printed (even though two-photon printing can print features and channels in
the nm range). Some limitations of 3D (bio-) printing include the limited scope of
printable materials and their cytocompatibility (for stereolithography) that may
prevent the proliferation of cells, and the fabrication of channels with uncon-
trolled rough surfaces (for extrusion of thermopolymers) that may hinder the
optical observation within the chip. As a result, bioprinted-based microfluidics
can be considered still in its infancy, and many improvements in its performance
are still needed. Among them, the fabrication of enclosed 3D microchannels and
structures down to 10 μmmust be ensured and the integration of different types of
(bio) materials with other physicochemical properties [72].

– Microthermoforming: This method uses the principles of hot embossing, which
employs a thin thermoplastic film firmly clamped and heated up to its glass
transition temperature to replicate 3D micro�/nano-structures from a mold. In
microthermoforming, the thin film, typically polystyrene, is 3D stretched using
vacuum or compressed air replicating the surface morphology of the mold [73];
after cooling, the 3D structured sheet can be safely demolded. This approach
enables the fabrication of microstructures (e.g., chambers) with spherical
bottoms. In the context of microfluidics, this technique is very attractive for the
fabrication of hollow vascular-like microfluidic structures. The fabrication pro-
cess is straightforward: after the preparation of the thermoformed microchannel,
the film is bound to a thicker plastic sheet containing fluidic inlet/outlet ports by
heat sealing, micro-pressure forming process, or other sealing methods, such as
solvent vapor fusion [74]. Microthermoforming has been successfully employed
to fabricate microfluidic chips containing complex micro�/nano-structures
[75, 76]. Another advantage is the use of porous materials, or the in situ genera-
tion of micro-pores, allowing the study of many biological processes or
reproducing tissue–tissue interactions. Despite its simplicity, this method is still
limited to the use of rigid thermoplastics, which may generate artificial
phenotypes on cells. Additionally, there is a limitation of the aspect ratio of the
molded structures, an important factor for 3D microfluidics. Finally, the
generated structures are typically located along a single plane, even though
several patterned sheets can be stacked to create more complex architectures.

– Sacrificial micromolding: This is a simple fabrication approach where a sacrifi-
cial material, typically gelatin, is employed to form complex 3D microfluidic-like
structures. The melting (and subsequent flushing) of the gelatin results in the
production of interconnected channels.

– Laser photoablation: Laser-based etching of hydrogels has shown remarkable
potential for fabricating well-defined hollow microchannels within 3D biocom-
patible hydrogels. Typically, laser photoablation has been dedicated to modifying
2D surfaces. Still, this technique has attracted significant interest during the last
years for its potential to fabricate more complex 3D hydrogel-embedded
microfluidic channels mimicking the microvascular network [77]. This approach
typically employs an image-guided femtosecond-pulsed laser (usually infrared)
[55, 78, 79]. The large intensities generated induce the degradation of the
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hydrogel through non-specific chemical bond photolysis, extreme local heating,
or microcavitation [78]. The resolution of the generated microchannels depends
on a bunch of parameters, including the numerical aperture of the objective and
the focusing angle that also determines the working distance, that is, the depth
that can be achieved inside the hydrogel (high NA ! high focusing angle !
short working distance). One of the main advantages of laser photoablation is
directing cell functions by locally manipulating the cell microenvironment. Fur-
ther, using an extensive portfolio of synthetic and natural biomaterials, including
soft hydrogels (e.g., collagen, silk fibroin, hyaluronic acid, poly(ethylene glycol))
and hard polymers (e.g., PDMS, PMMA, and others), opens new opportunities
for the development of the next generation of fully-organic 3D microfluidic
devices. This includes the possibility to create large endothelial channels within
the hydrogel. On the other hand, one general concern in cellular integrity as a
result of the effect of the high-energy laser.

19.3.2.2 Modular Microfluidics
Organs-on-a-chip systems have emerged as model devices with unprecedented
possibilities in cancer research to predict drug efficiency or toxicology within a
microfluidic device. Organ-on-a-chip can be divided into single and multi-organ
platforms [80]. Single-based chips present serious limitations: they are static in terms
of assembly and either too specific (tailored to the needs of a certain tissue) or too
generic (one-size-fits-all design). Multi-organ devices solve some of these
limitations, allowing the study of inter-organ interactions (e.g., metabolites),
off-target toxicity, or organ-specific metastasis [81]. However, this type of chip
suffers from a high degree of personalization because every laboratory develops
its own customized chip, threatening the comparison of results among different
laboratories. Some generic and versatile designs have been reported to solve this.
These designs are typically based on several microfluidic channels interconnected by
micro-slits, allowing the injection of cell-laden hydrogels and the fluid flow. Indeed,
the high versatility of these generic chips have resulted that some of them are
commercially available. In some other cases though, this unique and generic design
is not appropriate and more standardized designs are needed. In this regard, it has
been proposed the use of standardized and reconfigurable individual modules
(or units), having each of them a specific function. These modules can be fabricated
by high precision additive manufacturing techniques giving a high degree of free-
dom for their design. Alternatively, more standard replica molding methods can be
utilized. Then, the fabricated units can be interconnected in a LEGO™-like manner.
Applied to cancer research, only a reduced set of pre-fabricated and standardized
modules may be needed (e.g., endothelial module, tumor module, sensor modules,
and others) [82–86]. The different modules can be either interconnected laterally or
stacked in 3D (Fig. 19.3a and b). Either way, this strategy provides design flexibility
difficult to achieve by other standard means. Next, as mentioned before, the modules
can contain channels or tissue reservoirs/chambers (Fig. 19.3b and c) [87].

Customized 3D chip designs can be achieved by interconnecting the desired
modules following a plug & play configuration. One or more modules can be
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reconfigured, removed, or replaced by others containing specific compounds or
cells. As an example, simple modules were arranged rationally to generate droplets.
Sensing units were also connected to detect the flow and distribution of the generated
drops [82]. Notably, the modules can be fabricated in different (bio) materials to
reproduce tissue interfaces with different in vivo properties (composition, rigidity,
etc.). Following this idea, any organ/tissue of the human body may be mimicked by
interconnecting a reduced number of modules following a simple “recipe,” defined
as the number and types of modules and their interconnection order needed to build
that specific tissue. Further, these modules may be assembled onto a board
containing an array of micro/nano-electrodes to “microfluidically” connect the
different units and provide the microfluidic platform with sensory detection
properties, enabling the monitoring of critical clinical (e.g., metabolic) parameters
in real time.

Fig. 19.3 Modular microfluidics. (a) Images showing the building blocks of a modular
microfluidic system and their interconnection (lateral and vertical) to enable fluid flow and interface
modeling (Images provided by the 3B’s Research Group—University of Minho). (b) Two-layers
microfluidic blocks for the 3D flow of fluids. A LEGO™-like planar platform is used as physical
support to seal the microfluidic channels [84] (Reproduced with permission from the publisher). (c)
More complex microfluidic modular systems containing a medium channel and a tissue culture
module to form in vivo-like vascular networks [87] (Creative Commons Attribution 4.0 Interna-
tional License)
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This standardization can be employed to model several key aspects occurring in
the metastatic cascade. For example, two different modules mimicking different
organs can be interconnected to investigate the effect of the tumor toward the other
organs, enabling the field of modular multi-organ-on-a-chip. This includes standard
metastatic studies or more complex cancer-related pathological events, such as
cachexia (i.e., the wasting of the muscular mass due to the tumor). Additionally,
the different modules may be perfused with various cell culture media and flow rates
to mimic the different conditions of the native scenario.

Finally, another advantage of modular microfluidics is that each module can be
tested independently before being interconnected to a larger system. The fabrication
of the modules is also compatible with mass production, and therefore, cheap to
produce. It is envisioned that the final users may select pre-fabricated parts from a
portfolio and assemble them to construct a microfluidic chip. Considering all these
advantages, one may ask why researchers and the market have not yet adopted
microfluidics with standardized modules? The main limiting factor is the proper
interconnection of the modules to ensure that the high pressure needed to flow the
fluid in extensive and complicated assemblies does not generate leakage. Similarly,
the interconnection of the modules with a sensing board is also challenging to
accomplish reliably. Additionally, there is the complexity of its monitoring using
traditional optical microscopy, where certain events that occur within the stacked
modules may not be visible. However, despite these drawbacks, modular
microfluidics still has a high potential and is a valuable tool to democratize the
field of microfluidics and expand their use to non-specialized users.

19.3.2.3 Biologically-Inspired Hydrogel-Based Microfluidics
Typically, poly(dimethylsiloxane) (PDMS) has been utilized in developing
microfluidic devices due to its unique properties, namely its high transparency, fairly
good biocompatibility, and gas permeability, among others. Unfortunately, PDMS
displays certain limitations, such as high rigidity, a strong hydrophobicity that causes
the absorption of hydrophobic molecules, challenging surface treatment, and the
restriction of culturing cells in a planar monolayer. The latter makes that spatial
orientation and cell-cell/ECM cannot be well mimicked perturbing cell phenotype,
morphodynamics, viability, or gene expression, among other features. Together with
the lack of standardization and integration, this has threatened the adoption of
PDMS-based microfluidics by the market. Hydrogels, both natural- and
synthetic-derived, have become an indispensable tool to culture cells in a native-
like microenvironment due to their high degree of biomimicry and the possibility to
retain tissue-specific function. Their controlled physicochemical composition, struc-
tural properties (e.g., architecture, porosity, rigidity), advanced functionality (e.g.,
cell adhesion properties, diffusion of small molecules), and cell biocompatibility
have made hydrogels the preferred option for performing cell culture experiments.
Typically, hydrogels have been utilized as a functional 3D region integrated within a
microchip fabricated in a rigid polymeric material (e.g., PDMS or PMMA). This
approach is preferred due to the advantages of using a solid material for manipula-
tion and a soft one to mimic the cellular environment. Typically, several rigid
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chambers are interconnected to microchannels through micro-slits and then filled
with a hydrogel. The surface tension of the hydrogel before its polymerization avoids
its spreading toward the adjacent channels. This approach is very versatile for
pre-clinical studies, but cells may be still exposed to rigid surfaces.

Due to their advanced performance, hydrogels have already been used as a
manufacturing material to build fully hydrogel-based 3D microfluidic chips,
originating the field of the so-called soft microfluidics. In this case, hydrogels such
as collagen [88], gelatin [89], gelatin methacrylate [90], alginate [91], silk fibroin
[92], chitosan [93], and other extracellular matrix proteins have been utilized.
Hydrogels also enable the generation of 3D gradients of chemokines across the
hydrogel [94], or the possibility of being implanted in vivo. However, natural-origin
hydrogels may lead to very soft structures due to their limited range of mechanical
rigidity and degradability, which may collapse and block the channels. For this
reason, under certain circumstances, the use of synthetic hydrogels is preferred; these
are simpler to synthesize, offer a higher flexibility in material tunability, and in
general, have a better imaging quality. In general, a limiting factor of synthetic
hydrogels is their non-degradability, which threatens the mimicking of the natural
environment of cells, and therefore, may compromise their viability and function.
An additional drawback of hydrogel-based microfluidics is their tendency to swell
and shrink due to their high water content. To minimize this, the degree of
crosslinking can be adjusted, but this might impact the mechanical properties and
structure of the material.

Different microfabrication approaches have been reported to fabricate a fully
hydrogel-based microfluidic chip, including the well-known replica molding (i.e.,
replicate the chip from a mold typically fabricated by UV-photolithography), sacri-
ficial materials or templates (e.g., removal of a thin wire after gel casting or digestion
of a biomaterial template), self-organization, and 3D (bio) printing. However, and in
general, these approaches only allow the fabrication of planar microfluidic systems.
More sophisticated techniques capable of fabricating more realistic 3D microfluidic
networks include microscopy-guided laser ablation microscopy. This innovative
fabrication approach allows the removal of material, such as a hydrogel, by
irradiating with a pulsed laser beam that increases the temperature at the focal
point until the material vaporizes [55]. This technique enables the precise modifica-
tion of biomaterials with a high degree of control, allowing the fabrication of
perfusable 3D hydrogel-embedded microfluidic channels [77, 79, 95] (Fig. 19.4a
and b). This technique is compatible with a myriad of hydrogels (besides other rigid
materials, such as glass, PDMS, PMMA, etc.), including collagen, silk fibroin,
hyaluronic acid, poly(ethylene glycol), gelatin, fibrin, alginate, or agar/agarose
[55, 79]. This approach has gained increasing interest in tissue engineering for the
generation of embedded channels reproducing the architecture of native capillary
beds within cell-laden hydrogels (Fig. 19.4c) [79]. A key advantage of laser ablation
microscopy is that the localized degradation of the hydrogel does not affect the
viability of the encapsulated cells within ~20 μm of the laser beam. This allows
unprecedented control over the formation of microfluidic channels needed to deliver
nutrients or other compounds, such as drugs. Finally, this method is especially
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Fig. 19.4 Laser ablation hydrogel-based microfluidic networks. (a) (a) 3D computer-aided design,
and (b) ablated 3D microchannels (20 um� 20 um) in PEGDA hydrogel exposed to 70 kDa dextran
(in red) and BSA (in green). The orange region illustrates the mixing by diffusion of both dyes. (c)
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appealing for developing more realistic microfluidic in vitro models to elucidate the
mechanisms of cancer metastasis or for drug screening applications [92].

Interestingly, soft microfluidics devices integrating biosensors have already been
reported [96]. However, the biosensing assays are predominantly based on optical
microscopy due to the incompatibility to integrate traditional metallic electrodes
within the hydrogel. One option might be using a stand-alone board over which the
hydrogel chip is deposited, thus sealing the channels and providing sensing
properties to the device. Another option would be to benefit from the softness of
the gel and inject/introduce a sensing wire within the area of interest and detect
clinically-relevant parameters (e.g., pH, O2, H2O2, secreted compounds, and others).
Finally, the hydrogel can be designed to display specific sensitivity/reactivity to the
surrounding environment. Therefore, it can be employed as an endogenous/exoge-
nous stimuli-responsive transducer, providing a promising approach for both fluid
actuation and biosensing [62]. The latter can be achieved by encapsulating a
biologically active component that produces a measurable signal [33]. Indeed, this
approach was already followed some time ago to capture small groups of cancer cells
and sense cell-secreted proteases. The sensing was performed by incorporating
MMP9-cleavable peptides that contained a donor/acceptor FRET pair (FITC and
DABCYL) inside the microfluidic device integrating PEG hydrogel photopatterned
microstructures. The capture of the cancer cells caused the appearance of a detect-
able fluorescence signal. The chip was used for the detection of lymphoma-secreted
MMP9, which play a key role in ECM reorganization and are typically
overexpressed in cancer cells [97]. Overall, the use of stimuli-responsive materials
has attracted a lot of interest during the last years, boosting the use of soft
microfluidics for a wide range of applications, including cancer research [62].

19.4 Emerging Trends in Microfluidics-Integrated Biosensors
for Cancer Research

Large pharmaceutical and biotechnology companies are investing a significant
amount of resources in developing innovative pre-clinical models to efficiently
predict the outcome of a specific therapy, including microfluidics-based platforms
[98]. As already mentioned, traditional in vitro (2D and 3D) and in vivo (animal)

Fig. 19.4 (continued) Time sequence showing the flow of the dyes [77]. (b) Perfusable microvessel
generation. (a) Fluorescence microscopy image showing the fabricated channels with different
dimensions. (b) Image of the channels-embedded hydrogel device. (c) Magnified 3D image
showing interconnected microchannels, (d) Time sequence showing the flow of fluorescent beads
along the channels [78]. (c) Capillary bed microfabrication in poly(ethylene glycol) hydrogel. (a-b)
Thresholded and laser mask images of the capillary bed. (c) Microscopy image showing the
reproduced microfluidic capillary bed network. (d) Perfusion of fluorescent dyes (Alexa
647-labeled PEG, in red; 2000 kDa FITC–dextran, in blue), mimicking arteriovenous circulation
[79]. Figures reproduced with permission from the publishers

484 D. Caballero et al.



models are becoming obsolete because they cannot recapitulate the complexity of
the human body, thus questioning the relevancy of the obtained data. Microfluidics-
based organ-on-a-chip technology has become a powerful alternative to faithfully
model human organs and their associated diseases, such as cancer. However, despite
this potential, microfluidics technology is still mainly restricted to research
laboratories with access to a cleanroom facility where highly skilled personnel use
complex micro- and nano-fabrication techniques for chips fabrication. It also lacks
the standardization and personalization needed for clinical applications and
demanded by the healthcare market. In this regard, new strategies have emerged to
mimic human organs and tissues using novel microfluidic design concepts, bioengi-
neering approaches, and cutting-edge ICT technologies, which are simpler, more
straightforward, and less expensive. In the following, we discuss some of these new
trends that may boost the applicability of microfluidic systems into the clinic.

19.4.1 Generic Microfluidic Systems

Microfluidics and lab-on-a-chip devices are robust tools for investigating the etiol-
ogy of diseases and improving the efficiency of (cancer) disease diagnosis and
therapy evaluation, reducing the turnaround times and costs of conventional medical
devices. Despite this potential, microfluidics has a reduced customer acceptance yet.
This is in part related to the “tedious” procedure of traditional PDMS-based chip
fabrication and the associated high manufacturing cost and time of academic proof-
of-concept devices. Similarly, there is a significant chip-to-chip variability and a
high incompatibility with existing imaging and analytical—biosensing—
technologies. This is indeed a bottleneck for non-specialized researchers who lack
access to microfabrication facilities and the necessary skills to manipulate the
associated hardware, such as external fluid handling items (e.g., pumps) [99]. During
the last years, several microfluidic companies, such as Mimetas™, Emulate™, or
AIM Biotech™, have developed very versatile, robust, reproducible, and affordable
single-use microfluidics devices that have democratized the field of microfluidics
with user-friendly chips. These chips are so versatile that they can indeed be applied
for a large plethora of applications [16], integrating some of them sensing units (e.g.,
Micronit™, Darwin Microfluidics™, MicruX™); in others, the sensing is located
outside the chip, which may be enough for specific applications (e.g., Elveflow™,
Dropsens™, and others). Typically, these generic chips are manufactured using cost-
effective materials widely utilized in the medical device industry, such as PMMA or
polycarbonate, and already approved by regulatory agencies [99]. However, certain
dynamic or flexible parts, such as valves or membranes, typically made of PDMS in
prototype chips, cannot be integrated on this type of generic rigid chip. Therefore,
simpler static architectures must be employed.

The use of these generic chips has experienced a significant increase during the
last years, in particular for point-of-care diagnosis and disease modeling. Some
microfluidics companies have gathered significant funds from governmental
organizations (e.g., FDA in the USA) and established agreements with large
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pharmaceutical companies, such as AstraZeneca™, Roche™, or Merck™, among
others, for using their microfluidic devices for their research. Applied to cancer
research, this type of generic chips has been utilized to investigate many fundamen-
tal and clinical aspects, including 3D cancer cell migration and invasion, angiogene-
sis and vascularization, intra/extravasation assays, immunotherapy studies, and
more. Significantly, these devices have been scaled up to standard well-plates
enabling experimental high-throughput screening tests. Therefore, they are compat-
ible with standard analytical and characterization techniques, such as plate readers.
Finally, it is worth mentioning that some of these chips come with accessories that
further automatize the manipulation and reading of the system, such as culture
platform integrating incubator conditions and media flow and sampling.

19.4.2 Smart Biomaterials for Microfluidics Development

There is indeed a wide variety of biomaterials that can be utilized as 3D culture
system to support the growth of—cancer—cells within microfluidic chips, such as
rigid scaffolds or softer hydrogels [100]. These biomaterials provide the needed
biochemical and architectural support to cells, such as spheroids, organoids, or
vascular networks. Integrating these cells within a microfluidic chip typically
requires their encapsulation within a biomimetic 3D matrix. For this, a rich portfolio
of biomaterials can be chosen, whose selection will depend on the type of cells
utilized and the experiment’s aim. Typical examples include the widely utilized
Matrigel™ or collagen, among others (Table 19.1). The advantage of these
biomaterials is their biocompatibility, biodegradability, bioavailability, and similar-
ity to the native matrix. However, they also display critical drawbacks, such as
batch-to-batch variability, complex molecular composition, uncontrolled degrada-
tion, or limited capacity to tune their mechanical properties. In contrast, synthetic
materials, such as polyethylene glycol (PEG), poly(lactic-co-glycolic) acid (PLGA),
poly(acrylamide) (PA), poly(vinyl alcohol), or poly ε-caprolactone (PCL), among
others, display better mechanical properties, are simple to synthesize, and provide a
high experimental control over the biochemical and mechanical properties of the gel,

Table 19.1 Traditional and emerging natural-based biomaterials used in microfluidics cancer
research

Traditional biomaterials Emerging biomaterials

Agarose Polysaccharide Cell-derived matrices Protein (multiple)

Alginate Polysaccharide (Nano-) cellulose Polysaccharide

Chitosan Polysaccharide Fucoidan Polysaccharide

Collagen I Protein Gellan gum Polysaccharide

Fibrin/fibrinogen Protein Platelet lysate Bioactive molecules cocktail

Gelatin Protein Silk fibroin Protein

Hyaluronic acid Polysaccharide

Matrigel™ Protein (multiple)
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with low batch-to-batch variability. However, this type of biomaterials typically
lacks natural cell adhesion sites. Additionally, they cannot be remodeled by cells.
New biomaterials have emerged displaying advanced properties for the culture of
cells within microfluidic devices to solve all these limitations (Table 19.1)
[100]. These biomaterials offer a myriad of advantages when compared to traditional
materials, such as superior biocompatibility (e.g., cell-derived matrices), xeno-free
conditions (e.g., platelet lysate), or controlled mechanical and degradation properties
(e.g., silk fibroin), among others. Recent excellent works have extensively reviewed
the use of this type of biomaterials for precision cancer medicine applications
[62]. Indeed, the combination of precision biomaterials and microfluidics can result
in a new generation of microfluidic devices displaying unique functional capabilities
[62]. These new properties can be exploited to integrate remotely-triggered actuators
(e.g., valves, pumps) and sensors (e.g., electrodes) on-chip eliminating external
equipment typically employed to control the fluidic functions. Some attempts have
already been reported to integrate these functional elements in microfluidic devices,
such as the use of contactless piezoelectric or electrokinetic micropumps [101], chip-
integrated sensing elements [102] or hydrogel-based valves [103]. Chip-integrated
and contactless (bio) sensors are typically based on the use of miniaturized optical
detection elements, usually photonic-based (e.g., grating-coupled, interferometric,
photonic crystal, and microresonators [102]) that reduce the need for external optical
components. Among all the optical-based sensing methods, the use of waveguides
offers many advantages, such as high-throughput characteristics or a simple wave-
guide fabrication process in different type of materials, such as hydrogels
[104, 105]. The detection of the analyte of interest can be based on standard
binding-induced fluorescence or on changes in the refractive index next to the
waveguide, where the evanescent field decays exponentially from the sensor surface.
Alternative to waveguides, SPR chips can also be utilized (see Sect. 19.2.1.2)
[106]. These two sensing approaches can be easily integrated and combined with a
microfluidic system, and therefore, offer a unique opportunity for the development
of contactless point-of-care analytical devices.

