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Chapter 1
Gold Nanoclusters as Emerging Theranostic
Interventions for Biomedical Applications

Kritika Sood and Asifkhan Shanavas

1.1 Introduction

Many recent advances in nanotechnology have provided a vast pool of functional
nanomaterials that have been employed for various combinatorial biomedical appli-
cations like therapeutics, imaging, and diagnostic probes [1]. The advancements in the
field of instrumentation and biosensing have led to highly sophisticated diagnostic
techniques such as wearable sensors and smart-phone based point of care (POC)
devices that have widely revolutionized the conventional biosensing platforms to aid
portable and bed-side diagnosis [2]. Various nanomaterials such as quantum dots,
carbon dots have recently been used utilized for synergistic theranostic applications.
However, due to the leakage of toxic heavy metals in vivo and accumulation in
different organs, these nanomaterials have limited applications [3]. Thus, the need of
the hour is to develop highly biocompatible, photostable, and renal clearable materials
for efficient biotracking and therapeutic purpose.

One such novel class of luminescent nanomaterials is the metallic nanoclusters
(NCs), which have prospered tremendously over the last decades motivated by the
increasing interest in studying the evolution of opto-electronic properties from the
atomic level to the bulk solids as their size increases. Metal nanoclusters (NCs) which
act as an intermediary link between the larger plasmonic metal nanoparticles and
isolated metal atoms to form ultrasmall nanostructures (size usually <2 nm) are
composed of a few tens or several hundreds of atoms and display a unique set of
opto-electronic properties due to their strong quantum confinement effects
[4]. Nanoclusters have a core–shell structure wherein the core metal atoms are

K. Sood · A. Shanavas (*)
Inorganic & Organic Nanomedicine (ION) Lab, Institute of Nano Science and Technology,
Mohali, Punjab, India
e-mail: kritika.ph17227@inst.ac.in; asifkhan@inst.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
V. Borse et al. (eds.), BioSensing, Theranostics, and Medical Devices,
https://doi.org/10.1007/978-981-16-2782-8_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2782-8_1&domain=pdf
mailto:kritika.ph17227@inst.ac.in
mailto:asifkhan@inst.ac.in
https://doi.org/10.1007/978-981-16-2782-8_1#DOI


surrounded by organic ligand groups that act as protecting agents to stabilize the metal
core. The size of the nanoparticles limits the free movement of conduction electrons to
the metal surface, which determines their size dependent optical characteristics SPR.
However, as the size of these metal nanoparticles decreases to the Fermi wavelength of
conduction electrons, as in the case of NCs, the band structure quantizes from
continuous energy bands in nanoparticles, to discontinuous bands and breaks into
discrete HOMO-LUMO energy levels. These quantized energy levels allow unique
photoluminescent, electronic, and catalytic properties of metal NCs.

In the past few years, various noble metal NCs with different metallic cores (Au,
Ag, Pt, Cu) have found substantial uses in theranostic applications due to their highly
desirable properties [5–7]. Interestingly, the use of luminescent gold nanoclusters
(AuNCs) has gained tremendous attention in various biomedical fields such as
biosensing, therapeutics, and bioimaging which can be accredited to their high
biocompatibility, relatively higher cellular uptake, higher renal clearance for
in vivo applications, ease of conjugation for imparting various functionalities,
relatively higher quantum yield than organic dyes, tunable emission in visible and
IR region, and good photostability [5, 8].

Fig. 1.1 Different biomedical applications of gold nanoclusters
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This chapter mainly focusses on the role of gold nanoclusters in the field of
biosensing and therapeutics for biomedical applications (Fig. 1.1). Additionally,
various strategies employed for biosensing by gold nanoclusters along have also
been discussed.

1.2 Synthesis of AuNCs

Various strategies have been employed for development of water-soluble; highly
fluorescent AuNCs with high biocompatibility and quantum yield for their use in
biomedical applications. Due to their ultrasmall size, the metallic core atoms can
agglomerate to form larger nanoparticle, hence, the use of different ligands as
stabilizing/capping agents is essential to stabilize the nanoclusters (Fig. 1.2). The
two main techniques used for synthesis of AuNCs are:

(i) Thiol-based approach—Due to high strength of Au–S bonds, thiolated ligands
have been successfully employed for the synthesis of AuNCs. The size, surface
charge and hence their photoluminescent properties are dependent upon the
nature of the thiolated molecule used. For e.g., Glutathione (GSH),
3-mercaptopropionic acid (MPA), D-penicillamine (DPA),
11-mercaptoundecanoic acid (11-MUA), etc. [9–12]. 11-MUA and DPA have
been employed as both reducing and stabilizing agents, while GSH and MPA
have been used along with different reducing agents such as sodium borohy-
dride and THPC (tetrakis (hydroxymethyl) phosphonium chloride) for synthesis
of AuNCs.

(ii) Template-assisted approach—This approach employs using various
biomacromolecules (such as DNA, carbohydrates, etc.), peptides, proteins,
enzymes, polymers, and dendrimers for scaffold/template based synthesis of
AuNCs [13–17]. These biomolecules are generally employed along with a
reducing agent for complete reduction of Au III to Au 0. The as synthesized
highly biocompatible AuNCs are however embedded inside the scaffold mole-

Fig. 1.2 Schematic depicting synthesis of AuNCs using different stabilizing/capping agents
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cules which may lead to their decreased fluorescence and comparatively larger
hydrodynamic size.

1.3 Gold Nanoclusters as Biosensors

Biosensors are precise and powerful analytical devices utilizing one or more biologic
sensing elements with a transducer for specific detection of certain target bioanalyte
(s) of interest. With the advent of nanomaterials, the nanobiosensors have employed
for use in wide range applications such as medical diagnostics, biomedicine, drug
discovery, food safety, environmental monitoring, defense as well as security.
Nanobiosensors based on AuNCs have a great potential in the field of optical
detection of sensitive bioanalytes due to their various unique properties such as
larger Stokes shift, higher emission rates, water solubility, and excellent biocompat-
ibility for both in vitro and in vivo sensing applications. The main strategies
employed for biosensing via AuNCs as well as the recent advances of AuNCs in
biosensing applications would be discussed in the later part of this chapter.

(a) Elements of a Biosensor
To better understand how a NC acts as a nanobiosensor works, it is important to
highlight the mechanism behind and how the different components of a biosensor act

Fig. 1.3 Schematic of AuNCs as biosensors depicting different elements
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in coherence to detect a readable output signal (Fig. 1.3). The major components of
any biosensing system include the following:

1. Bioanalyte—It is the sample to be detected for specific detection by the biosensor
(e.g., target bioanalytes from blood, urine, CSF, serum, etc.)

2. Biological Recognition Element (Bio-receptor)—which specifically detects the
target sample or bioanalyte such as antibodies and aptamers.

3. Signal Transducer System—which records the physiochemical interaction
(electrochemical, optical, mass and acoustic, etc.) between the bio-receptor and
the target bioanalyte and converts the change occurred in the form of a measur-
able electric signal.

4. Detector or Processing Unit—which detects and processes the electrical signal
into logical form and acts a as a graphical user interface for better understanding
of system by the user.

Fluorescent AuNCs as biosensors function by capturing the change in their
luminescent signals, for instance, the change in wavelength (Stokes shift) or in
fluorescent intensity, to respond to the bioanalyte specifically and with an acceptable
limit of detection (LOD). The interaction of fluorescent nanoclusters’ ligand or core
with the bioanalyte may lead to different phenomena such as charge transfer,
electrostatic interactions, aggregation of NCs, or Förster resonance energy transfer
(FRET) amongst various other possibilities, which may lead to a change in their
properties thereby affecting the luminescent behavior. This change of luminescence
is leveraged upon heavily for optical sensing, thereby bringing in light the promising
role of fluorescent AuNCs as biosensors.

The biosensing efficiency of a system relies significantly on their specificity of
interaction with the target bioanalyte. In a typical AuNC based biosensor, the surface
functionalized ligand molecule acting as a bio-recognition element and the fluores-
cent AuNCs core acting as physicochemical transducer are the two intimately
coupled parts responsible for producing an optical fluorescent signal upon interac-
tion with the target bioanalyte. The functionalization of AuNCs via different strat-
egies such as ligand exchange or conjugating with specific biomolecules (e.g.,
antibodies or aptamers) aid in selective bio-interaction that plays a crucial role for
ultrasensitive detection for an efficient biosensing system. Therefore, selecting an
appropriate functionalization or bioconjugation strategy is an important step to build
a highly sensitive biosensor. With the rapid development of atomically precise NCs
via facile synthetic procedures, the design of AuNCs has been made versatile to cater
to the needs of a range of biosensing requirements. Therefore, over the years, the role
of AuNCs has evolved rapidly as simple, highly sensitive, robust and integrated
minimally sized biosensors for wide array of environmental and biomedical
applications.

(b) Main Strategies for Biosensing Via Fluorescent AuNCs
Au NCs have been used in biosensing applications broadly based on either exclu-
sively or a combination of the following main strategies:

1 Gold Nanoclusters as Emerging Theranostic Interventions for Biomedical. . . 5



1. Structure based Photoluminescent Sensing

The detection of analytes based on optical responses such as the absorption and
the emission properties of NCs has been the most widely used sensing mechanism.
However, the luminescent properties of NCs are not completely understood at the
molecular level yet, since its photoluminescence properties depend on many factors
such as cluster size surface ligands and cluster assembled structural changes, etc.
Some of these mechanisms would be

(i) Size Effect

Due to the quantum confinement effect of metal NCs as their size approaches
Fermi wavelength of electrons, the continuous energy band becomes discrete and the
transition from metal to molecule ensues. Atomically precise metal NCs have been
known to possess characteristic absorption characteristics that are distinguishable
from each other based on their absorption profiles. It has been reported that as the
size of the cluster decreases, the spacing between the discrete energy states increases
which leads to a blue shift in the emission of the smaller NCs as compared to their
larger counterparts [18]. Similarly, when the luminescence of Au NCs is solely
attributed to the metal centered electron transition, the emission of Au NCs has been
observed to undergo a red shift upon increasing their size and PL quenching in the
visible region as the cluster size further increases (Fig. 1.4a) [19]. Such a size
dependent quenching and shifting of emission wavelength is an important employ-
able characteristic for biosensing mechanisms.
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Fig. 1.4 Structure based Photoluminescent sensing: (a) Excitation (dashed) and emission (solid)
spectra of different sized gold nanoclusters with UV (Au5), blue (Au8), green (Au13), red (Au23),
and near IR (Au31) emission. The enclosed image shows Au5, Au8, and Au13 solutions (from left
to right) under long-wavelength UV lamp irradiation. Reprinted with permission from Ref. [19])
© 2004 American Physical Society-PRL. (b) Recovery of the photoluminescence intensity of the
BSA–AuNC+Cu2+ mixture after the addition of glutathione (GSH; black ¼ cluster, red ¼ cluster
+Cu2+, and green ¼ cluster+Cu2+ +GSH). Inset: the corresponding photographs. Reprinted with
permission from Ref. [20]) © 2010 Wiley
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(ii) Aggregation Induced Emission

Aggregation Induced Emission (AIE) or Aggregation Induced Emission
Enhancement (AIEE) is a self-assembly governed photoemission process depicted
by various nanoclusters which has been exploited for design of novel biosensors.
Luminescence of NCs depends on its surrounding environment. Various mechanistic
studies have revealed that restriction of intramolecular motion (RIM), which
includes both rotation (rotational intramolecular rotation or RIR) and vibration
(rotational intramolecular vibration or RIV), in the aggregated state is the main
cause for the AIE effect [21, 22]. AIE-type NCs have considerably enhanced PL
in aggregated states. AuNCs have also recently emerged as AIEgens and have been
employed for ultrasensitive and highly sensitive detection of amino acid, lysine. The
AIE-active dual-emitting fluorescent GSH–AuNCs/lysine complex was used to
ratiometrically detect the analyte molecule without the need of any conjugated
fluorogen [23]. Alternatively, the inhibition of assembly of NCs to block fluores-
cence could also be employed as a sensing mechanism for analyzing bioanalytes. A
similar system was adopted for the detection of heparin, an anticoagulating agent
using mesoporous silica nanoparticles conjugated with gold nanoclusters
(MSN-AuNCs) [24]. The electrostatic interaction between negatively charged hep-
arin and positively charged MSN which inhibited the assembly of AuNCs; leading to
de-enhancement in fluorescence leading to sensitive detection of heparin.

(iii) Aggregation Induced Quenching and Chelation for “Turn ON-OFF”
Sensors

The recovery of photoluminescence on addition of chelators such as EDTA or
divalent ions like Ca+2 can be used as a “turn on” sensor for various important
biomolecules. Glutathione is one such rather important antioxidant biomolecule
found in our body used to combat free radicals and reactive oxygen species and
plays a pivotal role in HIV expression and cancer therapy. The luminescence of the
BSA–AuNC has been exploited as a “turn off” sensor for Cu2+ ions and a “turn on”
sensor for glutathione [20]. The interaction of Cu+2 ions with the BSA shell of the
cluster results in the mediation of protein-protein interaction leading to the aggre-
gation of clusters into larger sized nanostructures and thereby quenching their
luminescent effect. This is another type of self-assembly governed photoemission
phenomenon called the aggregation induced quenching (AIQ) effect. In this case,
the reversible nature of this AIQ effect was observed upon adding GSH as a chelator.
Since GSH is a better chelator of Cu+2 than BSA, hence, upon interaction with
glutathione, the Cu+2 ions form a complex with GSH. Subsequently, this leads to
deaggregation of BSA–AuNCs and their full luminescent recovery (Fig. 1.4b).

(iv) Ligand Effect

Ligands play a very significant role in the formation as well as stabilization of
NCs, preventing the core metal atoms from aggregation and maintain their size
dependent photoluminescent properties [25]. However, the surface ligands of
AuNCs not only act as capping agents but also affect the luminescence of AuNCs

1 Gold Nanoclusters as Emerging Theranostic Interventions for Biomedical. . . 7



by transferring of charge from thiolated surface ligands to the gold core. This charge
transfer from S atom of thiolated ligand to the Au metallic core is called the ligand-
to-metal charge transfer (LMCT) effect. While the Au–Au aurophilic interactions,
some Au+ complexes containing thiolated ligands can also result in the ligand-to-
metal-metal charge transfer (LMMCT) effect. Both LMCT and LMMCT produce
luminescence which has a longer lifetime than luminescence occurring from elec-
tronic transactions in metal core. The charge transfer through LMCT/LMMCT also
depends upon the electron donation ability (S atom to Au/S atom to Au–Au) of the
ligand group [26].

The employment of ligands with stronger electron donation capability would
result in enhancement of the fluorescence of the AuNCs. Therefore, ligand exchange
of AuNCs with electron-rich atoms or groups has been found as a promising
technique to enhance the fluorescence and thereby its quantum yield (QY) for
sensitive detection of bioanalytes. Lots of researches have used this strategy for
various applications like biolabeling and bioimaging in addition to biosensing
applications.

(v) Functionalization-based Biosensing Strategy

Functionalization of fluorescent AuNCs further broadens their perspective for
biomedical applications. Passivation of AuNPs interface by biomolecule conjuga-
tion has been extensively studied for increasing biocompatibility as well as
imparting functionality for various clinical and biomedical applications
[27]. Nano-surface engineering of sensing probes by functionalization is an impor-
tant aspect to increase the specificity and sensitivity of any biosensor system
[28]. The main strategies for functionalization include ligand exchange,
bioconjugation, and noncovalent interactions [29]. Bioconjugation of AuNCs with
specific biomolecules that could target specific cell types for receptor mediated
endocytosis. For instance, folic acid (FA) is a commonly used conjugate for specif-
ically targeting cancer cells with overexpressed folate receptors. Ultrasmall FA
conjugated BSA–AuNCs loaded with anticancer drug doxorubicin (DOX) have
been developed for highly targeted FA–AuNC–DOX for synergistic folate receptor
positive tumor NIR fluorescence imaging and therapy [9]. Apart from biomolecules,
various antibodies and aptamers have also been used for functionalization of AuNCs
for highly specific and sensitive biosensing strategies [15, 30].

2. Electrochemiluminescence-based Sensing

Electrochemiluminescence (ECL) refers to the phenomenon of luminescence
caused due to a high-energy electron transfer reaction between electrogenerated
species on the surface of electrodes during a chemical reaction, which possesses
the advantages of both the electrochemical and chemiluminescent methods. As
compared to PL, it provides lower cost and improved signal to noise ratio. ECL
produces luminescence only under electrochemical excitation, unlike chemilumi-
nescence, and thus exhibits high sensitivity and fast response. ECL has also been
employed in field of immunosensing assays and medical diagnostics for Alzheimer’s
and Parkinson’s disease [31, 32]. AuNCs and CdTe nanocrystals have been
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employed for a distance-dependent electrochemiluminescence resonance energy
transfer (ERET) system based sensing platform for highly selective “turn on”
detection of microRNA by employing the ligase enzyme [33]. The AuNCs
functionalized hairpin DNA electrode when conjugated with CdTe nanocrystals
resulted in a strong interaction leading to the ECL quenching of CdTe. In the
presence of microRNA and assistant DNA, the enzyme ligase ligates them both to
form a DNA–RNA heteroduplex and the subsequent recovery of
electrochemiluminescence due to blocking of ERET; thereby serving as a “turn
on” sensor for miRNA (Fig. 1.5a).

3. Enzyme Mimetics-based Sensing

Nanozymes are next generation artificial mimetic enzymes which can catalyze a
specific substrate reaction with catalytic efficiency and enzyme kinetics similar to
natural enzymes, however, are more stable and resist physiological changes (like
strong acid/basic pH or extreme temperature), unlike naturally occurring enzymes.

Interestingly, gold nanoclusters have been reported to possess intrinsic enzyme
mimetic properties such as peroxidase (POD), catalase (CAT), and Glucose oxidase
(GOD) which have been employed for various biomedical applications [35–37]. By
integrating the enzymatic properties for catalytic functions and the characteristic
photoluminescence feature of the NCs, various groups have studied these
multifunctional NCs as nanoprobes for biosensing applications. For instance,
BSA–AuNCs have been found to convert hydrogen peroxide into hydroxyl radicals.
This POD like activity of BSA–AuNCs has been employed extensively in the field of
biosensing. BSA–AuNCs have been employed in ELISA immunoassay for the
design of an ultrasensitive plasmonic nanosensor for naked eye read out of multiple
ultratrace bioanalytes such as protein avidin, thyroid hormone T3, cancer antigen

Fig. 1.5 Electrochemiluminescence and enzyme mimetics based sensing: (a) Schematic illustra-
tion of highly selective detection strategy of miRNA based on the distance-dependent ERET
between CdTe nanocrystals and Au nanoclusters. Reprinted with permission from Ref. [33]
©2014 Elsevier. (b) Schematic representation of the plasmonic nanosensor. In sandwich structure,
the target molecule is anchored to the substrate by capture antibodies and recognized by other
antibodies labeled with AuNCs. Reprinted with permission from Ref. [34]) © 2016 American
Chemical Society
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CA15-3, and methamphetamine (MA) which is a small molecule and abused drug
[34]. The POD mimetic AuNCs were conjugated on the outer layer antibody to
catalyze hydrogen peroxide decomposition which was used to reduce HAuCl4 into
AuNPs for colorimetric naked eye detection of bioanalytes. While the AuNCs
catalyze the decomposition of H2O2, the AuNP formation requires H2O2 to give a
colorimetric detection in the presence of even ultratrace amounts of analytes
(Fig. 1.5b). The Limit of Detection (LOD) was ultrasensitive towards MA standing
at ~2.3 � 10�18 mg/mL.

(c) Bioanalyte Sensing with AuNCs
AuNCs have a great potential to function as sensitive optical reporters for sensitive
detection of various bio macromolecules owing to their characteristics like strong
photoluminescence, good water solubility, large stokes shift, and high
photostability. Therefore, by utilizing these properties and the strategies of
biosensing discussed previously, we will review the role of AuNCs as biosensors
in this section.

(i) Nucleic acids

The detection of nucleic acid is an essential diagnostic tool for a number of
harmful pathogens like bacteria and viruses, genetic mutations, and forensic appli-
cations. AuNCs have been exploited for detection of DNA by numerous electrolu-
minescent based sensing strategies. AuNCs and CdTe nanocrystals employed for
electrochemiluminescence resonance energy transfer (ERET) system based sensing
platform for detection of microRNA by employing ligase have been explained in
electrochemiluminescence based sensing strategy section (Fig. 1.5a) [33]. HIV DNA
has been detected using a novel electrochemical biosensor using graphene stabilized
gold nanoclusters (GR/AuNCs) based conductive platform with Exo III-assisted
DNA recycling amplification based on aptamer rich in cytosine as a capture probe
[38]. In the presence of target DNA, the cytosine rich probe was digested due to Au–
N bond between cytosine and gold nanoclusters and the signal was decreased giving
rise to an ultrasensitive signal-off electrical biosensor with limit of detection of
30 aM which allows early detection of AIDS in patient blood detected with HIV
(Fig. 1.6a). Another electrochemical DNA biosensor designed by using streptavidin-
horseradish peroxidase enzyme scaffolded gold nanoclusters (SA-HRP AuNCs) for
highly specific and ultrasensitive detection of Phanerochaete chrysosporium man-
ganese peroxidase gene using PCR and restriction endonuclease digestion with a
LOD of 8.0 � 10�18 M [40]. In another interesting study, UV light assisted ssDNA
(single stranded) consisting of polyadenosine stabilized A30-AuNC-nucleation
sequence and a hybridization sequence along with a combination of SYBR Green
(SG), a double strand chelating dye, were used to design a ratiometric fluorescent
probe for highly specific and sensitive detection of nucleic acid target sequences in
human serum sample [39]. The UV light played a dual role of reducing Au+3 to Au0

and decomposition of citrate ions as shown in Fig. 1.6b. Under single excitation
conditions, the A30-AuNC/SG-bearing ssDNA and perfectly matched DNA resulted
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in fluorescence emission of 475 nm and 525 nm, respectively, to ratiometrically
sense nucleic acid targets with LOD of 0.3 nM.

(ii) Proteins

Sensitive and specific detection of certain biomarkers, a special class of proteins,
and their precise quantification is an important parameter for early diagnosis of
various diseases as well as in evaluation of drugs and therapeutics. The
functionalization of selective receptor molecules such as carbohydrates, antibodies,
and aptamers on the surface of AuNCs has been used for sensing of various proteins.
It takes into account the structural diversity and complexity of target proteins by
incorporating the bio-recognition characteristic to target proteins as well as the
exceptional optical properties of NCs. Triulzi et al. utilized the electrostatic interac-
tion between the PAMAM-conjugated AuNCs and polyclonal goat derived antihu-
man IgG antibody for detection of the human IgG antigen via immunoassay
[15]. Upon the electrostatic interaction, a quenching of fluorescence of AuNCs is
observed based upon formation of antigen–antibody immunocomplexes thereby
resulting in decreased fluorescence intensity. Chang et al. employed breast cancer
marker protein platelet-derived growth factor AA for conjugation with AuNCs
(PDGF AA-AuNCs) as fluorescent donor along with thiol-derivative PDGF binding
aptamers modified AuNPs (Apt-AuNPs) as quencher, to develop a competitive
fluorescence quenching assay for analyzing proteins PDGF and PDGF receptors
[30]. The interaction between PDGF AA-AUNCs and Apt-AuNPs quenched the PL
intensity of PDGF AA-AuNCs due to high affinity between Apt and PDGF. The PL
quenching was suppressed in presence of PDGF and PDGF α-receptor due to
competitive between PDGF and Apt-AuNPs which can be employed as a fluores-
cence “turn on” sensing mechanism for proteins PDGF and PDGF receptors with
LOD of 80 pM and 0.25 nM, respectively. Protein kinases (PK) phosphorylate the

Fig. 1.6 Nucleic Acid sensing by AuNCs: (a) Schematic illustration of the proposed biosensor
fabrication process wherein the initial signal obtained from capture probe and the final signal after
incubation with target DNA and Exo III. Reprinted with permission from Ref. [38]) © 2015
American Chemical Society. (b) Schematic of ratiometric detection of specific nucleic acid target
via the combination of SG and AuNC-bearing ssDNA. Reprinted with permission from Ref. [39])
© 2015 American Chemical Society
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proteins playing a major role in cellular pathways especially those involved in signal
transduction and hence their activity needs to be highly regulated for diagnosis of
various diseases. Peptide template AuNCs have been used as fluorescent probes for
highly sensitive detection of protein kinase activity based on phosphorylation and
cleavage by carboxypeptidase Y [41]. Another peptide–AuNC was used for highly
sensitive detection of another PK—casein kinase II (CK2) based on the aggregation
quenching mechanism with LOD of 0.027 unit mL�1 [42]. Trypsin is another
important digestive protease vital for the pancreatic exocrine regulation. Highly
sensitive detection of trypsin in human urine samples by using BSA–AuNCs by a
concentration dependent fluorescent quenching strategy has also been carried out
[43]. Additionally other important proteins such as IL-6 [44], Human IgE [45],
GST tagged proteins [46], human serum proteins [47], metalloproteinase [48],
alkaline phosphatase [49], hemoglobin [50], ricin [51], amongst various others
have also been detected using AuNCs as biosensor.

(iii) Small biomolecules

Amino acids are involved in a myriad of biological processes such as protein
synthesis, intracellular signaling, and homeostasis, Hence, any changes in their
physiological levels manifest in various diseased conditions. Thiol containing
amino acids such as cysteine (Cys) and homocysteine (Hcy) have a greater affinity
towards AuNCs and can increase their stability by acting as protecting groups as well
as influence their optical properties. The deficiency of Cys and Hcy is known risk
factors in metabolic disorders and cardiovascular and neurodegenerative disorders.
A ratiometric fluorescent probe BSA–AuNCs conjugated with NBD (7-nitro-2,1,3-
benzoxadiazole) was developed for highly selective intracellular monitoring and
imaging of Cys and Hcy in HeLa cells [52]. The AuNCs–NBD in presence of Cys
and Hcy caused cleavage of thioether bond and generated free NBD which emitted at
540 nm while the red emission of AuNCs remained constant thereby ratiometrically
determining Cys and Hcy with high specificity over GSH and other amino acids.

Another ratiometricfluorescence assay based on fluorescence quenching and
enhancement effect of BSA–AuNCs was used to construct a sensor array for the
fluorescent determination of amino acids Asp, Cys, and His through interaction with
bound metal ions [53]. His-stabilized AuNCs have also been employed as “Turn
On/Off sensors” for sensitive and selective detection of Cu+2 ions and His by
utilizing the peroxidase-like nanozyme activity of AuNCs [54]. Upon the interaction
of His–AuNCs with Cu+2 resulted in fluorescence quenching and upon subsequent
addition of His underwent a fluorescent recovery due to high stability of His/Cu+2

complexation. The LOD for Cu+2 ions and His was 0.1 and 20 nM, respectively.
Hydrogen peroxide (H2O2) is another important analyte playing key roles in host

defense, various oxidative biosynthesis, and signaling pathways. It is involved in
various enzymatic reactions such as peroxidases and catalases and has been used in
quantitative assessment of various enzymes and substrate molecules.
11-mercaptoundecanoic acid (polymer) stabilized AuNCs were developed by
Shiang et al. for highly sensitive and selective detection of H2O2 and glucose
based on luminescence quenching mechanism [12]. Glucose upon reaction with
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enzyme glucose oxidase resulted in generation of H2O2 which upon interaction with
the 11-MUA AuNCs leads to glucose detection (LOD ¼ 1 μM). This is because the
11-MUA bound to AuNCs via the Au–S bond was oxidized in presence of H2O2

resulting in PL quenching leading to wide dynamic range detection (100 nM–

1.0 mM) with LOD of 30 nM for H2O2 and subsequently for glucose. HRP
functionalized AuNCs were first employed by Wen et al. for the highly sensitive
detection of H2O2 with LOD of 30 nM by utilizing biomineralization process
[55]. The HRP protein was used as a template for synthesis of fluorescent AuNCs
which underwent a quenching mechanism upon the addition of H2O2 indicating the
active enzymatic activity of HRP in the HRP–AuNCs.

Glucose is one of the most common bioanalytes in blood, urine samples which is
essential for diagnosis of conditions like diabetes and hypoglycemia. The NCs have
dual advantage of enzymatic activity and luminescence property which have been
incorporated synergistically as a novel sensing mechanism. The enzymatic determi-
nation of glucose via fluorescent AuNCs seems to be the most important method of
choice for highly sensitive and quick detection of glucose levels in body. BSA–
AuNCs have been employed for glucose oxidase (GOx) enabled highly sensitive
determination of glucose in the range of 0.1 μM to 0.5 mM (LOD 5 μM) via similar
mechanism of H2O2 degradation of AuNCs resulting in PL quenching mechanism as
discussed above [56]. The enzyme capped GOx functionalized AuNCs were shown
to be effective for linear range (2�140 μM) glucose detection with LOD 0.7 μM
[37]. N-acetyl-l-cysteine-protected NAC–AuNCs were reported for Fenton reaction
mediated FL quenching mechanism [57]. In presence of glucose oxidase enzyme,
the glucose is converted into H2O2, which then using the Fenton reaction, is
converted into highly toxic OH� free radical which quenches the fluorescence of
AuNCs and helps in detection of glucose with LOD 0.18 μM.

Dopamine is an important biomolecule, which functions as both a hormone and a
neurotransmitter and is responsible for key roles in functioning of the CNS, cardio-
vascular, and renal systems of our body. Lower levels of dopamine (DA) in human
body may lead to depression, hallucinations, and other various neurological disor-
ders such as Parkinson’s disease. BSA–AuNC mediated fluorometric and colorimet-
ric dual channel probe was developed by Tao et al. for highly sensitive and selective
detection of DA [58]. Upon electrostatic attachment of DA with BSA–AuNCs, the
FL intensity of AuNCs increased due to photo-induced electron transfer process
leading to a fluorometric detection of DA. Additionally, the peroxidase-like activity
of AuNCs is inhibited in presence of DA, which was used for its highly specific
colorimetric detection with LOD of 10 nM. BSA–AuNCs have also been used as
Cu+2 mediated fluorometric “turn on” biosensors for dopamine in human serum and
urine samples with LOD 0.01 μM [59]. The quenched fluorescence of BSA–AuNCs
upon Cu+2 addition was retrieved specifically by the addition of DA over other
biomolecules which can be attributed to the higher stability of the CuH2 (Dop)2
complex (Fig. 1.7). Modified BSA–AuNCs were employed to detect DA in cere-
brospinal fluid (LOD 0.83 nM) via concentration dependent fluorescence quenching
mechanism due to oxidation of DA into dopamine-O-quinone which accepts the
electrons from BSA–AuNCs thereby leading to its fluorescence quenching [60]. A
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simple label free ECL biosensor has also been developed using AuNCs immobilized
on indium tin oxide (ITO) electrode along with a co-reactant K2S2O8, for detection
of DA in aqueous media possibly due to effective electron transfer from ITO
conduction band towards the AuNCs [61].

Many other biomolecules that are vital for various biochemical processes and are
key factors in analysis of various diseased states such as folic acid [62, 63], GSH
[20, 64, 65], urea [66], uric acid [67], ATP [68, 69], cholesterol [70, 71], heparin
[14, 72], amongst many others have also been detected by using AuNCs.

(iv) Drug molecules

Drug molecules screening is important for forensic analysis, anti-doping tests as
well as to study the metabolic pathway of different drugs in living organisms or
biological fluids. BSA–AuNCs were first utilized for simple, sensitive, and selective
detection of vitamin B12 with LOD 100 ng mL�1 based upon the fluorescence
quenching mechanism [73]. Methotrexate is an important chemotherapeutic agent
and immune suppressant used for treatment of various types of cancer or rheumatoid
arthritis. BSA–AuNCs were employed for sensitive detection of methotrexate by
concentration dependent fluorescence quenching mechanism in human serum and
urine samples [74]. Ciprofloxacin, an antibiotic, was successfully detected using
BSA–AuNCs in human samples via Cu+2 mediated “turn off/on” mechanism. The
addition of Cu+2 leads to fluorescence quenching of BSA–AuNCs which was then
fully recovered in the presence of ciprofloxacin allowing its sensitive detection 0.4 to
50 ng mL�1 with 0.3 ng mL�1 LOD [75]. Certain drugs (e.g., ibuprofen, warfarin,
phenytoin, and sulfanilamide) were screened by Yu et al. based on stabilizing effect
of these drug ligands to serum albumin (BSA and HSA) from the relative fluores-
cence intensity of the resulting serum albumin AuNCs [76]. DNA templated AuNCs
were utilized for a novel fluorescence enhancement system based on Eu3+–Tetracy-
cline complex (EuTC) for detection of tetracycline, another antibiotic, from human

Fig. 1.7 Small biomolecule sensing by AuNCs: Schematic illustration of the Cu2+–BSA–Au NCs
for dopamine detection. Reprinted with permission from Ref. [59]) © 2014 Elsevier
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urine and milk samples with LOD 4 nM [17]. This remarkable sensing system is
probably promising for different biomedical applications due to its dramatically
enhanced-fluorescence.

(v) Heavy metal cations/inorganic anions

Heavy metal contamination through occupational as well as polluted environ-
mental sources are both predominant sources of exposure to humans and may result
in asphyxia, gastro-intestinal disturbances, physical, muscular as well as neurolog-
ical distress. Therefore, accurate and precise determination of heavy metal content in
our body is essential for rapid and effective treatment. Hg+2 toxicity in aquatic and
biological systems poses a severe damage risk to CNS, brain, and kidney at even
very low concentrations and hence AuNCs have been extensively employed for its
rapid fluorometric determination in various biological samples. Xie et al. first
employed BSA–AuNCs to develop a highly selective and ultrasensitive and label
free sensor for the detection of Hg+2 ions based on fluorescence quenching mech-
anism of AuNCs due to the high affinity of Hg+2–Au+ interactions with very less
LOD of 0.5 nM which is quite lower than maximum permitted Hg+2 levels of 10 nM
as per US EPA [77]. This method can be easily transformed for a paper strip-based
assay for routinely Hg+2 monitoring. Lin et al. developed Lysozyme VI stabilized
AuNCs for the detection of Hg+2 and CH3Hg

+ in seawater based on fluorescence
quenching mechanism due to the interaction between Hg+2/CH3Hg

+ and Au+ on the
Au surface with LOD 3 pM and 4 nM for Hg+2 and CH3Hg

+, respectively [78]. The
selectivity of this fluorescent probe was about 500x more for Hg+2 than any other
metal ions for its ultrasensitive detection. Peptide template AuNCs were used as a
highly specific biosensor for determination of intracellular Hg+2 via quenching
mechanism with LOD 30 nM in aqueous solutions [79]. Microwave assisted
dihydrolipoic acid capped DHLA–AuNCs were developed by Shang et al. for
intracellular imaging and hence detection of Hg+2 ions in HeLa cells due to specific
interactions between Hg+2 and Au+ with LOD 0.5 nM [80]. β-lactoglobulin stabi-
lized AuNCs were synthesized for highly sensitive and selective Hg+2 detection in
beverages, urine, and serum successfully [81]. Moreover, enzymes like esterases
have also been used for templating AuNCs to rapidly detect Hg+2 in linear range
1–30 nM with LOD 0.88 nM for paper strip-based sensing technique [82]. Very
recently electrospun fluorescent and robust fibers based on gold nanoclusters-loaded
alginate were utilized as a novel, low cost, and highly selective sensors for Hg+2and
Cu+2 in aqueous solutions with LODs 82.14 nM and 187.99 nM, respectively
[83]. 11-MUA capped AuNCs were used as “turn off” sensors for Hg+2 with good
linearity ranging from 37.5 to 3750 nM and LOD 8.6 nM [84]. Apart from Hg+2;
Cu+2 has also been extensively investigated for determination by AuNCs for their
role in environmental pollution as well as trace metal in biological systems. Lysine
stabilized AuNCs (Lys-AuNCs) along with BSA–AuNCs were cooperatively used
for highly selective detection of Cu+2 with 0.8 � 10�12 mol L�1 LOD [85]. Blue
emitting AuNCs synthesized in presence of human hemoglobin were utilized as
highly sensitive and selective fluorescent “turn off” sensors for Cu+2 due to forma-
tion of Hb–AuNCs/Cu+2 aggregates with LOD 28 Nm and “turn on” sensors for

1 Gold Nanoclusters as Emerging Theranostic Interventions for Biomedical. . . 15



Histidine with LOD 0.6 μM [86]. BSA–AuNCs were used as intracellular “turn off”
sensors for live HeLa cancer cells with LOD 50 μM [87]. Precise atomic AuNCs
with Au-510 core were used as highly sensitive detection of Pb+2 in drinking water
over Au-590 core AuNCs with LOD 10 nM highlighting the size dependent fluo-
rescence properties of AuNCs [88]. Cadmium is known to cause lung, kidney, and
bone damage and is hence vital to detect in water and biosystem sources. Methionine
capped AuNCs for selective and sensitive detection of Cd+2 in water and milk
samples with LOD 12.25 nM based on Cd+2 aggregation induced enhanced emission
(AIEE) strategy [89]. GSH capped AuNCs were reported as a novel single probe for
discriminative detection of Hg+2 and Cd+2 via pH induced surface modulation of
NCs resulting in a “turn off-on” sensor in environmental water samples [90]. Very
recently, BSA–AuNCs have been utilized for sensing of two heavy metals Co+2 and
Cd+2 based on their binding induced conformational change in protein AuNCs
resulting in altering its fluorescence properties by inter system crossing and FRET
mechanism and thereby detecting the metal ions in the wide range of 5–165 ng/mL
and 20–1000 ng/mL for Co+2 and Cd+2, respectively [91]. Additionally, Vancomy-
cin capped AuNCs have been employed for a rapid, sensitive, and wide range
detection of Fe+3 ions in different water sources with 1.4 μmol L�1 LOD [92].

Apart from heavy metals, other harmful anions such as cyanide (CN2) from
water samples [93], highly reactive species from live cells [94, 95], sulphide (S22)
[96, 97], and nitrite (NO2

2) [98, 99] have also been detected from human urine and
water samples using fluorescent AuNCs.

(vi) Intracellular pH and temperature

Temperature is one of the major parameters affecting various chemical and
biological processes as well as their kinetics in vivo. pH helps regulate various
cellular processes and is an important indicator of disease progression—primarily
cancer. Therefore, both temperature and pH are important physiological tools that
enable our understanding of cellular processes and medicine for various theranostic
purposes. Yu et al. first prepared GSH and cysteamine coated negatively charged
AuNCs which depicted pH-dependent adsorption on membranes of living cells,
within a biological range, which could be used as a diagnostic and fluorescent
imaging tool for cells that undergo pH changes [100]. BSA–AuNCs have also
been employed for targeted imaging and highly sensitive ratiometric pH determina-
tion tools for folate rich HeLa cancer cells within broad pH (6.0–7.8) range
[101]. This strategy can further be extended to construct ratiometric fluorescent
biosensors for targeted drug delivery applications as well. Shang et al. reported
ultrasmall NIR emitting fluorescent AuNCs with excellent thermal sensitivity for
simultaneous intracellular thermometry over the physiological temperature range
(15–45 �C) as well as imaging in HeLa cells [102]. GSH capped AuNCs developed
by Kong et al. found to display temperature-dependent emission were used for
fluorometric determination of temperature (0 to 60 �C range) and imaging of
human cancer cells and bacterial cells [103].
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1.4 Gold Nanoclusters as Therapeutics

The unique physicochemical and optical properties of AuNCs such as—enhanced
photoluminescence and quantum yield, tunable photoemission, excellent biocom-
patibility, high solubility, effective renal clearance due to its ultrasmall size, ease of
functionalization for selective targets approach, have made the AuNCs standout
from their traditional noble metal NPs and heavy metal quantum dot counterparts for
various biomedical applications. This section deals with various recent advances of
fluorescent AuNCs towards different therapeutic applications.

(a) Gold Nanoclusters in Image Guided Cancer Therapeutics

(i) Photothermal Therapy

Photothermal therapy (PTT) is one of the most widely used and clinically
accepted phototherapy that relies on the activation of a photosensitizing material
by a laser irradiation source, usually NIR, for heat induced thermal ablation of cancer
cells. PTT may also be referred to as hyperthermia in clinical settings. Gu et al.
developed hybrid nano-carriers loaded with BSA–AuNCs and indocyanine green
(ICG) dye for one-photon/two-photon fluorescence imaging and highly effective
photothermal therapy [104]. Similarly, GSH–AuNCs were combined with porphyrin
derivatives for tumor-targeted imaging guided in vitro and in vivo photothermal
therapy due to their NIR fluorescence emission at ~710 nm, high biocompatibility,
and excellent water solubility [105]. Recently, albumin-assisted polyallylamine
capped BSA/PAH–AuNCs fabricated through ultrasonication procedure were
reported to display excellent hyperthermal effects (�60 �C) upon NIR laser irradi-
ation(�808 nm) in a 4 T1 breast cancer cell system in vitro and in 4 T1 cell tumor
xenograft mice in vivo (Fig. 1.8), remarkably suppressed breast cancer growth by
tumor ablation [106].

(ii) Photodynamic Therapy

Photodynamic therapy (PDT) is another kind of clinically approved phototherapy
which employs lasers of specific wavelength to excite the photosensitizers and
induces apoptosis of cancer cells and tumor ablation mediated by ROS and other
free radicals generated during the process. AuNCs have been used as photosensi-
tizers (PS) due to their high biocompatibility, non-toxicity, high photostability, and
appropriate quantum yield and can be introduced into tumors and cancer cells and
alone or with a drug molecule to synergistically kill the cancer cells through
PDT-Chemo combinational therapy. NIR emitting lipoic acid capped AuNCs con-
jugated with FA (folic acid) and protoporphyrin IX (PFL–AuNCs) depicted excel-
lent tumor reduction property for real time fluorescence image guided in vivo
photodynamic therapy [107]. FA facilitated tumor targeting while protoporphyrin
IX acted as PS and the resultant PFL–AuNCs were able to generate significantly
higher amount of 1O2 (singlet oxygen) at 1270 nm than the photosensitizer alone.
Chlorin e6 (Ce6) photosensitizer conjugated SiO2-coated multifunctional AuNCs
(AuNCs@SiO2-Ce6) were developed by Huang et al. for fluorescence image guided
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photodynamic therapy [108]. The AuNCs@SiO2-Ce6 showed certain desirable
features such as—high Ce6 loading, no non-specific release of Ce6 during circula-
tion, enhanced cellular uptake, high water solubility, and good biocompatibility
which facilitate its use in medical diagnostics such as CT and photoacoustic image
guided PDT. Similarly, GSH capped AuNCs conjugated with FA and PEG (poly-
ethylene glycol) were used for simultaneous fluorescence imaging and targeted PDT
and were found to show superior penetration and retention in MGC-803 (gastric
carcinoma) bearing mouse model [109]. Herein, Ce6 was trapped in PEG network
and was used as PS for PDT. Peptide capped nucleus targeting TAT–AuNCs were
designed as multifunctional nanomaterials for bioimaging, gene delivery and as
photosensitizers in NIR activated targeted photodynamic therapy (980 nm) by
sensitizing generation of 1O2 without presence of additional organic photosensitizers
to effectively destroy HeLa cancer cells [110] as shown in Fig 1.9a. Han et al. have
recently developed a highly efficient in vivo two-photon PDT system utilizing
dihydrolipoic acid coated DHLA–AuNCs as type I photosensitizing agents (Fig
1.9b) specifically for the treatment of deep seated or large tumors [111].

(iii) Radiation therapy

Radiation therapy is one amongst the most effective cancer therapeutics that uses
high powered ionizing energy beams, such as protons or X-rays, to kill cancer cells
by DNA and protein damage and shrinking the tumor sizes. Herein, the role of

Fig. 1.8 AuNCs for Photothermal Therapy: Schematic illustration of the facile preparation and
PTT of BSA/PAH–AuNCs. Reprinted with permission from Ref. [106]) © 2018 Elsevier
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radiosensitizers stands at utmost importance to effectively deal with the damage
caused by radiation to healthy proximal cells and tissues. AuNCs have recently been
used as radiosensitizers due to its high biocompatibility and ultrasmall size which
enables efficient accumulation inside tumors for enhanced radiation effect as well as
effective renal clearance for minimal toxic effects. GSH capped Au25 NCs designed
by Zhang et al. inherited the strong radio sensitizing effect of Au core along with
biocompatible GSH shell for enhanced cancer radiation therapy and effective renal
clearance by utilizing the preferential accumulation of these GSH–Au25NCs in
tumors via enhanced permeability and retention (EPR) effect [112]. The GSH–
Au25NCs were reported to exhibit stronger radiation enhancement than BSA–Au
25NCs, which could be attributed to the improved cell uptake of smaller GSH–Au
25 NCs (hydrodynamic size ~2.4 nm) as compared to that of BSA–Au 25 NCs
(~6 nm) for tumor radiation therapy. Subsequently, different sized GSH stabilized
AuNCs such as Au10-12(SG)10-12 [113] and Au29-43 (SG)27-37 [114] have been
successfully employed as radiosensitizers with high tumor uptake and renal clear-
ance leading to significant radiation enhancement effect. Furthermore, the effect of
surface charge on GSH–Au33NCs was studied and the negatively charged AuNCs
were found to have highest tumor uptake and therefore pronounced radiotherapy
sensitization over its positively charged and neutral counterparts thereby highlight-
ing the importance of surface functionalization on the role of AuNCs in
radiotherapeutics [115]. Recently, cyclic RGD (arginine–glycine–aspartic acid)
peptide capped AuNCs were utilized as radiosensitizers as well as fluorescent probes
αvβ3 integrin-positive cancer cells leading to enhanced radiation effect [13] as
shown in Fig. 1.10a, b. Therefore, these results successfully envisage ultrasmall
AuNCs as next generation biocompatible, metabolizable, and highly effective
radiosensitizers for clinical use in cancer radiation therapy.

(iv) Microwave and Radiofrequency assisted therapy

Non-ionizing electromagnetic irradiation like microwave (MW) and
radiofrequency (RF) have been gaining wide attention for hyperthermia as well as

Fig. 1.9 AuNCs for Photodynamic Therapy: (a) Schematic representation for the nucleus targeting
TAT peptide–AuNCs mediated PDT. Reprinted with permission from Ref. [110]) ©2015 Wiley.
(b) Schematic illustration of the cancer therapy mechanism of AuNC@DHLA internalized via
caveolae-mediated endocytosis for NIR fs laser irradiated PDT. Reprinted with permission from
Ref. [111]) ©2019 American Chemical Society
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triggered cancer therapeutics due to their deeper penetration ability and non-invasive
modality. Cifuentes-Riuset al. studied the effect of BSA–AuNCs on different types
of mammalian cells (fibroblasts, B-lymphocytes, glioblastoma, neuroblastoma, and
prostate cancer cells) under 1 GHz microwave radiation which resulted in a specific-
microwave dependent cytotoxicity caused by localized heating effect (Fig. 1.10c)
suggesting their potential towards effective and safe cancer nanomedicines
[116]. Similarly, Kharrazi et al. studied the response of 100 W radio frequency
electric field (RF-EF) on mercaptosuccinic acid capped MSA–AuNCs in pancreatic
cancer cells (MIA Paca-2) for in vitro hyperthermia applications [117]. The MSA–
AuNCs generated 50 �C temperature rise and an effective RF-EF hyperthermia for
successful eradication of pancreatic cancer cells. These studies show highly prom-
ising potential of AuNCs for electromagnetic therapy in a clinical setup in the near
future.

(b) Neurodegenerative Diseases Therapeutics
The ultrasmall AuNCs with their unique physicochemical properties and high
biocompatibility have successfully paved a way for their use in neurodegenerative
disease therapeutics as they can easily penetrate the blood brain barrier (BBB)
through the intracellular spaces. Recent studies have shown promising results of
AuNCs in treatment of Parkinson’s disease (PD). Gao et al. reported the use of
N-isobutyryl-L-cysteine (L-NIBC) protected AuNCs for direct anti-PD activities by
inhibiting the aggregation and fibrillation of α-Synuclein, a neuronal protein linked
to neuropathology, as well as exhibited excellent neuroprotective activity against
MPP+ (1-Methyl-4-phenylpyridine) induced neurotoxicity in cell PD model
[118]. L-NIBC AuNCs also reported significant reversal of dopaminergic
(DA) neuron loss in sick mice as shown in Fig. 1.11 which opens up novel avenues
to develop anti-PD drugs using AuNCs in a clinical setup. Recently, the optimal

Fig. 1.10 AuNCs for ionizing and non-ionizing radiation based therapeutics: (a) Schematic
illustration of c(RGDyC)-AuNCs formation and (b) c(RGDyC)-AuNCs accumulation in αvβ3
integrin-positive cancer cells and interaction with incident radiation intensively, generating sec-
ondary radiation, and leading to radiation enhancement effect. Reprinted with permission from Ref.
[13]) ©2017 Elsevier. (c) Schematic of BSA–AuNC for microwave radiation assisted cytotoxicity
for cancer therapy. Reprinted with permission from Ref. [116]) ©2017 American Chemical Society
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route of AuNCs administration in mice targeting PD was reported to be via intra-
peritoneal injection due to greatest bioavailability and the longest residence in brain
by penetrating the BBB and excreted mainly through kidney [119]. Alzheimer’s
disease is another neurological disorder pathologically characterized mainly by the
plaques of amyloid-β (Aβ) peptides and their fibrillation. During an experimental
study by Gao et al., it was found that GSH–AuNCs can completely inhibit the Aβ
peptides from aggregation in comparison to their larger AuNPs counterparts which
reportedly accelerated the Aβ fibrillation process [120]. This work was able to
highlight the significance of the size effect of AuNCs in therapeutics and presented
a novel strategy for designing anti-amyloidosis drugs as well as in approaching the
inhibition of Aβ fibrillation from a new perspective. Subsequently, hexapeptide
CLVFFA conjugated CLVFFA-AuNCs were reported to inhibit aggregation, pro-
longation, and mature fibrils’ disaggregation of Aβ40, a pivotal biomarker of
Alzheimer’s disease, even at low concentrations. Furthermore, dihydrolipoic acid
capped DHLA–AuNCs have been successfully employed to regulate
neuroinflammation and to improve neuronal regeneration in N2a (neuronal cell
line) and ex vivo brain slice stroke model; thereby suggesting its use as a potent
therapeutic agent in central nervous system disorders such as traumatic brain injury,
strokes, and neurodegenerative diseases [121].

(c) Drug Delivery Applications
Gold nanoclusters due to their high tunable emission, photostability, non-toxicity,
biocompatibility have been extensively used in combination with drug molecules for
excellent theranostics. The ligands stabilizing the AuNCs may form Au–S or amide

Fig. 1.11 AuNCs for neurodegenerative diseases therapeutics: Schematic illustration depicting
that AuNCs prevent α-Synuclein aggregation and fibrillation and improve cell viability in MPP+
lesioned cell PD model. Reprinted with permission from Ref. [118]) ©2019 Elsevier
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bonds and conjugate drug molecules which act as prodrug nanocomposite for
controlled release thereby reducing the side effects of free drugs. Doxorubicin
(DOX) is one of the most commonly used anticancer drugs that has been used in
cancer therapeutics. Lysozyme capped AuNCs loaded with DOX have been devel-
oped to efficiently deliver drug to cause highly selective killing of MCF-7 cancer
cells with 90% efficiency in comparison to normal breast cells MCF-10A with 40%
killing efficiency [122]. The intreacellular release of DOX was determined
fluorometrically by FRET imaging of the cancer cells. Khandelia et al. developed
an NIR fluorescent nanovehicle consisting of AuNCs in BSA nanoparticles for
image guided delivery of DOX by one and two-photon excitations of the AuNCs
to probe their cellular uptake and subsequent DOX release [123]. Li et al. developed
a scalable method to encapsulate multifunctional AuNCs assemblies in a polyacrylic
acid/calcium phosphate shell and utilized its aggregation enhanced emission prop-
erties for delivering a high payload of DOX and providing excellent bimodal
CT/fluorescence contrast imaging for guided liver tumor ablation depicted through
a hepatocarcinoma tumor xenograft model [124]. Recently, peptide protected
AuNCs have been used as triggered drug delivery systems for Vancomycin, an
antibiotic, with self-regulated drug loading and release properties for antimicrobial
therapeutics. Upon interaction with bacteria, the vancomycin molecules are released
in proportion to the amount of bacteria present result in fluorescence quenching of
AuNCs [125]. Cisplatin is another chemotherapeutic agent that kills cancer cells by
damaging and inhibiting DNA synthesis in solid tumors. Zhou et al. developed
BSA–AuNCs conjugated with a cisplatin prodrug and folic acid (FA–AuNCs–Pt) for
image guided targeted chemotherapy of breast cancer cells and inhibited the growth
and lung metastasis of orthotopically implanted 4T1 breast tumors [126]. Cells with
folate receptors can be specifically targeted by conjugating the carrier system with
FA for a folate-receptor-mediated endocytosis thereby enabling a targeted drug
delivery system. Subsequently, paclitaxel (PTX)-loaded AuNCs conjugated with
FA-modified amphiphilic polymer (AuNCs/FA-PDNH) displayed much higher
cytotoxicity than its contemporary PTX-loaded AuNCs/PDNH nanocomposite with-
out FA modification in the folate overexpressed KB cells and hence acts as a model
system for early theranostics for folate-overexpressing cancerous cells [127]. Thus,
the development of specific drug delivery systems achieved by specific modifica-
tions of surface ligand groups of fluorescent AuNCs seems to be a promising avenue
for enhanced therapeutic applications in times to come.

(d) SiRNA/Gene Delivery Applications
Gene delivery is the process of transferring foreign DNA to host cells for treating
various genetic incurable diseases for therapeutic applications. Fluorescence AuNCs
have been gaining popularly as non-viral gene delivery vectors due to its non-toxic,
highly biocompatible, highly photostable, non-immunogenic nature, enhanced cel-
lular uptake along with ideal fluorescent tracking properties to track transfection
behavior. Cationic polymer layer polyethylenimine stabilized PEI–AuNCs have
been employed as effective vectors for gene delivery wherein the biocompatible
AuNCs decrease the cytotoxicity of PEI and simultaneously act as fluorescent probes
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for tracking the transfection behavior whereas the cationic PEI layer enhances gene
transfection efficiency in HepG2 cells [128]. Subsequently, highly fluorescent PEI
Ag–Au alloys NCs were reported to show high gene transfection efficiency and low
cytotoxicity in cancer cells B16F10, HeLa, and CHO cells for applications in image
assisted gene delivery applications [129]. A similar fluorescent cationic BSA stabi-
lized bimetallic Au–Ag alloy NCs have been utilized for synergistically delivering
therapeutic suicide gene CD-UPRT with a visual fluorescent aid to HeLa cancer cells
along with prodrug 5-FC induced ROS mediated apoptosis for therapeutics
[130]. TAT peptide stabilized AuNCs can act as DNA nanocargoes due to its
nucleus targeting properties and were utilized as multifunctional agents for NIR
activated photodynamic therapy and in vivo and in vitro bioimaging agents
[110]. The TAT peptide –AuNCs were reported to have ultrahigh cellular uptake
and gene transfection efficiency (~81%) in HeLa cells and zebrafish. Apart from
DNA, siRNA is another powerful tool for modifying gene expression through a
process called RNAi (RNA interference) for gene silencing or gene knockdown
therapy. Gold nanocluster assisted siRNA delivery of NGF (nerve growth factor) for
its downregulation in pancreatic tumor cells as well as in vivo mice model, resulting
in efficient NGF gene silencing has been successfully developed and is a promising
approach towards pancreatic cancer therapy [131].

1.5 Conclusions and Future Prospects

Photoluminescent AuNCs are rapidly emerging as a promising class of
nanotheranostic agents due to their ultrasmall size and unique opto-electronic prop-
erties, high biocompatibility, and good renal clearance. Bioconjugated AuNCs offer
highly specific and sensitive biosensing platforms with exceptional limit of detec-
tion. The photoresponsive and fluorescence properties can be employed for PTT,
PDT, and radiation therapy applications. The exemplary nanotheranostic properties
of AuNCs and their present ongoing advancements highlight their potential in
specific POC devices as well as potential clinical translation.
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Chapter 2
Advances in Materials, Methods,
and Principles of Modern Biosensing Tools

Mitali Basak, Shirsendu Mitra, and Dipankar Bandyopadhyay

2.1 Introduction

In the modern era, research and development in biosensing, therapeutics, diagnos-
tics, and medical devices are rather interlinked. This is because, in many ways, they
symbiotically cater to the needs of millions of people by enabling the detection of
diseases to evaluate health conditions and provide treatment. Thus, of late, medical
sciences and technologies are perhaps undergoing a confluence with the other multi-
disciplinary areas, for example, materials, electronics, micro/nanotechnology, bio-
technology, to mention a few. Among these diverse directions of growth in medical
research, one of the very important areas is the development of gen-next technolo-
gies at a lower price with higher efficacy and robustness [1]. In this regard, some of
the examples can be the state-of-art progresses in genetic [2] or tissue engineering
[3], robotic surgeries [4] or drug deliveries [5], digital electronics [6], internet of
things (IoT) [7], artificial intelligence (AI) [8], among others. The objective has been
to tap upon all the sci-tech resources efficiently and sustainably to engender a need-
based delivery to the entire mankind at an affordable price [9].
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In particular, one of the key factors in the progress of sensor developments is the
discovery of new materials. The other factor is the use of “less” amount of materials
ushers the development of miniaturized technologies. Inventions of smart and
advanced materials like carbon nanotubes [10], graphene [11], conducting polymers
[12], metal nanoparticles (MNP) [13], metal/inorganic [14] or carbon/organic com-
posites [15] have elevated the capabilities of sensing to the next level. Such materials
are found to be versatile in the sense that all of them have suitable sensing properties
while they can also be immobilized on diverse materials that are frequently used for
such applications. Alongside the advancement on the discovery of novel smart
materials, research on MNP has also widened the base of the sensor research by
multiple factors. The MNP like gold (AuNP) [16], silver (AgNP) [17], and platinum
(PtNP) [18] are among the frequently used ones for developing biosensors. The
MNP are versatile because they can attach biomolecules like enzymes [19], anti-
bodies [20], and aptamers [21], which can attract specific analytes, and the MNP
show characteristic optical changes on the attachment of specific analytes. Alongside
optical changes, the MNP also show a change in electrical conductivity [22],
impedance [23], or capacitance [24] on the addition of analytes on it. Exploiting
such variations in the physicochemical properties on the specific interactions with
the analytes, sensors have been developed to satisfy the requirements of agriculture
[25], food [26], diagnostics [27], point-of-care testing (POCT) [28, 29], and forensic
[30] applications.

Among all the other varieties of sensors, of late, the biosensors have gained ample
attention for their brilliance in judging the quality of human health. Advanced
technologies like the design and development of microfluidic chips, single-cell
identification platforms, portable spectrophotometers, wearable sensors, AI-based
measurements, and high-throughput semiconductor devices have perhaps revolu-
tionized this field. The researchers are now also focusing on storing such a huge pool
of data generated through biosensing on the cloud interfaces to create the base for the
use of big data analytics in medical diagnostics. The mission here is to integrate
biosensors at the different levels of biomedical initiatives such as (a) detect diseases
non-invasively but accurately, (b) store and analyze the results of the test using big
data and AI platforms, (c) disseminate if required through IoT, and (d) provide
solutions using AI-ML-IoT. Such structured and stepwise healthcare initiatives are
perhaps enabling the biosensing field to move towards the lanes of tech-driven
automated systems, replacing the conventional skill-driven ecosystem. The
improved selectivity, sensitivity, and reliability of these tech-driven products has
been well accepted in the medical world and soon become a handy tool in near
furture.

However, presently, a large section of the medical laboratories across the globe is
largely unequipped to welcome such a paradigm shift because of their inclination
towards a skill-based ecosystem in technology usage. Figure 2.1 thematically shows
the steps to the use of smart and advanced materials for fabricating miniaturized
low-cost biosensors targeting the economic recognition of diseases, leading to the
POCT for the detection of diseases at the patient’s site. Integration of such devices
with the ecosystem of a digital reading interface, wireless transfer of data, storage,
and analysis using AI-ML-IoT platforms may enable the development of a
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tech-based ecosystem with minimal modification to the existing skill-based ecosys-
tem. In this chapter, we plan to elaborate upon the finer details of such a skill-based
ecosystem while exploring the roles of different types of modern-day biosensors
enforcing such a revolutionizing change.

2.2 Materials for Biosensors

The research on materials science has close links with the research of biosensors.
Different kinds of inorganic, organic, and composite materials are used for devel-
oping biosensors. Carbonaceous materials like graphene [11], single-walled carbon
nanotubes [31], multiwalled carbon nanotubes [32], graphite [33], graphene dots
[34], or carbon dots [35] are among the frequently used materials for developing
electrochemical electrodes, resistive, capacitive, and impedance-based biosensors.
Carbonaceous materials are among the forerunners for the development of bio-
sensors. Apart from carbonaceous materials [11], conducting polymers [12], indium
tin oxide (ITO) [36], graphene nanocomposites [37], metal modified nanoparticles
[38], heterocyclic aromatic compounds are among the wide spectrum of materials
used for making biosensors.

Fig. 2.1 Schematically shows different materials and principles of detection used in biosensors
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Carbon-based colorimetric sensors are generally developed exploiting carbon
dots, graphene dots, and graphene oxide. A lot of previous reports hint that an
ample amount of work was done on colorimetric biosensors, which were made
exploiting carbon dots for the detection of hemoglobin [39], cholesterol [40],
dopamine [41], glucose [42], DNA [43], cancer cells [44], and antibodies
[45]. The previous report also suggests that carbon dots were also used as a
fluorescent imaging probe [46]. Carbon quantum dots also appear as colorimetric
biosensors for the development of sensors. Graphene oxides are proven to be a
versatile reducing agent, and hence it was used as a reducing agent in a host of
colorimetric sensors such as heparin [47], carcinogenic aromatic amine [48].

Due to the suitable conductivity of the carbonaceous materials, electrochemical,
resistive, and capacitive sensors are more in practice and research as compared to the
colorimetric sensors. Carbon-based electrochemical biosensors are very popular, and
first-generation carbon-based electrochemical sensors have been developed using
graphite [33], activated carbon [49], and activated carbon/inorganic composite [50]
electrodes. After graphite [33] and activated carbon electrodes [49], glassy carbon
[51] has gained technological and scientific importance, and a lot of electrochemical
working electrodes have been made exploiting this class of materials. With the
ubiquitous success of material science research, electrochemical biosensor develop-
ment utilizing carbon nanotubes [31] and graphene oxide [52] has gained enormous
popularity. Both carbon nanotube and graphene oxides have been widely employed
to develop various electrochemical biosensors for bacteria detection [53], virus
detection [54], detection of cholesterol [55], glucose [56], ketones [57], urea [58],
or hemoglobin [59] in blood.

Although carbonaceous materials have been dominating the biosensor sector
since the distant past, a lot of other kinds of developments have also been reported.
Of late, electrochemical sensor developments based on ITO have gained careful
attention. Immobilization of antibodies on top of the ITO surface to develop different
kinds of immunosensors has become a trivial approach in recent times. Using ITO,
similar kinds of biosensors have been developed to detect different analytes from
blood serum [60], aqueous solutions [61], and other body fluids [62]. After the
invention of electrically conducting polymers, such as polyaniline, it has been
widely used to develop biosensors. Conducting polymers have an optimum conduc-
tivity and have different phases, which enable the material to be used as biosensor
development material. In a different kind of approach, aromatic heterocyclic mole-
cules [63] and azo compounds [64] are utilized for the development of biosensors.
Alongside, many other materials such as silicon [65], alumina [66], magnetic micro/
nanoparticles [67], molecularly imprinted polymer [68], nanoporous gold supported
porous cobalt oxide [69], nanowire [70], zinc oxide microspheres [71], sol-gel
materials [72], lipid bilayer [73], transition metal dichalcogenides [74] are also
used for making biosensors.

Apart from these, the MNP based conducting materials are also extensively in
operation for developing the most recent version of biosensors. For example, the
efficacies of costly but versatile gold, silver, or platinum nanoparticles have been
employed in diverse biosensor by the use of “less” amount of materials through the
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miniaturization of the processes. The surface of gold and silver nanoparticles can be
easily modified to immobilize different biomolecules like enzymes, antibodies, and
aptamers. Attachment of such molecules on the surface of MNP subsequently helps
in developing several biosensors to detect multiple analytes in blood serum, urine,
and aqueous solutions. In some other reports, for efficient and sensitive detection of
analytes, surface plasmon resonance (SPR) [75] and localized surface plasmon
resonance (LSPR) [76] are in operation.

2.3 Principles of Biosensing

2.3.1 Colorimetric

Colorimetric sensors belong to the class of optical sensors, which changes color by
an external stimulus. An external stimulus can be defined as any physicochemical
change in the environment of the analyte surrounding the sensor. The designing of
this type of sensor is decided on the basis of the target, i.e., the analyte. Colorimetric
sensors have gained its popularity owing to user-friendliness, economical, easy
analysis along with considerable sensitivity and specificity to various analytes.
There are a number of strategies available for designing the colorimetric sensors, a
few of them are summarized in the below sections:

2.3.1.1 Liquid Phase Biosensors

In the liquid phase detection principle, both the sensing material and the analyte are
used in the liquid medium. This arrangement is advantageous for collective reasons
like instantaneous sample preparation, homogeneity of the reagent used in the
sensing procedure, exclusion of complexities of reagent immobilization on any
surface. Due to such advantages, the methodology is preferred in most of the
pathological laboratories or testing centers.

Moreover, this method is favored conventionally to carry out studies in various
fields. In the field of liquid phase colorimetric detection, as conceptualized in
Fig. 2.2, there are multiple technologies available.

The most recent technology, which can be thought of in liquid phase detection, is
the localized surface plasmon resonance (LSPR) phenomenon of MNP. A number of
works were done using this LSPR based spectroscopic technique [77]. The basic
idea is to measure the shift in the wavelength and the enhancement in the intensity of
the MNP spectrum, on the addition of a specific analyte into the system. Soomro
et al. [78] fabricated a colorimetric biosensor to diagnose mercuric ions using copper
nanoparticles (CuNP). Similarly, Shrivas et al. [79] developed a chemical sensor
based on the lauryl sulfate modified AuNP for the detection of arsenic in different
water samples. This technique was also extended to the biosensing sector for the
development of multianalyte detection. LSPR based ampicillin sensor was
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developed by Shrivas et al. [80] using citrate capped silver nanoparticles to detect
ampicillin from urine samples of the patients. This system changed color from
yellow to shades of pink and showed a redshift in the LSPR spectrum of the silver
nanoparticles. A glucose sensor was developed by Zhao et al. [81], exploiting the
LSPR property of gold nanorods. Here, the authors showed that different concen-
tration of glucose present in serum samples of the subjects produces various vivid
colors on reaction with glucose oxidase and horse peroxidase immobilized on gold
nanorods.

Many biosensors were also developed exploiting the colorimetric detection
technique to identify the levels of various biomolecules or pathogen infection from
different biological fluids. Ellairaja et al. [82] designed a biosensor using
(2,20-((1E,10E)-((6-bromopyridine-2,3-diyl) bis(azanylylidene)) bis
(-methanylylidenediphenol) (BAMD) targeted for the diagnosis of jaundice in
humans. The developed sensor was aimed to detect the levels of bilirubin expressed
in blood and urine samples of the patients to identify jaundice. Pourreza et al. [83]
developed a hemoglobin sensor using curcumin nanoparticles from the blood sam-
ples of the subjects. They showed that on the attachment of hemoglobin molecules to
the curcumin nanoparticles, the intensity of the nanoparticles diminishes, and this
phenomenon has been targeted to quantify hemoglobin present in the blood samples
of the patients.

The advent of metal nanoparticles accelerated the reliability and acceptance of
colorimetric biosensors to a great extent. Thus, AuNP and AgNP become the most
efficient sensing probe for the development of biosensors. Verma et al. [84] designed
a biosensor to identify concentration of pathogens to check the health effects due to
nosocomial, foodborne, and water-borne diseases using AuNP as the probe. They

Fig. 2.2 Schematically
shows liquid phase detection
in the colorimetric based
principle of detection in
biosensors
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showed a rapid color change of AuNP on the alteration of environmental conditions
owing to the presence of the targeted pathogen. Similarly, Rajamanikandan et al.
[85] designed a biosensor for the measurement of vitamin B1, using silver
nanoparticles as the probe, from the blood and urine samples of the subjects. Nirala
et al. [86] developed a cholesterol measuring unit using gold nanoparticles as the
probe. Here, they immobilized cholesterol oxidase on the gold nanoparticles, which
on interaction with the serum samples of the subject causes the color of gold
nanoparticles to change from red to shades of blue with varying concentrations of
cholesterol. Zhao et al. [81] developed a glucose sensor using gold nanorods,
immobilized with glucose oxidase enzyme. The authors reported that on the reaction
of glucose with glucose oxidase, which produces hydrogen peroxide, on further
reaction with 3,30,5,50-tetramethylbenzidine produces various vivid colors ranging
with the different concentrations of glucose.

With the modernization of the technologies, the sensing techniques have also
been explored in many other substrates, as explained in the following sections.

2.3.1.2 Paper Biosensors

Paper-based biosensor, refers to thematic Fig. 2.3, is a type of colorimetric detection
technique where the sensing material is immobilized on top of a paper substrate.
Paper-based sensors or devices have received renewed interest in the fields of point-
of-care technologies because of its simple, inexpensive, portable, and disposable
characteristics. These sensors have diversified their applications ranging from envi-
ronmental analysis to clinical diagnostics. Colorimetric techniques incorporated with
paper-based devices are particularly attractive because of its user-friendliness, ability
to provide semi-quantitative results without the use of complicated bulky

Fig. 2.3 Schematically
shows colorimetric based
detection in the paper as a
substrate
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instruments, or providing quantitative results with simple optical detectors like
image processing software.

In the field of clinical diagnostics, colorimetric detection incorporating paper-
based devices has proved to be advantageous diagnostic tools relative to other
traditional methods due to its simplicity, sensitivity, and low-cost keys. Several
biosensing techniques have been developed for efficient clinical diagnosis. Teengam
et al. [87] developed a paper-based DNA detection colorimetric assay for the
determination of MERS-CoV, MTB, and HPV oligonucleotides. They developed
paper-based motifs immobilized with AgNP as the sensors. The detection principle
shows the aggregation of nanoparticles by pyrrolidinyl peptide nucleic acid (PNA) if
the complementary DNA is absent. However, if the complementary DNA is present,
the DNA–PNA duplex caused the dispersion of AgNP which subsequently made a
color change. Dutta et al. [88] reported a paper-based α-amylase quantification
point-of-care testing device. Here, the authors coated the paper with starch iodine,
which shows a deep blue color. On reaction with α-amylase, the starch hydrolysis
caused the de-coloration of the paper, which is quantified against various concen-
trations of α-amylase from human blood serum.

In another work, Gabriel et al. [89] developed a paper-based colorimetric biosen-
sor to quantify glucose levels from the human tear fluid. In this work, glucose
oxidase was immobilized on the paper substrate, which on reaction with glucose
gives hydrogen peroxide as a by-product and on further reaction with 3, 30, 5, 5-
0-tetramethylbenzydine (TMB) gives different shades of color. Similarly, Wang et al.
[90] also developed glucose and uric acid monitoring paper-based sensors using
chitosan, TMB, horseradish peroxidase (HRP), and the corresponding enzyme, i.e.,
glucose oxidase and uricase. The color shade developed was transduced with the
help of a smartphone. The sensor was also tested with real serum and tear samples,
which show relevant results.