Similarly, valves can remotely be activated by a diverse variety of extrinsic
stimuli, such as light, temperature, electric or magnetic fields, depending on the
material chemical composition, or intrinsic stimuli, such as pH or enzymes, which
can also induce valve actuation [103]. In general, the valves can be switched on/off
at a fast response rate (1–2 s.) by adjusting the stimuli intensity [107], therefore
compatible with microfluidics’ dynamic requirements. Overall, these miniaturized
valves and pumps’ small size and easy fabrication enable their on-chip integration
for automated and remote fluid manipulation.

19.4.3 Other Emerging Biosensor and Microfluidic Approaches

Traditional clinical assays for cancer detection are performed through classical
laboratory analytical technologies (e.g., image-based examination, sequencing,
mass spectrometry, and others), which under certain circumstances may be very
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laborious and limited in terms of sensitivity and selectivity [108]. During the last
decade, several innovative technologies and microfluidics-based approaches have
appeared for the detection of cancer biomarkers, including liquid biopsy methods
[109], electronic noses [110], or optoelectronic sensors, among others [111]. This is
because the combination of sensing technologies with microfluidics can further
boost detection efficiency. Liquid biopsy has largely attracted the interest of the
cancer research community due to its superior ability to early diagnose the presence
of a tumor in a non-invasive manner through the detection of specific biomarkers
from the body fluids, in particular, the presence of CTCs, ctDNA/RNA, or exosomes
in peripheral blood, and widely reviewed in the literature [112–114]. Similarly, the
combination of microfluidics and surface-enhanced Raman spectroscopy (SERS)-
based biosensing is emerging as an increasingly popular technology for developing
automated, high-throughput, multiplexing, and highly sensitive point-of-care
devices [115]. This is mainly due to its simplicity, selectivity, ultrasensitivity, and
multiplexing capability, which allows their easy integration within lab-on-a-chip
devices. Indeed, SERS-integrated microfluidic biosensors have already shown their
potential for the detection of tiny amounts of cancer biomarkers and multiple point
DNA mutations in heterogeneous tumors as a liquid biopsy approach [116]. The use
of computational algorithms for cancer classification is particularly relevant for
analyzing the Raman fingerprints, an essential feature for precision and personalized
medicine. This approach has been validated with patient DNA samples and well-
established analytical techniques, such as PCR, showing a high clinical potential as a
“smart” pre-clinical diagnostic tool for the stratification of cancer patients. However,
the use of PDMS to manufacture the chip threatens its practical translation to the
clinics. To solve this, the same group proposed using paper as a low-cost sensing
substrate for disease diagnosis and monitoring [64]. In this case, the microfluidic
PDMS-based device was used solely to deliver sensing SERS nanoparticles (gold
nanostars and nanorods) on the paper substrate. As a proof of concept, the lyzed
products of two different cell lines (human peripheral blood mononuclear cells and
SW480 colorectal cancer cells) were analyzed. The obtained data allowed to distin-
guish the spectral fingerprints from both cell types, suggesting the feasibility of
paper-based substrates and SERS for cancer-related point-of-care applications.

As discussed, PDMS displays a limited performance that impacts not only on cell
behavior, but also on fluid dynamics, in particular in highly miniaturized channels.
The solid walls of this elastomeric material affect the proper flow of fluid. Hydro-
phobic coatings, electrowetting, or liquid-infused porous surface, among other
approaches, can partially solve this enhanced friction. Similarly, hydrogel-based
channels or sheath flow can mask the effect of solid walls but are also associated with
certain drawbacks, such as an uncontrolled diffusion toward the hydrogel bulk or the
need for a continuous flow. Recently, a new revolutionary microfluidics technology
emerged based on “liquid tubes” to manage the flow of fluids. This technology
employs an immiscible and non-toxic magnetic fluid stabilized by a magnetic field to
stably coat the walls of the channel, obtaining a near frictionless liquid-in-liquid
microfluidic channel (Fig. 19.5a) [117]. Interestingly, this approach is not merely a
static coating, but manipulating the magnetic field enables the valving, splitting,
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merging, and/or pumping of fluids, such as human blood. A limitation of this method
is the lack of transparency of the ferrofluids (Fe3O4) employed, but this can be solved
by using optically-transparent magnetic oil coined “Magoil” similar to those
employed for magnetic resonance imaging. This revolutionary method opens new

Fig. 19.5 Other emerging microfluidic and biosensor-integrated microfluidicv technologies. (a)
Microfluidic with magnetic liquid tube channels for the frictionless perfusion of fluids [117]. (b)
Intelligent microfluidic (microreactors or organ-on-a-chip) platform based on computational
modeling and machine learning tools [118]. The scheme shows a microfluidic chip coupled to a
multi-biosensing platform. (Reproduced with permission from the publishers)
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possibilities for the transport and manipulation of biological fluids and establishes a
novel paradigm in microfluidics.

Finally, computational modeling and machine learning tools are expected to play
a fundamental role in improving the performance of future microfluidic and
biosensors technologies, in particular, to reduce the consumption of reagents further,
to extract more significant amounts of valuable datasets, or to boost their automati-
zation degree, among others (Fig. 19.5b) [118]. This type of platform uses the
collected data to analyze by machine learning critical experimental (e.g., reagents,
reactants, temperature, pressure), biochemical (e.g., reagents, drugs, growth factors),
and/or biophysical parameters (e.g., shear forces, electrical/optogenetic stimulation)
and the ways to optimize them. This approach will univocally provide more power-
ful predictive tools learning from the generated data, thus opening new avenues and
opportunities in drug discovery, screening, cancer modeling, or precision medicine,
thus boosting the field of intelligent cancer research.

19.5 Conclusions

During the last years, incredible progress in microfluidics and biosensors both from a
technological and application perspective has been achieved as a result of the
synergy between different multidisciplinary fields, including nanotechnology, bio-
medicine, materials science, tissue engineering, (bio-) chemistry, and electronics, for
developing new engineering strategies and high-performance systems. Indeed,
microfluidic platforms have demonstrated their enormous potential for more efficient
drug screening, point-of-care diagnostics, and biological studies. Applied to cancer
research, microfluidics has proved to be instrumental for personalized medicine to
assess the efficacy of (new) therapeutic compounds. When integrated with
biosensing technologies, it enables the detection of critical biomarkers or monitoring
therapy efficacy. This significant potential has been boosted by the development of
new emerging microfluidic and biosensing technologies that are expected to revolu-
tionize the field and reduce the premature death of cancer. Further, integrating
computational tools and other revolutionary technologies will boost the use of
biosensors and microfluidics in cancer diagnosis and therapeutics [119]. However,
more progress is still needed to expand the applications of microfluidics outside
research labs, particularly in clinical settings. For this, the collaboration between
biomedical researchers (e.g., nanotechnologists, cell biologists, materials scientists,
and others) and the end-users (e.g., oncologists, regulatory agents, and others) will
be fundamental.
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Abstract

Currently, cancer is the leading cause of death and its incidence and mortality is
growing rapidly all over the world. One of the confounding factors contributing to
the failure of conventional cancer diagnostics and treatment strategies is a high
degree of intratumoral and intertumoral heterogeneity at the single-cell and
molecular levels. Recent innovations in microfluidic techniques have
revolutionized single-cell and single-molecule research and challenged the con-
ventional definition of a “biomarker.” Alongside classic cancer biomarkers such
as circulating tumor DNA or circulating tumor cells (CTC), tumor cell heteroge-
neity, transcriptional and epigenetic cell states and their abundance in the tumor
microenvironment have been demonstrated to impact disease progression and
treatment response. Utilizing high-throughput, robust microfluidic techniques for
the detection, isolation, and analysis of various cancer biomarkers, valuable
information about the tumor can be obtained for clinical decision-making. This
chapter presents clinically relevant advances of cancer biomarker research using
microfluidics technology and identifies the emerging applications for disease
diagnosis, monitoring, and personalized treatment.
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20.1 Introduction

Cancer comprises a large group of complex disease processes and is now the leading
cause of death worldwide with nearly ten million deaths in 2020 [1]. The most
common cancer diagnoses in 2020 were breast cancer, followed by lung, prostate,
skin, and colon malignancies, while most deaths were caused by lung, colon, liver,
stomach, and breast cancers, respectively. Cancer incidence and mortality are
growing rapidly around the world, with an estimated global 47% rise in new cases
worldwide by 2040 based on demographic projections [1]. These data highlight the
inadequacy of current disease management and the need for advanced early detec-
tion protocols, disease monitoring, and personalized treatment strategy
development.

One of the confounding factors contributing to the failure of conventional cancer
diagnostics and treatment strategies is a high degree of intratumoral and intertumoral
heterogeneity at the single-cell and molecular levels [2]. As a tumor progresses, the
diversity of its cells and cell states steadily increases, enabling further tumor
progression, relapse, and resistance to therapy. Deciphering tumor heterogeneity
and understanding the role of individual clones within a tumor are crucial for
identifying the most effective treatment strategies and for preventing further pro-
gression and metastasis. Recent innovations in single-cell omics technologies that
enable genome transcriptome and epigenome profiling have opened new avenues for
tackling populational heterogeneity and delineating the gene-regulatory mechanisms
that govern cancer phenotypes and disease progression [3, 4]. Single-cell
transcriptomics have been particularly instrumental in this quest, enabling
discoveries of new cell types in human tissues [5–7] and the reconstruction of cell
developmental trajectories and tumorigenesis [8–11], and providing a foundation for
human organ cell atlases [12], to name a few advances. Analysis of single-cell gene
expression has shown that in many biological contexts, cells do not exist in clearly
defined, stable states, but operate on a phenotypic continuum [13, 14], which
perhaps reflects the natural plasticity of living systems, enabling them to adapt and
acquire different phenotypes. Single-cell omics is a rapidly growing new field that
provides many advantages over traditional “bulk” tissue profiling techniques, such
as the ability to decipher intra-tissue heterogeneity in cell types, profile the disease
microenvironments, and study rare subpopulations [15–17]. These techniques have
revealed an intricate tumor mutational [18] and epigenetic-plasticity landscape [19]
as well as cellular interactions in primary and metastatic tumor microenvironments
[14, 20, 21] that can impact disease progression and patients’ response to therapies
[22–24]. Although single-cell genomic and transcriptomic methods have greatly
impacted many areas of biomedical research, other “omics” approaches such as
chromatin profiling [25], DNA methylation [26, 27], and proteomics [28–30] have
been under rapid development. Together, these single-cell omics technologies are
becoming essential tools and revolutionizing many diverse fields of biomedical and
biological research [31, 32].

However, while single-cell omics methods paved the way for a comprehensive
disease characterization at the single-cell and molecular levels, most methods are not
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suitable for everyday use in clinical-based cancer diagnostics and monitoring
because translational approaches are needed to transfer the fundamental research
findings into a clinical milieu. Initiatives such as the Human Tumor Atlas Network
of the National Cancer Institute can help with this transfer as they aim to integrate
single-cell omics and clinical characteristics into an interactive longitudinal 3D
cancer atlas across various stages, cancer types and treatment outcomes. The effort
is expected to make a profound impact on translational medicine by accelerating the
discoveries of therapeutically relevant novel biomarkers, cell types, states and
cellular interactions that would advance clinical research [33].

Despite academia’s substantial progress in cancer research, the clinical gold
standard for cancer diagnosis, stage/grade classification and treatment guidance
remains solid tissue biopsy. Although critical in certain disease contexts, direct
tissue examination has several inherent limitations. First, malignant tissue might
be unavailable for sampling due to limited tumor size or localization, especially for a
metastatic disease. Second, tissue biopsy is an invasive procedure, making it unfea-
sible and overly invasive for continuous disease monitoring and treatment response
over extended course of treatment [34]. Third, biopsied tissue samples are typically
too small for broader analytical procedures such as drug screening and treatment
effectiveness analysis. Lastly, due to the spatial, cellular, molecular, and temporal
heterogeneity of a tumor, tissue biopsy represents only a snapshot of a tumor’s
ecosystem, providing a limited and often inaccurate picture for treatment decision-
making [35].

Over the past decade, the use of liquid biopsy has gained increasing attention as a
less invasive alternative to solid tissue sampling [36–39]. A broad range of cancer
biomarkers, such as circulating tumor and tumor-associated cells, cell-free DNA,
cell-free RNAs (mRNAs, miRNAs, and lncRNAs), tumor-secreted exosomes,
proteins, and metabolites have been found in various bodily fluids (urine, saliva,
blood, plasma, etc.). These biomarkers contain valuable information for disease
diagnosis, monitoring, prognosis and treatment response, and hold untapped
possibilities for future discoveries [40]. However, accurate detection and quantifica-
tion of tumor biomarkers are often challenging tasks due to the limited amount of
biomaterial available for analysis as well as the limited sensitivity and specificity of
commonly used analytical techniques (e.g., RT-PCR, FACS). In this context,
microfluidic technologies offer several advantages over conventional biochemical
and molecular biology approaches [41, 42]. The ability to perform enzymatic
reactions in microfluidic compartments of nano- to femto-liter scale reaction
volumes not only offers an improved analytical sensitivity but also requires lower
quantities of input biomaterial. Furthermore, parallelization of thousands or even
millions of individual reactions increases throughput while enabling laboratory
automation. Finally, microfluidic approaches are continuously evolving, improving,
and expanding into different branches of biomedicine, such as complex disease
modeling or drug screening [43–45]. This chapter presents clinically relevant
advances of cancer biomarker research using microfluidics technology and identifies
the emerging applications for disease diagnosis, monitoring, and personalized
treatment.
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20.2 Tumor, Immune and Non-Immune Cells as Biomarkers
of Cancer Progression Using Microfluidics

Microfluidics broadly encompasses the handling, manipulation, and analysis of
liquids in microchannels or microcompartments. At microscales (�100 μm), viscous
forces and interfacial effects become dominant, forcing the liquids to behave very
differently than at the macroscale, thus offering new analytical capabilities. To
achieve desirable microscale features tailored to a specific application, lithography
techniques are commonly used to manufacture microfluidic devices, chips, and
systems. Four major microfluidic systems (Fig. 20.1) are used to isolate and process
individual biological species (e.g., cells, nucleic acids): (i) microchannels engraved
in solid or elastic materials, (ii) microchambers separated by pressure-driven valves,
(iii) micro wells, and (iv) microdroplets (as reviewed in [46]). Each of these systems
has pros and cons. For example, continuous-flow microfluidics is primarily used for
cell culture applications such as perfusion or organ-on-a-chip systems [43], but is not
suitable for high-throughput screening applications. Valve-based microfluidics
offers automated workflows of single-cell analytics [47], but its relatively high
operational costs and limited throughput often restrict its use in clinical settings. In
contrast, applications based on microdroplets offer unmatched ultra-high-throughput
possibilities, but do not work well in multi-step and heterogeneous reactions on
compartmentalized biological species.

The BEST (Biomarkers, EndpointS, and other Tools) glossary by the US Food
and Drug Administration defines a biomarker as a “defined characteristic that is
measured as an indicator of normal biological processes, pathogenic processes, or
responses to an exposure or intervention, including therapeutic interventions. Molec-
ular, histologic, radiographic, or physiologic characteristics are types of biomarkers”
[48]. In cancer research and treatment, the most exploited biomarkers are genetic
alterations; classic examples include the BCRA1/2 mutation testing for breast and
ovarian cancer risk assessment [49], EGFR mutation testing for lung cancer treat-
ment with tyrosine kinase inhibitors [50] and BCR-ABL translocation detection in
chronic myeloid leukemia for diagnosis and targeted therapy with tyrosine kinase
inhibitors [51].

Historically biomarker research has focused primarily on various nucleic acids
and proteins present in tumorous tissues or bodily fluids [52, 53], but rapid techno-
logical advances in microfluidics and next-generation sequencing have opened new
possibilities to identify disease-specific signatures beyond the classical definition of
“biomarker” (Fig. 20.2). Today, we recognize that non-tumor cells such as immune,
endothelial, and stromal cell populations residing in a tumor’s microenvironment
modulate disease progression and response to therapy. Therefore, specific tumor,
immune and stromal cells or their phenotypes, subpopulations, and their abundance
in the tumor microenvironment or circulating blood can be utilized as “biomarkers”
for disease progression, prognosis, and therapy response.

Tumor Cells Generally, tumor cells are highly heterogeneous at genetic, epigenetic,
and transcriptional levels and this heterogeneity not only reduces the efficacy of
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Fig. 20.1 Major microfluidic approaches and their applications. (a) Microchannels engraved in
elastic or solid materials are used primarily for complex tumor or organ system cultivation and
analysis. Various microfluidic chip designs can be used for analyte isolation based on its size or
biophysical properties. (b) Valve-based microfluidic platforms consisting of microchambers and
precisely controlled pressure-driven valves are used to control the delivery of reagents to the
microchambers. (c) Microwell-based microfluidics are a miniaturized version of conventional
microtiter plates. Nanoliter volume wells can be used to isolate and assay hundreds to thousands
of single cells. (d) Droplet-based microfluidics are used for biological sample (e.g., cells, nucleic
acids) compartmentalization in monodisperse aqueous microdroplets. Various assays on millions of
single cells or single molecules can be performed inside microdroplets in a massively parallel
fashion. sc single cell. Figure was created with BioRender
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therapy, but also provides a tumor the selective advantage in various biological
contexts such as metastatic dissemination or circumvention of immune system
surveillance [18, 19, 54–56]. The functional selective advantage of tumor cells is
often driven by transcriptional heterogeneity, as was recently demonstrated in
leptomeningeal metastasis [54]. In this lethal condition, tumor cells disseminate
into the cerebrospinal fluid (an environment without nutrients), where the cells
adapt by turning on the genes of the high-affinity iron collection system (LCN2/
SCL22A17), and by doing so outcompete the immune cells (e.g., macrophages) for
essential metal ion. In a model experiment, inoculated recipient mice treated with
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Fig. 20.2 Cancer biomarkers for clinical application using microfluidics. Microfluidic techniques
have revolutionized cancer biomarker research and changed the conventional definition of a
“biomarker.” Alongside classic cancer biomarkers such as circulating tumor DNA or circulating
tumor cells (CTC), tumor cell heterogeneity, transcriptional and epigenetic cell states and their
abundance in the tumor microenvironment have been demonstrated to impact disease progression
and treatment response. Therefore, using a set of microfluidic techniques (e.g., single-cell omics, T
cell receptor profiling, ddPCR), valuable genotype or phenotype information can be obtained for
clinical decision-making. Various biomarkers and characteristics such as changes in the tumor
microenvironment cell composition, tumor heterogeneity, CTC phenotype, ctDNA mutations and
epigenetic status can be utilized for prognosis and personalized treatment decisions. Moreover,
biomarkers obtained via liquid biopsy (e.g., CTCs and ctDNA) offer a minimally invasive disease
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Figure was created with BioRender
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iron chelator conferred the survival benefit and inhibited tumor cell growth,
suggesting a possible therapeutic target. Another noteworthy example, a high-
plasticity cell state (HPCS) expressing high levels of the marker gene TIGIT
(T cell immunoreceptor with IgG and ITIM domains) was recently discovered
using the droplet microfluidic scRNA-seq approach in lung adenocarcinoma. The
HPCS harbored a high tumorigenic capacity, and was drug resistant and associated
with a poor prognosis [55]. In a small cell lung cancer, HPCS that overexpressed
PLCG2 demonstrated a pro-metastatic and a stem-like phenotype [57]. Very likely,
similar types of treatment-resistant, highly plastic transcriptional and/or epigenetic
cell states [25] could be present in a spectrum of human cancers and could be
exploited as a novel therapeutic target. Hence, microfluidics-enabled discovery of
transcriptional tumor cell states not only deepens our understanding of fundamental
cancer development mechanisms, but can also be utilized to pinpoint specific drug-
resistant or metastatic cell states as relevant disease biomarkers. As our understand-
ing of transcriptional and epigenetic cell states deepens, these novel biomarkers
could soon be transferred to the clinic for treatment decision-making and exploration
of novel therapeutic targets.

Immune Cells Continually growing evidence suggests that certain immune cell
populations may serve as useful biomarkers for disease progression and prognosis in
multiple cancers, albeit this remains in the research phase. For instance, in clear cell
renal cell carcinoma, the abundance of tumor-associated macrophages and exhausted
T cells has been linked to the advanced cancer stage and associated with poor
prognosis [20]. In triple-negative breast cancer (TNBC), single-cell profiling
revealed a specific resident memory T cell population, associated with improved
prognosis [58]. An interesting study utilizing genotyping, single-cell RNA sequenc-
ing and machine learning discovered a primitive acute myeloid leukemia population
expressing stemness-related genes (i.e., MEIS1, NRIP1, MSI2) that were associated
with poor outcomes [59]. Moreover, single-cell profiling of the immune compart-
ment has shown great potential in predicting the patient’s response to immunother-
apy. For example, using scRNA-seq and T cell receptor profiling in lung,
endometrial, colorectal, and renal cancers, a clonally expanded effector T cell
population predicted clinical responsiveness to anti-PDL1 immunotherapy
[60]. Notably, this population was evident not only in tumor tissues, but also in
circulation, thus offering a possibility for minimally invasive patient screening.
Similarly, two distinct CD8+ T cell states were discovered in metastatic melanoma
that correlated with the patient’s response or resistance to immune checkpoint
blockade (ICB): in non-responders, the T cells were in an exhausted state, while in
the responder group, the T cells expressing genes associated with memory and
activation were more abundant [23]. Importantly, these T cell states were found in
both pre- and post-treatment samples, suggesting a predictive potential. Conversely,
in clear cell renal carcinoma, ICB treatment remodeled the tumor microenvironment
so that macrophages shifted towards the pro-inflammatory phenotype and T cells
exhibited characteristics of a terminally exhausted phenotype [22]. The immune
evasion signature (e.g., VSIR, VSIG4, PD-L1, PDCD1LG2, etc.) expressed by these
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populations were associated with poor overall survival rates and hinted at a possible
ICB-resistance mechanism.

Non-Immune Tumor-Associated Cells Non-immune cells in the tumor microenvi-
ronment can also hold clinically relevant information. For example, heterogenous
populations of cancer-associated fibroblasts (CAFs), found in primary and metastatic
tumors, hold potential therapeutic and prognostic value [61]. In breast cancer,
vascular and matrix subpopulations of CAFs were associated with metastatic dis-
semination and promoted cancer cell invasion in vitro [62]. Furthermore, the stromal
subtype marker ratio (S100A4/PDPN) in immuno-stained breast tumor tissue
specimens positively correlated with progression-free and overall survival [63]. In
bladder urothelial carcinoma, an inflammatory CAF signature correlated with a poor
prognosis [64]. Similar findings were reported for intrahepatic cholangiocarcinoma
[65]. However, the CAF effect seems to be cancer dependent based on various
studies on both CAF tumor-promoting and tumor-restraining functions [61]. For
instance, the secretion of type-1 collagen by alpha-smooth muscle actin (α-SMA)-
expressing fibroblasts impairs cancer progression, and in mouse models, deletion of
type-1 collagen in pancreatic tumors promoted cancer progression via recruitment of
myeloid-derived suppressor cells and T cell inhibition [66]. Noteworthy, distinct
stromal populations are evident not only in the tumor microenvironment, but in the
blood circulation as well. Using the droplet microfluidics approach, the detection and
sorting of highly metabolically active circulating stromal cells based on single-cell
extracellular pH have recently been reported [67]. In this proof-of-concept study, the
authors demonstrated that an abundance of circulating, highly metabolically active
tumor-associated stromal cells is a strong biomarker for poor survival of metastatic
prostate cancer patients. Evidently, because fibroblast subpopulations have varying
impact on cancer progression, more research is needed before specific fibroblast-
derived markers are ready for clinical use. Nevertheless, non-tumor, non-immune
cell populations of the tumor microenvironment could potentially improve prognosis
and treatment decisions, and simultaneously enable the development of novel
therapeutic approaches.

Presently, single-cell profiling of solid or liquid biopsies is not yet financially and
analytically feasible for patient screening, however, in cases where therapeutic
options are uncertain or extremely costly, the detailed analyses of transcriptional
biomarkers may provide useful insights into putative drug-resistance mechanisms
and guide therapeutic strategies with the best chances to prevail. Indeed, tumor-
promoting cells could also serve as a diagnostic marker of disease and as a therapeu-
tic target: in fact, numerous clinical trials are in progress for TAM depletion,
dendritic cell expansion and CAF activation [68]. These and a growing number of
other examples illustrate that single-cell profiling holds a great promise for improv-
ing disease prognosis and personalized treatment decisions.
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20.3 Circulating Tumor Cells

Circulating tumor cells (CTCs), present in the blood of primary and metastatic
cancer patients, are often considered tumor seeds. Even though metastasis is now
understood as a very complex process, and the presence of CTCs in the blood does
not always translate into metastasis, nonetheless, the CTC count serves as a valuable
prognostic marker, and a strong indicator of an increased probability of metastasis.
Overall, a high CTC count is linked to poor prognosis for various cancer types across
various disease stages [69].

The first evidence of CTCs in a metastatic cancer patient was published in 1869
[70], but it took nearly a century for this discovery to be recognized following the
first CTC detection techniques reported in the 1960s [71]; interest in CTC research
grew with the rise of immunomagnetic separation techniques in late 1990s [72]. Due
to their extreme rarity—approximately 1 CTC per billion blood cells in cancer
patients—the capture and isolation of CTCs is challenging and most methods rely
on specific cellular markers. CTCs are thought to originate from the tumor mass and
exhibit an epithelial phenotype. Thus, the most common strategies for separating and
isolating these cells are based on anti-EpCAM and anti-cytokeratin antibodies. For
example, the CellSearch® system, approved by the US FDA for detection of CTCs in
metastatic breast, colorectal, or prostate cancers, counts CTCs in 7.5 ml of whole
blood using ferrofluid particles coated with anti-EpCAM antibodies and subse-
quently detects cytokeratin positive cells using fluorescently labeled antibodies [73].

The CTC count has proven to be a clinically valid predictor of prognosis and
therapy success in both non-metastatic [74] and metastatic [75, 76] diseases. To date,
it is the only FDA-approved CTC detection system, although as fundamental
understanding of CTC has grown, it has become clear that simple enumeration of
CTCs is not sufficient to guide treatment as it does not convey much information
about the tumor itself. Combining microfluidics, antibody cocktails and fluorescence
in situ hybridization (FISH), researchers have demonstrated that the CTC population
is highly heterogenous [77, 78], and that epithelial-marker (EpCAM) expressing
cells represent only a fraction of CTCs. Current research supports a continuum
model: CTCs exhibit a range of phenotypes across the epithelial-to-mesenchymal
transition, where CTC subpopulations are considered epithelial, partly epithelial-
mesenchymal or mesenchymal [36, 79]. Therefore, much current effort is dedicated
to developing reliable and sensitive marker-independent CTC isolation systems,
preferably compatible with downstream molecular and phenotypic characterization
techniques (e.g., scRNA-Seq).

Development of label-free and high-throughput cell isolation methods using
microfluidic chips has accelerated the progress in CTC research. Label-free isolation
can be achieved either by depleting the blood cells from the sample using known
markers, or by exploiting the biophysical differences between blood cells and CTCs.
A classic example of the former is the CTC-iChip [80] system that enables both
positive and negative selection of CTCs based on magnetic bead labeling whereby
anti-EpCAM–labeled beads are used for positive enrichment, while anti-CD45– and
anti-CD15–labeled particles are used for leukocyte and granulocyte depletion. In the
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microfluidic device, small blood components such as red blood cells (RBCs) are
depleted based on size-dependent lateral displacement, and the leftover nucleated
cells are positioned using inertial focusing and finally, magnetically labeled cells are
separated using a magnetic field. The CTC-iChip offers high-throughput (ten million
cells per second) and highly efficient (97% for spiked-in cancer cells) capture of
cancer cells. This system can also be used for downstream analysis of CTCs
[81]. Recently, the system was further improved when PDMS chips were replaced
with industrial plastic chips, and the workflow was fully automated, greatly reducing
hands-on time and improving technology accessibility [82]. The CTC-iChip system
has been widely accepted by the research community [83–87], but the clinical utility
of this device has yet to be established.

Other microfluidic techniques for separating and capturing CTCs based on cells’
biophysical properties are being actively pursued. For example, Warkiani et al.
introduced an elegant system for separating cells based on size using a microfluidics
chip with a spiral-shaped channel with a trapezoidal cross-section [88]. The cells are
separated when the Dean drag force is coupled with inertial microfluidics phenom-
ena. This method has demonstrated 80–90% capture efficiency with model cancer
cell lines, and it successfully captured CTCs derived from the blood of metastatic
breast and lung cancer patients [88]. However, cancer cells are not uniform in size
and the size range of white blood cells and CTCs can overlap, resulting in reduced
capture efficiency, which can compromise the downstream analysis. Antibody-
independent separation of CTCs was also examined using continuous flow and
dielectrophoresis (DEP), which distinguishes cells based on cell membrane area
and the morphological differences that influence dielectric properties [89]. Even
though relatively low capture efficiencies of 70–80% were achieved for model cell
lines, the design concepts were applied to develop a commercial instrument
ApoStream® that separates CTCs based on DEP properties, albeit this has not yet
been approved by the FDA. Other CTC capture techniques are also slowly moving
towards the clinic. For example, the FDA labeled two more CTC capture systems,
Vortex VTX-1 Liquid Biopsy System by Vortex Biosciences [90] and ClearCell®

FX1 System” by Biolidics, as Class 1 medical devices for diagnostic use. Also, the
“Parsortix® technology by Angle is seeking FDA approval for diagnostics for
metastatic breast cancer [91].

While the diagnostic value of the CTC count is well reported, and its current path
into the clinic is promising, it faces several roadblocks. The biological action and
prevalence of CTCs remain poorly understood. CTCs are not detected in all meta-
static or primary cancer patients, and CTC counts differ widely and this inter-patient
variability hinders broader application of CTC use in diagnostics. For example, the
CellSearch® system established threshold for prognostication is 5 CTCs in 7.5 ml
blood for metastatic disease, but the values for different patients vary from a few
cells to several hundred [73]. Another important biological consideration is CTC
clustering. The aforementioned strategies generally target single CTCs, but CTC
clusters are generally present in cancer patients’ blood and could potentially have
hold more clinical value than just a CTC count. CTC clusters have been found to
have up to 100 fold greater metastatic potential than individual CTCs, regardless of
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treatment method [92]. Thus, several microfluidic techniques have been introduced
to capture CTC clusters. For instance, thermosensitive 3D scaffolds coated with anti-
EpCAM antibodies [93] and a deterministic lateral displacement approach that
assesses and utilizes differences in cluster size and asymmetry for separation [94]
have been developed. Another research group has proposed a label-free microfluidic
system of bifurcating traps with a set of microscale triangular pillars for the physical
capture of CTC clusters [95]. Using this system, the researchers detected CTC
clusters in 30–40% of patients with melanoma, metastatic breast or prostate cancer,
and did so without needing to pre-process blood samples (such as RBC lysis). With
growing evidence of critical CTC cluster involvement in cancer disease progression
and metastasis establishment, development of such detection systems are crucial.
Overall, single and clustered CTC detection systems could potentially be used for
diagnostics and prognostics and some have already made their way into the clinic.

In conjunction with improved isolation techniques, there is noticeable progress in
comprehensive characterization methods for downstream CTC analysis [42]. CTCs
convey valuable information about the fundamental properties of the tumor, which
can be utilized for prognosis or informed treatment decisions. An excellent example
is the androgen receptor splice variant 7 (AR-V7) detection for metastatic castration-
resistant prostate cancer. In a multicenter clinical PROPHECY study, AR-V7
detected in CTCs was validated as a predictor of shorter progression-free and shorter
overall survival in patients treated with androgen receptor inhibitors [96]. It was
concluded that patients with AR-V7 positive CTCs should be offered alternative
treatments. CTC-derived gene expression signatures were predictive of therapy
response in multiple cancers, including melanoma [83] and in localized and meta-
static, prostate, [85] and breast [84] cancers. More advanced microfluidics-based
single-cell profiling methods also benefit CTC biomarker research. For instance,
breast cancer CTC and clustered CTC DNA methylation profiling revealed specific
hypomethylation signatures in CTC clusters leading to enhanced metastatic potential
[97]. Interestingly, an in vitro and in vivo (in mice models) Na+/K+ ATPase inhibi-
tion enabled breakup of the clusters and suppressed metastasis, highlighting a
potential therapeutic target in metastatic disease. In another study, using a PDX
model of TNBC and lung metastases, transcriptomic analysis revealed increased
expression of ICAM1 in metastases and in patient-derived CTC clusters
[98]. Importantly, ICAM1 expression blocking inhibited CTC cluster formation,
trans-endothelial migration and metastasis, revealing a fundamental and targetable
mechanism in metastasis. Since CTCs are the cells extravasating into the blood-
stream, an interesting microfluidics assay for phenotype determination and migration
potential evaluation has been recently developed [99]. In this system, CTCs are first
sorted by surface markers using labeled aptamers, and then these subsets are
separated based on migration potential in response to chemotactic stimuli. Another
interesting development worth mentioning is a microfluidic western blotting system
for protein detection in single (nonclustered) CTCs [100].

The non-invasive tumor characterization methods using microfluidics offer novel
high-throughput therapeutic target identification and treatment monitoring for
personalized therapy. The techniques reviewed in this section have brought the

20 Microfluidics for Cancer Biomarker Discovery, Research, and Clinical Application 509



CTC research closer to clinical use, however, efforts are needed to strengthen the
link between CTC characteristics and clinical applications, plus, the implementation
of standardization and quality assurance measures is necessary for assay reproduc-
ibility and robustness.

20.4 Circulating Tumor DNA

Cell-free DNA (cfDNA), first described more than 70 years ago in 1948 [101],
consists of various forms of partly degraded double-stranded DNA found in the
blood and other bodily fluids. The majority of cfDNA is released from dying cells
and is present in the bloodstream of healthy individuals. However, in cancer patients,
a small fraction of cfDNA originates from the tumor, which is termed circulating
tumor DNA (ctDNA). This biomarker has received enormous attention in the cancer
biomarkers field, owing to its non-invasive nature and promising clinical
applications [102, 103].

ctDNA profiling provides an appealing alternative to tumor tissue sampling, and
has already proven to be useful for fundamental cancer research, such as in the
detection of druggable targets and in identifying novel resistance mechanisms [104],
as well as for diagnostic and clinical prognostic purposes [103]. For instance, ctDNA
was utilized as a predictor of relapse in colorectal carcinoma, where 93% of patients
with detectable, patient-specific, mutated ctDNA post-surgery (where the surgery
had a curative intent) had relapsed within a year [105]. Furthermore, ctDNA
mutation profiling coupled with protein detection in a liquid biopsy was proposed
for early breast cancer detection and successfully detected malignancies across all
disease stages [106]. Importantly, ctDNA characterization is not limited to DNA
mutational profiling, which is the most popular strategy for diagnostics, but diverse
features of ctDNA can be analyzed, such as fragment sizes, methylation status,
nucleosome positioning and even transcription factor binding sites; these analyses
reveal valuable information about the tumor. For example, in colon cancer, tran-
scription factor binding sites inferred from ctDNA predicted tumor subtypes and
were used to detect early-stage cancer with >70% specificity [107]. In colorectal
cancer, a methylated marker set was used to detect cancer with 95% specificity, and
the abundance of methylated ctDNA correlated with disease stage [108]. Impressive
phylogenetic ctDNA analysis in lung cancers depicted tumor evolution and
associated ctDNA with clinical variables (e.g., tumor volume). Moreover, the
subclonal analysis using ctDNA provided insight into possible causes of disease
relapse and even predicted the site of relapse [109].

Despite the potential versatility of ctDNA testing, currently cell-free DNA assays
are approved only for companion diagnostic purposes for several specific cancers
and targeted therapies. For instance, in 2016, the FDA approved the cobas® EGFR
mutation test v2 as a companion diagnostic for plasma ctDNA EGFR mutations in
advanced-stage, non-small cell lung cancer (NSCLC) patients considered for treat-
ment with tyrosine kinase inhibitors (TKI) [110]. In 2019, the therascreen® PIK3CA
RGQ PCR Kit for detecting mutations in the PIK3CA gene in tumor tissue or plasma
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of advanced-stage breast cancer patients considered for treatment with alpelisib was
approved [111]. In 2020, the FDA approved the comprehensive genomic profiling
test Guardant360® CDx for NSCLC patients to predict the benefit to the drug
osimertinib [112]. The same year the FDA also approved FoundationOne® Liquid
CDx for personalized treatment in NSCLC, breast, ovarian, and metastatic
castration-resistant prostate cancers [113]. All of these tests are limited to mutational
profiling; furthermore, if a patient tests negative for the mutations in ctDNA,
additional tumor tissue profiling is necessary. Hence, the full potential of the
ctDNA biomarker is yet to be implemented in clinical settings, along with robust
techniques for diagnosis, prognosis, and treatment selection utilizing ctDNA.

Microfluidics has greatly advanced the field of cfDNA research, where digital
droplet PCR (ddPCR) has been the enabling technology for high-sensitivity and
specificity targeted DNA analysis. Using a microfluidic device, highly diluted DNA
is isolated into microdroplets together with PCR reagents and fluorescent probes for
mutation detection. The emulsion of droplets is then thermocycled after which the
fluorescence of each droplet is measured [114]. By counting the number of positive
and/or negative droplets, the absolute copy number of nucleic acids in a sample can
be precisely quantified. For instance, in a prospective phase II Unicancer Prodige-14
Trial, the ddPCR detected specific KRAS mutations in colorectal cancer patients
with 91% sensitivity [75] compared to other PCR-based assays with a mean sensi-
tivity of 67% [115]. The ddPCR assays are commercially available (i.e., the fully
automated BioRad QX ONE ddPCR system that launched in 2019), making them
readily accessible to researchers and clinicians. In addition, several in vitro diagnos-
tic tests utilizing the ddPCR technology (e.g., SAGAsafe® EGFR T790M mutation
detection kit for lung cancer diagnostics) offer an unprecedented detection limit of
0.0037% mutant allele frequency. Another droplet microfluidics system built on the
Bio-Rad QXDx BCR-ABL %IS kit, showed 1–2 log improved sensitivity in chronic
myeloid leukemia as compared to the standard RT-qPCR assay. Thus, ddPCR
technology can be applied for diagnostics [108], prognostics [116] and treatment
selection [75]. It is expected that this microfluidic technique will soon become a
routine clinical evaluation procedure for cancer patients.

Notwithstanding the sensitivity and applicability of ctDNA analysis techniques
such as ddPCR, the performance of these assays relies on the quality of the sample,
which is heavily influenced by the collection and isolation methods. ctDNA is
particularly difficult to isolate efficiently due to its very low quantities (typically a
few ng/ml), the masking of rare mutant molecules by non-tumor cfDNA (ctDNA
comprises only about 0.1–5% cfDNA depending on stage and type of tumor [102])
and the short fragment size (for cancer patients approximately 50–170 bp
[117, 118]). The standard DNA isolation techniques, which involve many manual
handling steps, increase the risk of sample loss, contamination, and technical biases.
Thus, microfluidic isolation approaches that offer easy automation, low-volume
sample processing, reduced reagent costs and operation times are being actively
developed [119–122]. For instance, a solid phase extraction microfluidic device
consisting of micropillar beds with photoactivated surface carboxylic groups, recov-
ered over 70% of 50 bp DNA fragments, significantly outperforming commercial
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DNA extraction kits [119]. Another promising system is the microfluidic vortex and
gradient magnetic-activated cfDNA sorter for on-chip cfDNA isolation using mag-
netic beads in only 19 minutes [120].

Importantly, microfluidic platforms combining ctDNA extraction with down-
stream analysis such as ddPCR are also under active development. For example,
an integrated DNA extraction and detection workflow was built on two microfluidic
chips: the first was for capturing ctDNA on the surface of positively charged beads
and the second, for direct emulsification of eluted ctDNA with ddPCR reagents
[123]. This system detected mutations in breast and colon cancer patients’ ctDNA,
although the DNA extraction efficiency was only 64%, and mutations were not
detected in all patients with known somatic variants in tumor tissue. A promising
integrated droplet digital PCR device (ddPCR) consisting of macroscale liquid
compartments; macro-, meso-, and micro-mixers; a microfluidic chip; heater and
fluorescence-detection optics has been developed [124]. In this device, a 2 ml plasma
sample is mixed with magnetic beads for ctDNA isolation; next, the eluted sample
plus the ddPCR reagents are subjected to droplet generation on-chip, after which the
emulsion is thermocycled directly in the device; lastly, the droplets containing the
amplified DNA are passed through a detection channel for on-chip fluorescence
readout. The device was shown to detect known biomarkers (mutations) in samples
with as low as 1% mutant DNA spiked-in healthy-donor plasma, although clinical
cancer patient samples were not analyzed. These integrated “sample-to-answer”
approaches offer minimal manual sample processing and high throughput, thus,
with considerable improvements expected in the near future, they hold much
potential for clinical applications.

For ctDNA screening to become a standard practice, certain biological and
technical challenges must be overcome. For instance, the current screening practice
focuses on known tumor, tissue-derived mutations, but not all patients have detect-
able ctDNA with recognizable mutations, or detectable ctDNA at all [109]. Also, as
demonstrated previously, the mutated cfDNA can be released not only by a tumor,
but also by hematopoietic cells, a phenomenon known as clonal hematopoiesis of
indeterminate potential (CHIP) [125]. Ultra-deep sequencing of cfDNA and WBCs
from healthy donors and cancer patients show that more than 53% of cfDNA
mutations in cancer patients are due to CHIP, thus highlighting the importance of
implementing matched cfDNA-WBC controls for accurate data interpretation in
future studies [126]. Important prerequisites for clinical ctDNA analysis application
include proof of clinical validity and utility in large cohorts as well as pre-analytical
and analytical variable standardization. Initiatives such as the CANCER-ID consor-
tium, a public-private partnership supported by Europe’s Innovative Medicines
Initiative (IMI), have been established to resolve these challenges [127] and will
hopefully fuel the translation of ctDNA research.
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20.5 Microfluidics for Personalized Medicine

The advent of immunotherapies and targeted therapies has revolutionized cancer
treatment. However, cancer therapy success varies between patients, even those with
the same disease type and stage, mainly due to tumor heterogeneity [128]. Thus, the
concept of personalized medicine has come into focus. Precisely tailored treatment
regimens, adjusted over a course of disease could maximize the efficacy of existing
therapies. Current biomarker profiling strategies, such as assessment of specific
mutations in tumor tissue, CTCs, or ctDNA, have demonstrated great utility for
treatment selection, yet only for a small fraction of cancers and only for specific
treatments.

Therefore, fast and robust approaches to determine tumor sensitivity to specific
drugs directly on patient biospecimens are of great interest and hold great promise.
Microfluidics offers a platform for drug screening using very limited patient material
such as tissue biopsy or primary cells. For example, Stevens et al. presented a
microfluidic system to determine the therapeutic sensitivity of single cancer cells
by using a microchannel resonator that measures cell mass and mass accumulation
rate (MAR) [129]. Decreased MAR indicated positive reaction to therapeutics in
acute myeloid leukemia patient cells, although the measurement was not direct
because primary cells underwent a period of in vitro culture. Another interesting
example of personalized drug screening is a fully automated plug-based microfluidic
platform developed by Eduati et al. [130]. In this system, cells are encapsulated into
droplets termed “plugs” in a density of about 100 cells per plug together with a drug
(or combination of drugs) and fluorescent apoptosis reporter compound. Tubing
containing the plugs is then incubated for 16 hours at 37 �C after which the cell death
fluorescent readout is measured. The system’s utility was demonstrated using
biopsies from pancreatic cancer patients, and the results underscored inter-patient
variability, which further emphasized the importance of personalized drug screening
approaches. The authors claim that the entire workflow can be completed within
48 hours for less than US $150 per patient, thus opening a path for the translation of
the technology to clinical applications.