2.3.1.3 Microfluidic Biosensors

The modernization of sophisticated high-end instruments has enabled the integration
of biosensors with microfluidic systems, which has proved to be an efficient alter-
native to conventional laboratory methods. Figure 2.4 shows a glimpse of a
microfluidic biosensor. Here, a channel of micron range is used as a modified
probe for the detection of various targeted analytes. It offers a significant decrease
in sample size, reagents used, effective energy consumption, waste production, cost
and has also increased the detection specificity and sensitivity limit as compared to
the conventional diagnostics method. The enhanced analytical performance of these
microsystems has made detection adaptable to home-testing applications.

There are three types of microfluidic-based biosensing platforms [91]:
(i) Continuous flow microfluidic system, where the system consists of two inlets,
one for analyte addition, and other for reagent addition, and one outlet to collect the
remnants. (ii) Droplet based microfluidic system where the analyte and the reagent
from the two inlets meet at a T-junction and the output is obtained in the form of
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discrete droplets, which are then isolated with the help of immiscible fluid. (iii) New
generation digital microfluidic systems, which create droplets on an array on top of
electrostatically actuated electrodes as compared to the continuous flow systems.
Some studies have already been done to develop microfluidic-based biosensors to
detect various diseases and irregularities of specific biochemical reactions.
Srinivasan et al. [92] developed a digital microfluidic platform for multianalyte
detection like glucose, lactate, glutamate, and pyruvate using the principle of
electrowetting integrated with an optical absorbance measurement system. In
another work, Koh et al. [93] developed a microfluidic colorimetric sweat sensor
for chloride and hydronium ions, glucose, and lactate. The reported sensor was
claimed to be soft, flexible, and stretchable and measures pH, sweat rate, total sweat
loss, and concentration of chloride and lactate.

Apart from these, Zhang et al. [94] reported a novel biosensor to diagnose E. coli
from human serum samples using AuNP immobilized with antibodies against the
target. The attachment of the target with the sample analyte produced a color change
of the sensor from red to shades of blue, which was transduced for the quantification
of the bacteria of interest. Fraser et al. [95] designed a portable microfluidic
biosensor to measure Malaria from the human serum sample. The developed device
was based on the aptamer tethered enzyme capture technology, which specifically
recognizes Plasmodium falciparum lactate dehydrogenase (PfLDH) enzyme. It was
claimed that the reported device is suitable for spot testing. Zaytseva et al. [96]
developed a similar device for the detection of pathogenic organisms and viruses
using PDMS based microchannels.

2.3.1.4 Microfluidic Paper Analytical Devices (μPADs)

Microfluidic analytical devices based on paper (μPADs), as portrayed in Fig. 2.5, has
gained widespread acceptance, after its introduction in 2007 [97], owing to afford-
ability, user-friendliness, ubiquitous nature, and since it does not need external
instruments and easy fabrication processes. The μPADs consist of hydrophilic or

Fig. 2.4 Schematically
shows colorimetric based
detection in the microfluidic
channel as a substrate

2 Advances in Materials, Methods, and Principles of Modern Biosensing Tools 41



hydrophobic microchannels on the paper, based on the requirement, fabricated using
various methods like wax printing, inkjet printing, wax-screen printing, photolithog-
raphy, and others. Two varieties of μPADs are there, the 2D and 3D fabrication. In
2D μPADs, the microchannels are fabricated on the part of the paper substrate to
transport fluids in horizontal as well as vertical directions for various applications. In
the case of 3D fabrication, an alternating stack of paper and water impermeable tape
is made such that both the layers are patterned to permeate the flow of fluid within as
well as between the layers of paper.

The microchannel networks and the associated analytical devices of the μPADs
have enabled easier fluid handling and real-time quantitative analysis of various
targets in the fields of medicine [98, 99], healthcare [98], and environment
[100]. Gabriel et al. [101] designed chitosan modified μPADs to measure glucose
and urea. They tested the glucose and urea concentration with high specificity from
the blood samples of the patients. The authors also claimed that using this technique,
they have identified different levels of glucose, non-invasively from the tear samples
of some patients, which shows no variation with the standard results. In similar lines,
Zhu et al. [102] also developed a μPAD based glucose sensor based on hybrid
nanocomplex of glucose oxidase (GOx), horseradish peroxidase (HRP), and Cu3
(PO4)2 which forms a flower-like structure. The authors claimed that the developed
sensor can detect the glucose levels from blood serum as well as from whole blood.
Cho et al. [103] developed a μPAD based immunosensor for the detection of urinary
tract infection (UTI) and gonorrhea or sexually transmitted diseases (STD). The
authors immobilized the antibodies for E. coli and STD at the center of the μPAD.
The urine samples collected from the patient were first treated with Tween-80 and
then loaded into the microchannel through the inlet. They showed a similar speci-
ficity as with the commercially available urine analysis strips. Vella et al. [104] have
designed a μPAD for the identification of two biomarkers identified for unhealthy
liver functioning, alkaline phosphatase (ALP), and aspartate aminotransferase (AST)
and total serum protein. Apart from all these works, μPADs have also been devel-
oped for the easy detection of many common diseased conditions like HIV [105],
Malaria [106], Hepatitis C [107], Tuberculosis [108], and many others.

Fig. 2.5 Thematically
shows colorimetric
detection in μPADs as a
substrate
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2.3.2 Colorimetric Assays

Colorimetric assays are a particular variant of lateral flow assay (LFA), popularly
known as test strips. Nowadays, with the advancement of the technologies in the
field of biosensors, LFA based biosensors have become one of the critical elements
of POCT techniques, widely accepted by medical practitioners as well as by the
end-users owing to its properties of simplicity, rapidness, and cost-effectiveness
[109]. Figure 2.6 shows the typical arrangement and operation of a flow assay. LFAs
consist of a series of membranes arranged together to facilitate the flow of the
sample. At first, a sample pad is placed where the sample is dropped. In a few
cases, a filter member is also attached to this sample pad to filter the crude analyte
samples as well as to control the amount of sample required. After the sample pad, a
conjugate pad is placed where the antibodies with the label are immobilized. If the
sample contains the target element, the targets attach to the antibodies immobilized
on the conjugate pad which flows in forward direction. Afterward, a nitrocellulose
membrane is placed where the binding reagents are immobilized, which binds to the
target attached antibodies coming from the conjugate pad. This line is called the test
line. In case, if the required targets are present in the analyte, the test line develops a
color, where the intensity of the color developed signifies the quantity of the target
present in the analyte used. A control line is also placed in the nitrocellulose
membrane, which confirms the flow of the sample through the assay. Finally, an
absorbent pad is placed, which absorbs the excess sample used, to complete the
construction of the sandwich-type LFA.

In a competitive type LFA, the target is immobilized in the nitrocellulose
membrane, whereas the antibody corresponding to that analyte with the label is
immobilized on the conjugate pad. If the analyte dropped does not contain the target
element, the antibodies with the label flow through the assay and attached to the
target immobilized in the nitrocellulose membrane and increase the intensity of the
initial color of the line. However, if the target is present in the analyte, the antibody
in the conjugate pad attaches to the incoming target and thus is not free to attach with
the target immobilized in the assay. This causes the intensity of the color to reduce.
There are a number of LFAs developed for the quantification of various elements
like for the detection of multiple cardiac biomarkers [110], creatine [111], influenza

Fig. 2.6 Symbolically shows the working principle of a colorimetric assay
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virus [112], interleukin-6 [113], detection of carcinoembryonic antigen [114],
pneumolysin [115], etc.

2.3.3 Chemiresistive Biosensors

Chemiresistive biosensors are a class of biosensors, which changes its electrical
resistance as a cause of any chemical change in the environment. It consists of a
substrate for placing a sensing material and two electrodes for observing the
electrical resistance change, as shown thematically in Fig. 2.7. In a basic prototype
of a chemiresistor, the sensing material is positioned in between two electrodes. The
sensing material has a resistance of its own, which is taken as the base resistance of
the sensor. On the addition of the analyte to the sensing material, correspondingly
the resistance of the system also changes. This change in the resistance can be easily
measured using a multimeter or sourcemeter depending on the degree of resistance
change. The relative change of the resistance, on the addition of an analyte, from the
base resistance is marked as the signature of the presence of the target in the analyte.
Moreover, in some cases, the resistance of the system changes proportionally to the
amount of target present in the analyte, which helps in the quantitative analysis of the
target. The explained chemiresistive system has significantly aided the development
of biosensors for the healthcare sector. Several detection kits have been developed
for the identification of foreign bodies like dengue [116], malaria [117], E. coli [118]
to count a few. Chemiresistive sensors have also been explored for the detection of
any biochemical imbalances like glucose [119], α-amylase [120], cholesterol [121],
and alcohol breath analyzer [122].

Fig. 2.7 Represents a
typical chemiresistive based
biosensor measurement
arrangement
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2.3.4 Electrochemical Biosensors

Electrochemical biosensors are the subgroup of chemical sensors where the electrical
signal generated from the chemical interaction of the capture molecule and the
targeted analyte is transduced as a means of sensing mechanism. The symbolic
image shown in Fig. 2.8 would guide the readers to get an idea about electrochemical
biosensor along with working electrode chemistry. These sensors are advantageous
in the areas where the analytes have meager detection limits of the target presence.
The electrochemical sensors consist of a working electrode where the chemical
interaction is meant to occur to produce an electrical signal, which is marked against
a reference electrode to get the current or the potential values. A counter electrode is
also placed, which provides a means of applying input potential to the working
electrode. The three-electrode system is useful to characterize the electrochemical
property of the analyte. It gives an understanding of the potential at which the
required chemical reaction happens, which is not possible in a two-electrode system
where none of the electrode’s potential is fixed to measure the potential change. The
amount of the electrical signal produced is proportional to the amount of the target of
interest present in the analyte taken. The electrochemical sensors are also beneficial
in terms of the usage of the sample. Since electrochemistry is a surface technique, it
does not depend on reaction volume, and thus minimal amount also provides
significant results [123].

Electrochemical sensors can further be classified into bio-catalytic devices and
affinity sensors [123]. In bio-catalytic devices, enzymes, cells, or tissue sections are
immobilized on the working electrode to recognize the target element and produce
electroactive species like the detection of cholesterol from cholesterol oxidase
[124]. However, in affinity devices, selective binding species modified working
electrode are used for the detection of the targeted antigen, like antibody–antigen
interaction or use of nucleic acids, such as detection of HIV [125], various kinds of
cancer [126, 127], leukemia [128], detection of dengue [129], etc. An essential

Fig. 2.8 Schematically
shows various techniques
and working electrodes used
in an electrochemical
biosensor
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requirement of an electrochemical sensor is the preparation of an ideal, specific, and
sensitive working electrode aimed to detect the targeted biomolecule. There are
many substrates and materials available nowadays for the fabrication of the working
electrode [130]. Many electrochemical sensing techniques have been developed by
fabricating the working electrode using silicon substrate [65], alumina [66], mag-
netic micro/nano particles [67], molecularly imprinted polymer [68], nanoporous
gold supported porous cobalt oxide [69], nanowire [70], zinc oxide microspheres
[71], sol–gel materials [72], lipid bilayer [73], transition metal dichalcogenides [74],
etc. Recently, advancements have also been made in the fields of development of
flexible [131] and disposable [132] electrochemical sensors or clinical applications
to boost the healthcare sectors.

Impedance-based biosensors are a subgroup of electrochemical biosensors where
both the reactance and the resistance of the system are measured for the detection of
the targeted biomolecule. Figure 2.9 assists the readers to follow up with the
impedance-based biosensing protocol. These systems consist of a substrate to
place the sensing medium and electrodes to measure the reactance and resistance
change. Both two-electrode and three-electrode systems can be used. The resistance
and reactance are evaluated at the solid electrode/liquid analyte interface by observ-
ing the current response by applying a small AC voltage. A number of works have
been done for the development of biosensors based on the detection of an enzyme,
nucleic acid or DNA, antibodies, cells, or microorganisms [133]. Other than these,
several studies have also been done for the development of detection kits for the
identification of various foreign elements like bacterial cells [134], influenza virus
[135], HIV [133], Hepatitis B [136] or for the monitoring of various biochemical
imbalances like bio-electronic detection of various proteins [137], cholesterol [138],
lipid [139] to count a few.

Capacitive biosensors are the subgroup of impedance-based biosensors. These
biosensors evaluate the changes in dielectric properties and the dielectric layer
thickness at the electrolyte/electrode interface. The capture molecules are
immobilized on the surface of the electrode and on the addition of the analyte

Fig. 2.9 Shows the
principle of detection in
impedance-based biosensors
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containing the target element, an electrical capacitance is developed between the
working electrode and the electrolyte [140]. The sensor arrangement can be of
two-electrode system [141], interdigitated electrode systems [142] or capacitive
arrays can also be used in this regard [143]. Capacitive sensors can be further
classified into two sub-groups as faradaic and non-faradaic sensors on the basis of
the transient current flow. A faradaic sensor requires redox species for the transfer of
charges across the electrolyte/electrode interface, which is not the case with
non-faradaic sensors. That is why non-faradaic sensors are more preferable for the
point-of-care applications [24]. A number of biosensing procedures have been
developed utilizing the capacitive measurement techniques such as for the detection
of various irregularities originated from the imbalance of certain nutrients in the
human body like for glucose [144], cholesterol [145], neurotransmitter dopamine
[146], levels of C-reactive protein (CRP) as cardiac health biomarker [147] are
among a few studies. Several works have also been done for the identification of
pathogenic conditions invading the body like serodiagnosis of infectious disease
[148]. Various works have also been performed in the fields of cancer diagnosis like
detection of various levels of Tumor Necrosis Factor-alpha, B-type natriuretic
peptide, Troponin-I, Serum Amyloid A, Fibrinogen, Interleukin 6 [142] and for
the sensitive detection of vascular endothelial growth factor-165 (VEGF) in human
serum [149].

2.3.5 Semiconductor Biosensors

The semiconductor-based biosensor is a category of biosensor where the detection of
the target element is carried out with the help of semiconductor devices like field
effect transistor (FET), surface acoustic devices (SAW), ion sensitive field effect
transistor (ISFET), or others. The symbolic diagram as depicted in Fig. 2.10 shows a

Fig. 2.10 Shows different
conventional semiconductor
devices which are used as
biosensing principle
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few of the existing semiconductor devices, which are being used as biosensors. In
the case of FET based semiconductor devices, the sensing material is generally
immobilized on the gate region, and the output current response of the device is
evaluated after the addition of the analyte of interest. If the target to be detected is an
ionic solution, ISFET is generally used. SAW devices exploit the horizontal polar-
ization of the shear waves as a measure of the detection of various quantities of
analytes, e.g., proteins.

The response of the device changes mainly because of the change in mass
increase and viscoelastic property of the device surface [150]. The scope of
semiconductor-based biosensors has widely extended from the detection of phyto-
pathogen [151], detection of various microorganisms, e.g., Ebola virus [152], detec-
tion of biochemical imbalances in a body like cholesterol [153] to tumor marker
detection in human serum [154] and cancer diagnostics like lung cancer [155].

2.4 Recent Trends of Biosensing and Device Fabrication

Multifarious efforts are being put forward for the advancements in the field of
biosensing. A close look into the recent research on biosensing reveals that there
are few characteristics, which are targeted for revamping and modernization of
biosensors. First of all, unlike the conventional biosensors, miniaturization of the
existing sensing techniques is on the rise. With the successful advancements of
nanotechnology, paper-based devices, microfluidic devices, and paper-based
microfluidics, and miniaturization have been flourished. Other important character-
istics of modern biosensors are user-friendliness, portability, and low cost. Wide
varieties of sensors, e.g., electrochemical, capacitive, resistive, impedance based are
taken under consideration for their characteristic integration. The most important
trend which is followed alongside miniaturization and portability is “no compro-
mise” with selectivity, sensitivity, level of detection, and repeatability of biosensors.

The ultimate aim of the biosensing technologies is the fabrication of hand-held
devices for instant and accurate measurements. In this regard, a close look into
previous works reveals that considerable efforts have been made in POCT device
fabrication. In making those POCT devices several technologies have been exploited
such as electrochemical sensing, portable spectrophotometry, colorimetric flow
assay, colorimetric strips, microfluidic based devices, μ-pads among others.
Among the developed devices glucometer, both colorimetric and electrochemical,
hemoglobin meter, urine strips, pregnancy kit, malaria kit, dengue kit, digital
pressure monitoring device, pulse oximeter has become very popular in the global
health market. Alongside these devices, a lot of efforts are put forward to develop
non-invasive devices targeting glucose sensing, eye irregularities detection, internal
imaging, and many more. It is interesting that leading companies like Google, Apple,
or Samsung are working in the field of biosensing for coming up with technology
solutions based on digitization, artificial intelligence, big data analysis, machine
learning tools.
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2.5 Future of Biosensing

One can straightaway project some of the salient features of future biosensors. In the
era of digitization, analog measurements are not appreciated in most cases, espe-
cially in medical diagnostics sector. As a result, attention is paid to the digitization of
biosensors and associated devices. The prime objectives of future biosensors are
instant measurement techniques, digital reading, wireless reading transfer, cost-
effectiveness, less energy consumption, and most importantly accuracy, sensitivity,
selectivity, and robustness. Looking at the current scenario of medical diagnostics
the most important features of future generation biosensors would definitely have the
following features:

(a) High sensitivity and the time of detection should be as minimum as possible.
(b) The target would be zero tolerance with respect to the accuracy and selectivity of

the biosensors.
(c) Along with digital reading, it will also be a mandate to have a wireless commu-

nication system for sending and storage of obtained data.
(d) Multiple measurements in a single device will be one of the peripheral targets.
(e) The need to be energy efficient and of high-power density.
(f) Miniaturization should lead to the use of high-power density, low power, energy

efficient, and portable batteries.
(g) A high capacity is always targeted to cope with any emergency or some bacterial

and viral outbreaks.
(h) AI-ML-IoT platforms will be targeted to integrate to analyze and predict prob-

able treatment based on previously fed data during the latest measurement.

2.6 Summary

The present chapter summarizes various aspects of biosensing and biosensors
development with special emphasis on recent advancements of biosensing tech-
niques. It was also justified that holistic attempts are made for the development of
portable devices which would be cost effective and user friendly. The chapter is
summarized with the following key points:

(a) Different techniques of biosensing like colorimetry, electrochemical, resistive,
capacitive, impedance based, and associated techniques have been discussed in
detail.

(b) The use of the above-mentioned techniques for the development of paper based,
microfluidic based, flow assay, and liquid phase sensors was discussed.

(c) The development of different kinds of electrochemical working electrodes for
the development of the sensors is also taken into consideration.

(d) Alongside electrode development, different miniaturization techniques of the
developed electrodes and integration of multiple working electrodes into one for
simultaneous sensing were also discussed.
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(e) Different devices, colorimetric assays, lab on a chip device, and other allied
techniques for the development of tiny devices have been discussed.

Further, a few of the commercially available devices based on the discussed
techniques of sensing are also cited in this chapter to give an insight into the health
care market. Recent trends of biosensing and related advancements based on the
detailed background have also been summarized. Conclusively, the present chapter
assists readers from different fields of science and technology who are working in the
field of biosensing and device development.
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Chapter 3
Evolution Towards Theranostics: Basic
Principles

Pallavi Kiran, Amreen Khan, Suditi Neekhra, Pankaj Kumar,
Barkha Singh, Shubham Pallod, Faith Dias, and Rohit Srivastava

3.1 Introduction

Nanotechnology is defined as the science of tiny particles lying within the scale of a
few nanometers [1, 2]. The emerging fields in nanotechnology brought scientists
together to develop a prognosis by merging diagnosis and therapeutics, leveraging
their advantages. This provided insight into some major discoveries in effectively
treating patients through early detection. Several deadly disorders including neuro-
logical and cardiovascular disorders could now be diagnosed and treated simulta-
neously [3, 4]. Moreover, personalized medicine for different diseases like cancer
which shows heterogeneity has started to evolve with the developments in thera-
peutics modalities [5, 6]. To go deep into the approaches of many such case studies,
we require an understanding of the phenomena behind the evolution of this therapy.

A single nanoparticle working as a diagnostic, therapeutic, and imaging agent can
be substantiated in point-of-care testing. The term theranostic was proposed to define
this aspect of treatment [7]. Surprisingly, although seems newly evolved,
“Theranostic” was coined over 50 years ago when scientists struggled to determine
a better way for simultaneous analysis and cure of thyroid cancer. The first treatment
has been reported to incorporate nuclear medicine of Iodine-131 which is a radio-
isotope [8]. Undergoing various phases of development, it is now quite an effective
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and safe method of treatment. This paved the way for the discovery of many
nanotheranostic agents further enhancing the potential of medical care [9, 10].

In practice, not only theranostics but also theragnostics materials are being widely
used in hospitals and various markets worldwide [11]. Several companies have many
theranostic agents in the pipeline, and the future will bring innovative advances
giving a detailed perspective on this type of technology. While many nanoparticle-
based theranostic agents have FDA approval, a few are undergoing clinical trial
licensing under specific categories of imaging or therapeutic agents [12]. However,
to develop an effective, reliable, and well-designed theranostic medicine, science has
still to go a long way. It is important to establish universally acceptable, safety, and
toxicity profiles to get regulatory approvals for launching multifunctional theranostic
materials as a point-of-care diagnosis in the market.

Through this chapter, we will be enhancing our primary understanding of
theranostics as a point-of-care diagnostic and therapeutic platform. Further heading
towards the characteristics and mechanisms involved with special emphasis on
intrinsic properties. We also wish to provide insight into behavioral studies in
biological environments based on toxicological fate. The chapter will take the reader
through the challenges to the solution and a future scope ending on a summary of a
point-of-care theranostic device.

Overall, the chapter sheds light on a topic of new found interest, wherein we see
the seamless integration of theranostics and point-of-care devices. The basic con-
cepts of theranostics have been introduced at first, initially advocating the need for
constant monitoring and patient centered therapeutics, which is then followed by
unraveling the components involved in theranostics and its applications in point-of-
care devices. The chapter then focuses on the use of carriers in theranostics,
particularly nanoparticles and their route of administration, followed by the targeting
approaches involved in ensuring that the carrier reaches the site of the infected or
diseased cells. Recent advancements in the field have been reviewed with a focus on
the affordability of such devices, advantages of these technologies over the already
existent conventional ones, and the challenges involved in developing and commer-
cializing such technologies. With personalized medicine becoming a topic of major
interest, point-of-care devices having theranostic potential is picking up as an area of
research in the foreseeable future and the chapter aims in exploring this domain and
identifying the pros and cons of this medically advanced diagnostic and therapeutic
platform amalgamated in a single device. The chapter provides comprehensive
information about the types of theranostic materials, their applications, advantages,
and challenges.

3.2 Basic Principle of Theranostics in POC

Theranostics covers a wide range of topics that help optimize a vast range of
therapies in the medical sector [13]. One such advancement of theranostics is its
extension to real-time analysis which focuses on point-of-care testing. Point-of-care
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testing is a type of healthcare made available on an immediate basis at any given
point of time with the desired effect. Initially, this was utilized for an accurate on the
spot diagnosis specific to a patient. However, with further development, therapy-
based diagnosis has emerged for patient care in conjugation with professional
consultation and advice. Since then many individually programmed kits have been
utilized to rectify of a patient’s disease and disorders [14]. The design, strategy, and
novelty of such dynamic yet systemic approaches depend on deep apprehension and
clinical proficiency. As we move towards the mechanism and different properties of
nanoparticles used in POC, we have summarized the definition and the principle
aspects of theranostics.

3.2.1 Fundamental Prospects

Biodistribution and therapeutic efficacy marked their occurrence soon after disease
detection, where undesirable variation in therapy may have led to treatment failure.
Medical imaging and therapeutics synergistically define theranostics as an integra-
tion of a biocompatible material package to diagnose and treat the patient. With
theranostics, both the pharmacokinetic and pharmacodynamic fate of a drug inside
the body can be traced and enhanced systematically [15]. The conceptual basis of
theranostics in point-of-care testing is based on the principle interplay between
pharmacogenetics, proteomics, and biomarker profiling of the patient.
Pharmacogenetics assists in understanding the genomic sequence centralized on
adequate biomarker response for an optimal outcome. A biomarker is a protein
that acts as a biochemical indicator to monitor and diagnose every disease develop-
ment stage during molecular treatment. This modulates designing a better drug
moiety as a theranostic agent [16]. Moreover, the mechanisms of physiological
pathways need to be determined for increasing the knowledge of an altered disease
state. The changes in a gene sequence can adversely impact the drug binding and
function [17]. Hence, another crucial part of patient care is predicting the protein
infestations in revealing the encoded isoforms by the genome to get information
about the physiological behavior of a cell. This provides the key to examine cellular
function, localization, and expression of proteins. Different types of proteins behave
differently in varying environments giving better prediction of variable biological
information [18]. In contrast with community settings where generalized treatment is
said to be dispersive, patient-centered treatment drifts evidence-based care improv-
ing accuracy and precision, possibly with the help of biomarker tracers. It includes
molecular characterization, biomarker function, biomarker validation, and effective
clinical utilization including bioinformatics tools [19].

The major concept behind extending these approaches has given a way to tackle
physical clues associated with asymptomatic infections, supporting therapy. Organ-
specific tests combined with electrical medical records and real-time image analysis
have enhanced early detection of the target infestations [20]. Overall, this standard-
ized shift from “one medicine for all” to a “fit for purpose” mindset has
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revolutionized the healthcare sector. POC has principally been investigated to satisfy
demand, seeking more improvised prognosis, diagnosis, and treatment [21].

3.2.2 Components

Due to their tiny characteristic dimensions, nanomaterials possess the ability to carry
both the therapeutic and diagnostic agents along with the targeting moiety for drug
delivery to a specific site. This has led to nanomaterials becoming an integral part of
theranostics, which encouraged the use of the term “nanotheranostics”.
Nanotheranostics in conjugation with point-of-care devices aim to utilize the prin-
ciples of nanotechnology in advanced theranostics. Characteristics of the therapeutic
agent, diagnostic agent, effect, size, shape, and type of material define a theranostic,
as shown in Fig. 3.1. Implementing all the properties in a single module for
achieving effective treatment has brought about various nanoparticles and their
chemical functionalization. Surface modified liposomes, dendrimers, metal and
inorganic nanoparticles, carbon nanotubes, solid lipid nanoparticles, micelles, and
biodegradable polymeric nanoparticles have been specifically designed to circum-
scribe patient-specific medicines. Also, recent developments in synthetic biology
have propagated the use of cellular systems such as bacteria, viruses, and mamma-
lian cells as theranostic agents. However, they require strong validation due to the
characteristic cell-based therapies employed for individuals [22]. The advent behind
the theranostic nanoparticles’ design strategy is based on Ferrari’s classification
which comprises three major components, namely a biomedical payload, a carrier,

Fig. 3.1 Different constituents of a theranostic as a carrier system (created with Biorender.com)
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and a surface modifier. The biomedical cargo consists of therapeutic agents, imaging
agents, contrast agents, quantum dots, etc. After being processed, nanoparticles
serve as carrier systems with inorganic or organic particles relinquishing sufficient
protection to the therapeutic agent from biological invasion under physiological
conditions for the therapeutic agent to be delivered efficiently. Surface modifiers
increase the time of circulation by enhancing uptake and allowing easy penetration
by crossing heterogeneous barriers for site-specific binding [13]. Upon further
exploration, the types of technologies that come under the realm of point-of-care
devices consist of label-free biosensors, microfluidic devices, lab on a chip technol-
ogies, lateral flow assays, smartphone-based applications, and wearable technolo-
gies. Gold nanoparticles used in lateral flow biosensors have contributed to
improving the sensitivity of the methods as the formation of a sandwich occurs
between the primary biomarker, the analyte, and the secondary biomarker tagged to
a nanoparticle resulting in the appearance of color in the test zone. This could be
attributed to the surface plasmon resonance effect. In the case of silver nanoparticles,
the variation in nanoparticle morphology and associated optical properties results in
different wavelengths, forming different tones of color in the testing zone which can
be used in multiplex point-of-care tests. Electrochemical-based sensor nanoparticles
have been explored to prepare inks for the fabrication of electrodes such as gold,
silver, and carbon nanoparticle tubes. Also, magnetic nanoparticles employed in
nuclear magnetic resonance imaging provide high precision diagnosis, owing to the
low background signal. Nanowires of copper, nickel, platinum, gold, silver, and
silicone are used in patient-centered medical support devices. The introduction of
nanowires into paper substrates used for electrocardiogram monitoring depicts an
application of using nanowires in POC devices [23].

Another aspect of theranostics has been the developing image-guided drug
delivery by using imaging agents coupled with techniques like positron emission
tomography (PET), fluorescence molecular tomography (FMT), and ultrasound.
Apart from this, photothermal therapy (PTT) with magnetic resonance imaging
(MRI) induces apoptotic cell death wherein near infra-red (NIR) visible light excites
photoabsorber molecules and converts the energy of the incident light into heat by
increasing temperature. Photodynamic therapy is another emerging modality where
the reactive oxygen species produces a photo-necrotic effect at a suitable wave-
length. The photosensitizer drug and the imaging moiety enable image-guided
treatment of the diseased person, thus increasing the chance of better treatment [24].

3.2.3 Point-of-Care Devices

Point-of-care diagnosis technology has propelled the biomedical field towards
engineering micro- and nanodevices amalgamating many clinical steps in a single
build. Reliability, efficacy, portability, and affordability with ease of operation
follow the basis of validation during clinical and personal use [25]. While many
nanodiagnostic tools apply advanced optical, mechanical, electrical,
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electrochemical, and mechanical concepts, there is no limit to improving the design
of POC devices detection of diseases. Through nanoport technology, devising
nanosensors with translating nucleic acids a lot of progress in the field of
digitalization-based biosensors, for on the spot to recognizable electric signals and
immediate mapping with already available datasets is possible [26]. Diseases like
cancer whose tumor growth and development requires precise detection for effective
treatment have also been explored as part of this domain. Antibodies carrying SERS
(surface-enhanced Raman scattering/spectroscopy) nanotags with Raman reporters
have been investigated to detect CD44, TGFbRII, and EGFR biomarkers during
in vivo tumor targeting, showing active signals for a longer time. Detection tech-
niques involving SERS offer higher specificity and multiplexing simultaneous
detections capabilities in a single test [27]. Alternatively, quantum dots (QDs) [28]
can assist in detecting changes in the pH of the body’s physiological and acidic
tumor microenvironment [29]. Recently, many lab-on-a-chip miniaturized
nanoparticle-based devices for real-time analysis have been developed to diagnose
and treat infectious diseases. Quantum dot-based fluorescent nanoparticles, such as
iron oxide due to its magnetic and metallic properties when labeled with various
biological targets have shown wide scope in increasing sensitivity for immunoassay
POC devices already existent in the market. Many such approaches have been
extended to readily available and extensively used devices in cell phone-based
polarized light microassay platforms. Diagnostic based magnetic resonance systems
offer nuclear magnetic resonance (NMR) based rapid multiplex detection. However,
its application is limited due to its affordability and portability. Other metallic POC
nanodiagnostic tools including paper and magnetic barcode-based systems utilize
lateral flow microfluidics, effectively displaying visible readouts by simultaneous
detection of multiple infections [30]. However, many criteria remain unfulfilled and
the following sections reveal the importance of integrating this promising technol-
ogy with various upcoming developments.

3.3 Biological Factors Involved in Theranostic Applications

The developments in nanoparticles for point-of-care applications need to consider
variety of biological factors to transform into a functionalized personal medicine.
While dealing with theranostic applications, the design scheme involves two basic
precision steps in nanoparticle formulation. Firstly, for diagnosis purposes, the
nanoparticle design is crucially important in disease identification and treatment
progression after administration. It is combined with various techniques like NIR
fluorescence, PET/SPECT, and MRI. Second factor is related to the use as thera-
peutic by photodynamic, chemotherapy, gene therapy, hyperthermia, and radiation
therapies [21, 31].
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3.3.1 Administration of Nanoparticles

Path guided nanoparticles targeting a specific site is highly dependent on the route of
administration. This purpose is served mostly by localized and systemic administra-
tion. In localized administration, nanoparticles are injected directly into the disease-
affected sites. Similarly, the drug is particularly delivered to the tumor microenvi-
ronment (intratumoral region). However, in the case of systemic treatment, the
nanoparticles circulate through body fluids hence have to encounter and overcome
many barriers to reach the desired site [32, 33].

The accumulation of nanoparticles at the target site depends on engineered
nanoparticles conjugating ligands (antibodies, enzymes, aptamers, or small mole-
cules). The type of surface modifications depends on molecular markers expressed
on the disease or disorder being treated. The property of enhanced permeability and
retention (EPR) shown in Fig. 3.2 should be presented by drug for effective cancer
treatment [34].

The state of action is the disease microenvironment being biologically different
from the normal tissues acting as a mode for the targeted delivery of nanoparticles.
The targeted delivery can further be classified as active, passive, and physical briefly
described [35].

3.3.1.1 Passive Targeting

In passive targeting, the nanoparticles are accumulated at the target site by an
intrinsic property of the disease environment. The permeability factor is responsible
for the crowding of nanoparticles. The neovasculature, developed due to angiogen-
esis at the diseased site, is different from that of the normal cells. They have high
permeability. Such vascularization represents one characteristic property of blood

Fig. 3.2 The accumulation of nanoparticles is less in normal cells. (a) as compared to the tumor
cells. (b) The event termed as enhanced permeability and retention (EPR) due to wrapped vessels
surrounding the tumor
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vessels at the tumor. This distinctive feature is known as EPR supporting the
accumulation of nanoparticles at the target sites [35].

3.3.1.2 Active Targeting

Active targeting utilizes affinity interaction as a key player in nanoparticle accumu-
lation at target sites. Active targeting is more specific than passive targeting as it
increases the reliability of drug-loaded nanoparticles. This requires actual chemical
moiety for surface changes of the nanoparticle to ease proper interaction with ligand.
Some examples include the conjugated ligands acting against folate, transferring,
and human epidermal receptors. Biologically dynamic conditions like angiogenesis
factor, uncontrolled cell growth, and tumor target have also been studied. One
development is designing the nanoparticles by inhibiting the growth factors for
preventing tumor progression [35].

3.3.1.3 Physical Targeting

Nanoparticle delivery involving internally and externally assisted approaches to
enhance penetration is stated as physical targeting. Electroporation, ultrasound,
and magnetofection are few examples of externally employed physical techniques
used in nanoparticle delivery. Different physical properties of body homeostasis can
also be utilized to configure nanoparticles. Physiological properties of the disease
environment ought to act as a stimulant for nanoparticles, thus improving the drug
molecules’ delivery. pH, temperature, light, and hypoxia are a few factors that have
been explored in passive targeting [35].

3.3.2 The Journey of Nanoparticles to the Target Sites

The systematically injected nanoparticles before reaching the target site have to pass
through multifaceted biological elements on its way. Sequential events involve
corona formation, blood, extravasation, tumor penetration, and intracellular traffick-
ing [36]. Introduced nanoparticle first interacts with the biomolecules of blood
components forming structure known as “corona.” The corona formation depends
on the physicochemical property and travel time of nanoparticles. Proteins present in
corona mask the function of the engineered surface of nanoparticles. This even
restricts the antibody exposure, hence resulting in reduced release of encapsulated
drug molecules at the target site. Additionally, this might also activate the cascading
effect of the immune response leading to hypersensitivity. However, not all protein
interactions hamper the activity of nanoparticles. Proteins like dysopsonin and
albumins reduce the phagocytic capability of the immune response against nanopar-
ticle facilitating its release. Half-life and effectiveness of circulating nanoparticle
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depend on the permeability of tumor vasculature. A shorter half-life during circula-
tion is sufficient for nanoparticle accumulation in the target site because of increased
vascular permeability at the tumor environment. In contrast, a longer circulation time
is required for those having low permeability of the vasculature. Polyethylene glycol
(PEG), present on the surface of nanoparticles increases blood circulation time and
hence shows more effect. Moreover, nanoparticle interaction with protein reduces
due to steric hindrance, rendering it less prone to immune attacks. During cancer
progression, the presence of arteries and veins formed by the process of angiogenesis
possesses higher permeability than those of normal cells. “Dynamic vents” could be
helpful in the intake of nanoparticles to the tumor. Dynamic vents open momentar-
ily, assisting penetration depending on the tumor permeability, nanoparticle size, and
other physicochemical properties. Also, the conjugated ligand antibody against the
biomarker is beneficial for tumor penetration. The higher the affinity between
antibody and biomarker, the more is the penetration. Strong interactions lead to
internalization of nanoparticles, whereas weak interactions of the antibody have
extensive diffusion within the tissues exposing to intracellular trafficking. Likewise,
some of the nanoparticles are engineered with RNA interference (RNAi). RNAi
requires a cytosolic environment to be functionally active. Overall, all the processes
cause nanoparticle for further modifications and might interfere with actually
intended properties, thus are required to be studied thoroughly [36].

3.4 Recent Advancements in Theranostics

The prospects of theranostics for various diseases have been extensively investigated
worldwide for the last two decades. Herein a few of the recent concepts leading the
researchers towards the multipurpose probes and tools for affordable developments
are listed. Organic, inorganic, composites, biomimicking, and biomaterial-based are
all utilized to meet these demands and serve efficacious therapy. Few examples are
represented in Table 3.1.

Smart and demand-responsive integration of biomaterial science with imaging
modalities and disease biology has built the strong platform of theranostics. They
can detect, sense, image, trigger, activate, block, and convey according to their
design approach sufficing the demands. Theranostic platforms have revolutionized
the clinical conclusions of various diseases and also the traditional methods to
treat them.

Moderation of the traditional techniques gives the advantage of providing quick
treatment rendering sufficient time for other latest technologies to emerge and gain
validation for advanced treatment. In radiotherapy and brachytherapy, there is
enormous scope for modifications and improvements in the probes. Designing
new theranostic probes can lead to improved cancer treatment [37, 38]. Similarly,
the theranostic eye lens is an excellent example of a wearable theranostics, with
surface modification of lens surface for diagnosis and providing antiviral treatment
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[40], while using sonotherapy to treat MDR bacterial infections has introduced a
completely new treatment model [43].

Nanoparticles have great potential for various modifications, making them more
preferable over others available for a wide range of clinical treatments. Photothermal
therapy, photodynamic therapy, along with drug release and real-time imaging of the
affected area, have been broad areas of research for the last two decades. Continuous
efforts are being made to bring them to the hospitals, as they are much more cost-
effective and have higher therapeutic efficacy with minimum side effects over other
therapies in use. Gold–silica nanoparticles [50], antibiotic nanoaggregates [44],
pH-dependent antimicrobial nanoparticles [45, 47, 48], bacterial based theranostics
[42, 46, 51] are a few examples of a wide range of diseases. They provide therapy
and diagnosis, in much more targeted and effective ways.

One among the stated, bacterial therapy is another mode of therapeutic treatment
prevalent in research labs these days. To provide imaging and on-demand therapeu-
tic efficacy, this mode of theranostics is being explored extensively as the delivery
model for eventually targeting multidrug-resistant bacterial biofilms and infections,
colon cancer models, etc. [42, 46, 51]. Nucleic acid-based sensors and delivery
probes are a new mode of theranostics, which are the latest and least explored so far.
Such sensitive point-of-care sensors have an enormous amount of opportunities for
modification as they are more selective, sensitive, accuracy, and efficacy. Also, by
activation, silencing, trigger, and blockade, drug delivery can be manipulated as per
the requirement. For example, using DNA based active agents can help us sense the
desired gene sequences, and then treat effectively [39, 53].

3.5 Advantages of Smart Theranostics Agents Over
Conventional Therapy

The design strategy of theranostics depends mainly upon targeting selective areas,
providing imaging capabilities, and delivering specific cargo with minimal side
effects. Nanotheranostics present new opportunities to upgrade the safety and
efficacy of conventional therapeutics and have shown promising applications in
diseases like cancer, cardiovascular diseases, inflammatory diseases, and pathogenic
infections. Nanoparticles exhibit superior theranostic performance, owing to their
exceptional properties for efficient drug loading, easy surface functionalization,
biocompatibility, prolonged circulation time, high fluorescence, and photostability
for bio-imaging. Some of the most widely utilized nanomaterials are magnetic
nanoparticles, gold nanoparticles, carbon nanomaterials, polymers, dendrimers,
and liposomes. The advantages of such theranostic systems are described below:
Few of the advantages of smart theranostics have been shown in Fig. 3.3.
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3.5.1 Localized Therapy

Localized therapy refers to the treatment that is directed towards particular cells,
tissue, or organ. This may include surgery, topical treatment, laser therapy, cryo-
therapy, and radiation therapy. The delivery of therapeutic nanoparticles can be done
be by active (utilizing site-specific biomolecules) or passive mode (using enhanced
permeation effect). In the case of neurodegenerative disorders, one of the major
challenges has been the transportation of drugs to cross the blood–brain barrier
(BBB). For Alzheimer’s, liposomal nanoparticles have shown successful crossing of
BBB [3]. Dual functional PEG-PLGA nanoparticles present targeted delivery
towards the amyloid plaque [55]. Generation of the long-lasting anti-coagulant
surface over a freshly formed clot via thrombin targeted bivalirudin-functionalized
perfluorocarbon nanoparticle provides site-specific management of acute
thrombosis [56].

3.5.2 Multimodality

Combination therapy exploits the synergistic effect of more than one drug, which
improves the efficiency of drugs and reduces side effects. This approach allows
multiple agents to be delivered sequentially or simultaneously. For example,
platinum-based lipid-coated nanoparticles encapsulated with mi-RNA is an excellent
example of chemotherapy combined with gene therapy [57]. A tri-synergistic

Localized
therapy

Multi
modality

Theranostics
Advantages

over
conventional

Real time
monitoring

Multi
functional

Immune
evasion

Imaging with
simultaneous
therapeutic
treatment

Multiple agents used for
combinational synergy

Serving multiple
therapies

concurrently

Site specific
management

with targeted efficiency

Fig. 3.3 A schematic of the advantages of smart theranostic agents over the conventional therapies
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approach (phototherapy–photodynamic therapy–chemotherapy) has been developed
to overcome the chemotherapy resistance in tumor-bearing mice for breast cancer
treatment [58]. AIE-based (aggregation-induced emission) based nanostructures and
the derived systems show outstanding results in detection, differentiation, and killing
various microbes. They also demonstrate the excellent application in image-guided
PDI (photodynamic inactivation) for pathogenic infections [59].

3.5.3 Simultaneous Diagnosis and Therapy

Distinctive properties of plasmonic nanoparticles have been exploited for simulta-
neous diagnosis and therapy of different diseases. Electron rich surface of gold
nanostructures makes them excellent contrast imaging agents. When combined
with photothermal therapy, such a system can perform both functions. In
theranostics, therapy with fluorescent imaging therapy has been utilized with metal
nanoparticles like gold, iron oxide, silver nanoparticles, and quantum dot-based
nanoparticles [60].

3.5.4 Multifunctionality

Bioactive molecules absorb near-infrared (NIR) region light, which has been a
reliable tool for visualization, detection, and treatment of cancer [61]. Studies have
shown the use of gold nanoparticles (AuNPs) as nanocarriers for drug delivery,
photosensitizers for cancer diagnostics, and plasmonic photothermal (PPT)/photo-
dynamic (PDT) therapy [62]. Similarly NIR active graphene shhet and quantom dot
have been utilized for imaging, PDT and PTT [10].

3.5.5 Real-Time Monitoring

Upcoming treatment modalities in research insist on real-time monitoring of the
position of malignancies in case of cancer or different parameters in case of other
diseases. Sun et al. developed a vascular endothelial growth factor (VEGF) loaded-
IR800 and conjugated with graphene oxide (GO-IR800-VEGF) nanoparticles for
imaging angiogenesis of ischemic muscle in a mice hind limb model. This system
was able to deliver VEGF to the injury site, and its efficiency was analyzed by
positron emission tomography (PET) [63].
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3.5.6 Immune-Evasion

Functionalization of nanotherapeutics with recognized antigens to increase their
retention time is another emerging strategy. Specially designed formulations can
induce biomimetic and bioinspired mechanisms. For example, PLGA coated with
RBC membranes mimics both the surface and shape of the red blood cell membrane.
In such molecules, both physical and chemical biomimicry act in synergy, mecha-
nism that enhancing detoxification of nanoparticles. It further improves its survival
rate in a mouse model of sepsis, resisting cellular uptake [64].

3.6 Challenges for Responsible Development

Development in theranostics is not immune to different challenges and limitations
which demand further research. Nanomedicine offers numerous advantages over
conventional drugs such as localized therapy, lower dosage, higher bioavailability,
and an ability to dovetail diagnostics with a therapeutic agent. Even though this
increasingly evolving field presents a promising alternative to conventional modal-
ities of treatment, issues of stability, toxicity, and commerciality shown in Fig. 3.4
need to be addressed before considering them superior to existing drugs.

Aggregation,
Surface charge,

Optical and mechanical
reliability

Hemocompatibility
ROS,

Biochemical imbalance

Scalability,
High Production cost,

Storage conditions

Stability

Challenges

Toxicity Commerciality

Fig. 3.4 Overview of the major challenges being faced in the development strategies of smart
theranostics
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3.6.1 Toxicity

When using materials for biological applications, they are imperative to be biocom-
patible. Nanoparticle-associated toxicity can arise from various properties such as
chemical makeup, morphology, size, charge, and surface modifications. Even
though gold and platinum are inert, a cytotoxic cationic surfactant, CTAB
(N-cetyltrimethylammonium bromide), which is used as a soft template in the
synthesis of gold nanorods, needs to be replaced with other polymers such as
polyethylene glycol (PEG) [65]. Similarly, with appropriate surface modifications,
the cytotoxicity of other nanoparticles can also be mitigated.

The size of nanoparticles has a complex relationship with toxicity. Toxicity can
be induced by interaction with cell membrane proteins and reactive oxygen species
(ROS) generation. It has been reported that TiO2 nanoparticles with less than 10 nm
and greater than 30 nm induce similar levels of ROS per surface area. However, ROS
generation drastically increased upon the increasing size from 10 to 30 nm
[66]. Nanoparticles of smaller size have a higher specific surface area. Hence, they
interact more with cell membrane proteins, increasing their cellular uptake. The
shape of the nanostructures also affects biocompatibility. Rod-shaped Fe2O3 and
CeO2 nanoparticles are stated as more cytotoxic than spherical nanoparticles
[67, 68].

Moreover, the particles with higher positive surface charges are more toxic as
they interact with negatively charged surface proteins. This leads to higher bioavail-
ability due to enhanced endocytosis and a higher number of particles per cell remain
cytotoxic. In literature, positively charged ZnO nanoparticles were found to be more
cytotoxic than the negatively charged [69]. Different surface modifications can
manipulate the surface charge. In one study [70], modifying surface of Fe3O4

nanoparticles with negatively charged oleic acid decreased their cytotoxicity.
Nanoparticles confer low toxic effects as compared to free drug treatment or

traditional chemotherapy. However, toxicity from nanoparticle treatment should be
at the level where the efficacy is maximum compared to toxic effects.

Some nanoparticles may be nephrotoxic like Gadolinium, whereas inorganic
nanoparticles might cause cytokine fluctuation in the body. Silica and silver
nanoparticles in mice have shown Alzheimer-like symptoms, which might affect
the nervous system. Copper oxide has shown dose-dependent toxicity as well as
DNA fragmentation in neural cells due to reactive oxygen species (ROS) that
weakens the brain process of learning and memory storage. Iron nanoparticles
have also shown (Alzheimer’s disease) AD-like symptoms [71].

Toxicity due to various factors discourages the clinical applications of
nanoparticles in theranostics. Because the mechanisms that cause cytotoxicity are
poorly understood, current research is focused on identifying biochemical and
molecular mechanisms underlying the toxicity of nanoparticles.
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3.6.2 Stability

Nanoparticles are more reactive and less stable due to higher surface energy. The
stability of nanoparticles can be defined in relation to shape, aggregation, size, and
surface chemistry [72]. Aggregation of nanoparticles is caused due to interactions at
short distances. Plasmonic nanoparticles such as gold and platinum illustrate the
changes due to aggregation well. Due to peculiar optical properties of these mate-
rials, they exhibit a color change of solution leading to differed absorbance. Their
clustering can be characterized by spectroscopy and electron microscopy. Aggrega-
tion can be prevented by reducing the probability of collision of particles. Methods
to decrease the collision include reducing the storage time, the concentration of
nanoparticles in the solution, or performing chemical changes like surface modifi-
cations, and adjusting pH.

The stability of nanoparticles in terms of shape and size can be defined as
retaining the morphology, size of individual nanoparticles as well as size distribution
during storage and experiments. As nanomaterial’s chemical, mechanical, and
optical properties strongly depend on size and shape, changes in these components
lead to the deterioration of desired performance. The dimensionality of the
nanoparticles can be preserved by maintaining the homogeneity of the original
solution [73] and adding stabilizing agents.

3.6.3 Commerciality

The valuation of nanomedicine industry is estimated to reach approximately $334
billion by 2025. However, at present, the field is still in infancy and needs major
transformation in terms of R&D and investments. For the translation of emerging
healthcare technologies into the industry, factors such as superiority as compared to
existing products, scalability, and costs are considered of paramount importance.
The laboratory synthesis methods of nanomaterials consist of multiple steps, many
of which involve the addition of reagents in stoichiometric proportions. After
synthesis, purification methods and optimized parameters change from laboratory
to industry.

Nanomaterials are synthesized by top to bottom approach in industries instead of
the bottom to top approach in small scale synthesis. It enables enterprises to bypass
the complex process of trace solvent removal. After scale-up, the desired properties
of the material might be lost. For example, in the production of nanoparticles using
the emulsion method, upon increasing impeller speed and agitation time, particle
entrapment efficiency remained unchanged while nanoparticle size decreased [74].

Cost is also a significant factor in considering nanomedicine as an alternative to
drug formulations. Nanotherapeutics are significantly expensive due to complex
manufacturing processes, extremely lengthy, and more cost involved in the valida-
tion of concepts, difficult navigation through clinical trials, and sporadic
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involvement of Big Pharma as compared to small and medium enterprises. For
example, an anticancer drug Doxorubicin costs 8–9 times less than its
nanoformulation, Doxil. However, it does not significantly increase the life span
of patients. Some people justify the higher costs of nanoformulations due to their
reduced side effects [75]. In the upcoming time, the increased involvement of large
pharmaceutical companies and market-driven research can help overcome the cur-
rent challenges faced by this industry.

3.7 Future Perspective

Currently, disease diagnosis and treatment encompass a single-target approach.
Utilizing “multi-target combination” conjugated with multifaceted nanoparticles
based multimode imaging system to treat complex disease will significantly improve
treatment efficacy averting disease progression. Nucleic-acid based sensors and
delivery probes are evolving as a mode of CNS and deep tissue disease theranostics
expressing an enormous amount of opportunities in enhancing selectivity, sensitiv-
ity, and accuracy for POC devices. In-depth understanding of toxicity study syn-
chronized nanoparticle modification will help in improving degradation and
excretion rate. Further, finding ways to manufacture cost-effective miniaturization
of nanodevices will aid a surgically placed prophylactic tool with routine monitoring
and easy moderation. Also, intervening research will see new method optimization
techniques, universally applicable diagnostic assay, improved universal safety
guidelines, stability, and storage parameter advancements. Filling loopholes, these
aspects can improve the current nanosystems leveraging human-based technologies.

3.8 Conclusion

The point-of-care in theranostic has been proved to be a dynamic domain where
rapid advancement in precision and accuracy is liberating research and market value.
Disease management has circumference early diagnosis, standardized therapy, and
periodic monitoring. Delay in diagnosing, initiation of first-line therapy, and inabil-
ity in detecting disease recurrence threaten life. Nanotheranostics concept of com-
bining diagnosis and therapy in single multifunctional advent has evident
“personalized medicine” allowing patient readout with maximum proximity and
minimal intervention at individual latitude. The synergistic approach of nanotech-
nology actuated disease-specific molecular signatures has opened the possibilities of
detailed visualization. Nanoparticles engineered surface modification and target
functionalization have revealed the opportunity to transcend the immune system
and increased molecules circulation time. Targeting specific biomarkers via active or
passive mode further provides scope of enhanced cellular uptake of the active moiety
reducing multidrug resistance and adverse side effects that would otherwise deter
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efficient recovery. However, long term toxicity and stability remain a major chal-
lenge when adhering to better biocompatibility. Hence, health care offers
nanotheranostic to explore with future advances in biomarker discoveries, diagnos-
tics, drug-delivery systems, and biologics.
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Chapter 4
Biosensor-Based Point-of-Care Devices:
Metabolites and Pulse Oximetry

Inga M. Hwang, Xuwen A. Lou, Adam A. Toubian, and Daniel T. Kamei

4.1 Introduction

Rapid and accurate measurements of glucose, creatine, lipid levels, and hemoglobin
(Hb) saturation are critical for multiple aspects of patient care, including diagnosis of
various conditions and monitoring patients during and after surgery. Therefore, there
is a rising demand for devices that perform these measurements at the point-of-care
(POC).

POC glucose monitoring is used in both at-home and clinical care settings;
roughly 463 million people have diabetes worldwide, and greater than 90% of
patients experience stress-induced hyperglycemia in intensive care units
[1, 2]. The reliability of devices for POC glucose measurement has increased;
however, several challenges remain. For example, biomolecules including sugars,
ascorbic acid, acetaminophen, mannitol, and dopamine often result in inaccurate
glucose level measurements. Varying volume percentages of erythrocytes in blood
can also affect glucose readings [1].

While POC glucose measurements are performed both inside and outside of
clinical settings, creatine and creatinine measurements are typically performed
in-clinic to detect post-surgical complications. For example, acute kidney injury
(AKI) occurs in roughly 30% of cardiac surgery patients with varying severity;
1–2% of patients require dialysis, which increases their risk of post-surgical mortal-
ity approximately eightfold [3, 4]. AKI may also progress into chronic kidney
disease, which causes deterioration of kidney function [5]. POC AKI detection can
be accomplished using creatine, which is reversibly converted to creatinine by the
enzyme creatinine amidohydrolase [6]. Serum creatine and creatinine levels are
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considered reliable predictors of AKI; one study found serum creatinine detected
more AKI patients than another biomarker, cystatin C [7, 8]. Creatine and creatinine
POC detection is still an emerging field, so this chapter will only discuss devices that
have been subject to clinical study since 2010.

Similarly, lipid measurements are commonly performed in clinical settings to
diagnose cardiovascular diseases (CVD), which accounted for over 17.9 million
deaths in 2016. Over 75% of these deaths occur in countries with limited access to
advanced healthcare and testing. Because early-stage diagnosis of cardiovascular
diseases improves prognosis, widespread POC screening is crucial to lowering the
mortality rate [9–11]. Although there are a variety of risk factors for CVD, the
physiological cause is high levels of certain lipids in the blood. These lipids form
deposits on arterial walls in a process referred to as atherosclerosis, leading to
ischemia, heart attack, and stroke [9, 12]. Physicians generally use laboratory
blood tests called full lipid profiles to diagnose CVD. Lipid panels measure the
concentration of triglycerides (TG), total cholesterol (TC), high-density lipoproteins
(HDL), and low-density lipoproteins (LDL). LDL levels are often calculated from
HDL, TG, and TC levels using the Friedewald equation, as LDL is difficult to
measure directly [13].

Pulse oximetry, which quantifies Hb saturation, is used in both pre-hospital and
intensive care settings as a surrogate for arterial blood gas measurements (pCO2 and
pO2) and allows for monitoring of gas exchange in the lungs [14]. Pulse oximetry is
well-suited to POC settings because it is noninvasive, though it has several limita-
tions. First, the accuracy of a pulse oximeter is governed by its pre-programmed
calibration curve, often leading to systematic measurement bias. Additionally,
compounds in whole blood including carboxyhemoglobin and bilirubin can interfere
with readings. Finally, oximeter performance can be affected by skin pigmentation,
though manufacturers have recently begun to address this limitation by using data
from wider ranges of skin tones to generate their calibration curves [15–
17]. Although numerous pulse oximeters designed solely for at-home, non-clinical
use are commercially available, this section will only discuss pulse oximeters
designed for clinical use that have been studied after 2013.

4.2 Glucose Measurement at the Point-of-Care

4.2.1 Methods of Measurement

Though the glucose meter is one of the first commercialized biosensors, its testing
principle has remained relatively unchanged. The traditional fingerstick test requires
application of a small blood sample to a test strip, where plasma glucose diffuses
through several filter layers to react with immobilized enzymes. A typical glucose
test strip is shown in Fig. 4.1. The exchange of electrons during the reaction
generates an electrical current which is detected by an electrode embedded in the
strip and is transduced to a glucose reading within seconds [19].
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Commercial glucose meters typically use two major enzymes: glucose oxidase
(GOx) and glucose dehydrogenase (GDH). GOx catalyzes the oxidation of glucose,
and the products are gluconolactone and hydrogen peroxide. Levels of hydrogen
peroxide, consumption of oxygen, and electron transfer during the GOx reaction can
be used to measure glucose concentration [1]. The advantages of GOx include high
specificity for glucose, low cost, and insensitivity to extreme pH and temperature.
However, its primary disadvantage is the accuracy of readings fluctuates with
oxygen levels. GDH, however, anaerobically catalyzes the oxidation of glucose,
and it is paired with various cofactors such as NAD, FAD, and PQQ. Compared to
GOx, GDH is more efficient and expensive [19].

4.2.2 Summary of Devices

4.2.2.1 Glucose Meters for At-Home Care

Before entering the market, most at-home glucose meters are evaluated using
unenforced criteria. The most common set of criteria is the International Organiza-
tion for Standardization (ISO 15197). Additionally, all manufacturers in the USA
must comply with FDA guidance for over-the-counter glucose meters. Due to lack of
regular assessment by independent studies and limited enforced regulation, the
accuracy of at-home glucose meters remains in question; a 2018 review article
found that among 143 studied at-home glucose meters, approximately two-thirds
of them passed ISO 15197: 2003, and 40% passed ISO 15197:2013 [20].

Fig. 4.1 Common structure of the glucose test strip found in commercial glucose meters. (a) An
electrode system consisting of reference, counter, and working electrodes. (b) A hydrophobic layer
that wicks the blood sample towards the electrodes. Reprinted with permission from Wang J. [18]
Electrochemical Glucose Biosensors. Chemical Reviews 108:814–825. Copyright 2008 American
Chemical Society
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Though numerous at-home glucose meters are commercially available, four
companies have been sharing a majority of the glucose meter market: LifeScan,
Abbott, Roche, and Ascensia [21–24]. Therefore, this section will only focus on
currently available FDA-approved, handheld devices released after 2010 that are
manufactured by these four companies.

The Accu-Chek Guide (Roche), Contour Next One (Ascensia), Freestyle Free-
dom Lite (Abbott), and One Touch Verio (LifeScan) are four commonly used
at-home glucose meters. All four devices have been consistently and sufficiently
accurate to comply with the more relaxed ISO 15197:2003 standard in numerous
studies [20]. Specifically, one study demonstrated that 82% of Accu-Chek Guide’s
results were within 5% of the reference value, which exceeds the current ISO
standard 15197:2013 [25]. Conversely, another study showed less than half of the
One Touch Verio’s results fall within 5% of the reference value, indicating its low
precision within a smaller range of accuracy limits [26]. Consequently, the device
exhibits conflicting results when evaluated against the more recent and stringent ISO
15197:2013 standard [20]. Another extensively studied device is Freestyle Freedom
Lite. The Freedom Lite produces consistently accurate readings when blood samples
of normal hematocrit level are used. However, its measurements are significantly
affected by extreme hematocrit levels, indicating that it may not be suitable for
patients with blood disorders or other contraindications. Of the four devices, the
Contour Next One provides accurate measurements within the widest hematocrit
range [27, 28].

Devices designed for long-term and ongoing glucose management are also
available. The Freestyle Insulinx (Abbott), Contour Next Link (Ascensia), and
Accu-Chek Aviva Expert (Roche) provide insulin dosage recommendations based
on blood glucose results. The Contour Next USB (Ascensia), One Touch Verio
Reflect (LifeScan), One Touch Verio Flex (LifeScan), Freestyle Precision Neo
(Abbott), and Accu-Chek Guide Me (Roche) allow patients to transfer glucose
measurements to other smart devices for better data management. The Contour
Next and Contour Next EZ (Ascensia) provide “second chance” test strips that
allow patients to reapply blood to the same strip in case of insufficient sample [29].

4.2.2.2 Glucose Meters for Clinical Care

Glucose meters intended for clinical care can be divided into two sub-categories:
non-critical care and critical care. For the non-critical care sub-category, many
at-home devices are re-marketed to hospitals since no regulation prohibits this.

Glucose meters intended for critical care, however, typically have higher accu-
racy thresholds. While ISO standards remain the same, these devices must comply
with FDA guidance for prescription glucose meters and seek additional clearance for
use in critical care settings. This section will focus on glucose meters released after
2010 that are not single-use tests and are intended for professional settings.

A well-established device is the Accu-Chek Inform II (Roche). This device
utilizes a mutant variant of GDH, which eliminates interference from maltose and
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xylose. Multiple clinical studies show this device’s performance is consistent with
ISO standards, and one study found that its accuracy significantly improves when the
device is used by trained personnel [30–33]. However, a different study found that
the Accu-Chek Inform II consistently tends to report hypoglycemia in newborns and
another found icodextrin in patients receiving peritoneal dialysis significantly inter-
feres with glucose readings [34, 35].

Another extensively studied device is the Biomedical StatStrip Glucose Hospital
Monitoring system (Nova) [36]. This device gained much publicity as the first
fingerstick glucose meter with FDA clearance for critically ill patients. However,
very high concentrations of acetaminophen are reported to interfere with its mea-
surements, and another study shows its accuracy is not consistent during and after
cardiopulmonary bypass surgery (FDA, [37, 38]). In addition to critical care units,
the Accu-Chek Inform II, StatStrip, and Freestyle Precision Pro (Abbott) have been
evaluated in surgical intensive care settings and found to be less consistent than
laboratory assays, providing another avenue for future glucose meter improvement
[39]. For a comprehensive comparison of all the glucose meters discussed in this
section, refer to Table 4.1.

4.3 Creatinine Measurement at the Point-of-Care

4.3.1 Methods of Measurement

Creatine and creatinine are most commonly detected amperometrically, using an
enzymatic cascade to convert creatine into hydrogen peroxide, as shown in Fig. 4.2.
A redox reaction occurs between a platinum anode and an Ag/AgCl cathode
submerged in an electrolyte solution. Hydrogen peroxide is oxidized at the platinum
anode, while reduction simultaneously occurs at the Ag/AgCl cathode. This pair of
reactions generates a current proportional to the concentration of hydrogen peroxide
and therefore to the concentration of creatine or creatinine in the sample [6, 40–46].

Creatine is also detected colorimetrically through an enzymatic reaction that
produces a dye or chromophore. This reaction is performed either in solution or on
a paper test strip and quantified by measuring the absorbance (solution) or reflec-
tance (paper strip) [47, 48].

4.3.2 Summary of Devices

One handheld device is the StatSensor (Nova) [36] and its smaller counterpart, the
StatSensor Xpress. Studies performed in hospital, trauma, and radiological settings
indicate the StatSensor produces repeatable measurements in clinically relevant
ranges [45, 49–51]. The StatSensor Xpress was also tested successfully in a clinic
in Nicaragua and in an obstetric unit [52, 53]. Studies diverge when comparing the

4 Biosensor-Based Point-of-Care Devices: Metabolites and Pulse Oximetry 87



Table 4.1 A summary of the discussed POC blood glucose measurement devices [29]

Manufacturer
Device
name Released Setting Enzyme

HCT
range Blood source

Abbott Precision
Pro

2013 Professional,
multiple
users

GDH 15–65% Fresh capillary
blood, venous
whole blood,
arterial whole
blood, neonatal
heelstick

Nova
Biomedical

StatStrip 2018 Professional,
multiple
users

GOx 20–65% Fresh capillary
blood, venous
whole blood,
arterial whole
blood, neonatal
heelstick, neona-
tal arterial whole
blood

Nova
Biomedical

StatStrip
Xpress

2018 Professional,
multiple
users

GOx 20–65% Fresh capillary
blood, venous
whole blood,
arterial whole
blood, neonatal
heelstick, neona-
tal arterial whole
blood

Roche Accu-
Chek
Inform II

2012 Professional,
multiple
users

Mut.
Q-GDH

10–65% Fresh capillary
blood, venous
whole blood,
arterial whole
blood, neonatal
heelstick

Abbott FreeStyle
Freedom
Lite

2010 Home, single
user

GDH-
FAD

15–65% Fresh capillary
blood, venous
whole blood,
alternative site
testing

Abbott FreeStyle
Insulinx

2012 Home, single
user

GDH-
FAD

15–65% Fresh capillary
blood

Abbott Freestyle
Optium/
Precision
Neo

2017 Home,
single user

GDH-
NAD

15–65% Fresh capillary
blood

Ascensia Contour
Next

2012 Home, single
user

GDH-
FAD

15–65% Fresh capillary
blood, alternative
site testing

Ascensia Contour
Next One

2016 Home, single
user

GDH-
FAD

15–65% Fresh capillary
blood, alternative
site testing, neo-
natal blood

Ascensia Contour
Next EZ

2014 Home, single
user

GDH-
FAD

15–65% Fresh capillary
blood, alternative
site testing

(continued)
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StatSensor to laboratory methods. One study found StatSensor measurements were
reliable except when samples from diabetics with high glucose were used [54]. A
second study found the StatSensor systematically overestimates creatine, and a third
found the StatSensor systematically underestimates creatine [55, 56]. These
conflicting results indicate the StatSensor’s performance depends on the laboratory
reference test used and the patient demographics tested.

A second handheld device is the i-STAT (Abbott), a handheld, cartridge-based
device as shown in Fig. 4.3. The i-STAT measurements performed in clinical
settings demonstrated stronger correlation with laboratory testing than the
StatSensor, but weaker correlation than a benchtop POC device, the ABL800
Flex (Radiometer) [57–59]. However, the i-STAT’s correlation to laboratory tests
varies with the laboratory method used, as i-STAT results differed significantly from
measurements obtained using isotope dilution mass spectrometry in a different study
[60]. Additionally, studies indicate the i-STAT is prone to user error in emergency
department settings, particularly during sample collection and handling [61, 62].

Table 4.1 (continued)

Manufacturer
Device
name Released Setting Enzyme

HCT
range Blood source

Ascensia Contour
Next Link

2012 Home, single
user

GDH-
FAD

15–65% Fresh capillary
blood, alternative
site testing

Ascensia Contour
Link

2012 Home, single
user

GDH-
FAD

20–65% Fresh capillary
blood

Ascensia Contour
Next
USB

2012 Home, single
user

GDH-
FAD

15–65% Fresh capillary
blood, alternative
site testing

LifeScan One
Touch
Verio
Reflect

2020 Home, single
user

GDH-
FAD

20–60% Fresh capillary
blood

LifeScan One
Touch
Verio
Flex

2015 Home, single
user

GDH-
FAD

20–60% Fresh capillary
blood

LifeScan One
Touch
Verio

2011 Home, single
user

GDH-
FAD

20–60% Fresh capillary
blood, alternative
site testing

Roche Accu-
Chek
Guide Me

2018 Unspecified,
single user

GDH-
FAD

10–65% Fresh capillary
blood, alternative
site testing

Roche Accu-
Chek
Guide

2016 Unspecified,
single user

GDH-
FAD

10–65% Fresh capillary
blood, alternative
site testing

Roche Accu-
Chek
Aviva
Expert

2013 Home, single
user

Mut.
Q-GDH

10–65% Fresh capillary
blood

4 Biosensor-Based Point-of-Care Devices: Metabolites and Pulse Oximetry 89



In addition to handheld devices, several benchtop POC devices intended for rapid
bedside patient monitoring are commercially available. One device is the Piccolo
Xpress (Abaxis) [63] depicted in Fig. 4.3, which was found to be precise and
accurate in clinically relevant ranges for all the analytes it measures. Creatine was
found to be the Piccolo’s least precise analyte; however, studies indicate this
imprecision may result from user technique [64–66]. A second group of benchtop
devices are the various ABL800 devices (Radiometer) [58]. One of these devices,
the ABL800 Flex, was found to correlate well with laboratory enzymatic assays [67].

The devices best suited for POC use based on the World Health Organization
(WHO) ASSURED criteria for POC devices are the i-STAT and the StatSensor,
because they are handheld, rapid, and compatible with fingerstick sample collection
[68]. However, the ABL 800 devices have the lowest minimum measurable

Fig. 4.2 Schematic representation of an electrode for amperometric detection of creatinine/crea-
tine. Devices detecting both creatine and creatinine often require more than one electrode. (a)
Creatinine and/or creatine in the sample enters the electrode through the bottom membrane layer.
Enzymes stored in the middle layer convert creatine into hydrogen peroxide (H2O2). Finally, H2O2

diffuses into the electrolyte solution and is oxidized at the platinum anode. Ag cations are
simultaneously reduced at the Ag/AgCl cathode, generating a current proportional to the concen-
tration of H2O2 and therefore to the concentration of creatinine/creatine. (b) Summary of the
enzymatic reactions occurring within the middle enzyme layer of the membrane [40]
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concentration and widest reportable range, while the Piccolo is the only device
compatible with blood, serum, and plasma. A direct comparison of all creatine/
creatinine measurement devices discussed in this section is shown in Table 4.2.

Fig. 4.3 (a) Photograph and schematic of the Abbott i-STAT. (b) Photograph and schematic of the
Abaxis Piccolo. Republished with permission of the Royal Society of Chemistry from Commer-
cialization of microfluidic point-of-care diagnostic devices, Chin et al., 12, 2012; permission
conveyed through Copyright Clearance Center, Inc.
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4.4 Lipid Measurement at the Point-of-Care

4.4.1 Mechanisms of Measurement

All devices discussed in this section use the following mechanisms to measure a full
lipid profile from a whole blood sample. First, blood cells are separated from plasma
using fiberglass paper or glass. The blood cells are left behind, while the plasma
continues to flow through the device before being diverted into two paths: one path
for TC and TG, and the other for HDL and glucose (if the device is equipped with
glucose detection capabilities). The latter path is pretreated with certain reagents to
precipitate out non-HDL cholesterol molecules like LDL and VLDL, which are left
behind as the sample (now only containing HDL) continues to flow through the
device. At this point, all paths proceed to their respective reaction zones, which
contain the reagents and enzymes necessary to convert TC, TG, HDL, and glucose
(if so equipped) into purple dye. These reactions are summarized in Fig. 4.4. Then,
the device measures the reflectance of the reaction zones. The reflectance is
converted to the concentration of purple dye, which correlates with the concentra-
tions of TC, TG, and HDL in the original blood sample. Therefore, devices deliv-
ering full lipid profiles must contain a minimum of 3 reaction zones—one each for
TC, TG, and HDL—and an additional zone for glucose, if so equipped. These
values, and LDL value calculated using the Friedewald Equation, are displayed on
a screen or sent directly to a printer for patients to take home their results [69, 71–
73].

4.4.2 Summary of Devices

The first device we will highlight is the Cholestech LDX (Abbott). This device is a
small tabletop model intended for use in clinics and physician offices. It uses glass
cassettes containing the necessary testing reagents for a full lipid panel plus glucose.
The cassettes require 2 drops of blood (about 40 μL) and the device displays the
results in about 5 min. This device is intended for clinical use; as such, it is not
FDA-approved for at-home use. The testing cassettes must be refrigerated and
Abbott recommends calibrating the system using control cassettes at the beginning
and end of the day, as well as every 20 tests [69]. In resource-poor settings, this could
be an inconvenience, as clinics may not have access to refrigeration.