The complex tumor microenvironment can alter the patient’s response to thera-
peutic agents, therefore, systems mimicking the in vivo conditions are also desired.
Microfluidics are particularly suited for such application; numerous studies are
ongoing on organoid, tumoroid and even multi-organ in vitro systems have been
reported [43, 44, 131] that can be utilized not only to advance the fundamental
knowledge of cellular interactions and behavior, but also various compounds in
exploratory (e.g., drug development) and applied (e.g., personalized medicine)
settings. Tumor organoids have been widely used for personalized testing of avail-
able and emerging therapies such as various chemotherapies [45, 132–134],
immunotherapies [135, 136] and chemoradiation [137], but most methods used
lack standardization and reproducibility required for wider applications.
Microfluidic techniques could help resolve these issues. For instance, Ruppen
et al. developed a microfluidic system for generating highly homogeneous cancer
spheroids trapped in microwells for drug testing [133]. They generated co-culture
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spheroids from primary lung cancer cells and pericytes, and demonstrated that
pericytes act as a barrier to cancer cells, ostensibly protecting them from the negative
effects of chemotherapy. Recently Schuster et al. presented a fully automated, high-
throughput microfluidic organoid culture system for individual, combinatorial, or
sequential drug screening with real-time fluorescent imaging [45]. The system
consists of 200 well chambers that enable culturing organoids for ten different
patients simultaneously in up to 20 different conditions. The robustness of this
system was demonstrated by generating patient-derived pancreatic tumor organoids,
and the results once more underscored significant inter-patient response variability to
various treatments.

As in any other model system, cancer organoids have several limitations that
hinder further application in biomedicine. The protocols of tissue handling and
culture environment are ill-defined; homogeneity of organoids is difficult to achieve,
especially since most protocols rely on cell self-organization. The culture poorly
resembles the tumor microenvironment and lacks stromal cell populations and an
immune compartment; extracellular matrices and media formulations need
standardization; success in creating throughput, robustness, and reproducibility,
despite several research attempts, has been low. An interesting attempt to overcome
these limitations was presented recently: a multi-well microfluidic platform to
culture tissue pieces called cuboids [138]. In a proof-of-concept study, mouse liver
tissue was cut into uniform-sized cubical pieces that were immobilized in a
microfluidic chip for culture with cancer drugs. The system preserved the unique
tissue architecture and maintained the original cellular composition, however, it
remains to be determined whether such an approach could be applied to tumor tissue
culture.

Nonetheless, the personalized drug testing strategies have much potential to
revolutionize cancer treatment. Microfluidic approaches that offer high-throughput,
rapid clinically relevant analysis, highly controlled conditions, robustness, and
reproducibility are likely to be employed, however, interdisciplinary effort from
clinicians, bioengineers, and biologists is necessary for further implementation and
transfer to clinical settings.

20.6 Challenges for Application of Microfluidics

Despite the major advancements in applying microfluidic techniques for cancer
biomarker research, several technical challenges need to be addressed prior to
transfer to clinical applications.

Standardization Currently, the majority of microfluidic systems are prototypes
developed primarily by academic labs for a broad range of applications, each of
which requires specific materials such as coatings, beads, surfactants, oils, and so
on. The versatility of microfluidics technology is what makes it so applicable to
different fields, but also what hinders the transition from the proof-of-concept stage
to broader applications following commercialization. All aspects of microfluidics
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remain to be standardized—from material selection to manufacturing, device opera-
tion, measurable system parameters for different applications, testing methods and
even the most basic processes such as long-term storage requirements and shelf life
[139]. A non-profit organization, the Microfluidics Association [140] promotes
microfluidics standardization focusing on the interoperability of microfluidic
devices. Another entity, the International Organization for Standardization, launched
an initiative “ISO/PRF 22916 Microfluidic devices—Interoperability requirements
for dimensions, connections and initial device classification” [141], which aims to
create certified microfluidic standards useful for both academic labs and established
companies to help accelerate the commercialization and development of the
microfluidic devices.

Failure Modes and Performance To address microfluidics standardization, failure
modes and assessment of device performance first need to be determined. Failure
modes can relate to fabrication, design, usage or even the environment
[139]. Regardless of the many issues related to the biological side of assays,
currently, most failure modes for microfluidic devices are related to clogging, bubble
formation, leakage, cross-contamination, coating, cracking, and delamination. The
major barrier to establishing methods to avoid these complications is that, generally,
such issues remain under-reported, especially in academia. Similarly, certain perfor-
mance parameters need to be established to reliably compare the assays.

Materials and Manufacturing The majority of microfluidic devices used for the
novel biomarker assays are manufactured in research laboratories using sophisti-
cated techniques (e.g., soft photolithography) that require many hours of skilled
hands-on labor. Also, the materials used are compatible with a small-scale produc-
tion only. For instance, the standard material for microfluidics chip fabrication is
polydimethylsiloxane (PDMS), which is not suitable for mass production. More-
over, it comes with some technological caveats, such as leeching of uncured
oligomers and absorption of hydrophobic molecules [142], which might compro-
mise the biological assay performed.

Cost Microfluidic systems generally are very cost efficient in term of the reagents
and biological material used. However, chips are designed to be disposable, thus, for
in vitro diagnostic purposes and clinical accessibility, stringent cost targets must
be met.

Sample Quality Even the best analytical systems will not deliver reliable results if
sample quality is low. In all biological assays, high sample quality is of extreme
importance as is a degree of standardization for sample collection and processing.
For instance, effort was put into creating a whole blood stabilization method for
preserving viable rare cells (e.g., CTCs) for up to 72 h [86], but to be useful, such
efforts must be widely accepted by the research and clinical communities.

The FDA’s Center for Devices and Radiological Health ensures patient access to
safe and effective innovative devices. The Office of Science and Engineering
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Laboratories has launched a Microfluidics Program that focuses on regulatory
science research in preclinical testing, device quality and performance. The
program’s goal is to fill the regulatory gaps by fostering microfluidic device devel-
opment, innovation and assessment, as well as to prepare regulatory agencies to
address challenges specific to microfluidic devices throughout the medical device
lifecycle [143] and across the industry. Hopefully, the regulatory aspects of
microfluidic devices and standardization issues will be resolved soon, opening up
the era for microfluidic technology for clinical purposes.

20.7 Future Prospects

Innovative microfluidic methods enabling single-cell and single-molecule analysis
have substantially advanced our understanding of fundamental mechanisms of
tumorigenesis, metastasis, cellular diversity and interactions in the tumor microen-
vironment, immune evasion and therapy resistance. Using this knowledge, therapies
directed at novel targets such as tumor-associated cells are being developed, and new
biomarkers for disease progression and therapy responses are under active explora-
tion. Microfluidics-based technologies will remain instrumental in advancing single-
cell biomarkers and analytics for the foreseeable future. In particular, the innovations
in single-cell isolation methods, molecular indexing, computational algorithms and
sequencing will expand our ability to detect and analyze multiple genomic
modalities at the individual cellular level and to do so in a high-throughput fashion
[31, 32, 144]. As multi-omics techniques will continue to advance they will further
deepen our understanding of the fundamental processes behind cancer biology, from
disease initiation to metastasis, and will greatly enhance translational medicine.

The exploration of non-invasive biomarkers such as CTCs and ctDNA using
microfluidic techniques is on the brink of widespread clinical application. Due to the
minimally invasive nature of liquid biopsies, especially when combined with fast,
high-throughput robust analysis offered by microfluidics, circulating biomarker
screening will likely become standard practice for patient stratification and disease
monitoring. Since certain tumor biomarkers such as ctDNA, RNAs, and exosomes
can be detected beyond the blood, in other bodily fluids such as saliva and urine, we
expect that microfluidic technologies for analyte detection in these samples will
emerge soon.

Another interesting prospect that is gaining increased attention is the integration
of computational techniques such as artificial intelligence and machine learning into
biological sample analysis [11]. Some impressive examples have emerged, such as
the PanSeer, the ctDNA methylation test and machine learning classification method
that can detect malignancy even up to four years prior to conventional cancer
diagnosis [145]. However, the clinical utility of such systems remains to be
established.

Low-cost, high-throughput, sensitive, and robust microfluidic solutions, com-
bined with computational advances have great potential to fuel personalized medi-
cine and shape the future of clinical practice.
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Methods for the Detection of Circulating
Biomarkers in Cancer Patients 21
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Abstract

Liquid biopsy has emerged as one of the main pillars for personalized oncology.
The term englobes body-fluid samples which contain tumor-derived material
such as circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and
circulating extracellular vesicles (cEVs). Potential clinical application of liquid
biopsy analyses includes cancer screening, detection of minimal residual disease
and recurrence, therapy selection, and evaluation of acquired resistance. Despite
the great developments of technology focused on circulating biomarkers charac-
terization only cfDNA testing is nowadays implemented for the therapy selection
in some advanced tumors. This can be partially explained by the fact that there is
still a lack of global standardization of procedures both in the pre-analytical and
analytical steps. In the present chapter, we summarize the different strategies for
addressing the study of liquid biopsy taking into account their pros and cons to be
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applied in a clinical context and we also discuss the main technical and clinical
challenges in the field of circulating biomarkers and personalized oncology.

Keywords

Circulating tumor biomarkers · Liquid biopsy · Personalized oncology ·
Circulating tumor cells · Extracellular vesicles

21.1 Introduction: Clinical Relevance of Liquid Biopsy
for Personalized Oncology

Advances in molecular biology have clearly changed the way to manage cancer,
allowing us to coin the term “personalized oncology.” This term refers to the
individualized diagnosis, treatment and disease monitoring based on the specific
molecular characteristics of each tumor [1]. In this context, the analysis of tissue
remains the gold standard for making cancer diagnosis and characterization, but this
procedure has limitations such as access difficulty, mainly to biopsy metastasis, the
lack of representativity of the tumor heterogeneity and the possibility of follow-up
the clonal evolution under the therapy pressure [2]. Therefore, the analysis of
circulating biomarkers has emerged as a key tool reaching more personalized
management of cancer patients [3].

The term “liquid biopsy” was first used by Pantel and Panabiéres in 2010 to refer
to the analysis of circulating tumor cells (CTCs) in blood from cancer patients
[4]. Currently, the concept is generally employed to talk about the sampling and
analysis of tumor-derived material present in different body-fluids, mainly blood, but
also other body fluids such as saliva, urine, cerebrospinal fluid, ascites, or pleural
effusions [3]. Circulating biomarkers present in fluid biopsies comprise CTCs,
circulating tumor DNA (ctDNA), circulating cell-free RNA (cfRNA), circulating
extracellular vesicles (cEVs), and other circulating elements such as immune cells or
tumor-educated platelets, among others. These circulating biomarkers have shown
great potential for cancer screening, molecular diagnosis, predicting the patients’
prognosis, assessing minimal residual disease after surgery, the therapy selection/
monitoring and for characterizing the mechanisms of resistance in different tumor
types [3].

In the clinical setting, ctDNA has been recently implemented to analyze driver
mutations that condition the response to targeted therapies and some molecular tests
have been approved as a companion diagnostic in the context of advanced breast,
non-small-cell lung (NSCLC), prostate and ovarian tumors. NSCLC was the first
tumor in which the analysis of ctDNA for tumor phenotyping was included in the
guidelines. Thus, genomic alterations in EGFR, ALK, ROS1, BRAF, MET, and RET
must be analyzed in tissue or ctDNA to determine the appropriate treatment [5]
(National Comprehensive Cancer Network (NCCN). Non-Small Cell Lung Cancer.
Version 4.2020. NCCN Clinical Practice Guidelines in Oncology. Accessed January
6, 2020. nccn.org/professionals/physician_gls/pdf/nscl.pdf). In advanced breast can-
cer, NCCN guidelines recommend the analysis of PIK3CA status using tissue
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samples or ctDNA to guide the administration of Alpelisib [6] (National Compre-
hensive Cancer Network (NCCN). Invasive Breast Cancer. Version 4.2020. NCCN
Clinical Practice Guidelines in Oncology. Accessed January 6, 2020. nccn.org/
professionals/physician_gls/pdf/breast.pdf). Also, in advanced colorectal cancer,
several studies have highlighted the feasibility of interrogating RAS and BRAF status
to guide anti-EGFR therapy [7, 8]. The value of ctDNA analyses for the response
assessment has been reported in many tumors such as melanomas or breast cancer,
and for different targeted and non-targeted therapies [9–12]. Plasma ctDNA has been
also explored as a prognostic biomarker to stratify the risk of recurrence in localized
tumors after curative surgery, indicating those patients with a need of more intensive
adjuvant therapy [13, 14]. In the same line, cfDNA studies have shown value as
diagnostic tools. For this purpose, the identification of methylated patterns has been
successfully applied to detect the presence of different tumor types [15]. Actually,
the detection of methylation in the promoter region of the SEPT9 gene in plasma
cfDNA (Epi proColon test) represents the first blood-based test approved by the
FDA for the screening of CRC [16, 17].

CTC research is considered the start-point of the liquid biopsy field. Early in the
formation and growth of a primary tumor, cells are released into the bloodstream.
Several groups are studying the clinical benefit of CTC monitoring [18]. CTCs have
been validated as a prognostic marker in metastatic breast cancer and other solid
tumors such as prostate, colorectal, and lung cancer, showing even more accuracy
than conventional imaging methods for response evaluation [19]. However, there are
still technical challenges to using CTC monitoring to detect minimal residual disease
in patients at early stages. On the other hand, the molecular characterization of CTCs
is of great interest to guide the selection of targeted therapies since it allows
clinicians to have a dynamic view of different molecular targets such as ERBB2,
EGFR, AR or PD-L1, among others [19, 20].

On the other hand, the field of cEVs and miRNAs is continuously increasing due
to their relevant function during the process of carcinogenesis and tumor spread.
They can be detected in different body fluids and have shown great potential as
cancer biomarkers for diagnostic and prognostic purposes. In particular, EVs contain
both proteins and nucleic acids that can serve to increase tumor detection sensitivity
[21, 22]. However, one of the main limitations for cEVs based approaches is the
absence of tumor-specific markers to identify the tumor-derived EVs. Only hot shot
protein 60 (HSP60) and Glypican-1 (GPC1) have been identified as potential
identifiers for detecting EVs from colorectal, pancreatic, and breast cancer detection
[23]. Thus, studies based on cEVs and in fluid samples are still in an infancy stage
and further validation in clinical studies is required to clarify their impact on
precision oncology.

Finally, other blood elements such as tumor-educated platelets (TEPs) or the
different circulating immune cells have been evaluated as liquid biopsy biomarkers
for prediction or monitoring of therapy responses, but their application is still far
from the clinical routine [24, 25].

In the present chapter, we summarize the analytical strategies developed to
interrogate the presence of CTCs, ctDNA, and cEVs as the main type of circulating
markers with clinical interest for personalized oncology.
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21.2 Strategies for CTCs Isolation and Characterization

Circulating tumor cells are present in the bloodstream at a low proportion, about
1 CTC per 106–107 leukocytes [26] and with a very short half-life (1–2.4 h)
[27, 28]. Due to the low concentration in blood, CTCs identification and characteri-
zation require methods with high analytical sensitivity and specificity [28], being
their isolation technically challenging. In the last years, a high number of promising
CTC-detection technologies have been developed, focused on the differential
features between CTCs and the surrounding normal blood cells, including physical
properties (size, density, electric charges, deformability) and biological properties
(cell surface protein expression, viability) [29]. Here, we divide the different
methods to enrich CTCs into two main principles: antigen-dependent methods and
antigen-independent methods (Fig. 21.1).

21.2.1 CTCs Isolation Strategies

21.2.1.1 Antigen-Dependent
Antigen-dependent isolation approaches are the most common methods employed
and they are based on the presence of specific surface markers by CTCs (called
positive enrichment) or by blood cells (negative enrichment).

Positive enrichment, the most employed strategy is usually carried out using
antibodies that recognize epithelial cell adhesion molecule (EpCAM) [29] conju-
gated with magnetic nanoparticles. Among the current EpCAM-based technologies,
CellSearch® system (Menarini, Silicon Biosystem, Bologna, Italy) [30] has become
the “gold standard” for the CTC-detection methods. CellSearch® system employs
anti-EpCAM-coated ferrofluid nanoparticles for the selection of EpCAM positive
cells. Next, an immunostaining step discriminates CTCs from leukocytes based on
the positive expression of cytokeratins and the absence of CD45 staining together
with morphologic criteria. Although a high number of alternatives that employ
magnetic nanoparticles conjugated with anti-EpCAM antibodies are also available
[31], until now CellSearch® system is the unique method approved by the Food and
Drug Administration (FDA) for clinical use in metastatic breast, prostate and
colorectal cancer [32–34].

Recently, new positive enrichment methods are being developed, in which the
specific surface markers are immobilized on the surface of microfluidic chips [31] to
increase the contact between the cells and, therefore, to enhance capture efficiency.
However, the isolation in all these approaches is based on the EpCAM expression,
therefore they are not able to detect CTCs that show no EpCAM expression, for
example, CTCs of non-epithelial tumors such as sarcomas or CTC that have
undergone epithelial-to-mesenchymal (EMT) transition [35, 36].

Negative enrichment methods employ magnetic nanoparticles conjugated with
antibodies against the common leukocyte antigen CD45 [37] or other antigens
expressed in blood cells and represent a good alternative to avoid the limitations
of the EpCAM-dependent isolation. They allow isolating CTCs independently of
any CTC surface marker expression however due to the low proportion of CTCs and
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the recent observation that CTCs travel into the bloodstream coated with blood cells
[38], the resulted recovery rate is often relatively low [31].

21.2.1.2 Antigen-Independent
Antigen-independent methods are based on physical properties of CTCs such as
density, electric charges (DEP, dielectrophoresis), size, and deformability, among
others. The principal advantage and difference with the antigen-dependent methods
are that they do not require specific surface markers on CTCs, so they also allow the
isolation of CTCs with a low epithelial phenotype. Density-based methods were the
first techniques developed. These methods allow to processing of high volumes of
blood (about 25 mL) with a quick processing time; however, they generally show a
low efficiency and purity of the sample obtained [31]. The size-based methods are
the most common. They are based on the fact that tumor cells are larger than blood
cells [39, 40] and, therefore, they can be isolated using filter-based strategies (such as
ISET assay (Rarecells Diagnostics, Paris, France) [41]), microfluidic chips (such as
Parsortix system (Angle, UK) [42]) and methods based on centrifugal forces
[43]. The different charges between blood cells and CTCs can also be employed in
their isolation. DEP field forces are employed to move CTCs independently to other
blood cells, being a highly specific method [44].

Antigen-independent methods are generally easy to implement, however they
depend on the availability of advanced materials or assistive engineering
technologies for better clinical application [20]. Interestingly, new methods combin-
ing antigen-based capture with the advantages of microfluidics methods, such as
CTC-iChip are being developed for increasing the isolation efficacy [45]; however,
nowadays a robust and standardized platform to capture CTCs for clinical applica-
tion remains a challenge.

Finally, it is important to remark that small volumes processed with the methods
here described may be a serious limitation for the detection of these rare events,
especially in cancer patients without metastases, in which the number of CTCs is
expected to be very low. To solve this problem, some “in vivo” approaches such as
GILUPI Nanodetector® [46] or Diagnostic leukapheresis (DLA) can be
employed [47].

21.2.1.3 Single CTCs Isolation
After enrichment, the CTC fraction usually still contains a substantial number of
leukocytes [29]. This background of leukocytes is seen in all CTC enrichment
platforms being the posterior molecular analyses of CTCs a challenge. Therefore,
after the detection of CTCs, there are some platforms that allow the isolation of pure
CTCs at a single level by the use of micromanipulation or via dielectron force
manipulation (such as the DEPArray system (Menarini, Silicon Biosystem, Bologna,
Italy), among other strategies [48].
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21.2.2 CTCs Characterization

After enrichment, a variety of approaches can be employed to distinguish and
characterize the CTCs. Analysis of CTCs at the proteome, genome, and
transcriptome level provides valuable information about the molecular heterogeneity
of these cells and more precise characterization of the disease [49]. Furthermore,
CTCs can also be used for functional studies “in vitro” and “in vivo” models,
allowing to study the biological process and characteristics of CTCs as well as test
the response to different therapies.

21.2.2.1 Protein Expression
After enrichment, immunohistochemical or immunofluorescent (IHC or IF) assays
can be used to distinguish CTCs from nonspecifically captured cells. The most
commonly used antibodies are cytokeratins combined with markers such as CD45
that identify the background blood cells [50]. In addition, other surface proteins can
be analyzed by IF that could be key candidates for targeted therapies. Thus, certain
protein expression in CTCs has been studied, such as PD-L1 in lung cancer patients
[51] and ER and HER2 in breast cancer, among others [52]. In addition, a
microfluidic western blot technology for proteomic phenotyping of CTCs has also
been developed, however, the number of proteins included is scarce [53].

21.2.2.2 Genomic Analyses
Genomic analyses at the DNA level allow for the detection of driver mutations in
enriched CTCs samples [54]. Real-time polymerase chain reaction (RT-PCR),
digital droplet PCR (ddPCR), and next-generation sequencing (NGS) are the most
employed methods; however, results obtained present a low sensitivity because of
“masking” the tumor profile by wild-type DNA from leukocytes [55].

More comprehensive analyses can be carried out using CTCs isolated at a single
level followed by amplification of the whole genome, providing a valuable tool in
order to know more about the heterogeneity of the tumor [55], as well as to predict
the response of therapy. For example, the genomic profile of single CTCs can be
employed to generate a copy number abnormalities (CNA)-based classification that
can differentiate chemosensitive from chemorefractory patients in small cell lung
cancer [56]. In contrast, technical limitations of CTCs isolation efficiency and the
difficulties of performing whole-genome analyses on rare cells have limited the
number of CTCs genomic profile studies [50] in comparison with cfDNA studies.

In another hand, gene-expression analyses in CTCs could be useful to know the
nature and extent of tumor heterogeneity, linking phenotypic differences with
genetic and epigenetic aberrations [57]. However, RNA is less stable and more
difficult to preserve in comparison to DNA. Hence, RNA degradation constitutes a
major challenge for CTCs analyses in multicenter clinical studies. Until now few
single-CTCs transcriptome studies have been performed.
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21.2.2.3 Functional Analyses
CTCs can also be characterized in functional studies. Some strategies for CTCs
isolation offer the possibility to isolate viable CTCs and apply innovative culturing
technologies to study fundamental characteristics of CTCs such as invasiveness,
kinetic activity, and responses to different therapies [28]. In vitro models have been
successfully reported, however, to obtain a cell culture high number of CTCs are
required, and few patients have the CTCs number required. So far, it has been
possible to obtain a short-term and long-term expansion of CTCs from breast,
colorectal, lung, and prostate cancer, among others [58]. These cell lines can be
used for drug screening, but the process of establishing these cell lines is not yet
rapid enough to enable studies to inform treatment decisions for the donor
patient [59].

In another hand, CTC-derived explant (CDX) models have emerged recently. For
their generation, CTCs are enriched from the blood of patients and injected into
immunocompromised mice to generate tumors and expand the initial material. Thus,
CDXs constitute a valuable tool for clinical drug development [60]. These CDXs
have been successfully generated in small cell lung [61], colorectal [62], breast [63],
and prostate cancer [64], among others. Their main limitation is the time required to
develop the CDXs models, usually several months.