Another widely used POC lipid detection device is the CardioChek [72, 73]. This
family of devices comes in 3 variants. The first, called the Cardiochek Home
Cholesterol Test System, is a base model that measures TC, TG, and HDL. The
second, called the CardioChek PA, measures a full lipid panel (TC, TG, HDL, and
LDL) and can measure glucose using a separate test. The most expensive model, the
CardioChek Plus, simultaneously measures a full lipid panel and glucose and also
features Wi-Fi compatibility. All three models use paper test strips and require a

4 Biosensor-Based Point-of-Care Devices: Metabolites and Pulse Oximetry 93



F
ig
.4
.4

A
su
m
m
ar
y
of

th
e
en
zy
m
at
ic
re
ac
tio

ns
us
ed

to
qu

an
tif
y
th
e
co
nc
en
tr
at
io
ns

of
va
ri
ou

s
lip

id
m
ol
ec
ul
es

in
th
e
bl
oo

d
[7
0]
.L

ip
id

m
ol
ec
ul
es

in
pl
as
m
a
ar
e

co
nv

er
te
d
to

pu
rp
le

dy
e
be
fo
re

be
in
g
re
ad

vi
a
re
fl
ec
ta
nc
e
ph

ot
om

et
ry
.
R
efl
ec
ta
nc
e
is

co
nv

er
te
d
to

th
e
co
nc
en
tr
at
io
n
of

dy
e
w
hi
ch

is
re
la
te
d
to

th
e
or
ig
in
al

co
nc
en
tr
at
io
n
of

th
e
lip

id
in

th
e
pa
tie
nt

sa
m
pl
e

94 I. M. Hwang et al.



single drop of blood. This device is useful at the POC because the paper test strips do
not need to be refrigerated and are cheaper than the Cholestech LDX cassettes.
Additionally, all three devices are battery-operated, handheld, portable, and CLIA-
waived, making them suitable for both at-home and clinic use [72, 73].

When comparing these devices to the laboratory gold standard, the Cholestech
LDX outshines its competitors. The LDX overwhelmingly agreed with the labora-
tory reference method for determining lipid levels in 12 different studies [13, 74–
85]. Both the precision and accuracy were found to agree with the lab method under
intense statistical analysis, based on the guidelines for accurate lipid detection
established by the National Cholesterol Education Program (NCEP) [77, 86]. In a
similar fashion, devices from the CardioChek family were found to agree with
laboratory methods in 6 different studies, based on NCEP guidelines [74, 80, 84,
85, 87, 88]. However, one 2007 study found significant differences between lipid
levels measured by the CardioChek PA and a CDC-certified laboratory [83]. Another
study, conducted in rural Kenya in 2006, deemed the CardioChek PA unsuitable for
their POC needs after seeing very significant differences between device-measured
and lab-measured lipid levels [89].

A separate study found that both the Cholestech LDX and CardioChek devices
performed most accurately when used in conjunction with patient risk calculations
instead of when directly comparing lipid levels. This is very beneficial at the POC
since lipid levels are not stand-alone variables when determining risk for CVD.
When taking into account patient history along with lipid levels measured using the
Cholestech LDX and CardioChek analyzers, clinicians consistently grouped patients
into low-risk, medium-risk, and high-risk categories for CVD [89]. This shows the
effectiveness of both of these devices in the early diagnosis of CVD cases, which is
ultimately the goal at the POC.

When compared head to head, the Cholestech LDX outperformed CardioChek
devices in nearly all cases for nearly all analytes [74, 76, 83, 85, 90]. Although a few
studies found that the CardioChek PA system was more accurate for HDL measure-
ments, while the Cholestech system was more accurate for non-HDL measurements,
this was not reflected in the majority of direct comparison studies published
[90]. Consistently, the LDX was rated easier to use but more expensive than
CardioChek systems [76, 84].

4.5 Pulse Oximetry Measurements at the Point-of-Care

4.5.1 Methods of Measurement

Pulse oximetry measurements are based on the principle that the transmittance of
light through cutaneous vascular beds corresponds to the concentration of hemoglo-
bin (Hb) in the blood. Pulse oximeters contain red and near-infrared LEDs on one
side of the probe and a photodiode detector on the other. Oxygen saturation is
calculated using the ratio of red-light absorbance to near-infrared light absorbance.
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As shown in Fig. 4.5, red light absorbance is proportional to reduced Hb, while near-
infrared light absorbance is proportional to oxygenated Hb [16].

4.5.2 Summary of Devices

Although many devices for blood gas, electrolyte, and metabolite measurement are
also able to perform oximetry measurements, this section will only discuss pulse
oximeters that have been subject to clinical study since 2013. Commercialized pulse
oximeters range in size from tabletop to handheld and finger clip-style devices,
though clinical studies only focus on handheld and tabletop oximeters.

One well-studied oximeter is the NBM200 (Orsense) [91], a portable tabletop
monitor. Unlike traditional oximeters, which use a clip-style probe, this device uses a
cuff that fits around the thumb and inflates to obstruct blood flow during collection of
optical measurements [91]. Clinical studies conducted on potential blood donors, as
well as pregnant and adolescent women in rural India, suggest the NBM200 sys-
tematically overestimates total hemoglobin relative to direct blood measurements.
Additionally, the device exhibited variability in repeated measurements, though one
study notes the measurement averages did not differ significantly from those of the
reference [92–96].

The Pronto-7 (Masimo) [107] oximeter uses a clip-style probe attached to a
handheld device. Studies indicate the effectiveness of this device varies between
clinical settings. When tested on cardiac surgical outpatients, the Pronto-7 accurately
measured total hemoglobin in most patients, but systematically overestimated it in

Fig. 4.5 Extinction curve
of reduced hemoglobin
(HHb) and oxyhemoglobin
(O2Hb). HHb has a higher
extinction at 660 nm (red
light) and a lower extinction
at 940 nm (infrared light)
than O2Hb. Therefore, red
light absorption is roughly
proportional to HHb, while
infrared absorption is
roughly proportional to
O2Hb. The pulse oximeter
uses the ratio of these two
absorbances to determine
Hb saturation. Reprinted
from American Journal of
Emergency Medicine 17(1),
Sinex J., Pulse oximetry:
Principles and Limitations,
59–66, Copyright [16], with
permission from Elsevier
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patients with an implanted HeartMate II left ventricular assist device (Abbott). The
Pronto-7 was also not deemed suitable for emergency settings because it does not
accurately measure low hemoglobin concentrations [99]. In a pediatric ICU, studies
indicate it is suitable to screen for anemia in neonates, but it should be used in
conjunction with blood-based laboratory tests to ensure accuracy [100, 101]. Finally,
a study in potential blood donors found the Pronto’s measurements exhibited
moderate correlation with laboratory methods and strong repeatability. This study
concluded the Pronto-7 is well-suited for screening of potential donors, especially in
resource-poor areas [102].

A second handheld device is the Radical-7 (Masimo) [97, 98]. This device is
marketed as multipurpose, as it can be used as a handheld monitor or mounted into a
docking station for use at the patient bedside [102]. In a study on patients undergoing
surgery, the Radical-7’s accuracy improved with peripheral perfusion, indicating
low perfusion affects its measurements of total hemoglobin [103]. Similarly, a study
in trauma patients found low perfusion led to a high failure rate and lack of
correlation between the Radical-7 and laboratory measurements [104]. Several stud-
ies with emergency patients found the Radical-7 exhibited a non-statistically signif-
icant negative bias relative to laboratory methods. Additionally, one study concluded
the device was not sufficiently accurate for emergency department use, and a second
suggested the device could be used reliably during drug administration [105].

A third handheld device is the Nellcor (Medtronic) [106], which was found
suitable for continuous respiratory rate monitoring in hospitals but had poor accu-
racy when measuring oxygenated hemoglobin in cyanotic children
[108, 109]. Table 4.3 compares all of the pulse oximeters discussed in this section.

Table 4.3 Summary of the discussed POC devices for pulse oximetry measurement in clinical
settings

Device
name Manufacturer

Handheld,
finger clip or
tabletop

Pulse rate
measurable
range

Total Hb
measurable
range (SpHb)

SpO2
measurable
range

NBM200
[92, 93]

Orsense Tabletop (1 kg) 30–240 bpm 7–17 g/dL 1–100%

Pronto-7
[107]

Masimo Handheld
(0.367 kg)

25–240 bpm 8–17 g/dL 70–100%

Radical-7 Masimo Handheld (0.54
kg) [97]

25–240 bpm
[98]

0–25 g/dL [98] 0–100%
[98]

Nellcor
PM10N
[106]

Medtronic Handheld
(0.274 kg)

20–250 bpm – 1–100%
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4.6 Conclusion

Although POC measurement of glucose, creatine/creatinine, lipid levels, and Hb
saturation are successful fields, there is still progress to be made. The primary
limitation of devices for POC glucose measurement is regulation. Manufacturing
of glucometers for at-home and non-critical care settings is not regularly assessed by
independent studies and follows looser guidelines than glucometers for critical care
settings. Therefore, the demand for more accurate at-home tests, as well as in-clinic
tests more resistant to interfering biomolecules, continues to rise.

Unlike glucose measurement, POC creatinine testing is still a relatively new field.
The majority of devices available are used for bedside monitoring in clinics, and
studies indicate that results from available handheld devices deviate more from
laboratory tests than their tabletop counterparts. Future work in this field will likely
focus on improving the accuracy of handheld devices and developing assays com-
patible with a wider range of biological media [110].

Both devices for POC lipid measurement discussed in this chapter performed well
in measuring plasma lipid levels, as indicated by clinical studies. Physicians can
consistently diagnose patients with early-stage CVD using these devices, allowing
ample time for lifestyle changes to improve the prognosis.

Finally, this chapter examined pulse oximetry as a POC substitute for arterial
blood gas measurements. Blood gas measurements are typically conducted
in-hospital, while pulse oximetry is used both in-clinic and during hospital care.
Although both methods provide similar information about the condition of the
patient, they cannot be used interchangeably. Studies indicate direct blood gas
measurements, while more invasive are better suited for surgical and critical care
environments than pulse oximetry. Advances in pulse oximetry have and will
continue to address its limitations, including interference from skin pigmentation
and various biomolecules in whole blood.
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Chapter 5
Biosensor-Based Point-of-Care Devices:
Detection of Infectious Diseases and Cancer

Inga M. Hwang, Cassandra M. Cantu, Rohan Chawla, and Daniel T. Kamei

5.1 Introduction

Cancer and infectious diseases account for a combined total of almost 20 million
deaths each year. Low- and middle-income countries are even more severely
affected, accounting for approximately 70% of cancer deaths [1]. Moreover, 81%
of infectious disease deaths occur in the African, South Asian, and Mediterranean
countries [2]. Early diagnosis of these health conditions can significantly improve
prognosis. When detected in its early stages, cancer is more likely to respond to
treatment, resulting in a higher probability of survival. Early diagnosis of infectious
diseases can also increase likelihood of recovery and prevent outbreaks. Unfortu-
nately, most current gold-standard detection methods for cancer and infectious
diseases, such as biopsies, imaging, polymerase chain reaction (PCR), and
enzyme-linked immunosorbent assays (ELISA), are poorly suited to low-resource
settings. They are typically time-consuming, expensive, and often require trained
personnel or laboratory equipment [3]. Therefore, there is a need for affordable,
rapid, and accurate devices capable of diagnosing these health conditions at the
point-of-care (POC). Although some reviews have been published which discuss
non-commercial POC diagnostics [4–7], this review will focus on commercially
available POC tests.

In a report discussing the current progress towards achieving the United Nations’
Sustainable Development Goals, the World Health Organization (WHO) identified
HIV, tuberculosis, malaria, and sexually transmitted infections (STIs) as some of the
most critical infectious diseases to treat. Therefore, this chapter will focus on these
diseases when discussing devices for POC pathogen detection. We will also limit our
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discussion of STIs to syphilis, chlamydia, and gonorrhea, which, along with tricho-
moniasis, make up the only four currently curable STIs [2]. We chose not to include
trichomoniasis as there are few commercially available POC devices which detect
it. However, it should be noted that there are a multitude of highly accurate POC
devices on the market which detect diseases we chose not to cover, like the well-
known CrAg LFA [8] which detects bacterial meningitis [8]. We also chose not to
discuss multiplex devices, which detect multiple diseases from a single sample.

POC cancer detection is limited by low sensitivity and specificity, as testing for a
single biomarker often does not provide sufficient information for definitive diag-
nosis. While a multiplex test could address this issue, none are currently available
[9]. Therefore, commercially available POC cancer devices typically require another
test conducted in tandem or further confirmatory testing.

While over 200 types of cancer exist, we will limit our discussion of commercial
POC devices to the world’s top ten most common cancers [10, 11]. Out of the top
ten, the types that have commercial POC tests available are prostate, colorectal, liver,
and bladder cancer. Although omitted from this chapter, it is important to acknowl-
edge that commercial POC devices do exist for other cancers.

5.2 Pathogen Detection at the Point-of-Care

5.2.1 Methods of Detection

There are two main categories of devices used for POC pathogen detection: lateral-
flow immunoassays (LFAs) and nucleic acid amplification technology (NAAT)-
based sensors.

The paper-based LFA utilizes antibody–antigen binding for the detection of
biomarkers. Its setup, in order of direction of flow, includes a sample pad, conjugate
pad, nitrocellulose membrane with a printed test line and control line, and absorbent
pad. For a detailed schematic of a typical LFA, please refer to Fig. 5.1. The sample is
first introduced to the sample pad and re-solubilizes the dehydrated nanoprobes on
the conjugate pad. Common probes consist of bio-conjugated colloidal gold or
monodisperse latex particles tagged with colored or fluorescent dyes. In the case
of a sandwich LFA, these particles are conjugated with biomarker-specific anti-
bodies which interact with any antigens present in the sample. The nanoprobes and
sample are wicked via capillary action to the detection zone, which contains test and
control lines. The appearance of the test line, which consists of immobilized
biomarker-specific antibodies, indicates the target analyte is present. The appearance
of the control line, which consists of immobilized secondary antibodies, confirms the
validity of the test. Lastly, the absorbent pad facilitates flow, wicks excess reagents,
and prevents backflow. LFA results are generally qualitative or semi-quantitative,
where semi-quantitative LFAs have additional lines to approximate analyte concen-
trations in certain ranges. In addition, electronic readers can assess test line intensity
and determine quantitative estimates of target concentrations [13]. In general, LFAs
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are cheap, portable, and rapid tests well-suited to the POC. However, they suffer
from low sensitivity, lowering the accuracy of results and limiting their applications
to select diseases.

NAAT-based devices detect pathogens by amplifying nucleic acid fragments
present in samples. Although the amplification process varies between devices, the
most commonly used method is PCR. A typical workflow consists of sample
processing, amplification, and detection, which is visually depicted in Fig. 5.2.
Nucleic acid fragments are extracted from the sample, transported to a reaction
zone, and amplified. The amplified product is then detected, typically by fluorescent
probes [15]. Finally, the fluorescent data is analyzed, with some devices performing
melt-curve analyses to determine mutations in the original pathogenic DNA or RNA
[16]. The advantage of NAAT-based devices over LFAs is a high degree of accuracy
coupled with a relatively rapid test-to-response time (though, NAAT-based devices

Fig. 5.1 Visual representation of a sandwich LFA using bio-conjugated colloidal gold
nanoparticles to detect a biomarker. As shown in the right panel, the presence of two lines indicates
a positive result, and the presence of one line indicates a negative result. Reprinted by permission
from Mosley et al.: Springer Nature, Microchimica Acta, Improved lateral-flow immunoassays for
chlamydia and immunoglobulin M by sequential rehydration of two-phase system components
within a paper-based diagnostic, Mosley et al. [12], Copyright 2017
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still produce slower results than LFAs). However, the primary disadvantage of
NAAT-based devices is that they can be expensive and bulky, rendering them less
well-suited to POC settings.

Although there are many devices in development which involve other technolo-
gies and mechanisms of detection, such as wearable biosensors and engineered
nanomaterials, none are commercially available at this time. For more information
on these devices, see Purohit et al. [6], Kumar et al. [5], Chandra and Pandey [4].

5.2.2 Summary of Devices

5.2.2.1 HIV

Current gold-standard diagnostics for HIV detection, which include ELISA for
antibodies and PCR to measure viral RNA, are not well-suited for POC settings
because they require expensive laboratory equipment [17]. Because the majority of

Fig. 5.2 Schematic of the typical workflow for a NAAT device. Whole blood samples are
fractionated, typically via centrifugation, and red blood cells are removed. Next, the lysate is
purified to remove amplification inhibitors and the released nucleic acids are amplified, usually
via PCR. The amplified products are detected through various methods, including gel electropho-
resis, fluorescent reporter probes, and colored dyes. Reprinted with permission from Mauk et al.
[14] Simple Approaches to Minimally-Instrumented, Microfluidic-Based Point-of-Care Nucleic
Acid Amplification Tests. Biosensors 8:1-30. Open access copyright 2018 MDPI
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high-risk populations live in low-resource settings, POC tests are essential to combat
this pandemic. While there are three major categories of devices available (CD4
technologies, NAAT-based tests, and LFAs), this section will only discuss devices
which have received WHO Prequalification for use as in vitro diagnostic products
[18]. WHO Prequalification is a mark of approval by the WHO which guarantees a
product meets a certain quality standard. The WHO requires all prequalified tests to
be commercially available and intended for use in low-resource settings. Manufac-
turers undergo a rigorous assessment, involving site inspections and accuracy tests,
before they are approved [19].

Measurements of CD4 cells can be used to diagnose HIV because the disease
decreases CD4 cell counts [20]. The two main portable devices using this method of
diagnosis are the Pima Analyzer (Abbott) and the BD FACSPresto Near-Patient
CD4 Counter (BD Biosciences). The Pima Analyzer quantifies CD4 cells using flow
cytometry, while the FACSPresto uses fluorescence microscopy. Although both
devices are portable and almost entirely automated, they are very expensive, with
prices in the thousands of dollars [21, 22]. Thus, CD4 technologies show great
promise as POC diagnostic tools, but are currently too expensive for widespread use.

The second category is NAAT-based devices. While many PCR-based assays are
commercially available, there are only a limited number of automated, portable
devices capable of nucleic acid amplification and detection. There are two such
devices that use WHO Prequalified reagents for the detection of HIV: the GeneXpert
Omni (Cepheid) and the m-Pima Analyzer (Abbott) [18]. The Omni is a portable
version of Cepheid’s renowned GeneXpert technology and detects viral RNA in
patient blood samples using the PCR [23]. The m-Pima is a similar product made by
Abbott, and costs $15,000, limiting the widespread use of this device [24]. However,
if a particular clinic can purchase these devices, they have the advantage of not being
single use tests. Instead, they use individual cartridges containing disease-specific
reagents, allowing for detection of a wide range of diseases at a more reasonable
price: $25/cartridge in the case of the m-Pima [25].

The final category of devices is LFAs. Current LFAs for HIV detection fall into
two groups: antibody tests and antibody–antigen tests. In general, antibody tests are
highly accurate, with sensitivities and specificities close to 100% [22]. There are also
four antibody tests suitable for at-home self-testing: the Mylan HIV Self-Test
(Mylan), the SURE CHECK HIV 1/2 Assay (Chembio), the OraQuick InHome
HIV (OraSure Technologies), and the INSTI HIV self-test (INSTI). These tests are
well-suited to the POC because they are highly accurate, portable, cheap, and user-
friendly, with the OraQuick even capable of analyzing oral samples [26]. However,
one disadvantage of antibody tests is the disease must progress significantly before
the body starts producing antibodies. Some antibody-antigen tests can overcome this
challenge by detecting the virus directly through the p24 antigen. Because p24 is a
membrane protein, it allows for detection of HIV before antibodies are produced and
when it is most contagious. Unfortunately, p24 antigen tests typically have low
sensitivities, meaning they will not always be able to give a definitive negative test
result [20, 27–29].
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Overall, there are several promising methods of POC HIV diagnosis. While CD4
technologies and NAAT-based devices produce results comparable to laboratory
tests, their usefulness in low-resource settings is limited by their high costs. LFAs are
the devices best-suited to HIV detection at the POC because they are fast, cheap,
portable, easy to use, and accurate.

5.2.2.2 Tuberculosis

The current gold-standard method of POC tuberculosis detection is smear micros-
copy, which is not ideal for POC settings because it requires expensive equipment
and trained personnel [30].

There are only three major commercialized LFAs available for tuberculosis
diagnosis: the Alere Determine TB LAM Ag (Abbott), the ASSURE TB Rapid
Test (MP Biomedicals), and the SD Bioline TB Ag MPT64 Rapid (Standard
Diagnostics). The Alere Determine and SD Bioline tests are both antigen tests
with different targets, while the ASSURE test is an antibody test [31–33]. Although
the SD Bioline test is the most accurate, it requires culture samples, which can take
up to 10 days to grow [34]. This long time-to-result is a major disadvantage when
considering a POC setting, where same day results are preferred. Both the ASSURE
and Alere Determine tests have performed better than microscopy in studies but
suffer from low sensitivities [35, 36]. The Alere Determine also performs best in
patients with low CD4 counts, limiting its usefulness to HIV patients in critical
condition [33]. While LFA tests have been developed for tuberculosis detection,
none can truly be considered suitable for the POC as they lack both accuracy and
speed.

The most promising POC tests for tuberculosis are NAAT-based. There are three
portable, automated devices with assays capable of tuberculosis detection: the
GeneXpert Omni (Cepheid), the Truelab Uno Dx Real Time Qualitative micro
PCR Analyzer (Molbio Diagnostics), and the EasyNat TB IAD/Automatic CPA
Nucleic Acid Analyzer TB (Ustar Biotechnologies). The Uno Dx uses PCR for
amplification and the EasyNat uses isothermal cross priming amplification in its
workflow [37, 38]. The Xpert assay and the Truenat MTB-Rif Dx (for use with the
Uno Dx) are endorsed by the WHO as tuberculosis diagnostics, and both are capable
of measuring resistance to the antibiotic rifampin [39]. It is unclear whether the
Omni can perform melt-curve analysis to determine rifampin resistance, but the Uno
Dx is capable of doing so. However, studies have demonstrated the Xpert assay has a
higher sensitivity and specificity than the Uno Dx [39]. With its rapid time-to-result
(<80 min), high accuracy, and limited sample preparation, the Xpert assay seems
best-suited for a POC setting [40]. Although the Omni device may be expensive,
each individual cartridge is in fact relatively cheap—only around $10—further
increasing the device’s appeal as a POC diagnostic [30].

110 I. M. Hwang et al.



5.2.2.3 Malaria

The pathogenic cause of malaria is the Plasmodium parasite, which enters the body
via mosquito bites. The two most common parasitic strains are P. falciparum and
P. vivax. Malaria is currently diagnosed in POC settings using microscopy, which is
not ideal because it requires expensive laboratory equipment and trained personnel
[41]. Although there are a multitude of LFAs available for malaria diagnosis, we will
limit our discussion to those that have received WHO Prequalification [18].

The majority of commercialized LFAs are antigen tests which detect Plasmodium
lactate dehydrogenase (pLDH) or histidine-rich protein II (HRP-II). There are also
some tests that detect aldolase, but none are WHO Prequalified. Parasite lactate
dehydrogenase is an enzyme present in all Plasmodium species, but HRP-II is a
P. falciparum-specific antigen, allowing tests to distinguish between strains of
parasites. Tests can also determine the type of pLDH present to distinguish between
a wider range of parasites. The WHO published a report in 2018 comparing more
than 300 LFAs for malaria diagnosis. By their metrics, the Alere Malaria Ag Pf
(Abbott) and the CareStart Malaria PAN (pLDH) Ag RDT (AccessBio) are the most
accurate tests for detecting P. falciparum samples. The First Response Malaria
Ag. P.f./P.v. Card (Premier Medical) was the most accurate WHO Prequalified test
for detecting P. vivax samples, and the CareStart Malaria PAN test was the most
accurate WHO Prequalified test for detecting both parasite strains. This report shows
malarial LFAs are highly accurate and reliable for use in low-resource clinical
settings. For more in-depth results and comparisons, see Table 5.1 and the WHO
Malaria RDT Product Evaluations Report [18, 94].

5.2.2.4 Syphilis

Bacterial syphilis is currently diagnosed by performing blood tests to detect anti-
bodies. These tests are not suitable for the POC because they require expensive
equipment and multiple liquid-handling steps [95]. Therefore, automated or hand-
held devices are needed for resource-poor settings.

We will only cover the three devices with active applications for WHO
Prequalification in this section, though there are others available for purchase. The
three devices in this category are the Alere Determine TP (Abbott), the First
Response Syphilis Anti-TP Test Card (Premier Medical), and STANDARD Q
Syphilis Ab Test (Standard Diagnostics) [96]. All three antibody tests are LFAs.
The Determine TP and STANDARD Q have both been clinically evaluated, with
relatively high sensitivities and specificities. While the Determine TP had a larger
range of sensitivities, both tests were found to be accurate in whole blood
[74, 78]. The First Response Syphilis test has not been clinically evaluated, but the
manufacturer states it has a sensitivity of 99.1% and a specificity of 99.6% [75]. In
general, these three tests are equivalent by most metrics, with the Determine TP and
STANDARD Q gaining a slight advantage because their accuracy is clinically
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verified. Since all three tests are LFAs, they are also portable, cheap, and suitable for
use in POC environments.

5.2.2.5 Chlamydia and Gonorrhea

We will cover chlamydia and gonorrhea in the same section because they are caused
by similar pathogens and their diagnostic tools have similar limitations. As a result,
we will include devices that can detect both chlamydia and gonorrhea.

Most laboratory-based diagnostic tests for these two bacterial infections utilize
nucleic acid amplification [97, 98]. These tests are accurate and have low limits of
detection but are not ideal for resource-poor settings because they require expensive
equipment and trained personnel. There are several clinically evaluated, commer-
cialized devices capable of chlamydia/gonorrhea detection at the POC, with most
falling into two categories: LFAs and NAAT-based devices.

Many commercially available chlamydia LFAs detect the infection-causing bac-
teria using antigen tests. Since chlamydia is a localized infection, all LFAs use
urethral/vaginal swabs or urine as the sample media. As a result, most LFAs require
sample processing beforehand; typically, several liquid-handling steps to lyse and
dilute the bacteria in the sample. While these steps are relatively trivial, they require
trained staff, limiting the use of these LFAs in resource-poor settings. Some tests
even require centrifugation, which utilizes equipment not available at many
low-resource clinics [99].

The majority of POC chlamydia detection methods suffer from low sensitivities.
For example, the non-LFA Handilab-C (Handilab), which detects the chlamydial
Peptidase 123CBV from vaginal/urethral swab samples, has been clinically shown to
have a sensitivity of 10–20% [85]. Most explanations for this low sensitivity
reference small bacterial loads in samples, which may be a difficult problem to
overcome. However, the aQcare Chlamydia TRF LFA (MEDISENSOR) uses fluo-
rescent nanoparticles in conjunction with a portable reader to improve its sensitivity
[79, 100]. While the aQcare Chlamydia TRF does show promise, the requirement of
a portable reader limits its utility in POC settings. LFAs which detect gonorrhea also
face similar limitations.

There are only a few commercialized LFAs for gonorrhea detection. All are
antigen tests using cervical/urethral swab samples, and most have been shown to
have low sensitivities in clinical studies. An exception is the BinaxNOW (Abbott),
which has been shown to have a high sensitivity and specificity in a clinical study
[93]. However, the majority of gonorrhea LFAs are not widely used because of their
low accuracy.

The Xpert CT/NG cartridge, which is used with the GeneXpert Omni, is the only
commercially available NAAT-based assay we found that diagnoses chlamydia
and/or gonorrhea in POC settings. The Omni is well-suited for POC settings because
of its portability and speed. This assay is also more accurate than most non-NAAT
devices, as it demonstrated high sensitivity and specificity (>85%) in several clinical
studies [88, 89]. Thus, the Xpert CT/NG when used with the GeneXpert Omni is
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currently the best device for POC detection of chlamydia and gonorrhea, though the
device itself likely has a high upfront cost.

5.3 Cancer Detection at the Point-of-Care

5.3.1 Methods of Detection

The majority of commercialized POC cancer devices are sandwich LFAs. As
aforementioned, conventional LFAs present qualitative readouts while variations
in the LFA can produce semi-quantitative results. Additionally, electronic readers
can convert LFA signal intensities into quantitative results.

An emerging technology in POC cancer detection is microfluidic devices, with
one device recently approved by the FDA [102–104]. Its mechanism is shown in
Fig. 5.3. Similar to the LFA, the sample solution first re-solubilizes the dehydrated
biomarker-specific antibody probes, followed by binding of the probes to the target
molecules. The sample solution, driven by the analyzer’s vacuum, flows through the
microfluidic portion of the cassette, which includes a test zone, negative control
zone, and a positive control zone. After binding occurs at these regions, the device
automatically removes unbound particles with several wash steps and sequentially
applies an enhancement solution to increase signal intensities. Lastly, the analyzer
converts the optical density to biomarker concentration [105].

It should be noted that there are devices in development that utilize more
advanced technologies, like the nanomaterials found in cancer cytosensors. How-
ever, no commercially available device currently employs these mechanisms of
detection. For more information on these devices, see Purohit et al. [7].

Fig. 5.3 Schematic of the Sangia Total PSA Test, a microfluidic device for prostate cancer
detection. In the sample collector, PSA antigens in blood bind to the present NeoGold-labeled
anti-PSA antibodies. The sample collector is inserted into the cassette, and the solution flows
through the microfluidic channel for silver amplification. The cassette is then placed into an
analyzer that converts optical density to biomarker concentration (not shown). Reprinted with
permission from Mejía-Salazar et al. [101] Microfluidic Point-of-Care Devices: New Trends and
Future Prospects for eHealth Diagnostics. Sensors 20:1–19, 1951. Open access copyright
2020 MDPI
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5.3.2 Summary of Devices

5.3.2.1 Prostate Cancer

Prostate-specific antigen (PSA) tests are commonly utilized for prostate cancer
detection and monitoring. However, PSA levels can be affected by nonmalignant
tumors, age, body mass index, race, and/or other health conditions, decreasing the
overall accuracy of these tests [106]. Therefore, PSA tests are not definitive and are
recommended to be followed by or combined with a digital rectal exam, transrectal
ultrasound-guided biopsy, and/or traditional biopsy if needed [107].

A multitude of conventional and semi-quantitative LFAs for PSA are commer-
cially available. However, since these have not been validated through independent
studies, we will only cover quantitative LFA tests. The PSAwatch with
BioScan (MediWatch), CancerCheck PSA with Concile Ω100 Reader (Concile
GmbH), and the ichroma PSA system (Boditech Med) are all tests that utilize
electronic readers [108–110]. The PSAwatch and CancerCheck PSA employ colloi-
dal gold nanoprobes, while the i-CHROMA uses fluorescent probes. A broad
summary of these devices’ mechanisms is shown in Fig. 5.4. While all three devices
demonstrated good correlation (r-squared values ranging from 0.72 to 0.96) with
laboratory tests in their respective studies, it should be noted that the size and high
cost of these analyzers may limit POC use. In addition, the i-CHROMA PSA system
consistently reported above the true value [110–113]. The PSAwatch with BioScan
appears to have the highest correlation with traditional laboratory tests, but there has
been no direct comparison between the three devices [112].

Fig. 5.4 General overview for obtaining quantitative LFA results with use of an electronic reader.
(a) LFA is inserted into a desktop-size or portable electronic reader. (b) LFA signal intensities are
mapped accordingly depending on LFA type (colorimetric or fluorescence). (c) Analyte concentra-
tion is determined by use of a standard curve. (d) Readout of results
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Lastly, the Silver Amplified NeoGold ImmunoAssay (Sangia) Total PSA
Test (OKPO Diagnostics) is a recent FDA-approved POC microfluidic device for
PSA. In whole blood samples, the device accurately detects down to 0.08 ng/mL
PSA and exhibits equivalent results to an FDA-approved standard test. This device is
currently awaiting a CLIA waiver [102, 103, 114].

PSA tests have been proven to be viable options for POC prostate cancer
detection when used in conjunction with other tests, despite debate about their
usefulness.

5.3.2.2 Colorectal Cancer

POC colorectal cancer tests most commonly detect fecal occult blood (FOB) through
two main formats: guaiac FOB tests (gFOB) and fecal immunochemical testing
(FIT). While both tests typically require mailed-in patient samples, they are consid-
ered POC as they do not require a centralized laboratory. The gFOB test depends on
the pseudo-peroxidase activity of hemoglobin in FOB, while FIT relies on antibody–
antigen binding. For both tests, a colonoscopy recommendation is given after a
positive result. However, many countries have replaced gFOB with FIT in practice
and guidelines because it does not require patients to diet before testing, detects
cancers of the lower gastrointestinal tract, and delivers more rapid and accurate
results [115, 116]. Additionally, other POC colorectal cancer devices test for
carcinoembryonic antigen (CEA), but their use has not been validated. The speci-
ficity of this biomarker is also limited as levels can be elevated by other cancers and
factors [120]. Therefore, we will focus our discussion on POC colorectal tests to the
FIT format.

One study compared qualitative FITs ImmunoCARE-C (CARE Diagnostica)
[118], FOB Advanced (Ult Med), PreventID CC (Preventis), bioNexia
FOBplus (bioMerieux), and QuickVue iFOB Test (Quidel) to three laboratory-
based quantitative FITs and found wide variance in performance. Out of these six,
the ImmunoCARE-C and FOB advanced were the best-performing; nevertheless, all
tests suffered from relatively low sensitivities. However, the study did not fully
reflect real-life conditions as samples were frozen before testing [119]. In another
study with both POC and non-POC FITS, the researchers found that all devices were
generally in agreement and listed sensitivities ranging from 87.2% to 98.4%, and
specificities ranging from 80.8% to 99.4% for the POC FIT devices. This includes
the Hemoccult ICT (Beckman Coulter), Hemosure iFOBT (Hemosure), hema-screen
SPECIFIC (Immunostics), Clearview Ultra FOB (Wampole Laboratories),
OC-Light iFOB (Polymedco), and QuickVue iFOB Test (Quidel) [120]. For further
specifications on test performances, see Table 5.2.

POC fecal immunochemical testing (FIT) is the predominantly used FOB test
that, in conjunction with colonoscopy, can detect colorectal cancer. POC CEA tests
can potentially be used for patient monitoring; however, they still await evaluation.

120 I. M. Hwang et al.



T
ab

le
5.
2

A
su
m
m
ar
y
of

th
e
di
sc
us
se
d
ca
nc
er

de
te
ct
io
n
de
vi
ce
s

D
ev
ic
e
na
m
e

M
an
uf
ac
tu
re
r

T
yp

e
of

ca
nc
er

de
te
ct
ed

B
io
m
ar
ke
r

D
et
ec
tio

n
m
et
ho

d
S
am

pl
e

T
im

e-
to
-

R
es
ul
t

S
iz
e

C
os
t
(U

S
D
)

S
en
si
tiv

ity
an
d
sp
ec
ifi
ci
ty

C
an
ce
rC
he
ck

P
S
A

w
ith

C
on

ci
le
Ω
10

0
R
ea
de
r
[1
09
]

co
nc
ile

G
m
bH

P
ro
st
at
e

ca
nc
er

P
ro
st
at
e-
sp
e-

ci
fi
c
an
tig

en
(P
S
A
)

L
F
A

(Q
ua
nt
ita
tiv

e
w
ith

re
ad
er
)

P
la
sm

a,
se
ru
m

20 m
in

P
or
ta
bl
e

ta
bl
et
op

an
al
yz
er

–
S
en
s:
85

.7
%

S
pe
c:
66

.7
%

[1
13
]

ic
hr
om

a
P
S
A
sy
st
em

[1
10
]

B
od

ite
ch

M
ed

In
c

P
ro
st
at
e

ca
nc
er

P
ro
st
at
e-
sp
e-

ci
fi
c
an
tig

en
(P
S
A
)

L
F
A

(Q
ua
nt
ita
tiv

e
w
ith

re
ad
er
)

W
ho

le
bl
oo

d,
se
ru
m
,

pl
as
m
a

15 m
in

P
or
ta
bl
e

ta
bl
et
op

an
al
yz
er

T
es
t
st
ri
p:

N
/A

A
na
ly
ze
r:

$1
59

0.
87

a

S
en
s:
N
/A

S
pe
c:
N
/A

P
S
A
w
at
ch

w
ith

B
io
S
ca
n

[1
08

]
M
ed
iW

at
ch

P
ro
st
at
e

ca
nc
er

P
ro
st
at
e-
sp
e-

ci
fi
c
an
tig

en
(P
S
A
)

L
F
A

(Q
ua
nt
ita
tiv

e
w
ith

re
ad
er
)

W
ho

le
bl
oo

d
10 m
in

H
an
dh

el
d

an
al
yz
er

T
es
t
st
ri
p
:

$6
.2
1

A
na
ly
ze
r:

$2
23

5
[1
12
]

S
en
s:
N
/A

S
pe
c:
99

.5
%

b

[1
08
]

S
ilv

er
A
m
pl
ifi
ed

N
eo
G
ol
d

Im
m
un

oA
ss
ay

(S
an
gi
a)

T
ot
al
P
S
A
T
es
t
w
ith

C
la
ro
s

1
A
na
ly
ze
r
[1
06
,1

21
]

O
P
K
O

D
ia
gn

os
tic
s

P
ro
st
at
e

ca
nc
er

P
ro
st
at
e-
sp
e-

ci
fi
c
an
tig

en
(P
S
A
)

M
ic
ro
fl
ui
di
c

de
vi
ce

W
ho

le
bl
oo

d
15 m
in

P
or
ta
bl
e

ta
bl
et
op

an
al
yz
er

T
es
t
ca
s-

se
tte
:
$1

5
A
na
ly
ze
r:

$2
50

0

S
en
s:
85

.4
%
,

91
.0
%

c

S
pe
c:
30

.3
%
,

21
.9
%

c
[1
03
]

C
le
ar
vi
ew

U
ltr
a
F
O
B
T
es
t

[1
22

]
W
am

po
le

L
ab
or
at
or
ie
s

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5
m
in

H
an
dh

el
d

–
S
en
s:
91

.6
%

S
pe
c:
94

.1
%

[1
20
]

bi
oN

ex
ia
F
O
B
pl
us

[1
23
]

bi
oM

er
ie
ux

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5
m
in

H
an
dh

el
d

–
S
en
s:
35

.8
%

S
pe
c:
81

.9
%

[1
19
]

F
O
B
A
dv

an
ce
d
[1
24
]

U
lti

m
ed

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5–
10

m
in

H
an
dh

el
d

–
S
en
s:
18

%
S
pe
c:
92

.9
%

[1
19
]

Im
m
un

oC
A
R
E
-C

[1
18
]

C
A
R
E

D
ia
gn

os
tic
a

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5–
10

m
in

H
an
dh

el
d

$1
.1
6%

d
S
en
s:
11

.4
%

S
pe
c:
96

.7
%

[1
19
] (c
on

tin
ue
d)

5 Biosensor-Based Point-of-Care Devices: Detection of Infectious Diseases. . . 121



T
ab

le
5.
2

(c
on

tin
ue
d)

D
ev
ic
e
na
m
e

M
an
uf
ac
tu
re
r

T
yp

e
of

ca
nc
er

de
te
ct
ed

B
io
m
ar
ke
r

D
et
ec
tio

n
m
et
ho

d
S
am

pl
e

T
im

e-
to
-

R
es
ul
t

S
iz
e

C
os
t
(U

S
D
)

S
en
si
tiv

ity
an
d
sp
ec
ifi
ci
ty

he
m
a-
sc
re
en

S
P
E
C
IF
IC

[1
25

]
Im

m
un

os
tic
s

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5
m
in

H
an
dh

el
d

$5
.3
1
[1
26
]

S
en
s:
98

.1
%

S
pe
c:
99

.4
%

[1
20
]

H
em

oc
cu
lt
IC
T
[1
27
]

B
ec
km

an
C
ou

lte
r

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5
m
in

H
an
dh

el
d

$5
.7
7
[1
28
]

S
en
s:
98

.2
%

S
pe
c:
98

.1
%

[1
20
]

H
em

os
ur
e
iF
O
B
T
[1
29
]

H
em

os
ur
e

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5
m
in

H
an
dh

el
d

$6
.3
0
[1
30
]

S
en
s:
94

.4
%

S
pe
c:
91

.2
%

[1
20
]

O
C
-L
ig
ht

iF
O
B
(a
ls
o
ca
lle
d

O
C
-L
ig
ht

S
F
IT
)
[1
31

]
P
ol
ym

ed
co

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5
m
in

H
an
dh

el
d

$1
5.
21

[1
32
]

S
en
s:
98

.4
%

S
pe
c:
98

.3
%

[1
20
]

P
re
ve
nt
ID

C
C
[1
33
]

P
re
ve
nt
is

C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

10 m
in

H
an
dh

el
d

$1
6.
27

[1
33
]

S
en
s:
29

.6
%

S
pe
c:
81

.8
%

[1
19
]

Q
ui
ck
V
ue

iF
O
B
T
es
t[
13

4]
Q
ui
de
l

C
or
po

ra
tio

n
C
ol
or
ec
ta
l

ca
nc
er

F
ec
al
oc
cu
lt

bl
oo

d
(F
O
B
)

L
F
A

S
to
ol

5–
10

m
in

H
an
dh

el
d

$8
.9
0
[1
35
]

S
en
s:

45
.2
–
98

.3
%

S
pe
c:

70
.2
–
99

.0
%

[1
19
,1

20
]

A
F
P
O
ne
-s
te
p
R
ap
id

D
et
ec
-

tio
n
K
it
[1
36
]

S
ha
ng

ha
i

O
ut
do

B
io
-

te
ch

C
o

L
iv
er

ca
nc
er

A
lp
ha

fe
to
-

pr
ot
ei
n

(A
F
P
)

L
F
A

W
ho

le
bl
oo

d
N
/A

H
an
dh

el
d

–
S
en
s:
41
–
65

%
S
pe
c:
80
–
94

%
[1
36
]

A
le
re

N
M
P
22

B
la
dd

er
ch
ek

[1
37

]
A
bb

ot
t

B
la
dd

er
ca
nc
er

N
uc
le
ar

m
at
ri
x
pr
o-

te
in

(N
M
P
22

)

L
F
A

U
ri
ne

30 m
in

H
an
dh

el
d

–
S
en
s:
12

.9
%

S
pe
c:
10

0%
[1
38
]

122 I. M. Hwang et al.



B
la
dd

er
T
um

or
A
nt
ig
en

(B
T
A
)
S
T
A
T
[1
39
]

P
ol
ym

ed
co

B
la
dd

er
ca
nc
er

H
um

an
co
m
pl
em

en
t

fa
ct
or

H
re
la
te
d

pr
ot
ei
n

L
F
A

U
ri
ne

5
m
in

H
an
dh

el
d

$1
6.
58

[1
40
]

S
en
s:

58
.0
–
82

.8
%

S
pe
c:

68
.0
–
72

.0
%

[1
41
]

U
B
C
R
ap
id

w
ith

C
on

ci
le

Ω
10

0
R
ea
de
r
[1
42
]

ID
L
B
io
te
ch

B
la
dd

er
ca
nc
er

C
yt
ok

er
at
in

8
an
d
18

L
F
A
(Q

ua
nt
i-

ta
tiv

e
w
/e
le
c-

tr
on

ic
re
ad
er
)

U
ri
ne

10 m
in

P
or
ta
bl
e

ta
bl
et
op

an
al
yz
er

–
S
en
s:
61

.3
%
,

64
.5
%

e

S
pe
c:
77

.3
%
,

81
.8
%

e

[1
38
]

a F
ro
m

A
m
az
on

b
W
ith

di
gi
ta
lr
ec
ta
l
ex
am

(D
R
E
)

c N
ot

cl
in
ic
al
ly

ve
ri
fi
ed

d
P
er
so
na
l
co
rr
es
po

nd
en
ce

e W
ith

el
ec
tr
on

ic
re
ad
er

5 Biosensor-Based Point-of-Care Devices: Detection of Infectious Diseases. . . 123



5.3.2.3 Liver Cancer

Alpha fetoprotein (AFP) is a widely used biomarker for detecting liver cancer. While
AFP levels can be persistently high in patients with cirrhosis, especially when caused
by hepatitis B or C, they can also be indicative of malignancy. Thus, numerous
expert groups generally recommend AFP testing with ultrasonography every
6 months for high-risk patients as well as CT and MRI scans when necessary [143].

Numerous POC AFP LFAs are commercially available, such as the AFP
One-step Rapid Detection Kit (Shanghai Outdo Biotech), which have demonstrated
excellent agreement with an AFP ELISA kit [136]. Nevertheless, many POC AFP
tests are not formally validated despite their use in clinical settings.

5.3.2.4 Bladder Cancer

Although different biomarkers are utilized in both laboratory and POC bladder
cancer tests, the low sensitivities and specificities associated with their measurement
preclude recommendation of POC diagnostics for detection and monitoring of
bladder cancer. Thus, bladder cancer is primarily diagnosed through traditional
means such as urine cytology, cystoscopy, and/or biopsies [143].

POC bladder cancer LFAs include the Bladder Tumor Antigen (BTA) stat
(Polymedco), the Alere NMP22 Bladderchek (Abbott), and the UBC Rapid with
Concile Ω100 (IDL Biotech) which test for complement factor H and related pro-
teins, nuclear matrix protein 22, and cytokeratins 8 and 18, respectively [137, 139,
142]. In a study involving all three devices, BTA stat consistently produced false
positive results for macrohematuria and microhematuria with high erythrocyte
densities due to cross-reactivity. Since patients testing for bladder cancer commonly
experience macrohematuria and/or microhematuria, BTA stat is not a suitable test
[144]. In another study comparing NMP22 Bladderchek and UBC Rapid with
Concile Ω100, UBC Rapid exhibited overall higher sensitivity. However, even the
best combination of UBC Rapid with cytology demonstrated a sensitivity of only
77.4%, meaning this method cannot replace traditional bladder cancer testing [138].

Poor performance has hindered widespread use of these devices and thus,
improvement is first needed to move towards POC testing of bladder cancer.

5.4 Conclusion

Many accurate, low-cost, and rapid diagnostics are available for detection of path-
ogenic diseases and cancers at the POC. The most commonly used device format for
both cancer and disease detection is the LFA. Most LFAs are limited by low
sensitivity; however, several diagnostics have overcome this limitation using elec-
tronic readers and various signal enhancement techniques. NAAT-based assays are
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primarily used for pathogen detection, though they suffer from high costs. However,
cancer diagnostics focus on detection of biomarkers instead of genetic material, so
NAAT assays are not often used. Current research into POC cancer detection focuses
on microfluidic devices, with one recently FDA approved. Multiplex tests able to
simultaneously detect multiple biomarkers have also been developed, though none
are commercially available [145].

One recent application of POC pathogen detection is diagnostic testing for the
SARS-CoV-2 virus. The greatest threat of the virus is its ability to overwhelm
hospitals, and the 2020 pandemic has strained healthcare systems worldwide, pro-
ducing shortages of vital equipment such as ventilators [146]. The virus also spreads
rapidly, necessitating the development of POC diagnostics allowing for expansive,
rapid testing, while minimizing the resource burden on hospitals and clinics. This
chapter does not discuss SARS-CoV-2 diagnostics because the existing tests are still
being extensively examined at this time. However, several LFA antibody tests and
NAAT-based devices have been developed, such as the ID NOW (Abbott)
[137, 147].

POC pathogen and cancer diagnostics allow for early detection and timely
treatment, improving the prognosis of patients in resource-poor settings without
access to laboratory testing. However, they are not without limitations. POC path-
ogen diagnostics are commonly limited by low sensitivities and accuracies. Addi-
tionally, there are still many diseases that lack commercial POC diagnostics. For
example, the WHO compiled a list of Neglected Tropical Diseases which include
schistosomiasis and foodborne trematodiases [148]. Cancer diagnostics are also
limited by their sensitivities and specificities, and physicians are advised to verify
their results with confirmatory testing before making clinical decisions. Current
research is focused on addressing these limitations, and there are currently several
promising devices available for both pathogen and cancer detection at the POC.

References

1. WHO. (2018). Cancer. Accessed April 22, 2020, from https://www.who.int/news-room/fact-
sheets/detail/cancer

2. Weltgesundheitsorganisation. (2015). Health in 2015: From MDGs, millennium development
goals to SDGs, sustainable development goals. World Health Organization.

3. Gaikwad, P. S., & Banerjee, R. (2018). Advances in point-of-care diagnostic devices in
cancers. Analyst, 143, 1326–1348.

4. Chandra, P., & Pandey, L. M. (Eds.). (2020). Biointerface engineering: Prospects in medical
diagnostics and drug delivery. Springer Singapore.

5. Kumar, A., Purohit, B., Mahato, K., & Chandra, P. (2019). Chapter 11: Advance engineered
nanomaterials in point-of-care immunosensing for biomedical diagnostics. In Immunosensors
(pp. 238–266). The Royal Society of Chemistry.

6. Purohit, B., Kumar, A., Mahato, K., & Chandra, P. (2020). Smartphone-assisted personalized
diagnostic devices and wearable sensors. Current Opinion in Biomedical Engineering, 13, 42–
50.

5 Biosensor-Based Point-of-Care Devices: Detection of Infectious Diseases. . . 125

https://www.who.int/news-room/fact-sheets/detail/cancer
https://www.who.int/news-room/fact-sheets/detail/cancer


7. Purohit, B., Kumar, A., Mahato, K., Roy, S., & Chandra, P. (2019). Chapter 9 - Cancer
cytosensing approaches in miniaturized settings based on advanced nanomaterials and bio-
sensors. In P. K. Maurya & S. Singh (Eds.), Nanotechnology in modern animal biotechnology
(pp. 133–147). Elsevier.

8. IMMY. (2019). IMMY CrAg LFA. Accessed April 28, 2020, from https://www.immy.com/
crag

9. Hanash, S. M., Pitteri, S. J., & Faca, V. M. (2008). Mining the plasma proteome for cancer
biomarkers. Nature, 452, 571–579.

10. National Cancer Institute. (1980). A to Z list of cancer types. Accessed April 22, 2020, from
https://www.cancer.gov/types

11. Word Cancer Research Fund. (2018).Worldwide cancer data. Accessed April 22, 2020, from
https://www.wcrf.org/dietandcancer/cancer-trends/worldwide-cancer-data

12. Mosley, G. L., Pereira, D. Y., Han, Y., Lee, S. Y., Wu, C. M., Wu, B. M., & Kamei, D. T.
(2017). Improved lateral-flow immunoassays for chlamydia and immunoglobulin M by
sequential rehydration of two-phase system components within a paper-based diagnostic.
Microchimica Acta, 184, 4055–4064.

13. Wong, R., & Tse, H. (2009). Lateral flow immunoassay. Humana Press.
14. Mauk, M. G., Song, J., Liu, C., & Bau, H. H. (2018). Simple approaches to minimally-

instrumented, microfluidic-based point-of-care nucleic acid amplification tests. Biosensors, 8,
17.

15. Tanriverdi, S., Chen, L., & Chen, S. (2010). A rapid and automated sample-to-result HIV load
test for near-patient application. The Journal of Infectious Diseases, 201, S52–S58.

16. Horne, D. J., Kohli, M., Zifodya, J. S., Schiller, I., Dendukuri, N., Tollefson, D., Schumacher,
S. G., Ochodo, E. A., Pai, M., & Steingart, K. R. (2019). Xpert MTB/RIF and Xpert MTB/RIF
Ultra for pulmonary tuberculosis and rifampicin resistance in adults. Cochrane Database of
Systematic Reviews, 6, CD009593.

17. UCSF. (2020). HIV diagnosis. Accessed May 3, 2020, from https://www.ucsfhealth.org/
conditions/hiv/diagnosis

18. WHO. (2020).WHO list of prequalified in vitro diagnostic products. Accessed May 26, 2020,
from https://www.who.int/diagnostics_laboratory/evaluations/200501_prequalified_product_
list_vl.pdf?ua=1

19. WHO. (2020). WHO What We Do | WHO - Prequalification of medicines programme.
Accessed May 13, 2020, from https://extranet.who.int/prequal/content/what-we-do

20. CDC. (2019). About HIV/AIDS | HIV Basics | HIV/AIDS | CDC. Accessed May 3, 2020, from
https://www.cdc.gov/hiv/basics/whatishiv.html

21. UNICEF. (2018). FACSPresto CD4abs% counter with startkit. Accessed May 6, 2020, from
https://supply.unicef.org/s0002000.html

22. Unitaid. (2018).Market and technology landscape: HIV rapid diagnostic tests for self-testing,
4th ed. Unitaid, Geneva. Accessed May 26, 2020, from https://unitaid.org/assets/HIVST-
landscape-report.pdf

23. Cepheid. (2020). Cepheid | About Us. Accessed May 3, 2020, from https://www.cepheid.com/
en_US/about

24. UNICEF. (2018). m-PIMA complete. Accessed May 6, 2020, from https://supply.unicef.org/
s0000598.html

25. UNICEF. (2018). m-PIMA HIV-1/2 VL cartridge, kit/50. Accessed May 6, 2020, from https://
supply.unicef.org/s0000598.html

26. OraSure. (2016).OraQuick in Home HIV Test | OraQuick. Accessed May 6, 2020, from http://
www.oraquick.com/What-is-OraQuick/OraQuick-In-Home-HIV-Test

27. Branson, B. M. (2010). The future of HIV testing. Journal of Acquired Immune Deficiency
Syndromes, 55, S102–S105.

28. Fox, J., Dunn, H., & O’Shea, S. (2011). Low rates of p24 antigen detection using a fourth-
generation point of care HIV test. Sexually Transmitted Infections, 87, 178–179.

126 I. M. Hwang et al.

https://www.immy.com/crag
https://www.immy.com/crag
https://www.cancer.gov/types
https://www.wcrf.org/dietandcancer/cancer-trends/worldwide-cancer-data
https://www.ucsfhealth.org/conditions/hiv/diagnosis
https://www.ucsfhealth.org/conditions/hiv/diagnosis
https://www.who.int/diagnostics_laboratory/evaluations/200501_prequalified_product_list_vl.pdf?ua=1
https://www.who.int/diagnostics_laboratory/evaluations/200501_prequalified_product_list_vl.pdf?ua=1
https://extranet.who.int/prequal/content/what-we-do
https://www.cdc.gov/hiv/basics/whatishiv.html
https://supply.unicef.org/s0002000.html
https://unitaid.org/assets/HIVST-landscape-report.pdf
https://unitaid.org/assets/HIVST-landscape-report.pdf
https://www.cepheid.com/en_US/about
https://www.cepheid.com/en_US/about
https://supply.unicef.org/s0000598.html
https://supply.unicef.org/s0000598.html
https://supply.unicef.org/s0000598.html
https://supply.unicef.org/s0000598.html
http://www.oraquick.com/What-is-OraQuick/OraQuick-In-Home-HIV-Test
http://www.oraquick.com/What-is-OraQuick/OraQuick-In-Home-HIV-Test


29. Gray, E. R., Bain, R., Varsaneux, O., Peeling, R. W., Stevens, M. M., & McKendry, R. A.
(2018). p24 revisited: a landscape review of antigen detection for early HIV diagnosis. AIDS
(London, England), 32, 2089–2102.

30. Boyle, D. (2017). Tuberculosis: Diagnostics technology landscape (5th ed.). World Health
Organization.

31. MP Biomedicals. (2016). ASSURE TB rapid test manual. Accessed May 26, 2020, from
https://www.mpbio.com/media/productattachment/DX072016-EN-ASSURE-TB-Rapid-Test-
CE-0743500-Manual.pdf

32. Standard Diagnostics, Inc (2016) SD Product Catalog 4
33. Abbott. (2019). Alere Determine TB LAM Ag Test Brochure.
34. Orikiriza, P., Nyehangane, D., Atwine, D., Kisakye, J. J., Kassaza, K., Amumpaire, J.-M., &

Boum, Y. (2017). Evaluation of the SD bioline TB ag MPT64 test for identification of
Mycobacterium tuberculosis complex from liquid cultures in southwestern Uganda. African
Journal of Laboratory Medicine, 6, a383.

35. Bjerrum, S., Schiller, I., Dendukuri, N., Kohli, M., Nathavitharana, R. R., Zwerling, A. A.,
Denkinger, C. M., Steingart, K. R., & Shah, M. (2019). Lateral flow urine lipoarabinomannan
assay for detecting active tuberculosis in people living with HIV. Cochrane Database of
Systematic Reviews, 10, CD011420.

36. Mukhopadhyay, A., Guan, M., Chen, H. Y., Lu, Y., & Lim, T. K. (2006). Prospective study of
a new serological test (ASSURE TB rapid test) for the diagnosis of pulmonary tuberculosis.
The International Journal of Tuberculosis and Lung Disease Official Journal of the Interna-
tional Union Against Tuberculosis Lung Disease, 10, 620–626.

37. Molbio Diagnostics. (2020). Truelab Uno Dx Real Time Qualitative micro PCR analyzer
manual.

38. Ustar Biotechnologies. (2018). Ustar EasyNAT Brochure. Accessed May 28, 2020, from
http://www.bioustar.com/EN/downfile.aspx?CateId=178&CId=164

39. WHO. (2020). Molecular assays intended as initial tests for the diagnosis of pulmonary and
extrapulmonary TB and rifampicin resistance in adults and children: Rapid communication.
World Health Organization, Geneva. Accessed May 26, 2020, from https://apps.who.int/iris/
bitstream/handle/10665/330395/9789240000339-eng.pdf?sequence=1&isAllowed=y

40. Cepheid. Xpert MTB/RIF Ultra Brochure. Accessed May 26, 2020, from https://p.widencdn.
net/sihiwi/Cepheid-Xpert-MTB-RIF-Ultra-Brochure-CE-IVD-3098-English

41. WHO. (2020). Malaria. Accessed April 13, 2020, from https://www.who.int/en/news-room/
fact-sheets/detail/malaria

42. WHO. (2018).WHO prequalification of in vitro diagnostics public report: INSTI HIV self-test.
World Health Organization.

43. UNICEF. (2018). INSTI HIV Self-Test, kit/1T. Accessed May 6, 2020, from https://supply.
unicef.org/s0003846.html

44. WHO. (2016).WHO prequalification of in vitro diagnostics public report: OraQuick HIV self-
test. World Health Organization.

45. UNICEF. (2018). Oraquick HIV self-test, Kit/50. Accessed May 6, 2020, from https://supply.
unicef.org/s0001657.html

46. WHO. (2019). WHO prequalification of in vitro diagnostics public report: Mylan HIV self-
test. World Health Organization.

47. UNICEF. (2018). Mylan HIV self-test, kit/1T. Accessed May 6, 2020, from https://supply.
unicef.org/s0003847.html

48. WHO. (2019).WHO prequalification of in vitro diagnostics public report: SURE CHECKHIV
self-test. World Health Organization.

49. UNICEF. (2018). Sure Check HIV 1/2, kit/25. Accessed May 6, 2020, from https://supply.
unicef.org/s0003764.html

50. WHO. (2013). WHO prequalification of in vitro diagnostics public report: Pima CD4 test.
World Health Organization.

5 Biosensor-Based Point-of-Care Devices: Detection of Infectious Diseases. . . 127

https://www.mpbio.com/media/productattachment/DX072016-EN-ASSURE-TB-Rapid-Test-CE-0743500-Manual.pdf
https://www.mpbio.com/media/productattachment/DX072016-EN-ASSURE-TB-Rapid-Test-CE-0743500-Manual.pdf
http://www.bioustar.com/EN/downfile.aspx?CateId=178&CId=164
https://apps.who.int/iris/bitstream/handle/10665/330395/9789240000339-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/330395/9789240000339-eng.pdf?sequence=1&isAllowed=y
https://p.widencdn.net/sihiwi/Cepheid-Xpert-MTB-RIF-Ultra-Brochure-CE-IVD-3098-English
https://p.widencdn.net/sihiwi/Cepheid-Xpert-MTB-RIF-Ultra-Brochure-CE-IVD-3098-English
https://www.who.int/en/news-room/fact-sheets/detail/malaria
https://www.who.int/en/news-room/fact-sheets/detail/malaria
https://supply.unicef.org/s0003846.html
https://supply.unicef.org/s0003846.html
https://supply.unicef.org/s0001657.html
https://supply.unicef.org/s0001657.html
https://supply.unicef.org/s0003847.html
https://supply.unicef.org/s0003847.html
https://supply.unicef.org/s0003764.html
https://supply.unicef.org/s0003764.html


51. UNICEF. (2018). PoC CD4 [abs] cartridge kit,100 tests. Accessed May 26, 2020, from
https://supply.unicef.org/s0001223.html

52. Abbott. (2019). Pima CD4 reaching further brochure.
53. WHO. (2019). WHO prequalification of in vitro Diagnostics public report: BD FACSPresto

near-patient CD4 counter system. World Health Organization.
54. UNICEF. (2018). FACSPresto CD4 abs%, cartridges kit/100. Accessed May 6, 2020, from

https://supply.unicef.org/s0002002.html
55. BD Biosciences. (2014). BD FACSPresto near-patient CD4 counter instructions for use.

Accessed May 26, 2020, from https://www.bdbiosciences.com/ds/europe/tds/23-12808.pdf
56. WHO. (2019). WHO prequalification of in vitro diagnostics public report: m-PIMA HIV-1/2

VL. World Health Organization.
57. WHO. (2019).WHO prequalification of in vitro Diagnostics public report: Xpert HIV-1 Qual

assay. World Health Organization.
58. UNICEF. (2018). GeneXpert HIV1 Qual EID cartridge kit/10. Accessed May 6, 2020, from

https://supply.unicef.org/s0002147.html
59. UNICEF. (2018). PoC CD4 [abs],counter with start kit. Accessed May 26, 2020, from https://

supply.unicef.org/s0001224.html
60. Scott, L., Gous, N., Carmona, S., & Stevens, W. (2015). Laboratory evaluation of the Liat HIV

quant (IQuum) whole-blood and plasma HIV-1 viral load assays for point-of-care testing in
South Africa. Journal of Clinical Microbiology, 53, 1616–1621.

61. Roche. (2018). cobasLiat System Brochure. Accessed May 26, 2020, from https://www.
cobasliat.com/app/uploads/2019/07/cobas_Liat_System_Brochure_PP-GBL-00380_0418.pdf

62. Arora, J., Kumar, G., Verma, A. K., Bhalla, M., Sarin, R., & Myneedu, V. P. (2015). Utility of
MPT64 antigen detection for rapid confirmation of Mycobacterium tuberculosis complex.
Journal of Global Infectious Diseases, 7, 66.

63. UNICEF. (2018). Xpert MTB/RIF Ultra Assay, kit/50. Accessed May 7, 2020, from https://
supply.unicef.org/s0001690.html

64. Molbio Diagnostics Truenat MTB Plus Package Insert. Accessed May 26, 2020, from http://
www.molbiodiagnostics.com/uploads/product_download/20190927.152146~Truenat-MTB-
Plus-packinsert.pdf

65. Deng, S., Sun, Y., Xia, H., Liu, Z., Gao, L., Yang, J., Zhao, Y., Huang, F., Feng, J., Wang, L.,
Huan, S., & Zhan, S. (2019). Accuracy of commercial molecular diagnostics for the detection
of pulmonary tuberculosis in China: A systematic review. Scientific Reports, 9, 1–11.

66. WHO. (2019).WHO Prequalification of In Vitro Diagnostics Public Report Alere Malaria Ag
P.f. World Health Organization, Geneva

67. UNICEF. (2018). Alere Mal AgPf safety lancet,1T/kitx25. Accessed May 7, 2020, from https://
supply.unicef.org/s0003859.html

68. WHO. (2018). WHO Prequalification of in vitro diagnostics public report: First Response®
Malaria Ag. P.f. / P.v. Card Test. World Health Organization, Geneva

69. UNICEF. (2018). FirstResponseMalAgPf/PvCardTest,kit/30. Accessed May 7, 2020, from
https://supply.unicef.org/s0003864.html

70. WHO. (2018). WHO prequalification of in vitro diagnostics public report: CareStartTM
malaria PAN (pLDH) Ag RDT. World Health Organization.

71. UNICEF. (2018). CareStart Malaria pLDH (PAN), kit/25. Accessed May 7, 2020, from
https://supply.unicef.org/s0003782.html

72. Abbott. (2019). Alere Determine Syphilis TP Quick Reference Guide.
73. UNICEF. (2018). Alere Determine, Syphilis RDT, kit/100. Accessed May 5, 2020, from

https://supply.unicef.org/all-materials/diagnostic-test-kits/syphilis-test-kits/syphilis-
simplerapid/s0003550.html

74. Mabey, D., Peeling, R. W., Ballard, R., Benzaken, A. S., Galbán, E., Changalucha, J., Everett,
D., Balira, R., Fitzgerald, D., Joseph, P., Nerette, S., Li, J., & Zheng, H. (2006). Prospective,
multi-centre clinic-based evaluation of four rapid diagnostic tests for syphilis. Sexually
Transmitted Infections, 82, v13–v16.

128 I. M. Hwang et al.

https://supply.unicef.org/s0001223.html
https://supply.unicef.org/s0002002.html
https://www.bdbiosciences.com/ds/europe/tds/23-12808.pdf
https://supply.unicef.org/s0002147.html
https://supply.unicef.org/s0001224.html
https://supply.unicef.org/s0001224.html
https://www.cobasliat.com/app/uploads/2019/07/cobas_Liat_System_Brochure_PP-GBL-00380_0418.pdf
https://www.cobasliat.com/app/uploads/2019/07/cobas_Liat_System_Brochure_PP-GBL-00380_0418.pdf
https://supply.unicef.org/s0001690.html
https://supply.unicef.org/s0001690.html
http://www.molbiodiagnostics.com/uploads/product_download/20190927.152146~Truenat-MTB-Plus-packinsert.pdf
http://www.molbiodiagnostics.com/uploads/product_download/20190927.152146~Truenat-MTB-Plus-packinsert.pdf
http://www.molbiodiagnostics.com/uploads/product_download/20190927.152146~Truenat-MTB-Plus-packinsert.pdf
https://supply.unicef.org/s0003859.html
https://supply.unicef.org/s0003859.html
https://supply.unicef.org/s0003864.html
https://supply.unicef.org/s0003782.html
https://supply.unicef.org/all-materials/diagnostic-test-kits/syphilis-test-kits/syphilis-simplerapid/s0003550.html
https://supply.unicef.org/all-materials/diagnostic-test-kits/syphilis-test-kits/syphilis-simplerapid/s0003550.html


75. Premier Medical Corporation Ltd. (2012). First response syphilis anti-TP card test package
insert. Accessed May 26, 2020, from http://premiermedcorp.com/wp-content/uploads/2013/
08/product_documents/Infectious_Diseases/I08FRC30-1.pdf

76. India Mart. (2020). First Response Syphilis Anti Tp Card Test Kit. Accessed May 7, 2020,
from https://www.indiamart.com/proddetail/first-response-syphilis-anti-tp-card-test-kit-
19120495033.html

77. SD Biosensor. (2013). Products - STANDARD Q Syphilis Ab. Accessed May 7, 2020, from
http://sdbiosensor.com/xe/product/2628?category=2309

78. Lubis, R., Sirait, S., Agustin, T., & Indriatmi, W. (2019). P748 syphilis diagnostic test of
STANDARDTM Q syphilis AB using fingerprick whole blood and serum on high risk
populations. Sexually Transmitted Infections, 95, A322–A323.

79. Kelly, H., Coltart, C. E. M., Pai, N. P., Klausner, J. D., Unemo, M., Toskin, I., & Peeling, R.
W. (2017). Systematic reviews of point-of-care tests for the diagnosis of urogenital chlamydia
trachomatis infections. Sexually Transmitted Infections, 93, S22–S30.

80. Nadala, E.-C., Goh, B. T., Magbanua, J.-P., Barber, P., Swain, A., Alexander, S., Laitila, V.,
Michel, C.-E., Mahilum-Tapay, L., Ushiro-Lumb, I., Ison, C., & Lee, H. H. (2009). Perfor-
mance evaluation of a new rapid urine test for chlamydia in men: Prospective cohort study.
BMJ, 339, b2655.

81. Trans Continental Medical Products. (2014). Clearview® Chlamydia MF Test |. Accessed
May 8, 2020, from http://www.transcontinentalmedicalproducts.com/product/clearview-
chlamydia-mf-test/

82. Sabidó, M., Hernández, G., González, V., Vallès, X., Montoliu, A., Figuerola, J., Isern, V.,
Viñado, B., Figueroa, L., & Casabona, J. (2009). Clinic-based evaluation of a rapid point-of-
care test for detection of chlamydia trachomatis in specimens from sex workers in Escuintla,
Guatemala. Journal of Clinical Microbiology, 47, 475–476.

83. CLIAwaived Quidel QuickVue Chlamydia Tests. Accessed May 8, 2020, from https://www.
cliawaived.com/quidel-quickvue-chlamydia-test.html

84. Ham, J. Y., Jung, J., Hwang, B.-G., Kim, W.-J., Kim, Y.-S., Kim, E.-J., Cho, M.-Y., Hwang,
M.-S., Won, D. I., & Suh, J. S. (2015). Highly sensitive and novel point-of-care system,
aQcare chlamydia TRF kit for detecting chlamydia trachomatis by using Europium (Eu) (III)
chelated nanoparticles. Annals of Laboratory Medicine, 35, 50–56.

85. Schachter, J. (2016). Point-of-care tests using enzyme detection to diagnose chlamydia
trachomatis infection do not work. But when they fail in clinical trials, they reappear under
different names. Sexually Transmitted Infections, 92, 406–407.

86. Cepheid. (2019). Xpert CT/NG Package Insert. Accessed May 26, 2020, from https://www.
cepheid.com/Package%20Insert%20Files/Xpert-CTNG-US-ENGLISH-Package-Insert-301-
0234%2D%2DRev-K.pdf

87. UNICEF. (2018). Xpert CT/NG Assay, kit/10. Accessed May 7, 2020, from https://supply.
unicef.org/s0001685.html

88. Gaydos, C. A., Van Der Pol, B., Jett-Goheen, M., Barnes, M., Quinn, N., Clark, C., Daniel, G.
E., Dixon, P. B., & Hook, E. W. (2013). Performance of the Cepheid CT/NG Xpert rapid PCR
test for detection of chlamydia trachomatis and Neisseria gonorrhoeae. Journal of Clinical
Microbiology, 51, 1666–1672.

89. Goldenberg, S. D., Finn, J., Sedudzi, E., White, J. A., & Tong, C. Y. W. (2012). Performance
of the GeneXpert CT/NG assay compared to that of the Aptima AC2 assay for detection of
rectal chlamydia trachomatis and Neisseria gonorrhoeae by use of residual Aptima samples.
Journal of Clinical Microbiology, 50, 3867–3869.

90. Nuñez-Forero, L., Moyano-Ariza, L., Gaitán-Duarte, H., Ángel-Müller, E., Ruiz-Parra, A.,
González, P., Rodríguez, A., & Tolosa, J. E. (2016). Diagnostic accuracy of rapid tests for
sexually transmitted infections in symptomatic women. Sexually Transmitted Infections, 92,
24–28.

5 Biosensor-Based Point-of-Care Devices: Detection of Infectious Diseases. . . 129

http://premiermedcorp.com/wp-content/uploads/2013/08/product_documents/Infectious_Diseases/I08FRC30-1.pdf
http://premiermedcorp.com/wp-content/uploads/2013/08/product_documents/Infectious_Diseases/I08FRC30-1.pdf
http://sdbiosensor.com/xe/product/2628?category=2309
http://www.transcontinentalmedicalproducts.com/product/clearview-chlamydia-mf-test/
http://www.transcontinentalmedicalproducts.com/product/clearview-chlamydia-mf-test/
https://www.cliawaived.com/quidel-quickvue-chlamydia-test.html
https://www.cliawaived.com/quidel-quickvue-chlamydia-test.html
https://www.cepheid.com/Package%20Insert%20Files/Xpert-CTNG-US-ENGLISH-Package-Insert-301-0234%2D%2DRev-K.pdf
https://www.cepheid.com/Package%20Insert%20Files/Xpert-CTNG-US-ENGLISH-Package-Insert-301-0234%2D%2DRev-K.pdf
https://www.cepheid.com/Package%20Insert%20Files/Xpert-CTNG-US-ENGLISH-Package-Insert-301-0234%2D%2DRev-K.pdf
https://supply.unicef.org/s0001685.html
https://supply.unicef.org/s0001685.html


91. Alary, M., Gbenafa-Agossa, C., Aïna, G., Ndour, M., Labbé, A. C., Fortin, D., Steele, M., &
Peeling, R. W. (2006). Evaluation of a rapid point-of-care test for the detection of gonococcal
infection among female sex workers in Benin. Sexually Transmitted Infections, 82, v29–v32.