21.3 Strategies for cfDNA/ctDNA Characterization

Although the mechanisms by which this tumor DNA reaches the circulation are not
fully described, there are currently two accepted processes to explain its release. The
passive mechanism implies that cells release DNA into the circulation as a conse-
quence of cell death phenomena (necrosis or apoptosis). In this sense, the usual size
of ctDNA is 167 bp, in line with the size of nucleosomal DNA that normally appears
in apoptotic phenomena, but fragments that represent nucleosomal dimers or trimers
can also appear. The second mechanism that allows the appearance of DNA in
circulation is associated with an active release by tumor cells and may constitute a
communication mechanism, although this process is not known in detail
[65, 66]. Once in circulation, cfDNA is eliminated in the liver, kidney, and spleen,
with an approximate half-life in the circulation of 16 min [66]. In cancer patients,
ctDNA is found in a variable but normally very low (1–0.01%) percentage in relation
to all cfDNA, which is usually less than 1 ng/μL. As already mentioned, this fraction
varies depending on the stage, location, or degree of vascularization of the tumor, but
also other physiological conditions such as tissue damage or marked exercise. Thus,
tumors with multiple metastatic locations and highly vascularized will have higher
levels of ctDNA [67].

21.3.1 cfDNA Isolation and Quantification

Before describing detection techniques, it is important to focus on cfDNA isolation
methods. For plasma isolation, the most recommended protocol includes double
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centrifugation: the first centrifugation at 1200/1600�g for 10 min and then the
second centrifugation at 5000/6000�g for another 10 min to ensure the elimination
of any cellular debris. Once the plasma is isolated, it must be stored at �80 �C until
its use and avoid several processes of freezing and thawing of the sample
[51, 68]. For cfDNA isolation, we can use traditional extraction methods such as
phenol-chloroform or alcoholic precipitation, which normally have very high yields.
However, these approaches require more processing time than commercial extrac-
tion kits, which are mainly based on affinity columns, magnetic particle capture,
capture by filtration, and methods based on the phenol-chloroform strategy. There
are several studies that have compared the efficiency of different commercial
isolation kits [68, 69]. The main differences observed between them are the recovery
efficiency and the size of the isolated fragments. In some studies, the recovery results
have been favorable to kits that use magnetic particles, such as MagNA Pure (Roche
Diagnostics, Basel, Switzerland), compared to those that use affinity columns. One
of the most widely used column-based isolation kits is the QIAamp DNA Blood
Mini Kit (Qiagen, Hilden, Germany), which has shown cfDNA recoveries of
80–90%. Another column kit that has shown good results is the NucleoSpin Plasma
XS (Marcherey Nagel, Düren, Germany), which is capable of recovering DNA
fragments >50 bp in very small volumes [70].

Four main strategies are commonly used to characterize the concentration and
size of isolated cfDNA: spectrometry, fluorometry, electrophoresis, and PCR-based
techniques. The most specific and sensitive of the four options is the assessment of
cfDNA quantity by PCR-based strategies to detect conserved sequences in the
genome [71].

21.3.2 ctDNA Characterization

CfDNA analyses allow to identify mutations of interest (including resistance
mutations) to guide the therapeutic decisions in several cancer types [72], the
detection of cancer at early stages and the presence of minimal residual disease
[59, 73, 74] as well as the assessment of the tumor mutational burden [75].

Thus, after isolation, ctDNA can be assessed to investigate for molecular
alterations by two different approaches: single-gene analysis (PCR-based methods)
or genome-wide analysis (through NGS strategies) (Table 21.1). During the last
years, the development and improvement of these technologies has allowed the
implementation of ctDNA analyses into the clinical routine. Thus, four tests have
been approved by the FDA for clinical use. Two PCR-based assays, the
therascreen® PIK3CA PCR Kit (Qiagen, Hilden, Germany) for breast cancer
patients [76] and the Cobas® EGFR Mutation Test v2 (Roche Molecular Systems,
Inc., Basel, Switzerland) for NSCLC patients [77] and two NGS-based assays, the
FoundationOne Liquid CDx test (Foundation Medicine, Inc., MA, EEUU) for
patients with solid malignant neoplasm [78] and the Guardant360 CDx (Guardant
Health, Inc., CA, EEUU) for NSCLC patients [79]. All of the kits allow identifying
patients who may benefit from treatments based on specific targeted therapies.
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However, due to the low concentration of ctDNA in total cfDNA, ctDNA
analyses involve a challenge for detecting genetic alterations (point mutations,
CNAs or small indels) at the early stages of tumor development [80]. Epigenetic
analyses on cfDNA have increased relevance to improving ctDNA detection in the
early phases of the disease.

21.3.2.1 PCR-Based Techniques
PCR-based techniques were the first assays that allow to detect single or a low
number of point mutations using highly sensitive and specific techniques with a
rather fast and cost-effective rate. Real-time PCR (RT-PCR) was the first assay
employed, reporting specific known mutations, but with a limited sensitivity
(0.1–1%) [81]. In the last years, new technologies such as digital PCR (dPCR)
methods, which include droplet digital PCR (ddPCR) and BEAMing (beads,
emulsions, amplification and magnetics), showed high concordance with results
obtained in tumor tissue [8, 82], and improved the sensitivity (0.01–0.1%) and
specificity (100%).

Nevertheless, the main limitation of ctDNA analyses using PCR-based
techniques is the requirement of previous information about the tumor type and
the mutations characterizing this tumor. Therefore, PCR-based techniques are com-
monly employed to select targeted therapies, monitor the patients’ evolution or
detect resistant mutations during the treatment.

21.3.2.2 NGS
The second approach is focused on a genome-wide analysis of CNAs or point
mutations through next-generation sequencing (NGS) strategies. Based on the
assay panel size, there are single-locus/multiplexed assays, targeted sequencing,
and genome-wide sequencing [83]. Genome-wide characterization allows a more
complete and patient-specific genotyping to assess tumor heterogeneity and to
follow the clonal evolution across the treatment [83]. The principal limitations of
NGS-based strategies are the high cfDNA input requirement and general present
lower specificity (80–99%) [67, 81].

Table 21.1 Summary of the most common strategies for the ctDNA analysis

Method Platform Sensitivity Specificity Limitations

PCR-
based

RT-PCR 1–0.1% 99% Detects only known mutations;
medium sensitivity

ddPCR 0.01–0.1% 100% Detects only known mutations; limited
in multiplexing

BEAMing 0.01% 100% Detects only known mutations

Genome
wide
analyses

NGS
panels

> 0.4 > 99% High ctDNA input; bioinformatic
interpretation

WGS/
WES

0.02% 80–90% High ctDNA input; bioinformatic
interpretation; higher risk of false
positives
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Among these approaches, ctDNA can be analyzed by specific panels covering a
high number of targeted genes (by NGS panels) or analyzing the total genome by
whole-genome sequencing (WGS) or whole-exome sequencing (WES). WES and
WGS based methods allow the detection of all possible aberrations in DNA,
although it has limited analytical sensitivity in cfDNA applications. This phenome-
non could be due to the efficiency by which the genetic regions of interest can be
captured/enriched from cfDNA and the higher error rate of sequencing
reactions [84].

21.3.2.3 Epigenetic Alterations
In addition to genetic alterations, different types of epigenetic marks have been
explored in cancer as specific to the malignant process. These marks have been
mainly explored in tissue samples but their interest in cancer diagnosis and monitor-
ing using liquid biopsy has increased exponentially during the last 5 years [85].

DNA methylation is the most studied epigenetic modification. This covalent
modification consists of the incorporation of a methyl group to the 50 carbon of
cytosines in cytosine-phosphate-guanine (CpG) dinucleotides to generate
5-methylcytosine (5mC) [86]. The detection strategies of DNA methylation patterns
can be divided into sodium bisulfite conversion dependent or independent [87]. The
most used are the bisulfite conversion dependent and are based on the fact that after
sodium bisulfite treatment, 5mC cannot be converted into uracils [88].

For interrogating DNA of both CTCs or cfDNA different techniques have been
successfully applied such as methylation-specific PCR (MSP), methylation-sensitive
high-resolution melting (MS-HRM), quantitative methylation-specific PCR (qMSP)
and digital PCR (dPCR) such as methyl-BEAMing and droplet digital PCR (ddPCR)
[89–92]. These PCR based approaches are directed to analyze a low number of CpG,
while other strategies like methylation microarrays [93, 94] or genome-wide bisul-
fite-based approaches based on NGS provide a more comprehensive view of the
methylome using both cfDNA from cancer patients or DNA isolated from CTCs,
even at the single-cell level [95, 96].

21.4 Advances in Circulating Extracellular Vesicles Analyses

The extracellular environment contains a large number of mobile membrane-limited
vesicles secreted from different cells called “extracellular vesicles” (EVs) [97–
99]. Although current research focuses primarily on two major types of EVs
(exosomes and microvesicles (MVs)), EVs also include other vesicular structures
such as large apoptotic bodies (Abs) as well as retrovirus-like particles (RLPs),
exosome-like vesicles and membrane particles [97, 99, 100].

EVs represent a tool for intercellular communication in the body [97, 101–104]
being present in a variety of body fluids including blood, urine, saliva, cerebrospinal
fluid, lymphatics, tears, saliva and nasal secretions, ascites, and semen [101, 105,
106], which make EVs an interesting cancer biomarker. They carry different types of
cellular content such as lipids, proteins, metabolites, receptors, effector molecules,
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and nucleic acids like DNA and RNA (mRNA and microRNA) [107, 108]. This
content can be translated to another cell [107–110] promoting different mechanisms
including tumor progression by favoring angiogenesis and tumor cell migration in
metastases [111–113]. Actually, EVs have shown to be valuable tools as biomarkers
for longitudinal monitoring, defining tumor type, stage, progression, and treatment
response [114, 115].

Exosomes are small EVs that generally possess a diameter of ~40–100 nm and a
buoyant density of 1.13–1.19 g/mL [101, 116–118]. They are generated through a
double invagination of the plasma membrane and the following formation of intra-
cellular multivesicular bodies (MVBs) containing intraluminal vesicles (ILVs)
[119]. These vesicular bodies are sorted by the endosomal network to their appro-
priate destinations, including lysosomal degradation, recycling, or exocytosis,
releasing his ILVs content as exosomes [98, 106, 120, 121]. On the other hand,
microvesicles arise through direct outward budding and fission of the plasma
membrane, in a process called ectocytosis which produces microvesicles,
microparticles, and large vesicles in the size range of ~50 nm to 1 μm in diameter
[106, 113].

21.4.1 Isolation Methods

Currently, available purification methods are not capable of fully discriminating
between exosomes and MVs [97, 122]. This lack of sufficient specificity and
sensitivity makes more challenging their implementation in routine clinical practice
[123, 124]. In fact, nowadays, there is no consensus on a “gold standard”method for
EV isolation and purification [125]. Therefore, it is of utmost importance to improve
and establish guidelines for EV isolation and analysis [125, 126], since depending on
the method employed the amount, type and purity of the EVs recovered is different.
Here we summarize some of the options for their isolation and characterization
(Fig. 21.2).

21.4.1.1 Ultracentrifugation Techniques

Differential Ultracentrifugation
This is the most commonly employed EVs isolation method [127–129]. It is based
on a succession of differential centrifugal forces to separate the particles: firstly, a
low centrifugal force (300–400�g) to sediment a main portion of the cells, a 2000�g
to remove cell debris, a 10,000�g to remove the aggregates with a buoyant density
higher than the EVs and a final high force (100,000�g) that concentrate EVs in the
resulting supernatant [126, 130]. However, this protocol is not unified and can vary
depending on the volume and viscosity of the sample, which can affect the speed of
centrifugation and the time needed for the obtention of the EVs [130, 131]. This
strategy needs costly instrumentation, is time-consuming, requires a large amount of
sample, and the recovery is normally low and contaminated with non-vesicular
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materials [132], which affect the purity of the samples in terms of the omics, RNA,
and functional EVs analysis [133].

Density Gradient Centrifugation
This is a stricter strategy based on size and density [126] where the separation occurs
in the presence of a preconstructed density gradient, typically made of sucrose or
iodoxinol [134], resulting in differences in the osmotic pressure which can poten-
tially affect the EVs [134, 135]. Density Gradient centrifugation is very effective in
separating EVs from protein aggregates and non-membranous particles. Although it
reports higher purity, it counts with limitations associated with ultracentrifugation
[136] such as low recovery [137].

21.4.1.2 Size-Based Techniques

Ultrafiltration
This is the most commonly used size-based technique and consists of the separation
of particles using semipermeable membranes with defined pore size or molecular
weight cut [134]. While the larger particles are retained, the smaller ones passed
through the filter into the filtrate [138]. Ultrafiltration is less time-consuming than
ultracentrifugation and does not require special equipment [139]. However, the use
of shear force may result in the deformation, clogging, or trapping in the unit or
breaking up of large vesicles which may potentially skew the results of downstream
analysis [139–141].

Size-Exclusion Chromatography (SEC)
This technique lies in sorting vesicles and other molecules based on their size by
filtration through a gel. The gel is composed of spherical beads which contain pores
of a specific size distribution through which small particles can penetrate. When the
sample enters the gel, small molecules slow down the movement into the pores,
causing them to elute later, while large molecules are excluded from entering the
pores [142, 143]. Despite SEC methods enabling more accurate EVs purification
[144] and preserving vesicle integrity and biological activity, they require run times
of several hours, are not easily scalable, and cannot be used for high throughput
applications [145].

Field-Flow Fractionation (FFF)
In this separation technique, a force field is applied perpendicular to a sample flow,
to enable separation based on different sizes and molecular weights. When the
perpendicular force field is applied, analytes in the sample are driven toward the
boundary. Brownian motion creates a counteracting motion such that smaller
particles tend to reach an equilibrium position further away from the boundary.
This type of separation spans a broad size range and could be applied to a wide
variety of eluents [136].
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Hydrostatic Filtration Dialysis (HFD)
In HFD, based on the traditional dialysis separation method, the sample is forced
throw a dialysis tube with a mesh of membrane with a molecular weight cutoff of
1000 kDa by hydrostatic pressure. As a result, larger particles like exosomes and
other EVs remain in the tube where they can be collected. Apart from showing an
efficient enrichment of the vesicles in comparison with the differential centrifugation
protocol, it counts with a superior cost-efficiency with a faster workflow too [146].

21.4.1.3 Precipitation Agents

Polyethylene Glycol (PEG) Precipitation
By introducing a water-excluding polymer, such as polyethylene glycol (PEG) into
the sample, exosomes can be settled out of biological fluids [139]. The water
molecules “tides-up” causing exosomes, and the rest of the less soluble molecules,
to precipitate out the solution [139]. This isolation method is quick, easy to use,
requiring little technical expertise or any specialized equipment [134, 141]. Further-
more, it is compatible with a large number of samples. However, although it could be
an easy option to integrate into clinical usage, its lack of selectivity, causes PEG
polymers to be not exclusive to EVs and have other contamination substances
[128, 133, 141].

Lectin Induced Agglutination
As an alternative to PEG, lectins are a family of proteins that bind carbohydrate
moieties of other particles at a very high specificity [122]. Like PEG precipitation
methods, the lectin precipitation methods are not time-consuming and do not need
much expertise but have the problem of other soluble components. Hence, Lectin-
induced exosome agglutination was explored for urinary exosome isolation [147].

It is also important to remark that several commercially available kits based on
precipitation agents have been produced like ExoQuick (System Biosciences, CA,
EEUU) [148] and ExoSpin (Cell Guidance System, Cambridge, UK) [149], which
are based on PEG precipitation or ExoGAG (NasasBiotech, A Coruña, Spain) [123]
that is a reactive that bonds with the glycosaminoglycans (GAGs) presented in the
surface of EVs.

21.4.1.4 Immunoaffinity Captured-Based Techniques
They rely on the use of antibodies to capture the EVs based on the presence of lipids,
proteins, and polysaccharides exposed on their surface [138, 150]. The fact that these
techniques are primarily marker-dependent could be a constraint because the speci-
ficity of the assay relies on the specificity of the antibody used and thus tend to
underestimate counts [134]. On the other hand, it presents a higher EVs purity than
other methods based on other techniques [141]. Some examples of immunoaffinity
capture-based techniques not exclusive to EVs are the Enzyme-Linked Immunosor-
bent Assay (ELISA) used to isolate exosomes from urine, plasma, and serum and
Magneto-Immunoprecipitation that in comparison with ELISA has a higher isolation
efficiency [122].
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21.4.1.5 Microfluidic Based Isolation Techniques
Microfluidic-based isolation techniques are presented as a way to establish the use of
EVs in clinical practice; however, its implementation is obstructed by issues such as
scalability, validation, and standardization. They consist of the isolation of EVs
based on their physical and biochemical properties simultaneously [134]. With their
use, significant reductions in sample volume, reagent consumption, and isolation
time are obtained because they can reproduce numerous laboratory processes on a
microscale with high accuracy and specificity [149].

21.4.2 cEVs Cargo Profiling

EVs have a tremendous potential to be used in the field of liquid biopsy due to the
molecules enclosed in them, which turn them into a useful circulating biomarker
[117]. These molecules are basically DNAs, RNAs, multiple proteins, and
metabolites [151] (Fig. 21.3). The identification of EVs-RNAs has been improved
in the last years. The RNA cargo includes protein-coding transcripts (mRNAs) and
many types of non-coding RNAs, including miRNA, long non-coding RNAs
(LncRNAs), circular RNAs (circRNAs), small nucleolar RNA (snoRNAs), small
nuclear RNAs (snRNAs), transfer RNA (tRNAs), ribosomal RNAs (rRNAs), and
piwi-interacting RNAs (piRNAs) [152, 153]. Besides, EVs harbor different types of
DNA, including single-stranded (ssDNA), double-stranded (dsDNA), mitochondrial
DNA (mtDNA), and even viral DNA [154]. Importantly, the analysis of dsDNA in
exosomes reflects the mutational status of parental tumor cells, thus is potentially

Fig. 21.3 Representation of EVs structure and molecular content
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useful for early detection of cancer and metastasis and also for tumor phenotyping
[155, 156].

The protein content of cEVs has been also explored to find diagnostic and
prognostic biomarkers. Current tools used to study EV-proteins include Western
blot, enzyme-linked immunosorbent assays (ELISA), flow cytometry, and mass
spectrometry, among others. Thus, for example, higher levels of ANXA2 were
described in cEVs isolated from plasma samples of patients with EC than healthy
controls. The presence of therapeutic targets such as PD-L1 is also feasible in the
fraction of cEVs although its clinical meaning is not totally understood
[157, 158]. Also, Melo et al. demonstrated the interest of Glypican-1 (GPC1)
positive exosomes for identifying early and late-stage pancreatic cancer from healthy
individuals or patients with benign disease [23].

21.5 Alternative Circulating Biomarkers

In recent years the potential of tumor-educated blood platelets as a non-invasive
tumor biomarker has been demonstrated [159, 160]. Platelets are involved in the
progression and spread of various solid cancers, and their RNA molecular signatures
can provide specific information about the presence, location, and molecular
characteristics of the tumors [161]. Preliminary studies indicate that platelet RNA
may complement the information obtained with other non-invasive biomarkers for
cancer diagnosis, potentially improving early-tumors detection and facilitating
dynamic monitoring of the disease [161]. In fact, recent advances in the characteri-
zation of platelet-mRNA using high-throughput techniques revealed that, in the
presence of malignant disease, there was an increase from 10 to more than 1000
altered mRNAs in platelets. In fact, clinically relevant fusions such as EML4-ALK
rearrangements have been described in platelets from patients with non–small cell
lung carcinoma (NSCLC) [162]. Besides platelets can intake plasma proteins that
promote tumor growth and vascularization, such as basic fibroblast growth factor
(FGF) or vascular endothelial growth factor (VEGF) [163, 164].

For platelets isolation, there are some important points that should be taken into
account. Many drugs can interfere with platelet studies (for example, antihistamines,
aspirin, non-steroidal anti-inflammatory drugs). Furthermore, systemic factors such
as chronic or transient inflammatory diseases, or cardiovascular events and other
noncancerous diseases, can also influence the platelet mRNA profile. Therefore, for
blocking platelet activation during the isolation procedure, strong mechanical forces
should be avoided and platelet inhibitors such as Citrate or HEPES can be also used.
The recommended isolation method is double centrifugation. The first centrifugation
at 150–300�g to obtain platelet-rich plasma and the second to collect the platelet
fraction is generally performed at 300–800�g.

On the other hand, in the era of immunotherapy, several works have described the
interest of analyzing the immune cells present in the bloodstream. The isolation and
characterization of these cells are preferentially performed by flow cytometry and the
selected cell fraction can be analyzed by different strategies to characterize the
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proteins and DNA/RNA content. Of note, a correlation between the neutrophil to
lymphocyte ratio has been described as a mark of the immunotherapy activity in
terms of survival rates [165, 166]. Besides, the T-cell receptor (TCR) repertoire,
which consists of the number of T cells with specific TCRs, has also been described
as a predictor biomarker in patients under immunotherapy treatment) [167]. The
analysis of PD-1 expression on circulating lymphocytes has been linked to better
immune responses in melanoma and renal cell carcinoma [168]. Among the different
subpopulations of immune cells CD8+/CD73+ subset of lymphocytes has been
associated with worse survival and poor clinical benefits in patients with melanoma
under immunotherapy [169]. Also, in melanoma low levels of myeloid-derived
suppressor cells were associated with better response to immunotherapy [170].

21.6 Challenges for the Clinical Application

The possibility of finding non-invasive circulating biomarkers that provide compre-
hensive information about the molecular characteristics of each tumor is of incredi-
ble interest for oncologists [171]. However, 20 years after the field of liquid biopsy
started to grow only ctDNA analyses are being used in a clinical context. Numerous
studies have shown the potential of new technologies for detecting genetic
alterations associated with ctDNA, with promising preliminary clinical results.
However, the implementation of liquid biopsy analyses is being slow due to the
need for very high-sensitive technologies and more economic sources to cover the
PCR or NGS-based studies. Besides, liquid biopsy tests lack standardized
workflows, and this impacts reproducibility and, therefore, on the robustness of
the tests [171]. Preanalytical steps, including sample collection, processing, and
storage, are important factors conditioning this reproducibility [172, 173]. The spec-
ificity is also a critical point, since, for example, the detection of mutations in cancer-
associated genes is not a guarantee of their tumoral origin. Thus, the existence of
clonal hematopoiesis should be taken into consideration when interpreting NGS
results on cfDNA analysis in order to avoid false positives [174]. In addition to
genetic alterations, epigenetic marks will play an important role to translate the
cfDNA analyses to diagnosis or screening scenarios [85]. Besides, fragmentomics
also appears as a promising strategy to identify tumors specific patterns in cfDNA
from cancer patients [175].