92. Abbai, N. S., Moodley, P., Reddy, T., Zondi, T. G., Rambaran, S., Naidoo, K., & Ramjee, G.
(2015). Clinical evaluation of the OneStep gonorrhea RapiCard InstaTest for detection of
Neisseria gonorrhoeae in symptomatic patients from KwaZulu-Natal, South Africa. Journal
of Clinical Microbiology, 53, 1348–1350.

93. Suzuki, K., Matsumoto, T., Tateda, K., Yamaguchi, K., Murakami, H., & Ishii, N. (2004).
Evaluation of a rapid antigen detection test for Neisseria gonorrhoeae in urine sediment for
diagnosis of gonococcal urethritis in males. Journal of Infection and Chemotherapy, 10, 208–
211.

94. WHO. (2018).Malaria rapid diagnostic test performance: Results of WHO product testing of
malaria RDTs: Round 8 (2016–2018). World Health Organization.

95. CDC. (2019). STD Facts - Syphilis (Detailed). Accessed May 6, 2020, from https://www.cdc.
gov/std/syphilis/stdfact-syphilis-detailed.htm

96. WHO. (2020). Syphilis Rapid Tests: Progress of the active applications in the prequalification
of IVDs assessment pipeline. Accessed May 26, 2020, from https://www.who.int/diagnostics_
laboratory/syphilis_rapid_test.pdf?ua=1

97. CDC. (2019). Detailed STD Facts - Chlamydia. Accessed May 6, 2020, from https://www.
cdc.gov/std/chlamydia/stdfact-chlamydia-detailed.htm

98. CDC. (2019). Detailed STD Facts - Gonorrhea. Accessed May 6, 2020, from https://www.
cdc.gov/std/gonorrhea/stdfact-gonorrhea-detailed.htm

99. Stratton, N. J., Hirsch, L., Harris, F., de la Maza, L. M., & Peterson, E. M. (1991). Evaluation
of the rapid CLEARVIEW chlamydia test for direct detection of chlamydiae from cervical
specimens. Journal of Clinical Microbiology, 29, 1551–1553.

100. Medisensor Inc. (2018). aQcareTM Chlamydia TRF-S_us. In medi. Accessed May 6, 2020,
from http://medi-sensor.com/en/aqcare-chlamydia-trf-s_us/

101. Mejía-Salazar, J., Cruz, K., Vásques, E., & de Oliveira, J. O. (2020). Microfluidic point-of-
care devices: New trends and future prospects for eHealth diagnostics. Sensors, 20, 1–19.

102. FDA. (2019). Sangia Total PSA Test - P170037. Accessed April 22, 2020, from https://www.
fda.gov/medical-devices/recently-approved-devices/sangia-total-psa-test-p170037

103. FDA. (2019). Summary of safety and effectiveness data (SSED). Accessed May 6, 2020, from
https://www.accessdata.fda.gov/cdrh_docs/pdf17/p170037b.pdf

104. Zhang, Z., & Nagrath, S. (2013). Microfluidics and cancer: Are we there yet? Biomedical
Microdevices, 15, 595–609.

105. OPKO Diagnostics. (2019). Instructions for use. Accessed April 22, 2020, from https://www.
accessdata.fda.gov/cdrh_docs/pdf17/p170037c.pdf

106. Lilja, H., Ulmert, D., & Vickers, A. J. (2008). Prostate-specific antigen and prostate cancer:
Prediction, detection and monitoring. Nature Reviews. Cancer, 8, 268–278.

107. Barry, M. J. (2001). Prostate-specific-antigen testing for early diagnosis of prostate cancer. The
New England Journal of Medicine, 344, 1373–1377.

108. Mediwatch. Bioscan PSAwatch. Accessed April 22, 2020, from https://itarmed.org/files/
product/636092906854064473-Analizatori-mochi-PSA-BioScan-Mediwatch.pdf

109. Concile. (2017). CancerCheck PSA. Accessed May 6, 2020, from https://www.concile.de/en/
produkte/quantitative-rapid-tests/cancercheck-psa/

110. Boditech. (2015). ichroma PSA. Accessed May 6, 2020, from http://genius-diagnostics.al/site/
wp-content/uploads/2015/08/INS-PS-EN-PSA_Rev.17_150701.pdf

111. Beltran, L., Leach, E., Fonseka, S., Bolodeoku, J., & Chinegwundoh, F. (2018). An evaluation
of the novel i-CHROMA™ point-of-care testing (POCT) method for the analysis of prostate-
specific antigen (PSA) in serum. BJSTR, 9, 4.

112. Karim, O., Rao, A., Emberton, M., Cochrane, D., Partridge, M., Edwards, P., Walker, I., &
Davidson, I. (2007). Point-of-care PSA testing: An evaluation of PSAwatch. Prostate Cancer
and Prostatic Diseases, 10, 270–273.

130 I. M. Hwang et al.

https://www.cdc.gov/std/syphilis/stdfact-syphilis-detailed.htm.%20Accessed%206%20May%202020
https://www.cdc.gov/std/syphilis/stdfact-syphilis-detailed.htm.%20Accessed%206%20May%202020
https://www.who.int/diagnostics_laboratory/syphilis_rapid_test.pdf?ua=1
https://www.who.int/diagnostics_laboratory/syphilis_rapid_test.pdf?ua=1
https://www.cdc.gov/std/chlamydia/stdfact-chlamydia-detailed.htm
https://www.cdc.gov/std/chlamydia/stdfact-chlamydia-detailed.htm
https://www.cdc.gov/std/gonorrhea/stdfact-gonorrhea-detailed.htm
https://www.cdc.gov/std/gonorrhea/stdfact-gonorrhea-detailed.htm
http://medi-sensor.com/en/aqcare-chlamydia-trf-s_us/
https://www.fda.gov/medical-devices/recently-approved-devices/sangia-total-psa-test-p170037
https://www.fda.gov/medical-devices/recently-approved-devices/sangia-total-psa-test-p170037
https://www.accessdata.fda.gov/cdrh_docs/pdf17/p170037b.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf17/p170037c.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf17/p170037c.pdf
https://itarmed.org/files/product/636092906854064473-Analizatori-mochi-PSA-BioScan-Mediwatch.pdf
https://itarmed.org/files/product/636092906854064473-Analizatori-mochi-PSA-BioScan-Mediwatch.pdf
https://www.concile.de/en/produkte/quantitative-rapid-tests/cancercheck-psa/
https://www.concile.de/en/produkte/quantitative-rapid-tests/cancercheck-psa/
http://genius-diagnostics.al/site/wp-content/uploads/2015/08/INS-PS-EN-PSA_Rev.17_150701.pdf
http://genius-diagnostics.al/site/wp-content/uploads/2015/08/INS-PS-EN-PSA_Rev.17_150701.pdf


113. Rausch, S., Hennenlotter, J., Wiesenreiter, J., Hohneder, A., Heinkele, J., Schwenter, C.,
Stenzl, A., & Todenhöfer, T. (2016). Assessment of a new point-of-care system for detection
of prostate specific antigen. BMC Urology, 16, 26785797.

114. Meyer, A. R., & Gorin, M. A. (2019). First point-of-care PSA test for prostate cancer
detection. Nature Reviews. Urology. Accessed May 6, 2020, from https://www.nature.com/
articles/s41585-019-0179-1

115. Kościelniak-Merak, B., Radosavljević, B., Zając, A., & Tomasik, P. J. (2018). Faecal occult
blood point-of-care tests. Journal of Gastrointestinal Cancer, 49, 402–405.

116. Nicholson, B. D., Thompson, M., Price, C. P., Heneghan, C., & Plüddemann, A. (2015).
Home-use faecal immunochemical testing: Primary care diagnostic technology update. The
British Journal of General Practice, 65, 156–158.

117. Perkins, G. L., Slater, E. D., Sanders, G. K., & Prichard, J. G. (2003). Serum tumor markers.
American Family Physician, 68, 1075–1082.

118. CARE Diagnostica. immoCARE-C. Accessed May 8, 2020, from https://www.care.co.at/en/
products/immocare-c

119. Hundt, S. (2009). Comparative evaluation of immunochemical fecal occult blood tests for
colorectal adenoma detection. Annals of Internal Medicine, 150, 162.

120. Daly, J. M., Bay, C. P., & Levy, B. T. (2013). Evaluation of fecal immunochemical tests for
colorectal cancer screening. Journal of Primary Care and Community Health, 4, 245–250.

121. Eclipse Product Development. (2020). Life Sciences. Accessed May 8, 2020, from https://
eclipsepd.com/areas/life-sciences

122. Wampole Laboratories. (2004). Clearview ULTRA FOB test. Accessed May 8, 2020, from
http://www.diagnosticsdirect2u.com/images/PDF/Clearview%20FOB%20Test%20Brochure.
pdf

123. bioMerieux. bioNexia FOBplus. Accessed May 8, 2020, from https://www.biomerieux.com.
br/sites/subsidiary_br/files/9305153-008-gb-a-bionexia-fob-plus.pdf

124. Ulti med. Early colorectal cancer diagnosis by FOB Advanced. Accessed May 8, 2020, from
http://www.omegairl.com/pdf/010A210-20_FOB_cassette_GB_advanced_oct2009.pdf

125. Immunostics. hema-screen SPECIFIC with DEVEL-A-TAB. Accessed May 8, 2020, from
ht tps : / /129082f9-e06f -6c6b-89d6-60fb1687ba08.fi l e sus r . com/ugd/8a6edf_
9d1fbbc9cbaa4894a68c9d416fe2afd2.pdf

126. Tiger Medical. (2020). Immunostics HSSPCAS-25 hema-screen SPECIFIC tubes and cas-
settes. Accessed May 8, 2020, from https://www.tigermedical.com/Products/Hema-Screen-
Specific-Tubes-and-Cassettes__IMMHSSPCAS-10-.aspx?invsrc=adwords_tm&gclid=
C j w K C A j w t e 7 1 B R B C E i w A U _ V 9 h _ v L S k R m m p R h p o 8 q 2 RM P s H _
hCcQGKpjnQpHSpn4ly4u7hyYvEppl9BoC7TIQAvD_BwE

127. Beckman Coulter. (2018). Hemoccult ICT. Accessed May 8, 2020, from https://
wwwbeckmancoultercom/download/file/wsr-158616/395095AB?type=pdf

128. Medex Supply. (2020). Beckman Coulter Hemoccult ICT test device kit. Accessed May 8,
2020, from https://www.medexsupply.com/diagnostic-tests-blood-fecal-occult-tests-
beckman-coulter-hemoccult-ict-test-device-kit-20-bx-x_pid-42093.html

129. Hemosure. (2013). Hemosure one-step immunological fecal occult blood test. Accessed May
8, 2020, from http://hemosure.com/wp-content/uploads/2013/10/Product-Insert-1.pdf

130. CLIAwaived. Hemosure one-step fecal occult Blood Tests (FOB). Accessed May 8, 2020,
from https://www.cliawaived.com/hemosure-one-step-fecal-occult-blood-test-fob.html

131. Polymedco. (2020). What is OC-Light® S FIT? Accessed May 8, 2020, from https://www.
polymedco.com/what-is-oc-lights-fit.php

132. VWR. OC-Light® S FIT Test Kits, Polymedco. Accessed May 8, 2020, from https://us.vwr.
com/store/product/27484137/oc-light-s-fit-test-kits-polymedco

133. Preventis. (2020). Prevent ID CC colorectal cancer screening. Accessed May 8, 2020, from
https://www.preventis.com/products/preventid%c2%ae-cc

134. Quidel. QuickVue iFOB Test. Accessed May 8, 2020, from https://www.quidel.com/sites/
default/files/product/documents/quickvue_ifob_sales_sheet.pdf

5 Biosensor-Based Point-of-Care Devices: Detection of Infectious Diseases. . . 131

https://www.nature.com/articles/s41585-019-0179-1
https://www.nature.com/articles/s41585-019-0179-1
https://www.care.co.at/en/products/immocare-c
https://www.care.co.at/en/products/immocare-c
https://eclipsepd.com/areas/life-sciences
https://eclipsepd.com/areas/life-sciences
http://www.diagnosticsdirect2u.com/images/PDF/Clearview%20FOB%20Test%20Brochure.pdf
http://www.diagnosticsdirect2u.com/images/PDF/Clearview%20FOB%20Test%20Brochure.pdf
https://www.biomerieux.com.br/sites/subsidiary_br/files/9305153-008-gb-a-bionexia-fob-plus.pdf
https://www.biomerieux.com.br/sites/subsidiary_br/files/9305153-008-gb-a-bionexia-fob-plus.pdf
http://www.omegairl.com/pdf/010A210-20_FOB_cassette_GB_advanced_oct2009.pdf
https://129082f9-e06f-6c6b-89d6-60fb1687ba08.filesusr.com/ugd/8a6edf_9d1fbbc9cbaa4894a68c9d416fe2afd2.pdf
https://129082f9-e06f-6c6b-89d6-60fb1687ba08.filesusr.com/ugd/8a6edf_9d1fbbc9cbaa4894a68c9d416fe2afd2.pdf
https://www.tigermedical.com/Products/Hema-Screen-Specific-Tubes-and-Cassettes__IMMHSSPCAS-10-.aspx?invsrc=adwords_tm&gclid=CjwKCAjwte71BRBCEiwAU_V9h_vLSkRmmpRhpo8q2RMPsH_hCcQGKpjnQpHSpn4ly4u7hyYvEppl9BoC7TIQAvD_BwE
https://www.tigermedical.com/Products/Hema-Screen-Specific-Tubes-and-Cassettes__IMMHSSPCAS-10-.aspx?invsrc=adwords_tm&gclid=CjwKCAjwte71BRBCEiwAU_V9h_vLSkRmmpRhpo8q2RMPsH_hCcQGKpjnQpHSpn4ly4u7hyYvEppl9BoC7TIQAvD_BwE
https://www.tigermedical.com/Products/Hema-Screen-Specific-Tubes-and-Cassettes__IMMHSSPCAS-10-.aspx?invsrc=adwords_tm&gclid=CjwKCAjwte71BRBCEiwAU_V9h_vLSkRmmpRhpo8q2RMPsH_hCcQGKpjnQpHSpn4ly4u7hyYvEppl9BoC7TIQAvD_BwE
https://www.tigermedical.com/Products/Hema-Screen-Specific-Tubes-and-Cassettes__IMMHSSPCAS-10-.aspx?invsrc=adwords_tm&gclid=CjwKCAjwte71BRBCEiwAU_V9h_vLSkRmmpRhpo8q2RMPsH_hCcQGKpjnQpHSpn4ly4u7hyYvEppl9BoC7TIQAvD_BwE
https://www.beckmancoulter.com/download/file/wsr-158616/395095AB?type=pdf
https://www.beckmancoulter.com/download/file/wsr-158616/395095AB?type=pdf
https://www.medexsupply.com/diagnostic-tests-blood-fecal-occult-tests-beckman-coulter-hemoccult-ict-test-device-kit-20-bx-x_pid-42093.html
https://www.medexsupply.com/diagnostic-tests-blood-fecal-occult-tests-beckman-coulter-hemoccult-ict-test-device-kit-20-bx-x_pid-42093.html
http://hemosure.com/wp-content/uploads/2013/10/Product-Insert-1.pdf
https://www.cliawaived.com/hemosure-one-step-fecal-occult-blood-test-fob.html
https://www.polymedco.com/what-is-oc-lights-fit.php
https://www.polymedco.com/what-is-oc-lights-fit.php
https://www.preventis.com/products/preventid%c2%ae-cc
https://www.quidel.com/sites/default/files/product/documents/quickvue_ifob_sales_sheet.pdf
https://www.quidel.com/sites/default/files/product/documents/quickvue_ifob_sales_sheet.pdf


135. CLIAwaived. Quidel QuickVue iFOB Test kit. Accessed May 8, 2020, from https://www.
cliawaived.com/quickvue-quidel-ifob-test-kit.html

136. Jin, J., Zhang, X. Y., Shi, J. L., Xue, X. F., Lu, L. L., Lu, J. H., Jiang, X. P., Hu, J. F., Duan, B.
S., Yang, C. Q., Lu, D. R., Lu, D. L., Chen, J. G., & Gao, H. J. (2017). Application of AFP
whole blood one-step rapid detection kit in screening for HCC in Qidong. American Journal of
Cancer Research, 7, 1384–1388.

137. Abbott. (2020). Alere NMP22 Bladderchek. Accessed May 12, 2020, from https://www.alere.
com/en/home/product-details/nmp22-bladderchek.html

138. Pichler, R., Tulchiner, G., Fritz, J., Schaefer, G., Horninger, W., & Heidegger, I. (2017).
Urinary UBC rapid and NMP22 test for bladder cancer surveillance in comparison to urinary
cytology: Results from a prospective single-center study. International Journal of Medical
Sciences, 14, 811–819.

139. Polymedco. (2020). What is the BTA stat test? Accessed May 12, 2020, from https://www.
polymedco.com/what-is-bta-stat-test.php

140. CLIAwaived. BTA STAT - Rapid Test for Recurrent Bladder Cancer. Accessed May 8, 2020,
from https://www.cliawaived.com/bta-stat-rapid-test-for-recurrent-bladder-cancer.html

141. Greene, K. L., Berry, A., & Konety, B. R. (2006). Diagnostic utility of the immunoCyt/uCyt+
test in bladder cancer. Revista de Urología, 8, 190–197.

142. IDL Biotech. UBC rapid for bladder cancer detection. Accessed May 12, 2020, from https://
idlbiotech.com/wp-content/uploads/2019/12/UBC-Rapid-91-657-07_1910.pdf

143. Sturgeon, C. M., & Diamandis, E. (2010). Use of tumor markers in liver, bladder, cervical,
and gastric cancers (Vol. 3–15, pp. 17–21). American Association for Clinical Chemistry.

144. Lüdecke, G., Pilatz, A., Hauptmann, A., Bschleipfer, T., & Widner, W. (2012). Comparative
analysis of sensitivity to blood in the urine for urine-based point-of-care assays (UBC rapid,
NMP22 BladderChek and BTA-stat) in primary diagnosis of bladder carcinoma. Interference
of blood on the results of urine-based POC tests. Anticancer Research, 32, 2015–2018.

145. Hayes, B., Murphy, C., Crawley, A., & O’Kennedy, R. (2018). Developments in point-of-care
diagnostic technology for cancer detection. Diagnostics, 8, 39.

146. Meng, L., Qiu, H., Wan, L., Ai, Y., Xue, Z., Guo, Q., Deshpande, R., Zhang, L., Meng, J.,
Tong, C., Liu, H., & Xiong, L. (2020). Intubation and ventilation amid the COVID-19
outbreak: Wuhan’s experience. Anesthesiology. https://doi.org/10.1097/ALN.
0000000000003296

147. Abbott. (2020). Abbott ID NOWTMCOVID-19 - Alere is now Abbott. Accessed May 17, 2020,
from https://www.alere.com/en/home/product-details/id-now-covid-19.html

148. WHO. (2020). WHO neglected tropical diseases. Accessed May 26, 2020, from http://www.
who.int/neglected_diseases/diseases/en/

132 I. M. Hwang et al.

https://www.cliawaived.com/quickvue-quidel-ifob-test-kit.html
https://www.cliawaived.com/quickvue-quidel-ifob-test-kit.html
https://www.alere.com/en/home/product-details/nmp22-bladderchek.html
https://www.alere.com/en/home/product-details/nmp22-bladderchek.html
https://www.polymedco.com/what-is-bta-stat-test.php
https://www.polymedco.com/what-is-bta-stat-test.php
https://www.cliawaived.com/bta-stat-rapid-test-for-recurrent-bladder-cancer.html
https://idlbiotech.com/wp-content/uploads/2019/12/UBC-Rapid-91-657-07_1910.pdf
https://idlbiotech.com/wp-content/uploads/2019/12/UBC-Rapid-91-657-07_1910.pdf
https://doi.org/10.1097/ALN.0000000000003296
https://doi.org/10.1097/ALN.0000000000003296
https://www.alere.com/en/home/product-details/id-now-covid-19.html
http://www.who.int/neglected_diseases/diseases/en/
http://www.who.int/neglected_diseases/diseases/en/


Chapter 6
Non-invasive Cellular Characterization
Using Bioimpedance Sensing

Debanjan Das and Soumen Das

6.1 Introduction

Understanding of cell physiology plays a crucial role in the diagnosis and prevention
of complex diseases especially in cancer research. Normal cell properties such as
morphology, biochemical composition, adhesion, motility, apoptosis, etc. are mod-
ified during the cancer development. Thus, for diagnosis and treatment of cancer, it
is important to study the characteristics of cancer cells from different origin in
relation to its normal counterpart. In medical pathology especially in oncology,
very often cells and different cellular activities and behaviors such as cell adhesion,
growth, proliferation, cell–cell interaction, and cell toxicity are examined to identify
disease with the help of biological assay, phase contrast microscopy, fluorescence
imaging, etc. In general, these conventional techniques very often require costly
chemicals, fluorescent or radioactive labeling as a part of experimental procedure.
Therefore, there exists a great demand for a label-free, non-invasive, and cost-
effective method for cancer detection and characterization. Literature survey reveals
that during the advancement of a cell from a healthy normal stage towards malig-
nancy, its electrical, mechanical, and optical characteristics [1–4] associated with
biophysical properties modify along with its biological changes. Therefore, there is a
possibility to open an alternative path for label-free detection of the cancer diseases
by identifying and measuring these non-biological parameters of the cells which may
carry the signature of cancer disease. Out of various techniques, recently, electric
impedance based measurement has become one of the preferred potential techniques
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to monitor live cell behavior in real time in terms of passive electrical parameters
[5, 6].

Bioimpedance offers continuous, non-destructive, non-invasive, and label-free
measurements and quantitatively characterizes biological cells, which is more effi-
cient, inexpensive, sensitive, and simple compared to existing microscopic or optical
observation technique [5]. Cellular bioimpedance measurements are typically
performed in microchip-based systems in two different ways. First approach
includes bioimpedance measurement during cell culture on microfabricated elec-
trodes [7]. An alternate way is to measure while cells are transported through
microfluidic channels [8, 9]. The most common form of the cell impedance tech-
nique is electric cell-substrate impedance sensing (ECIS) [10, 11], first developed by
Giaever and Keese [12] for studying cell response in real time. Electrical impedance
spectroscopy of living cells provides continuous and non-invasive measurements,
which is more efficient, inexpensive, sensitive, and simple compared to existing
microscopic or optical observation technique.

Impedance spectroscopy has been extensively used to study the cellular behavior
either at a given time with a frequency sweep or in real time at a known frequency.
However, a major challenge in impedance based assay is interpretation of impedance
spectra. Traditionally frequency swept impedance data with group of cells is pre-
dominantly interpreted by equivalent circuit modeling via fitting methods or theo-
retical analysis. The parameter extraction by theoretical modeling can handle long
data sets by taking care of geometric corrections. This theoretical modeling may also
extend the utilization of impedance spectroscopy data for estimating the equivalent
single cell parameters by avoiding complex methodology of single cell trapping in
microchannel. The present chapter is an inspiration for developing a label-free
impedimetric technique and analysis methods to characterize cancer and normal
cells in correspondence with other biophysical characteristics.

6.2 Principle

6.2.1 Cell-Substrate Impedance

When cells attach and spread onto the surface of the electrode, the measured
impedance increases because the cell membranes act as insulators and block current
flow. A schematic of the current flow path in cell culture medium with cells at low
and high frequency is shown in Fig. 6.1. Under small signal configuration, a minor
amount of current is passed through the electrodes, thus making the measurements
non-invasive and non-destructive to the cells. The impedance (Z ) of ECIS system is
determined as the ratio of voltage phasor to current phasor by Ohm’s law:
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Z jωð Þ ¼ V jωð Þ
I jωð Þ ¼ Zr ωð Þ þ jZi ωð Þ, ð6:1Þ

where I is the applied alternating current, V is the resulting voltage, j ¼ ffiffiffiffiffiffiffi�1
p

,
ω ¼ 2πf, ω is the angular frequency, and f is the applied alternating current
(AC) frequency. The magnitude (|Z|) and phase angle (θ) of the impedance are
determined from real part of impedance (Zr(ω)) and imaginary part of impedance
(Zi(ω)). When cells inoculated inside a media are added to the bioimpedance sensing
device, current flow path alters leading to change in impedance value. Thus, by
comparing the impedance values of only media and that of cells plus media one can
extract the information about the cells only. With proper analysis the measured
impedance (|Z|, θ) can be split into its components (R, C) and quantitative informa-
tion about the media and cells can be obtained to characterize a particular cell.
Different system parameters of attached group of cells on electrode surface such as
solution resistance, double layer capacitance, equivalent resistance, and capacitance
of group of cells are extracted and quantified by analyzing the equivalent circuit
models or fitting with commercial curve fitting software.

Fig. 6.1 Schematic of current flow in cell culture medium with cells. (a) At low AC frequency
current is bypassed via paracellular pathways and (b) at high AC frequency current flows via
transcellular pathways
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6.2.2 Design and Simulation of Sensor Configuration

The bioimpedance measurements are usually performed using two [13, 14], three
[15], or four electrodes configurations [6] as shown in Fig. 6.2. In two-electrode
modeWorking (W) andWorking Sense (WS) are connected to a (working) electrode
and Reference (R) and Counter (C) are connected to a second (aux) electrode. In
three-electrode setup, the Reference lead is separated from the Counter and placed as
separate near to working electrode, whereas in four-electrode mode all four placed
separately. Four-electrode setup measures only the in-between solution, whereas
two-electrode setup incorporates solution and other barriers. Therefore, there- and
four-electrode modes are more useful for electrochemical analysis, whereas
two-electrode mode is more popular for measuring general impedance of any
system. In bioimpedance study also two-electrode measurement has become

most practical technique and has been debuted as a commercially available
technique (BioPhysics). Here, the bioimpedance sensor consists of six separate
mini-culture wells having an individual circular working electrode (WE) and a
counter electrode (CE), which is common in two wells as shown in Fig. 6.3a. The
cross-sectional view of the sensor as depicted in Fig. 6.3b shows that WE and part of
CE electrode are in contact with sample during impedance measurement. The
diameter of circular working electrode is 3 mm, the width of semi-circular counter

Fig. 6.2 Schematic representation of different electrode configurations: (a) two-electrode, (b)
three-electrode, and (c) four-electrode setup. W working, WS working sense, R reference,
C counter electrode
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electrode is 2.8 mm, and gap between WE and CE is 1.5 mm. Each well has substrate
area of 0.8 cm2.

An electrical double layer capacitance is developed at the interface between WE
and its surrounding electrolyte [16]. In order to reduce the dominancy of double
layer capacitance, the top surface of working electrode is coated with a 2 μm thick
polymer. However, a small circular portion of diameter 250 μm of patterned gold
metal at the center of WE is exposed. The coated polymer on the entire WE electrode
except the circular exposed metal pattern at the central region will act as a charge
barrier forming a coating capacitance in the range of nF/cm2 and therefore blocks the
current flow. Finally, the entire device is housed inside a cell-culture grade petri dish
to avoid further contamination.

The potential and electric field distribution for the designed electrodes configu-
ration were numerically simulated in COMSOL Multiphysics 4.4a to characterize
the effect of applied frequency on cellular study. The field line simulation will help
to select the operating frequency zone. The 3D geometrical model was built in
electric current (ec) interface under the AC/DC module using Eq. (6.1).

Fig. 6.3 Schematic diagram of (a) proposed bioimpedance sensor having six mini-culture wells,
(b) cross-sectional view of one of the microwell
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∇ � J ¼ Q j

E ¼ �∇V

D ¼ ε0εrE

J ¼ σE þ jωDþ Je,

ð6:2Þ

where Qj is the charge density, σ is the conductivity, ω is the angular frequency, D is
the electric displacement field, V is the potential, and Je is an external generated
current density. Figure 6.4 shows the model layout of the system after meshing in
COMSOL. Electrical insulating boundary conditions were enforced on all the
boundaries, except the electrodes area. Both electrodes were modeled as perfect
conductors by considering as equipotential surfaces. The boundary condition of the
working electrode has been imposed as voltage terminal and a potential of 10 mV
was applied whereas zero potential was applied to counter electrode. The insulating
well was filled up with 400 μl of medium of conductivity 1.5S/m and a relative
dielectric constant of 136.

A layer of cells with 0.5 μm gap between two neighboring cells was modeled
considering individual cell as semi-ellipsoidal solid object having radius of 20 μm.
The separation between cell-layer and bottom electrode substrate was assumed as 0.5
μm. Typical dielectric property of cells was applied to individual cell geometry
[17]. The entire geometry was meshed using fine triangular mesh element and
computed at different frequencies.

The electric potential and field distribution inside the well will assist to charac-
terize effect of applied frequency on cellular study and to select the operating
frequency zone. The finite element simulation was performed with frequency
sweep of 100 Hz–10 MHz having 10 mV excitation voltage. Figure 6.5 describes
the field lines distribution at 1 kHz and 40 kHz. It is also depicted that at 1 kHz field
lines only passed through intercellular pathway. At lower frequency, cells behave as
insulators due to dielectric nature of cell membrane and field lines cannot penetrate
the cell membrane. Thus, lower frequency measurement is mainly dominated by

Fig. 6.4 Finite element layout of one well with electrodes and a layer of cells on the electrode
surface
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gap-junction and electrode–electrolyte interfaced properties. Whereas, at higher
frequency electric field lines can easily penetrate and go through the intra-inter
cellular portions of cell, therefore can provide cellular electrical properties. It has
been found that at mid-frequency range (~40 kHz) field lines were distributed in the
entire cell-layer (both cell membrane and intercellular pathway).

Fig. 6.5 (a) Electric field distribution with 10 mV potential, (b) electric field line distribution at two
different frequencies—1 and 40 kHz. At 1 kHz field lines only pass through the gap between two
cells, while at 40 kHz it penetrates through cells
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6.3 Bioimpedance Sensor and Impedance Measurement

6.3.1 Device Fabrication

The present bioimpedance device was realized by two mask process using the
conventional microfabrication technology on a glass substrate. The entire fabrication
process consists of initial electrode patterning on the substrate, followed by selective
coating of thin polymer and placing of cloning cylinder, and finally packing of the
device. Figure 6.6 shows the basic steps involved in the device fabrication process
and corresponding assembling of the device.

The process starts with cleaning of glass substrate in piranha solution (H2O2:
H2SO4: 1:1) for 20 min followed by dehydrating in oven at 150 �C for 30 min.
Chrome (0.01 μM) and gold (0.2 μM) were deposited onto the cleaned glass by DC
sputtering technique for electrodes realization (Fig. 6.6b). Subsequently, the photo-
lithography steps were performed to define the electrodes. Positive photoresist (HPR
504, Fujifilm) was spin-coated (Fig. 6.6c) at 3000 rpm for 20 s and soft baked at
90 �C for 30 min. The sample was then exposed to UV radiation for 7 s inside a
UV-Mask aligner (Fig. 6.6d) through the mask containing the electrode patterns.
Subsequently, the resist was developed in HPRD 429 for 35 s to achieve the
patterned structure followed by post baking for 30 min at 120 �C. The gold and
chrome layer were then etched using gold and chrome etchant, respectively, at room
temperate for 3 min and the remaining photoresist was stripped off in acetone
(Fig. 6.6f) to attain the electrode pattern.

After realizing the electrode patterns, a thin polymer layer was coated on the
electrode surface and lithographically patterned to protect the electrode surface
leading to reduced double layer capacitance and open the required bond pads for
electrical connection. Initially, the sample was treated under oxygen plasma with a
power of 40 W for 30 s (Fig. 6.6g) to remove any resist residue and enhance the
surface adhesion for the subsequent process. Photosensitive polymer SU 8-5 was
coated (Fig. 6.6h) on the sample at 4000 rpm for 20 s and pre-heated on a hot plate at
65 �C for 1 min and 95 �C for 3 min. Subsequently, the sample was properly aligned
with the mask containing the patterns of bond pad opening using the mask aligner
instrument (Fig. 6.6i) and the sample was exposed to UV light for 12 s to open a
circular portion having a diameter of 250 μm. In the next step, the SU-8 layer was
hard baked at 65 �C for 1 min and at 95 �C for 1 min successively, followed by
treatment in its developer solution for 1 min (Fig. 6.6k).

Finally, pyrex cloning cylinders with outer diameter of 8 mm were bonded on the
glass covering the individual WE-CE electrodes pair. The open cylinders were
covered with a transparent cover. Consequently, the final packaged bioimpedance
device as shown in Fig. 6.7 was glued on a cleaned PCB with necessary arrangement
for electrical connections and the whole device was placed inside a Petri plate to
protect from contamination.
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6.3.2 Cleaning and Surface Modification of the Sensor

Before using in cell culture, the packaged sensor was cleaned and sterilized properly
under UV light. The fabricated device can be used several times with accurate
sensing capability. At first, all the culture wells were cleaned with ethanol and finally
rinsed with DI water. Subsequently, the surface of the sensor was functionalized by
dilute Poly-L-Lysine for 5 min at room temperature. Afterward, the wells were air

Fig. 6.6 (a–k) Schematic representation of realization of the device, (l) the 3D assembly steps
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dried at room temperature for overnight and finally, the device was ready to use.
Before seeding the cells inside the wells, the surface of the wells was rinsed again
with DI water and dried properly.

6.3.3 Experimental Setup

The whole packaged bioimpedance chip was placed inside a humidified CO2

incubator at 37 �C in the presence of 5% CO2. The electrical contact wires were
carefully taken out from the incubator and connected with an impedance analyzer. In
the present work, Agilent precision impedance analyzer 4294-A interfaced with
computer was utilized for bioimpedance measurement. Figure 6.8 shows the sche-
matic of experimental setup. To overcome the effect of unwanted impedance data
during measurement, short and open circuit compensations were performed as per
standard procedure [18].

6.3.4 Cell Culture and Cell Seeding Inside the Chip

The cells were grown in T25 tissue culture flasks and incubated in a humidified
atmosphere containing 5% carbon dioxide at 37 �C. The confluent cell population
was harvested by treating with 0.25% trypsin and 0.02% EDTA for 5 min. The
trypsin was deactivated by adding fresh media. The cells were pelleted by centrifug-
ing at 3000 rpm for 5 min and re-suspended in 1 ml of fresh media/PBS (HiMedia)
having NaCl (9000 mg/L), Na2HPO4 (795 mg/L), NaH2PO4 (144 mg/L), and
pH 7.4. Cell concentration was diluted to 1,00,000 cells in 400 μl and seeded inside
each well. Afterward, the whole chip was kept inside the incubator and the imped-
ance data of cells were recorded after 7 h when all the cells attached on the electrode
surface.

Fig. 6.7 Photograph of the
final fabricated and
packaged sensor
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6.3.5 Bioimpedance Measurement

Agilent precision impedance analyzer 4294-A was used to record the impedance
data. The impedance value of growing cells was measured with a frequency sweep of
100 Hz–10 MHz having 167 data points and 10 mV excitation voltage. Initially, 400
μl of culture medium was added into one of the wells of the fabricated device and
impedance and admittance values were measured for adjusted frequency range.
Subsequently, same volume of medium with immersed cells was added into the
well and the measurement was repeated. Each measurement was also repeated for
three times without disturbing the system to get the average reading with standard
deviation (SD).

Figure 6.9 represents the experimentally measured variation of average imped-
ance modulus and phase angle along with their SD vs. frequency conducted for PBS
media in devices with and without HeLa cells. It may be observed in Fig. 6.9 that the
impedance value decreases with frequency up to medium frequency range followed
by a constant region and again starts falling at very high frequency. The effects of
adding HeLa cells to the PBS media on impedance data are also shown in Fig. 6.9.

Fig. 6.8 Schematic of the experimental setup for bioimpedance measurement
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The Bode diagram indicates that the overall impedance value increases abruptly at
the starting frequency on adding the cells to the media as compared to only PBS and
decreases steadily with the increase of frequency up to 10 kHz. However, the
impedance plots of both the cases coincide above the frequency of 100 kHz.

6.4 Theoretical Analysis

6.4.1 Electrical Equivalent Model of the System

The bioimpedance sensor realized in a thick polymer substrate consists of patterned
individual working electrode (WE) and common counter electrode (CE) made of
gold metal. A rectangular well made up of polymer is placed on the substrate and
located in such a way that WE and part of CE electrodes are in contact with sample
during impedance measurement. The schematic of cross-sectional view of the device
is shown (Fig. 6.10) [5]. The top surface of WE is coated with a thin polymer layer
with an exposure of a small gold area at its center to prevent artifacts due to
immersion of gold interconnects in the electrolyte. This leads to developing a coating
capacitance and pore resistance contributed by fine pores available on the polymer
surface. Exposed gold portion of the WE contributes in the formation of exposed
electrode resistance and double layer capacitance at the electrode–electrolyte inter-
face. Now, in a simple way a cell can be pictured as a single shell consisting of

Fig. 6.9 Variation of impedance and phase angle with frequency of system in the absence and
presence of cells suspended in PBS solution
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cytoplasm and cell membrane. The cytoplasm may be approximated as highly
conducting ionic solution with a large concentration of dissolved organic material
which is considered to be a resistive pathway to the electrical signal in the electrical
equivalent of the system. However, cell membrane consists of a thin phospholipid
bilayer which acts as a dielectric material and thus offers a capacitive pathway to the
system. In the device, cells sitting over the electrode surface are modeled as cell
membrane capacitance and its cytoplasmic resistance offered by individual cell and
intercellular resistance offered by media available between two adjacent cells. Due to
low conductivity of cell membrane only high frequency current will flow through it,
while low frequency current will pass through extracellular gap between the cells.
Hence, collection of the cells forming a monolayer on the bottom surface of the
system may be assumed to be parallel combination of equivalent resistance and
equivalent capacitance. On the basis of these concepts the equivalent circuit of the
system, consisting of cell immersed in phosphate buffer saline (PBS) media, is
modeled as shown in Fig. 6.10b. Here Rexp, Ccoat, Cdl are the resistance, coating
capacitance, and double layer capacitance of exposed portion of working electrode
along with coating pore resistance, respectively. Rsol is the solution resistance of the
media. The contribution of the cells is modeled in the form of parallel combinations
of resistance and capacitance of cell membrane and extracellular gap and
intercellular resistance, respectively. The resistance of the membrane and

Fig. 6.10 (a) Schematic of cross-sectional view of one microwell of bioimpedance sensor, (b)
electrical equivalent circuit of entire system (taken from [5])
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capacitance of the cytoplasm are negligible as discussed earlier, so they are neglected
for the equivalent model analysis. In simple way, cells forming a monolayer over the
electrode can be modeled as Rcell and Ccell as shown in Fig. 6.10b. Stray capacitance
contributed by parallel gold electrodes is negligible (10 pF range) and thus neglected
in the present study due to their dominance in very high frequency (>50 MHz)
which is beyond the scope of present study.

6.4.1.1 Estimation of Equivalent Model Parameters

Different system parameters such as solution resistance, double layer capacitance,
cell membrane capacitance, intercellular resistance, electrode resistance can be
extracted and quantified by analyzing these equivalent circuit models or fitting
with commercially available curve fitting software. In literature, these parameters
were calculated using finite element modeling software and spice simulation [19],
quantitative analysis and parameters fitting of the equivalent circuit model based on
the Levenberg–Marquardt (LEVM) algorithm [20], equivalent circuit models and
complex nonlinear least squares (CNLS) fitting [14], etc. Therefore, it shows that
parameter extraction is mostly performed using equivalent model simulation and
fitting software. These software fit the measured impedance data utilizing numerical
minimization algorithms by iterative procedure. However, an initial guess is com-
pulsory to start the algorithm which iterates the values accurately only if the initial
conditions are chosen to be close to the final value [21–23]. Alternately, modeling
the system based on measurement process and analysis of result through theoretical
approach will provide more flexibility, accurate estimation of data, and in depth
information of the extracted data. The theoretical data analysis also leads to detailed
modeling of the complex biological systems and helps to estimate the single cell
component value. The theoretically calculated data may provide an initial idea about
the range of parameter values and may be utilized as initial guess for fitting software.
The subsequent sections demonstrate an alternate approach based on fragmental
frequency analysis method to theoretically estimate different parameters of an
equivalent electrical circuit for the bioimpedance sensor as compared to available
fitting software.

6.4.1.2 Fragmental Frequency Analysis Method to Extract the Model
Parameters

In the proposed fragmental frequency analysis method the entire frequency range is
segregated into different zones. The electrical equivalent circuits shown in Fig. 6.10b
have been modified for those frequency ranges based on the dominance of the
individual parameters at that frequency zone. The measured frequency zone is
divided into three frequency ranges: lower frequency (<1 kHz), medium frequency
(1–100 kHz), and high frequency (>100 kHz) range. The experimental data are
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represented by Bode and Nyquist curves and parameter values are calculated by
theoretically analyzing the individual range.

(a) Electrode and Media Parameters
Considering the presence of only media in device the equivalent circuit of Fig. 6.10b
can be modified as shown in Fig. 6.11a for extracting the electrical properties of
electrodes and media. Figure 6.11b, c shows the new equivalent circuits at lower and
higher frequency zone, respectively. Since the value of double layer capacitance is in
μF range [16], its effect is negligible and acts as short circuit path above 100 kHz
frequency. Accordingly the circuit is modified as shown in Fig. 6.11c and the
corresponding impedance magnitude and phase for this circuit are expressed as:

Fig. 6.11 (a) Electrical
equivalent circuit of ECIS
system with media only, (b)
equivalent circuit at lower
frequency range neglecting
Ccoat, (c) equivalent circuit
at higher frequency range
neglecting Cdl, (d) a typical
admittance Nyquist plot for
finding peak frequency
(taken from [5])
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Zj j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rsol þ Rexp

1þ ω2R2
expC

2
coat

 !2

þ ωR2
expCcoat

1þ ω2R2
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2
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 !2
vuut : ð6:3Þ

Zr ωð Þ ¼ Rsol þ Rexp

1þ ω2R2
expC

2
coat

: ð6:4Þ

θ ¼ � tan �1
ωR2

expCcoat

Rsol þ Rexp þ 1þ ω2RsolR2
expC

2
coat

: ð6:5Þ

Equation (6.4) depicts that the real part of impedance converges to Rsol as the
frequency becomes higher which shows that the real part of impedance magnitude
(Zr(ω)) becomes relatively constant at higher frequencies. This concept was explored
to find out the value of resistance of the media. Phase angle approaches towards zero
at lower as well as higher frequency, which indicates that phase attains a peak value
in between the frequency range as shown in a typical admittance plot in Fig. 6.11d
for the above circuit.

The angular frequency corresponding to the peak point in the Fig. 6.11d is
expressed mathematically as:

ωp1 ¼ 1
RexpCcoat

1þ Rexp

Rsol

� �
: ð6:6Þ

And the value of imaginary part of admittance (Y( jω)) at this peak angular
frequency is given as:

Y jωp
� � ¼ Rsol

2Rexp Rexp þ Rsol
� � : ð6:7Þ

Since at higher frequency, the equivalent circuit behaves like the circuit as shown
in Fig. 6.11c, Eqs. (6.6) and (6.7) can be used to calculate the coating capacitance as
well as the resistance of the exposed part of the electrode and the pore resistance. The
value of the coating capacitance is in nF range and double layer capacitance is in μF
range [14]. Thus at lower frequencies, reactance of coating capacitance is very high
which makes it behave like open circuit. Hence, the modified circuit diagram in this
frequency range would look like as shown in Fig. 6.11b. This is simple RC series
circuit whose impedance magnitude and phase response are given by Eqs. (6.8) and
(6.9).

Zj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rsol þ Rexp
� �2 þ 1

ωCdl

� �2
s

: ð6:8Þ
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θ ¼ � tan �1 1
ωCdl Rsol þ Rexp

� � : ð6:9Þ

It is clear from the above mathematical expressions that impedance magnitude
decreases and phase approaches to zero from its negative value as the frequency
increases. The peak angular frequency in the Nyquist curve of RC circuit corre-
sponds to

ωp2 ¼ 1
Rexp þ Rsol
� �

Cdl
: ð6:10Þ

This leads to estimate the value of double layer capacitance (Cdl) by substituting
the Rsol from Eq. (6.4).

(b) Cell Parameters
It may be assumed that adding the cells to the media has negligible effect on the total
resistance value of the media, as total volume of PBS media with HeLa cells remains
nearly same as that of media without cells. Other parameters such as resistance of the
exposed part of the electrode and coating capacitance also do not change much on
adding the cells to the media. The double layer capacitance only dominates below
1 kHz due to its high value (μF range) [24]. Considering the negligible effect of
double layer capacitance and coating capacitance in medium frequency range
(1–100 kHz), the equivalent circuit model of PBS solution with HeLa cells is
modified as shown in Fig. 6.12. The Nyquist curve of this circuit will have a peak
corresponding to angular frequency ωp that is given in Eq. (6.11).

ωp3 ¼ 1
Rexp þ Rsol
� �

Ccell
1þ Rcell

Rexp þ Rsol

� �
: ð6:11Þ

The value of imaginary part of admittance at this peak frequency is expressed by
Eq. (6.12).

Fig. 6.12 Electrical equivalent circuit of ECIS system with cells suspended in solution at medium
frequency zone (1–50 kHz) (taken from [5])
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Y jωp
� � ¼ Rexp þ Rsol

2Rcell Rcell þ Rexp þ Rsol
� � : ð6:12Þ

Now, putting the values of already calculated Rexp and Rsol, the cell parameters Rcell,
Ccell can be estimated using Eqs. (6.11) and (6.12).

6.4.2 Extracting the Single Cell Property from Measurement
of Group of Cells

Analysis of electrical properties of a single cell has become a new trend to correlate
cellular events for understanding complex physiological processes. Electrical attri-
butes of single cell analysis provide information about bio-physiological properties
of cell which is sensitive to biophysical changes in cell. However, this technique
suffers from several challenges, which need to be overcome. Handling of a single
cell in microchannel is complicated and requires trapping mechanisms in the
microchannel for single cell impedance measurement [25, 26]. The throughput of
cell capturing devices is limited unless large numbers of traps are available in the
microchannel [27, 28]. The integration of electrodes together with multiplexed
impedance measurements increases the complexity of the system. For large arrays
of traps, complex active matrix method is needed to measure the signals from
multiple electrodes. Moreover, polarization of microelectrodes is also significant
and needs special attention to extenuate the effect [29, 30]. Due to heterogeneity of
biological system, it is expected that cells show its natural characteristics in a colony
of similar cells rather than its individual environment. These shortcomings play
major difficulties when the electrical properties are utilized to distinguish between
normal and cancerous cells through single cell analysis. Alternatively, electrical
properties of a single cell can be estimated through the bioimpedance measurement
of cells in suspensions using well-established Maxwell’s mixture theory [31] without
interfering the above issues. The analysis relates the complex permittivity of the
suspension to the complex permittivity of the particle, the suspending media, and the
volume fraction. Therefore, the proposed technique provides a comparatively easy
alternative way to extract the single cell parameters without involving the complex
technology required for single cell analysis in microchannel.

The present study introduces a simple and detailed analysis technique to extract
electrical properties of single cell from impedance spectroscopy data of group of
cells in suspension using Maxwell’s mixture theory.

6.4.2.1 Maxwell’s Mixture Theory

The suspended biological cells in media form a heterogeneous system and its
dielectric properties are generally described by Maxwell’s mixture theory [31]. For
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a spherical particle dispersed in a suspending medium at a low volume fraction, the
Maxwell’s mixture theory provides an equivalent complex dielectric permittivity of
the cells in the frequency domain according to Eq. (6.13) [17].

eεmix ¼ eεm 1þ 2φ~f cm
1� φ~f cm

lim
x!1, ð6:13Þ

where ~f cm is the complex Clausius–Mossotti factor

~f cm ¼ eεp � eεmeεp þ 2eεm : ð6:14Þ

The subscripts “mix,” “p,” and “m” refer to mixture, particle, and media, respec-
tively, and eε is the complex permittivity and represented as eε ¼ ε� j σω, where j ¼ffiffiffiffiffiffiffi�1
p

, ε, σ, ω, and φ are permittivity, conductivity, and angular frequency and the
volume fraction of the cells in suspension, respectively.
Although Maxwell’s theory is valid only for low volume fraction (φ < 10%), later
Hanai et al. [32, 33] extended the theory for all volume fractions which is depicted in
Eq. (6.15).

1� φ ¼ eεmix � eεpeεm � eεp
� � eεmeεmix

� �1=3

: ð6:15Þ

In terms of single shelled spherical cell model in suspension as shown in
Fig. 6.13, the complex permittivity of the cell is [31]:

Fig. 6.13 Schematic
diagram of single-shell
model of cell in suspension
(taken from [17])
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eεp ¼ eεmem

γ3 þ 2 eεi�eεmemeεiþ2eεmem

� �
γ3 � eεi�eεmemeεiþ2eεmem

� � , ð6:16Þ

with γ ¼ R + d/R, where eεmem and eεi are the complex permittivity of cell membrane
and cytoplasm, respectively; R is the radius of cell; and d is the membrane thickness.
Thus, the complex permittivity of the cell is a function of dielectric properties of
membrane, internal properties (mainly cytoplasm), and size of the individual cell.
The complex bioimpedance (~Zmix) of cells in suspension is related to the equivalent
complex permittivity of the mixture and the geometrical parameters of the measure-
ment system by [31]

~Zmix ¼ 1
jωeεmixG

, ð6:17Þ

where G is a geometric constant, which is the ratio of electrode area (A) to gap (g), A/
g between the electrodes. In this study, impedance spectroscopy of cells suspended
in media is carried out using ECIS based device with known geometric constant.
Subsequently, complex impedance and equivalent complex permittivity of mixture
of suspended cells are found out using Eq. (6.17).

6.4.2.2 Equivalent Electrical Model of Single Cell

In general, an equivalent electrical circuit model analogous to physical model is
utilized to describe the electrical properties of suspended cells. Although it is quite
complex to analyze the equivalent circuit model, the conductivity of membrane and
the permittivity of the cytoplasm were considered to be very low in the present study
to get simple mathematical expression as stated in Eqs. (6.18) and (6.19).

eεi ¼ �jσi=ω: ð6:18Þeεmem ¼ ε, ð6:19Þ

where σi is the conductivity of cytoplasm and ε is the permittivity of membrane.
Putting the above assumptions in Eq. (6.16) it can be simplified in Eqs. (6.20) and
(6.21) [17].

eεp ¼ ε
γ3 þ 2 �jσi=ω�ε

2ε�jσi=ω

� �
γ3 � �jσi=ω�ε

2ε�jσi=ω

� � : ð6:20Þ
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Re eεp	 
þ jIm eεp	 

ε

� �
¼ 2bε2 þ a σi=ωð Þ2

b2ε2 þ σi=ωð Þ2
 !

þ j
εσi=ω 2� abð Þ
b2ε2 þ σi=ωð Þ2

 !
, ð6:21Þ

where a ¼ γ3þ2
γ3�1

� �
, b ¼ 2γ3þ1

γ3�1

� �
with γ ¼ Rþd

R .

On dividing the real and imaginary part ofeεp in Eq. (6.21), a quadratic equation is
formed as:

a
ω

σi=εð Þ2 � K 2� abð Þ σi=εð Þ þ 2bω ¼ 0, ð6:22Þ

where K ¼ Re eεp½ �
Imeεp½ �

� �
:.

By assuming the l ¼ σi/ε and equating with the imaginary part of Eq. (6.21), the
permittivity of single cell is obtained as

ε ¼ b2 þ l=ωð Þ2
l=ωð Þ 2� abð Þ

� �
Im eεp	 


: ð6:23Þ

Using Eq. (6.22) value of l is calculated, then the relative permittivity (ε) is
obtained from Eq. (6.23), and finally conductivity (σi) is incurred through σi¼ l� ε.

The impedance of cell suspension consists of impedance of the medium
represented by a parallel combination of resistance and capacitance and impedance
of cells. According to Foster and Schwan [34], a single cell is approximated to a
cytoplasm resistor (Ri) in series with a membrane capacitor (Cmem) as represented in
Fig. 6.14. The cell membrane consists of a thin phospholipid bilayer having very low
conductivity and acts as a dielectric material offering a capacitive pathway to the
system

The cell cytoplasm can be approximated as a highly conducting ionic solution
with a large concentration of dissolved organic material which is considered to be
resistive pathway to the electrical signal in the electrical equivalent of the system.
The values of simplified frequency dependent cell parameters are determined by the

Fig. 6.14 Simplified
equivalent circuit model of a
single cell in suspension
(taken from [17])
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dielectric and conductivity properties of cell and medium, cell size, volume fraction,
and geometric constant of the system [31]:

Cmem ωð Þ ¼ 9φRε
4d

G: ð6:24Þ

Ri ωð Þ ¼
4 1

2σm
þ 1

σi

� �
9φG

: ð6:25Þ

The frequency dependent relative permittivity (ε) and conductivity (σi) of single
cell obtained in Eqs. (6.22) and (6.23) are used in Eqs. (6.24) and (6.25) to extract the
single cell membrane capacitance and cytoplasm resistance.

6.5 Applications

6.5.1 Calculation of Equivalent Parameters of HeLa Cells
Using Fragmental Frequency Analysis

6.5.1.1 Resistance of the PBS Media

At high frequency double layer capacitance can be considered shorted and the
equivalent circuit of the PBS media without HeLa cells would look like
Fig. 6.12c. The plot of real part of impedance data of PBS media with frequency
is shown in Fig. 6.15.

According to Eq. (6.4), the real part of impedance converges to Rsol at higher
frequency range. The graph demonstrates that the real part of impedance becomes
relatively constant at higher frequencies, i.e., above 100 kHz and Rsol was found to
be approximately 220 Ω.

6.5.1.2 Resistance Rexp

According to proposed fragmental analysis, it is required to present the data in
admittance curve to extract the value of resistance of the exposed part of the
electrode. The peak point of the admittance plot of impedance data of media without
cells provides information about the exposed resistance of the electrode. Nyquist
plot of the experimental PBS data is shown in Fig. 6.16 having two peaks, where
G and B are conductance and susceptance in Siemens (S), respectively. The first peak
at lower frequency corresponds to the double layer capacitance since the coating
capacitance acts as open circuited in this frequency range. Considering the equiva-
lent circuit as given in Fig. 6.12c for high frequency range, the value of imaginary
part of admittance at the peak frequency is governed by Eq. (6.6). Since Rsol is
known from the previous calculation, the value of resistance of exposed part of the
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Fig. 6.15 Variation of real part of impedance data of media without cells with frequency (taken
from [5])

Fig. 6.16 Nyquist plot of admittance data with only PBS solution (taken from [5])
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electrode may be estimated using Eq. (6.7). In this case, the frequency corresponding
to the second peak is found to be 9.437 MHz, and the magnitude of imaginary part of
admittance at this frequency is found to be 0.0012 S. Using Rsol as 220Ω in Eq. (6.7)
the resistance of the exposed part Rexp of the electrode is calculated to be 217.76 Ω.

6.5.1.3 Coating Capacitance

Considering the resistance of the PBS media, the exposed part of electrode, and the
frequency corresponding to the second peak of the curve obtained in Fig. 6.16, the
value of coating capacitance was subsequently calculated using Eq. (6.11) to be
approximately 0.154 nF.

6.5.1.4 Double Layer Capacitance

At lower frequency the equivalent circuit looks like the resistance of the PBS media
in series with the double layer capacitance as given in Fig. 6.12b and the
corresponding lower frequency peak is a function of Cdl, Rsol, and Rexp. In the
experimental Nyquist curve as shown in Fig. 6.16, the lower peak frequency is
found to be 529.2 Hz. Using the already extracted values of Rsol and Rexp in
Eq. (6.10) the double layer capacitance Cdl was found out to be 0.687 μF.

6.5.1.5 Equivalent Parameters of the HeLa Cells

To extract equivalent electrical parameters of cells, it is assumed that resistance of
the exposed part of the electrode and coating capacitance do not alter on adding the
cells to the media. Figure 6.13 describes the electrical equivalent circuit of HeLa
cells suspended in PBS solution at medium frequency. The circuit has two time
constants corresponding to two peaks in the Nyquist curve of admittance spectrum as
shown in Fig. 6.17. It has been observed from Fig. 6.17 that adding the cells to the
media, lower peak frequency in the Nyquist curve changes, while the peak at higher
frequency remains at same position as compared to Fig. 2.16 because only coating
capacitance dominates at higher frequency, which remains same for both the cases.
As depicted from Fig. 6.17 that the position of lower frequency peak obtained at
6.0103 kHz is higher than frequency observed for PBS media as shown in Fig. 6.16.
However, the peak at higher frequency occurs at same frequency at 9.437 MHz for
both the cases. The higher frequency peak obtained from measured impedance result
corresponds to 9.437 MHz which matches closely with the theoretically calculated
frequency considering the already extracted parameters Ccoat ¼ 0.154 nF, Rsol ¼
220 Ω, and Rexp ¼ 217.76 Ω validating the present method at high frequency zone.
Double layer capacitance is not affected appreciably on adding the cells to media and
the reactance of double layer at frequency 6.0103 kHz is 38.54 Ω. Hence, the double
layer capacitance may be considered shorted around this frequency and validated the
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equivalent circuit model at medium frequency (1–100 kHz) as depicted in Fig. 6.17.
Considering the lower peak frequency at Fig. 6.17 the calculated values of cell
parameters Rcell and Ccell are found to be 272.05 Ω and 0.010 μF using Eqs. (6.11)
and (6.12).

The above studies provide a systematic pathway for estimating various electrical
parameters initially by extracting the parameters, e.g., double layer, coating capac-
itance, and resistance of exposed part of the electrode from impedance spectroscopy
data of PBS media without HeLa cells and subsequently use these parameters to
calculate the equivalent parameters of HeLa cells from the impedance spectroscopy
data of PBS media with cells. Table 6.1 summarizes the theoretically extracted
parameters along with its comparison with data extracted using LEVM-based fitting
software. However, the above results are achieved by assuming the parameters
extracted from media data do not change on adding the cells to the media. It is
expected that the double layer capacitance changes on adding the cells to the media
because of redistribution of ions at the electrode–electrolyte interface, while other
parameters do not change appreciably. Thus, it is desirable to study cell behavior at
slightly higher frequency range to avoid the effect of change in double layer
capacitance.

Fig. 6.17 Nyquist plot of admittance data of system with HeLa cells suspended in PBS solution
(taken from [5])
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6.5.2 Extraction of Single Cell Parameters of HeLa Cells

Maxwell’s mixture theory has been explored for single cell analysis utilizing the
impedance data measured at various voltages. In this approach, volume fraction of
1 million HeLa cells suspended in a total volume of 400 μl is represented as

φ ¼ 106 � 4
3

� �
πR3

400� 10�6 � 10�3 � 0:0104 < 0:1, ð6:26Þ

considering the average radius of a HeLa cell (R) as 10 μm, while the typical
thickness of membrane (d ) is 5 nm [9]. The geometric constant (G ¼ A/g) of the
device as mentioned in Eq. (6.26) is not easy to find because of nonlinear electric
field. However, the approximate value of G is found out by substituting the area of
the electrode (A) equal to 1 cm2 and average gap between the electrodes (g) to 3 mm.
The measured relative permittivity of PBS medium used in the experiment is
136, and the conductivity of the media is 1.56 S/m. Hence, the complex permittivity
of PBS may be expressed as Eq. (6.27).

eεm ¼ 136ε0 þ j
1:56
ω

, ð6:27Þ

where ε0 ¼8.854 � 10�12 F/m and ω is angular frequency. Using impedance
spectroscopy data obtained from the experiment, the complex permittivity of mix-
ture eεmixð Þ was calculated using Eq. (6.17). Subsequently eεmix , eεm , and φ were
substituted in Eq. (6.15) to estimate the complex permittivity eεp� �

of single HeLa
cell. Figures 6.18a, b illustrate the variation of conductivity and permittivity of the
single HeLa cell, respectively, with the frequency sweep from 100 Hz to 10 MHz for
various operational voltages in the range of 1 mV–1 V. The results show that both
the conductivity and relative permittivity of equivalent single HeLa cell increase
with higher operational voltage at lower frequency range. From Fig. 6.14a it may be
observed that, at lower frequency, the conductivity of single HeLa cell increases
from 0.13 to 0.23 S/m as the voltage increased from 10 mV to 1 V. The results
indicate that the higher electric field opens up more ionic channels in the cell
membrane and thus enhances the charge exchange process between cytoplasm and

Table 6.1 Comparison between values of different parameters extracted theoretically and using
LEVM based fitting software

Parameters Theoretically calculated Using fitting software

Rsol 220 Ω 201 � 2.903 Ω
Rexp 217.76 Ω 191 � 6.303 Ω
Ccoat 0.154 nF 0.32 � 0.02 nF

Cdl 0.687 μF 0.77 � 0.05 μF
Rcell 272.05 Ω 267 � 32.04 Ω
Ccell 0.010 μF 0.0136 � 0.0013 μF
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Fig. 6.18 Variation of (a) conductivity, (b) relative permittivity of single HeLa cell with frequency
at different voltages. Inset shows the magnified image of circled portion of (b) (taken from [17])
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extracellular solution. This phenomenon allows higher current to flow through the
cell membrane and cytoplasm leading to increase of conductivity. Availability of
ionic channel enhances the charge exchange between the cytoplasm and extracellular
solution. Wang et al. [9] showed similar variation of permittivity and conductivity
for different voltages measured by trapping a single HeLa cell inside the
microchannel. Figure 6.18b shows that the measured relative permittivity of single
HeLa cell is nearly same for different operating voltage up to 300 mV. At higher
applied voltage above 300 mV, the slope of relative permittivity of cell is sharper
than lower voltage data up to 4 kHz and thereafter all the permittivity data remain
nearly same for entire operating voltages. Under higher electric field the capacitance
representing the cell membrane may be fully charged at lower operating frequency,
whereas at higher frequency zone it is unable to fully charge within one cycle
[9, 35]. This demonstrates the decrease in relative permittivity of HeLa cell with
increasing frequency at higher operating potential. The above experimental facts
depict that the relative permittivity and conductivity of single HeLa cell are function
of applied potential and frequency. These information may be useful for electropo-
ration of cell membrane and characterization of different diseased cells.

Additionally, the parameters such as cell membrane capacitance and cytoplasm
resistance of a cell may be utilized for identification of cell type and may also be
explored for diagnostic and prognostic applications correlating with the disease
progression. Therefore, extraction of membrane capacitance and cytoplasm resis-
tance of single cell has emerged as major requirement to get the detailed insight of
the disease and characterize them. The already extracted relative permittivity (ε) and
conductivity (σi) of single cell are further used to obtain the membrane capacitance
and cytoplasm resistance of single HeLa cell using Eqs. (6.24) and (6.25) and its
variation with frequency is shown in Fig. 6.19a, b, respectively. Since the permit-
tivity of membrane decreases continuously with the frequency, the membrane
capacitance shows similar variation as observed in Fig. 6.19a. Its value decreases
from 50 nF/cm2 at 100 Hz to 9 pF/cm2at 1 MHz. In β-dispersion range (above
100 kHz) the membrane capacitance becomes almost constant in the range of few
nF/cm2, which matches closely with the generally accepted value of single HeLa cell
membrane capacitance obtained by cell trapping [26]. As depicted from the
Fig. 6.19b cytoplasm resistance decreases with frequency in lower frequency
range while it becomes almost constant (35 kΩ cm2) in β-dispersion range which
is also congruent with the generally accepted values of single HeLa cell cytoplasm
resistance obtained by the method of cell trapping [26]. Table 6.2 shows a compar-
ison between the extracted cell membrane capacitance and cytoplasm resistance
through single cell trapping method by Wang et al. [9] and the present method of
impedance measurement of colony of suspended cells. Thus, the experimental and
theoretical analysis technique presented in this chapter demonstrate that electrical
properties of single cell may be evaluated through the bioimpedance measurement of
a colony of cells in suspensions using the Maxwell’s mixture theory without
complicated single cell trapping technique. It is expected that the extracted param-
eters will provide more realistic and practical information about the cell because its
measurement has been conducted in close resemblance to practical conditions.
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6.6 Summary

A miniaturized bioimpedance sensor for on-chip cell culture and electrical equiva-
lent model of the cell–electrode system to characterize biological cells has been
presented in this chapter. The device has been fabricated using microfabrication
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technology considering the biocompatibility issues and it demonstrates successful
cell culture and corresponding impedance change. Subsequently, based on the
experiment, an equivalent circuit model has been developed considering coating
capacitance, double layer capacitance, exposed electrode resistance, and resistance–
capacitance of group of growing cells on the electrode surface. Utilizing proposed
fragmental analysis method with equivalent circuit model in different frequency
ranges the simplified mathematical models are formulated to evaluate the parameter
values theoretically. The extracted parameter values are further compared with the
standard LEVM based fitting software EIS Spectrum Analyzer. Thus, the present
study will provide an alternative way to evaluate the information of electrical
equivalent parameters of electrode and cells of the system with a better understand-
ing of complex mechanism in bioimpedance measurement.

Further, the importance of single cell measurement and existing methods with its
limitations is discussed. In this chapter, a technique to extract the electrical properties
of single HeLa cell through bioimpedance analysis of its colony of cells in suspen-
sion by Maxwell’s mixture theory has been presented. Using the bioimpedance
spectroscopy data of HeLa cells in PBS medium at different voltages, complex
permittivity of the mixture was calculated which was further analyzed to extract
the permittivity and conductivity of single HeLa cell. The experimental observation
reveals that the relative permittivity and conductivity of single HeLa cell is a
function of applied potential and frequency. At low frequency, the conductivity of
single cell increases which is attributed for opening of more ion channels of
membrane at higher electric field, allowing higher current to flow through the cell
membrane and cytoplasm leading to increase of conductivity. At lower frequencies
the relative permittivity of cell membrane decreases with the voltage. The relative
permittivity of single HeLa cell is almost constant at the entire frequency range at
lower operating voltage of 10–300 mV, while at higher applied voltage at 500 mV
and 1 V, it reduces rapidly with increasing frequency. This indicates that under
higher electric field the capacitance representing the cell membrane may be fully
charged at lower operating frequency, whereas at higher frequency zone it may be
unable to be fully charged within one cycle. In β-dispersion range, the membrane
capacitance and cytoplasm resistance were calculated to be in 3.9 nF/cm2 and
35 kΩ cm2, respectively, which matches closely with the value obtained from cell
trapping method found in literature.

Therefore, the present chapter provides an alternative technique to theoretically
calculate the model parameters of group of cells on electrode surface. Further

Table 6.2 Comparison of extracted single cell parameters

Single cell
parameters

By single cell trapping
method (Wang et al.)

By cells suspension method (analysis
using present technique)

Resistance of cyto-
plasm (Ω cm2)

6.0 � 104 3.5 � 104

Membrane capaci-
tance (F/cm2)

2.5 � 10�9 3.9 � 10�9
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extraction of electrical properties of a single cell from the bioimpedance spectros-
copy of a colony of cells by avoiding the complexity of single cell capturing and
impedance measurement in microchannel led to fundamental contribution to the
future study of cellular bioimpedance.
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Chapter 7
Research Aspects and Strategies
for the Development of Biosensors for Renal
Disease Diagnosis

Akshay Srivastava and Gopal Agarwal

7.1 Point-of-Care Devices and their Importance in Renal
Diseases Diagnosis

Point-of-care (POC) devices are designed to test and provide relevant information in
a clinical setting during patient consultation for immediate action. The POC can also
be performed at the bedside, home, or in paramedical support as well as in secondary
and tertiary settings (Vashist, Luppa, Yeo, Ozcan, & Luong, 2015). For resource-
constrained settings, WHO sets ideal characteristic for POC to be “ASSURED
(Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment free,
and Deliverable to end-users)” for developing diagnostic test [1].

The incidence of kidney disease is constantly growing but the limited sensitivity
and specificity of available diagnostics for early stage detection possess obstacles in
providing timely treatment. The global burden of deaths related to kidney-associated
disease was estimated at nearly 1.2 million populations in 2017. Patients suffering
from kidney injury requiring renal replacement are estimated to be 5.4 million by
2030. Hence, there is an urgent need for the early assessment of acute and chronic
kidney injury [2]. Chronic kidney disease (CKD) is defined as the dysfunction of the
healthy kidney to filter and remove the waste from a body. When it is progressed to
the end-stage failure, a massive level of fluids and electrolytes accumulates in the
body [3]. Thirty million people in the USA have been suffering from CKD and
around 96% of the population are not aware of the kidney damage. In the Indian
population, diabetes has risen to 7.1% and 28% in urban and rural areas, respectively
[4] which has become the main concern in developing CKD. Approximately 1 in
3 diabetic adults is also diagnosed with CKD [5]. In 2017, a study suggested that the
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global prevalence of chronic kidney disease (CKD) was 9.1% (697.5 million cases),
of which nearly one-third cases were from India and China [6]. Irreversible kidney
failure persists as the leading cause of high mortality in critically ill patients. The
global ranking of CKD was around 12th in causing common death and approxi-
mately 17th in causing disability [7]. Acute kidney injury (AKI) is also possessing a
threat in the progression towards end-stage renal disease. Timely diagnosis of AKI
would also permit prediction of severity of AKI, course of timely treatment, and
safety assessment during drug treatment. Needle biopsy is the current gold standard
technique for the diagnosis of different types of kidney dysfunction. However, renal
biopsy can lead to complications like bleeding, infections, and sometimes death.
Furthermore, other techniques like ultrasound imaging and magnetic resonance
imaging are routinely used to assess the kidney function but it is costly, time-
consuming, and difficult [8]. Thus, the development of POC devices for early
assessment of AKI and CKI can aid in the treatment of kidney disease.

Consider the following scenario; Wheelchair-bound elderly patient visiting
nephrologists or general physician for a treatment related to kidney disease. The
doctor may recommend her to get it tested for the proper functioning of the kidney. It
would be difficult for the patient to go to the pathological center due to immobility,
lack of car parking, access for wheelchairs, and probably endless wait for an
appointment. Then, there would be a delay in receiving the pathology report and a
follow-up visit to the doctor to discuss the treatment based on the report. Consider
how much easier for the patient it would be if a kidney test could be done on-site and
get the result within a few minutes in clinical setup and receive treatment. Similarly,
a diabetic patient visits a doctor for a routine check-up and ensuring medications
related to diabetes management. The doctor suggested changes in medicine and
instructed a strict diet for diabetes management to avoid secondary complications
such as kidney damage, etc. As usually diabetes patients do not visit the doctor so
often and keep taking the same medicine for long without noticing the damage it may
have caused to the kidney. Consider how much vigilant a patient can become if
POC device is easily available to him for constant monitoring of kidney health at
home. Thus, access to the POC device may address all these issues related to daily
healthcare systems related to kidney health.