Although ctDNA has emerged as the leading circulating biomarker, the analysis
of other circulating biomarkers such as CTCs and cEVs can provide more biological
information about tumor dissemination and the development of resistance
mechanisms. In addition, the field of CTCs should go behind the enumeration and
validate the CTC phenotyping as a surrogate of the solid tumor. For that, techniques
should improve their versatility and sensitivity to be able to have more CTCs
numbers for molecular characterization [18]. In this context, single-CTCs character-
ization is opening new perspectives for the definition and interpretation of tumor
heterogeneity and its biological impact on tumor aggressiveness. For advancing in
cEVs validation as a clinical tool the implementation of easy and reproducible
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techniques is a clear challenge in the close future [176]. Besides, the development of
novel strategies for cEVs isolation which cover EV subgroups in a pure fraction will
be also a key point for the field development [21, 176].

Overall, the incorporation of liquid biopsy analyses into the clinical context
requires the generation of guidelines and harmonized procedures. This will allow
the development of interventional clinical trials to demonstrate the clinical benefit of
including liquid biopsy for the management of cancer patients.

21.7 Conclusions

The application of liquid biopsy-based biomarkers is being broadly explored in
many clinical contexts to manage cancer patients due to its minimal invasiveness
and its value to obtain comprehensive and dynamic information about tumors.
Several technologies have been developed during the last 20 years to address the
study of different circulating elements, mainly CTCs, cfDNA, and cEVs. Sensitivity
and reproducibility are two of the most valuable characteristics which are mandatory
to characterize the tumoral material present in body fluids. The analysis of CTCs
needs still improvement in these two aspects, and for this reason, CTCs studies are
mainly focused on translational research to understand the dissemination process
although different clinically relevant markers can be characterized in this tumor
circulation population. Fortunately, cfDNA analyses, through PCR or NGS-based
approaches, are nowadays being incorporated into the clinical practice to select
targeted therapies in advanced tumors opening new avenues for personalized
treatments. Other circulating elements such as cEVs or educated platelets represent
promising biomarkers to complement the current alternatives to address the study of
liquid biopsies in oncology.
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Abstract

In recent years, we have seen major advances in the field of liquid biopsy and its
implementation in the clinic, mainly driven by breakthrough developments in the
area of molecular biology. New developments have seen an integration of
microfluidics and also biosensors in liquid biopsy systems, bringing advantages
in terms of cost, sensitivity and automation. Without a doubt, the next decade will
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bring the clinical validation and approval of these combined solutions, which is
expected to be crucial for the wide implementation of liquid biopsy systems in
clinical routine.

Keywords

Liquid biopsy · Microfluidics · Cancer diagnosis · Precision medicine ·
Personalized treatment

22.1 Introduction

Bodily fluids, whether scarce or abundantly available, can be sampled and analysed
in a minimally invasive way using liquid biopsy, this procedure can be applied to not
only blood and urine but also saliva, cerebrospinal fluid and pleural effusions. Such
specimens are valuable sources of tumour cells and tumour-derived biomolecules
such as circulating tumour cells (CTCs), circulating tumour DNA (ctDNA) and
circulating tumour RNA (ctRNA), which are among the most widely analysed
tumour biomarkers, while numerous others have gradually attracted increasing
attention, including extracellular vesicles (EVs), cell-free microRNAs (cfmiRNAs),
circulating cell-free proteins and tumour-educated platelets (TEPs) [1, 2]. Over the
past decade, we have witnessed some of these analytes being established as relevant
biomarkers to inform cancer management, which in turn elevated liquid biopsy to a
promising precision oncology tool [3].

Liquid biopsy is a much safer and less invasive procedure than standard tumour
biopsy, which consists of direct sampling of tissue through a surgical procedure
involving varying degrees of instrumentation and invasiveness. Despite common,
tissue biopsy is not without risk of complication for the patient. Besides being
resource intensive, access barriers to the tissue may also exist depending on the
tumour localization. Moreover, contrary to the conventional biopsy, an additional
advantage of liquid biopsy resides in its high repeatability. Serial testing over time is
an unmatched opportunity to obtain a detailed picture of the dynamic behaviour of
tumours as well as chance to monitor therapeutic responses in real time [4, 5]. Taken
together, these advantages render liquid biopsy particularly appealing to modern
oncology as it predominantly lies on the molecular profiling of tumours to identify
targetable alterations to support treatment decision and patient management.

Circulating biomarkers are central to diagnosis and prognosis in precision oncol-
ogy, and search for improved biomarkers is at an unprecedented high demand
[6]. Still making its way into routine clinical practice entails rigorous scientific
demonstrations of analytical validation, clinical validation and clinical utility to be
incrementally pursued in preclinical and clinical settings. This evidence-based
journey has been the focal point of the field of research that begun by describing
centrifugation-based methods to isolate circulating tumour cells in the 1960s
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[7, 8]. Since then, many new strategies to isolate and detect CTCs have been reported
in the literature, based on negative enrichment, magnetic sorting, microfiltration,
size-based separation and magnetophoretic mobility separation to name a few [9–
11].

Technological advancements greatly contributed to overcome the main
challenges of blood-based biomarker detection. These are rare events in circulation
[12]. An efficient separation of CTCs or ctDNA retrieves very low concentrations
from an extremely high background of unsought normal circulating content, either
erythrocytes and leukocytes or circulating DNA. Adding complexity to its detection,
ctDNA is highly fragmented and CTCs are largely heterogeneous in morphology
and phenotype [13, 14].

The past decade has been the most prolific in the development of technologies to
isolate and detect CTCs, dozens of platforms using different approaches for CTCs
isolation have been reported in the literature [9, 15], while several of these methods
are successful in achieving high specificity and sensitivity combined, most result in
non-viable cells. Capturing viable CTCs poses unique prospects in pursuing func-
tional studies, for instance drug testing directly on patient’s cells [1, 16, 17]. While
the intrinsic complexity of some challenges slows down the pace of progress, others
have already been successfully tackled and present exceptional developments.
Microfluidics has been broadly explored for this purpose and more importantly
offered valuable advances enabling high purity, accuracy and throughput in the
analysis of liquid biopsy components. It offers researchers unprecedented control
over fluid volumes and flow rates, as well as several other physical parameters of the
substrate, additionally it enables miniaturization and can be easily combined with
basic or advanced bioimaging techniques [18, 19]. Liquid biopsy platforms have
benefited from incorporation of microfluidics and improved translation of
biomarkers to the clinical setting as a result.

In this direction, the development of sensitive molecular assays drove and
supported the analytical and clinical validity of CTC and ctDNA in cancer
[20]. The prognostic significance of CTCs in early and metastatic cancer, particu-
larly breast cancer has been widely reported [21]. CTCs can be detected in peripheral
blood from early to late-stage breast cancer patients and the meta-analysis provides
evidence that the presence of CTCs in peripheral blood is significantly associated
with poorer prognosis and represents a significant risk factor for both progression
free survival and overall survival. Similarly, additional meta-analysis provided
strong evidence for the prognostic significance of CTCs detection in gastrointestinal
malignancies, correlating the presence of CTCs with poor patient prognosis and
unfavourable clinicopathological factors, both in gastric and colorectal cancer,
regardless of the detection method [22]. A plethora of significant correlations
between CTC enumeration and metastatic diseases have been reported in
oesophageal cancer [23, 24], bladder cancer [25, 26], liver cancer [27], renal cancer
[28, 29] and prostate cancer [30].

As for ctDNA, prior evidences demonstrated its potential clinical use in meta-
static settings [31–33], as higher concentration of ctDNA is detected in advanced
cancers compared with localized ones. Still, recently, new ultrasensitive
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technologies have emerged that are able to detect the smallest amounts of ctDNA,
which is critical to address early detection of cancer or minimal residual disease
[34]. It was only recently, in 2016, that the FDA approved the first ctDNA test in
NSCLC (Cobas v2; Roche Molecular Diagnostics) to determine EGFR mutational
status in liquid biopsies when tumour tissue testing is not feasible [35]. It represented
an important step towards clinical implementation of liquid biopsy and, indeed, to
date, the number of regulatory approvals of ctDNA liquid biopsy solutions for single
cancer indications continues to grow, fuelling the clinical translational trajectory of
liquid biopsies in oncology.

22.2 Microfluidic Techniques for Biomarker Isolation

Microfluidic sorting techniques can be broadly categorized as relying on passive or
active mechanisms. While passive sorting uses specific channel structures, hydrody-
namic forces or steric hindrances to sort particles, active sorting mechanisms rely on
the use of external forces, typically an electric or a magnetic field, or acoustic or
pneumatic actuation. In addition, sorting can be label-free meaning that particles are
separated based on their intrinsic physical properties, including but not limited to
size, stiffness, shape, dielectric properties or intrinsic magnetic susceptibility; or use
antibodies to target specific markers at the cell membrane or cytoplasm for detection
and separation. Generally, label-free sorting is advantageous for minimizing cell/
particle damage and for avoiding costly and labour-intensive processing steps.
However, when a known marker is specific and unique to a target population, high
purity can be achieved using immune-based sorting. The ideal sorting approach will
ultimately depend on the particle of interest and particularly on the established
application.

22.2.1 CTCs and CTC Clusters

Early detection of metastases is complicated as it currently relies on the sensitivity of
traditional clinical imaging methods such as magnetic resonance imaging and
positron emission tomography. Also, these tools do not provide updated molecular
information about the tumour that is crucial to guide and personalize patient’s
treatment. Thus, there is an urgent unmet need to develop technologies that are
able to efficiently isolate CTCs from the blood of cancer patients. However, captur-
ing CTCs from blood samples is technically challenging since CTCs are extremely
rare (1 to a few 10 s per mL), being obscured by billions of peripheral blood
cells [36].

The principles of CTC isolation can be generally divided into two approaches—
biochemical and biophysical. Biochemical isolation is based on the identification of
unique biomarkers while biophysical approaches rely on the differentiation between
intrinsic physical properties of CTCs and blood cells. Regardless of the approach
chosen, to evaluate performance it is important to consider the capture efficiency and
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isolation purity, and critically high-throughput, given the need to process large
volumes of whole blood in reasonably short periods of time [36].

The most common techniques for CTC isolation use antibody-based
methods, mostly through the identification of epithelial markers, such as EpCAM,
as there is no ubiquitous cancer biomarker. In fact, the only analytically valid
and FDA-approved platform for prognostic use in advanced breast, colorectal
and prostate cancers is CellSearch®. This technology operates through
immunomagnetic-conjugated antibodies against EpCAM, a transmembrane glyco-
protein present on the surface of some CTCs but absent in blood cells. Following this
enrichment step, the captured cells are immunostained with antibodies against
cytokeratin (CK), to demonstrate the epithelial origin of the cell, and CD45 to
exclude cells of the hematopoietic lineage. Another commercially available technol-
ogy for CTC capture is the AdnaTest® from AdnaGen. Similarly to CellSearch®,
the AdnaTest is based on magnetic enrichment of EpCAM-expressing cells, but
detection is achieved by RT-PCR of putative tumour-associated transcripts
[10]. Both of these biochemical approaches are based on detecting epithelial surface
markers of CTCs (EpCAM and CK). However, some CTCs, especially those of a
highly invasive and metastatic capacity, can lose their epithelial phenotype via the
epithelial to mesenchymal transition (EMT) process, and upregulate instead mesen-
chymal markers. Altogether, this may result in significant CTC loss during the
enrichment step and biased analysis in biochemical-based methodologies [37].

Alternatively, several technologies have been developed to isolate CTCs based on
the premise that these cells are physically distinct from most normal blood cells. For
example, CTCs are on average larger than most white blood cells (WBCs; 8–20 μm)
[38], and based on this, approaches like size/deformation-based microfluidic
devices, and size-based membrane filters and hydrodynamic methods have been
proposed. However, the simplicity of these procedures, added to their label-free
character, can also become a limitation, since isolation is often non-specific thus
potentially affecting capture efficiency [39]. In fact, some morphological data
regarding CTCs have highlighted the heterogeneity typical of these cells since
their shape can vary significantly and their size has often been reported to vary
from 4 to 30 μm [40]. In addition, CTCs are typically deformable, which could also
affect their isolation efficiency by changing their apparent size. Indeed, the selection
of a specific capture size may yield reliable CTC isolation in most patient samples,
yet inadequate overall performance across a large patient set [41, 42].

Notwithstanding, the use of microfluidics for the capture and detection of CTCs
has been associated with multiple advantages such as enabling cost-effective, simple
and automated operation using small quantities of samples and reagents to carry
out highly sensitive detection. Additionally, it allows a one-step process of
sample loading, separation and capture of living rare cells that can be later analysed
through microscopy or downstream molecular techniques [41, 43]. Furthermore,
microfluidics offers an opportunity to combine isolation and detection methods into
a single device, paving the way for the development of real point-of-care diagnostic
CTC devices [41].
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One of the advantages of microfluidic cell sorting, either using a labelled or label-
free approach, is that the small features of these devices provide extraordinarily high
surface area to volume ratios. Hence, antibody-based CTC isolation can be enhanced
by coating the device surface with capture molecules that specifically bind to CTC
surface markers [41]. Naturally, the flow parameters require optimization to maxi-
mize the probability of attachment—the flow rate should be slow enough to ensure
cell-surface attachment, but reasonably fast to generate enough shear, thus
preventing non-specific attachment of blood cells [44]. The CTC-chip was designed
to accommodate 78,000 anti-EpCAM functionalized microposts providing an abun-
dance of sites for CTC capture, with the authors reporting over 60% CTC recovery.
Aiming for higher efficiency, a second-generation device used grooves on the device
surface to disrupt laminar flow streamlines, thus maximizing collisions between
target cells and the antibody-coated surface [45]. The device, coined ‘herringbone-
chip’, overcame its predecessor in several aspects since it increased throughput and
improved both CTC capture efficiency and purity. It also improved CTC imaging
and scaled up device production [45]. However, it should be noted that the same
limitation regarding the loss of epithelial markers may compromise the efficiency of
microfluidic antibody-based isolation of CTCs from certain cancer phenotypes.

On the other hand, many size-based microfluidic systems for CTC isolation have
been developed aiming to achieve superior results. Examples include, but are not
limited to, the Parsortix® System from Angle [46], the VTX-1 from Vortex
Biosciences [47] and the RUBYchip™ from RUBYnanomed [48, 49]. These size-
based methods are label-free, avoiding the bias created by the expression of epithe-
lial antigens. However, smaller CTCs may be missed and the capture of large
leukocytes can result in lower sample purities.

Combinatory approaches also exist relying on size selection and negative enrich-
ment. This is the case of the CTC-iChip, that combines size-based separation of
nucleated cells from RBCs, platelets and plasma, with depletion of WBCs tagged
with magnetic beads, using CD45 and CD66b antibodies [50]. Despite its success,
the applicability of the CTC-iChip could be questioned due to long set-up and
processing times, hindering its clinical translation [51].

Several technologies have been developed for the capture of individual CTCs, but
they are only rarely capable of capturing CTC clusters, which have an increased
metastatic potential when compared to single CTCs [52]. The survival advantage of
CTC clusters is associated with the cooperation between cells within the cluster,
providing a shielding effect from shear forces, environmental or oxidative stresses,
and immune assault [53]. CTCs are frequently associated with stromal or immune
cells forming heterotypic clusters, which may provide additional advantages
[53]. Like CTCs, CTC clusters can also be captured by positive selection or based
on their larger size or different shape. However, due to the large variability reported
for cluster capture efficiencies and the large shear rates inherent to many devices, the
current methodologies for the isolation of single CTCs are mostly not applicable.
This is because escape or dissociation of CTC clusters into single cells or smaller
clusters is likely to occur during blood processing [54]. The Cluster-chip is a
microfluidic device that uses triangular micropillars to specifically isolate CTC
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clusters from unprocessed patient blood samples with high sensitivity [55]. Although
high efficiencies for cluster capture were reported, some limitations included the
physical capture mechanism, which relied on batch processing, thus resulting in long
on-chip residence times; and elevated shear stresses, which were needed to release
the majority of clusters from micropillars, potentially resulting in changes or damage
to cellular structures and/or content [54]. Thus, to overcome these constraints the
Cluster-chip was updated to a new version that used a two-stage deterministic lateral
displacement (DLD) strategy. Briefly, the first stage was designed to allow size-
based separation of larger clusters from smaller clusters and single cells. Larger
particles were separated by continuously bumping on a series of micropillars while
smaller particles were able to zigzag through the device to arrive at the second stage,
where an asymmetrical pillar array design and reduced channel height isolated the
smaller clusters [54]. This device was able to isolate CTC clusters that experienced
low shear stress rates and on-chip residence times on the order of seconds,
minimizing damage or processing bias. Another device specifically developed for
the capture and reversible release of individual CTC and CTC clusters is based on a
thermosensitive three-dimensional scaffold system [56]. The device can efficiently
capture clusters while assuring high viability for downstream applications, including
cell culture. The scaffold is uniformly coated with a thermosensitive gelatin hydro-
gel, which dissolves at 37� C, triggering a gentle release of the captured cells
[56]. However, clinical feasibility as well as validation by confirming the prognostic
value of CTC clusters in cancer patients will be required for clinical translation of a
CTC cluster capture platform.

Detection and analysis of CTCs, as well as the integration of viable CTCs in
functional studies can provide valuable information for the understanding of cancer
onset and progression. Indeed, prognostic indications can already be made based on
the enumeration of CTCs in blood and the study of CTCs can lead to discovery of
new cancer biomarkers. Recent publications also hint on the clinical utility of CTCs,
as increased CTC numbers might predict disease recurrence and resistance to
treatment. Furthermore, downstream analysis of CTCs can be used as a Companion
Diagnostic strategy to evaluate therapeutic targets and select personalized treatment

Fig. 22.1 (left) CTCs are isolated in the RUBYchip™ (DAPI in blue, CK in green, CD45 in red
and HER2 in orange), (right) Overall survival plot, where populations are selected according to
analysis of HER2 being concordant or discordant between CTCs and the tissue biopsy (modified
from [48])
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options. For instance, in a recent report, CTCs isolated from a cohort of metastatic
breast cancer patients were used to evaluate the expression of the HER2 protein and
compare against the phenotype from the primary tumour [48]. Patients who had
concordant HER2 expression had 100% survival after 27 months, while patients
with discordant expression had 0% survival (Fig. 22.1). Despite the promising
results, interventional clinical trials are needed to assess the real value of CTCs to
guide therapeutic decisions.

22.2.2 EVs

Extracellular vesicles (EVs) are cell-derived particles present in body fluids, which
originate from both healthy and pathological cells, and play key roles in a variety of
cellular processes including cell-to-cell communication, inflammation, cellular
homeostasis, survival, transport and regeneration [57, 58]. In cancer, it is postulated
that EVs contribute to the formation of a tumour-supporting stroma by activating
cancer-associated fibroblasts, promoting tumour angiogenesis, supporting the
formation of pre-metastatic niches and suppressing anti-tumour immune responses
[59–62]. Thus, it comes as no surprise that EVs have garnered significant interest for
their potential use as cancer biomarkers in the past few decades. In addition, EVs are
more abundant in liquid biopsies when compared to CTCs and offer protection from
degradation to nucleic acids (DNA, mRNA, microRNA and long noncoding RNAs)
and proteins encapsulated within their lipid shell, effectively extending their half-
life. On the downside, EVs span a wide range of particle sizes, hampering the
applicability of a variety of isolation and purification strategies, and it is often
difficult to discriminate EVs from other particles of similar size and
composition [58].

The size of EVs is intrinsically associated with their mechanism of formation,
which also divides EVs into three main categories. Exosomes range from 30 to
150 nm and originate from endocytic multivesicular bodies, which release their
content upon fusion with the cell membrane; microvesicles (MVs) range from 100 to
1000 nm and originate via budding of the plasma membrane; and apoptotic bodies
are a form of MVs that originate during programmed cell death and can measure as
much as 5000 nm. The size heterogeneity, ranging from the nanometre to the
micrometre scale, added to the difficulty of assigning an EV to a particular biogene-
sis pathway, unless EVs are caught red-handed in the act of release, has led to a
recent recommendation to use nomenclature based on physical characteristics, such
as size, rather than biogenesis [63].

Strategies for EV separation are typically based on biophysical properties such as
size, density, morphology, deformability (membrane rigidity) and surface chemistry,
some of which depend on the cell type that they were produced from. Conventional
techniques include differential ultracentrifugation (UC), density gradients, precipita-
tion, filtration, size exclusion chromatography (SEC) and immuno-isolation—with
the first being by far the most common [63]. These techniques can be ranked by five
key figures of merit: (i) recovery rate or yield, (ii) purity, (iii) throughput,
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(iv) processing time and complexity and (v) cost of equipment and consumables.
EVs can be extracted from a variety of sources ranging from in vitro cell cultures to
patient-derived samples. Blood is an attractive source for containing EVs in abun-
dance (0.5–1.5 billion/mL) [64]. However, it poses an added challenge due to the
presence of other components such as lipoproteins, protein complexes, viruses and
microparticles, with overlapping physical properties. Thus, relying on a single
method might be insufficient to isolate EVs with both high yield and purity, and
using a combination of techniques is customary aiming for higher specificity.

UC is capable of processing large sample volumes and does not require any
chemical treatment thus allowing for downstream analysis. However, it offers low
recovery efficiency and purity, is time-consuming, requires bulky equipment and the
high centrifugal forces may lead to rupture, aggregation and compaction of EVs
[57, 58]. Density gradient centrifugation increases purity and yield but is more
complex and requires longer processing times. Ultrafiltration uses nano-porous
membranes with pore sizes ranging from 1 to 100 nm to retain EVs. The basic
filtration scheme is simple but suffers from disadvantages such as clogging, extru-
sion effects and a typically lower yield associated with irreversible bonding of EVs
to the filtration membranes. These advantages can be tackled by using tangential
flow filtration methods [65], which are gentler, but require more elaborate set-ups.
SEC uses columns of porous beads to elute fractions of liquid biopsies based on size.
It preserves EV structure, prevents aggregation and significantly reduces the sample
protein content. However, it is non-specific, sample volumes are reduced, and leads
to sample dilution, thus usually requiring an additional concentration step. Precipi-
tation methods include a variety of commercially available kits like ExoQuick®,
mirCURY®, ExoGAG® and others. The process is simple and preserves EV
structure. It is though non-specific leading to low purity, and the addition of reagents
may compromise downstream analysis. Immuno-isolation in its turn is highly
specific, resulting in higher purities. The disadvantages are that it requires previous
knowledge about the targeted EVs, sample volumes are low frequently requiring
pre-concentration, and antibodies may hamper further analysis [57, 58].

Harnessing the unique properties of microfluidics and fluid dynamics at the
microscale has been the object of extensive research targeting the separation of
multiple particles from biofluids, including animal cells, yeasts, bacteria, viruses,
proteins and nucleic acids. Microfluidic-based sorting is typically classified as
passive or active depending on whether it relies on channel structures and hydrody-
namic phenomena, or on the actuation of external forces including electric, mag-
netic, acoustic or others.

An example of passive microfluidic-based sorting of EVs is the nanoDLD device
from IBM [66, 67]. The principles are based on the original deterministic lateral
displacement (DLD) technology introduced in 2004, which uses arrays of micro
(or nano)-metre sized pillars to sort particles of different sizes and/or deformability,
with resolutions down to tens of nanometres. The latest development includes over
30,000 parallel devices capable of handling 17 millilitres per hour and of achieving a
30-fold enrichment, approximating clinically relevant volumes and processing times
[66]. Inertial microfluidics and viscoelastic flows have been demonstrated to achieve
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high purity (>90%) and high recovery (>80%) when sorting exosomes from other
EVs present in cell culture media [68, 69]. Separation is achieved by balancing
elastic and inertial lift forces and viscous drag. Though a promising proof-of-
principle and with great potential, it should be noted that not only the EVs used in
this study were obtained from culture media, but were also pre-processed by
differential centrifugation and filtration. Another approach, also using EVs from
pre-processed culture media, used a λ-DNAmediated viscoelastic flow and aptamers
targeting EpCAM and HER2 to simultaneously separate and detect exosomes, MVs
and apoptotic bodies from a series of breast and mammary cancer cell lines (includ-
ing HER-positive and negative cells) [70]. Aiming to reduce the long channel
lengths typically used in viscoelastic microfluidics, Asghari et al. recently introduced
an oscillatory flow and demonstrated separation of small EVs [71]. Another
microfluidics-based approach is asymmetric field-flow fractionation (AF4) [72],
which uses a semi-permeable membrane and two perpendicular flows to separate
EVs based on hydrodynamic size. It was reported to achieve high recovery yields in
reduced periods of time (1 h) but it is limited to small amounts of samples and, yet
again, this demonstration was done with EVs obtained from cell cultures and
pre-processed by differential UC.

From active microfluidic-based approaches, nanoFACS offers a powerful solu-
tion, being able to sort particles at high throughput (nearly 100,000/s) and with high
purity yields. However, it is label-dependent and with that derive all the
shortcomings associated with immuno-dependent methods [73, 74]. Acoustofluidics
uses ultrasound waves to separate particles based on size, density or compressibility
differences. By exploiting a two-stage device, Wu et al. [75] showed separation of
exosomes from unprocessed blood with both yield and purity superior to 98%. The
first stage of the device decluttered the sample from larger microscale cells while the
second stage purified exosomes from other EVs of different sizes. On the downside,
the device throughput was just 4 microlitres per minute. AC electrokinetics, such as
field gradients, can be used to transport particles. For example, Ibsen et al. [76]
isolated exosomes from undiluted human plasma by using an AC field that
concentrated EVs at the edges of an electrode array, allowing their subsequent
washing and isolation. To process 50 μL of plasma the device needed 15 min.

In sum, EVs offer tremendous hope as cancer biomarkers to be used for
diagnostics, prognostics, treatment monitoring and to direct revolutionary
personalized medicine from non-invasive liquid biopsies. However, EV isolation
and analysis is hindered by their size heterogeneity, which overlaps with a variety of
other particles that are abundant in liquid biopsies—particularly whole blood. This
renders conventional sorting methods incapable of providing satisfactory EV sorting
in isolation, thus leading to the use of combinatorial approaches that contribute to
lengthy and inadequate protocols. Microfluidics has shown great potential to over-
come the challenges faced by conventional methods. Addressing the current
difficulties related to throughput, standardization and reproducibility will be key to
drive clinical translation with significant therapeutic implications.
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22.2.3 ctDNA

The presence of cfDNA in human plasma derived from patients with systemic lupus
erythematosus was first reported by Mandel and Mëtais, in 1948 [77]. Three decades
later, several publications reported that the levels of cfDNA in cancer patients were
higher than in healthy individuals [78], since high levels of tumour DNA (called
circulating tumour DNA, ctDNA) are released by tumours at advanced stages, due to
the increased cell death [79, 80]. This genetic material found in the circulation of
cancer patients has demonstrated to reflect the mutations found in the primary or
metastatic tumour and, as such, ctDNA has emerged as a novel sensitive biomarker
in cancer research [81, 82]. Despite it being intensively studied, the mechanisms of
release of ctDNA are not fully understood [83]. Many mechanisms have been
identified, and the two main ones are active DNA release and cellular breakdown
[84]. As such, ctDNA can be released from tumour cells by apoptosis, necrosis,
phagocytosis and active secretion [83–85].

After the suggestion that the increased cfDNA fragments in tumour patients could
have a tumoural origin [86], mutated K-Ras sequences were detected in the plasma
of pancreatic cancer patients, confirming the theory [87]. Later, it was shown that the
length of the strands could be related to the DNA origin, as ctDNA has shown to be
smaller than cfDNA originated from healthy cells [88]. cfDNA from healthy
individuals ranges from 200 to 10000 bp, while cfDNA originating from tumours
is more fragmented with an average size of 160 bp, and some fragments are even
smaller than 100 bp [89, 90]. The concentration of cfDNA in the plasma of cancer
patients can be up to 1000 ng/mL, while in healthy individuals it ranges from 0 to
100 ng/mL [84]. Differences were observed not only between healthy individuals
and cancer patients, but also between patients at different disease stages. In patients
with metastatic cancer, ctDNA concentrations were found to be higher than in
patients with localized tumours, 86%–100% against 49%–78%, respectively
[91, 92].

The interest in ctDNA increased further with the ability to detect specific
mutations from certain tumours [79, 81] that could be used for precise diagnosis
and patient subtyping and be correlated with treatment resistance. Nonetheless, the
quality of the analysis depends heavily on the quality of the isolation and extraction
protocols to recover the ctDNA, and commonly used techniques require mutant copy
abundance [13, 79]. Actually, due to the fragmented nature of ctDNA and its short
half-life in circulation, between 16 and 90 min, depending on the multiple factors
such as tumour stage, standard processes for solid phase extraction (SPE) of DNA
are largely inefficient, limiting their use in the clinic [79].

Most of the commercial kits for ctDNA extraction come together with kits for
mutation analysis by real-time PCR, such as the TherascreenTM EGFR plasma RGQ
PCR kit (Qiagen), with a reasonable recovery of 56.49%, according to Sorber et al.
[81] and the Cobas EGFR Mutation Test v2 (Roche Molecular Diagnostics)
[93]. Those extraction kits normally use silica beads to bind the plasma-borne
cfDNA fragments onto their surface upon induction by a chaotropic salt [94]. Despite
the reasonable recovery that these kits can achieve, multiple studies have
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demonstrated significant variability among laboratories, which may be due to bias
introduced by different operators [95, 96]. Another disadvantage of using this type of
kits is the extensive sample handling and processing, leading to samples loss [97].

Microfluidic devices are a new attractive approach for clinical use when com-
pared to benchtop methods, as they offer unique technical features that may over-
come the limitations of the aforementioned methods, such as reduced processing
time, cost-effectiveness, closed systems to avoid sample loss or contamination, and
mostly, simple workflow [79, 98]. Despite its potential, there is still a small amount
of literature regarding the extraction of ctDNA using microfluidics. This is mostly
due to the difficulty in detecting low concentrations of ctDNA in the presence of high
concentrations of nonmutated DNA, and also due to the small size of ctDNA
fragments [99].

The first studies using microfluidics were mostly based on the size and properties
of cfDNA. Consequently, electrokinetic trapping on microchannels was developed,
in which charged ions accumulate by applied electric field forming the drain of
targeted analytes [100]. Indeed, microfluidic solid phase extraction (SPE) tools have
been used successfully for extraction of free DNA in environmental and food
samples [101, 102]. Size-based micropillar structures, microcolumn-packed separa-
tion and electrophoretic system on microchannel were developed, for cfDNA
extraction based on its size [103, 104]. However, these methods could not further
purify the cfDNA for specific ctDNA detection. Another approach was based on the
qPCR technique applied in a microfluidic platform. The authors used thermal
amplification of a single DNA copy and fluorescence was used to monitor the
concentration with the help of DNA fluorescent probes [105, 106]. These
microfluidic systems were reported without sensitivity specification.

A seven droplet-based digital PCR microfluidic system to identify specific
mutations detecting ctDNA was reported by Pekin and colleagues [107]. The device
functionalized with probes was used to isolate mutated DNA, from the wild-type
with fluorescence signal. The authors demonstrated accurate and sensitive quantifi-
cation of mutated KRAS oncogene, but the platform is limited by the number of
droplets for analysis [107]. Furthermore, Bahga et al. came up with a microfluidic
device to isolate ctDNA using dielectrophoretic capture electrodes, reporting high
capture efficiency, without details of sensitivity [108]. Koboldt and colleagues, in
2017, developed a microfluidic multiplex PCR technology for sensitive quantifica-
tion of ctDNA [109]. Plasma from ovarian and pancreatic patients was used, and the
authors reported ctDNAmutation detection, with a sensitivity of 92% and specificity
of 100% [109]. Campos et al. demonstrated a low-cost plastic microfluidic surface
based on SPE for ctDNA extraction, with more than 90% purity noticed. This device
detected successfully KRAS mutation gene from plasma samples of colorectal and
NSCLC cancer patients, proving its utility for clinical disease detection [79]. Gwak
et al. designed a microfluidic platform capable of cfDNA extraction in 19 min,
combining multi-vortex mixing modules to increase the binding between the cfDNA
and the silica magnetic particles used, along with a gradient magnetic-activated
cfDNA sorter module for the capture of the MPs [110].
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Despite recent advances in the development of microfluidic platforms for ctDNA
extraction and detection, these remain limited and inconsistent among different
studies. Lack of standardization is currently the biggest limitation to implement
microfluidic SPE tools in the clinic [18].

22.3 Techniques for Downstream Analysis

The molecular analysis of liquid biopsy biomarkers is obviously interesting to
retrieve information about cell phenotype, mutational landscape and gene expres-
sion, but cancer cells can also be used to perform functional analysis. Beyond this,
the simple quantification of tumour material, ctDNA or CTCs, can be correlated with
the tumour burden. As such many microfluidic tools have been developed for the
enumeration of cancer cells. Some of these tools are summarized in the chapter from
Chícharo et al.

22.3.1 Cell Phenotyping and Gene Expression

22.3.1.1 Flow Cytometry
Flow cytometry assays are mainly done to measure antigen expression, using
fluorescently labelled antibodies, and providing multi-dimensional analysis of the
different cell types contained in a complex sample [109]. As such, flow cytometers
are an invaluable tool used in cell biology, biotechnology, biomedical research, and
also in the clinic [111], promoting the analysis of body fluid samples including bone
marrow, cerebrospinal fluid and pleural fluid, for the diagnosis and monitoring of
diseases like leukaemia and HIV [112, 113]. Nevertheless, research has advanced in
recent years in the field of microfluidic flow cytometry, to create cheaper, faster,
portable, more autonomous, less prone to contamination and smaller alternatives to
the traditional flow cytometry, while providing a simplified operation and a reduc-
tion of resource consumption in the assays [11]. Major developments in microfluidic
flow cytometry have been reported including the different subsystems: sample
pumping, sorting, focusing, detection and data analysis; all of them tuneable
depending on the requirements of the desired application [114].

The strategies mostly described for sample pumping are based on peristaltic,
piezoelectric, absorbent, electroosmotic and pressure driven mechanisms. To reduce
cell rupture during pumping of biological samples, various efforts have been made to
improve and implement new strategies including electrophoresis and high-frequency
piezoelectric activated peristaltic pumps [114–119]. With the same goal, Lee et al.
demonstrated an absorbent microflow cytometer chip, in which the solution was
driven by the absorbing force of superabsorbent materials [120]. Or a more recent
approach, microfluidic sample pumping was done using a simple T-shaped
microchannel with electric field-effect flow control [121].

Sample focusing is also critical in a conventional flow cytometer as the cells need
to pass through a specific zone to ensure the appropriate detection accuracy and
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throughput [114]. This means that the location of the cells in the microchannel could
affect the detection accuracy greatly. Thus, in microfluidic flow cytometry, the major
focusing methods used are based on sheath flow and sheathless flow [122, 123]. For
example, Mao and collaborators demonstrated a microfluidic flow cytometer that
combines hydrodynamic sheath and dean flows to control the axial position of the
cells within a microfluidic channel [124]. This system is based on inducing dean
flow in a curved microfluidic channel, where the microfluidic deflection can be used
to hydrodynamically focus cells in the vertical direction and allows 3D hydrody-
namic focusing on a single plane. Additionally, this system was then successfully
integrated into the laser-induced fluorescence detection system to provide effective
high-throughput flow cytometry measurements at a rate of over 1700 cells/s [124].

Many different microchip sorting systems are already described and convention-
ally divided into active and passive methods. In microfluidic flow cytometry, the
sorting methods described are optical, magnetic, electric or acoustic fields or piezo-
electric actuators (active methods), and electrophoresis as specific geometric
structures (passive sorting) [125–127].

Lastly, the strategies used to improve the selectivity and sensitivity of
microfluidic flow cytometers for the analysis/detection of different samples include
the use of conventional optical detection and other powerful detection techniques
such as impedance spectroscopy and electrochemical detection. In addition, ultra-
sound and photoacoustic-based detection methods have been gradually also applied
in microfluidic flow cytometry [111, 128]. For example, a multi-channel parallel
microfluidic cytometer that is based on analogue detection combined with parallel
microfluidics was developed with the capacity to reduce data load and increase
throughput, simplifying the classification algorithm to a fraction of a microsecond.
Furthermore, the system presented a slow-flow regime, providing a better and more
careful quantitation of fluorescence than conventional flow cytometry systems [129].

The versatility of microfluidic cytometers has been demonstrated in several
works. For example, Göröcs and co-workers fabricated an image-based microfluidic
flow cytometer for the detection of toxic algae in water samples [130]. Cho and
collaborators used their microflow cytometer and included a fluorescence-activated
cell sorter (FACS) for the isolation of E. coli [131]. This microfluidic FACS strategy
was also applied for the determination of apoptosis and necrosis in HeLa cells
[132]. Also, microfluidic flow cytometers have also been applied for the purification
and detection of viral sample, or even for single-cell analysis [133].

Many microfluidic flow cytometers are already in the market, including
GigaSort™ (Cytonome, Inc, USA), MACSQuant Tyto™ (Owl Biomedical, Inc,
Germany), SH 800 (Sony Biotechnology, Inc, USA), Wolf™ (Nanocellect Biomed-
ical, Inc, USA) and Moxi Go II™ (ORFLO, Inc, USA) [111, 134]. In summary, the
implementation of microfluidics in flow cytometry is in continuous optimization and
it is expected to achieve major improvements in diagnostics and biomedical
research.

566 A. Teixeira et al.



22.3.1.2 FISH
Fluorescence In Situ Hybridization (FISH) is a molecular technique consisting in the
hybridization of a labelled probe with a target nucleic acid sequence within a cell or
tissue section to produce a measurable fluorescence signal. FISH assays have been
extensively used during recent years, with a wide range of nucleic acid and mimic
probes being commercially available for the assessment of specific sequences of
genes, RNAs or even entire chromosomes, making a tremendous impact in the fields
of genomics, biotechnology and bioinformatics. This technique can precisely local-
ize and quantify molecules of interest at single-cell resolution in a cell sample or
tissue slice. As such, FISH has many applications for diagnostic purposes, such as
assessing the presence or absence of specific genes, chromosomal abnormalities or
gene expression, relevant in many areas, namely for haematological analysis, identi-
fication of microorganisms, prenatal diagnosis and cancer prognosis and therapeutic
selection [135, 136]. However, FISH presents as all techniques some disadvantages,
such as the complexity of their protocols, being time-consuming, and needing skilled
dedicated personnel. This consequently means that this technique is costly, which
has affected the fast and wide adoption of FISH in the laboratories. The integration
of FISH protocols into microfluidic systems offers a streamline solution to these
challenges, by including and automating all steps into one single device while
reducing assay time, reagent volumes and enabling operation by non-skilled person-
nel even at the point-of-care.

Several microfluidic FISH assays have been developed in recent years
and demonstrated in a variety of proof-of-concept applications. With the aim
to decrease probe consumption, Nguyen et al. reported a microfluidic-assisted
FISH (MA-FISH), capable to reduce the hybridization time to 4 h and reagent
volume by a factor of 5 concerning the conventional protocol and also the reaction
rate and reported on their extra-short incubation microfluidics-assisted FISH
(ESIMA-FISH) [137]. Microfluidic FISH has been reported as a high-throughput
method for single-cell analyses and detection of chromosomal abnormality in
haematological diseases. Different strategies have been developed for immobiliza-
tion and analysis of hematopoietic cells from peripheral blood or bone marrow
samples [138]. Also, a strategy to immobilize circulating plasma cells and circulating
leukaemic cells for cytogenetic analysis of TEL/AML1 translocation and
BCR/ABL1 fusion aberrations allowed to evaluate MRD in multiple myeloma and
leukaemia was also developed [139].

The use of FISH is also very popular to assess genetic alterations in CTCs. Their
analysis enables the real-time assessment of disease evolution, as well as the design
of personalized treatments. In 2012 was reported for the first time a device for
microfluidic isolation and FISH analysis of CTCs [140]. In 2015, the potential of
microfluidic FISH for molecular diagnostics was proven. The authors demonstrated
the capability of their on-chip FISH system for the evaluation of ERBB2 in cells
captured from pleural fusion samples from breast cancer patients [141].

In summary, the applications of microfluidic FISH are multiple, being also
used for chromosomal DNA analysis [142], including telomer length and chromo-
somal aneuploidy assessment, applied to prenatal [143] and cancer [142] diagnosis.
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Furthermore, this technique has also been reported for the diagnosis of Alzheimer’s
disease [144] and malaria [145]. Recent works have reported on novel
developments to integrate microfluidic FISH in co-culture systems [146] and in
microdroplets [147], and for real-time monitoring of FISH kinetics [148].

22.3.1.3 Immunofluorescence
Immunofluorescence uses fluorescent dyes to label biomarkers in cells. It takes
advantage of the specificity of antibodies to target antigens present in different
parts/compartments of cells of interest. Since immunofluorescence is one of the
most broadly spread techniques for the analysis of cells in traditional biological
protocols, it has also been applied to the analysis of cells within microfluidic devices.
Microfluidics however brings an inherent added value in terms of minimizing the
volume of the fluorescently labelled antibodies, as well as providing a platform
where to immobilize the cells to analyse. These microfluidic devices containing the
labelled cells can then be analysed easily under the microscope, with the advantage
of protecting the biological sample in an isolated chamber, as well as ensuring
reproducible and controlled conditions during the labelling protocols.

Immunofluorescence combined with microfluidics has been applied in the context
of different scientific fields including environmental and food analyses, viral studies
or cancer. For example, the immunofluorescence detection of the dengue virus using
dielectrophoretic microfluidic platform was proposed by Chang and co-workers
[149]. Beyond the standard use of microfluidics in combination with immunofluo-
rescence for capture and immunostaining of target cells, microfluidic immunofluo-
rescence was also applied for cell reprogramming. Interestingly, the micro-confined
environment showed a 50-fold increase in the efficiency of the overall
reprogramming outcome [150, 151].

In the context of cancer diagnosis and liquid biopsy, the HER2 expression in
breast cancer cells from 25 cancer patients was also studied, with a microfluidic
device that provided the needed precision required for protocols that aim at being
implemented in the clinic [152]. Hung et al. integrated a set of microfluidic modules
for the capture of cells from cholangiocarcinoma (CCA) samples, the subsequent
immunostaining using two specific CCA biomarkers, and a detection module for
visualization [153]. Several other examples may be provided for other cancer
settings and research challenges such as lung adenocarcinoma, in situ mapping of
immune cells or the widely spread molecular analysis of circulating tumour cells
(CTCs) isolated in microfluidic devices or even for detection of two different
cholangiocarcinoma biomarkers from captured cells, using different modules [154].

Despite the extended combination of immunofluorescence with microfluidics, it
has been restricted to the qualitative molecular analysis of those cells. It is still
needed to implement strategies that allow the quantitative determination of the
expression of those antigens, and in that sense using robust platforms may be the
way to move forward to have an efficient implementation in the clinic.
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22.3.1.4 SERS
Surface-enhanced Raman scattering spectroscopy (SERS) is commonly used to
promote the enhancement of the weak Raman signal of a target molecule, more
precisely in cases where high sensitivity is desired, and detection is limited by the
low concentration of the analyte. SERS is considered an ultrasensitive and powerful
analytical tool, and its potential has already been demonstrated in various fields, such
as biology, environmental, food, pharmacology and medicine. However, it can be
difficult to maintain the reproducibility and consistency of SERS-based techniques,
but this drawback can be easily overcome by integrating SERS detection into a
microfluidic platform, which promotes a continuous flow condition for highly
reproducible SERS measurements [155, 156]. In addition, this combination of
technologies offers new opportunities for multiplexed nanoparticle-based assays,
which are highly selective and specific. This strategy has been studied, improved and
applied for the detection of biological and chemical molecules [156], contaminants
in food [157] or water [158] or even for analysis of single cells and cancer
biomarkers.

The integration of SERS with droplet microfluidics has demonstrated potential
for single-cell analysis [159], more precisely in the work developed by Willner et al.,
where was demonstrated intracellular variability in the expression of glycans on the
cell membrane of prostate cancer cells and detection of sialic acid on single-cell level
in cancer cell lines (MCF-7, HepG2, SGC and BNL.CL2) [160]. These studies
promote a better understanding of cellular systems [159]. This strategy was also
applied for the detection of Escherichia coli [161], Staphylococcus aureus [162] and
eukaryotic cell lysate [163].

On the other hand, for detection of cancer subpopulations, Zhang et al. developed
a strategy that integrates microfluidics, for size-based cell isolation, with SERS used
for in situ reporting of cell membrane proteins. Also, a reliable SERS immunosensor
was developed on a microfluidic chip for the simultaneous detection of multiple
breast cancer biomarkers in real samples and demonstrated a successful performance
compared with standard techniques [164]. More recently, Kapara et al. demonstrated
that multiplexing capabilities of SERS can be successfully used to understand
more about nanoparticle uptake in tumour spheroids (cultured in a microfluidic
device) and also to identify and classify live ERα-positive MCF-7 breast cancer
spheroids [165].