7.2 Various Biomarkers for Kidney Disease Diagnosis

Biomarkers play a crucial role in the diagnoses of renal disease at an early stage.
Biomarkers can be measured as an indicator of biological processes in normal and
disease states. There are several types of biomarkers: diagnostic, monitoring, phar-
macodynamics, predictive, safety, prognostic, and susceptibility [9]. The readily
available source of kidney disease biomarkers for the diagnosis is urine
(non-invasive method) and blood (slightly invasive method). Both of these sources
have their advantage and disadvantage, where urine provides an understanding of
renal pathologies is less complex compared to serum, and can be easily collected at
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home. However, the handling of urine greatly affects the stability of proteins present
within. The serum is more stable than urine and is less prone to contamination as
compared to urine. However, serum biomarkers represent the systemic response of
disease, rather than organ-specific response, and also a large amount of protein
presents in serum samples makes it difficult to estimate the desired protein
[10]. The biomarkers in renal disease can be related to two stages of kidney disease,
i.e. acute kidney injury (AKI) and chronic kidney injury (CKI). AKI is defined as an
unexpected decrease in glomerular filtration rate that includes both loss of function
and structural damage and consequently retention of nitrogenous waste products and
dysregulation in exchange of extracellular volume and electrolytes. As per “Risk,
Injury, Failure, Loss, and End-Stage Renal disease criteria (RIFLE),” the term AKI
includes the entire spectrum of disease from the early stage of renal failure to the
end-stage requiring renal replacement therapy. However, in 2007, acute kidney
injury network (AKIN) proposed the more sensitive AKI diagnostic criteria. The
proposed definition of AKI states that AKI is diagnosed by a sudden increase in
serum creatinine of approximately 0.3 mg/dL (26.5 μmol/L) within 48 hours a 50%
increase in serum creatinine level from baseline within 7 days or having urine
volume less than 0.5 ml/kg/h for at least 6 h [11]. U.S.F.D.A approved biomarkers
for AKI diagnosis include β2 microglobulin, α1 microglobulin, retinol-binding
protein, cystatin C, microalbumin, clusterin, neutrophils gelatinase-associated
lipocalin, kidney injury molecule-1 (KIM-1), asymmetric dimethylarginine
(ADMA), interleukin-18, cysteine rich protein, osteopontin, fatty acid binding
protein, sodium and hydrogen exchanger isoform, and fetuin A (Fig. 7.1). However,
single marker may not be able to detect the development of CKD and its progression
due to complex pathomechanism. A combination of markers would be required to
map all the changes occurring in the progression of kidney disease [12]. However,

Fig. 7.1 Schematic
illustration showing various
regions of biomarkers
present in different regions
of the kidney

7 Research Aspects and Strategies for the Development of Biosensors for. . . 167



many studies to date have solely concentrated on serum creatinine and blood urea
nitrogen (BUN) levels for detection of AKI [13]. eGFR can be calculated from the
estimation of creatinine (CRE) concentration in blood or serum. However, variation
in serum creatinine measurements can be influenced by age, sex, size of the body,
total muscle mass, consumption of food, drugs, and other biological variation.
International guidelines define chronic kidney injury (CKI) as a decrease in glomer-
ular filtration rate < 60 mL/min per 1.73 m2 and/or having markers of kidney
damage or both for at least 6 months. The main clinical manifestation of CKI is
renal fibrosis, which is characterized by glomerulosclerosis, interstitial fibrosis, and
tubular atrophy [3]. Diagnosis of CKI relies on the measurement of glomerular
filtration rate and albuminuria. Based on the GFR, the CKI is classified into five
different stages: stage I (GFR > 90 ml/min), stage II (GFR > 60–89 ml/min), stage
IIIa (GFR 45–59 ml/min), stage IIIb (GFR 30–44 ml/min), stage IV (GFR 15–29 ml/
min), and stage V (GFR <15 ml/min). We have summarized the occurrence of the
prominent biomarkers of AKI, sample source, significance and limitations of detec-
tion in Table 7.1.

Albumin is another important biomarker that represents more than 80% of the
protein content in the urine. The albumin:creatinine concentration ratio is the most
widely used measurement for the detection of kidney damage. Urine dipstick is a
qualitative measurement of protein usually involved in analyzing crude estimates of
albumin with low sensitivity [14]. Incorporation of immunoassay principles in
dipsticks has enabled the semi-quantitative measurement of urine microalbumin
and/or albumin:creatinine ratio Nagrebetsky et al. (2013) McTaggart et al. (2012).
The POC devices that provide quantitative measurement of urine albumin along with
albumin:creatinine ratio utilize the principles of immuno and/or colorimetric assay
[15–17]. However, the presence of albumin in urine involves biological variations.
Transient increase in albumin concentration in several other conditions such as
urinary tract infection, postural changes, hypertension, hyperglycemia, etc. in urine
also leads to false-positive measurements [14, 18, 19]. These conventional markers
may be replaced with newly discovered markers as discussed above and will be
useful for the development of POC devices but their efficacy, sensitivity, specificity,
and cost-effectiveness should be fully explored.

7.3 Point-of-Care Devices for Kidney Injury Diagnosis

Various biomarkers have been reported for AKI estimation; however, most of the
POC devices for AKI are based on the estimation of creatinine level. Creatinine is
the most commonly analyzed biomolecule for CKD [20]. Concentrations of creat-
inine greater than 150μM may demonstrate a risk of CKD but additional analytical
tests would be required to exclude any such risk. However, creatinine values above
500μM advise serious renal impairment that may require dialysis or kidney trans-
plantation in extreme cases [21]. Therefore, clinically sustainable and accurate
detection of creatinine at POC may ensure individual well-being with an affordable
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healthcare system and monitor advanced stages of CKD patients. Recently, POC has
been developed for the analysis of creatinine in hospitals and pathology laboratories
[22]. Colorimetric and voltammetry-based approaches have shown true POC devices
that can replace older methods involving large sophisticated instrumentation [23–
25]. A growing interest in utilizing the concept of voltammetry and amperometry for
creatinine detection is observed in the last 10 years. Some of the marketed POC
devices for the estimation of creatinine levels are i-STAT (Abbott, USA), epoc
(Siemens, USA), StatSensor (Nova Biomedical, USA), ABL90 Flex Plus (Radiom-
eter Benelux, The Netherlands), and STAT Profile Prime+ (Nova Biomedical, USA)
(Fig. 7.2). The comparison of various POC devices for AKI is illustrated in
Table 7.2. Mostly, these FDA approved POC devices for the measurement of

Table 7.1 AKI biomarkers and their significance

Biomarker

Source of
biomarker
detection

Significance of the biomarker
in detection

Limitation of the biomarker
in the detection of AKI

Retinol-binding
protein (RBP)

Urine Indicator of tubular function
and glomerular filtration

Cystatin C Urine/
serum

Tubular injury cell marker
and is released by all nucle-
ated cells, indicates impaired
GFR

Thyroid dysfunction, obesity,
use of corticosteroid, inflam-
matory agent, old age, male
gender, smoking affects the
cystatin C level

Kidney injury
molecule-1
(KIM-1)

Urine High levels are released by
damaged proximal tubular
cells

Neutrophils
gelatinase-
associated
lipocalin (NGAL)

Urine/
plasma/
serum

Released from leukocytes,
Henle’s loop and collecting
tubule, and indicator of
inflammation

Stress and sepsis patient has a
higher level of NGAL

Interleukin-18
(IL-18)

Urine High levels indicator of renal
inflammation and is released
by monocytes, dendritic cells,
and macrophages

Fatty acid binding
protein (FABL)

Urine Released from proximal
tubular cells, indicates proxi-
mal tubular injury and oxida-
tive damage

Creatinine Serum/
urine

Indicates damage to kidney
nephrons and change in glo-
merular filtration rate

The serum level depends
upon muscle mass, age, sex

Tissue inhibitor of
metalloproteinase
2 (TIMP) and
Insulin-like
growth factor-
binding protein
7 (IGFBP7)

Urine Indicates cellular stress or
injury, markers of cell cycle
arrest

Limited information regard-
ing the biological role and
factors affecting these bio-
markers level
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Fig. 7.2 Various marketed POC available for kidney function analysis. (a) Novastat sensor: (b)
i-STAT, (c) epoc, (d) ABL800 Flex, (e) DRI-CHEM NX500, (f) Piccolo express

Table 7.2 Various marketed POC available for the estimation of creatinine level

POC

Type of
sample
analyzed

Minimum amount
of sample required
for detection

Method of
detection

Limit of
detection of
POC

Time
taken for
detection

Nova stat
sensor

Whole
blood

1.2μl Enzymatic,
electrochemical
biosensor strip

0.3–12 mg/
dL

30 s

i-STAT Whole
blood,
plasma,
serum

100μl Enzymatic,
electrochemical
biosensor strip

0.2–20 mg/
dL

200 s

Epoc Venous,
arterial, and
whole blood

92μl Enzymatic,
electrochemical
biosensor strip

0.3–15 mg/
dL

35 s

ABL800
FLEX

Whole
blood,
plasma, and
serum

125μl Enzymatic,
electrochemical
biosensor strip

10–2000 mg/
dL

120 s

DRI-
CHEM
NX500
(Fujifilm)

Plasma,
serum, and
whole blood

10μl Colorimetric 0.2–24 mg/
dL

300 s

Piccolo
Xpress
(Abott)

Whole
blood,
serum,
plasma

100μl Enzymatic,
colorimetric

0.2–20 mg/
dL

720 s
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creatinine levels are based on an enzymatic electrochemical biosensor. These POC
devices involve Creatinine Amidohydrolase or Creatine Amidinohydrolase or
Sarcosine Oxidase that converts the creatinine present in the sample into hydrogen
peroxide, subsequently detected by redox-mediated horseradish-peroxidase (HRP)-
catalyzed reduction on a gold electrode. Furthermore, the background creatinine is
converted to water and oxygen and the outer diffusion barrier facilitates the rapid
transport of oxygen to the oxidase enzyme to assure the sensor response is linear and
proportional to the concentration of creatinine in the test fluid. The amount of eGFR
is then calculated based on the creatinine levels. StatSensor is a handheld creatinine
analyzer that quantitatively measures creatinine in capillary, venous, and whole
blood. It was seen that StatSensor was not able to detect creatinine level accurately
for children below 10 years of age and tends to underestimate the high value of
creatinine (<600μmol/L) [1]. Furthermore, in a study by Heijden et al., it was seen
that StatSensor gave more clinical errors and did not meet any criteria of creatinine
for eGFR measurements as compared to i-Stat and epoc [26]. I-STAT is a cartridge-
based analyzer that works on the transformation of electrical signals into human-
readable results. The creatinine and urea level estimation can be done by a minia-
turized version of traditional electrode technology [27]. It was seen that i-STAT
provides high precision and linearity with comparable data to that of the routinely
used chemistry and hematology analyzer [28].

These devices exhibit varying degrees of sensitivity and accuracy at a lower
concentration of creatinine (<120μmol/L) depending upon age, sex, and disease
condition [29]. Creatinine measurement in whole blood possesses serious challenges
due to the presence of interfering molecules. There is a dire need for an analytically
sound POC device for the identification of CKD at an early stage. The current
requirement for the development of POC is sampling, quick results, automatic
eGFR calculation, and error-free analytical performance to establish the risk of
CKD and AKI. No device fulfills all these requirements in the current clinical
setup and hence the opportunities remain in the development of creatinine-based
POC in clinical settings. The establishment of other biomarkers has also been
proposed to detect CKD and AKI, e.g. urinary neutrophil gelatinase-associated
lipocalin (NGAL), urinary kidney injury molecule-1 (KIM-1), and cystatin C,
[30, 31]. Some of these markers now utilized in POC devices are under development,
e.g. Eurolyser SMART and CUBE devices utilize cystatin C and albumin, Alere
Triage® using NGAL, the RenaStick based on urinary KIM-1 [32, 33]. RenaStick
provides a novel and economic test for the detection of AKI. It can monitor the
kidney damage at an early stage using FDA approved KIM-1 marker with greater
sensitivity. It has shown a higher intensity of urinary KIM-1 in the patients suffering
from acute kidney injury compared to healthy volunteers [33].
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7.4 New Avenues in Developing POC for Renal Diseases

The basic principle in developing a biosensor mostly involves selecting a suitable
matrix for antibody immobilization, and then the addition of the sample having the
analyte and its detection using different principles (Fig. 7.3). The ultrasensitive
sensor was fabricated for detection of chronic kidney disease, where papain enzyme
was immobilized on carboxy functionalized multi-walled carbon nanotubes, using
EDC/NHS chemistry. Interaction between cystatin C (present in urine samples) and
papain enzymes was detected by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in less than 10 min. The sensitivity of these biosensors for
detection of cystatin C in urine is 1583.49μA cm�2μg�1, detecting a lower amount
of 0.58 ng/L of the biomarker [34]. Trindande et al. fabricated an electrochemical
biosensor for the detection of cystatin C by the conjugation of graphene oxide
(GO) with aminoferrocene that developed a catalytic nanocomposite and detects
the biomarkers (with LOD 0.03 ng/ml) detection through antibody anchored to the
nanocomposite [35]. The detection of cystatin C can also be done using combined
surface-enhanced Raman spectroscopy and electrochemistry where the biomolecules
extracted from the blood plasma using an extractor chip reduced via disulfide bond
breakage and immobilized on a conductive gold-coated silicon nanopillar substrate.
Such an oriented immobilization allowed reproducible surface-enhanced Raman
spectrophotometer (SERS) and differential pulse voltammetry (DPV) results. Ini-
tially, SPR measurement was done, following which DPV is made to desorb analyte

Fig. 7.3 Schematic representation depicting the basic principle for detection of an analyte in
biosensors: The carbon nanostructure-based scaffolds are conjugated either with antibody,
aptamers, or other biomolecules (enzyme, polymers) and then upon the addition of sample (having
analyte), the analyte binds specially to the biomolecules, and this binding between analyte and
biomolecules is detected using various techniques like cyclic voltammetry, differential pulse
voltammetry, surface-enhanced Raman scattering, and others
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from the substrate and measure its concentration based on the reduced current. The
developed biosensor has shown a sensitivity of 1pM and 62.5 nM, detected by SERS
and DPV, respectively (Fig. 7.4a) [36].

Torabi et al. fabricated an immune sandwich-based POC device for the detecting
RBP4 in the range of 0.001–2 ng/mL. The ultrasensitive sensor was also developed
by immobilization of biotinylated RBP4 aptamers on streptavidin-coated polysty-
rene microwells. RBP4 present in human samples binds to the aptamers and the
detection was made using luminol antibody. The chemical luminescence can be
recorded from the oxidation using hydrogen peroxide as oxidant and Au+3 as catalyst
[37]. Wu et al. have fabricated an enhanced chemiluminescence (ECL) based
biosensor to detect RBP4, where MWCNTs were used as a substrate to anchor a
large amount of the primary antibody on the glassy carbon electrode surface. A
mesoporous silica nanoparticle capped with Nafoin (Ru (bpy)3

+2) was modified with
a secondary antibody on the surface (as shown in Fig. 7.4c). Enhanced ECL signal

Fig. 7.4 Various strategies used in developing a biosensor to detect various biomarkers for the
renal disease: (a) cystatin C (taken with permission from [36]), (b) KIM-1 (taken with permission
from [39, 40]), (i) preparation of ECL emitter, (ii) construction of immunosensor, (iii) signal-
enhanced mechanism, (c) retinol-binding protein 4 (taken with permission from [38]), (d) human
serum albumin (taken with permission from [41, 42])
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was then observed on the exposure to RBP4 present in urine samples in the presence
of tripropylamine (TPA) [38].

NGAL detection was also demonstrated using a label-free photoelectrochemical
biosensor where oriented immobilization of NGAL nanobody was achieved on
streptavidin-coated 2,9,16,23-tetraaminophthalocyanine (CoPc)-sensitized TiO2

electrode. The binding of NGAL causes steric hindrance resulting in a decrease in
photocurrent. The sensitivity of the fabricated biosensor was found to be 0.6 pg/ml
[43]. Yukird et al. fabricated electrosprayed graphene/polyaniline modified screen-
printed electrode for the detection of NGAL using cyclic voltammetry. The presence
of polyaniline increases the number of amino groups for antibody immobilization.
NGAL present in human serum was detected with LOD of 21.1 ng/ml using a
minimal 10μl of a sample [44]. Furthermore, a Prussian blue nanoparticle having
redox activity was deposited on graphitic C3N4 nanosheet by in situ reductions,
which was further conjugated with polyclonal NGAL antibody. A screen-printed
electrode was modified with a monoclonal antibody against NGAL. Upon addition
of NGAL, a sandwich formed at the screen-printed electrode causes the conversion
of Prussian blue to Prussian white, which can be observed by voltammetry. The
fabricated biosensor was able to detect as low as 2.8 pg/ml concentration [45]. Fur-
thermore, Kannan et al. fabricated an electrochemical immunosensor, where rabbit
polygonal lipocalin-2 antibody on gold nanoparticles is initially developed, which is
then attached on generation-1 polyamidoamine (PAMAM) dendrimer (LA2/AuNPs/
PAMAM) immobilized on the gold electrode. The detection of the NGAL was
achieved by the oxidation and current enhancement upon the antigen–antibody
interactions. This biosensor has demonstrated a sensitivity to detect up to 1 ng/ml
of the analyte in the sample [46].

KIM-1 detection was achieved using N-(aminobutyl)-N-(ethylisoluminol)
(ABEI)-polyethylenimine (PEI)-poly (9,9-dioctylfluorenyl-2,7-diyl) (PFO) dots as
a novel ECL emitter. The obtained ABEI-PEI-PFO dots with high ECL efficiency
were due to the dual amplified property of PFO dots. Platinum (Pt) nanoparticles
supported reduced graphene oxide (RGO) nanosheet was used as the loading
platform of ABEI-PEI-PFO dots, to increase the electron transfer efficiency. The
non-specific binding sites were blocked with bovine serum albumin (BSA), resulting
in composites (ABEI-PEI-PFO dots-RGOs/PtNPs) with high-efficiency lumines-
cence. This was further used as a nano-carrier for the detection of antibody (Ab2)
forming ABEI-PEI-PFO dots-RGOs/PtNPs-Ab2-BSA complex (Ab2
bioconjugates). Also, Au nanoparticle (AuNPs) was captured with an antibody
(Ab1). And through sandwiched immunoreaction among Ab2, KIM-1, and Ab1, a
high-sensitive ECL (capable to detect 16.7 fg/ml) immune sensor was constructed
for KIM-1 detection. (Fig. 7.4b) [39, 40]. A biosensor for the detection of human
serum albumin was developed using the principle of electrochemical impedance
spectroscopy (EIS). The carbon electrode (SPCE) was electropolymerized with
polyaniline (PANI) for the deposition of gold nanocrystals (AuNC). Furthermore,
conjugation of oxidized human serum antibody on polyaniline and gold nanocrystals
composite have shown enhanced sensitivity for human serum albumin in the range
of 3-300μg/ml (Fig. 7.4d) [41, 42]. The same research group has later developed
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another electrochemical immunosensor consisting of silver nanoshells with polysty-
rene nanoparticle core covalently conjugated to human serum albumin (HSA)
antibodies. These nanoprobes were then deposited on the electrode using electro-
phoresis. Each immunosensor consisted of two sensing sites: one for the test sample
and another for control [41, 42]. Furthermore, Esentruk et al. fabricated a biosensor
that can detect 0.7 pM of HSA, using surface plasma resonance. HSA imprinted
screen electrode consisting of N-methacryloyl-L-leucine methyl ester, ethylene
glycol dimethacrylate, as a crosslinker, and functional monomer was drop casted
onto surface plasma resonance chips. It was found to be capable of the detection and
quantification of albumin present in human urine samples [47]. Using the same
principle of detection of surface plasma resonance, Liu et al. have fabricated a
biosensor that can detect albumin up to 4μg/ml [48]. Furthermore, immobilization
of silver nanoparticles loaded with albumin on a glass substrate has shown an
enhanced interaction with anti-human albumin antibody, and these interactions of
albumin present on the nanoparticles with antibody were detected using surface
plasma resonance. The fabricated biosensor was able to detect 1 ng/ml of the analyte
[49]. A screen-printed carbon electrode chronoamperometric based biosensor was
also developed for the detection of albumin. Anti-human albumin was immobilized
on the carbon electrode which has shown a sensitivity of 9.7μg/ml [50]. Biosensor
fabricated by using colloidal gold nanoparticles and polyvinyl alcohol (PVA) has
demonstrated the detection of urine albumin up to 25 ng/ml. The gold nanoparticles
conjugated with human albumin antibody were deposited on PVA modified screen-
printed carbon electrode and the quantitative detection was made using DPV and
square wave voltammetry [51]. Now, with the advancement of technology, the
patients can themselves detect the albumin present in their urine using smartphones.
Akaraa et al. fabricated uTester that can conduct rapid and reliable quantification of
human serum albumin. The biosensor is based on aggregation-induced emission
nanomaterials bioprobe BSPOTPE [52]. The bioprobe is non-emissive in the
absence of albumin, however, in the presence of albumin, the bioprobe emits
fluorescence due to its aggregation, caused by the restriction of intramolecular
rotation. Further, Raman spectroscopy has also been successful for the detection of
albumin in human urine. Huang et al. have encapsulated human albumin antibodies
into self-polymerizing dopamine, which can react with human albumin antigen. A
sandwich was then developed between dopamine–albumin and 4 mercapto-pyridine
SERS tag. This interaction was further analyzed by SERS with limit of detection
around 0.2 mg/L [53].

A fluorescent biosensor dependent on the estimation of pH and urea in urine
samples was also fabricated in the form of POC. The biosensor consists of fluores-
cein iso-thiocyanate dextran (FD)/FD-urease encapsulated alginate microcarriers as
a ratio or single fluorometric biosensors. The radiometric sensor was developed by
layer-by-layer (LBL) self-assembly of polystyrene sulfonate and polystyrene sulfo-
nate with RuBpy over (FD)/FD-urease encapsulated alginate microcarriers. The
presence of FD and RuBpy functioned as the indicator and reference fluorophores,
respectively. The sensitivity of the developed biosensor was found to be pH units of
6–8 and urea within 0-50 mM [54]. Furthermore, Yang et al. have fabricated self-
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implantable electronics-skin for in situ body fluid analyzer, which works on the
principle of enzymatic reaction coupling of ZnO nanowires array. It has been
demonstrated the analysis of urea/uric ratio in the body fluids. The developed
biosensors convert the mechanical energy of the body into a piezoelectric impulse,
which can be detected as a piezoelectric signal indicating the urea/uric acid concen-
tration in body fluids [39, 40]. Further advancement in the simultaneous detection of
urea and creatinine was achieved using Kretschmann-based surface plasma reso-
nance. In a study by Menon et al., a biosensor based on the Kretschmann-based
surface plasma resonance principle was developed for the detection of urea and
creatinine levels up to 50–800 mM and 10–200 mM, respectively. Kretschmann-
based surface plasma resonance involves a confined electromagnetic wave of surface
plasmon polariton to propagate in the nearby region of dielectric metal interface. The
illumination of polarized light on the metal surface excites the surface plasmon
waves at the metal dielectric interface. Further, the energy from the incident light
transfers to the surface plasmon and causes a sharp dip in the SPR response curve
[55]. Similarly, the detection of urea can be made using a smartphone-based RGB
profiling principle. Soni et al. have fabricated a sensor having co-immobilization of
urease and pH indicator on a filter paper that changes the color upon interaction with
salivary urea. The change in color correlates with the urea concentration that can be
estimated using RGB coloring in the smartphone. The fabricated biosensor is
capable to detect urea with LOD up to 10.4 mg/dL [56].

Multiwall carbon nanotubes paste (MWCNT)-TiO2 and inulin bionanocomposite
based biosensor was also developed for the detection of creatinine. The presence of
TiO2 has shown a significant involvement in the detection of creatinine. Ti+4

interacts with the hydroxyl group (–OH) group of inulin on one side and amino (–
NH2) group of creatinine on another side, thereby helping in the detection of
creatinine. Also, TiO2 stabilizes the hydroxylamine formed by the oxidation of
creatinine on the electrochemical surface. The fabricated biosensor can detect up
to 60 nM of creatinine using differential pulse voltammetry [57]. Furthermore,
Dasgupta et al. have detected serum creatinine through ferric chloride using differ-
ential pulse voltammetry. The creatinine present in the sample is made to interact
with FeCl3, which leads to a decrease in the current signal due to the low availability
of free FeCl3. The reduction in the current signal is inversely correlated with the
creatinine level [58]. The presence of creatininase, creatinase, and sarcosine oxidase
nanoparticles on the glassy carbon electrode was also able to detect the presence of
creatinine in human serum of healthy and renal dysfunction using cyclic
voltammetry. The creatinine level of 0.01μM to 12μM was detected [24]. Similarly,
Yadav et al. have fabricated a biosensor using creatininase, creatinase, and sarcosine
oxidase mobilized on iron oxide nanoparticles that were co-immobilized on chitosan
grafted polyaniline film. The developed film was further electrodeposited on a
platinum wire through glutaraldehyde coupling. The developed biosensor was able
to detect even 1μM of creatinine in human urine samples within 2 s time frame
[59]. The sensitivity of the developed biosensor was further improved by using zinc
oxide nanoparticles biosensor, instead of iron oxide, and has demonstrated the
creatinine detection limit up to 0.5μMwithin 10 s [60, 61]. Further, to improve the
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sensitivity of detection and long term storage stability, all the three enzymes were
immobilized on a gold electrode and found an improvement in the detection limit up
to 0.1μM of creatinine [62]. Also, when these enzymes were immobilized on the
carboxylated MWCNT (multi-walled carbon nanotube)/polyaniline nanocomposite
deposited on the platinum electrode, they have demonstrated the detection of
creatinine in human sera up to 0.1μM using EIS [60, 61]. Biosensors based on the
potentiometric determination of creatinine in urine have been explored for the
detection of kidney biomarkers to enhance the sensitivity of the POC devices. The
detection is based on an ionophore (Calix (4) pyrrole), which strongly interacts with
creatinine. The developed sensor can detect creatinine up to 10-6.2M [63]. Raman
spectroscopy-based creatinine detection has also led to the detection of 1.45 mg/L of
the analyte in the human urine. Such detection is based upon agglomeration assay,
where gold based nanoparticles interact with the creatinine present in human urine
and form agglomerates, which is then analyzed using Raman spectrophotometer
[64]. Besides this, the detection of creatinine can also be done by the interaction with
hydrogen peroxide. The reaction of creatinine with H2O2 in the presence of cobalt
(Co2+) generates an unstable tetrahedral spirodioxetane intermediate, which further
decomposes into an excited-state species with the elimination of CO2. It has shown
the detection of 7.2 � 10�8 mol/L of creatinine in urine samples [65]. Thus, various
techniques employed to detect various renal biomarkers are constantly increasing the
sensitivity of POC with lesser time. The sensitivity of various diagnostic technique
principles as discussed in Table 7.3 helps to detect the smallest amount of analyte in
the samples. However, if we compare and analyze the most frequently and reliable
method for detection of these renal biomarkers, the amperometric based biosensor is
more predominantly explored in recent time (Fig. 7.5). However, based on the
gathered literature, it reflects that surface plasma resonance, Raman spectroscopy,
and chemiluminescence have also been much capable of detecting the biomarkers,
even in lower amount up to pictogram. Thus, in future, we can vision to have a large
number of biosensors based on these novel techniques, which will entirely depend
on the miniaturization of detection system for the development of POC.

.

7.5 Conclusion

Renal disease is a progressive disorder, which requires timely diagnosis to prevent
chronic kidney failure. In that perspective, POC devices provides the advantage of a
faster and reliable diagnosis required clinically. These devices are available from a
benchtop system to smartwatch dimensions and type. Recent advancement in POC
devices shows that amperometric and chemiluminescence based principles are most
employed, which also provides required sensitivity for the detection of renal based
biomarker analyte. However, other techniques like surface-enhanced Raman spec-
troscopy and surface-enhanced plasma resonance are more sensitive for the detection
of an analyte. Thus, in future POC devices based on these principles can hold an
edge over the existing technology.
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Table 7.3 New principles of detection for kidney biomarkers

Biomarker
detected Principle of detection Limit of detection References

Cystatin C Amperometric 0.58 ng/L [34]

Amperometric 0.03 ng/L [35]

Surface-enhanced Raman
spectroscopy

1 pM [36]

Amperometric 62.5 nM [36]

Retinol-
binding pro-
tein 4

Chemical luminescence 0.001–2 ng/mL [37]

Enhanced chemical
luminescence

78-5000 ng/mL [38]

NGAL Photoelectrochemical 0.6 pg/mL [43]

Amperometric 21.1 ng/mL [44]

Potentiometric 2.8 pg/mL [45]

1 ng/ml [46]

KIM-1 Enhanced chemical
luminescence

16.7 fg/mL [39, 40]

Albumin Amperometric 3-300μg/ml [43]

Surface plasma resonance 0.7 pM [47]

4μg/ml [48]

1 ng/ ml [49]

Chronoamperometric 9.7μg/ml [50]

Amperometric 25 ng/ml [51]

Aggregation-induced emis-
sion nanomaterials bioprobe

30-100 mg/dL [52]

Surface-enhanced Raman
spectrophotometer

0.2 mg/L [53]

Urea Fluorescence 0-50 mM [54]

Piezo-enzymatic reaction 2.5-80 mM [39, 40]

RGB profiling 10.4 mg/dL [56]

Urea and
creatinine

Surface plasma resonance 50–800 mM for urea samples and
10–200 mM for creatinine samples.

[55]

Creatinine Amperometric 60 nM [57]

0.2-5 mg/dL [58]

0.01μM to 12μM [24]

1μM [59]

0.5μM [60, 61]

0.1μM [62]

0.1μM [60, 61]

Potentiometric 10-6.2M [63]

Raman spectroscopy 1.45 mg/L [64]

Chemiluminescence 7.2 � 10�8 Mol/L [65]
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Chapter 8
From Natural to Artificial Biorecognition
Elements: From Antibodies to Molecularly
Imprinted Polymers

Jaroslava Bezdekova, Tomas Rypar, Marcela Vlcnovska,
Marketa Vaculovicova, and Mirek Macka

8.1 Introduction

The observation of nature that surrounds us and the effort to simplify everyday tasks
led hand in hand to the discovery of many inventions and novel technologies, many
of which are based on natural principles. But why should they be limited only to
objects of a macroscopic world that can be seen by the naked eye? With the progress
in science and discoveries of processes taking place in living cells, people started to
be interested how life works. Consequently, they realized that life is based on
specific interactions among cells and molecules, which exhibit some kind of molec-
ular complementarity. They found out that molecular recognition is crucial in a
number of processes, such as: (1) cell recognition where the protein-based surface
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receptors are able to recognize and respond to external stimuli; (2) catalytic activity
of enzymes, which recognize substrate and enable to implementation of a wide range
of reactions; (3) defensive ability of antibodies that are able to recognize antigens
and trigger various protective processes; (4) cell division where specific proteins are
able to recognize certain part of DNA and initiated replication; (5) cell differentiation
which is based on recognition of stimuli leading to changes in gene expression and
finally to specialized cells. So, why should not we get inspired by biological
processes occurring in living cells and try to apply them in technologies that make
our life easier?

The role of molecular recognition between biomolecules was first described as a
“lock-and-key” mechanism by E. Fisher in 1894. Nowadays, molecular recognition
draws a lot of attention in many scientific disciplines (e.g., efficient purification,
analytical methods, imaging and clinical applications, etc.). Moreover, understand-
ing and use of molecular recognition lead not only to the creation of novel assays and
sensors but also to the development of new materials for drug delivery and treatment.
The overview of scientific fields in which molecular recognition is important is
schematically shown in Fig. 8.1.

Initially, biological macromolecules (such as antibodies or aptamers) have been
widely used in molecular recognition-based technology. However, their limitations,

Fig. 8.1 Schematic overview of areas of applications of molecular recognition
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such as high production costs and low stability, lead to the development of other
completely novel recognition components that are able to overcome the limitations
of biological macromolecules.

In this chapter, the molecular elements (specifically antibodies, aptamers, and
molecularly imprinted polymers) that have an enormous potential to be used as
antibody alternatives in chemistry and medicine are discussed in detail.

8.2 Development and Production of Recognition Elements

8.2.1 Antibodies

Antibodies (Abs) are Y-shaped glycoprotein molecules formed by two heavy and
two light polypeptide chains. They are produced by B-cells to recognize and
neutralize antigens such as a variety of pathogens [1]. Abs were discovered in
1890 by Emil von Behring along with K. Shibasaburo, who for the first time
described the presence of “neutralizing substances” in the blood, which could
counter infections [2]. At the beginning of the twentieth century, antibodies were
labeled by Paul Ehrlich as “magic bullets” that selectively target an area of disease in
the human organism, and he predicted their application in medical therapy [3].

However, the first experiments focused on medical therapies that were performed
with polyclonal antibodies (PAbs) were not as effective as predicted [4]. The
majority of antigens have a highly sophisticated structure and contain several
epitopes that can be recognized by different lymphocytes. As each lymphocyte
produces an antibody against a different epitope, the resulting antibody response
was polyclonal. This means that obtained PAbs are a mixture of heterogeneous
antibodies, which are able to recognize and interact with a variety of epitopes within
a single antigen. Because of low specificity and significant cross-reactivity, PAbs are
not suitable for antibody-based therapy in medicine. Nevertheless, PAbs are appli-
cable in the detection of unknown antigens, so, for example, they are utilized as
primary antibodies in many immunoassays (incl. ELISA, Western blotting, etc.) or
are useful in immunohistochemistry [5].

In 1975, Kohler and Milstein demonstrated a process of production of monoclo-
nal antibodies (MAbs) [6]. MAbs are generated by a single B-lymphocyte clone,
and thus they have a monovalent affinity and are able to recognize only one specific
and always identical epitope (small antigen part) of an antigen [5]. The production of
MAbs is based on an administration of the chosen antigen into an appropriate
organism (e.g., mouse). After the development of the immune response within the
animal, B-lymphocytes are extracted from the spleen. Subsequently, the isolated
B-cells are fused with a myeloma cell line, resulting in the creation of immortalized
B-cell/myeloma hybridomas. The created hybridomas have properties of both the
fused cells; they are capable of fast continuous growth in a culture like a myeloma
cell line and also of production of Abs as B-cells. Finally, hybridomas producing
only one clone of antibodies (MAbs) are separated from the culture and used for the
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production of chosen MAbs [7]. For easier understanding of the process, preparation
of MAbs is schematically shown in Fig. 8.2. Unfortunately, the main drawback of
the hybridoma technology is the risk that the hybridoma cells lose the ability to
produce the desired antibodies over time, or the antibodies may undergo unwanted
changes, which may affect their functionality [8].

It was widely believed that these MAbs would be ideal reagents for imaging, drug
delivery, and/or therapy. However, due to their animal origin, these MAbs were
recognized as alien and eliminated by the patient’s immune system when they were
used as therapeutics. Notwithstanding, MAbs enable very selective or specific
separation and identification of a wide range of different targets, and they are
indispensable tools in many analytical approaches such as ELISA, Western blot,
affinity chromatography, antibody-based sensors, and so on [9].

Recombinant phage antibodies (RAbs) are small proteins that consist of
domains with variable heavy and light chains, and they may be connected via a
flexible peptide chain. These antibody fragments retain the ability to recognize and
bind the target epitope of an antigen. A major breakthrough in the field of RAbs was
reported in 1990 by McCafferty et al., who presented the display of protein frag-
ments on the surface of a filamentous bacteriophage. The filamentous phage is a
virus-like particle that can infect bacteria (commonly Escherichia coli). Upon
infection, the bacterial cells start to produce the phage particles with antibody
fragments on their surface and secrete them into the culture media. RAbs produced
by this way have several benefits compared to traditional MAbs (e.g., small pene-
trable size, high standard of specificity, low immunogenicity, and rapid production)
[10]. Currently, RAbs are utilized in a number of clinical trials for diagnostic as well
as therapeutic purposes [11]. Characterized RAbs can be used as chemicals to
replace standard MAbs used for flow cytometry or immunohistochemistry. Thanks
to their low immunogenicity, they are also applicable in cell targeting and imaging,
as well as in vaccine development [12]. However, it is necessary to realize that in the
case of RAbs there is only one antigen binding site (in comparison with two sites in
the case of native antibodies), and therefore the affinity to antigen must be very high
to avoid losses during the purification process [10]. Another limitation due to the
small size of antibody fragments rests in their shorter in vivo half-lives, and therefore
a more frequent drug dosing is necessary, which can increase the risks of undesirable
effects.

The high immunogenicity of MAbs was one of the problems for their utilization
in clinical use. However, progress in gene engineering enabled the partial

Fig. 8.2 Scheme of the procedure leading to the preparation of monoclonal antibodies
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replacement of immunogenic sites in mouse MAb with the appropriate fragments of
human antibodies. In 1984, chimeric Abs were developed by Morisson et al. to
overcome the immunogenicity of MAbs [13]. Chimerization permits the connection
of the whole antigen-specific domain of a mouse antibody with constant domains of
a human antibody. These chimeric Abs are recognized as of own body and therefore
are not eliminated by the immune system, and thus can be used in medical therapy
[14]. Later, humanized MAbs were produced by gene engineering: here, only sites
enabling selective interaction with antigen are of mouse origin. And finally, pure
human MAbs began to be manufactured using transgenic mice producing human
immunoglobulins. The approach takes advantage of the ability to replace mouse
antibody gene locuses with their corresponding human genome sites [15]. Differ-
ences between the above-mentioned Abs are shown in Fig. 8.3.

The discovery of chimerization and humanization of antibodies led to a new era
of antibody-based therapeutics. It has been expected that by 2020 approximately
70 MAbs products will be commercialized for therapeutic purposes, mainly for
therapy of cancer and immune disorders [17] based on the fact that a total of
61 MAbs were approved by the end of 2017, which demonstrates the enormous
impact of this technology.

The first MAbs-based therapeutic (Orthoclone OKT3) was approved by the Food
and Drug Administration (FDA) in 1986 [18]. Since then, a wide range of other
antibodies and antibody derivatives have been developed and approved for use, and
new ones are still being developed. An overview of Abs-based drugs approved by
FDA is presented in Table 8.1.

Moreover, George P. Smith and Gregory P. Winter were awarded Nobel Prize in
Chemistry in 2018 for the development of their contributions to antibody therapy by
utilization of Phage display technology [19, 20]. For a very detailed overview,
readers should refer to [21].

Nevertheless, MAb-based treatments still face several obstacles that limit their
widespread application as therapeutics. The main limitation is given by the high
production costs associated with the need of mammalian cell cultures for the
fabrication of MAbs, followed by a cleaning process under the Good Manufacturing
Practice regime. This process is very time-consuming and expensive, which limits

Fig. 8.3 Differences between a variety of types of antibodies. Scheme available at [16]
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the widespread use of this type of medicaments [9]. Moreover, Abs very often suffer
from batch-to-batch variations [22].

Other issues are the elimination of mAb therapeutics that can occur in the body
and the fact that antibody-drug antibodies (ADAs) can be formed, binding compet-
itively to the active site of the therapeutic MAbs, thus compromising the drug
efficacy. Also, the drug pharmacokinetic properties, biological effects, and the
toxicity can be unpredictably changed by ADAs [23]. Another issue is a misleading
prediction of human response using animals due to the different levels of immuno-
genicity between animal models and humans [24].

Last but not least, enzymatic degradation may arise. It is generally known that
MAbs may undergo enzymatic degradation, which may occur either at the site of the
administration or in the bloodstream. Owing to the presence of high concentrations
of enzymes in the gastrointestinal tract, oral delivery systems are challenging to
develop [24]. Therefore, the means of administration of MAbs drugs is usually the
parenteral injection. However, MAbs can still suffer from enzymatic degradation
(e.g., by proteases or hydrolases) because they are abundant throughout the
body [17].

Despite the high potential of Abs in medical therapy, these limitations lead to
efforts to develop some novel recognition elements which will be more stable and
less expensive.

8.2.2 APTAMERs

In 1990, two ground-breaking studies were performed simultaneously and indepen-
dently confirmed that ligands of nucleic acids can selectively interact with virtually
any protein. A.D. Ellington and J. W. Szostak isolated those RNA subpopulations
from a population of RNA molecules with random sequences that specifically
interacted with a variety of organic dyes and named them aptamers [25]. At the
same time, C. Tuerk and L. Gold created an RNA chain that was able to selectively
bind to T4DNA polymerase and used the term SELEX (Systematic Evolution of
Ligands by Exponential Enrichment) for the process of its selection [26].

Aptamers are usually short single-stranded chains of DNA or RNA (50–100 base-
long) that are able to bind to protein targets by folding into a three-dimensional
conformation [27]. The above-mentioned SELEX is a process that enables the
identification of an aptamer selective for a chosen target. The process consists of
three main repetitive steps: selection, partitioning, and amplification (see Fig. 8.4).
The entire procedure begins with the creation of a large “library” containing a variety
of nucleotide sequences, which can theoretically adopt a specific three-dimensional
structure.
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• In the selection phase, the nucleotide sequences from the “library” are incubated
in the presence of the target for a required period of time. The sequences with
weak or no affinity for the target remain unbound in solution, in difference to
those with a higher ability to interact with the target that will be attracted to it.

• The partitioning phase ensures the physical separation of the aptamer–target
complexes from the unreacted components of the mixture.

• In the amplification phase, the bound aptamers are released from the target. The
captured and purified sequences are amplified by polymerase chain reaction
(PCR) to generate a new “library” of aptamers that contains increased amounts
of those effectively binding the target.

To reduce the very large number of unique sequences (in the order of trillions) to
a small number of unique sequences that are able to selectively interact with the
target, the whole process is repeated with a new “library” enriched in each step,
repeated ca 5–15 times. The individual aptamers are subsequently extracted and
sequenced. Their binding affinity and specificity are also determined [28] (Fig. 8.4).

In 2004, the first aptamer-based medicament was approved by the FDA
(Macugen), focusing on the vascular endothelial growth factor and the therapy of
age-related macular degeneration [29]. Unfortunately, no other aptamer-based drug
has been developed since then, which is likely caused by insufficient knowledge of
their structure, target interactions, and pharmacokinetics.

During the last few years, a wide range of experiments were carried out that led to
improvements in the stability and efficiency of aptamers. This opens multiple new
directions for therapeutic applications of aptamers. In this part of the chapter, we will
discuss the benefits and limitations of aptamers, their significance for therapeutic
applications, as well as the advances and directions of future research.

Aptamers are characterized by high affinity and excellent specificity toward
desired targets [30], and therefore they offer new very attractive prospects in
diagnostics [31], sensors [32], (bio)analytical assays [33], and also in medicine,
where they have opened novel avenues for the development of therapeutics [34], and
targeted drug delivery [35].

In contrast to Abs, they have a number of benefits, such as the possibility of
automation and monitoring of the SELEX process that allow to produce specific
aptamers with high selectivity and prevent batch-to-batch variability

Fig. 8.4 Scheme of a process called SELEX, which ensures the choice of specific aptamers against
the desired target
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[36]. Nevertheless, achieving required aptamer properties is challenging due to the
short in vivo half-life, risk of immunogenicity, and entrapment in cellular
organelles [37].

The first challenge to overcome was the short half-life of aptamers in vivo. It was
expected that the small size of aptamers will allow to achieve higher aptamer
penetration into tumors, in comparison with the structurally larger Abs. However,
the majority of aptamers have sizes in the range of 5–30 kDa (the average diameter
of aptamers is less than 5 nm), and thus they are susceptible to renal clearance
[38]. One possible way to overcome the rapid renal excretion may be an increase of
their total size through linkage with some suitable high molecular weight moieties
(e.g., polyethylene glycol [39], cholesterol [40, 41], some proteins [42], or
nanomaterials [43]).

Another limitation is due to nucleases (enzymes cleaving phosphodiester bonds
of oligonucleotides) abundantly present in biological fluids that cause aptamer decay
in several minutes [38]. An improvement in the stability of aptamers in serum can be
resolved by their chemical modification. For example, locked nucleic acids that
contain a 2-O, 4-C methylene bridge can be used. This modification has a high
resistance to nucleases [44]. Another possibility is based on the replacement of the
-OH group of ribose for amino [45] or -fluoro [46] moiety that can increase the
resistance of aptamers.

On the one hand, the above-mentioned modifications protect the aptamers against
degradation and extend their in vivo half-life, but, on the other hand, modified
aptamer sequences may resemble pathogen-associated molecular patterns and acti-
vate the innate immune system, and thus they could cause immunogenicity or
toxicity [47]. In some cases (e.g., in cancer treatment), it might be even beneficial
because aptamers have a dual effect—they serve as the delivery agents of a chemo-
therapeutic drug and simultaneously, they re-activate the anti-tumor immunity.
However, the risk of undesirable and harmful side effects is increased. Moreover,
aptamers can accumulate in some organs (such as in the liver, kidney, or spleen) and
might cause toxicity [37]. Therefore, deeper investigations of the correlation
between the aptamer structure, the administration route, and adverse effects
in vivo are urgently needed.

The most serious impediment in effective aptamer-based treatments is probably
due to cellular organelles. The aptamers specific for cell-surface receptors are often
endocytosed and trapped in the endo-lysosomal vesicle. For the endosomal escape, a
number of approaches can be applied, such as a combination of aptamers with other
delivery vehicles (liposomes [35], viruses [48], etc.), or aptamer attachment to a
protein part that disrupts the endosome membrane [49]. Unfortunately, these strat-
egies are not applicable for therapeutic aptamers because they might be toxic or
immunogenic [37]. Therefore, it is necessary to develop non-toxic molecules
enhancing the ability of endosomal escape compatible with the aptamer drug
formulation.

Recently, a number of potential aptamers-based drugs that can be used in
the treatment of infectious diseases started to appear. Among very promising
works are those of application of aptamers as inhibitors of viral nucleic acid
replication. So far, a cholesterol-conjugated aptamer able to enter into the cell
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infected by Hepatitis C virus has been developed, and currently, this aptamer is
investigated as a promising anti-viral drug [40, 41]. The aptamer inhibited virus
RNA replication while not changing the gene expression profiles including genes
related to innate immune response. Another promising study in the area of treatment
of virus diseases was focused on the inhibition of HIV replication by using aptamers
which were able to block viral protein Rev essential to the regulation of HIV protein
expression [50].

In recent years, enormous progress has been made in the development of
aptamers for anticoagulant, antithrombotic, and prohemostatic indications, and
several aptamer-based medicaments are currently in the phase of clinical trials
[51]. Another immensely important area of potential aptamer application is that in
cancer treatment. So far, a wide range of aptamers capable of targeting different
cancer cell biomarkers has been developed and reached the phase of clinical trials
[30]. An overview of some selected promising aptamers in clinical trials is summa-
rized in Table 8.2. The large number of aptamers-based medicaments is predicted
soon to compete with antibody-based drugs for therapeutic applications.

8.2.3 Molecularly Imprinted Polymers (MIPs)

In 1931, M. V. Polyakov performed an experiment that led to the discovery of novel
artificial materials with recognition ability. He found out that polymers prepared in
the presence of another molecule were able to recognize and selectively interact with

Table 8.2 Examples of aptamer-based drugs, which are currently in the phase of clinical trials

Aptamer Molecular target Disease Phase

Blood and heart disease
ARC1779 Specific inhibitor of Von

Willebrand factor
Von Willebrand disease II

ARC19499 Inhibitor of tissue factor pathway
inhibitor

Hemophilia I

NOX-H94 Inhibitor of hepcidin Anemia of chronic disease I

NU172 Inhibitor of thrombin Heart disease II

REG1 Inhibition of factor IX in the coag-
ulation cascade

Coronary artery disease II

Ophthalmology
ARC1905 Inhibitor of factor C5 of the com-

plement cascade
Age-related macular degeneration I

E10030 Inhibitor of platelet-derived growth
factor

Age-related macular degeneration II

Cancer treatment
NOX-A12 Inhibitor of cell-derived factor-1 Multiple myeloma; chronic lym-

phocytic leukemia
II

AS1411 Inhibitor of nucleolin Leukemia, myeloid II

Data were obtained from https://clinicaltrials.gov/
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this molecule [52]. It was the beginning of MIPs era. Due to their unique features,
MIPs are sometimes dubbed artificial antibodies, enzyme mimic or synthetic recep-
tors. Owing to their excellent physical and chemical stability, tuneable properties,
and low production cost, they came to be competitors to commonly used biological
macromolecules—antibodies [53].

Initially, the interest in molecular imprinting remained quite low. However, a
discovery of non-covalent imprinting by Mosbach et al. in 1984 allowed a significant
simplification in the preparation of MIPs, which led to an enormous upswing of this
scientific field and exponential growth of publications in this area [54]. During the
last decade, the progress in molecular imprinting enabled the development of novel
types of diagnostic tools, sensors [55, 56], and assays [57, 58]. In addition, recently,
the vast potential of molecular imprinting was discovered in therapeutic use (cell
recognition [59], drug delivery [60], and regulation of cell behavior [61], etc.).

Molecular imprinting is a process that includes co-polymerization of functional
monomers and cross-linkers in the presence of a template (the imprinted molecule).
The functional monomers bind the template predominantly by non-covalent bonds
and form a template–monomers complex. After initiation, the polymerization step
leads to the creation of a highly cross-linked polymeric net. In the next step, template
removal reveals the binding sites complementary to the imprinted molecules in terms
of spatial structure as well as chemical availability of functional moieties. The
obtained polymer matrix has molecular memory and enables rebinding of the
imprinted molecule (analyte) with a very high specificity [62]. The principle of
MIP preparation and subsequent application is schematically shown in Fig. 8.5.

In spite of the tremendous progress in the technology of imprinted polymers,
imprinting of larger structures such as proteins, bacteria, viruses, etc., is still quite a
big challenge. The main reason is that in the case of these structures creation of
polyclonal MIPs with a broad range of binding sites with different affinities and
specificities may occur. This may be caused by difficulties in maintaining the
conformation and space orientation of native protein during the polymerization
process. Besides, the large size of the imprinted structure causes difficulties in the
template removal from the polymerized net, and the large binding sites may have
reduced selectivity features because a range of smaller polypeptides can interact with
them [64, 65].

In 2000, a completely new strategy termed epitope imprinting was discov-
ered [66]. The epitope imprinting is based on imprinting of a small analyte/template
fragment which is characteristic for the chosen large template instead of the

Fig. 8.5 Scheme of preparation and application of MIPs. Information available at [63]
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imprinting of the whole template structure [67]. In principle, this approach is very
similar to the recognition of antigen by antibody, where the antibody is able to
recognize only an epitope (small antigen part) and not the whole antigen structure.
Imprinting of epitope in comparison with the whole protein imprinting permits
relatively easy removal of the template ensures a uniform production of binding
sites (because the small fragments have a less complicated structure and so
maintaining their conformation during the polymerization is easier), and the synthe-
sis cost is reduced, especially in the case of expensive protein templates [68]. The
main drawback is associated with the identification of appropriate epitopes for the
large molecule that requires detailed knowledge of template conformations [69].

However, recently, a novel protocol for protein epitopes identification suitable for
molecular imprinting has been reported. The protocol is based on the synthesis of
MIP nanoparticles in the presence of a whole target protein. The low concentration
of polymeric mixture leads to the formation of MIP particles only around small parts
of the protein. Partial proteolysis of the protein causes proteolytic cleavage of parts
of the protein that are not protected by the created MIPs. The peptides surrounded by
the polymer net are subsequently released and sequenced [70]. In brief, this approach
enables the identification of surface protein regions appropriate for recognition by
imprinted polymers.

Conventional polymerization approaches (e.g., bulk, emulsion, or suspension
polymerization) exploit templates that are dissolved in the polymerization solution.
These templates can rotate and freely move in the solution, which leads to the
creation of random binding sites that suffer from heterogeneous polyclonal distri-
bution and problematic batch-to-batch reproducibility. However, these drawbacks
may be overcome by introducing an approach called solid-phase synthesis [62].

In this approach, the template is linked to a solid support (the most common are
glass beads). This ensures its consistent orientation and leads to a decrease in
polyclonality of the imprinted sites. Subsequently, the solid supports with covalently
bound template molecules are incubated with a mixture of functional monomers,
cross-linkers, and initiator, and the polymeric reaction is initiated. The unreacted
components of the polymerization mixture and MIPs particles with low affinity are
eluted at room temperature; meantime, the high affinity MIP nanoparticles stay
bound to the template, and they are eluted in the next step by increasing the
temperature. The obtained MIP particles have monoclonal binding sites, and there-
fore can be applicable to the preparation of commercially available MIPs [71, 72].

In spite of all the benefits that MIPs offer, the number of MIP-based commercial
products is largely confined to a handful of products predominantly intended for
selective solid-phase extraction and a few sensors. For the commercial application of
MIPs, it is necessary to control the fabrication process and optimize it in such a
manner that the obtained MIPs have a good batch-to-batch reproducibility, which
was initially quite problematic. Therefore, it was necessary to focus on novel tools
enabling to overcome bottlenecks in the production and characterization of MIPs-
based materials. In 2013, an automated chemical reactor for solid-phase synthesis of
MIP NPs in an aqueous environment was developed by the research group of
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S. Piletsky [72]. The developed device was able to produce “ready to use” MIP
nanoparticles with sub-nanomolar affinity in only 4 hours. Significant advantages of
this automated chemical reactor rest in its full automation that enable the reactor to
operate for 24 h, which eliminates human error and ensures high batch-to-batch
reproducibility [72, 73]. These new advances may be the first step in the spread of
commercial MIP-based products.

MIPs as artificial receptors in the field of medical therapy have a number of
benefits in comparison with natural biorecognition materials. The major advantages
are the possibility of automatized fabrication allowing rapid and low-cost produc-
tion, batch-to-batch uniformity [72], and fast and homogenous functionalization by
different probes providing unique features (e.g., fluorescence, magnetic properties,
electric conductivity, etc.) [74]. Another enormous advantage is the possibility to
design MIPs tailor made for almost any target from ions and small molecules to
larger structures such as proteins by using computational modeling [75]. Their
extremely high stability makes MIPs compatible with thermal sterilization and
ensures their resistance against enzymatic or pH-dependent degradation, which is
also beneficial [76].

Clearly, the potential of MIPs in cell biomedical fields is huge, spanning across
many areas such as recognition or regulation of cell behavior. However, so far, the
main interest has been in the creation of adsorption or separation materials and
sensing tools and the application of MIPs in the therapeutic area was rarely reported.
Nevertheless, in the last years, the interest in MIPs has been consistently growing,
and the numbers of research publications in the area of MIPs have been increasing.
MIPs, as well as various other nanomaterials, have been successfully used in
medicine as part of diagnostic devices [77, 78] and sensors [79], drug delivery
elements [77, 78], and cell imaging probes [80]. However, it has been found that
only MIPs could also be used as medicaments. This means that the huge potential of
MIPs in the therapeutic area is still in their infancy. The following part provides an
overview of several ground-breaking works focused on the utilization of MIPs as
pharmaceuticals, which can change the main areas of their traditional application.

The work published in 2010 by Hoshino and his co-workers completely changed
the view of MIPs’ utilization and directed many researchers to investigate the
potential of MIPs in finding and creating novel medicaments. The authors utilized
for the first time MIPs as an anti-venom, when MIPs they developed allowed to
capture and clear a target bee peptide toxin from the bloodstream of living mice
[81]. Since then, other studies on MIPs-based anti-venom have begun to appear [82].

The first study confirming the possibility of MIPs’ application as anti-virotics was
performed in 2019 by Xu et al. The study focused on the preparation of MIPs
targeting a specific peptide motif situated on the surface of the human immunode-
ficiency virus (HIV). This structure is responsible for the decline of CD4+ T-cells
and the resulting deterioration of the immune system during HIV infection. Blocking
the function of this peptide by the developed MIP nanoparticles is a promising
therapeutical approach for counteracting HIV [61].
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Currently, studies focusing on MIPs that may have the potential to be applied as
immunotherapeutic or sensitizing agents to improving chemotherapeutic anti-tumor
effects appear highly attractive. These MIPs may, namely, participate in the estab-
lishment of a novel therapeutic platform in cancer treatment. For example, the
approach published by Rangel and co-workers in 2020 seems to be very promising.
This work is based on MIPs that could block the function of cadherins and thus
completely disrupt three-dimensional tumor spheroids as well as inhibit invasion of
healthy cells [83].

In spite of the impressive results, the applications of MIPs in medical therapy are
still in their infancy, and there is a long way to achieve their commercial utilization in
medicine. There are many unanswered questions to which solutions are needed to be
found and many issues that need to be resolved before successful practical applica-
tions of MIPs. These issues include safety and biodegradability, which have to be
investigated in detail, and the optimal properties for their biodistribution and clear-
ance have to be found. However, it is very likely that MIPs will attract progressively
more attention and perhaps in a few years maybe will be available as first MIP-based
medicaments approved by FDA.

8.3 Conclusions

Currently, the most utilized recognition elements in medicine are Abs, and a number
of Abs-based medicaments are commercially available. However, the treatment by
Abs-based drugs is very expensive. Besides, Abs still suffer from several issues that
limit the widespread use of this type of medicaments. Therefore, there is a huge
effort in finding some Abs alternatives that enable to overcome these limitations.
Aptamers and MIPs seem to be very promising candidates. In the case of aptamers,
one aptamer-based medicament has been already approved by FDA. However,
insufficient understanding of the structure, target interactions, and pharmacokinetics
led to the production of novel aptamer-based drugs having been halted for some
time. Nowadays, there is a number of promising pharmaceuticals based on aptamers
in the clinical phase, which predicts that most likely they will soon compete with
Abs-based drugs for therapeutic applications. As for MIPs, owing to their excellent
physical and chemical stability, tuneable properties, and low production costs, they
seem to be very attractive as Abs alternatives. In the last years, interest in these
therapeutics has been growing, and the number of research publications focused on
this topic has been increasing as well. Despite many excellent laboratory results,
there is a wide range of unanswered questions and unsolved issues that have to be
resolved before MIPs practical therapeutic application. A summary of the properties
of the individual recognition elements is shown in Table 8.3.
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Chapter 9
Design and Development of a Bed-Side
Cardiac Health Monitoring Device

Sudipta Ghosh, Jayanta Mukhopadhyay, and Manjunatha Mahadevappa

9.1 Introduction

Living objects adapt to environmental changes, and various demands garnered by
the activity of an organism. This ability to adapt is due to a series of complex control
processes that affect the organism at the systemic, molecular, and cellular levels.
Impairments in regulatory processes are the results or outcomes of many systemic
diseases.

Out of several methods for evaluating the effectiveness of regulatory mecha-
nisms, the most commonly employed technique is to analyze the footprints that
characterize the response of a particular system to different stimuli during the
transient changes between two stable states. There are two possibilities: reaction
generated by an act of provocation (e.g., exercise or human tilt test) or transient
phase response due to the organism’s normal activity, caused by an unknown factor,
to be identified by expert clinicians (e.g. cardiac arrhythmia, ischemia, etc.).

An effective control of the blood flow is of paramount importance for the proper
development of various physiological processes. Two effectors that control the flow
of blood are: the heart and the vascular system. Both of these systems (together
known as the cardiovascular system) are controlled by an autonomous system, and
various processes of local self-regulation. Many examinations related to the proper
functioning of cardiovascular system are carried out in humans, including orthostatic
maneuver, handgrip test, dynamic exercise, and cold pressure test. Each of these
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tests helps in the evaluation and analysis of a particular system’s dysfunction or
inability to adapt. An advanced performance diagnosis method, performed in
humans is outpatient monitoring of a range of varied physiological parameters,
which are obtained during the habitual activity of an organism. Increasing preva-
lence of cardiovascular-related diseases throughout the world as well as the continu-
ing fragility of the cardiovascular system in intensive care patients calls attention to
the need for accurate methods of assessing system health. Hemodynamic monitoring
which encompasses the study of development and propagation of flow and pressure
pulses, including but not limited to: systemic, pulmonary arterial, and venous
pressures and cardiac output, has traditionally serviced this need. However, hemo-
dynamic monitoring methods are mostly invasive in nature. Consequently, they
require on-site expert supervision, are costly, and suffer the risks of surgical com-
plications [1]. An alternative non-invasive method, impedance cardiography (ICG)
was first proposed by [2] in the thoracic region. An alternating current flows through
the body fluid which has very low electrical resistance when applied to human body.
When the electric potential is applied to the human body, the tissue exhibits electrical
property called the Bio-Impedance. Compared to bone, fat, or air, current flows
easily through those parts of the body which are composed mostly of water (blood,
urine, and muscle). The electric current flows easily through water with ions which
human body is composed of. The amount of resistance the body tissue exhibits to the
small amount of current applied (less than 10 mA) is measured by the BIA
(Bio-Impedance Analysis) [3].

Biological tissue’s electrical properties are dependent on the presence of body
fluids. In addition, these properties could be different for analyzing the same tissue
in vivo and in vitro. The solid part of the tissue is mainly based on the isolating
properties of cell membranes. The presence in the same tissue of conductive fluid
part and solid, isolating component affects the anisotropic, electrical properties of the
living tissue. There are three major frequency ranges that describe the relative
permittivity changes called dispersion α, β, and γ. However in some tissues, all the
frequency ranges are not properly represented. Dispersion α, which occurs in lower
frequencies (in the vicinity of 100 Hz), is responsible for interfacial polarization and
transport of ions across cell membranes. The β dispersion occurring in the frequency
range of 10 kHz to 10 MHz traces its origin to the capacitive charging of cellular
membranes and membrane-bound intracellular bodies [4]. The relaxation of excess
water in tissues gives rise to the γ dispersion, which occurs at frequencies above
100 MHz [4]. Using impedance spectroscopy technique, the electrical properties of
tissues are analyzed. It enables people to differentiate between different tissues and
level of degeneration caused by the pathological processes, e.g. lesion development,
arrhythmias, and the transplanted organ rejection mechanism [5, 6]. During the
International Conference on Electrical Bio-Impedance (ICEBI), organized world-
wide every third year since the first meeting in 1969, the mainstream research on
bio-impedance methods is regularly presented. The fundamental research achieve-
ments in this field were presented in Martinsen et al. [7].

Impedance cardiography applications tend to use the frequency range of 15 to
100 kHz. The thin cellular membranes that separate the conductive fluids create
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electrical capacitance of up to 1 μ F/cm2. This results in a resistive and capacitive
character of the biological tissue’s electrical properties, with the absence of inductive
component symptoms. In terms of resistivity, blood plasma exhibits the lowest value
with resistivity of 63 Ω-cm. However for tissues related to human being, blood has
the lowest, and fat has the highest resistivity. The resistivity values of blood and fat
are 150 Ω-cm and 1275 Ω-cm, respectively. Blood resistivity plays a major role in
cardiac performance measurement using methods of impedance. Blood resistivity
was assumed to have isotropic properties under static conditions, but there are
suggestions that flowing blood is characterized by a relative decrease in resistivity
of up to 10%. In addition, some authors based on experimental studies and model
analysis also claim that the anisotropic properties of flowing blood are highly
pronounced that we initially assumed and suggested using the resistivity tensor [8].

The resistivity of various biological tissues and fluids based on Geddes and Baker
[9] compendium is presented in Table 9.1. The main conclusion drawn from the
resistivity data presented in Table 9.1 is that in impedance cardiography the change
of the impedance signal is generated mainly by changes caused by the blood volume
translocations. Other tissues do not change the volume of blood or have resistivity
values which are at least twice as high, compared to various other biological tissues.
It is even 5 times higher in the case of the heart muscle, which leads to the conclusion
that the heart isolates the blood that is accumulated within it.

9.1.1 Tissue as a Conductor

Tissues of a human body could be modeled as a finite, inhomogeneous volume
conductor [10]. In case of impedance cardiography applications it can also be
assumed to be a sourceless medium. The impedance of human tissues could be
characterized by a three-element circuit model with a single time constant. The three
circuit elements are: a low frequency resistor, R0, a high frequency resistor, R1, and
a constant phase element (CPE), as shown in Fig. 9.1. The function could be
represented by the Cole-Cole model [11]. The function mentioned below represents

Table 9.1 Resistivity values
of various tissues [9]

Type of Tissue Resistivity (Ω-cm)

Blood plasma 63

Blood (for hematocrit, Ht ¼ 47%) 150

Skeletal muscle (longitudinal) 300

Skeletal muscle (transverse) 700

Heart muscle (dog) 750

Lungs (dog) 1200

Saline 0.9% 57

Fat 2.180
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impedance Z, as a function of frequency, having real (R) and imaginary components
(jX)

Z fð Þ ¼ Rþ jX ð9:1Þ

On expanding the above equation it can be written as:

Z fð Þ ¼ R1 þ R0 � R1
1þ jϖτð Þα ð2Þ

where Z(f) is the impedance as function of frequency, R0 is the resistance at
frequency f ¼ 0, R is the resistance at frequency f¼ 1, and τ ¼ [(R0 � R1)C]1/α

is the time constant. The impedance of CPE could be written as ZCPE ¼ 1= jϖCð Þα ,
where C is the capacitance and α is its order (0 < α � 1), and ϖ ¼2 π f.

9.2 Evolution of Bio-Impedance: Impedance Cardiography

Blood is attributed as a human tissue which has the highest conductivity. The
resistivity of blood (130–160 Ω-cm) is much lower than the resistivity of muscle
tissue (determined to be 300 Ω-cm) [9, 12]. This biophysical property of blood
means that the impedance between the sensing electrodes is caused primarily by the
blood volume contained within a particular segment of the human body. The formula
of Nyboer [13, 14] (explained) was a mathematical description of a simple model of
changes in the chest’s blood vessels during the heart cycle. It presented the chest as a
uniform cylinder filled with blood in which there was a single blood vessel with a
specific diameter. During contraction, blood ejection from the heart to the aorta was
simulated as a rapid extension of this vessel (uniform diameter increase) and a
similarly fast, uniform return after the aortic valve was closed. The time of the
extension of the vessel was equal to the time of ejection. Boer et al. [15], Porter et al.
[16], Ito et al. [17], and Keim et al. [18], criticized this simplified model of heart
hemodynamics phenomena and its consequences while calculating SV. This

Fig. 9.1 Three element model for tissue impedance
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criticism was an inspiration for studies which [19–25] evaluated the impact of
specific components on the ICG signal.

Raaijmakers [26] questioned the validity of the one-cylinder model, suggesting
instead a serially connected two-cylinder model. They studied the length of the
impedance parameters (distance between the receiving electrodes) Z0, dz=dtð Þ , and
stroke volume (SV) in both the models. It has been shown that all parameters are
directly proportional to the length within a single-cylinder model. Whereas if the
thorax and neck volume conductions are modeled separately, Z0 and dz=dtð Þ are
expected to be linearly dependent onlength, whereas SV is non-linearly dependent
onthe length. These expectations were compared with the results of measurements
in vivo [26] using an array of electrodes placed on the thorax. Except for small
distances, the results showed an almost linear relationship between the ICG param-
eters and the length. The linear part’s regression analysis revealed statistically
significant intercepts ( p < 0.05). When stroke volume was calculated using
Kubicek’s equation [2], a single-cylinder model could not explain either the intercept
or the non-linear part, whereas the experimental results were accurately described by
a model consisting of two serially connected cylinders. Thus, they concluded that
one-cylinder SV estimation is biased due to the invalid one-cylinder model and
suggested corrections for the Kubicek equation using their two-cylinder model
[26]. The single-cylinder model and the serially connected double cylinder model
have been figuratively represented in Fig. 9.2.

It can be assumed that, when the alternating current passes through the chest, the
following mechanical phenomena occur during the cardiac cycle and impact the
impedance cardiography signal:

• Extension of the aorta and neck artery due to arterial pulse pressure.
• Extension of the pulmonary vessel.
• Changes in heart volume and blood filling volume.

lN
AT AT

AN

ZN , ρN

lT
ZT , ρT

lT
ZT , ρT

(a) (b)

AT, AN = Cross section area (cm2); ZT, ZN = Impedance (Ω);

ρT, ρN = Specific Resistivity (Ω-cm); lT, lN, l = Length

Fig. 9.2 (a) Single cylinder
model, (b) Serially
connected double cylinder
model [26]
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• Changes in blood volume of the pulmonary vessels resulting in increased con-
ductivity of the lungs.

• Changes in blood resistivity in large vessels resulting from the reorientation of
blood cells as a function of blood velocity.

• Changes in resistivity of the skeletal muscle due to the pulsatile flow of blood.

Shankar et al. [24], Kosicki et al. [21], and Patterson [22] presented a mathemat-
ical model of chest impedance changes occurring during the heart cycle. Kim et al.
[20] based on the model of the finite element and analyzed the impact of the factors
set out in points 1, 3, 4, and 5. They concluded that impedance changes are
proportional to the aorta’s extension and that modifying the resistivity of the lung
has an eight-fold less impact than that of the aorta. The impact on base impedance of
the heart signal was significant but not proportional to heart volume changes.
Kosicki et al. [21], who presented a cylindrical chest model with non-coaxial
positioning of the chest organs, confirmed these findings. They noticed the aortic
signal’s small phase compared to changes in blood flow resistivity. They also
showed the magnitude and phase shift of the impedance signal’s particular compo-
nents. However, on the basis of a three-dimensional model of resistors, Patterson
[22] concluded that the impact on the impedance signal of specific components was:
the pulmonary component (61%), the main arteries (23%), the skeletal muscle
(13%), and other sources (3%). Most of these papers were theoretical and only
checked on physical models of “phantom.” Thomsen, [25] who experimentally
found a higher correlation between impedance SV and aortic blood pressure
(r ¼ 0.63) than between SV and pulmonary artery blood pressure (r ¼ 0.26), solved
the issue of whether the impact of the aortic or pulmonary artery is higher. In
addition, Bonjer’s et al. [27] experiments on dogs (insulating the heart and lungs
in a rubber bag) have shown that the heart muscle has a negligible impact on the ICG
signal.

Several theoretical and experimental studies have been carried out in order to
determine the origin of the impedance signal. Based on several studies, Penney [28]
summarized the contribution to impedance cardiography signals of the size and
function of anatomical structures. Table 9.2 presents the outcome of this resume.

After analyzing several hypotheses about the origin of impedance cardiography
signals, Mohapatra [29] concluded that the impedance changes were caused by
cardiac hemodynamics alone. He suggested that both a change in blood velocity
and a change in blood volume are reflected in the signal. In addition, the variable

Table 9.2 Origin of the
impedance signal in imped-
ance cardiography [28]

Contributing Organ Contribution (%)

Pulmonary artery & lungs +60

Aorta & thoracic musculature +60

Right ventricle �30

Left ventricle �30

Pulmonary vein & left atrium +20

Vena cava & right atrium +20
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speed of ejection affects the systolic part, whereas the variable volume (mainly the
atria and large veins) affects the diastolic part of the impedance curve. Amid the
controversy over the unclear source of impedance cardiography signal, pointed out
again by Mohapatra [29] and some other researchers, there are acceptable levels of
correlation coefficients between the values obtained by ICG and reference methods.
The observations from various studies are summarized below:

• The ICG signal is complex and the phase and direction of its components are not
synchronized.

• It is not well defined the proportions between its components.
• The ICG signal depends on changes in aorta, neck arteries, and pulmonary vessels

diameter and on the resistivity of flowing blood caused by reorientation of blood
cells (only in large vessels).

• The ICG signal does not seem to depend on the volume of the heart and the
amount of blood therein (isolating heart muscle properties in relation to blood
resistivity).

• The ICG signal does not depend on the extension of the pulmonary artery for
typically positioned electrodes.

9.3 Significance of Non-Invasive Recording of Cardiac
Parameters

Easy access to health monitoring, without the use of sophisticated instruments is one
of the primary essences of personalized point-of-care (POC) devices. [30–33]
Initially observed from a pulse, the heart rate (HR) was the first parameter to be
identified as describing the heart condition. The most important vital signal in
intensive care units is HR detected from an electrocardiogram (ECG). ECG also
describes the heart muscle state and is the main source of information on the
propagation of electrical stimulation and cardiac neural control. The stroke volume
(SV) is one of the important physiological parameters that are not fully available to
clinicians (due to the necessary invasive procedures) or underestimated (when using
non-invasive methods). This parameter and its changes in response to physiological
or pharmacological stimuli may be an excellent tool for assessing the heart’s
mechanical efficacy. An indicator of effective cardiac work may be a reliable
measurement of SV and its mean, e.g. in atrial fibrillation or in the presence of
extra systole. As a product of HR and SV, cardiac output (CO) and changes in it are
the physiological parameters that describe the efficiency of the heart and its capacity
to undertake a load. It is also essential for monitoring treatment in cases of acute
myocardial anomalies. Without accurate estimation of both blood pressure and CO,
the analysis of hypertension cannot be taken seriously. The parameters that describe
the heart contractility are systolic time intervals (STI), left ventricular ejection time
(LVET), and pre-ejection period (PEP). Numerous studies have shown an abnormal
STI in patients with myocardial disease (low ejection fraction or other left ventricular
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performance measurements) [34–39]. This suggests that if invasive procedures are
not available, the STI measurement may be used as contractility indices in part.
Continuous measurement of blood pressure [40] is now also available in an outpa-
tient version (Portapres). This signal is essential to cardiovascular system compre-
hensive analysis, e.g. in the evaluation of hypertension or baroreflex sensitivity.

9.4 Physiological and Clinical Applications of Impedance
Cardiography

The ICG method has been applied in many different studies, starting with those
reported by Miyamoto et al. [41–43], Miles et al. [44], to evaluate changes in cardiac
output during exercise. Bogaard et al. [45] published review of ICG’s hemodynamic
measurement possibilities during exercise. They concluded that while ICG’s calcu-
lation of the derived stroke volume was based on several debated assumptions,
numerous validation studies showed good accuracy and reproducibility, including
during exercise. In addition, Rosenberg et al. [46] in their review stated that
impedance cardiography becomes an accepted method for safe, reliable, and repro-
ducible evaluation of various hemodynamic parameters, related to cardiovascular
functioning.

The controversies [47–50] surrounding ICG verification resulted in a skeptical
approach to this technique by health authorities, which used to be considered a
research method rather than a clinical one. Accordingly, Medicare and Medicaid
Services and U.S. health insurance companies did not reimburse the cost of using
ICG. This approach has been changed (as of 1 July 1999) and revised US policy on
electrical impedance cardiac output monitoring now allows for limited coverage of
cardiac monitoring using electrical bio-impedance, a form of plethysmography
(impedance cardiography), for six uses:

• Suspected cardiovascular disease.
• Fluid management.
• Cardiogenic differentiation from pulmonary causes of acute dyspnea.
• Optimization of the atrioventricular interval of the pacemaker.
• Determination of the need for inotropic IV therapy.
• Post-transplant patients with myocardial biopsy.

Following the U.S. Medicare and Medicaid Services decision, the respective
national health institutions in other countries decided to allow the cardiography
impedance diagnosis to be refunded, initially in very limited areas, e.g. only in
intensive care units. These decisions are certainly stimulating for ICG equipment
manufacturers and hopefully will affect the development of hemodynamic outpatient
monitoring systems based on impedance cardiography method.
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9.5 Designing an Electrode - Skin Model for Simulation
Studies

When electric current is applied, it flows at different rates depending mainly on the
fat composition at various parts of the body which is the principle of bio-impedance
analysis. Impedance is mainly the drop across the two electrodes placed on the body
surface when a small constant current with a fixed frequency is applied across the
electrodes. Bio-impedance analysis involves application of alternating current,
which generates an electric potential directly proportional to the impedance across
the recording/sensing electrodes. Alternating current is chosen over direct current to
avoid charge accumulation around the excitation electrodes, which poses serious
health risks and also contributes to the impedance around the electrodes. Finite
Element Method (FEM) simulations have been used to depict the normalized current
density, resistive loss, normalized electric field displacement, and the flow of current
across the human skin [51]. The simulations have been carried out in finite element
method solver (COMSOL Multiphysics, 5.2). Early detection and prevention of any
imbalance in the body composition is important and BIA helps in the early detection.
It also indicates the level of improvement the person is going through to improve the
health. Thus to maintain proper functioning of the body, for healthy ageing and for
reduced risk of illness BIA measurement is an appropriate solution. The effect of
stimulating copper electrodes in a tetrapolar configuration, for impedance analysis is
investigated using FEM (finite element method) solver (COMSOL Multiphysics,
5.2). COMSOL is used to numerically solve the partial differential equations given
by Maxwell for a non-magnetic material, such as a biological tissue (skin). Max-
well’s equations [52] can be written as:

∇� H ¼ J þ ∂D
∂t

ð3Þ

∇ � B ¼ 0 ð4Þ

∇� E ¼ �∂B
∂t

ð5Þ

∇ � D ¼ ρ r, tð Þ ð6Þ

∇ � J ¼ �∂ρ r, tð Þ
∂t

ð7Þ

where ρ(r, t) is the charge density, J is the conduction current density, E is the electric
field, B is the magnetic field, and H is the magnetic intensity. Since we are dealing
with bio-potentials over a non-magnetic material (skin), the following assumptions
are made: (a) the external magnetic field, B, is negligible, (b) ∂D

∂t ¼0,
i.e. displacement current is zero [52], (c) the surface of the conducting or excitation
electrodes is an equipotential surface, and (d) the electric field intensity (static) at the
surface is directed toward the normal of the surface.
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In a tetrapolar arrangement, two electrodes are used for excitation and two
electrodes are used for recording the change in voltage, which further enables us
to calculate the impedance. We have characterized the electrical properties of an
electrode on application of excitation current. The generalized electrode model is
shown in Fig. 9.3, where Ehc is the electrode half-cell potential, Rd, Cd is the
electrode impedance, and Rs is the gel related impedance [53]. The proposed
model consists of 6 cm � 4 cm patch of human skin, on which two copper
electrodes, of radius 0.4 cm, are positioned. Figure 9.4 shows us the rectangular
patch of skin, along with the two copper electrodes (marked as E1 and E2), as
designed in COMSOL. The human skin has an electrical conductivity (σ) of 0.343 S/
m, and relative permittivity (2r) of 18,768 [54]. In the proposed model the depth of

Rd

Ehc

Electrode

Gel

Epidermis &
Dermis

Cd Rd

Rs

Epidermis &
Dermis

Fig. 9.3 Generalised skin-
electrode modela

Fig. 9.4 Proposed skin-electrode model for impedance analysisb
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the skin perpendicular to the surface (ds) is taken as 5 mm. The copper electrodes
used have an electrical conductivity (σ) of 58.1 � 106 S/m and relative permittivity
(2r) of 6.

The skin-electrode impedance decreases as the frequency increases. So, in
impedance cardiography applications frequencies above 10 kHz are used [53]. It is
also desirable to use currents above 1 mA, at higher frequencies such that stimulating
shocks and perception of current could be avoided. In our proposed model copper
electrodes were used as stimulating electrodes and a sinusoidal A.C. wave of
frequency 15 kHz, and a current of 3 mA was passed through them. Figure 9.5
shows us the skin-electrode impedance curve, recorded over a wide range of
frequency (100 Hz to 2 MHz).

Tetrapolar arrangement is chosen over bipolar configuration for impedance
analysis, as it is easier to differentiate the contributing contact impedance of one
electrode from the other. With the help of proposed model we have studied the
variation in normalized current density, normalized electric field displacement, and
resistive losses. First, a single cycle of sine wave was used for excitation, and the
results were observed. After that, a continuous sine wave for one second was used

Fig. 9.5 Electrode-skin Impedance response for a wide range of frequencyc

Table 9.3 Boundary conditions

Domain/Boundary Name Type of condition Equation(s)

Skin and electrodes Current conservation — .J ¼ Qj

J ¼ (σ + jω202r)E + je
E ¼ �—V

Edges of the skin Electric insulation n.J ¼ 0

Electrode boundary Contact impedance n.J1 ¼ 1 (V1 � V2)
n.J2 ¼ 1 (V2 � V1)
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for excitation. All the boundary conditions that have been used for designing the
proposed model are shown in Table 9.3.

9.5.1 Current Density

The model proposed is a classic example of a problem with a dielectric-conductor
surface. The human skin acts as a dielectric and the copper electrodes as conductor.
Current density is a vector, denoted by J (measured in A/m2). Current through any
closed surface is given by:

I ¼
I

S

J � dS ¼
Z

vol

∇ � Jð Þdv ð8Þ

Each and every dielectric material has the capacity to store electric energy.
Figure 9.6 shows the normalized current density distribution obtained as a result
of a single excitation pulse. So when a single pulse of excitation voltage is given, the
skin behaves like a capacitor. The value of current density increases and decreases as
per the applied signal. Excitation of skin results in some instantaneous changes, as a
result of a process known as electroporation of skin [55]. Electroporation of skin
results in an increment of membrane permeability to potassium (K+) ions and
molecules when exposed to electric field, as a result of which the tissue conductance
(Ge) increases. The tissue conductance is inversely proportional to the contact
impedance. This physiological phenomenon results in an exponential decay in
current density around the electrodes.

Fig. 9.6 Current density distribution obtained for a single pulsed
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The current density values obtained along the line, for continuous stimulation, has
been graphically shown in Fig. 9.7. The value of the current density is at its peak at
the point where the electrodes are positioned, but as we move away from the
electrodes, its value starts decreasing exponentially. We have used circular elec-
trodes for excitation. Because of the circular geometry of the electrode the current
density remains constant within each electrode. Rectangular electrodes have sharp
edges, as a result of which more surface area is exposed per unit volume. This
increases the current density at the edges. But a circular electrode acts as an
equipotential surface. In our simulation the minimum value obtained is
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Fig. 9.8 Field line distribution of current densityf
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approximately 0.04 A/m2. The field lines of the current density distribution along the
entire surface area of the skin, of our proposed model, are shown in Fig. 9.8.

9.5.2 Resistive Loss

The flow of electric current through a resistive material results in production of heat.
This resistive heating is due to the friction created by retarding forces and collisions
involving the charge carriers. The power loss incurred as a result of this heating is
known as the resistive loss. The resistive loss is given by the following equation:

P ¼ VI ¼ I2R ð9Þ

where P is the resistive power loss, V is the voltage applied, I is the value of current
through a resistor, and R is the value of resistance. The amount of power loss at a
constant voltage is more dependent on the amount of current change than the change
in resistance. Hence as the current density decreases, the amount of power loss also
decreases and vice versa. This statement holds good when the material is a dielectric,
but when it is a conductor, the pattern of resistive loss changes. It is known that the
conductance is inverse of the contact impedance. So in case of copper electrodes
conductance is maximum and resistance is minimum (almost zero). This implies that
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resistive loss is also minimum (almost zero). The resistive loss pattern obtained from
our proposed model is shown graphically in Fig. 9.9.1

9.5.3 Electric Field Displacement

A dielectric (skin), in presence of an external field acts as a free-space arrangement
of dipoles. The centers of these dipoles do not necessarily coincide. These dipoles
not being free charge have negligible contribution in the conduction process. Since
they are bound in their place by atomic and molecular forces, the dipoles only shift
their positions in response to externally applied field [56]. These dipoles are bound
charges and these determine conductivity. Every type of dipole is described by a
dipole moment, p, given by:

p ¼ Q� d ð9:10Þ

where Q is the positive charge of the two bound charges of the dipole and d is the
distance between the positive and negative charge. The unit of p is coulomb-meters
(C-m).

Since we have an entire volume that is full of dipoles, we could consider that there
are n dipoles per unit volume. In that case the total dipole moment is given as:

ptotal ¼
XnΔv
i¼1

pi ð9:11Þ

Using Eq. 9.1.11 we define polarization P, as the dipole moment per unit volume,
with unit coulombs per square meter (C/m2). Polarization, P, is expressed as:

P ¼ lim
Δv!0

1
Δv

XnΔv
i¼1

pi ð12Þ

The polarization factor, P, is used to compute the electric field displacement (in C/
m2). The excitation electrodes, E1 and E2 were excited with a continuous 12 V,
A.C. signal of 15 kHz. Then the corresponding electric field displacement (in C/m2)
was observed. Based on the above equations, the maximum and minimum values of
electric field displacement were found to be 34.5 � 10�9 C/m2and 8.42 � 10�10

C/m2 (respectively). The observed electric displacement field pattern is shown in

1a,b,c,d,e,f,g,h,i Reprinted from,“A 2d electrode-skin model for electrical & contact impedance char-
acterization of bio impedance”, by S. Ghosh, M. Mahadevappa and J. Mukhopadhyay, 2016 IEEE
Region 10 Conference (TENCON), pp. 2292–2295, IEEE, 2016, with permission from IEEE,
(licence No.: 4943680947059)
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Fig. 9.10. The direction of electric field due to the excitation current is from E1 to E2,
as shown in Fig. 9.11.

9.6 ICG Acquisition

9.6.1 Frequency and Current Values

In cases related to impedance cardiography applications, frequencies in the range of
20–100 kHz and sinusoidal current between 1 and 5 mA [53, 57] are usually used.

Fig. 9.10 Electric field displacement obtained after continuous excitationh

Fig. 9.11 Direction of electric field displacementi

222 S. Ghosh et al.



However lower values of current and frequencies have also been used by some
researchers. The values of current and frequency areto be chosen in a manner, which
provides with sufficient signal-to-noise ratio, and at the same time prevents the
subjects from any adverse physiological effects. The skin-electrode impedance at
100 kHz is 100 times lower than that at low frequencies. Higher frequency value also
helps in diminishing any unwanted impact on skin-electrode impedance, occurring
due to subject’s motion, while impedance cardiography signals are being monitored.
However, increasing frequency of the applied current above 100 kHz may also
produce stray capacitances. The physiological effect of current (A.C.) at a frequency
of 60 hz, for 1 to 3 seconds, on a human subject is tabulated in Table 9.4.

9.6.2 ICG Measurement Methods

The two major methods of impedance cardiography (ICG)/bio-impedance measure-
ments are: (a) bipolar and (b) tetrapolar modes of measurement. In bipolar mode, two
electrodes are used, which serve the purpose of both, excitation as well and voltage
reception. Current density in the neighborhood of the electrodes is higher in com-
parison withthe other surrounding region. This results in a non-uniform distribution
of the total bio-impedance to be measured. The total bio-impedance signal is a
superposition of two components: the skin-electrode impedance (modified by
blood flow-induced movement) and the original signal (e.g. caused by the blood
flow). A schematic representation of the bipolar mode of bio-impedance measure-
ment is shown in Fig. 9.12a. In tetrapolar mode of bio-impedance measurement, two
different sets of electrodes are used (four electrodes in total). One set of electrodes
serve as the application (excitation) electrodes and the other set of electrodes act as
the voltage receiving electrodes. Figure 9.12b shows a schematic representation of
the tetrapolar mode of bio-impedance measurement. In tetrapolar mode of ICG
measurements, a constant amplitude current is injected using the excitation elec-
trodes (C), and the changes in voltage are received by the voltage sensing electrodes
(R). The constant amplitude current generates a voltage which is proportional to the
impedance of the tissue segment wherein the current is applied. In general the

Table 9.4 Physiological effects of cuurent(A.C.) at f ¼ 60 hz, for 1 to 3 seconds [53]

Below 1 mA Generally not perceptible

1 mA Faint tingle

5 mA Slight shock felt, not painful but disturbing;
Average individual can let go; strong involuntary reactions

6 to 25 mA (women) Painful shock, loss of muscular control

9 to 30 mA (men) The freezing current, exterior muscles are stimulated

50 to 150 mA Extreme pain, respiratory arrest

1000 to 4300 mA Heart ceases pumping

10,000 mA Cardiac arrest, severe burns, death
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tetrapolar mode is preferred over bipolar mode of bio-impedance measurement, as
the current density is uniformly distributed in case of the tetrapolar mode of
measurement.

9.7 ICG Device Fabrication

A cost-effective, easy-to use impedance cardiography (ICG) device for recording
ICG signals from subjects is proposed. The basic block diagram of the implemented
circuit is shown in Fig. 9.13. The device is designed for use on the subject’s forearm,
with the aid of tetrapolar configuration. The device uses a function generator to
generate a biphasic sinusoidal wave of 50% duty cycle. The generated signal is
found to be oscillating about a value much higher than D.C. zero, so the generated
sine wave is fed into a subtractor in order to receive a signal which oscillates about
D.C. zero. The generated signal has to have 50% duty cycle such that there is no
charge accumulation on the skin surface of the subject. Charge accumulation has to
be zero so that there is no risk of skin burn to the subject. The signal thus generated is
then amplified using an operational amplifier based non-inverting amplifier and fed
into a voltage to current converter. The voltage to current converter is designed in a
floating ground configuration. The output of the voltage to current converter is then
fed into two excitation electrodes, placed on the forearm of the subject. The
specifications of the excitation pulse injected through the excitation electrodes are
as follows:

• Frequency: 15 kHz.
• Current: 3 mA.
• Source type: Sine Wave.

The voltage sensing electrodes (R1, R2), on a subject’s forearm are placed in
between the two excitation electrodes (C1, C2). The positioning of the electrodes is

I( ) I( )

ΔV ΔV

C1 C2

σ

C1 R1 R2 C2

σ

(a) (b)

ω ω

Fig. 9.12 (a) Bipolar Arrangement and (b) Tetrapolar Arrangement of electrodes
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shown in Fig. 9.14, where R1, R2 are the voltage sensing electrodes and C1, C2 are
the excitation electrodes. The voltage signal received by the electrodes R1 and R2 is
fed into an instrumentation amplifier, which is further rectified using a full wave
rectifier. The full wave rectified signal is further fed into a demodulator which
eliminates the 15 kHz carrier wave from the sensed signal. Once the signal is
demodulated, it is passed through a second order low-pass Butterworth filter, with
a cut-off frequency of 250 Hz (Table 9.5, and Fig. 9.15).

The filtered signal is further bifurcated into two channels. One of the channels
carries the filtered signal onto a separate circuit designed only for the processing of
filtered signal (marked as “Processing of filtered ICG signal (z)”, in Fig. 9.13).
Whereas the other channel feeds the filtered signal onto an operational amplifier
based first order differentiator. The differentiator provides us with the first order
differentiated ICG signal (dz/dt), which is then sent to an envelope detector for

Fig. 9.14 Electrode placement on the fore-arm of the subject1

Table 9.5 Features extracted from the ICG signal

Type Description

Pressure
features

Systolic blood pressure
Diastolic blood pressure
Peak systolic pressure
Peak diastolic pressure
Mean blood pressure

Time features Heart rate
Systolic duration
Diastolic duration
Cardiac cycle

Area features Area under one cardiac cycle
Systolic area
Diastolic area
Area under differentiated wave

Amplitude
features

Difference of first two peaks of the extracted cardiac cycle (P1-P2) difference of
next two peaks of the extracted cardiac cycle (P3-P4) augmentation index (AIx)
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detection of various peaks in the signal based on threshold values. The envelope
detector further advances the signal to a separate circuitry designed only for the
processing of first order differentiated signal (marked as “Processing of filtered ICG
signal (dz/dt)”, in Fig. 9.13). The circuitry designed for processing of the filtered
signal (z) helps us in the identification of various feature points in the ICG signal
related to cardiac cycle of the recruited subject. The filtered signal is also further
processed using envelope detector and an adaptive thresholding in order to identify
the best available cardiac cycles. This signal is also used to identify peak systolic
point, peak diastolic point, dicrotic notch, and base point as shown in Fig. 9.16.

The circuitry designed for processing the differentiated signal (dz/dt) is used for
extraction of a feature called “Augmentation Index” (AIx). In order to obtain AIx the
differentiated signal is again passed through a differentiator, and a Butterworth

Fig. 9.15 Actual ICG signal recorded before filtering (raw signal)2

Fig. 9.16 Filtered ICG signal obtained after passing the raw signal through a low pass butterworth
filter3
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low-pass filter of order 2 and a cutoff frequency of 250 Hz. The first order and the
second order differentiated signals are individually passed through two different
envelope detectors in order to identify the peaks required for calculation of AIx.
Figure 9.172 shows a snapshot of the device acquiring ICG signal from a subject.

Fig. 9.17 Illustrative image of the prototype developed with electrodes placed on the arm4

21,2,3,4Reprinted from,“Estimation of echocardiogram parameters with the aid of impedance car-
diography and artificial neural networks”, by S. Ghosh, B. P. Chattopadhyay, R. M. Roy,
J. Mukherjee, and M. Mahadevappa, Artificial intelligence in medicine, vol. 96, pp. 45–58, 2019,
with permission from Elsevier, (Licence No.: 4943690013102)
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9.8 Conclusion

The aim of this chapter is to discuss a method for designing a cost-effective solution
for monitoring one’s cardiac health. The discussed methodology leads to the devel-
opment of a bedside cardiac health monitoring device that could be used by any
individual without the requirement of any expert supervision. The features extracted
from the ICG signal could be used for prediction of various hemodynamic param-
eters like: Stroke Volume, Left Ventricular Ejection Fraction, Myo-cardial Perfor-
mance Index, etc. Researchers have conducted various studies [58, 59] wherein the
disscused methodology has been used for acquiring ICG signal, and therein
predicting various hemodynamic parameters related to cardiac functioning.3
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Chapter 10
Tailoring Multi-Functional 1D or 2D
Nanomaterials: An Approach towards
Engineering Futuristic Ultrasensitive
Platforms for Rapid Detection of Microbial
Strains

Preetam Guha Ray, Baisakhee Saha, Pravin Vaidya, Hema Bora,
Krishna Dixit, Asmita Biswas, and Santanu Dhara

10.1 Introduction

The associated surge in complexity of regular activities surrounding the environment
have not only facilitated our lifestyle but also induced significant changes in
genomic architecture of the microbial community as well. The re-alignment of
demographic needs with changing decades has not only revolutionized technological
accreditation of the civilized society but also aroused global obligations associated
with it. Although certain changes were beneficial and worked symbiotically, how-
ever, unwanted mutation also provoked evolution of immolating malicious microbes
which had huge social-economic impacts leading to dreadful epidemic or pandemic
situations, the current manifestation of COVID-19 pandemic being the worst of all.
Simultaneously, the research world had been witnessing a paradigm shift in the fields
of information technology, electronic devices, homeland security, medicines, trans-
portation, energy, and others, with the advent of technological solutions associated
with nanoparticles [1–3]. The saga of such application can only be forecasted to
advance rapidly in combination with upcoming technological advancements. Similar
effects were also witnessed in healthcare sector wherein significant developments
were observed in subjects related to tissue engineering, in vivo imaging, in vitro
diagnostics, drug delivery, or molecular therapeutics [4, 5].

Nano-engineered systems are already being deployed as advanced drug carrier in
the application of targeted drug delivery or components of such system have also
been utilized for therapeutics in direct physical destruction of malignant tissues
[4]. Several nanofibrous scaffolds are undergoing substantial clinical trials for
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possible therapy in regenerative applications [6, 7]. Furthermore, in nano-bio-sens-
ing, such nano-engineered systems have shown promising implications in contrib-
uting effectively in current medical practices [8]. A lot of such concepts related to
diagnostics applications were grown on the concept of metal/metal oxide
nanoparticles exploiting their surface-enhanced properties, perpetuating their signif-
icant contribution in the above areas [9]. In the past decade, 1D or 2D nanomaterials
have gained much attention in fabricating electrical/electrochemical devices for
rapid and ultrasensitive label-free detection of biomolecules. Finally, easy
in-solution process-ability makes it an attractive alternative for fabrication of
micro to nanoscale electronic devices thus improving its performance. 1D or 2D
nanomaterials are those wherein one or two dimensions are particularly outside the
nanoscale, for example, nanowires, nanotubes, and nanofibers often represent 1D
nanomaterials, while graphene, layered double hydroxides, graphitic carbon nitride
(g-C3N4), hexagonal boron nitride (hBN), layered metal/metal oxides, and transition
metal dichalcogenides (TMDs) often represent the family of 2D nanomaterial
[1]. There are several advantages of using these lower dimensional nanomaterials
owing to their unexpected properties such as room temperature carrier mobility,
excellent electrical properties. Along with superior charge carrying properties they
also possess other physico-chemical properties including quantum Hall effect, ultra-
high specific area, higher young’s modulus, and superior optical transparency
ensures stability for practical applications [1]. Its ability to confine electrons and
its ballistic transport in 1D or 2D nanomaterials promotes their excellent electrical
properties, making them ideal for application in ultrasensitive detection procedures
(Fig. 10.1). Subsequently, an apparently ultra-high surface area renders ample
opportunity for surface modifications or functionalization in order to modify it
accordingly to suit any heterogeneous bio-affinitive reactions. High surface area
also increases the number of capture probes thus increasing possibility of
bio-affinitive reaction with the target analyte, thus allowing easy regulation of its
surface properties. For example, electrochemical sensor has been prepared using
SWCNTs treated with polyethylene amine for attaching monoclonal anti-
carcinoembryonic antigen antibodies to detect carcinoembryonic antigen in saliva
and serum [10]. Furthermore, graphene oxide (GO) possesses high affinity towards
adsorbing (single stranded) nucleic acids via pi–pi stacking through interaction
between ring structures of the hexagonal cells of graphene and nucleotide bases
[11]. Similar to carbon nanotubes, GO also have its own fluorescence quenching
property owing to its nanoscale fluorescence resonance energy transfer (FRET)
property [12]. Together, these two properties lead to the utilization of GO in
fluorescent based DNA detection [13].

However, it is essential to understand the bitter truth that even after continuous
development of several technologies worth billions of dollars, still only few of them
could actually be taken to patient’s bed side. Although there were some extremely
successful point-of-care (POC) technologies that made it to the commercial market
and are very popular. For instance, the first concept of point-of-care bio-sensing
technology was first published in the year 1962, by Clark and Lyons wherein
enzymatic oxidation of glucose by glucose oxidase (GOx) was carried out using

234 P. Guha Ray et al.



Clark’s oxygen electrode as selective transducer [14]. Ever since invention of the
above technology, glucose biosensors have gathered much attention and compact
units of such devices are made available commercially as the most used on-site and
rapid diagnostic kit, available over the counter. It is being more than 50 years now
and still many advance researches are going on in the same field to detect glucose
from tear fluid in order to promote non-invasive detection of the analyte. Further
even glucose sensor units integrated with insulin pumps are also explored for
practical application. Another significant advancement in the field of bio-sensing
technology came in the year 1969, when Margaret M Crane filed the patent for a
diagnostic kit capable of detecting pregnancy and eventually got accepted for
patenting in the year 1971 [15]. The presence of human chorionic gonadotropin
(hCG) in the test sample of a female’s urine is tested using a lateral flow system. hCG
is a hormone, secreted by the placenta and it is supposed to be only present when a
female is pregnant. The lateral flow device utilized in conducting the above test
generally consists of at least two zones where primarily the bio-affinitive reactions
occur. In the presence of hCG, the bound monoclonal antibodies-hCG complex will
certainly mobilize polyclonal anti-hCG antibodies and the color reagent, which
eventually appear as a colored stripe or dot in the test zone thus indicating preg-
nancy. The above narrated device is a classic example of biomolecule
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immobilization using a surface functionalized test strip and subsequent availability
of these biomolecules to react with the test analyte.

The introduction of DNA microarray technology endowed benefits in advent of
several molecular biology tools, however, its fluorescence based optical detections
system confronted several inherent shortcomings, owing to photo-bleaching of
fluorescence dyes or ambiguous spectral cross-talk between dyes. Moreover, the
process requires PCR for amplification and sample processing thus involving usage
of bulky optical scanners limiting its deployment as a point-of care technology
(POCT) [16, 17]. Apparently, it was essential to fabricate an electronic alternative
of the same in order to attain enhanced sensitivity or selectivity. The development of
such electronic alternatives not only facilitate in label-free detection of the microbes
but their miniaturized architecture also enforces the possibility for developing
multiplexed detection system for high-throughput screening [18]. Such system
also possess possibility to be integrated as on-chip devices coupled to standard
signal processing circuitry for signal acquisition, amplification, and detection.
Metal submicron wire barcodes were used in conjunction with existing fluorescent
based DNA detection assays for possible multiplexed detection procedures
[19]. Thus, justifying the fact that nanoparticles could be deployed for DNA
detection assays, however, in contrast to these optical methods, nanowires (NWs)
or nanotubes (NTs) can also be used for label-free, ultrasensitive real-time electrical
detection of biomolecule binding [20, 21].

On the horizon of biosensors for clinical diagnostics, food and beverage quality
monitoring in industrial analysis enjoys a niche position in global economic market.
As of year 2000, a market survey by Frost & Sullivan forecasted a market size of US
$ 895 million in the field of biomedical engineering and of which medical devices
account for close to US$ 300 million in sales. The radical growth in bio-sensing
industry is estimated to be CAGR of 8.84% and touch USD 27.06 billion by 2022.
The above statistics definitely projected amplifying demand of biosensors in the
areas of quality monitoring of food and beverages, biodefense, healthcare or envi-
ronmental monitoring worldwide.

10.2 1D or 2D Nanomaterials and its Sensing Application

10.2.1 1D Nanomaterials

10.2.1.1 Nanofibers

Nanofibers (NF), commonly fabricated by the process of electrospinning, claim
importance owing to their larger surface area and high aspect ratio which provides
a better signal-to-noise ratio and biochemical binding of the sensor [22]. Air pockets
in electrospun NFs provide greater hydrophobicity while their porosity imparts high
contact angle. Droplet and fluorescence based immunoassay was performed on
“sticky” NF surface of electrospun polycaprolactone fibers of indium-tinoxide
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glass for dual detection of Salmonella typhimurium and E. coli-K12 by smartphones.
The sticky surface provides a non-slip surface for droplet adhesion, while NFs
provide local hydrophilicity (74�) facilitating the same [23]. Nanofibrous nitrocel-
lulose membrane functionalized with respective antibodies functions as a low-cost
biosensor for both viral and bacterial pathogens—bovine viral diarrhea virus
(BVDV) and Escherichia coli O157:H7 with detection time of 8 mins and detection
limits of 103 CCID/mL and 61 CFU/mL for the viral and bacterial samples,
respectively. Oxygen plasma treatment further enhanced the capillary action of the
NF membrane [24]. NF-light addressable potentiometric sensor (LAPS) was utilized
separately for pH-sensitive hydrogel based has been developed for antigen-antibody
detection. LAPS was integrated with electrospun polyacrylic acid/PVA (PAA/PVA)
nanofibers as sensing layer (NF-LAPS) for detecting pH change in media while
using E. coli to ferment sugar molecules. Furthermore, N-butyl acetate
functionalized nano/microfibers of naturally occurring eggshell membrane was
also deployed with efficient detection of E. coli O157/ H7 bacterial DNA responsible
for producing Shiga toxin [25]. Also high sensitivity towards detection of E. coliwas
also achieved using d-mannose functionalized NFs. It selectively sensed mannose
specific lectins belonging to E. coli rendering super-Nernstian response of 74 mV/
pH change which could be related to a detection limit of 20 CFU/ml [26]. Analyte
capture and concentration is also specifically done by NFs for better purification and
detection. On-chip concentration of bacterial cells, E. coli K12, has been carried out
by attaching anti-E. coli K12 antibodies on PVA NF mats with –COOH groups via
EDC/NHS chemistry, which could retain negatively charged bacteria with
non-specific electrostatic interactions and antibody-dependent specific capture [27].

10.2.1.2 Nanowires

Nanowires (NW) are solid fibers with diameter in the nanoscale range generally
having length to width ratio > 1000. These excellent electrical tools are being
exploited as sensors since these can detect the binding events due to change in
charge density on their surface upon binding of biomolecules like proteins, nucleic
acids, peptide-nucleic acids (PNA), DNA-DNA hybridization, and also due to cell
membrane potential and biomolecular charges [18, 28]. Any perturbation of electric
fields on the surface of NW Field Effect Transistors (FET) bring about a large
electrostatic modulation of carrier density owing to their higher surface area in
order to create a Debye length screening [29]. An exponential decay in electrostatic
potential was observed with distance, since net positive charges were neutralized by
net negative charges on the NW [30]. Even a single biomolecule on the surface of the
NW brings about perturbation in the electric field to cause either a charge accumu-
lation or depletion, deep into the whole NW and consequently changes the flow of
current in the channel [31]. Thus, NWs are aptly tailored to serve as highly sensitive
biosensors. Metal oxide NWs with diameter range within tens of nanometers are
quasi-1D crystalline structures with very high surface-to-volume ratio with bulk of
atoms on the surface thereby enhancing the sensing ability via surface phenomenon.
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Moreover, since these are almost fixed single crystals, hence there is minimum
instability due to penetration and movement of signal molecules. In NW-mediated
lysis method, for Gram-positive (Bacillus subtilis) and negative bacteria (E. coli) or
yeast, cells are entangled within 30 nm diameter nanowires (SnO2 or SiO2). SiO2 has
better bacterial adsorption and biocompatibility and SnO2 has better bacterial recov-
ery rate. The membrane between the nanowires is ruptured by the shear force. A
potential of 500 V/cm was applied for DNA extraction. Integration of this technique
with loop-mediated isothermal amplification (LAMP) provides a single step rapid,
detection assay for visual chromatic microbial cells [32]. Silicon nanowire (SiNW)
array based biointerface is able to sense and exhibit high capture capacity for E. coli
and S. aureus in drinking water at 8.6 and 5.5 � 106 cells per cm2 in 40 min,
respectively, by providing attachment sites for bacterial adhesins. SiNWs-Au@Ag
interface directly captures bacteria, and was identified with laser induced breakdown
spectroscopy (LIBS) mapping without any aiding biomolecules.

For the rapid, sensitive, and specific screening of viable food-borne pathogen like
Listeria monocytogenes in ready-to-eat foods, TiO2 NW bundle microelectrode-
based impedance immunosensor has been applied wherein immobilized monoclonal
antibodies on the surface of the NW bundle were used for capture. Concentration of
L. monocytogenes as low as 4.7 � 102cfu/mL could be detected from the change in
impedance due to the NW—antibody�bacteria complex within 50 min without any
significant interference from other food-borne pathogens [33]. A miniature
honeycomb-patterned silicon NWs based FET nanosensor could determine bacterial
growth kinetics and metabolism by quantifying the changes in the source–drain
current due to pH variation in response to antibiotics. The fabricated device had four
groups of nanosensors, each consisting of an array of 8 transistors. Integration of
multiple sensor platform in a single device paves its path through multiplexing and
provides a high-throughput method of screening or diagnosis. Each nanosensor
shared one reference electrode [34]. NW silicon on insulator films have been used
to detect Ebola virus VP40 protein by its immune complex with specific monoclonal
antibodies in real time of�200–300 s per test sample [35]. H1N1 influenza virus can
adsorb 200 nm thick silicon NW while keeping the distance between NWs around
100–200 nm. This causes wavelength shifts in the Fabry–Perot fringes of the
reflection spectrum of visible light from the NWs. This feature may form the basis
of filters and sensors for viral binding and detection [36].

10.2.1.3 Nanotubes

Nanotubes are cylindrical structures with diameters in the nanoscale range
(1–100 nm). Among all other types, like carbon, lipid, boron nitride, titanium
oxide, silicon carbide, etc., carbon nanotube (CNT) steals the show due to its high
mechanical tensile strength with light weight, very high aspect ratio, good thermal
conductivity, fast electron transfer kinetics, exposed functional groups, chemical
inertness, binder, carrier and immobilization properties for antibodies, DNA, RNA,
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and aptamers [37]. Prieto-Simon et al., have tailored SWCNTs into immunosensors
to detect MS2 bacteriophage, a contaminating agent in sewage impacted water
supplies by covalently attaching SWCNTs to a cysteamine-modified gold electrode
through electron communication. In another approach, antibodies were immobilized
on iron oxide NP decorated SWCNTs via hydrazone coupling. These magnetic
immune-carriers provided high number of antibody binding sites to minimize
non-specific adsorptions. The detection limit in river water was 9.8 pfu/mL and
subsequently improved to 39 pfu/mL in the second approach [38]. A brief is
mentioned is Table 10.1.

10.2.1.4 Nanorods

Nanorods (NR) are the nanostructures with lengths between 10 and 120 nm with
aspect ratios between 3 and 5. They can be metallic, carbon, semiconductor or oxides
nanorods. When molecules get adsorbed on the surfaces of metallic nanostructures, a
localized surface plasmon is generated due to the resonance of the oscillation
frequency of the nanosurface electrons and the incident wavelength resulting in
the enhancement of electromagnetic fields and giving rise to the phenomenon of
Surface-Enhanced Raman Spectroscopy (SERS). To achieve high quality SERS
effect, Ag-NRs generated by oblique angle deposition method are very useful,
specifically the ones with length and diameter in the range of ~800–900 nm and
80–90 nm, respectively, with ~150 nm spacing between each adjacent NRs
[39]. Dual functional peptide, P937, conjugated to gold NR (Au@P937) by Au–S
bonds via terminal cysteine of the peptide started aggregating upon contact with
bacterial surfaces, leads to their detection by change in the surface plasmonic
absorbance intensity of the NRs sensitive to the bacterial concentration. The LOD
for E. coli and S. aureus was 46 cfu/mL and 89 cfu/mL, respectively [40]. Ag-NR
array based SERS has aided in the identification and differentiation of respiratory
syncytial virus (RSV) mutants and strains (A2, A/Long, and B/1) detection of a cell
wall-less prokaryote that causes respiratory ailments,Mycoplasma pneumonia, from
the clinical throat swab specimens [44]; identification of food-borne pathogens like
S. epidermidis, E. coli O157:H7, E. coli DH 5α, S. aureus, and Salmonella
typhimurium and bacteria mixtures [45]; identification of different forms of mycolic
acid (α-, methoxy-, and keto-forms) a tuberculosis biomarker from Mycobacterium
tuberculosis [46].

10.2.2 2D Nanomaterials

10.2.2.1 Graphene

Both graphene and its derivatives like reduced graphene and n-doped graphene have
potential bio-sensing applications. For bacterial sensor platforms, the lowest limit of
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Table 10.1 Types of nanomaterials leading to detection of varying micro-organisms

Type of Nanomaterial Organism Reference

Nanofibers Polycaprolactone fibers on
indium-tin-oxide glass

Salmonella typhimurium and
E. coli-K12

[16]

Antibody functionalized nitro-
cellulose membrane

Bovine viral diarrhea virus
(BVDV) and E. coli O157:H7

[17]

D-mannose functionalized
NFs of polyacrylic acid/PVA
(PAA/PVA) with integrated
LAPS

E. coli [18]

Nanowires SnO2/ SiO2 core shell
nanowires

Gram positive (Bacillus
subtilis), gram negative
(E. coli), and yeast cells

[24]

TiO2 NW bundle
microelectrode-based imped-
ance immunosensor

Listeria monocytogenes, a
food-borne pathogen

[25]

Silicon NWs nanosensor Bacterial growth kinetics and
metabolism

[26]

NW silicon on insulator films Ebola virus [27]

Silicon nanowires H1N1 influenza virus [28]

Nanotubes SWCNTs attached to
cysteamine-modified gold
electrode

MS2 bacteriophage [30]

SWCNTs decorated with iron
oxide NP

MS2 bacteriophage [30]

Nanorods Peptide conjugated au-NR E. coli, S. aureus [32]

Ag-NR arrays Respiratory syncytial virus,
Mycoplasma pneumoniae
S. epidermidis, E. coli O157:
H7, E. coli DH 5α, S. aureus,
and Salmonella typhimurium,
Mycobacterium tuberculosis.

[35]

Graphene Graphene and GO Microbial toxins like botuli-
num, staphylococcal toxin B,
Clostridium difficile toxin,
mycotoxin, aflatoxin,
ochratoxin

[37]

GO-based FET device passiv-
ated with an ultrathin alumina
layer overlaid with gold NPs
with functionalized antibodies
against microbial surface
proteins

E. coli sensor platform [39]

Graphene nanoplatelets and
monolayers interfaced with
specific antimicrobial antibody
functionalized array of gold
microelectrode capacitors

E. coli O157:H7 [40]

(continued)
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detection for graphene and GO is 10 times less as compared to reduced-GO while for
viral platforms, graphene modified with silver and gold NPs can detect as low as
pg/mL of viral load [41]. Graphene derivatives have also been utilized for detection
of microbial toxins like botulinum, staphylococcal toxin B, Clostidium difficile
toxin, mycotoxin, aflatoxin, and ochratoxin, as excellently reviewed by Li et al.
[47] Graphene based FET demonstrated current-voltage characteristics of graphene
and exhibits strong increase in conductance upon exposure to E. coli at 105 cfu/ml
concentration [48]. In another method, GO-based FET device passivated with an
ultrathin alumina layer overlaid with gold NPs with functionalized antibodies against
surface proteins of outer membrane have been used as E. coli sensor platform. Here
both GO and alumina contribute holes and electrons as charge carriers. The positive
charge of the antibodies is countered by the adsorption of negatively charged E. coli
to reduce the current flow between the source and drain [49].

Graphene nanoplatelets and monolayers interfaced with anti-E. coli O157:H7
antibody functionalized array of gold microelectrode capacitors were used as label-
free biosensor platforms for these pathogens. The capacitance response upon capture
of the pathogen on-chip increased with the increase in the cell numbers due to
graphene’s charge carrier mobility upon capture on-chips, contribution of electro-
negativity of the cell-wall phospholipids and ionizable groups, the cells’ internal
bioactivity and polarization of captured cell-surface charges. The LOD was 10–107

cells/ml in a tiny droplet of 5 μl within 30 mins [42]. Lin et al., developed an
impedimetric immunosensor from nanocomposite film of reduced graphene doped
chitosan, tagged with antibodies for the facile and sensitive detection of marine,
pathogenic sulfate-reducing bacteria. FTIR results showed that the bonding
between –NH2 groups of chitosan and –COOH groups of reduced graphene resulted
in the formation of the film. A linear correlation between I/V characteristics of the
redox couple,ΔRct, and bacterial concentration was observed within the logarithmic
limit of 1.8 � 102 to 1.8 � 107cfu/ml.

10.2.2.2 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) belong to the emerging category of 2D
materials which are direct band gap semiconductors as opposed to graphene
[43]. TMD nanosheets are promising candidates as biosensors due to their higher
surface area which could be deployed to adhere large number of sensing molecules,

Table 10.1 (continued)

Type of Nanomaterial Organism Reference

Transition
metal
dichalcogenides

WS2 TMD nanosheet based
fluorescence biosensor

MicroRNAs [41]

Nano/
microgaps

Planar gap modified with NPs,
with capture probes comple-
mentary to target DNA,

Capture of biomolecules like
DNA and its point mutations

[42, 43]

10 Tailoring Multi-Functional 1D or 2D Nanomaterials: An Approach towards. . . 241



and due to their super fluorescence-quenching properties. TMDs and GO bind
single-stranded DNA by van der Waals forces and pi–pi interactions between the
nucleobases and the surface, respectively, but both repel the double-stranded DNA
[50]. Purines adsorb more strongly than pyrimidines on TMDs. When a fluorescent
probe gets adsorbed to basal plane, its fluorescence signal is quenched which is,
however, regained upon complexation with either complementary DNA or protein as
the complex gets dislodged from the surface [51]. DNA adsorption on TMD surfaces
is weaker and hence desorption due to DNA-specific hybridization is more promi-
nent here. For MoS2 andWS2, the high MW surfactants, Triton-X100 and Tween-80
facilitate more desorption using stronger van der Waals forces of their tails to
displace DNA [45]. WS2 TMD nanosheet based fluorescence biosensor has been
designed for microRNA detection from cancer cell lines which may well be extrap-
olated to infectious diseases (as mentioned in Table 10.1). MicroRNA detection
using TMD is highly sensitive with improved single-base mismatch discrimination,
low fluorescence background, and low cost due to higher fluorescence
quenching [52].

10.3 Functionalization Routes towards Microbial Detection

Biosensors are commonly used in healthcare settings to detect disease-causing
agents or pathogens in biological samples. These biosensors detect electrochemical,
optical or fluorescent signals generated by probe-target interactions as shown in
Fig. 10.1. Nanomaterials have diverse properties which are exploited by scientists
for their use in bio-sensing applications to fasten the process of microbial detection.
Two-dimensional materials like carbon nanotubes have a highly porous network
which can anchor high amount of receptor molecules to increase the sensitivity of
detection, e.g. redox enzyme alone or in the combination of cofactors for efficient
electron transfers [53].

The covalent functionalizations of nanomaterials are accomplished via chemi-
cally attaching carboxyl groups on sidewalls of nanotubes which interact with the
functional groups on biomolecules to prepare capture probes for biosensors
[54, 55]. The carbodiimide compound like N-ethyl-N0-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) can activate the carboxyl groups to react with
amine molecules in target biomolecules. The poly-L-Lysine (PLL) linkers are also
employed owing to the presence of large number of active amino groups which are
sufficient for reacting with carboxyl groups of SWNTs as well as linking SWNTs
and biomolecules. Zhang et al. immobilized Horseradish peroxidase effectively on
SWNT using PLL cross-linker and EDC cross-linking agent for sensing hydrogen
peroxide [56]. In another instance, an immuno-biosensor was designed using EDC
as cross-linking agent to attach anti-rotavirus antibodies on carboxyl groups of
graphene oxide for detection of rotavirus [57]. Glutaraldehyde cross-linking method
is also very effective to covalently immobilize monoclonal anti-CEA antibodies on
polyethyleneimine wrapped multiwalled carbon nanotubes for the detection of
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carcinoembryonic antigen in saliva and serum [58]. Jaiswal et al. used glutaralde-
hyde to cross-link amine terminal of probe DNA on electrophoretic assembly of ZnO
nanorods for detection of the DNA of E coli [59].

On the other hand, non-covalent modifications are achieved via pi–pi, van der
Waals, ionic interactions, and hydrogen bonding between nanomaterials and bio-
molecules through the use of polymers [60], enzymes [61, 62], and metal oxide or
nanoparticles [63, 64]. Non-covalent functionalizations are relatively convenient and
do not affect the structure and intrinsic properties of nanomaterials and biomolecules
[65]. Bifunctional linker molecules can be used to functionalize nanomaterials,
e.g. 1-pyrenebutanoic acid succinimidyl ester (PBSE) has pyrene group and
succinimidyl ester which bind to graphene via pi–pi interaction and amines on
antibody, respectively [66]. Such PSBE mediated graphene biosensor was used to
detect Escherichia coli [67]. The carboxylated MWCNTs were acylated to make
polyethyleneimine (PEI) functionalized MWCNTs [68] which were used for immo-
bilization of T2 phage particle to detect the Escherichia coli [69]. The more detailed
non-covalent functionalization of nanomaterials is reviewed here [70]. Various other
molecules like enzyme, receptors, lectins, whole cells, peptides, and molecularly
imprinted polymers can be used for functionalization [71] to identify the targets in
various bio-sensing approaches.

10.4 1D or 2D Nanomaterials in Nano/Micro-Gap Based
Sensing Devices

The above narrated 1D or 2D nanomaterials can also be strategically deployed to
fabricate ultrasensitive detection platforms. Bridging of nano or micro-gap or emu-
late a bio-field effect transistor (bio-FET) has been used as powerful technique in
increasing selectivity and sensitivity of such bio-devices for ultrasensitive detection
of small biomolecules [72]. Often materials possessing excellent conductivity are
deployed for fabrication of such sensitive devices owing to their enhanced electrical
conductivity, higher sensitivity or easy read out characteristics. Thus, 1D or 2D
nanomaterials enjoy a special place in fabricating such devices by virtue of their
inherent physico-electro or chemical properties. In general, micro-devices are
extremely helpful in the detection of biomolecules using electrical signals, for
eg. resistance/impedance, field-effect, or capacitance/dielectric [72]. The nanogaps
are often categorized into planar or vertical gaps. Amidst the considerable research
done in this aspect, label-free detection of biomolecules using gold nanoparticles
(Au-NP) or carbon based 1D or 2D nanomaterials have gathered much attention.
Some examples depicting fabrication of such sensing devices and its plausible
applications are narrated below.
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10.4.1 Planar Gaps

Nano or micro-gap based devices usually follow a principle of filling the gap or
bridging it with appropriate signaling probe as a signal to convey the presence of target
analyte. In a planar system, the gap between electrodes are surface functionalized with
capture probes corresponding to the target analyte, which can be a possible protein, a
sequence of oligo, a whole cell or biomolecule tagged nanoparticles. In an approach,
aminosilane functionalization was used to form a sub-monolayer of colloidal Au-NPs
in order to fabricate an electronic transistor for detection of biomolecules (Fig. 10.2a)
[74]. It was used to bridge a gap of 30 nm, created using e-beam lithography, between
source and drain of the device. Alternatively, a self-assembly of Au-NPs was also used
to bridge the gap using ac trapping and it was found that the devices portrayed a
variation in resistance from 100 kΩ to a few tens of MΩ across the platform
(Fig. 10.2b) [75]. Fabrication of such platforms were motivational for the development
of next generation medical devices.

The above work was followed by a path breaking research done by Mirkin and
co-workers wherein they deployed nanoparticles like Au-NPs for detection of bio-
molecules using a direct signal transduction pathway (Fig. 10.2c) [73]. Here, the gap
was modified with capture probes complementary to target DNA, and further in
presence of target DNA the gap was bridged using Au-NPs to complete the signal
transduction path. In order to enhance the output signal, the process of metallization
was adopted with silver ion to amplify the output signal. The process reported an
excellent limit of detection (LOD) down to 500 fM while possessing a selectivity of
~100,000:1 for point mutation selectivity. Alternative strategies were further

Fig. 10.2 Scheme portrays the usage of Au-NP as labels to bridge and fabricate efficient nano/
micro-devices. (a) & (b) portray development of the concept of electron transition using Au-NP
chain as bridge between the gap. (b) reveals the iconic work done by Mirkin and his group for
electrical detection of DNA using Au-NP functionalized oligos and subsequent metallization with
silver to enhance conductivity of the signal associated with the binding events of target-probe [73]
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developed by other groups wherein alteration in electrical conductance was observed
with changing DNA conformation [76]. It was witnessed that the system present low
conductivity on presence of single-stranded DNA, however, the presence of double-
stranded DNA enhanced the electrical conductivity. The above approach to confirm
presence of target analyte surely increases specificity or selectivity and usage of
electro-active conducting materials enhances the signal-to-noise ratio. Au-NPs are
used extensively as choice for designing signaling probe for above applications. A
monolayer or multi-layered system was deployed to analyze the same. For instance,
devices functionalized with 1 nM concentration of capture DNA across a monolayer
of Au-NPs covering a 72 nm gap were able to detect target DNA down to 1 fM
concentration.

10.4.2 Planar Gap Based FET Devices

Reduced graphene oxide (R-GO) suspension was used to bridge the gap between
micro-electrodes to form a liquid gate field effect transistor (FET) for detection of
target DNA molecules using complementary PNA as the capture probe (Fig. 10.3)
[77]. The model was extremely efficient to detect target DNA down to 100 fM
concentration with excellent selectivity. Moreover, the system was efficacious
enough to effectively differentiate between one-base mismatch sequences or the
presence of non-complementary DNA. The ultra-sensitivity of the devised platform
was also accompanied with excellent regeneration property in order to address
re-usability of the platform for multiple measurements.

Fig. 10.3 Scheme showing the concept of fabricating RGO based bio-FET to detect target DNA
using PNA as the capture probe, a concept adopted by Cai et al., 2014 [77]
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10.4.3 Vertical Gap

Alternatively, Gao and co-workers were able to design a vertical nanogap, appar-
ently different from the conventional one wherein the nanogap basically constitute of
an oxide layer sandwiched between two micro-electrodes to form a nano-metal/
insulator/metal multilayer (nanoMIM) nano-device (Fig. 10.4) [78]. The two micro-
electrodes were further modified with different capture probes complementary to the
30 & 50 termini of the target DNA, respectively. Paradoxical to the conventional
bridging technique, herein the target DNA bridges the complementary micro-
electrodes followed by simple metallization of the DNA backbone with Ag + ions
as briefed above to enhance the conductivity. The device was able to amplify
conductance of the system by ~2 orders of magnitude to 2.1 � 104% with a cleaner
background (<1.0 pS). A linear relationship between DNA concentration and
conductance was observed in the I/V pattern when sweeped across a concentration
range from 1.0 fM to 1.0 pM.

10.5 Sample Preparation

Sample preparation is one of the critical steps in downstream applications for
identification and detection of microbial strains in a particular setup, e.g. food,
healthcare, and forensics. The technological advancement in both hardware and
software has developed highly sensitive equipment/or techniques such as biosensors,
lab-on-chip and rapid diagnostic kits; moreover, in such techniques the purity and
integrity of starting material (DNA/RNA/proteins) are of utmost importance, as even
the minor contaminants can affect the final results. Thus, not only the biological
applications such as genomic analysis, genetic and epigenetic analysis, and micro-
bial (virus/bacterial) identification are highly sophisticated but also the human
interface such as sample collection and preparation is critical issue. Sample prepa-
ration is dependent on the types of specimens available for molecular analysis, for

Fig. 10.4 Scheme showing fabrication of vertical nanogap (nanoMIM) having two termini and its
plausible application in DNA sensing via electronic transduction mechanism as adopted by Roy
et al., 2009 [78]
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example, field or diagnostic samples can be collected in the form of tissue, culture,
blood/serum/plasma, swabs, and others.

10.5.1 Cultures

Cultured microbes can be easily used for DNA or plasmid isolation and do not
require large scale culturing making them quite convenient for downstream
processing such as strain identification.

10.5.2 Tissues

In case of handling tissues, high quality nucleic acid (NA) isolation is observed in
frozen tissues [79]. However, in majority of cases, e.g. hematopathological studies
are conducted in fixed tissue samples and the associated procedures (immune-
phenotyping and morphological characterization) are well sorted. Fixed samples
can be stored for number of years and are great source of biomarker discovery in
clinical settings utilizing the omics strategies to unravel information about the
diseases. Tissue fixation can be done through chemicals (formaldehyde, glutaralde-
hyde, methanol, ethanol, and acetone) or microwave irradiation or natural cross-
linker (genipin) [80]. Every method has its pros and cons associated, e.g. microwave
methods lyse the red blood cells but it allows the cross-linking reagent to infiltrate
the tissue making it useful in ultrastructural studies [81]. The most commonly
prepared tissues are formalin fixed and paraffin embedded (FFPE) owing to easy
handling and long-term storage. In addition, more steps and utmost care are needed
to extract nucleic acids form FFPE tissues [82]. Presently, commercially available
reagents (e.g. RNAlater; Ambion, Austin, Texas) are efficient to stabilize RNA and
must be added immediately after sample collection [83].

10.5.3 Blood/Serum/Plasma

The most common way of collecting samples is blood or its constituents like plasma
or serum. Blood samples were often collected in supplementation with anticoagulant
such as acid citrate dextrose, heparin or ethylenediaminetetraacetic acid (EDTA)
depending on the downstream processing. Heparin binds to DNA and inhibits the
Taq polymerase enzymes needed in PCR applications [84]. Magnesium ions con-
centration is important for high molecular weight DNA isolation. Higher concentra-
tions of EDTA have been proven beneficial for long-term storage of DNA
[85]. Depending on whether the microorganism is intracellular or intercellular,
samples are processed, e.g. malarial parasites resides in red blood cells so white

10 Tailoring Multi-Functional 1D or 2D Nanomaterials: An Approach towards. . . 247



blood cells are removed and parasite-infected red blood cells (pRBCs) are separated
for downstream processing [86]. Plasma is the choice for the analysis of viral load,
hence need to be separated from blood sample. Commercial plasma preparation
tubes (PPT) (BD Vacutainer) are available and widely used in the sample collection.
In field studies, blood samples can be collected on filter paper of Whatman® Grade
903 and Ahlstrom Grade 226. These are frequently used for spotting of blood
followed by drying and can be stored at room temperature for few hours to ease
transportation [87, 88].

10.6 Extraction of Biological Molecules for Molecular
Detection

Molecular detection of biological sample is the most commonly used method in the
diagnosis of infectious disease or screening of genetic disorders and is based on the
selection of targets such as DNA, RNA or protein. In addition, with the advent of
modern technologies (as discussed in later sections), Nucleic acid (NA) based
pathogen detection is highly sensitive and specific as compared to the classical
microbiological techniques. This is mainly a three-step process comprising of
sample preparation, amplification, and detection. It is quite essential to prepare the
sample without the cellular components like membrane, organelles, and proteins for
the smooth downstream processing. There are few steps which need to be followed
for NA extraction from collected specimen: (a) cell lysis, (b) removal of lipids and
proteins, and (c) DNA extraction followed by recovery and concentration as shown
in Fig. 10.5.

Cell lysis process can be accomplished by simple use of salts or detergents
(sodium dodecyl sulfate), enzymes (lysozyme), or by mechanical and physical
methods (sonication/boiling/freeze thawing). In addition, various cell lysis methods
are very well reviewed here [89]. Some cells like cancer cells, being soft can be lysed
by puncturing mediated by nanowires [90] whereas bacterial cells do have a thick
outer layers need different approach. In this regard, Yasuiet. al. rupture the cells via
stretching the cell membrane that comes between nanowire (bacteria compatible and
flexible) by shear force [32].

Fig. 10.5 DNA extraction via standard protocol followed in order of cell lysis, removal of
contaminants and precipitation steps
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10.6.1 Nucleic Acid Extraction

To extract the nucleic acids, either solvent extraction (SE) or solid-phase extraction
(SPE) is used. Former is based on the fact that DNA/RNA lose solubility in organic
solvents; after cell lysis and digestion of protein with proteinase K and SDS, when
sample is treated with isoamyl-alcohol:chloroform:phenol (1:24:25), the DNA
comes in aqueous phase leaving lipids, proteins, and cellular debris in organic
phase. Later the DNA is recovered by ethanol precipitation [91]. This method
produces highly purified NA but is very time consuming and cannot be considered
for high-throughput needs. Additionally, it requires trained personal to handle liquid
by pipettes to avoid the loss; organic solvents need proper disposal protocols.

Solid-phase extraction (SPE) method is more common nowadays owing to easy
handling, automation, throughput capabilities, low cost and no need of skilled
technicians. This semi-automated method utilize solid particles (replacing the phenol
from SE) that can bind to proteins with high affinity and nucleic acids with low
affinity for easy elution of nucleic acids. SPE is based on chromatographic tech-
niques (size exclusion, ion exchange, and affinity) and is in the form of spin column
with designed filter for appropriate needs. For example, Sephadex filter is used for
size exclusion based SPE to purify DNA from low sized molecules, whereas Chelex
resin based kits are used for ionic exchange SPE to clean DNA from the unwanted
ions present [87, 92]. The most commonly used is the affinity based SPE wherein
silica filter are used for specific binding of nucleic acids under high concentration of
chaotropic salt and pH below 7 [93]. The commercial spin column mainly uses four
steps of lysis, binding, washing, and elution utilizing the centrifuge at lower speed
[94]. In cases, where samples (blood) are thick and can clog filters, beads or particles
are used which can be directly mixed with the sample. The beads made of materials
with magnetic or paramagnetic properties such as zirconia are widely used in
separation techniques [95]. Magnetic beads can be coated with oligodT to specifi-
cally extract mRNA from total RNA sample [96].

10.6.2 Protein Extraction

Proteins can be obtained from a wide variety of clinical specimens (cells, tissues or
blood). However, working with protein is not as easy as nucleic acids owing to low
amounts available and difficulty in isolating specific proteins. Like nucleic acids,
proteins cannot be amplified and are not as stable as DNA (RNA and proteins are
both easily degraded), hence need lot of care and technical skills for handling
samples [97]. Protein can be extracted by lysing through different means such as
bead beating, sonication, heat treatment in detergent based buffer [98, 99]. The
concentration or precipitation step is required to enrich the extracted protein and can
be achieved using salts and precipitating reagents such as ethanol, acetone, etc. or
through isoelectric precipitation [100–102]. Similar to nucleic acid extraction,
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protein can be separated using chromatographic techniques (size exclusion, ion
exchange, and affinity based). Recently, IgG-modified Fe3O4 magnetic beads have
been used to identify pathogenic bacteria in human samples based on the fact that
IgG can bind to protein A, protein G, protein L, and glycans on the surface of
bacterial cells [103].

1D or 2D nanomaterials are quite versatile owing to their intrinsic properties as
mentioned above. Studies also suggest that magnetic-NPs or CNTs have been
explored for isolation of biological molecules. Shakhmaeva et al. reported that
nanosized negatively charged MWCNTs was used to purify plasmid DNA from
water suspension [104]. In another instance, graphene oxide nanoplatelets (GONPs)
or hydrazine-reduced GONPs (rGONPs) were explored for isolation of genomic
RNA and DNA from embryonic stem cells or plasmid DNA from bacteria [105]. The
above interaction was supported by van der Waals forces, π–π stacking, or hydrogen
bond of graphene with NAs [106]. The polyethylenimine-conjugated magnetic
polypyrrole nanowires (PEI-mPpy NWs) have been utilized to extract human pap-
illoma virus DNA from the minimal amount of urine sample [107]. Graphene and its
derivatives have been successfully used as a sorbent to extract and concentrate
proteins [108–110]. Uzzaman et al. have used graphene and graphene oxide to
extract membrane associated proteins from cell lines and found to be more efficient
than the commercial kits [111].

10.6.3 Automated Nucleic Acid Extraction Methods

The biomarkers of disease-causing microbes are low in concentration in biological
samples and identified by techniques such as PCR and ELISA; the presence of
contaminants or inhibitors can compromise the efficacy of the assay. Many
researchers and companies are in the process of generating automated methods to
scale up their research for high reproducibility with short-time span. After all,
automation refers to simplicity, convenience, less human involvement, minimal
cross contamination, and reproducibility. The amazing technologies such as
microfluidics or nanomaterials have been coupled with advanced molecular tech-
niques like isothermal DNA amplification, quantitative real-time PCR or ELISA to
meet the expectation.

Hukari et al. designed a system utilizing a self-contained multicomponent sample
cartridge with automated addition of enzymes and other buffers, mixing of compo-
nents, capturing and eluting the analyte along with additional features for tempera-
ture sensitive process making it capable of NA extraction from different sample
types such as whole blood, plasma, and water [112]. In another approach, worksta-
tion is designed where lysis and homogenization has been performed by
magnetically-induced vortexing using glass beads and a magnetic stir disk with
incorporating a pressurized air drying system to remove the residual buffer
[113]. Rossetti et al. designed a diagnostic platform which helps in automated
molecularly imprinted based solid-phase extraction (MISPE) of proteins in cancer
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model [114]. Another functionalized magnetic beads based device helps in the
extraction of NA and protein markers in one system. In this system, sample is
mixed with the magnetic beads specific for the RNA, DNA, or protein biomarker
and transported in a tube carrying corresponding solution to the biomarkers through
the use of external magnet and assays showed biomarker recovery quite comparable
to that of the tedious manual process [115].

Upon comparison with the manual or semi-automated sample preparation, auto-
mated workstation demonstrated equivalent performance [116–118]. Apart from lab
based automation devices, commercial automated workstation are available in
market. The magnetic bead based automated system are conveniently used in the
laboratory research settings, e.g. AnaPrep (BioChain Institute, Inc., Newark, Calif.),
MagNA Pure Compact, and the MagNA Pure LC instruments (Roche Applied
Science, Indianapolis, IN) that can process 8–32 samples at one time. Recently, an
automated method has been developed to extract nucleic acid from tissue samples
used previously for histochemistry (e.g. immunohistochemistry, in situ hybridiza-
tion) and staining (e.g., H&E) [119]. Such methods are promising in cases where
sample types and sizes are limited.

Microfluidic approach has been extended to different fields including biology,
medicine because of its various advantages like low sample volume, quick analysis,
and automation [120]. Song et al. generated bipolar electrode (BPE) based
microfluidic device to simultaneously concentrate and separate DNAs by attaching
a streptavidin tag at one end of the DNA to enable the end-labeled free-solution
electrophoresis (ELFSE) [121]. Microfluidic channel has been prepared by growing
aligned carbon nanotubes having 93% porosity in order to allow the smaller mole-
cules such as albumin to pass, while trapping blood cells with an efficiency of ~80%
[122]. Microfluidics is explained in the following section of the chapter.

10.7 Fluid Kinetics for Detection Systems

Diversity in the target molecules makes bio-sensing a challenging as well as
emerging domain of research due to the intricate or complex bio-affinitive reactions
involved. Each target molecule has its unique way of detection and transduction
[123, 124]. Typically, microfluidic and detection integrated on the same platform.
However, integrating detection system with the biosensor platform possesses a
major challenge in developing a practical device design for real-life application.
Nevertheless, a device design typically depends on fluid transport mechanism such
as continues flow, droplet or arrays of mixed fluids. The most important design
parameter in all biosensors is detection time, which ultimately depends on measuring
mechanism and fluidic system. However, with single molecular detection biosensor
it is possible to achieve the higher specificity and grater efficacy with lower volume.
These expediencies have led the scientist and engineers to design platforms that are
able to detect single target molecule or class of biochemical to emerge a technology
called micro total analysis system (μ-TAS) or Lab-on-Chip (LoC)
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[124]. Microfluidics usually points out to a study of fluidic systems with critical
functional lengths in 1–100 μm range, whereas nano-fluidic systems critical length
varies from 1 to 100 nm. Both micro- and nano-fluidic systems are referred by
surface area to volume ratio (SA/V). It is generally considered as higher the ratio
higher the detection efficiency of the biosensor. There are two methods for fluid flow
inside the channel, viz.; pressure driven and electro-kinetic. For micro-fluidic sys-
tems, the pressure driven mechanism can be use, however, with reduction in channel
dimensions the pressure driven system becomes challenging. Hence in most of the
cases the electro-kinetic driven fluid system is often used. In some cases, electro-
osmosis method is used to drive liquid droplets into the channel [125].

Instead of above advantages, sufficient concentration of targeted molecules for
detection puts limitation due to fundamental mass transport and reaction time.
Consequently, detention time scale, tc, is dependent on the flow of target molecule
through the channel and mass diffusion with the transduction mechanism. Therefore,
it is necessary to express the tc in terms of characteristics length lc and mass
diffusivity of the target molecule or species of interest. Characteristic length
is defined by the ratio of volume to surface, however, in general for circular cross
sections, the diameter is considered as the characteristic length. The detection time is
expressed as,

tc ¼ lc
2

D
ð1Þ

The eq. (1) indicates that smaller the characteristic length represents shorter
detection time. Therefore, for smaller detection time the diameter of the channel
should be as small as possible indicating lower volume to surface area ratio
[125]. The characteristic length plays an important role in viscus forces. Conse-
quently, wall–fluid interactions become interestingly important at low V/SA ratio
(Approx. 10�9 m�1). Dimensionless Reynolds number is defined as the ratio of
inertial force to the viscus force. The equation is given by,

Re ¼ ρvlc
μ

ð2Þ

where, ρ is the density of fluid to be tested, v is the average velocity of fluid, and μ is
the viscosity of fluid. Since the equation owing to small characteristics length the
Reynolds number becomes very small indicating viscus forces dominates inertial
forces. Since most of the micro-fluids containing ions, colloid, biomolecules, etc.
interact with the channel wall. The fluid–wall interaction is occurring mainly
because of electrostatics or columbic forces Fcu, van der wall forces Fvdw and
hydrodynamic forces Fhy. The columbic force for an infinite flat surface (here we
are considering for infinitesimally small circular channel) is given as,
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Fel ¼ � 2πRLc
εε0

2σSσP exp � lc
λD

� �
þ σ2S þ σ2P
� �

exp � 2lc
λD

� �� �
ð3Þ

where, λD is the Debye length and σS and σP are the surface charge density of the
sample and particle, respectively. Van der wall force is given as,

Fvdw ¼ AHR

6l2c
ð4Þ

where, AH is the Hamaker constant that indicates particle–particle interaction (here in
blood). The Hamaker constant varies from substance to substance therefor, readers
are asked to go in details depending on the target molecules by themselves. More-
over, the hydrodynamic force,

Fhy ¼ bsV ¼ � f � 6πμR
2V

lc
ð5Þ

where, bs is the hydrodynamic damping coefficient, μ is the viscosity of fluid, f * is
the boundary slip coefficient. For no slip condition f * ¼ 1, and if slip exist f * < 1.
Usually, slip lengths are determined by applying eq. (5) utilizing a colloidal AFM
probe tip. As an evidence from eqs. (3, 4, and 5) the columbic force shows the
exponential dependence on characteristic length lc, whereas van der wall forces and
hydrodynamic force show inverse quadratic and inverse liner dependence on lc.
Therefore, it is very essential to understand the importance of characteristic length
and its effect on solid (channel) walls–liquid (target molecule) interaction. Usually
wall surfaces which come in contact with the target molecules acquire the net surface
charges. These surface charges play an important role in ion absorption or mass
diffusion with the coated wall surface in order to achieve the accurate measurement.
Because of the charges on surface and target molecules there is a formation of layer
called Stern layer. The distance between diffused particle layer on surface and stern
layer is known as Debye length also known as screening length. The Debye length is
given as,

λD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
εeRT
F2z2i ci

s
ð6Þ

where, εe is the electric permittivity of the medium, R is the gas constant, T is the
temperature (k), F is Faraday’s constant, Zi is the valence of the i

th species, and ci is
the concentration of the ith species.

The Debye length ranges from 0.1 to 100 nm and it is an indication of the target
molecule concentration in the solution. Typically, larger the Debye length smaller
the concentration required. Since Debye lengths are important to determine Cou-
lombic forces, it is inverse exponentially proptional to force. This leads to selection
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of proper channel for microfluidic systems [125]. The above interpretation defines
the limits to design microfluidic interfacing of bio-sensing devices. The diameter of
channels and flow rate should be ascertained following the choice of detection
sample in order to obtain desired results. Even functionalization of microfluidic
channels can also be done in order to minimize channel clogging. Furthermore,
acquaintance with a self-sustaining microfluidic platform will open up opportunities
for real-time application of such detection system.

10.8 1D or 2D Material Based Optical Detection
of Microbial Strains

Optics plays a crucial role in sensing microbes, proteins or DNA. Microbial bio-
sensors have adopted few conventional technologies that made them very popular in
the field of optical imaging. The principle behind designing the microbial sensor is
the microbial architecture and lies upon the interaction of microbes with such
analytes which results in a specific change that allows reporters to emit a signal.
Furthermore, these signals are quantified by various means such as fluorescence
microscopy that provides in situ imaging as well as analyses the signal. Different
types of conventional optics include bioluminescence, fluorescence, sensory regu-
lated, and electrochemical. Various techniques used for tracking are bacterial cells
may include atomic force microscopy, flow cytometry, polymerase chain reaction,
nucleic acid detection fluorescence microscopy, and Raman spectroscopy [126–
129]. However, all of the above techniques require sophisticated knowledge of
antibodies and are more expensive. Nanotechnology-based biosensors are cost-
effective, accurate, specific, and are straightforward with respect to data acquisition
and analysis. Based on mechanisms, optical biosensors has been further classified
into phosphorescence, fluorescence, UV/VIS spectroscopy, Raman spectroscopy,
and Forster resonant energy transfer (FRET). Herein, we are elaborating on the
different modes utilized during designing the sensor.

10.8.1 Fluorescent Biosensor

Fluorescence exhibit features like less response time with higher sensitivity and
specificity, also the efficiency of the fluorophore to get excited upon local interac-
tion, made its popularity in the diagnostic field. Fluorescence hybridization in situ
(FISH) allows the detection of microbes in blood cultures. Earlier, organic
fluorophore was used, however, it possessed various limitations like photo-
bleaching and blinking [130]. In this respect, various polymeric fluorophores have
been created for tuning its optical property as well as improving its sensing mech-
anisms for designing and functioning biosensors. Recently, use of fluorescence
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microscopy for detection of metal ions has been reported [131]. The conjugated
polymer as a macromolecule used in a fluorescence helps in both energy harvesting
system as well as providing a delocalizing signal. Moreover, protein based surface
modifications were adopted to functionalize the nanostructured materials, in order to
prepare them as promising alternative for device fabrication. Further peptide mod-
ified devices were used for fluorescent based detection techniques wherein a cumu-
lative signal is acquired thus revealing the fact that distribution of functional
moieties plays an essential role in the detection of biomolecules through optical
response route.