In summary, SERS-microfluidic sensors promote fast analysis, high sensitivity
and even high throughput using a small sample volume, while being portable,
inexpensive and miniaturized, so these sensors are in line with the development
trend of modern analytical technology [156].

22.3.2 DNA Mutations

Nowadays, genetic profiling of tumours has become common both for researchers in
oncobiology and for clinical diagnosis and treatment [166–168]. The analysis of
DNA mutations is extremely important for tumour profiling and to discover genetic
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signatures in oncology with a direct impact in diagnosis, prognosis and therapeutic
selection for cancer patients [169, 170]. For the molecular analysis of DNA in
clinical samples, several techniques are currently used, including polymerase chain
reaction (PCR), digital droplet PCR (ddPCR), microarrays and fluorescence in situ
hybridization (FISH). Additionally, new technologies have been developed, namely
next generation sequencing (NGS) which can provide rapid detection of thousands
of cancer-related genes with a high degree of analytic accuracy [171, 172].

Traditionally, tumour mutations are analysed directly in the tumour tissue
obtained either through biopsy or surgery but, over the last years, non-invasive
mutational analysis of the tumour can be performed through liquid biopsy assays,
either analysing cfDNA or tumour cells that appear in body fluids. Indeed, the
analysis of mutations in CTCs can be an effective tool to predict disease
aggressiveness and to monitor therapeutic response [173], ultimately contributing
to a better understanding of the metastatic process and to the design of personalized
treatment in a simple and non-invasive way [174].

The conventional techniques are reproducible, capable to detect multiple
mutations at the same time, and present high specificity and sensitivity. Neverthe-
less, the specificity is dependent on many factors, such as the design of the primers
and probes. Additionally, the sensitivity is very variable, being the qPCR, ddPCR
and NGS, the most sensitive among all. Thus, conventional techniques used to detect
DNA mutations are not perfect and have disadvantages associated with their com-
plexity, data analytics and the time required from sample preparation to results.

In that sense, highly specific technologies have been developed for the efficient
detection of ctDNA. Beyond PCR, currently used techniques include Scorpion
Amplification Refractory Mutation System (ARMS); Beads, Emulsions, Amplifica-
tion and Magnetic analysis (BEAMing); and NGS [18, 20, 175, 176]. The ddPCR
technique is based on water-oil emulsions, small DNA fragments are encapsulated
into thousands of droplets for amplification and analysisis of genetic alterations and
specific mutations with high sensitivity [99, 177–179]. However, this method is
considered to be insensitive to detect a low amount of the mutant allele, working
only when the required amount of targeted mutation is present [99, 180]. So,
researchers developed Scorpion ARMS, to detect low amounts of mutations and
reduce false-negative rates [99, 178, 179]. Similar to ddPCR, BEAMing binds DNA
to magnetic beads before preparing the emulsion in droplets, and sorting the beads
that contain cell mutations by flow cytometry [99]. The sensitivity of this method is
1 mutated DNA fragment for 10000 normal fragments [181].

Ishi and colleagues collected plasma from non-small-cell lung cancer (NSCLC)
and conducted a study using ddPCR, in which a drug resistance mechanism in
epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor treatment was
detected [182]. The EGFR mutation in this type of cancer was observed by other
authors, with high levels of sensitivity and specificity [99]. Other studies detected
ctDNA in breast cancer [183] and colorectal cancer [184]. For instance, van Ginkel
and colleagues detected ctDNA and specific mutations by ddPCR and BEAMing,
from whole blood samples [96]. There is no doubt that these methods are sensitive
and efficient in ctDNA detection and helpful in monitoring cancer progression,
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however, they remain expensive, time-consuming, require innovative and costly
systems, and it is technically difficult to standardize them for routine clinical use
[185, 186].

Several efforts have been done to promote improvements in this area, developing
smaller portable platforms, that consume lower amounts of reagents and need
smaller volume samples, with lower costs, and providing faster results while
maintaining the sensitivity and specificity required [187]. In this line, many
microfluidic technologies have emerged, such as microfluidic PCR systems
[188–190], universal arrays placed in polymer-based microfluidic channels
[191, 192], and others based on a combination of two complementary technologies,
microfluidics and SERS have been developed [193, 194], all aiming to overcome the
shortcomings of the conventional techniques.

From all the microfluidic strategies developed, microfluidic PCR devices are the
most common approach, in either of two possible configurations: stationary, where
the sample is kept in a microchamber in which the temperature is cycled; or in-flow,
in which the sample flows through different thermal zones, so that the different
processes of denaturation, annealing and extension can occur [190]. These innova-
tive strategies combine the requirements needed for a wider implementation of
tumour mutation analysis for precision diagnosis and personalized treatment.

22.3.3 RNAs

The analysis of gene expression in tumour material has been used more frequently,
to improve the area of precision medicine in cancer. Although the analysis of DNA
alterations (such as mutations) is the most commonly used, the study of RNA and
their eventual modifications has increased tremendously in the last few years
[195]. Particularly, a set of small, endogenous, highly conserved, noncoding
RNAs that control the expression of genes, called micro RNAs (miRNAs), can
harbour mutations that are linked with diverse human cancers, however RNAs are
not stable free in circulation [196]. On the other hand, living cancer cells release
extracellular vesicles (EVs) into the circulation, containing tumour-derived RNA
within their cargo, and enabling the analysis of tumour-derived miRNAs, messenger
RNAs (mRNAs) and long noncoding RNAs (lncRNAs) [197].

One of the most attractive aspects of studying these EVs is how the biomolecular
contents of tumour-derived EVs (TEVs) mirror those of the parental tumour cells,
providing key insights into the disease progression and its mechanisms [198]. The
content of the circulating TEVs can indeed be used in the context of liquid biopsies
for early detection of cancer, for monitoring disease burden in patients and for
assessing recurrence in the post-resection setting. Nonetheless, isolating sufficient
TEVs by ultracentrifugation-based approaches can be an arduous, time-consuming
process and is inconsistent in the context of yield and purity. As discussed earlier,
microfluidic platforms can enable high-throughput EV isolation for posterior analy-
sis of genomic content, reliably identifying mutations present in the patient plasma.
This possible application of microfluidic techniques demonstrates its potential for
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the development of point-of-care platforms to monitor, for example, a residual or
recurrent tumour presence in a cancer patient undergoing therapy.

As such, tumour RNAs can be utilized as diagnostic and prognostic biomarkers.
Compared to DNA amplification and analysis using qPCR, RNA amplification
requires an additional step in reverse transcriptase which originated the widely
used qRT-PCR technology. This genomic analysis technique can be greatly assisted
with its implementation in microfluidic devices which provide miniaturization,
integration, parallelization and automation of the biochemical assay, speeding up
the whole process while reducing the consumption of sample and required reagents
[199, 200].

22.3.4 Sequencing

Sequencing is a technique that allows the determination of the sequence of nucleic
acids. It was firstly described in the early seventies and became increasingly popular
with the development of Sanger sequencing method which allowed automation and
the development of DNA sequencers [201]. Sanger DNA sequencing was the gold
standard for many years and was replaced in the last two decades by ‘next generation
sequencing’ (NGS). NGS runs many sequencing reactions in parallel, providing a
high-throughput automated process and ultimately bringing the opportunity to
sequence the entire genome at once. The appearance of NGS boosted biological
and medical research, namely in the field of liquid biopsy making ctDNA sequenc-
ing accessible and detecting multiple mutations simultaneously [99].

Moreover, NGS enabled whole-genome sequencing (WGS), a technique that
provides the whole genomic profile of tumour DNA. This technique demonstrated
to be instrumental to characterize mutations and monitor disease progression
[202]. Whole-exome sequencing (WES) is a popular alternative of WGS. Although
WGS provides abundant information, it is expensive. By only sequencing the exons,
WES simplifies the analysis (exome makes up only 1.5% of the whole human
genome) and still provides valuable information in a disease scenario, as all protein
coding genes are in the exome [203]. WGS and WES require high input sample
volume, what has been limiting their application for early cancer diagnosis when
levels of ctDNA are low.

In parallel with the NGS, the development of amplification techniques supports
the growth of genomics and opened the opportunity for single-cell analysis. In liquid
biopsy, the importance of circulating tumour cells (CTCs) for the characterization of
metastasis and understanding the metastatic process is clear. However, the cells are
rare and the very low number limited their full characterization. With these
techniques it is now possible to probe patient-derived CTCs at the single-cell level
[204]. In these cases, DNA amplification is performed by digital PCR (dPCR). The
technique provides more sensitivity than classical PCR and absolute quantification.
Examples of methods available for digital PCR include digital droplet, spinning disc
microfluidics or microfluidic dPCR chips [205]. dPCR provides high sensitivity,
precision and absolute quantification, allowing nucleic acid analysis beyond the
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reach of other methods in a number of applications such as liquid biopsy. In case of
transcriptome analysis, single cell is also enabled by Smart-Seq (Illumina)
technology.

These technological advances were paramount not only for biomarker detection,
but also for the development of innovative diagnostic, prognostic and predictive
tools to better detect or monitor of cancer patients and to effectively assist in clinical
decisions [206]. Some of these existing products in the clinic that use NGS for
biomarker analysis are detailed below, according to the type of biomarker.

22.3.4.1 Genome and Epigenome
Cobas® EGFR Mutation Test v2 (Roche) is one of the most successful products in
the field of liquid biopsy. It consists in a PCR test that identifies specific mutations in
the epidermal growth factor receptor (EGFR) gene. The test is approved for clinical
use in the 1st and 2nd line EGFR TKI therapy in patients with advanced non-small
cell lung cancer (NSCLC). The test is used in ctDNA as well as in DNA extracted
from solid biopsies. Cobas® was the first companion diagnostic product approved in
liquid biopsy.

A similar approach is proposed by Guardant360®, an FDA-approved compre-
hensive liquid biopsy test for all advanced solid tumours. It provides genomic
profiling for advanced cancer patients. In the context of NSCLC, the company
claims to be able to detect disease 1-3 weeks earlier than tissue biopsy. Additionally,
the test covers other genomic alterations which may be relevant in other types of
cancer too.

Early detection of cancer is also the claim of Galleri® (Grail). The Galleri test
uses NGS and machine-learning algorithms to analyse methylation patterns of
cfDNA in blood to detect cancer and predict its origin with high accuracy. The
test is not FDA-approved yet, but clinical trials are ongoing.

Towards personalized treatment and complete understanding of cancer heteroge-
neity, the Cancer Personalized Profiling by Deep Sequencing (CAPP-Seq) test has
been developed by Roche. It provides for the detection of a wide array of mutations
in ctDNA from patient blood. This is a high-throughput technique that combines
NGS and informatic algorithms to precisely identify and quantify mutations.
SignateraTM (Natera) is a commercially available test focused on the detection of
ctDNA for molecular residual disease (MRD) assessment. Instead of being based on
well-characterized mutation, the test is personalized based on the primary tumour
mutation signature of the patient.

22.3.4.2 Transcriptome
Biomarkers of mRNA are also target for the early detection of cancer in body fluids.
SelectMDx® test (MDxHealth) measures the expression of two mRNA cancer-
related biomarkers (HOXC6 and DLX1) in urine samples. Combined with patient
clinical risk factors, this test is meant to help the clinician to determine whether the
patient should undergo a tissue biopsy or not, in the context of prostate cancer.

Similarly, the ProgensaTM PCA3 (Gen-Probe Inc) is a specific assay to detect
PCA3, a prostate-specific mRNA biomarker. The biomarker is also detected in urine
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and is used as support for clinical decision to determine if tissue biopsy is needed.
ProgensaTM assay is FDA approved and CE marked.

A similar test is available for the detection of bladder cancer. CxbladderTM is a
urine-based laboratory test to quantify mRNA levels of five biomarkers. The test can
also be used to support clinicians to rule out the need of cystoscopy.

22.3.5 Beyond NGS: Proteome and Metabolome

The proteome refers to all the proteins present in a cell or organism at a specific time
point. The study of proteome has been conducted mainly using mass spectrometry
and more recently protein arrays that together with bioinformatics became a robust
tool in proteomics.

Biodesix is a company specialized in lung cancer and offers multiple testing. The
VeriStrat® blood-based immune profiling proteomic test provides a personalized
view of each patient’s immune response to their lung cancer and predict the benefit
of treatment with EGFR inhibitors. IMMray™ PanCan-d (Immunovia) is a blood
test developed for early detection of pancreatic cancer (PDAC stage I & II). The test
is offered exclusively as a laboratory developed test (LDT). IMMray™ is an
antibody-based microarray technology that creates a snapshot of the immune system
response from a blood sample.

The metabolome is defined as small-molecule analytes (<2000 Da) found within
a biological sample. These can be blood, plasma, urine, faeces and also exhaled
breath and exhaled breath condensate. Metabolomics is studying this type of
compounds by using techniques such as nuclear magnetic resonance (NMR) and
mass spectrometry (MS) to determine metabolic profiles in biological samples.

Breathomics is a specific branch of metabolomics. The field evolved significantly
in the last few years and biomarker volatile organic compounds (VOCs) have been
associated with inflammatory diseases, infectious diseases and cancer [207]. Analy-
sis of breath brought however several difficulties due to the very low concentration
of compounds that were frequently below the detection limit of the current
techniques. To circumvent this issue, new forms of collecting breath were developed
in order to concentrate these metabolites. Owlstone Medical Breath Biopsy® plat-
form is such an example that is currently under clinical trial to discriminate VOC
biomarkers for six different types of cancer. This area is still in early phase of
development, however the establishment of databases such as Human Breathomics
databases is accelerating development. The incorporation of automation in these data
analysis is needed to bring this knowledge to clinical setting.

22.3.6 Functional Assays

The development of cell-based assays emerged as a tool to provide representative
data of higher-level biological responses and interactions that are not possible to
obtain with other type of analysis. The implementation of microfluidics improves the
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throughput and quality of these assays in a variety of fundamental biological
research topics, such as understanding of metastasis, cell proliferation and drug
testing [208].

Metastasis is known to be the cumulative result of several changes in tumour cells
and their microenvironment. The understanding of molecular and cellular processes
underlying this multistep event is crucial to predict cancer progression, develop
suitable treatments, as well as to discover key mechanisms that ignite metastasis
[209]. For this reason, experimental metastatic models can provide a clear view of
the mechanisms of metastasis and serve as a platform for biomarker discovery and
anti-metastatic drug testing. However, the aggressive and invasive processes of
metastasis are a consequence of a bi-directional communication of cancer cells and
their surrounding tumour environment that 2D traditional cell-based assays, such as
the Transwell® system, cannot represent due to their static nature [210]. On the other
hand, broadly used animal models serve as testing platforms of higher complexity
compared to 2D models, but involve complicated, time-consuming and expensive
procedures that eventually lead to a delay in the development of new drugs
[211]. Microfluidic technology has enormous potential in the field of advanced 3D
models due to its ability for spatial and temporal control of cell growth, chemical and
physical stimuli. Microfluidic organ-on-a-chip models enable the reconstitution of
the body tissues and dynamics found in vivo, in one simple and controllable
microdevice. Due to this fact, various microfluidic devices have been developed to
assess different stages of the metastatic cascade including cell dissemination from
the primary tumour [212], influence of the tumour microenvironment [213], intra-
and extra-vasation [214] and the influence of chemical gradients in cancer cell
migration [215]. As such, these biomimetic models enable the development of
functional assays that can be carried out for a better understanding of metastases
and that allow the collection of valuable data that can be used to discover new cancer
biomarkers, critical for cancer prediction and new drug development.

The assessment of tumour cell proliferation and differentiation is also essential to
understand the formation of cancer. Traditionally, cell culture studies are performed
in 2D flasks, petri dishes or microtiter plates containing cell culture media that allow
cell growth for limited time periods. However, as mentioned above, the impact that
the dynamic physiological conditions of the human body and the interactions of cells
with their microenvironment can have on their functionalities and phenotype cannot
be monitored by using these traditional methods [216]. With this regard, microfluidic
devices are great candidates for cell culture and differentiation assays since they
mimic in vivo systems, enabling the precise control of culture conditions and the
replication of microcultures and their cellular interactions [217]. Likewise, they also
present several attractive features such as a continuous supply of nutrients, removal
of waste and high automation capability [216]. For instance, Justin Cooper-White
et al. were able to trap single cells in a two-layered microfluidic device and promote
their proliferation for multiple generations over extended periods of time (>7 days)
under media perfusion [218].

Regarding drug development, animal testing platforms can be crucial when
predicting the efficacy and toxicity of anti-cancer drugs in the human body.
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Nevertheless, differences in species can lead to errant pharmacokinetic predictions
and rejections of promising compounds, which also occurs when performing said
studies with in vitro cell line models that lack basic physiologic functions. Fortu-
nately, microfluidics can overcome these limitations as stated before, since they can
replicate physiologic dynamics, being better suited to represent in vivo situations
and as such prove to be attractive when assessing drug effectiveness, as mentioned
for the case of the metastatic cascade. Finally, low-cost microfluidic systems can be
fast prototyped to enable multiplexed and automated drug screening assays with
high control and precision. For instance, CTCs isolated from the blood of cancer
patients are a prime candidate to perform chemoresistance assays for personalized
drug development, however, these assays require the manipulation of small sample
volumes without the loss of rare cells [219, 220]. A study by Bithi et al.
demonstrated that this problem could be overcome by manufacturing microfluidic
devices capable of performing this task, and not only reducing the loss of rare CTCs,
but also having a reproducible sample discretization, heterogeneity assessment at
single-cell level and an easy identification of the drug response [219].

Microfluidic devices represent a new era of testing platforms that take functional
assays accuracy to a higher level, narrowing the gap between in vitro and in vivo
conditions and further enhancing drug discovery research and reducing the ‘bottle-
neck effect’ in preclinical testing.

22.4 Outlook

So far, only a handful of liquid biopsy methods have been cleared to be used in the
clinic. However, for the liquid biopsy biomarkers reviewed above a different success
in terms of successful transfer into the clinic should be remarked. As per ctDNA,
several methods have been cleared by the different regulatory bodies in different
geographies. The fact that the clinical utility of ctDNA has been demonstrated
enabled the FDA and CE-IVD approval and thus the clinical implementation of
liquid biopsy tests starting by Cobas (Roche) [221] and followed by Target Selector
(Biocept), Therascreen (Qiagen) or Idylla (Biocartis) among others [222]. These
tests allow the detection of the presence of specific mutations in breast, prostate,
colorectal, NSCLC, ovarian, bladder, HCC or NMIBC. The results of the analysis
may be used, depending on each specific test, for diagnosis, prognosis, monitoring
and surveillance and/or companion diagnostics. The implementation of these tests in
the clinic was a breakthrough for liquid biopsy, demonstrating that there is a whole
range of possibilities when analysing body fluids, which may impact the quality of
the care for cancer patients. Very recently in 2020, two additional ctDNA-based tests
were approved, the FoundationOne Liquid CDx [223, 224] and the Guardant360
CDx [225]. Unlike the previous approved tests based on ctDNA which tested just for
a single mutation, these newly approved technologies are NGS-based and capable of
detecting multiple mutations. Furthermore, the initial approval was later in the same
year expanded to include more cancer types than initially approved. As a whole, the
Guardant360 CDx [226] and the FoundationOne Liquid CDx [227] target 55 and
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324 tumour genes, respectively. These approvals will further boost the use of liquid
biopsy in the clinic, demonstrating how the use of liquid biopsy may provide
information on the benefit of a specific targeted therapy. The assays can also be
used for general tumour profiling, enhancing the applicability and potential uptake
by clinicians and pathology laboratories.

Regarding CTCs and EVs, there is still a long road ahead when compared to
ctDNA technologies achievements. In the case of CTCs, only the CellSearch®
system, initially developed by Johnson and Johnson and later acquired by Menarini,
has FDA clearance. The implementation of this CTC assay in the clinic has not been
as effective as those of ctDNA, mainly due to its inability of demonstrating clinical
utility, as it only relates CTC counts with prognosis. Ever since the approval of
CellSearch®[228], many other technologies made their appearance in the research
arena. Some of these technologies take indeed benefit of microfluidic approaches for
the isolation of the very scarce CTCs that may be found in the body fluids. For
example, the Parsortix® System from Angle [46], the VTX-1 from Vortex
Biosciences [47] and the RUBYchip™ from RUBYnanomed [48].

As per the EVs, they have been traditionally explored mainly in relation to their
potential as drug delivery systems [229]. However, with the recent advances in
liquid biopsy they are now being explored as potential biomarkers to be used in
diagnostics [230, 231]. Nevertheless, despite the huge amount of relevant informa-
tion EVs contain, the challenge to achieve an efficient isolation, as well as the
classification of the EV subpopulations is hindering their clinical translation. Despite
the majority of the ongoing clinical trials based on EVs are related to therapy,
already some are trying to demonstrate the clinical applicability and utility in
diagnosis [232]. For example, the ExoColon clinical trial run by the Centre
Hospitalier Universitaire Dijon aims at demonstrating the hypothesis of the potential
of using miRNAs contained in circulating EVs as biomarkers of early prognosis in
colorectal cancer [233].

Besides the crucial role of microfluidic devices for the handling of liquid biopsy
biomarkers, the use of these platform as organ-on-a-chip (OoC) models to study
liquid biopsy is perhaps one of the most promising synergetic applications of both
fields. Currently, the limiting factor for the extended application of this technology is
the difficulty on developing robust OoC microfluidic platforms that can mimic the
tumour environment. In this sense, the manufacturing of microfluidic devices must
pursue standardized approaches in order to offer the cancer research and clinical
communities reproducible and unbiased results. Companies such as Emulate,
InSphero or Mimetas [234] lead the market traction providing platforms that can
mimic different types of organs such as colon, brain, lung or kidney among others.
The applications of OoC are endless and have been reviewed elsewhere in this book.
As per the liquid biopsy field, an OoC model that can be translated into the clinic is
still depending on the capacity of microfluidic manufacturers to produce reliable,
robust and integrated systems. Several and meaningful advances can still be found in
the literature, mainly for the development of 3D cancer models that may shed light in
the metastatic process [235], on the 3D cell culture [236], metabolism of tumours
[237] and drug development and dose testing [238].
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We may conclude that microfluidic platforms are key for the implementation of a
personalized management of cancer in connection with liquid biopsies. From the
diagnostics point of view these microfluidic platforms offer an efficient isolation of
circulating biomarkers enabling patient stratification, tumour profiling and monitor-
ing. From a therapeutic perspective both companion diagnostic developments and
the application of OoC models will certainly enable a personalized and continuously
updated course of treatment for cancer patients. Hopefully once and for all, when
these approaches are fully translated and implemented into the clinic the heterogenic
and dynamic nature of cancer may finally be fully considered, making cancer a
chronic disease and ensuring a good quality of life for cancer patients.
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