10.8.2 FRET-Based Biosensors

FRET-based biosensors presents a fluorescence resonant effect to the degree of
sensing elements such that it can be integrated into biosensors [132]. The primary
property includes change of the non-radiative energy transfer process in the
fluorophore excited state lifetimes. Different compounds having disturbed excited
states could contribute to several detection techniques. FRET is often used for
detecting DNA, aptamer, or protein corresponding to the target analyte by
interpreting luminescent signals revealed during the process [133, 134]. FRET offers
a unique experimental advantage for determining molecular distances that corre-
sponds to the efficient energy transfer between donor and acceptor separated within a
limited range of 10–80 Å.

10.8.3 Raman Based Sensor

Raman spectroscopy has been widely used for studying the biological related
sample. In Raman spectroscopy, a spectrometer together with the optical microscope
allows excitation and also enables the collection of spectra formed by Raman.
Further spatial resolution was improved by improving the optical axis by using a
confocal setup. Interestingly, it has also reduced the volume of sample required for
characterization. Development of infra-red laser which can detect wavelengths
around 800 nm, has been deployed for the usage of such microscopy to image live
cells [108]. Such lasers provides dual benefit, firstly they reduced the background
noise produced by molecular fluorescence, as well as reduces energy to get into
transition. Secondly, it results in less photo-damage as compared to the UV lasers.
For pathogen detection, various approaches of Raman spectroscopy have been
employed, namely, non-resonant Raman, surface-enhanced Raman spectroscopy,
UV resonance Raman, and non-linear Raman spectroscopy [135, 136]. Inactivation
of pathogen spores and further imaging with Raman allows identification of species-
specific peak. Recently, surface-enhanced Raman spectroscopy has been constructed
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to monitor the cellular activity via direct and indirect manner, and also providing a
strong platform for the detection of the molecule.

10.8.4 DNA Based Sensor

In DNA based sensor, high sensitivity detection and real-time information are
needed. Mainly fluorescence from optical mode is exploited for the detection of
DNA. DNA in cells are stained with Acridine orange, which was excited to a
certain wavelength for developing DNA based sensor system for detection of DNA
hybridization [137]. Optofluidic chip with a nanopore has been used in patch-clamp
technique for the detection of ssDNA. The electrical output corresponds to fluores-
cent intensity with respect to the position of amino acids. Optical fiber also has been
evolving in the field of detecting DNA [138]. This device works on acquiring the
transition of reflected infrared wavelength, thus allowing the detection of DNA.

10.9 Summary and Future Work

The development of highly selectivity and ultrasensitive bio-sensing devices or
methods always had much attention to it and nonetheless owing to realm of the
present scenario, it is never been that imperative to innovate self-sustaining POC
devices that may be used for mass application. 1D or 2D nanomaterials may play a
pivotal role in devising such state-of-art devices, owing to their exceptional physico-
electrical properties. High mechanical stability accompanied by ballistic conduction
of electrons through their high surface area with excellent optical properties always
opens a plethora of opportunity to develop bio-sensing devices capable of catering to
a wide range of critical illnesses. Especially with a suitable extraction method
coupled to an efficient fluidic system, devices prepared with 1D or 2D nanomaterials
always open up opportunities to detect target at extremely minute concentration.
Especially with the advent of bio-electronics, devices involving direct electrical
conductance or a FET based conduction system provide a window to even monitor
the smallest of alteration.

The devices which have been developed until date are ultrasensitive, however,
their clinical intervention still needs to be tested. In order to successfully do so, it is
imperative to develop strategies for even tailoring interface of the developed 1D or
2D materials. Often it is witnessed that such devices fail to keep up to the expectation
due to bio-fouling of the micro-devices when exposed to real samples like blood
serum, as they essentially contain proteins that tends to interact with the nanoparticle
counterfeit. Thus, a well-devised functionalization strategy may not only overcome
the process of bio-fouling but also make the device re-usable. The same could also
be addressed by developing a better extraction process to selectively separate the
target biomolecule from rest of the components. Nevertheless, a self-sustaining
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microfluidic system is always a challenge to develop which may again help in
processing and channeling target molecules to the reaction zone thus increasing
chances of a successful bio-affinitive reaction. Thus, it is apparent that a well-
tailored sensing platform coupled with well-engineered fluidic system may always
lead the path for successful fabrication of an exceptional biosensor device.
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Chapter 11
Clinical Validation of the Medical Devices:
A General Prospective

Sumanta Ghosh, Dipesh Shah, Namdev More, Mounika Choppadandi,
Deepak Ranglani, and Govinda Kapusetti

11.1 Introduction

Medical devices are a key component in modern-day health care for a better quality
of life. Medical devices are employed for a wide range of applications, including
simple medical examinations such as thermistors and stethoscopes to highly sophis-
ticated devices like artificial pacemakers and vascular stents [1, 2]. As defined by
Global Harmonization Task Force (GHTF) the term “medical device”means “. . .any
instrument, apparatus, implement, machine, appliance, implant, in vitro reagent or
calibrator, software, material or other similar or related article intended by the
manufacturer to be used, alone or in combination, for human beings for one or
more of the specific purpose(s) of diagnosis, prevention, monitoring, treatment or
alleviation of disease or diagnosis, monitoring, treatment, alleviation of or compen-
sation for an injury or investigation, replacement, modification, or support of the
anatomy or of a physiological process or supporting or sustaining life or control of
conception or disinfection of medical devices or providing information for medical
or diagnostic purposes by means of in vitro examination of specimens derived from
the human body; and which does not achieve its primary intended action in or on the
human body by pharmacological, immunological or metabolic means, but which
may be assisted in its intended function by such means. . .” [3].

The medical device regulations are highly needed to contain the devices with
poor quality as drugs. However, except for developed countries, very few countries
follow strict regulations [4, 5]. Therefore, there is a compulsion to draft regulatory
policies for all other countries to examine the quality, safety, and efficacy of medical
devices before entering the market. Countries’ dissimilar regulations on medical
devices obstructed access to high-quality, safe, and efficacious medical devices to
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the end-users. Hence, there is a need to homogenize regulations to curtail the hurdles
to enter the device in various markets. Among all, clinical validation’s regulatory
guidelines are the utmost important aspect to scrutinize the safety, quality, and
efficacy of the medical devices.

In simple terms, clinical validation means the process of justifying all the clinical
assessment study reports related to the device’s performance, quality, safety, and
efficacy with the regulatory compliance of any targeted markets. Usually, the final
clinical validation is done by the highest regulatory authority of those countries.
However, the need and types of clinical validation vary from device to device or
class to class. The process of clinical confirmatory is a never-ending procedure for
high risk associated devices, as per the implementation of post marketing clinical
follow-up (PMCF), post-market surveillance (PMS), and periodic safety update
report (PSUR) by the regulatory authorities of various countries. In recent days,
various regulatory bodies have included another important regulation related to
software across the globe. So, in a broader prospect, the clinical validation process
for the clinical investigation plan and its results become mandatory regulatory
compliance for every device.

Key Definitions Related to Clinical Validation (According to Indian
MDR, 2017)
1. Investigational medical device: “A medical device (i) which does not have its

predicate device or (ii) which is claimed for the new intended use or new
population or new material or major design change; and is being assessed for
safety or performance or effectiveness in a clinical investigation.”

2. Predicate device: “A device, first time and first of its kind, approved for
manufacture for sale or import and has the similar intended use, material of
construction, and design characteristics as the device which is proposed for a
license.”

3. Clinical evidence: Defined as “(i) An in vitro diagnostic medical device, is all
the information derived from a specimen collected from a human which supports
the scientific validity and performance for its intended use; (ii) a medical device,
the clinical data and the clinical evaluation report that supports the scientific
validity and performance for its intended use.”

4. Clinical investigation: “The systematic study of an investigational medical
device in or on human participants to assess its safety, performance, or
effectiveness.”

5. Clinical investigation plan: “A document which contains the information about
the rationale, aims and objective, design and the proposed analysis, conduct,
methodology including performance, management, adverse event, withdrawal
and statistical consideration and record-keeping pertaining to clinical
investigation.”

6. Clinical performance evaluation: “The systematic performance study of a new
in vitro diagnostic medical device on a specimen collected from human partici-
pants to assess its performance.”
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7. Clinical benefit: “The positive impact of a device on the health of an individual,
expressed in terms of a meaningful, measurable, patient-relevant clinical outcome
(s), including outcome(s) related to diagnosis, or a positive impact on patient
management or public health’ as per the article 2(53) of the MDR.”

A special wing of USFDA, i.e., Center for Devices and Radiological Health
(CDRH), is accountable for regulating the manufacture, sale, distribution, re-label,
and/or import of medical devices to the USA. According to USFDA, the devices are
classified into three classes, i.e., Class I, II, or III, based on the risk associated with
the devices. Class I devices possess no risk to the user’s life, and thus they are
subjected to some common controls and least regulations. Class II devices require
some special controls and the general controls for receiving the market approval.
Class III devices are those that support and sustain human life [6, 7]. Hence, it
requires the demonstration of safety and efficacy through clinical trial studies before
entering the market.

European Union (EU) acquires a decentralized system to achieve the marketing
authority for the medical devices. Notified bodies in the EU acquire the quality
assurance certificate and confirm post-approval obedience to quality management
system (QMS) [6, 7]. Medical devices are classified and regulated by their respective
country regulatory bodies to ensure their safety and efficacy before being commer-
cialized. EU classifies devices into three main classes, i.e., Class I, IIa, IIb, and III
depending on the risk. The device classification criteria are the duration of the
contact, source of energy for the device, and the invasiveness of the device. Brief
classification is presented as follows with some examples:

Class I: Hospital bed and blood pressure cuff
Class IIa: Hearing aid and X-ray diagnostic device
Class IIb: Ventilator and blood bags
Class III: Drug-eluting coronary stents

Various directives regulate the safety and marketing of medical devices in
Europe, such as the Medical Device Directive (MDD 93/42/EEC), Active Implant-
able Medical Device Directive (AIMDD 90/42/EE), In vitro Diagnostic Medical
Device Directive (IVDMDD 98/79/EC), etc.

In India, the medical device section of the Central Drugs Standards Control
Organization (CDSCO) acts as the highest regulating authority for medical devices
and in vitro diagnostic. The CDSCO controls the medical device regulations through
the Central Licensing Authority (CLA) and State Licensing Authority (SLA). Under
the third schedule of MDR, notified bodies shall be registered with CDSCO and shall
be audited by CDSCO and accredited by NABCB (National Accreditation Board for
Certification Bodies) or Quality Council of India (QCI). According to Indian MDR
2017, the medical devices and in vitro diagnostics are classified into four classes
(Class A, B, C, and D) under the new framework MDR 2017, where Class A and B
shows the least risk and Class C and D devices show the higher risk to patients. The
new framework was darted in consideration with USFDA and EU-MDR. The
notified bodies and SLA are responsible for regulating and verifying the QMS of
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Class A and B devices. The CLA is responsible for checking and granting import or
manufacturer licenses for Class C and D. The permission for conducting the clinical
investigation should be taken from CDSCO in the respective form. It is also
notifying that CLA can cross-check and verify all the clinical evidence and other
QMS compliances of any class of device, a sale in the Indian market. According to
the MDR provisions, the approval for clinical investigation plan, device performance
report should be done by the CLA and PMS should be done by the manufacturer but
should be verified by the CDSCO at the time of audits.

The strong regulatory guidelines of medical devices can drive the development of
quality devices, among the clinical validation process is the key paramater. A clinical
trial sponsor typically performs clinical validation to facilitate the development of a
new product. The goal of clinical validation is to demonstrate the device acceptably
identifies, measures, or predicts the clinical, biological, physical, functional state, or
experience in the defined context of use [8]. In simple terms, the entire procedure
provides a legal defense against the malpractices on the medical devices. In this
chapter, we will discuss required clinical validation protocols and detailed proce-
dures for validation in contrast with safety and type of device (new or existed similar
device). Apart from this, the reader will also get an idea about validation procedures
in various countries by their classes. Table 11.1 shows some of the recent recalled
devices went through the clinical validation in various markets.

Table 11.1 The recalled medical devices in various markets through clinical validation [9]

Name of the devices Manufacturer
Recalled
country

Date of
Recall Reason for recall

Dual-chamber pace-
makers (Adapta™)

Medtronics USA January
2019

Due to circuit failure

Cardiac
resynchronization ther-
apy defibrillators
(CRT-ds)

Abbott USA August
2017

Due to premature bat-
tery depletion com-
plaints caused by
lithium deposition

Chemolock™ ICU Medical Worldwide February
2019

Due to the presence of
plastic burr

Continuous glucose
monitoring (CGM)
systems

Dexcom USA February
2016

Due to a faulty auditory
alarm

8100 model Alaris
pump modules along
with air-in-line (AIL)
sensor kits

Becton
Dickinson’s
subsidiary
carefusion

CANADA December
2016

Due to faulty alarm

Catheters with Bea-
con® tip technology

Cook Medical USA April 2016 Polymer degradation of
the catheter tip

Vial2Bag fluid transfer
systems

West
Pharmaceutical

Worldwide January
2019

Due to functioning
issues

Leadcare blood lead
testing systems

Magellan
Diagnostics

Worldwide May 2017 Gives inaccurate test
results
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11.2 What Is Clinical Evaluation?

11.2.1 Definition

“Clinical evaluation is the systematic approach for assessing and analyzing clinical
data by conducting the literature search of scientific data and/or by conducting the
clinical trial of medical devices. Clinical evaluation is mandatory for the compliance
of safety, clinical performance, and effectiveness [8, 10].”

There is always a great confusion between clinical evaluation and clinical trials
(clinical investigation). The clinical trial is one of the clinical evaluation steps,
whereas clinical evaluation requires final verification and validation of medical
devices [11]. Generally, the clinical evaluation is dependent on the design and
innovativeness of the medical device. For instance, if the device has a similar
configuration as the available marketed product, it is also known as substantially
equivalent devices and does not require clinical investigation [8, 10]. Suppose the
device is predicted to substantially equivalent devices, e.g., a bone screw or cardiac
stents. In that case, the clinical evaluation will be carried out from the literature
search by identifying the scientific data that supports the devices’ safety, efficacy,
and performance. If data meets the device’s desirable safety, efficacy, and perfor-
mance, then the device is suitable for use.

While innovative medical devices require to prove their performance and safety
by conducting the clinical investigation on the human subjects to prove the claims of
intended applications [10].

11.2.2 Pre-Clinical Evaluation

Pre-clinical evaluation is a primary assessment of the device for safety and efficacy,
including before the clinical investigation [12].

Pre-clinical evaluation of medical devices consists of the various examination of
the devices according to standards like ISO 10093 and ASTM F748. Some of the
evaluations are physicochemical characterization, in vitro cytotoxicity, irritation,
skin sensitization, intra-cutaneous reactivity, material pyrogenicity, systemic toxic-
ity, and implantation test genotoxicity, carcinogenicity, reproductive toxicity [8, 13].

Pre-clinical evaluation of medical device classification is a risk-based class
requirement. Table 11.2 represents the categories of the devices and related
evaluation [8].
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11.3 Needs of Clinical Evaluation of Medical Devices

The clinical evaluation is the regulatory requirement of a device to enter into a
market. Each country has its guidelines for the assessment of the safety and effec-
tiveness of the devices.

Regulatory requirements like in India, Medical Devices Rules (MDR) 2017;
USA, Code of Federal Regulations Title 21 (USFDA); Europe, European Commis-
sion; United Kingdom, Medicines and Healthcare Products Regulatory Agency;
Japan, Pharmaceutical and Medical Devices Agency; Australia, Therapeutic
Goods Administration, Global-International Organization for Standardization (ISO
13485, ISO 14155), etc. should follow to enter their respective markets [11]. The
basic needs of clinical evaluation are to prove the medical devices’ safety and
performance by conducting the clinical evaluation either by scientific or clinical
investigation data. Intended use of a new device possesses specific claim like unique
features toward the application needs to prove the performance by full clinical
investigations. Various markets have their documented norms for clinical investiga-
tions and some are listed below:

• India, MDR 2017, manufacturers have to submit clinical evidence to demonstrate
the conformity of the essential principle of design.

• USFDA manufacturers need to submit clinical equivalence by scientific data by
literature or conducting a clinical trial as per ISO 14155.

• EU, Medical Device Directives 93/42/EEC manufacturers need to conduct the
clinical evaluation by literature or perform the clinical investigation as require-
ments of MEDEV 2.7 rev.4.followed by ISO 14155.

• Japan, Pharmaceutical Affair Law (PAL) needs to conduct the clinical evaluation
by literature or perform clinical investigations as PAL requirements.

• ATG, administration needs to conduct the clinical evaluation by literature or
perform clinical investigations.

For innovative medical devices, it needs to conduct the clinical investigation to
understand the safety, performance, and effectiveness. A device similar to
marketed product may not need to perform any clinical investigation since predi-
cated data is available based on the physicochemical, biological, and technological
characteristics. For instance, a newly developed device with unique design fea-
tures and functions needs clinical investigation in human subjects (ISO 14155) to
prove its performance and safety.

11.4 Type of Clinical Evaluation

11.4.1 Clinical Investigation

Clinical investigation of medical devices is classified into two distinct types: clinical
trials (clinical investigation) and clinical evaluation by literature data. Clinical trials
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are classified into two more categories based on the study’s nature, i.e., pilot and
pivot studies. Whereas the clinical evaluation is performed by collecting and ana-
lyzing the data published in the literature.

Clinical investigations are the regulatory requirements for developed medical
devices. The clinical investigation for the devices is performed when sufficient
scientific data is not available for particular medical devices. Moreover, the predicate
medical devices must prove the devices’ safety and effectiveness [12, 14, 15].

For instance, according to USFDA, for newly developed pacemakers or cardiac
stent drug-eluting stent requires clinical evaluation with clinical trial data before
releasing the products. Besides this, all high-risk Class III devices require clinical
trial in the USA as regulatory requirements PMA (premarket approval) of USFDA.
Similarly, the EU also requires clinical investigations to prove the safety and
effectiveness of high-risk devices [16].

Steps Involved in Clinical Investigations
There are several steps involved in the clinical investigation of the new medical
devices, Fig.11.1. The process of clinical investigation of the new medical devices is
summarized as follows:

• The newly developed device, which does not have similar legally marketed
devices, needs to prove its characteristics like clinical indication and intended
purpose, technical—specification, design and biological—biocompatibility, etc.

• To define the plan for clinical evaluation
• Identification of the clinical data from the literature search or a clinical experi-

ence. The data could be either published or unpublished.
• Appraisal of data sets by scientific validity, suitability, demonstration of safety,

clinical performance, and/or effectiveness of clinical data. Also, sample size,
inclusion–exclusion criteria concerning age, medical condition, severity, prog-
nostic factors, etc. Follow-up and outcome of the clinical data.

Analysis of clinical data: a literature review of clinical data by using different
analysis methods like sound methods, comprehensive analysis, additional
pre-clinical evaluation, and clinical investigations or other measures is required
for safety, effectiveness, and risk/benefit analysis.

• Is this clinical evidence sufficient to declare conformity with relevant essential
principal consideration of novelty of device, risk level, and risk–benefit analysis?

• If yes, these are fulfilling all essential principal requirements, then no further
clinical data needed (clinical investigation not needed).

• If no, these are not fulfilling all essential principal requirements, then additional
clinical data required.

• Is the additional data available? If yes, then generate the new or additional data by
the literature search; if no, then conduct the clinical investigation.

• Clinical investigation is needed to declare the safety and effectiveness of the
device. Clinical investigation steps are:

– Sponsor of clinical investigation
– Institute performing the clinical investigation

11 Clinical Validation of the Medical Devices: A General Prospective 273



– Clinical investigation protocol (objectives, subjects, methods)
– Clinical investigations results and conclusions
– Clinical investigation team details

• Finally, the clinical evaluation report concludes the fate of the device by consid-
ering safety and effectiveness.

11.4.2 By Literature Way

Clinical evaluations by literature way are also regulatory requirements for substan-
tially equivalent devices. The safety and effectiveness can be established by

Fig. 11.1 The steps involved in the clinical investigation of new medical devices
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conducting a literature search related to available clinical data (published and
unpublished medical-scientific data) of exited devices. When predicate clinical
data is insufficient, it needs to pass in clinical investigations for safety and effec-
tiveness [10, 17]. The detailed flow of evolution is presented in Fig. 11.2.

Fig. 11.2 The steps involved in the clinical investigation of the medical devices by literature route
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Class II or lower-risk devices like wound dressing devices (hemostatic) or bone
fixation devices (screws) do not require clinical trial, but it should be clinically
equivalent as that of existing one [16].

Steps Involved in Clinical Evaluation by Literature Way
• The developed device is similar to legally marketed devices with characteristics

such as clinical characteristic—indication and intended purpose, technical char-
acteristic—specification and design, biological characteristic—material
biocompatibility.

• Define the plan for clinical evaluation Identification of the potential threat
from the previous research works and clinical experience from published and
unpublished clinical data.

• Appraisal of data sets by scientific justification, suitability, criteria of safety,
clinical performance, and/or effectiveness of clinical data. Besides, sample size,
inclusion–exclusion criteria concerning age, medical condition, severity, prog-
nostic factors, etc. Follow-up and outcome of the clinical data.

• Analysis of clinical data: a literature review of clinical data by using different
analysis methods like sound methods, comprehensive analysis, additional
pre-clinical evaluation, and clinical investigations or other measures is required
for safety, effectiveness, and risk/benefit analysis. Besides, it needs to determine
the post-market clinical follow-up when any risk remains from risk analysis and
then describe residual risks and any other information.

• The gathering of clinical evidence is sufficient to prove the essential principle of
safety and effectiveness.

• Is this clinical evidence sufficient to declare conformity with relevant essential
principal consideration of intended use, risk level, and risk–benefit analysis?

• If yes, these fulfill all essential principal requirements, then no further clinical
data is needed to complete a clinical evaluation report.

• If no, these are not fulfilling all essential principal requirements, then additional
clinical data required.

• Generate new or additional data or conduct the clinical study.
• Prepare a clinical evaluation report.

The devices are developed based on the predicated devices so that all the
characteristic features should be similar to predicates devices. The specifications
such as clinical indication, technical performance, design, and biological aspect must
be similar to that of the predicate devices.

Make a clinical evaluation plan and define the scope, contents of the clinical
evaluation like description and characteristic of device, clinical background state of
the art, whether the device under evaluation and clinical equivalence, identification,
analysis, and appraisal of clinical data. Further, it needs to document the summary of
clinical data, safety-related data, and conclusion.

Identification of clinical data from databases like PubMed, Medscape, Prospero,
Cochrane, Clinical Trials database, incident report on the MAUDE database, DAEN,
and MHRA database by defining the search term or defining keyword.
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Analysis of clinical data—literature clinical data review by using different anal-
ysis methods like—sound methods, comprehensive analysis, additional pre-clinical
evaluation, and clinical investigations or other measures are required for safety,
effectiveness, and risk/benefit analysis, determine needs of the post-market clinical
follow-up when any risk is remaining from risk analysis, then describe residual risks
any other information.

Inclusion–exclusion criteria concerning age, medical condition, severity, and
prognostic factors, etc. Follow-up and outcome of the clinical data.

Final appraisal of data sets by scientific validity, suitability, demonstration of
safety, clinical performance, and/or effectiveness of clinical data. Appraisal criteria
are based on level 1, level 2, level 3 data.

If clinical evidence from the literature is sufficient to prove the essential principle
of safety and effectiveness of the devices, then no further clinical data needed to
complete the clinical evaluation report. Whereas if data fail to prove the principle
requirement, then need to generate the new additional data or perform the clinical
trial and generate the clinical evaluation report. Figure 11.2 depicts the overall
process of literature route for the clinical investigation of medical devices.

11.5 Clinical Validation According to the Type of Devices

11.5.1 Clinical Validation

Clinical validation of medical devices will be carried by their application with
consideration of their risk factor. The classification of medical devices will majorly
rely on the safety of the end-user. The major markets classified the medical devices
in almost the same fashion with consideration of risk and named differently. Based
on the devices’ classification, the regulation is formulated for clinical validation to
understand the safety and efficacy before entering into the market. Understanding
clinical validation of medical devices by class is essential and here, the validation
procedure is presented based on USFDA.

According to the Clinical Laboratory Improvement Act (CLIA) of the USA,
Validation is the confirmation by investigation and provision of objective evidence
that proves the medical device meets the user’s need and intended use [18].

The validation can be classified as:

I. Process validation: It must be conducted before the production to ensure that the
devices’ manufacturing procedure does not affect the overall safety and perfor-
mance of the devices.

II. Design validation: It must be completed before delivering the product to ensure
that the device confirmation or the handling does not affect the device
performance.

It is also remembered that the route of process validation and design validation
changes from country to country as well as device to device, as medical devices are
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used for a wide range of applications. Here we tried to give a glimpse of the process:
design validation and in vitro diagnostics as taking the USA as a reference.

11.5.2 Process Validation

Process validation is defined in the FDA’s 21 CFR part 820 (quality system regula-
tion) subpart (G) 820.75. Process validation is defined as establishment of evidence
for an objective by a process that consistently produces a result to meet
predetermined specifications. The results of a particular process will be fully verified
by subsequent inspections and tests. Prior to that, the process needs to be validated
with a high degree of assurance and approved according to established procedures
[18]. It must consider the key set of protocols with installation qualification (IQ),
performance qualification (PQ), and operational qualification (OQ).

Regulatory Requirements for Process Validation
(a) Requirements of ISO 13485
(b) Further relevant national and international provisions: GHTF (now International

Medical Device Regulators Forum (IMDRF))
(c) Requirements of the FDA (21 CFR part 820.75)

Key Points for the Control of Validated Processes
(a) Monitoring and control methods and data
(b) Date performed
(c) Individual(s) performing the process, where appropriate
(d) Major equipment used, where appropriate

Tips for Validating a Process
(a) Validate only relevant parameters
(b) Validating a validation process
(c) Verifying instead of validating
(d) Process validation and PQ, IQ, and OQ

11.5.3 Revalidation

It is a part of the process validation; whenever aberrations are observed in the
processes of manufacturing, immediate review process is needed for the process
validation.

Various validations are performed in process validation, for instance, prospective
validation, concurrent validation, retrospective validation, and laboratory and pilot-
scale validation.
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(a) Prospective validation is a pre-planned validation.
(b) Concurrent validation is the data collected in a manufacturing facility during the

actual study process.
(c) Retrospective validation is where the production has been started but has not

been validated according to the prospective, and concurrent protocol is not a
realistic option.

(d) Laboratory and pilot-scale validation: The planned manufacturing processes
cannot be carried out in a manufacturing facility.

11.5.4 Design Validation

Design validation is also addressed by FDA’s 21 CFR part 820.30, and additional
details were specified in FDA’s Design Control Guidance for Medical Devices [1].

Following nine criteria are required for design validation:

1. User friendly device designs and operations that are self-manifest and blunder
proof.

2. Device safety, efficiency, working, and performance.
3. The variety of envisioned user populaces. These include the variety of users with

miscellaneous physical properties and abilities (height, size, dexterity, flexibility,
vision, hearing, and tactile compassion, etc.), cultural circumstances and lan-
guages, learning skills, and emotional and intellectual capabilities. The level of
information and understanding and exercise can also affect how well a user can
network with a specific medical device.

4. The planned patient populaces should contain neonates, children, young adults,
adults, and the elderly.

5. They use surroundings, ranging from operating rooms (ORs), emergency rooms
(ERs), to standard hospital rooms, clinics, and homes. The clinical atmosphere is
an intricate system of medical and support personnel and patients. They can
household a huge sum of diverse medical devices and supportive equipment.
The surroundings in a clinical situation are well controlled related to the atmo-
sphere of a home. Factors like humidity, temperature, vibration, noise, space,
lighting, compatibility with other devices, radiofrequency interference, electrical-
electromagnetic interference, and atmospheric pressure must be built into the
design validation.

6. Clear, comprehensible IFUs that can be effortlessly followed and recollected
when users return after an interval to use the device once more. Methods of
directives must be geared toward intended user populaces. Electronic directions
such as videos may be more effective for a certain demographic of users than the
physical user manuals. Additionally, approaches to writing the directives, i.e.,
illustrative versus straight text, can also affect usability.

7. Efficacy of use can be measured by the total number of steps done acceptably
divided by the total number of steps. This points to use errors and the frequency of
those errors during use.

11 Clinical Validation of the Medical Devices: A General Prospective 279



8. Efficiency of use can be obtained by the total time taken to complete the tasks
versus a targeted goal.

9. User approval and acceptability of use for each task and the overall serviceability
and operation of the device can be measured using the survey (questionnaires)
with a Likert-type scale and subsequently analyzing it.

• Software validation: It is a part of the design validation of a finished product that
confirms the intended use’s software specifications.

The International Medical Device Regulators Forum (IMDRF) is a group of
medical device regulators globally joined together to harmonize medical products’
regulatory requirements that diverge from one country to the other. The World
Health Organization (WHO) acts as an official spectator. The Asia Pacific Economic
Cooperation (APEC), Regulatory Harmonization Steering Committee (RHSC), Life
Sciences Innovation Forum’s (LSIF), the Asian Harmonization Working Party
(AHWP), and the Pan American Health Organization (PAHO) are the regional
harmonization initiatives with IMDRF [19].

According to all the regulatory bodies and forums, medical devices’ clinical
validation and clinical evaluation come under Quality System (QS) regulation
21 CFR part 820.

11.6 Clinical Validation for each Class of Medical Devices

The following are common examples of processes that should be validated during
the manufacturing of the medical device.

(a) Sterilization and sterile packaging sealing
(b) Cleanroom ambient conditions
(c) Aseptic filling
(d) Lyophilization
(e) Heat treating, plating, welding, soldering, painting, etc.
(f) Plastic injection molding

These are steps of validation involved in the processing of a medical device of all
the three classes according to USFDA.

Class I
Class I devices are considered low-risk devices and are subjected to only general
controls alone. The duration of device contact with the body is < 24 hours. Class I
devices are mostly non-invasive devices. This class is exempt from premarket
notification 510(k) and premarket approval (PMA). Examples of Class I medical
devices include bandages, surgical instruments, wheelchairs, etc.
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Class I medical devices are further divided into three classes: Class 1 s, 1r, and
1 m. This subclass of Class I medical devices requires 510(k).

(a) 1 s: Devices that are placed on the market in a sterile condition
(b) 1r: Reusable surgical instruments (r stands for “reusable”)
(c) 1 m: Devices with a measuring function

If the medical devices fall under any of the subclass of Class 1 among 1 s, 1r, and
1 m, the device undergoes various clinical validation steps as mentioned in the
GHTF, and it may also require 510(k) [20]. The clinical validation of medical
devices step-by-step flow chart is shown in Fig.11.1.

Class II
Class II devices are considered as minimal risk devices and are subjected to general
controls and special controls. The duration of device contact with the body ranges
from 24 hours to 30 days. Blood collection tubes come under Class II devices; these
are the minimally invasive devices. This Class II device requires premarket notifi-
cation 510(k). Examples of Class II devices include infusion pumps for intravenous
medication and computed tomography.

Often the blood collection tubes (BCTs) are underrecognized or ignored variable
in the preanalytical phase of clinical laboratory studies. BCTs validation consider-
ations are according to Clinical Laboratory Standards Institute (CLSI) GP34-A
guidelines [21]. The clinical validation of Class II medical devices step-by-step
flow chart is shown in Fig.11.1.

Class III
Class III devices include most of the implants, and these are considered high risk,
which are subjected to the most stringent standards. Class III devices pass through
number of pathways to reach the market for premarket approval (PMA) [22]. In this
class, the implants or biomaterial intended to use will contact the body for more than
30 days; it would be regarded as high risk. Examples of Class III medical devices
include a pacemaker, cardiac stents, brain stimulators, etc.

Joint prosthesis comes under the Class III high-risk devices category. The typical
clinical failure scenarios reported for epiphyseal stem in joint prosthesis include
aseptic loosening, mechanical failure, and sub-capital dislocation. It is essential to
develop precise and reliable metrics to understand the functional aspects, which
identify how well the patient recovered after the operation. Until then, the verdict of
a claimed assistance’s clinical relevance remains entirely on the clinical experts.
However, it is the accountability of the pre-clinical validation to assess if the claimed
benefit can be measured; if this is not the case, the introduction of a new design is
unethical [23]. The clinical validation of Class III medical devices step-by-step flow
chart is shown in Fig. 11.3. The clinical validation and clinical evaluation process are
stringent in Class III medical devices as they fall under the high-risk category.
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11.7 Clinical and Analytical Validations of Biosensors
Based IVDs

In the twenty-first century, the biosensor based diagnostic devices open a new
dimension for the manufacturer, as it gives rapid, high-throughput clinical data
regarding the intended application [24]. Thus, the regulation and clinical validation
of these types of devices become a general mandatory requirement to control and
ensure the devices’ safety and performance feasibility for launching them to the
market. Biosensors are usually considered a diagnosing system to predict, measure,
or monitor any physiological entity’s presence or upregulation in terms of different
signaling processes like electrical, optical, and thermal [25, 26]. According to the
International Union of Pure and Applied Chemistry (IUPAC), the “biosensors” are
defined as “a device that uses specific biochemical reactions mediated by isolated
enzymes, immune-systems, tissues, organelles, or whole cells to detect chemical
compounds usually by electrical, thermal or optical signals” [27]. Now, as per the
21 CFR 809.3 of USFDA regulation, the in vitro diagnostic products (IVD) are
entitled to “reagents, instruments, and systems intended for use in the diagnosis of a
disease or other conditions, including a determination of the state of health, to cure,
mitigate, treat, or prevent disease or its sequelae” [28, 29]. Considering the above
two definitions from the two well-established statutory bodies, one can consider that
“biosensor” as an in vitro diagnostic product. Though there is no specified regulatory
pathway that is reported for clinical validation of biosensors, some countries where
the regulatory framework is deep-rooted regulate and validate biosensors’ safety and
clinical performance as per the in vitro diagnostic devices regulations. Besides that,
some de facto agencies like the International Standardization Organization (ISO),

Fig. 11.3 Basic steps in medical devices process validation from GHTF
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ASTM, IMDRF developed some regulations and strategies for controlling and
validating biosensors’ crucial parameters.

It is important to note that as the arena of biosensors is so-vast and their uses,
detection strategies also versatile in nature, for that the ultimate clinical validation of
these types of devices depends on their intended application, claimed analytical
characteristics, and efficacy of detection systems [30]. The clinical performance
evaluation procedure or validation of sensors is principally based upon the two
main parameters, they are analytic performance validation and clinical performance
validation [29, 31]. The following illustration depicts the key considerations
involved in the validation of biosensors.

The projected value for each parameter correlates with a certain standard to
satisfy or validate the product. ISO/TS 21412:2020 is one such standard that pro-
vides specification limits of characteristics and measurement methods of the mate-
rials associated with the electrochemical biosensors [32]. Another well-established
standard is ISO/TR 19693:2018; this standard’s scope is for characterization, the
method, and strategies of surface functionalization of the silane-based group for
sensing the biological elements upon paper-based or glass slides [33]. This particular
standard is related to all those types of sensors where the sensor’s surface is modified
to immobilization or generation of electrical signals. One remarkable difference
between the analytical performance validation of qualitative and quantitative sensor
is that for qualitative sensors, the manufacturer or applicant should submit the
evaluation report related to its specificity/sensitivity and limit of detection (LOD)
only, whereas, for quantitative sensors, the applicant should submit all the reports
accordance with sensitivity, specificity, LOD, accuracy, reusability, measuring
range, etc. [34]In recent times, the World Health Organization (WHO) proposed
some prerequisite requirements for the qualification of the in vitro diagnostic tests
[35]. It ensures the safety and performance of the device and makes clinical data
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more reliable to healthcare professionals. The following illustration reflects an
overall procedure of the pre-qualification program by the WHO [36].
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Recently, CDSCO classified the notified in vitro diagnostic devices into three
categories: IVD analyzer (53 types), IVD instruments (18 types), and IVD software
(9 types) [37]. According to this amendment, all the POC biosensors are regulated as
IVD analyzers, as they analyze certain physiological biomarker levels. For other
non-invasive wearable devices such as continuous glucose monitoring systems, two
separate clinical evaluation reports are needed for the implanted part and software
part, respectively. All the biosensors associated with any software or computer
system should be regulated distinctively for the clinical validation of software as a
medical device. For the other simple POC diagnostic systems, the applicant should
submit a performance evaluation report issued by the central medical devices testing
laboratory or a medical device testing laboratory registered under rule 83 or by any
laboratory accredited by the National Accreditation Board for Testing and Calibra-
tion Laboratories or by any hospital accredited by National Accreditation Board for
Hospitals and Healthcare Providers [38].

In conclusion, we can say that for the clinical validation of sensor-based diag-
nostic devices, both the analytical performance verification and clinical performance
evaluation are necessary by following respective standards to demonstrate the
overall performance and reliability of the sensor-generated data for commercializa-
tion of the product. Recently some regulatory bodies like USFDA, IMDRF proposed
or encouraged the applicant or manufacturers to consult the tests’ necessity and
justify the results directly with the regulatory authority for faster and smooth
commercialization of the product.

11.8 The Regulatory Perspective of the Medical Device
in Consideration with Clinical Validation

11.8.1 Medical Device Rules (MDR)-2017, India

Medical devices are regulated as “drugs” in India. The CDSCO acts as the highest
authority for the regulation of medical devices and in vitro diagnostic devices. The
Government of India gazette two different notifications on February 11, 2020, for a
revised definition of medical devices and the medical devices regulations (Amend-
ment), 2020. Previously, only 37 types of medical devices were regulated or notified
to be regulated in India. The revised regulations cover all medical devices to
determine their quality, safety, and efficacy. According to the new medical device
rules, Chapter VII, published by CDSCO, deals with medical devices’ clinical
investigation and clinical performance evaluation of new in vitro diagnostics. Sev-
eral medical device testing laboratories have been developed to cross-check and
ensure the products’ quality, safety, and efficacy. The governing bodies of the MDR
also enlisted rule 49 to rule 62 for the same. MDR also separates medical devices’
guidelines into some accompanying legislation such as clinical investigation, import,
manufacturing, sales, and distribution. Based on the device classification, the
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requirement of a clinical investigation or testing protocols is also classified in a
detailed manner. As per the MDR, Class A devices need the least clinical testing, and
Class D devices require more accurate clinical validation data.

Chapter seven of MDR contains all the regulatory compliances required for
getting the authorization to import or manufacture investigational medical devices
for clinical studies. A few numbers of forms are also mandated to validate and
control the clinical investigation. Some of the forms, namely MD-12, MD-16,
MD-22, and MD-24, are mandatory to submit irrespective of device class. For
getting the clinical investigation’s approval, the application of Class A and B should
be submitted to the State Licensing Authority (SLA) and for Class C and D to the
Central Licensing Authority (CLA). All the application submission and the grant of
permission/approval licenses are revised through the online portal of CDSCO
(https://cdscomdonline.gov.in). All the required compliances for the Indian market
are given in Fig.11.4. As per the Indian regulations, the clinical studies are carried
out in two phases: the pilot and pivotal clinical investigations to validate safety and
efficacy. The pilot clinical investigation is done for determining the preliminary
device performance, checking the eligibility aspects and their applications. The
pivotal study’s goal is to determine the unavoidable adverse event, explore the
device mechanism, and establish a process to determine an outcome measure.
Pivotal studies have been mandatory for a new custom based investigational medical
device that does not have a substantially equivalent device but gets approved for
marketing in any country except India, to get the confirmation regarding the devices’
performance upon the Indian ethnicity.

• Submission of clinical data with the application

1. Design analysis data including:

(a) Documents of design input and design output;
(b) Results of mechanical and electrical tests;
(c) Reliability tests;
(d) Authentication of device software;
(e) Other performance tests (if any);
(f) Ex vivo studies.

2. The agreement between the sponsor and principal and coordinating investigator
(s).

3. The appropriate insurance certificate, if any.
4. Forms for reporting any adverse event and serious adverse event.
5. Report of biocompatibility tests along with the rationale for selecting these tests,

including a summary report.
6. Results of the risk analysis.
7. Animal performance study data.
8. Clinical investigational plan, investigator’s brochure, case report form, informed

consent form, investigator’s undertaking, and ethics committee clearance.
9. Pilot and pivotal clinical investigation data include clinical data that may carry

out in other countries.
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10. Regulatory status and restriction on use in other countries, if any, where
marketed or approved.

11. Proposed instructions for use and labels.

The regulation is also implemented for the devices which contain drugs. If the
drug is already approved or has proof of human safety, some clinical examinations
can be skipped by the manufacturer.

MDR states that to perform the clinical evaluation of any devices, importers or the
manufacturers will need to follow any of the performance standards imposed by the
Bureau of Indian Standards (BIS) or given by the Ministry of Health and Family
Welfare in the Central Government. It also proposed, where there are no pertinent
standards recommended by BIS, then the manufacturer can do the clinical studies in
accordance with the standards released by the International Organization for Stan-
dardization (ISO) or the International Electro-Technical Commission (IEC), or by
any other standard agency. It also claimed that if no such standards have been found,
then the manufacturer can design his protocol and validate it accordingly [39].

11.8.2 Food and Drug Administration USA

Within FDA, the Center for Devices and Radiological Health (CDRH) is primarily
accountable for medical device regulation and clinical validation. According to the
FDA’s 3-tier risk-based classification, Class I devices are exempted from the clinical
validation or the confirmatory assessment test; only the minimum device safety
report has to be submitted. Class II devices have some amount of more risk factors
than Class I, so these devices are needed some special concern about the packaging,
labeling, user guidance along with the premarket notification (PMN), which is
needed to market this product. Class III devices require the highest number of
regulatory compliances regarding clinical validation and risk assessment testing. It
is also suggested that any manufacturer or the sponsors can also validate the clinical
testing data with any other internationally accepted standards for ensuring the
device’s safety and efficacy. In a proposal to CDRH, the FDA suggests that sponsors
include their risk assessment at the start of the segment on biocompatibility testing.
According to the FDA, it is also recommended that they have to give a proper reason
for explaining any toxicities and adverse effects identified in their biocompatibility
testing or other clinical evaluations study. As per the amendment of the CDRH, the
manufacturers also follow some de facto standards to support their risk assessment
program. Some of such standards like ISO 10993-5 “Biological evaluation of
medical devices—Part 5: Tests for in vitro cytotoxicity testing, ISO 10993-18
“Biological evaluation of medical devices—Part 18: Chemical characterization of
materials” or ISO/TS 10993–19 “Biological evaluation of medical devices—Part 19:
Physio-chemical, morphological and topographical characterization of materials”
must be followed for Class III devices [29]. All the essential compliance is given in
Fig.11.5 for the USFDA clinical validation. However, the guidelines are well
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designed for clinical validation of medical devices. However, it is essential to
comply with the local (country) regulations to introduce a product. To support the
safety validation, the explanation of selecting the standards and their protocols needs
to provided so that the FDA can review the process. Generally, the FDA asks for the
clinical evaluation data with their testing protocols related to device safety
requirements [40].

Another mandatory clinical, regulatory compliance is PMS, which is needed for
high-risk devices (i.e., Class II and III) after the FDA approval and marketing. The
federal Safe Medical Devices Act of 1990 and the FDA Modernization Act of 1997
(FDAMA) permitted the FDA to required essential PMS for these classes of devices
to obtain some goals such as reporting of any serious adverse events (SAE) or the
device failure and tracking the devices or for the product recall.

As per the new amendment, for notifying the updated information regarding the
device quality, safety, and efficacy, a Periodic Safety Update Report (PSUR) has to
be submitted to the CDRH once after the market share devices [34]. The PSURs
should be updated every six months’ interval for the first two years after the
medical device’s approval even more for the next two years. For getting the
clinical validation of a Humanitarian Device Exemption (HDE), the clinical pieces
of evidence related to the device’s effectiveness and lack of significant risk have to
acquiesce with the HDE application. One of the main differences between the
application of HDE and PMA is that in the case of HDE, the manufacturer only
required the clinical shreds of evidence related to devising safety. However, for
PMA, both the device safety and efficacy consideration are needed, from the point of
clinical justification [41].

11.8.3 Medical Devices Clinical Validation Process in EU

In the EU, three medical device legislations have been implemented such as Medical
Device Directive (MDD) 90/385/EEC for active implantable medical devices, MDD
93/42/EEC regarding medical devices, and directive of in vitro diagnostic medical
devices 98/79/EC [16]. Considering these three MDDs, a newMedical Device Rules
(MDR)-2017/745 (amendment) has been published for medical device regulation
and MDR 2017/746 for in vitro diagnostic devices. The newly published MDR
comprises 10 chapters, with 123 articles and 17 annexes, and it also covers all the
clinical assessment tests and examinations for the EU certification, contingent upon
the kind of support (commercial, non-commercial, and academic). Chapter 6 of the
MDR deals with the clinical evaluation and their validation for the product aiming to
market in the EU. By concerning MDD 93/42/EC, the lower-risk devices, i.e., Class
I and IIa, should have Clinical Evaluation Reports (CERs) and higher-risk devices
such as Class IIb and III, the manufacturer needed to compile clinical data on device
dossier. The clinical evaluation should be conducted on MDR following Article
61 and Part A of Annex XIV [7]. Also, a public summary of safety and clinical
performance (Article 32 of EU-MDR) must be submitted by the manufacturer for a
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certain category of devices. To be precise, the manufacturer must have a documented
plan to conduct a clinical evaluation, confirm conformity with general safety and
performance requirements, evaluate for unwanted adverse effects, and estimate the
benefit–risk ratio’s acceptability Fig. 11.6 represents the neccessary documents for
clincal assesment of Medical Devices under EU. Article 61 [1] of the MDR and
Article 56 [1] of the IVDR state that “The manufacturer shall specify and justify the
level of clinical evidence necessary to demonstrate conformity with relevant general
safety and performance requirements.” Finally, a clinical evaluation assessment
report (CEAR) authorized by the notified body is needed, which gives the
inference of the clinical studies. It is one of the core requirements of the Medical
Device Regulation (EU) 2017/745 (MDR) [34].

The clinical evaluation results shall be documented in a Clinical Evaluation
Report (CER), which should include the clinical data related to the evaluation of
scientific literature, key findings of clinical investigations, and a consideration of
available alternative key measures. It is also important to remember that the clinical
evaluation and its documentation shall be updated throughout the device life cycle
with clinical data obtained from PMCF and PMS. The EU-MDR also mandate
Unique Device Identification (UDI) and European Databank on Medical Devices
(EUDAMED) for tracing the ADE reporting and facilitating tracing of the device.
EUDAMED is developed under the consideration of Article 33 of MDR. It was
expected to go live on March 25, 2020, for an application on May 26, 2020. But as
per the latest information from the EU is that EUDAMED will be delayed until May
2022. The authorities anyway planned this situation. If its implementation is
delayed, the manufacturers will have six months to fill the database after working.

Another key component for the EU approval is CE certification of the products.
By submitting CE certification with the other clinical evidence, the manufacturer can
increase the device’s safety, which is further help to get the final approval. CE
certification also facilitated the customer preference and free movement of the
product in the EU’s respective countries. According to the new legislation of
MDR 2017/745, the Medical Device Software (MDSW) also needs to be clinically
validated with an intended purpose. It is also stated that if a software is controlling
more than one medical device, an independent Clinical Evaluation (MDR) or
Performance Evaluation (IVDR) is required for each predicted and clinically viable
software-device combination [42].

11.8.4 Clinical Confirmatory Process in Australia

In Australia, the Therapeutic Goods Administration (TGA) regulates medical device
registration, manufacturing, and sales. It also acts as a governing body for reviewing
and updating the Australian Regulatory Guidelines for Medical Devices (ARGMD).
As per Regulation 4.1 of the Therapeutic Goods (Medical Devices) Regulations
2002, the conformity assessment test is mandatory for getting clinical acceptance
regarding its safety and performance as a premarket assessment [43]. After submit-
ting all the performance evaluation tests, the results have to be submitted to the TGA,
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and then they issued a TGA conformity assessment certificate after cross-checking
all the clinical data. The assessment certificate is mandatory for getting permission
for the marketing and sales of the device. Usually, TGA follows regulatory compli-
ances same as the EU-MDR. But any manufacturer who wants to market their
products in the Australian market must have the TGA approval listing number,
and the device must also be included on the Australian Register of Therapeutic
Goods (ARTG) unless the device is exempt or excluded from the market. TGA also
claims that the clinical evidence data should be updated from time to time by the
manufacturer, and TGA can review the data at any time. The regulation also states
that CER should be reviewed in each five-year interval relying upon the gadget’s
oddity and risk, as per MEDDEV 2.7/1 revision 428 (page 12) [44]. Post Marketing
Clinical Follow-up (PMCF) is another important criterion that has to be done by the
manufacturer to prove strong evidence regarding the safety and efficacy of the
device. The degree of conformity assurance required must suit the extent and
complexity of using the device, ranging from vendor self-evaluation for low-risk
devices to assurance of the manufacturer’s quality control framework and analysis
by a notified body highest-risk devices of the specification of the individual
product [45].

11.8.5 Medical Devices Clinical Validation in China

In China, the National Medical Product Administration (NMPA), previously known
as China Food and Drug Administration (CFDA), regulates the regulatory compli-
ance requirements for the Medical Devices and in vitro diagnostic devices. Although
China’s government decided to make their market more harmonized by adopting a
3-tier risk-based classification system, now some burden is still existing for the
Western device manufacturer to get regulatory approval for the Chinese market. This
may be because of the complexity of the device registration and the overhauled
medical device regulation [46]. According to the NMPA jurisdiction, all the devices
must fulfill all the criteria notified in the China Good Clinical Practice requirements
(GCP). On November 17, 2017, NMPA published some new regulations regarding
accepting foreign clinical evidence data. However, it is also stated that the manu-
facturer or the Person Responsible for Regulatory Compliance (PRRC) for the
Chinese market should be notified to the NMPA for the use of foreign clinical
testing data before the application. Generally, NMPA reviews the gap between
ethnicity and the clinical confirmatory testing pathway for the foreign clinical
evaluation data. While the CFDA testing labs should justify home manufacturer of
the China, the clinical validation of the device although self-clinical study reports
(CSR) will also be acceptable and should be satisfactory [47]. The degree of clinical
evaluation report data varies with the device’s risk, for example, the higher risk
associated devices like Class III devices will need some additional supplementary
device dossier along with the general clinical evidence data [48].
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Although various countries have their own formulated regulations for medical
devices, still some de facto standards are frequently adopted to examine the safety
performance and quality of medical devices. Table 11.3 provides a little glimpse
about the de facto standards for different devices testing protocols, which are quietly
acceptable in various markets.

11.9 Conclusions

The clinical evaluation of medical devices and their validation is one of the uttermost
essential regulatory compliance to ensure the three important dimensions of any
devices, i.e., quality or performance, safety, and efficacy. Another important aspect
of the clinical validation is the quality of the data and its formatting. Recently,
IMDRF, under the monitoring of GHTF, is tried to bring all the major regulatory
bodies under one roof to facilitate and justify all the necessary criteria or guidelines
for clinical validation and its acceptance. Currently, the Summary of Technical
Documentation (STED) format is well accepted in different countries, which follows

Table 11.3 Some of the internationally acceptable de facto standards for clinical validation of
medical devices

Standards Description of use

ISO
14971:2007

“It covers aspects including risk management, design control during product
development, and verification and validation systems”

ISO 10993-
1:2009

“Biological evaluation of medical devices—Part 1: Evaluation and testing
within a risk management process. It is the most widely used standard for
assessing medical devices’ biocompatibility and materials and provides a
framework for determining the appropriate biocompatibility steps for planning
a biological evaluation”

IEC
62366–1:2015

“Medical devices—Part 1: Application of usability engineering to medical
devices”

IEC
60601–1:2005

“It deals with the basic safety and essential performance requirements of
medical electrical equipment and serves to ensure that no single electrical,
mechanical, or functional failure shall pose an unacceptable risk to patients
and/or operators”

ISO 11135
ISO 11137
ISO 17665

“Requirements for the development, validation, and routine control of sterili-
zation processes for medical devices and other healthcare products.
• For ethylene oxide sterilization
• For radiation sterilization
• For moist heat sterilization”

ISO 14644 “It states all the criteria for cleanroom environments for medical devices”

ASTM
F2150–13

“It contains the standard guideline for characterization and testing of biomate-
rial scaffolds used in tissue-engineered medical devices”

ASTM
F2027–16

“It deals with the standard guideline for characterization and testing of raw or
starting materials for tissue-engineered devices”

aAll the above standards must be compared and then complied with the formal mandated standards
validated by the target country’s regulatory authorities for marketing
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the IMDRF over clinical data formatting. Some countries like India and Brazil also
accept the clinical evaluation data produced outside of the country and may not be
asked to be repeated depending on the quality of the data and the credentials of the
laboratory where such data has been generated. So, it seems that all are trying to
make the clinical data evaluation pathways more stringent and more effective over
the device classes. The execution of EUDAMED or UDI suggests that the effective
implementation of such regulatory submission can make a leap forward to a stringent
clinical validation process and increase customer compliance. Thus, the requirement
of clinical validation is needed for regulatory approval and needed for the user’s
satisfaction throughout the device lifetime.
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Chapter 12
Dried Blood Patterns for Diagnosis
of Non-Communicable and Infectious
Diseases

Jijo Easo George and Debjani Paul

12.1 Introduction

Over the years, the human race has been under the relentless attack of infectious and
non-infectious diseases. The history and civilization of the human race, to an extent,
are shaped by these fatal diseases [1]. Globalization plays a key role in the spread of
infectious diseases [2, 3]. The Global Burden of Disease reports that populations of
affluent nations are more likely to succumb to non-communicable diseases (NCD)
[4]. On the contrary, the scenario is different for middle- and low-income nations
where the major causes of death are infectious diseases, namely, respiratory tract
infections, diarrhoea, human immunodeficiency virus (HIV), tuberculosis, influenza,
and malaria [5, 6]. These infectious diseases have a greater impact on the global
exchequer and public healthcare systems compared to non-communicable diseases.
For instance, the global economy [7] is expected to nosedive to an all-time low due
to the emergence of a new betacoronavirus called severe acute respiratory
syndrome–coronavirus 2 (SARS-CoV-2), leading to the coronavirus disease 2019
(COVID-19) [8, 9]. This spread of the virus across the globe resulted in a pandemic
[10]. Till now, the death toll due to COVID-19 has exceeded 500,000 globally and is
expected to rise further. In a conventional healthcare system, diagnosis involves
time-consuming, labour-, and resource-intensive steps including sample collection
and transportation, analytical phase, result intimation, and batching practices
[11]. This will altogether consume a lion’s share of time that could result in delayed
treatment or even treatment failure. To improve the healthcare systems, scientists
across the world are perpetually looking for rapid and affordable diagnostic plat-
forms [12]. Such platforms are indispensable to mitigate the overall fatalities and
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economic burdens caused by infectious and non-communicable diseases [13]. Glob-
ally, the technology that can revolutionize the healthcare system is the Point-of-Care
(POC) diagnostic platform [14]. Under the aegis of Bill and Melinda Gates Foun-
dation and the National Institute of Health (NIH), developing POC devices for
infectious disease diagnosis is recognized as one of the “Grand Challenges for
Global Health” [15].

Although a universally accepted definition for POC testing does not exist, it
generally refers to the analytical testing in proximity to the patient, away from a
central lab where one can make a rapid and accurate therapeutic intervention [16]. In
other words, decentralizing diagnostic testing could facilitate early diagnosis and
hence prevent infectious disease outbreaks [17, 18]. The test can be done conve-
niently in a doctor’s office, or at a healthcare centre, or even at home. In 2004, the
World Health Organization (WHO) has put forward the “ASSURED” criteria for
POC tests. The acronym stands for affordability, sensitivity, specificity, user friend-
liness, rapid and robust, and equipment-free [19, 20]. The POC tests have several
advantages, for instance, reducing the time required to diagnose critical illnesses,
avoiding the necessity of sample storage, plugging loopholes in healthcare practice
where patients do not need to come back to get the test results and hence lowering the
travel expenses associated with diagnosis [14, 21, 22]. Owing to the aforementioned
advantages, both developed and developing countries would embrace POC testing as
a promising primary form of diagnostic testing [23]. The advent of smartphones has
improved the global connectivity and has the potential to reform the healthcare
sector by coupling diagnostic testing with communication of test results from areas
with limited resources [24–26]. The motivation behind manufacturing such afford-
able POC devices is to enable an untrained layman (end-user) to perform and
interpret the result of the diagnostic tests [27]. Such rapid and low-cost POC
diagnostics play crucial roles in healthcare strategies including detection, therapy,
health management, economy, and surveillance [28, 29].

The field of POC diagnostic devices made significant inroads with the advent of
microfluidic “Lab on a Chip” (LOC) platforms [30, 99]. It offers miniaturization,
integration, and automation of fluid flow on chips, thus enabling a set of complex
plumbing functions, which is usually performed in research laboratories, to be
performed in a resource-limited environment in a time-saving and cost-effective
manner [31, 32]. The advances in the field of microfluidics, nanotechnology, and
material science had added impetus to the field of POC devices [33, 34]. Most of the
POC devices developed by researchers in the laboratories could not reach the market
due to their cumbersome chip design and the requirement of extensive supplemen-
tary instrumentation. From an industrial perspective, there are logistical, commer-
cial, and organizational impediments towards developing compatible and efficient
diagnostic tools for the developing world [35]. Another major problem is the lack of
a proper understanding of the requirements of a resource-limited environment. The
availability of clinical trial sites that follow the highest standards slows down
translation of these devices [35]. Lastly, the ambiguity in international regulatory
affairs hampers the commercialization of diagnostic technologies. Often, the absence
of harmonized global regulatory standards leads to the appearance of counterfeit and
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ineffective tests in the market and the health department may lack the resources to
identify the legitimate and illicit tests [20, 35].

In the coming sections, we introduce a low cost, chip-free approach with prom-
ising results that could complement the existing diagnostic technologies. In this
chapter, we discuss how an evaporated pattern formed by blood drops can be used as
a diagnostic tool for infectious and non-infectious diseases. Later, we shed some
light on the physics behind drop formation, with focus on spreading, wetting,
evaporation, crack formation, etc. We then enumerate the benefits of using blood
drops for disease diagnosis compared to other existing approaches. We also describe
some of the published studies on dried blood patterns in detail. We further explain
how drying patterns of whole blood leads to better diagnosis compared to the blood
plasma. Finally, we explore the challenges faced and the prospects of this new
diagnostic field.

12.2 Whole Blood and its Physical Properties

Biofluids refer to biological fluids that can be secreted (bile), excreted (sweat),
obtained with a needle (blood), or developed due to pathological process (cyst
fluid) from the human body. The functions of a biofluid depend on its constituents
[36]. Here, we primarily focus on the biofluid “whole blood” as a diagnostic tool
over blood plasma for detecting communicable and non-communicable diseases.
Human blood accounts for approximately 7% of the bodyweight [37]. Whole blood
is a multi-component biological fluid comprising of plasma (55% of blood volume)
as the continuous medium and blood cells as the colloidal phase [38]. Plasma is a
Newtonian fluid composed of 92% water. Plasma also contains macromolecular
proteins (<10%) including albumins (80%), globulin (16%), and fibrinogen (4%)
[39, 40]. The colloidal phase is composed of three different blood cells, namely, the
red blood cells (RBC), the white blood cells (WBC), and the platelets. Around 45%
of the total blood volume is composed of RBCs and help in the transport of gases. On
the other hand, WBCs and platelets are critical for the immune response of the body.
The platelets are responsible for clotting of blood [41].

The ratio of RBC volume to the total volume of blood is called the haematocrit
level. It affects the density and viscosity of blood. The density of the whole blood
ranges from 1020 to 1060 kg/m3 depending on the haematocrit value [38]. Blood has
a surface tension (γ) of 69.8 mN/m. Whole blood behaves as a non-Newtonian
liquid, i.e. its viscosity decreases with high shear rates [42]. The apparent viscosity
of whole blood depends on haematocrit value, plasma viscosity, and the aggregation
as well as the mechanical properties of RBCs. Any substantial change in the
aforementioned parameters results in the haemorheological variations [43]. Further,
the high deformability of RBCs can affect the elastic and viscoelastic properties of
blood. Thus, the wetting and spreading properties of a blood drop on artificial
surfaces are greatly affected by the physical properties of its different components.
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12.3 Physics of Pattern Formation

The formation of evaporation patterns of colloidal drops can be seen in our everyday
life [44, 45]. The study of the physical phenomena behind the interaction of blood
with artificial surfaces is a challenging area with potential applications in medical
diagnosis [46], archaeology [47, 48], DNAmicroarray printing [49, 50], and forensic
science [51, 52]. The formation of intricate patterns as a result of evaporation of
whole blood or plasma is attributed to the spatial and temporal evolution of the three-
phase contact line, the gradual generation of capillary flow and Marangoni flow,
transport of suspended matter, relaxation of internal stresses, interplay of the sur-
faces forces, and salt crystallization [42, 53–58]. These dried patterns show a wide
range of morphologies, including a solid ring along the perimeter of the drop,
multiple cracks, and crystal formation within the dried residual pattern (Fig. 12.1).
The intricacy in the morphology of drying blood drops is due to the interaction
between the cells in addition to the molecular interactions. The changes in the
cellular and macromolecular components of blood, for instance, due to ailments,
could alter the resulting evaporation pattern. Such morphological disparity could be
exploited as a diagnostic platform to monitor one’s health [59]. The method applies
to dried blood patterns from livestock as well [60]. Nevertheless, the fundamental
physics of the pattern formation is still an open area of research.

The spreading and morphological evolution of drops can be divided into three
phases such as pre-gelation phase, gelation phase, and post-gelation phase [42]. The
evaporation rate of a liquid drop depends on the wettability of the solid surface on
which it is deposited. For instance, blood drop on a hydrophilic surface has higher
rate of evaporation at the contact line than the bulk of the liquid. This disparity in the
evaporation rate induces a capillary flow towards the contact perimeter to compen-
sate for the liquid loss due to evaporation. Subsequently, the solute present in the
liquid will move along with the solvent molecules resulting in a “coffee ring”
[61, 62]. This capillary flow transfers macromolecules, cells (mainly RBCs), and
other dissolvable solutes to the contact rim, causing a reorganization of materials
[63]. This is the pre-gelation phase [40, 64, 65]. Concomitantly, the interaction of
RBC and macromolecular proteins with the solid substrate results in their adhesion.
The rise in the concentration of RBCs and proteins above a critical value results in an
increase in the local viscosity of the plasma, initiating a glass transition to the gel
phase (solid) [66]. The appearance of the porous gel structure at the contact perim-
eter alters the initial high evaporative flux [67]. Thus, the liquid adjacent to the gel
phase exhibits a high evaporative flux. This is the gelation phase [68, 69].

The interplay between the gel adhesion and shrinkage due to plasma evaporation
induces a tensile stress on the dried deposit. The dehydration of blood drop shrinks
the RBCs carried to the contact line. This deforming strain is stored as elastic energy.
The release of excess energy stored as elastic energy (stress) results in the appear-
ance of cracks and folds in the dried pattern [70]. Firstly, the nucleation of cracks
occurs at the solid (gel) phase of the contact perimeter. Secondly, the cracks
propagate inward since the motion of the plasma drop front induces stretching of
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the gel [71]. In the central region, rapid gelation of the plasma occurs in the central
part of the drop at the end. Once the gelation process is complete, the cracks
continuously emerge until the evaporation of the solvent molecules ceases. Radially,
the cracks continue to form small scale disordered fractures at the centre, resulting in
the post-gelation phase [72]. The parameters such as macromolecular concentration,
ionic strength, presence of a surfactant, and the elasticity and cell dimension
influence pattern morphology. Furthermore, the appearance of crystalline structures
in the central region is attributed to the crystallization of macromolecular proteins
and inorganic salts [73]. As the evaporation progresses, there is a heterogeneous
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Fig. 12.1 Pattern evolution of a whole blood drop of radius 3 mm under ambient conditions.
Reproduced with permission from [42]. © 2014 Elsevier
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distribution of ions and proteins in the central part [74]. The increased ionic
concentration diminishes the electrostatic double layer and promotes protein aggre-
gation and crystallization [75]. In short, the dehydration of a blood drop leads to
internal capillary flow, adhesion, self-organization of macromolecules, solidifica-
tion, and emergence of cracks. The morphology of blood drop of a healthy person on
a hydrophilic substrate has three regions; a fine peripheral region with orthoradial
cracks followed by a corona region with larger cracks, and a middle region populated
with small and random cracks [36, 40] (Fig. 12.2).

In the peripheral region, the retreating of the solvent phase from the peripheral
region induces radial internal stresses. This oriented radial stress increases as the
evaporation progresses. Consequently, the release of the dominant radial stress
results in the formation of orthoradial cracks, which is symmetrical about the drop
centre [76]. Unlike the peripheral region, the coronal region is thicker and water
molecules remain underneath the gelation film in this region. The continuous
evaporation of solvent from the gelled film enhances the orthoradial stress resulting
in radial cracks in the coronal region [76]. Moreover, the central region with the most
water content happens to have a flat liquid–air interface such that a uniform local
evaporative flux is observed. Thus, the absence of an oriented local stress results in
the appearance of random cracks in the central region [36]. However, under the same
environmental conditions, the patterns formed by plasma or serum (plasma without
fibrinogen) are dissimilar to that of the whole blood patterns. Even though the
physical process of pattern formation involves protein aggregation, gelation, crack
formation, and salt crystallization; the absence of cellular components of blood
would substantially affect pattern formation.

Drop 
centre

Wetting 
deposit

Large 
crack

Mobile 
deposit

Fig. 12.2 Image of a dried pattern of whole blood on a hydrophilic glass slide at 22 �C.
Reproduced with permission from [40]. © 2011 Cambridge University Press
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12.4 Factors Affecting the Pattern Formation

The factors affecting the pattern formation of blood on a substrate not only depend
on the ambient conditions, for instance, relative humidity (RH) and temperature, but
also on the wettability of the substrate. In addition, the morphology of the pattern
depends on the biological composition of the blood drop.

The studies on the evaporation of whole blood on glass slides confirm that the
relative humidity influences the evaporation rate at a constant temperature [77]
(Fig. 12.3). It is observed that as the relative humidity increases, the evaporation
rate decreases. This prolongs the lifetime of the liquid phase (plasma phase) in the
blood drop and thus facilitates the adhesion [78]. The enhanced longevity of the
liquid phase is believed to affect the coronal plaque formation. The relative humidity
also affects the apparent contact angle of the blood drop on a hydrophilic surface.
Higher the humidity, lower will be the apparent contact angle. Thus, greater will be
the spread diameter and the peripheral area of the dried pattern [64, 79].

RH

78.0% 13.5%

19.0%

31.0%

66.5%

61.5%

34.5%50.0%

Fig. 12.3 Images of different morphologies of whole blood patterns under different relative
humidity conditions varying from 13.5% to 78%. Reproduced with permission from [Bou-[78]].
© 2013 Elsevier
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Furthermore, the wettability of the substrate affects the evaporation dynamics and
yields a morphologically different pattern (Fig. 12.4). The contrast in the patterns
formed on a hydrophilic and a hydrophobic surface is attributed to the differential
evaporation rate at different regions of the drop [64]. This differential flux is
maximum for a hydrophilic surface and minimum for the hydrophobic surface. On
the contrary, Laplace pressure induced by RBC network and the liquid menisci
formed by the neighbouring RBCs induces warping of the structures. The
haematocrit value is a determining factor for the switching from warping to cracking
pattern, which, in turn, affects the evaporation dynamics [80].

Further, it is observed that decrease in the wettability of the drying surface
decreases the width of the peripheral region and vice-versa. In the case of the coronal
region of the dried pattern, the density of radial cracks is inversely related to the
contact angle, while the scale of the cracks remains unaffected [43]. In the central
region, the plaque size is proportional to droplet contact angle [36]. However, the
number of plaques and random cracks has an inverse correlation to wettability of the
surface. On the other hand, volume of the droplet also influences the final dried
pattern [40]. In the case of coronal region, the crack density increases with the
contact perimeter of the drop [81]. But, the crack spacing and the length of the cracks
are a function of droplet height [42] (Fig. 12.5).

Fig. 12.4 Images of different morphologies of dried blood drops formed on: (a) hydrophilic glass
(b) hydrophobic gold (c) hydrophobic aluminium. Reproduced with permission from [43]. © 2012
American Society of Mechanical Engineers

Fig. 12.5 Images of crack formation as a function of the drop radius. Reproduced with permission
from [42]. © 2014 Elsevier
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The concentration of inorganic salts and proteins is critical in the pattern forma-
tion of the sessile blood drop [82, 83]. A study based on metal chlorides revealed the
importance of cations in the diversity of the morphology [82, 84]. The concentration
of the salt influences the evaporation rate of the sessile drop. Higher salt concentra-
tion leads to greater evaporation flux at the centre of the droplets. On the contrary,
the evaporation rate is higher near the periphery for low concentration of inorganic
salts [75]. The protein concentration is also critical in the morphology variation of
the dried drop. The studies based on bovine serum albumin (BSA) and human serum
albumin (HSA) proteins displayed a plethora of patterns ranging from layered
porous micelles, dendrites, fractals to glassy matrix [12, 85].

12.5 Disease Diagnosis Using the Dried Pattern of Blood
Plasma and Serum

Although the study of blood for disease diagnosis dates back to the 1950s [36], the
research on dried blood pattern as a diagnostic tool has gained momentum only at the
beginning of the twenty-first century. Most of the reported studies initially employed
blood plasma or serum dried patterns to decipher the health of the person in question.
In 2002, Rapis was able to diagnose metastatic carcinoma from the dried pattern of
human blood plasma. The patients with metastatic carcinoma showed an altered
phase transition. There is a stark contrast between the morphologies of dried plasma
films of a healthy and an ailing person (carcinoma) as a result of protein self-
assembly and symmetry [86]. Later, Yakhno et al. investigated the dried serum
patterns of people suffering from hepatitis B, burn disease, Waldenstrom’s
macroglobulinaemia (abnormal increase in WBC), and paraproteinemic
haemoblastosis (excess of myeloma protein). They observed a regular 3D liquid-
crystal protein structure of varying size. Upon drying, it undergoes gelation and the
rest experiences a transition to crystalline structures. The solid crystal structure is
analogous to immunoglobulin M (IgM). The observed differential behaviour of
blood serum of healthy and diseased individuals is attributed to the presence of
excess IgM due to endogenous intoxication [87].

Another study by Yakhno et al. used blood serum from patients with breast
cancer, hepatitis, lung cancer, and paraproteinaemia. They also investigated the
serum samples of women at different stages of gestation. The morphological patterns
of serum samples were unique to the disease identified. In addition, they used
acoustic-mechanical impedance (AMI) [88, 89] measurements to inquire about the
dynamics of the phase transition of the serum drop during evaporation [90].

Further, it was demonstrated by Kimovich et al. that the crystallogenesis charac-
teristics of blood serum can be used for diagnostic purposes. The study performed
free and induced crystallization of blood serum from healthy people and hepatitis (B,
C) patients [91].
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Subsequently, Buzoverya et al. observed interesting and distinct dried patterns of
human plasma. They observed differentiable patterns for healthy individuals and
patients with cardiovascular pathology. The serum pattern of a healthy person is
regular with radial cracks. The pattern from a patient with the pathological condition
has a chaotic and random structure. Furthermore, the authors pointed out that
pathological information of a serum sample can be extracted from the cracking
patterns. They attribute the formation of triactinal cracks to disruption in the venous
outflow along with congestive events. Inflammation and chronic hypoxia are
believed to result in tourniquet shaped cracks. The dished cracks hint to the early
stages of encephalopathy. The crackscan (large-sized) indicates dehydration (water
loss) and dysproteinaemia [92, 93].

Another group led by Muravlyova et al. studied the implications of chronic
pulmonary lung disease on the morphological pattern of blood plasma. The plasma
samples from patients with interstitial lung fibrosis (ILF) and idiopathic interstitial
pneumonia (IIP) were studied [94]. The authors ascribe the incongruence in the
patterns to the ratio of oxidized to a reduced form of proteins (mainly albumin) and
extracellular nucleic acids.

Recently, Baranov et al. investigated the influence of donor immunity on the self-
assembled patterns formed by the evaporated blood serum. They used laser correla-
tion spectroscopy to study the serum protein agglomeration and optical microscopy
to study the pattern formed. The authors found the patterns of serum from two
healthy donors to be different. Upon addition of diphtherial toxoid, the structure of
the serum pattern did not change much for the first donor. However, the presence of
diphtheria toxoid made the pattern of the second donor appear short with fewer
bifurcations. The authors attribute this difference in the pattern of serum to the
different protein combinations, and hence to a different degree of immunity [95].

Based on the available literature, dried plasma or serum patterns appear to have a
strong potential as a POC diagnostic tool for the detection of certain infectious and
non-infectious diseases.

12.6 Disease Diagnosis Using the Dried Pattern
of Whole Blood

While researchers across the world have extensively looked into the characteristics
of dried patterns exhibited by blood plasma and serum droplets, there are only a few
reports available on the whole blood patterns as a means of medical diagnosis
[43]. Whole blood offers the possibility of gaining better insights into the medical
condition of a person since it accounts for variations at both cellular and molecular
levels. Studies on plasma or serum require pre- or post-processing of blood samples.

In 2010, Brutin et al. reported a study on the pattern formed by whole blood from
patients with anaemia (low haemoglobin content) and hyperlipidaemia (elevated
quantity of lipids, e.g. triglycerides) [40]. The study showcases the efficiency of

308 J. E. George and D. Paul



whole blood pattern as a diagnostic tool. The dried blood pattern of the anaemic
individual had light-coloured corona compared to the central region and small-sized
plaques in the centre (Fig. 12.6), which clearly distinguished the diseased pattern
from the healthy one.

Later, Sikarwar et al. developed a software tool to recognize the patterns of dried
whole blood patterns. They performed the study on the blood samples from patients
suffering from tuberculosis and anaemia [96]. It turns out that the peripheral ring and
cracks in the dried pattern of healthy individuals are thicker than the patterns of TB
and anaemic patients. They averaged the dried pattern of healthy individuals and
subtracted it from the corresponding image from ailing individuals. It was observed
that the image difference is maximum for TB patients, slightly less for anaemic
patients and least for healthy ones (Fig. 12.7). This image difference parameter can
be employed as an indicator of disease severity.

Recently, Bahmani et al. compared the blood patterns of thalassaemia and
neonatal jaundice patients (Fig. 12.8). Their observations suggest the presence of
two thick rings near the periphery of the dried pattern of healthy and jaundice group.
However, the thalassaemia group had a single thin ring near the contact rim. The
authors probed the role of different parameters including haematocrit, bilirubin, and
the plasma viscosity as a function of cracking. The study indicates that the ratio of
stacking pressure (here RBC) and curvature pressure is the major factor that controls
the crack formation.

Fig. 12.6 Images of patterns of whole blood from (a) healthy woman (b) anaemic patient (c)
healthy man (d) hyperlipidaemic patient. Reproduced with permission from [40]. © 2011 Cam-
bridge University Press
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This pressure ratio depends on the plasma viscosity. When the ratio is low, crack
formation is promoted. Also, the ratio has an inverse proportion to the length of
cracks. The study confirms that a high pressure ratio results in the disappearance of
large cracks in the thalassaemia patients. The large cracks in the jaundice patients are
related to the bilirubin level [97].

Based on the aforementioned literature reports, it is evident that the patterns
formed by the evaporation of whole blood contain more information compared to
drops of plasma and serum.

12.7 Challenges and Future Outlook

Based on the available literature, dried blood patterns appear to be a promising
diagnostic tool. The deployment of these patterns for the diagnosis of infectious and
non-communicable diseases can bring us one step closer to realizing affordable and
rapid diagnostics.

However, accurate clinical interpretation of these patterns needs controlled drying
conditions as the morphology of the pattern depends on the ambient conditions
including temperature and relative humidity. Also, the blood composition and
haematocrit value vary from person to person [98]. The visual perception of a
technician can introduce subjectivity in the interpretation of the pattern. This limi-
tation can be overcome by introducing computer-based image processing and
artificial intelligence techniques.

Dried blood pattern-based diagnosis is still in its nascent stage. A considerable
amount of research needs to be done for a complete understanding of the physics
principles behind pattern formation of blood. Also, a complete understanding of the
factors affecting the pattern formation and how a certain disease affects blood
composition need further research.

Acknowledgement J.E.G. acknowledges the institute postdoctoral fellowship from IIT Bombay.

Fig. 12.8 Morphologies of blood drop of (a) a healthy male (b) a male thalassaemia patient, and (c)
a male infant with jaundice. The scale bar is 1 mm. Reproduced with permission from [97]. © 2016
Elsevier
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Chapter 13
Theranostics: Principles, Materials,
and Technical Advancements

Sri Amruthaa Sankaranarayanan, Surya Prakash Singh, and
Aravind Kumar Rengan

13.1 Introduction to Principles of Theranostics

Personalized medicine remains the backbone of theranostics. Most of the clinical
trials are limited to their outcomes because of the differential drug response in
individuals. This is due to the varied genetic composition when considered in
many patients. Thus, personalized medicine or individualized medicine has emerged
as a promising strategy to overcome such limitations in most disease treatments
[1]. One crucial challenge faced in personalized medicine is the variable pharmaco-
kinetics of drugs or therapeutics in individuals. Real-time monitoring of the drug’s
pharmacokinetics will help plan further treatment strategy and reduce the disease/
drug-associated adverse side effects. A combination of diagnostics and therapeutics,
theranostics aims to minimize the delay in treatment after diagnosis. It includes early
diagnosis, molecular imaging, the right treatment at the right time and right dose, and
real-time monitoring of treatment efficacy [1].

In this perspective, Nanotechnology plays a vital role in overcoming the problems
and limitations of conventional therapies. It deals with nanoparticles of size
1–100 nm in any one dimension since the nano-sized materials have unusual, unique
physical, optical, and chemical characteristics compared to their bulk counterparts.
The applications of nanomedicine and nanotechnology are widely explored in the
treatment of various diseases. The essential functions of nanomaterials that play a
significant role in medical applications are small size, higher surface area to volume
ratio, surface energy, aspect ratio, etc. Due to the small size, these nanoparticles can
interact with biological membranes and enter into the cells. Upon internalization,
depending on the carrier type or the functional materials loaded, these nanoparticles
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can mingle with the cellular components such as DNA, proteins, surface receptors
and can also help in diagnostics and therapeutics of various diseases [2, 3].

Nanotheranostic systems deal with various nanomaterials comprising three cru-
cial components: a therapeutic agent, an imaging agent, and a carrier to deliver the
imaging and therapeutic agent to the targeted site. Funkhouser coined the term
theranostics in the year 2002 owing to integrating two modalities, therapy and
imaging, in a single nanomaterial to understand and analyze the variations in
biodistribution and efficacy of these systems. Though the concept was initially
focused mostly on cancer treatment, it was later extended to multiple diseases such
as inflammatory diseases, cardiovascular diseases, autoimmune diseases, and neu-
rological disorders. Using an engineered multifunctional theranostic material helps
in simultaneous diagnosis and treatment with monitoring of therapeutic efficacy
using various imaging techniques such as MRI, CT, PET, or fluorescence imaging.
The enhanced therapeutic efficacy of these theranostic nanosystems can be achieved
by using smart and novel biomaterials capable of longer blood circulation, evading
the immune response, and reducing toxicity. These nanomaterials can be
engineered to be responsive to external stimuli such as pH, temperature or presence
of targeting moiety. This in turn will aid in control and regulation of system-specific
drug delivery and reduced toxicity to surrounding normal tissues [4]. A successful
translation of any theranostic system requires an enhanced and selective accumula-
tion of these NPs in the targeted site. Generally, most of the NPs reach the target site
by passive targeting due to the EPR effect and this depends mainly on the size,
shape, surface charge, and surface functionalization of the NPs. The efficacy of
theranostic systems-based diagnosis and therapeutic can be significantly enhanced
via targeted delivery using targeting moieties such as antibodies, ligands, peptides,
aptamers, etc. Several types of nanomaterials have been developed as theranostic
agents and will be discussed in detail in this chapter.

13.2 Materials for Cancer Theranostics

13.2.1 Gold-Based Nanosystems

Gold-based NPs are the most commonly used nanosystems for diagnosis, imaging,
and targeting applications attributing to their unique physical, optical, and chemical
properties exhibited by gold nanoparticles compared to their bulk counterpart. The
ease of synthesis of gold NPs from 1 nm to 100 nm, the different shapes displayed by
gold NPs such as spheres, rods, nanostars, nanoshells, etc., intensive light absorption
and scattering, efficient photothermal conversion, ease of surface functionalization,
biocompatibility, etc., also contribute to the unique properties of gold NPs [5]. The
optical properties of gold NPs differ with an increase in size. Excitation of NPs in
size range of 20 nm is due to absorption, whereas NPs of size 40 nm is due to
scattering and for NPs of size 80 nm to excite due to scattering and absorption.
Therefore, the optimal size of NPs is desired, depending on the type of biomedical
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application. For example, in imaging, gold NPs of larger size are preferred due to
their higher scattering efficiency. In contrast, in photothermal therapy, small-sized
NPs are preferred due to their enhanced absorption resulting in enhanced
photothermal conversion of light [6]. Au NPs offer an advantage of easy surface
functionalization to load both therapeutic and diagnostic agents. Au NPs can be
modified using several ligands such as PEG, biotin and also drugs such as Paclitaxel
and Doxorubicin.

Belonging to the class of noble metals, gold in its nano-size is an good imaging
agent due to the strong electric fields exerted on their surface, leading to strong
scattering. Gold NPs absorb and scatter light in the 650–900 nm range depending on
size and minimize the light extinction by intrinsic chromophores. Au NPs have been
used as potentially effective alternatives of contrast agents for CT imaging compared
to Iodine. This is attributed to their high atomic number and exhibit 5.7 times
enhanced X-ray absorption compared to Iodine. Also, gold NPs have lesser toxicity
and faster elimination and clearance [7]. Several studies have reported that the
coating of PEG over gold NPs’ surface has significantly increased the blood circu-
lation time when injected in rat animal models with hepatoma. Also, high contrast
was obtained in groups treated with Au NPs, which resulted in a clear distinction
between normal and tumor liver tissues [8]. Different forms of gold NPs, such as
nanorods, nanoshells, nanospheres, silica gold, etc., exhibit different optical prop-
erties depending on their shape, size, and chemical composition. Among the various
structures of gold NPs, nanoshells and nanorods are reported to be extensively used
for in vivo applications attributing to their tunable optical properties in the NIR
region [9]. Au NPs conjugated with gadolinium chelates have been reported to be
excellent contrast agents with enhanced clearance from the body. Gadolinium ions
enhance MRI contrast, whereas the presence of Au atoms increases X-ray imaging
contrast [10]. Such bio-conjugated NPs are promising for diagnostics, imaging, and
therapeutics of various diseases such as HIV, Alzheimer’s, diabetes, and signifi-
cantly across multiple cancer types [11].

Au NPs are mostly used for their efficient photothermal conversion properties in
photothermal therapies wherein they absorb the incident light and convert into heat
resulting in thermal ablation of cells. The efficacy of such treatments could be
synergistically enhanced by combining with chemotherapy and targeted delivery.
Studies have reported the use of Au NPs as multifunctional nanocarriers conjugated
with PSMA (Prostate specific membrane antigen) co-loaded with Doxorubicin
resulting in enhanced targeted delivery and PTT mediated tumor damage [12]. Au
NPs are also involved in PDT, wherein upon absorption of the incident light, the
photosensitizer generates free reactive oxygen radicals causing cancer cell death.
Nano-sized gold was used as a site-specific photosensitizer in cervical cancer cells,
and it was found to induce cell death via apoptosis in the presence of light [13].

Aurolase, a theragnostic agent consisting of silica–coated gold nanoshells has
entered into clinical trials with an FDA approved pilot study for application in
photothermal therapy of solid tumors. The initial trials were conducted in the
patients with recurrent head and neck cancer and subsequently, the trials were
extended to patients with metastatic lung tumors. More recently, Nu-0129, a nucleic
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acid nanoplatform consisting of a nucleic acid residue functionalized on the surface
of small and spherical gold NPs, has entered into the clinical trials for patients
suffering from recurrent glioblastoma multiforme. The developed nanomedicine was
reported to cross the blood–brain barrier and as the nanomedicine reaches the tumor
site, the nucleic acid component could target a specific gene, Bcl2L12, which is
found to be selectively expressed in higher levels in glioblastoma multiforme.
Though efficient as imaging agents, the size and biodegradability of these
nanosystems play a significant role for use in photothermal treatment. Size
<5–6 nm, in case of inorganic metal system is required for an effective renal
clearance through the glomerular basement membrane. Hence, development of
multifunctional nanosystems capable of effective clearance via both the hepato-
biliary and renal routes with effective photothermal transduction is of utmost
importance. NIR light responsive gold-coated liposomes (LiposAu) NPs were
developed and reported to exhibit EPR mediated non-invasive targeting in different
cancer models. Further, the pharmacokinetics studies in mouse models revealed in
situ degradation of NPs in hepatocytes and clearance via the hepato-biliary and renal
routes. NIR laser irradiation resulted in ablation of the tumor mass completely with
prolonged disease-free survival [14, 15] (Figs. 13.1 and 13.2).

Fig. 13.1 (I) (d) FEG-TEM (e) FEG-SEM (f) STEM (scanning transmission electronmicroscopy)
image of LiposAuNP showing the hollow central region with dark contrast. (Bare liposomes were
used as controls in (a) and (b); scale bars: (d) 20 nm, (e) 10 nm, (f) 50 nm). (II) Photothermal
cytotoxicity (qualitative analysis) (i) differential scanning images of (a) cells incubated with
LiposAuNPs only (b) cells irradiated for 7.5 min with 750 nm laser (c) cells incubated with
LiposAuNPs and irradiated for 7.5 min with 750 nm laser (a–c), (II) corresponding CLSM images
exhibiting PI stain (dead cells) in red. (III) (a) X-ray CT imaging (LiposAuNPs) at (i) 70 kVp and
(ii) 90 kVp. Reprinted with copyright permission from reference [14]. Source: A.K. Rengan et al.,
Nanoscale. 6 (2014) 916–923
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13.2.2 Iron Oxide-Based Nanosystems

Having unique properties like super-paramagnetism, high magnetic susceptibility,
high coercivity, stability, biocompatibility, and easy surface modification, magnetic
iron oxide nanoparticles have been used in biological applications such as MRI
contrast agent, bio-separation, bio-detection and diagnosis, magnetic hyperthermia,
and targeted drug delivery. In the presence of an external magnetic field, SPIONs
exhibit magnetic properties and are of three classes, namely, maghemite, magnetite,
and hematite. SPIONs can be easily functionalized or conjugated with different types
of material such as biopolymers, silica, or metal NPs, Cd/Se, organic dye molecules,
or protein-peptides depending on the application [16]. Several studies have reported
the use of peptide functionalized iron oxide NPs for in vitro and in vivo targeting
applications. Most of the times, the use of iron oxide NPs is limited due to their poor

Fig. 13.2 (I) Characterization of LiposAu NPs. (A) TEM image of LiposAu NPs. (B) SEM image
of LiposAu NPs. (C) DLS size distribution of LiposAu NPs. (D) UV-Vis absorbance (II) In vivo
photothermal ablation by LiposAu NPs in tumor xenograft. (A) Representative pre- and post-
treatment in vivo bioluminescence images of mice bearing HT1080-fluc2-turboFP tumor xeno-
grafts. (B) Quantitative assessment of bioluminescence to demonstrate the increase in tumor
volume. (C) Kaplan–Meier survival curve of the tumor-bearing mice (D) Representative photo-
graphic and bioluminescence image of LiposAu NPs and laser treated mouse post 6 months of
treatment reveals no signs of regression. (E) Bar diagram represents the fold change in biolumi-
nescence between the laser and LiposAu NPs + laser treated tumors. (F) Hematoxylin and Eosin
(H&E) stained histological evaluation of tumor tissue after PTT. Reprinted with copyrights
permission from reference [15]. Source: A.K. Rengan et al., Nano Letters. 15 (2015) 842–848
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stability and reduced biocompatibility. Iron oxides NPs coated with PEG were found
to be more biocompatible and safer for use in in vivo applications [17]. SPIONs
exhibit unique magnetic properties with strong relaxation pathways in both trans-
verse (T2) and longitudinal (T1). Conjugation of SPIONs with specific targeting
ligands or contrast agents acts as excellent contrast agents in MR imaging for disease
detection in early stages. Also, with the aid of magnetic field-based imaging, the
drug responses can also be monitored when SPIONs are used as theranostic carriers.
Several studies have reported the use of multifunctional SPIONs for specific
targeting in transgenic mouse models and for MR imaging. In one study, the surface
of iron oxide NPs was functionalized with a copolymer of PEG and chitosan and the
surface was functionalized with anti-HER2/new monoclonal antibody for specifi-
cally targeting metastatic breast cancer. The nanosystem was also labeled with a
fluorescent dye to aid in optical imaging. Compared to the control, the targeted
SPIONs showed enhanced cellular uptake. Also, the uptake of SPIONs by
non-targeted body organs revealed the possibility of potential metastatic infection
to secondary organs [18]. Several hybrid NPs system incorporated with iron SPIONs
have been developed for theranostic applications. Magnetic core–shell NPs made up
of PLGA core loaded with docetaxel and SPIONs and surface functionalized with
Folate–chitosan shell were evaluated for their anti-cancer therapeutic efficacy and
MRI contrast. The biocompatible hybrid NPs enabled receptor-based targeting to
cancer cells with controlled release of docetaxel and SPIONs for anti-cancer treat-
ment and MR imaging, respectively. Enhancement of cellular uptake was observed
in folate expressing cancer cells and hence caused significantly increased cytotox-
icity. The aggregation of SPIONs within the core of the NPs reduced the overall T2
relaxation time and thereby enhanced the NP relaxivity for better MRI contrast
[19]. Most of Nanotheranostics agents are limited to their poor targeting ability,
drug leakage, insensitive detection leading to reduced treatment efficacy. In a recent
study, a hierarchical tumor acidic pH-responsive magnetic nanobomb (HTAMN)
was synthesized for effective cancer theranostics involving image guided photody-
namic therapy. The nanobombs were developed through self-assembly of photosen-
sitizer Ce6 functionalized on SPIONs through a modified PEG copolymer. The
study revealed enhanced imaging, effective tumor targeting and accumulation, and
superior photodynamic therapeutic efficacy of HTAMNs [20] (Fig. 13.3).

13.2.3 Other Metallic Nanosystems

In addition to the conventional metal NPs used, several researches have shown great
interest in the use of other metallic nanoparticles systems made up of Copper,
Palladium, Platinum, Cadmium, Selenium, etc., for theranostic applications. Due
to simple synthesis procedures, copper nanoparticles have been extensively used in
theranostic applications. This could also be attributed to their enhanced
photothermal conversion, low cost, and stable optical properties. A study reported
that use of copper oleate with lipid surfactants generated photoacoustic contrast and
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a four-fold higher signals in the NIR window than blood. The surface of Cu NPs can
also be easily functionalized with targeting agents such as folic acid for applications
in PET imaging and PET guided PTT [21]. Palladium NPs exhibit excellent catalytic
and optical properties for use in theranostic applications. Several studies have

Fig. 13.3 (I) Construction and characterization of hierarchical tumor acidity-responsive magnetic
nanotheranostics (HTAMN) for tumor-acidity activation; (a) Schematic representation of polymer
ligand-assisted fabrication of self-assembled magnetic nanotheranostics; (b) HRTEM images of
HTAMNs at pH 7.4; (c) The size distribution of HTAMNs by DLS assays at pH 7.4 (average
diameter of ~100 nm); (d) The magnetization curve of the HTAMNs at 300 K. (II) In vivo MRI and
NIRF tumor imaging of the HTAMN. (a) T2-weighted MR imaging of tumor at 4 h and 24 h after
intravenous injection of HTAMN or non-HTAMN into mice bearing HepG2 tumor; (b) In vivo
NIRF imaging of HepG2 tumor-bearing mice after intravenous injection of the HTAMN or
non-HTAMN before, 4 h and 24 h after injection. Ex vivo NIRF imaging (c) and the relative
fluorescence signal intensities (d) of tumor and main organs extracted 24 h post-treatment.
Reprinted with copyrights permission from [20]. Source: H.Y. Yang et al., J. Control. Release.
301 (2019) 157–165
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reported the use of Pd NPs as photothermal agents, prodrug activator, in anti-cancer
and anti-microbial therapies [22]. Platinum NPs are also efficient theranostic agents
mostly used in radiotherapies. A novel receptor targeted theranostic platform was
developed with Platinum NPs for enhanced radio-sensitization in Her2 positive
breast cancer. Pt NPs were conjugated with fluorescent dye Cy5 and functionalized
with anti HER2 protein to enhance specific site targeting. The results revealed a
significant inhibition of the growth of tumor cells compared to the healthy cells
[23]. Cadmium and Selenium NPs are least frequently used in theranostic applica-
tions due to the associated toxicity.

13.2.4 Carbon-Based Nanosystems

Among the number of nanomaterials being currently studied for their applications in
biomedicine, carbon-based nanosystems have emerged as a promising one at a
remarkable speed. The most important advantage of using carbon-based materials
is the high aspect ratio and the surface area they provide for easy surface
functionalization with theranostic moieties such as imaging (radioisotopes or fluo-
rescent dyes) or targeting agents (antibodies or peptides). The surface of carbon-
based nanomaterials can also be easily functionalized with polymers such as PEG to
increase their hydrophilicity and biocompatibility. Carbon-based nanomaterials are
available in various dimensions such as Fullerene (in 0D), Carbon nanotubes
(in 1D), or graphene (2D). Carbon dots are nanoclusters of amorphous form of
carbon with 0D [24]. Fullerenes, C60, is unique in their photophysical and photo-
chemical properties and hence the key feature of C60 is that they act as good
photosensitizers in photodynamic therapy for the generation of reactive oxygen
species. The low water solubility of water can be addressed by functionalization of
fullerene surface with various hydrophilic groups. The cage like structure of Fuller-
ene nanosystems provides a large surface area for encapsulation of different mole-
cules and drugs. Fullerenes can be loaded with Gadolinium or SPIONs for MRI
contrast agents due to their enhanced relaxivity. Additionally, Fullerenes are also
capable of forming self-assembled vesicles called fullerosomes, which are one of the
promising drug delivery carriers with targeting abilities [25, 26]. Carbon nanotubes
(CNTs) consists of cylinders of graphene sheets and are classified either as Single
walled or Multi walled based on the number of layers. Functionalized CNTs with
either metals, polymers, peptides, etc., increase their biocompatibility and have been
used in various biomedical applications such as sensing, therapeutics, diagnostics,
etc. Also, their intrinsic spectroscopic properties such as Raman scattering and
photoluminescence assist in biomedical detection and imaging of diseases
[27, 28]. Various graphene-based biosensors have been developed based on their
unique optical, electrical, and chemical properties to detect biomolecules with high
sensitivity. Graphene oxide-based nanocarriers have gained immense importance in
drug delivery and imaging modalities due to their high specific surface area, which is
double than most of the nanomaterials used. This enables efficient drug loading and
delivery to the targeted site. Graphene oxide has high stability and dispersity in water
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which adds to the advantage [29, 30]. A one-step facile synthesis of graphene dots
from withered leaves of plants was reported to synthesize NPs with NIR light
responsive properties. The dots, capable of self-assembly, were biocompatible
with high fluorescence intensity and thus they were used as in situ labeling probes
in both normal and cancer cells. Upon laser irradiation with 808 nm laser, there was a
concentration dependent increase in cytotoxicity and ROS production in cancer
cells. Also, the cell death could be traced using the fluorescence properties of the
Graphene dots even after laser illumination, proving the photostability of such
nanomaterials compared to organic dyes that undergo photobleaching [31, 32]. Car-
bon dots or carbon quantum dots are small nanoparticles of size <10 nm. The
quantum size and photoluminescence exhibited by these dots were first reported in
2007. Carbon dots have the advantage that it can be synthesized from various
sources like plant extracts, organic materials like polymers, amino acids, etc. The
fluorescence properties of C-dots can be tuned depending on their size, chemical
modifications, and surface tailoring [33] (Fig. 13.4).

13.2.5 Silica-Based Nanosystems

In most of the nanomaterials, the properties change as their size reduces to nanoscale
and the number of atoms present at the surface becomes significant. The use of silica-

Fig. 13.4 (I) Morphological analysis of GQDs from withered leaves. TEM image showing
(A) ultra-small GQDs of diameter: 3 nm, 4 nm, and 6 nm (color labeled) and (B) the existence of
GQDs in cluster form within set showing size distribution. (C) HRTEM of a single crystalline GQD
(marked in B) (D) Ball and stick model indicating the defect in a typical structure of GQD with self-
passivated functional groups sketched using ChemSketch and visualized using RasWin.(II) Multi-
color CLSM imaging of L929 cells, HaCaT cells, Mia-PaCa-2 cells, and MDA-MB-231 cells
labeled with GQDs. Reprinted with copyrights permission from reference [31]. Source: M. Thakur
et al., RSC Adv. 7 (2017) 5251–5261
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based nanosystems in theranostic applications is attributed to the constant physical
properties of silica NPs irrespective of size and only the total surface area increases
with decrease in size. Also, their well-defined tunable nanostructures due to their
siloxane chemistry pave the way to develop NPs with desired functionalization for
diagnostic or therapeutic purposes. The use of silica NPs in theranostic applications
is also attributed to their ease of surface functionalization and their ability to form
porous structures. The porous silica NPs offer greatly enhanced surface area and also
different topographies for synergistic application such as for co-delivery of thera-
peutics and also incorporation of imaging or contrast agents within their porous
structures [34].

Silica NPs, owing to their biocompatibility, in vivo stability, ease to
functionalization, excretability, chemical inertness, tailorability, and diverse mor-
phology are well suited for theranostic application. Most of the in situ diagnosis and
disease staging application require incorporation of contrast agents within the
nanostructures suitable for an imaging technique chosen [35–37]. Currently, several
studies have employed silica NPs to incorporate Gadolinium, manganese, and iron
oxide for MRI imaging [38, 39] and for incorporation of radio-labeled 18F-FDG for
use in PET scan [40], for use in SPECT by incorporating radionuclides such as
Iodine123 and Iodine 131, for use in CT imaging by incorporating gold, Iodine, and
barium, and finally for use in optical imaging by incorporating fluorophores and dyes
such as ICG, FITC, or Alexa fluor [41–44].

The surface of Silica NPs can be functionalized for therapeutic applications such
as nucleic acid-based cancer therapy, chemotherapy, PDT also radioisotopes based
oncological therapies. This is done by incorporation of siRNAs, DNA plasmids,
oligonucleotides, incorporation of drugs such as Paclitaxel, Doxorubicin, cisplatin,
etc., incorporation of photosensitizer dyes such as porphyrin, Zinc
(II) phthalocyanine dyes, and by incorporation of radionuclides used in therapeutics
such as yttrium-90, Iodine-131, and strontium-89 [42, 45]. A bio responsive
mesoporous silica nanoparticle DOX and capped with green fluorescent carbon
dots were developed for cancer theranostics application. The dual functionality of
the developed nanosystem was well enhanced with good control on controlled drug
release and excellent bioimaging of cancer cells. Further functionalization with folic
acid would enable efficient targeting to cancer cells overexpressing folic acid
receptors [46].

13.2.6 Quantum Dots-Based Nanosystems

Most of the conventional nanoparticles-based delivery systems such as liposomes,
polymers, gold, or iron oxide do not generate any contrast inherently. They require a
contrast agent to be incorporated within their nanostructures. One of the limitations
faced with such exogenous attachment of contrast agents is that they can promote
non-targeted interactions and also it can alter the physicochemical properties of the
NPs and subsequently their therapeutic efficacy. Thus, to avoid such drawbacks, it is
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desirable to develop a nanosystem that possesses inherent optical contrast to help in
enhanced imaging and diagnostic applications [47, 48].

Quantum dots are semiconductor nanomaterials of size <10 nm with a light
responsive luminescence property. When a photon of light excites a quantum dot,
the electron in the valence band shifts to the conduction band forming an electron–
hole pair. Based on the type of semiconductor material used in QD synthesis, the
de-excitation of electron–hole pair leads to release of photon of light. The wave-
length of the released photons depends on the size and chemical composition of the
QDs. In addition to the endogenous ability to generate contrast, QDs also offer an
enhanced functional surface area for incorporation of therapeutic moieties [49, 50].

13.2.7 Polymer-Based Nanosystems

One of the main requirements in nanotechnology-based medicine is the development
of biocompatible and biodegradable NPs delivery system. Polymers offer an advan-
tage of being biodegradable into their monomers upon metabolism and easily
removed from the body. Depending on the source, natural or synthetic, polymers
NPs can be synthesized and stabilized using techniques like conjugation, grafting,
etc. Polymer NPs have ease of surface modification and functionalization with
different molecules depending on the application. Biodegradation and controlled
release of drug/molecules from polymer systems can be achieved based on the
physicochemical properties of the polymers (For example, molecular weight, hydro-
philicity/hydrophobicity, dispersity index, etc.) used. These properties also influence
the pharmacokinetics, biodistribution, and pharmacodynamics of the NPs inside the
system. Polymeric systems are known for their ability to deliver variety of classes of
drugs into the targeted site along with sustained and controlled delivery. This is due
to the large surface area they provide for easy encapsulation of therapeutic moieties.
PLGA, PLA, PEG, Chitosan are some of the common polymeric nanosystems used
in theragnostic applications [51].

Of the numerous polymers, the most successful ones were the nanocarriers with
poly ethylene glycol (PEG) which leads to escape from RES of the blood thereby
reduced immunogenicity and antigenicity and also increases blood circulation time
and stability. For that reason, nanoparticles coated with PEG were defined as stealth
nanoparticles. PEG is also reported to shield the core of nanocarriers from degrada-
tion due to steric hindrance thereby reducing renal clearance. This is due to increase
in hydrodynamic size of nanocarriers functionalized with PEG and increase in
solubility due to the hydrophilicity of PEG. One study reported that the PEG
could be converted into fluorescent PEG (FL-PEG) in a facile one-step synthesis
method which would eliminate the need for other additional fluorescent moieties for
tracking and imaging purposes. This FL-PEG synthesized could be used to coat
metals such as gold and silver for various biomedical applications such as anti-
bacterial NPs and photothermal therapy [52].
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Several polymeric formulations have been approved by the FDA and some have
entered in to the clinical trials. The first polymeric NPs approved by FDA is a PLGA-
based NPs encapsulating leuprolide named Eligard for the treatment of prostate
cancer in 2002. Following this several polymeric nanocarriers for cancer therapy
have entered into clinical trials phase II and III. Of these, Doxorubicin transdrug, i.e.,
Doxorubicin loaded poly alkyl cyanoacrylate developed against multi drug resistant
hepatocellular carcinoma is currently in clinical trials phase III. Also, a polymer-
drug conjugate of polyglutamic acid and paclitaxel named poliglumex is in phase III
of clinical trials and have shown significantly enhanced survival in patients suffering
from non-small cell lung cancer.

A biodegradable multifunctional polymer-based nanosystem was developed to
encapsulate hydrophobic drug for triggered release in cancer theranostics. A poten-
tial anti-cancer plant extract was loaded into PLGA-based nanoparticles and was
combined with IR-780 dye to make it photo-responsive. The inherent fluorescence
properties of the plant extract due to the presence of chlorophyll was utilized for
understanding the cellular uptake and drug release. The photo thermal efficacy of
IR-780 was also synergistically enhanced when loaded into a polymeric nanosystem.
The combinatorial approached resulted in synergistic toxicity in skin cancer
theranostics [53].

In another study, a single nanoplatform was developed to combine NIR laser
induced Nitric oxide therapy/PTT using semi-conducting polymer nanoparticles
(SPNs, PFTDPP) in combination with nitric oxide donor, s-nitrosothiol groups
(SNAP). SPNs help in achieving enhanced photothermal conversion to convert
into heat with generation of nitric oxide. The structural and spectral features of the
semi-conducting polymers used provide NIR window II and photoacoustic imaging
for guiding the combined nitric oxide/Photothermal therapy [54] (Fig. 13.5).

Polymeric micelles are a type of nanosystems mostly used in encapsulation and
delivery of hydrophobic drugs. Several studies have reported the use of polymeric
micelles in theranostic applications such as contrast agents or MR imaging with
the help of radioactive nuclides or SPIONs. Based on the theranostic application, the
micelles can be easily modified with the type of block copolymer used to make the
system responsive to external stimuli such as pH, temperature, light, or sound that
would enable controlled and sustained drug release [55]. A type of multifunctional
pH-responsive micellar NPs delivery system was developed using star copolymers
made up of β-cyclodextrin core loaded with DOX and MRI contrast agents for
combined targeted cancer cell drug delivery and enhanced contrast for MR imaging.
The study revealed that the NPs system exhibited controlled DOX release in acidic
pH environment and also expressed augment T1 relativity with enhanced
contrast [56].

328 S. A. Sankaranarayanan et al.



13.2.8 Lipid-Based Nanosystems

Lipids-based NPs represent one of the most efficient and successful carriers used in
biomedical applications due to their mimicking nature of natural cell membranes.
Among the different types of lipid-based NPs, liposomes are the first forms and
mostly used in the field of theranostics. These NPs are made up of spherical vesicles
of lipid bilayer ranging from 50 nm to 500 nm held together by hydrophobic
interactions. The most important advantage of using liposomal NPs is that they
can carry and deliver both hydrophobic and hydrophilic drugs molecules within their
core. Based on the source of lipids, either natural or synthetic, the properties of the
formed NPs vary. The composition of the bilayer influences the properties of the
liposomes formed such as surface charge, permeability, circulation time, etc. Most of
the times, liposome NPs are recognized by the immune system and cleared by the
macrophages. Hence, several studies have reported the use of PEG to coat over the
surface of liposomes to prolong the circulation time in blood [57–59]. Liposomal
nanoformulations were the first nanomedicines to be approved by FDA and

Fig. 13.5 (I) Schematic illustrating NIR II/photoacoustic imaging-guided photothermal initiated
NO/photothermal therapy. (II) The dual-mode imaging property of PFTDPP-SNAP NPs in vivo.
(A) The whole-body NIR II imaging of MCF-7 tumor-bearing (yellow circle) nude mice. (B) The
enlarged imaging of hind limb region in (A) at 15 min. (C) Variation of the NIR II fluorescence
(gray dots) and PA (blue dots) signal intensity at tumor region within 48 h. (D) Temperature at
tumor region with 808 nm laser irradiation (1 W/cm2) (E) The photoacoustic (PA) imaging of the
tumor region by loading PFTDPP-SNAP NPs in PBS solution (PFTDPP 1 mg/mL and SNAP
0.5 mg/mL) with 808 nm laser irradiation. (F) The thermal imaging of tumor region after treatment.
(III) (D) Photograph and tumor weights of tumors after excision from each group. (E) The
representative image of the tumor sections examined by H&E staining in dark and with 808 nm
laser irradiation. Reprinted with copyrights permission from reference [54]. Source: J. Li et al.,
Biomaterials. 217 (2019) 119304
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clinically translated. Doxil, a liposomal formulation of Doxorubicin was the first
FDA approved nanomedicine in 1995 against Kaposi’s sarcoma and also ovarian
cancer and multiple myeloma in the subsequent years. The success of this nano-
formulation was due to the coating of methoxy-PEG which contributed to the
hydrophilicity and hence greater stability and longer circulation time and reduced
cardiotoxicity compared to conventional Doxorubicin [60, 61].

Despite successful clinical outcomes, liposomes are limited to their poor stability
in blood and poor drug solubility and uncontrolled drug release profiles in vivo. To
overcome this, solid lipid nanoparticles (SLNs) have emerged as a potential alter-
native delivery system due to their controlled drug release and delivery profile. They
offer several advantages such as tolerability, reduced toxicity, biodegradability, and
stable drug encapsulation. However, SLNs are also limited to their reduced loading
of hydrophilic drugs [62, 63]. Several multifunctional liposomal formulations have
entered into clinical trials, Thermodox is a thermosensitive lipid bilayer encapsulated
with Doxorubicin which releases Dox when combined with high energy
radiofrequency. Several targeted liposomal formulations have also been
developed [64].

Liposomal NPs combined with targeting ligands such as RGD peptide and
Transferrin help to increase tumor uptake and also enable enhanced permeability
across blood–brain barrier and combined with Paclitaxel help in synergistic treat-
ment of glioma [65]. NIR light responsive nanoliposomes encapsulating NIR pho-
tosensitizer IR780 and anti-cancer bioactive plant extract were developed for
efficient and selective cancer theranostics. The developed nanosystems exhibited
concentration dependent increased cytotoxicity and ROS generation selectively in
cancer cells while the normal cells were healthy and unaffected. The synergistic
activation of ROS generation leads to cancer cell death via autophagy and provides a
useful strategy for enhancing the theranostic potential of such therapies [66]
(Fig. 13.6).

13.3 Advanced Theranostic Nanomedicine Platforms
for Clinical Applications

13.3.1 Photodynamic and Photothermal Therapy

Use of light to treat diseases dates back to centuries ago. Several plant extracts have
been used in combination with sunlight to treat several skin diseases such as
leukoderma and vitiligo about 3500 years ago. In the modern era, photodynamic
therapy is based on the same principle, where in a photosensitizer dye is used to
absorb the incident light of a particular wavelength and releases reactive oxygen
species (ROS) resulting in cell death. The combination of light and photosensitizer
results in synergistic damage or death of tissues. The generated ROS causes oxida-
tive stress to the cellular machinery thereby causing cytotoxic effects. The exerted
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effect is localized to the photosensitizer accumulated tissue thereby reducing off
target damage and lesser side effects [67, 68]. PDT has been successful in the
treatment of various dermal, ocular, and cancer management [69, 70]. Photothermal

Fig. 13.6 (I) Schematic showing the ROS dependent autophagy induced by bioactive
nanoliposomes. (II) in vivo studies. (A) NIR light mediated cytotoxicity in 4 T1 cells using
NLPs. (B) Tumor volumes recorded upon treatment with NLPs and NIR irradiation. (C) Changes
in body weight recorded during the study period. (D) Thermal images of animals upon treatment
with CIR NPs and NIR irradiation. (E) Images of tumor inoculated in xenograft models of different
groups. (F) Survival profile of the animals upon treatment with various NLPs. Reprinted with
copyrights permission from reference. Source: T. Appidi et al., Nanoscale. 12 (2020) 2028–2039
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therapy, a form of light-based therapy which utilizes molecules or nanoparticles that
absorb the incident light leading to thermal ablation of tissues. The spatial control of
PTT is similar to that of PDT, where in only the localized environment is affected.
However, PTT had an additional advantage that it does not require oxygen in case of
hypoxic conditions. Most commonly used PTT agents are plasmonic NPs of gold.
With the development of laser fibers, pilot studies in clinical trials of imaged guided
PTT have begun to evaluate the potential of such NPs in this modality. The practical
and clinical limitations of Photo-therapies is mainly the limited penetration of visible
light into living tissues due to the presence of absorbers like oxygenated hemoglobin
in blood. However, this has been overcome by using NPs that absorb in the NIR
region (650–900 nm). The advantage of using NIR window is that the excitation
wavelength is higher than that of the absorption of hemoglobin and below than that
of water. Also, light in NIR window can penetrate in to several depths in tissues and
also NIR light has reduced autofluorescence due to the optimized signal-background
ratio of inherent fluorophores of body [71–73].

13.3.2 Imaging

The differences in optical properties of different tissues like absorption, fluores-
cence, scattering, etc., have led to emergence of various imaging modalities. Imaging
involves a multi-disciplinary field to create a visual representation of the target. In
medical field, imaging plays an important role to provide information about a disease
using non-invasive methods such as MRI, ultrasonography, CT, PET, SPET, etc.
Bioimaging is promising during the early stages of drug delivery and diagnosis. It is
also sensitive and used for monitoring of treatment efficacy in real time. The
development of various novel probes has enhanced the scope of using light for
medicinal applications by reducing complete dependence on endogenous chromo-
phore for imaging. NP-based labeling system provides much effective results com-
pared to the conventional imaging systems [74]. For a bioimaging purpose, the NPs
used should be stable, biocompatible, easy for surface functionalization, and sensi-
tive to external stimulus. Apart from bioimaging, molecular imaging also helps to
identify and detect various biological changes within an organism at the molecular
level. This usually required advanced instrumentation and molecular probes using
image contrast agents. Most of the spatial and temporal biodistribution analysis of
NPs is obtained using this technique. Molecular imaging is also a quantitative
technique, used to monitor specific genes, functions, interactions, and various
pathways involved of a gene and it can be done both in vitro and in vivo studies.
The important function of an imaging agent is to enhance the signals of the particular
subject of interest w.r.t their surroundings. Characteristic properties such as pene-
tration depth, temporal resolution, detection threshold of the probes used also play a
major role in the type of modality used for imaging. The advantages of using NPs as
imaging agents include high surface area to volume ratio, better penetration into
biological barriers, easy to functionalize, good stability, and most importantly highly
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resistant to photobleaching. But, the biocompatibility, toxicity, clearance, accumu-
lation, and uptake by RES limit the advantages of using NPs as imaging agents.
Endogenous imaging agents such as GFP or luciferase are mostly involved in the
molecular imaging processes. Exogenous imaging agents include the organic
fluorophores, metal NPs, and magnetic nanoparticles such as Quantum dots, gold
NPs, and iron oxide nanoparticles [75–77].

13.3.3 Nanobiosensors

Detection of biomarkers or analytes with sensitivity is an important requisite for
clinical diagnosis. Though these clinical markers act as a sign of onset of the disease,
their levels are too low at the earlier stages of disease progression. With the
advancements in the field of nanomaterials and nanotechnologies, several novel
biosensors are being developed to detect accurately very low concentrations of
such biomarkers. Several nanomaterials have been used in the design and develop-
ment of novel biosensors for sensing various biomarkers for an effective point of
care and onsite diagnosis. The size, shape, surface properties, and the type of
nanomaterials, for example, metallic or carbon or polymer, etc., influence the
efficiency of biosensors. Use of nanotechnology also helps to miniaturize the
detection device fabrication rendering a portable device with comparable sensitivity
of that of the conventional sophisticated instruments. Gold NPs are one of the mostly
commonly used metallic nanosystems in biosensors due to their unique size depen-
dent electronic and optical properties. Owing to their easy surface functionalization,
often gold NPs are conjugated with various antibodies or aptamers to develop
efficient bio-affinity based nanosensors. Also, metal oxide NPs of mainly Fe, ZN,
Mn, etc., are also commonly used in biosensing applications. Several carbon-based
nanomaterials, in particular graphene oxide and reduced graphene oxide are used in
biosensors due to its unique electrical and optical properties. Polymers are generally
used in the development of low cost, biocompatible nanobiosensors due to its
surface functionalization and biocompatibility. Conducting polymers are most com-
monly used in development of electrochemical sensors. Of late, the recent techno-
logical advancements in smart phones processors and camera have been highly
utilized in integrating with biosensing applications for the development of portable
diagnostic devices [74, 78–80].

13.3.4 Magnetic Hyperthermia

Magnetic hyperthermia involves the use of externally applied high frequency mag-
netic field converted into thermal energy to kill targeted cells. SPIONs are class of
magnetic NPs that renders the cells sensitive to external magnetic field. They could
convert the external high energy magnetic field to thermal heat in an localized
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environment. Presence of SPIONs could help to elevate the temperature in the tumor
core upon exposure to magnetic field resulting in tumor inhibition. This has been
reported in case of human head and neck cancer xenograft model. SPIONs mediated
hyperthermia have also been translated into clinics for human trials due to the
superior advantage of tissue penetration and reduced skin toxicity as compared to
the photo triggered therapies. However, efficiency of the magnetic-heat conversion
has been limited in most of the cases which can be overcome by combining with
other radio/chemo therapies [81–83].

13.3.5 Multimodal Image Guided Therapy

One of the important goals of nanomedicine is to improve and enhance the
biodistribution of the NPs formulations and accumulation at the targeted site upon
systemic administration. This requires a non-invasive imaging modality to analyze
the biodistribution and pharmacokinetics of the administered drug. For this purpose,
different types of nanomedicines have been developed where certain imaging agents
are also co-loaded with therapeutic moieties. In some cases, radionuclides or fluo-
rescent dyes are used. It has been evident in various animal studies and clinical trials
that use of such image guided therapeutics has substantially assisted in enhancing the
understanding of biodistribution and in prediction of therapeutic efficacy of targeted
nanomedicine.

13.3.6 Treatment of Cardiovascular Diseases

Globally, CVD remains one of the leading causes of serious public ill health.
Nanotheranostics in CVD were developed for addressing the non-invasive real-
time monitoring of cardiac health and some of them were successful in the preclin-
ical trials. However, there is no standardized procedure to analyze the role of NPs
based theranostics in specific for CVD [84]. One of the first studies involving
theranostics for CVD was the use of ultra-small SPIONs for non-invasive imaging
to evaluate the drug response in patients suffering from atherosclerosis [85]. Targeted
theranostic microbubbles have been developed to bind to the platelets for in vivo
ultrasound imaging of thrombi. Nanotheranostics can be used to enhance and
accelerate the development of novel approaches to monitor the success of either
fibrinolytic or thrombolytic therapies for CVD [86].
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13.3.7 Treatment of Central Nervous System Related Diseases

Diseases of the central and peripheral nervous system present a significant challenge
in modern society. Conventional treatment or techniques are limited to alleviate or
diagnose the signs and symptoms of the disease. However, the development of
therapeutic and imaging contrast probes that can cross the blood–brain barrier has
emerged as significant solutions. In this perspective, nanotechnology and
Nanotheranostics can be developed as efficient tools to improve the imaging of
CNS and to investigate the deeply diseased conditions. MRI remains the most
important tool of imaging brain disorders. Similarly, PET has been used in moni-
toring the pathophysiology of Alzheimer’s disease to improve understanding of the
disease conditions. Several radiolabeled ligands have been developed for this pur-
pose. Nanotheranostics can facilitate solutions for understanding of complete mech-
anism underlying the neurodegenerative disease that limit the clinical outcomes of
existing treatment modalities [87, 88].

13.4 Commercialization and Translational Challenges
of Theranostic Nanosystems

During the initial stages of development, nanoparticles were designed and developed
either for therapeutic or imaging applications. With the limitations of existing
modalities and need for combinational therapeutics, there has been a shift of interest
towards the development of multifunctional theranostic nanomaterials. With
nanoparticles being used as drug delivery systems, several imaging moieties such
as for MRI or optical imaging, various NPs such as gold, iron oxide, mesoporous
silica, and carbon-based NPs are also being used as templates for the development of
theranostic nanoparticles. One of the crucial challenges faced in clinical translation
of these theranostic systems is the nano-bio interaction. The potential toxic outcomes
upon nanoparticle interaction with biological interface include immune responses,
inflammation, and related diseases. However, the toxicity depends mainly on the
size, charge, and solubility of these nanosystems. The physicochemical properties of
these nanosystems also influence their interaction with proteins, leading to corona
formation on their surface. This corona formation, subsequently leads to altered size,
solubility, stability, biodistribution, clearance, and pharmacokinetics of the
nanosystem. Hence, the compatibility profile of theranostic system for human
applications still remains a significant concern in view of clinical translation [89].

Another critical challenge faced in the commercialization of theranostic systems
is designing a highly controllable and reproducible synthesis procedures for a
significant scale up production. Though these particle systems have shown promis-
ing potential for practical applications, there is still a lack of information regarding
the scale up production of these nanoparticles and commercialization of these
theranostic systems in clinical use. At present, these nanosystems are being prepared
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in a laboratory scale small batch. The production quality depends on the type of
particle being used and the reaction scale is generally in grams. The purification of
the synthesized systems is necessary to remove the impurities present and reaction
by products. Several methods like centrifugation, solvent evaporation, dialysis,
ultrafiltration, etc., are generally used for purification. The major challenges faced
during large-scale production are the effects and process limitations of preparative
methods. First, the characteristics of the NPs is said to be affected like the particle
size, drug loading, morphology, and stability. Some studies have reported that the
scale up production reduces the percentage of drug loading capacity of the NPs.
Second, other process limitations include the stability and availability of raw mate-
rials used in the production and usage of solvents like chloroform and DMSO owing
to their toxicity. Therefore, novel methods involving aqueous solvents with reduced
toxicity must be developed for large-scale production by pharmaceutical industries.
Two potential nanomedicines have been approved by the FDA, namely, Doxil
(Liposomal formulation of Doxorubicin) in 1995 and Abraxane (Albumin NPs
bound Paclitaxel) in 2005 for the treatment of ovarian and breast cancer, respec-
tively. Despite such clinical success, nanoformulations suffer from various limita-
tions like systemic toxicities, immune response, stability issues, etc. Thus, clinical
translation of such nanoformulations is majorly limited by their scale up production.
Therefore, it seeks much attention from the science researchers regarding the
successful development of large-scale production of these nanomedicines. Upon
achieving successful scale up production, these nanoformulations will serve as better
alternatives for a myriad of diseases compared to the existing ones [90].

Till date, no theranostic nanomaterials have been approved by the FDA for
commercialization. This is mainly due to the above-discussed challenges related to
the heterogeneity in synthesis, design, safety, and efficacy in clinical trials of these
nanosystems. Hence, future research has to be more focused on effectively improv-
ing the clinical efficacy and translational probability of these nanotheranostic agents
given each material’s advantages and limitations. Emphasis on a better understand-
ing of these material’s pharmacokinetics and pharmacodynamics in human applica-
tions is the need of the hour with combined efforts from interdisciplinary experts.
Overall, it is believed strongly that the development of several theranostic systems
will provide a promising revolutionary potential in various clinical needs by improv-
ing the population’s quality of life [91].

13.5 Conclusion

Personalized medicine or individualized medicine has emerged as a promising
strategy to overcome limitations in most of disease treatments and remains the
backbone of theranostics. However, the genetic variability and associated pharma-
cokinetics of drugs or therapeutics remain a major challenge. Recent advancements
in nanotechnology have paved way to combine diagnosis, treatment, prevention, and
cure for the deadly diseases in a single platform. In this chapter, recent developments
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in nanotheranostic systems have been discussed in detail. Nanotheranostics act as an
attractive platform allowing to integrate multiple treatment modalities in general for
cancer therapeutics, aiming to enhance the biocompatibility and stability of the
existing systems. Specific targeting and controlled release of therapeutic moieties
also enable effective tackling of multi drug resistance and adverse side effects of the
existing modalities. Nanotheranostics offer potential advantage in personalized
medicine and image guided therapy to handle various diseases. Therefore,
nanotheranostics have an inevitable role in paving way for better health care in
future.
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Chapter 14
Nanotheranostics: Nanoparticles
Applications, Perspectives, and Challenges

Atul Kumar Ojha, Ragavi Rajasekaran, Anurag Kumar Pandey, Abir Dutta,
Venkata Sundeep Seesala, Subrata K. Das, Koel Chaudhury, and
Santanu Dhara

14.1 Introduction

Diagnostic and therapeutic aspects in recent times are emerging as a key area of
research in the field of healthcare. Smart health care requires a single platform where
a combination of therapeutic and diagnostic strategies comes together for personal-
ized medicine [1]. With the advancement of nanotechnology, theranostics is attrib-
uting to precision medical treatment [2]. Theranostics has changed conventional
disease treatment into modern translational medicine through integrated practice
approaches. These approaches enable one to evaluate the actual therapeutic drug
position at the targeted site and its expression [3]. Effectiveness of theranostic drug is
dependent upon heterogeneity at cell specified target and is not recommended for a
broader range of patients due to its nature of personalized treatment [4]. As of
December 2016, according to World Health Organization, 40.5 million total number
of deaths were reported out of 56.9 million worldwide deaths for non-communicable
diseases (NCDs). Among NCDs, CVD, cancer, diabetes, and chronic lung diseases
were four leading life style diseases causing 79% of the total mortality.
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Interestingly it can be noted that in the past decade, the emphasis was given to
nanotheranostics for early diagnosis and treatment. Nanoparticles play a vital role in
theranostics is the use of nanoparticles; its wide applications in therapeutic areas of
healthcare. Furthermore, utilizing the physiochemical properties of nanoparticles
give different advantages in various fields like environment, energy harvesting,
drugs, manufacturing, and biomedical applications [5, 6].

Most of the reported scientific documents have discussed theranostics applica-
tions in the field of cancer and its more extensive applications. Few of the articles
have considered the nanotechnological applications in cancer. However, the gap
persists concerning the compilation of such claims in single documents—the same
collection and recent updates along with critical perspectives have been highlighted
in this chapter. Here, in this book chapter, we have tried to focus on different
nanotheranostics approaches with applications ranging from CVD, cancer, neurode-
generative diseases (NDD), antimicrobial resistance, and some orthopedic diseases.

14.2 Approaches Towards Nanotheranostics

Different platforms are being reported in the field of nanotheranostics for biomedical
applications. These range from the use of polymers, colloids, emulsions, liposomes,
metallic nanoparticles, inorganic nanoparticles, and carbon nanotubes [7]. The use of
different nanoparticles generally contributes to a lot of confusion for authors to
choose the best available platform for theranostics. Here, we have simplified and
categorized different approaches based on different synergistic approaches
(Fig. 14.1.) We categorized theranostics platform into four easily recognizable
divisions, namely solid, liquid, dry, and biomolecular approaches. These are further
subdivided into 11 categories for understanding their applications.

14.2.1 Solid/Particles Approach

14.2.1.1 Quantum Dots

QDs are defined as three dimensional confined nanocrystal having the size in range
2–10 nm with fluorescence emission capability on excitation with light sources.
Nanocrystal might be composed of either semiconductor or carbonaceous materials
that give birth to semiconductor quantum dot (SQDs) and carbon quantum dot
(CQDs)/graphene quantum dot (GQD). Based on descending toxicity in
bio-applications, QDs are further divided into different groups. They are labeled as
cadmium (Cd) and lead (Pb) containing II–VI groups >Cd and Pb free III–V and I–
III–VI groups >CQDs IV group, materials of the periodic table [8, 9]. Their optical
and electronics properties like fluorescence spectra, band-gap could be altered by
varying sizes and composition of selected materials, respectively. Issues like
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aqueous solubility and toxicity limit their use in biomedical applications. Surface
functionalization, passivation are two essential modifications that enable them to
rectify the above-mentioned issues [10].

SQDs have gained more attention in biological applications due to their high
quantum yield, size-tunable light emission, and excellent chemical and
photostability over organic dye. The first bio-applicable SQDs were reported in
1988 for in vitro imaging of cancer cell [11, 12]. Moreover, a lot of effort has been
made for SQD to explore its capability in various bio-applications like imaging,
early-stage cancer diagnosis, drug delivery, and photodynamic therapy (PDT), to
name a few [13]. The discovery of CQDs dots by Xu.et al. (in 2004) brought a

Fig. 14.1 Nanotheranostics: solid, liquid, dry, and biomolecule based nanosystem for management
of bioimaging, cardiovascular diseases, cancer, and antimicrobial resistance
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revolution in the field of biology due to its additional property of low toxicity and
aqueous solubility over SQDs with/without any further surface modifications [14].

Synthesis and Modification of SQDs and CQDs for Bio-Applications

Synthesis and modification of SQDs in comparison to CQDs are more complicated
due to its possible integration in organic solutions, making them insoluble in water.
SQDs core can be passivated with the wide band-gap semiconductor or with
surfactant/ligands to overcome challenges. There are numerous examples like
3-mercaptopropionic acid (MPA), mercaptoacetic acid, thioglycolic acid (TGA),
polysaccharide copolymers/thioglycolic acid, cysteamine or polyethylene glycol
(PEG), with which passivation happens. It promotes aqueous solubility, core stabil-
ity, long-wavelength fluorescence emission, ease bio-conjugation, and prevents core
materials from leaching [15]. As CQDs have low toxicity, efficient water
dispersibility, and good fluorescent properties, they require no additional passivation
step. The smallest size and large surface area of SQDs and CQDs with proper
functional groups help to tag biomolecules such as peptides, antibodies, and proteins
to form bioconjugated-QDs (B-QDs). These B-QDs are very potent as
nanotheranostics in biomedical research fields like in vivo and in vitro imaging,
diagnostics, drug delivery, and photodynamic therapy application.

14.2.2 Liquid Approach

14.2.2.1 Liquid Metal Approach

Recently liquid metal approach drawn much attention owing to its theranostics
possibility [16]. Despite its genesis in nuclear medicine decades ago, the domain is
newly emerging for detailed research due to several disadvantages with traditional
approaches. The incapability of quick diagnosis and conventional techniques used
for both diagnostics and therapeutics for cancer is still a serious threat. In this regard,
the metals are explored in forms of radioactive nanoparticles for imaging as well as
detection purposes (as the core of the system) and an outer shell composed by
organic polymers or drugs for further dealing with the environment within the
body while serving its purpose of protection of the core as well as delivering the
targeted drugs. An avenue opening work was done by Rosenberg and his team in
1965, leading to the discovery of Cisplatin as a positive inorganic metal moiety for
targeting cancer-affected areas. In terms of detection purposes, extensive efforts
have been devoted towards developing targeted near-infrared and surface enhanced
Raman scattering imaging probes for quick and precise diagnosis of tiniest possible
affected areas under scan [17]. However, the appropriate distribution of the drugs
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promptly into the body is also another challenge for these liquid-based metal
approach in theranostics.

14.2.3 Dry Approach

Recently, the nanotheranostic platform is enabled and demonstrated to be a prom-
ising smart technique for diagnosis, therapeutic, monitoring, and plan for the sec-
ondary treatments, especially for personalized and precision medicine for cancer
theranostic (Fig. 14.2) [18–20]. Such rapidly evolving technologies along with dry
approaches such as electrospun nanofibers, spray nanopowder, spray dry
nanopowder emerged as a promising tool for theranostics [21].

14.2.3.1 Electrospun Nanofibres

Electrospun nanofiber occurred as an advanced nanostructure in biosensors and
therapeutic applications due to its various benefits such as cost-effectiveness, high
surface area to volume, tailorable nanostructure, porosity, and biocompatibility
[22, 23]. Electrospun sheets could be placed in the body through different ways
such as oral, sublingual, rectal, buccal, topical, ocular, etc., due to its high surface-to-
volume ratio and high drug loading capability makes the process superior as a drug
carrier.

Fig. 14.2 Schematic image of nanotheranotics for health care applications
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14.2.4 Biomacromolecule Based Approaches

14.2.4.1 Functionalized DNA with Nanoparticle

Gene therapy has been considered as the direct passing of hereditary elements of
genes to the building blocks of our body, i.e., cells and tissues for treatment of those
diseases with defective gene expression [24–26]. This approach involves the intro-
duction of a therapeutic gene inside the cells followed by RNA expression and
translation of deficient protein in other conditions, and the therapeutic gene can
inhibit the RNA expression of defective genes. These therapeutic genes are com-
prised of mainly nucleic acids, antisense oligonucleotides (ASO), small interfering
RNAs (siRNAs), and microRNA (miRNA), which enable replacement of a damaged
gene or inhibition of undesired genes [27].

A suitable carrier/vector can effectively bind with negatively charged nucleic
acid, cross through the negatively charged cell membrane to desire destination
facilitating endosomal escape, provide protection against various exo or endonucle-
ase, and release it in the cytoplasm or in nucleus. Some nucleic acids are chemically
modified for high cellular uptake, nuclease resistance, and efficient binding capacity
with the target. Two significant types of vector for therapeutic gene delivery, namely
viral and nonviral vectors, are currently under clinical trials. However, owing to
elevated transfection efficiency of viral vectors, the nonviral carriers have advan-
tages like easy to prepare, low production cost, less immunogenic, manipulation of
polymer properties, no potential of virus recombination. The nonverbal vector can be
organic (lipid-mediated, polymer-based) and inorganic (magnetic nanoparticle,
quantum dot, carbon nanotubes, gold nanoparticle) [28].

Liposome (Lipofectamine 2000/3000, Lipofectin and Lipofectace) has been
successfully used to deliver DNA in culture media, in animals, and in patients
enrolled in phase I and II clinical trials [29, 30]. Therapeutic nucleic acids with
cationic liposomes target the vasculature of tumors selectively as antiangiogenic
therapy [31]. Liposomes are also used as carriers for CRISPR/Cas9 delivery [32]. In
vitro cholesterol-rich, lipid-mediated nanoparticles are also used for the transfection
of Cas9/sgRNA plasmids [33]. DOTAP: cholesterol nanoparticles encapsulating a
TUSC2 expression plasmid (DOTAP: chol-TUSC2) showed an efficient transfer
ofTUSC2 gene into lung cancer cells and evidenced as anti-cancer therapy, and
phase I and phase II trial along with erlotinib has been completed. Polyethylenimine
as polymer-based systems has been established as an excellent avenue for the
successful facilitation of gene delivery to the lung [34, 35].

The severe side effect of chemotherapeutic agents is a significant problem in
cancer treatments. An intra-arterial chemofilter device based on covalently attached
genomic DNA/iron oxide particle combination has been developed to capture
chemotherapeutic agents (doxorubicin, cisplatin, and epirubicin) from the blood-
stream [36]. Rapid and sensitive nucleic acid testing from complex biological
samples are essential in clinical diagnostics. Virus specific reporter probes (oligo-
nucleotides) coupled with POEGMA-N3-co-OEGMA-OH polymer brushes have
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been developed to identify target DNA by direct hybridization in point-of-care
settings as amplification-free nucleic acid testing, saving assay time and
resource [37].

14.2.4.2 Antisense Oligonucleotides (ASOs)

In universal gene expression DNA encode messenger RNA (mRNA) and finally
transcribe into protein. As altered expression affects disease, recognition of disease
gene or its encoded mRNA has excellent potential for drug development. Therapeu-
tic antisense oligonucleotides (ASOs) ranging from 18 to 30 bp single-stranded
DNA can bind to mRNA target by recognizing complementary base pairing. ASOs
can modify target mRNA expression either by altering splice switching or recruiting
RNA cleaving enzyme, RNase H leading to target degradation. The mode of ASO
action is based on its chemical modification and binding location. The modifications
of oligos improve mainly nuclease resistance enhancing intercellular stability and
specificity to target mRNA. Most of ASO modifications are phosphorothioate
(PS) [38] in the phosphodiester bond. The high binding property of charged PS
modifications to plasma protein in circulation is thought to be the accessibility to
cells. ASO with 2’-O-alkyl modifications (MOE) of the ribose sugar has been
developed as RNAse H-resistance, which is potentially utilized as Splice-switching
ASOs. Recently, two ASO with MOE modification (nusinersen for spinal muscular
atrophy and inotersen for familial amyloid polyneuropathy) got approval clinically
by the FDA, and many others are in clinical trial.

Phosphoramidate morpholino-oligomer (PMO) is the most widely used modified
ASO. Here, a neutral phosphorodiamidate linkage is replaced by negatively charged
phosphodiester linkage, which increases target specificity and nuclease resistance. It
has been popularly accepted approach for successful modification of splicing.
Morpholino eteplirsen, a 30 base morpholino drug for the treatment of Duchene
muscular dystrophy was approved by the FDA. PMO has reduced protein binding
affinity that needs a proper carrier to deliver in vivo. Morpholinos conjugated with
dendrimer (vivo morpholino) enhances cellular uptake [39]. Also, cyclic RGD
peptide (cRGD) promoted morpholino-oligomer accumulation in CNV following
tail vein injection in mouse [40].

Locked nucleic acid (LNA), a most biologically stable ASO, contains a 2’-O,
4’-C methylene bridge, and has been used for clinical and diagnostic purposes.
Single-stranded LNA oligonucleotide has a superior efficacy of downregulating
target mRNA in vivo as it has outstanding RNA binding affinity and specificity
and resistance to enzymatic degradation. A series of LNA based drug candidates has
been developed clinically against cancer and metabolic diseases [41]. LNA
hybridization-ligation ECL ELISA was developed, aiming to detect and quantify
siRNA therapeutics from biological sample [42].
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14.2.4.3 Small RNA Mediated Therapeutics

Modulation of gene expressions employing small non-coding RNAs (ncRNAs) that
do not code protein is an attractive domain for therapeutic development. Most
popular classes of small ncRNAs are namely siRNAs, and micro-RNAs (miRNAs)
have been reported for the treatment of various ailments like cancer and infections.
Therapeutic approaches based on siRNA involve the introduction of a synthetic
dsRNA (21–23 bp) into the target cells or organism, thereby showing the expression
of a specific target mRNA to facilitate a gene silencing effect by the mechanism
known as RNA interference (RNAi). siRNA-lipid based formulation is approved by
the United States Food and Drug Administration (FDA) for human usage and
commercially available as Onpattro™.

Surprisingly, it has been found that dsRNA targeting gene promoters can also
activate gene expression, a mechanism termed “RNA activation” (RNAa). RNAa
can be used as a therapeutic approach to restore loss of function, which is associated
with a pathological condition [43]. Micro-RNAs are approximately 20–25 nucleo-
tides in length, generally bind to the 3’-UTR of target mRNAs and regulate expres-
sion of multiple genes either by blocking the translation or by degrading the mRNA
directly. The miRNA-based treatment involves either by restoring using the intro-
duction of synthetic double-stranded miRNAs/miRNA overexpression vector [44]
or repressing miRNAs expression using synthetic modified anti-miR oligonucleo-
tides. The chemical modifications include phosphorothioates containing oligonucle-
otides [45], MOE oligonucleotides [46], locked nucleic acids (LNA) [47], peptide
nucleic acids [48], other changes [49]. Unusual expression of miRNA in various
diseases, including cancer, neurodegenerative disorders, and CVD makes it for the
development of biomarkers in diagnostics and treatment [50].

Unmodified miRNAs conjugated with cysteamine-functionalized gold
nanoparticles (AuNPs) were delivered in cancer cells showing the highest payload,
lowest toxicity, fastest endosomal escape, and increased half-lives
[51]. Nanoparticles AuNP-miR-145 in prostate and breast cancer [52], AuNP-
miR-375 in hepato-carcinoma [53], AuNP-miR-29b in myeloid cell leukemia [54]
have been studied as higher cellular accessibility of miRNA and the anti-cancerous
activity.

14.3 Applications

14.3.1 Quantum Dots

Nowadays, QDs are being used in various applied medical and theranostics field.
These areas are very broad and here, we have summarized its applications briefly in
areas like in vivo and in vitro imaging, diagnostics, drug delivery, and photodynamic
therapy application (Fig. 14.3).
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14.3.1.1 Bioconjugate-QDs (B-QDs) for Cancer Diagnostic

Cancer diagnosis helps to detect the location of the malignancy source and types of
cells involved. Diagnosis of macroscopic tumors require noninvasive and invasive
techniques such as computed tomography (CT), magnetic resonance imaging (MRI),
positron emission tomography (PET) and immunohistochemistry (IHC), tissue
biopsy, respectively. However, they are limited due to its lower specificity, sensi-
tivity, inability to detect smaller tumors, and early-stage cancer. To overcome the
above issues, B-SQDs and B-CQDs have emerged as an efficient alternate candidate
due to its better properties over organic dye as a contrast agent in cancer imaging
techniques. These B-SQD and B-CQDs with multiplex capability can be used as an
imaging probe to label various cancer biomarkers (in vitro and in vivo) to identify
and detect cancer at its nascent stage.

14.3.1.2 In Vitro Imaging

The first SQD-IHC base multiplex imaging probe was developed by Wu.et al. in
2003 [55]. Here, immunoglobulin and streptavidin based B-SQD were used to label
breast cancer markers to detect two targets (HER2 and antigen in the nucleus) with a
single excitation wavelength. Similar work was carried out to identify five different
cellular markers concurrently on the same segment of formalin-fixed paraffin-
embedded tissues [56] and six biomarkers for predicting the risk of colorectal cancer
[57]. Furthermore, various general/specific cancer biomarkers were labeled using
B-SQDs, B-CQDs in fixed cells and tissue for diagnosis of different cancers such as
breast cancer [58, 59], gastro-intestinal [57, 60], brain cancer [61, 62], and ovarian
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Surfactants/ligands

Passivated
surface

Outer shell
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Photodynamic
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Fig. 14.3 The role of bio-conjugated quantum dots nanocarrier as multifunctional nanotheronastic
agents
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cancer [63, 64]. B-SQDs and B-CQDs also made adequate progress in the fix and
live-cell imaging of various components in cells, cell surface receptors [65, 66], and
intracellular target [67, 68].

14.3.1.3 In Vivo Imaging

Nanomaterials for in vivo imaging have to follow criteria of low toxicity, blood
compatibility, biocompatibility, small hydrodynamic diameter, and rapid clearance
from the body. SQDs and CQDs have been explored for in vivo imaging due to its
EPR (enhanced permeability and retention) and targeted molecular imaging features.
This allows leakage of nanocarrier from the circulatory system to tumor tissue,
which further allows them for imaging and treatment of cancer. Some targeted and
non-targeted SQDs also have been studied for vascular imaging [69, 70], sentinel
lymph node (SLN) mapping [71], and cell trafficking [72], needed near-infrared
imaging (NIR) QDs. Due to NIR emission capability, lower toxicity and rapid
clearance from the body, Cd and Pb free QDs are widely used as compared to Cd
and Pb based QDs. The high specificity of both quantum dots uptake by the
reticuloendothelial system (RES) is necessary to maximize active targeting. So,
SQDs and CQDs passivation with polyethylene glycol have seen improvement in
its circulation time [72, 73]. However, limitation still exists due to larger hydrody-
namic size due to passivation directly affecting clearance.

14.3.1.4 B-QDs for Drug Delivery

Targeted drug delivery has to gain more attention over the traditional chemotherapy
approach due to its high specificity, better drug efficacy, and minimal side effect
[74]. B-SQDs and B-CQDs loaded with drugs can be used as a dual nanocarrier
system for cancer diagnosis and therapy on the same platform. Bagalkot et al.
(in 2007) [75] reported aptamer-based B-QDs loaded with Dox (doxorubicin)
drugs for cancer imaging, therapy, and drug delivery sensing on the prostate cancer
cell. Here, drug release between QDs and Dox was observed. Moreover, SQDs and
CQDs targeted bioconjugate of aptamer, peptide, antibody, and ligand loaded with
the different drugs have been reported for diagnosis and therapy of various cancers
[76, 77]. To overcome the issue of drug leakage and nonspecific delivery, hybrid
quantum dot using polymers, proteins, polysaccharides, and lipids also has been
studied [78]. CQDs have emerged as a substitute to semiconductor SQDs that suffer
from some shortcomings like poor solubility, high toxicity, and insufficient loading
capacity for drugs doxorubicin (DOX) and optical imaging ability.
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14.3.1.5 Photodynamic Therapy (PDT)

Photodynamic therapy is a promising tool for cancer treatment by targeting
photosensitizing material in diseased tissue followed by light irradiation, which
produces reactive singlet oxygen species (ROS) that causes infected cell death
without damaging healthy cells ideally. SQDs and CQDs both have great potential
in PDT, either as photosensitizer [79, 80] or as carrier [81, 82]. But the remaining
molecules after treatment create problems in daylight exposure, which can be
overcome by enclosing dye molecules in porous nanoparticles [83]. The main
issue that limits SQDs in PDT applications is toxicity due to the use of heavy
metal. Recently, CQDs are used as a multifunctional therapeutic system for
cancer [84].

14.3.2 Neurodegenerative Diseases (NDD)

14.3.2.1 Parkinson’s Disease (PD)

Parkinson’s disease (PD) is the second most abundant progressive neurodegenera-
tive disease after the most prevalent AD (Alzheimer’s disease) that is followed by a
decrease in striatal dopamine (DA) level [85] in substantia nigra of midbrain. In the
initial phase of PD, tremor, hypokinesia, rigidity and postural instability are the most
apparent phenotypic symptoms, which further progresses into loss of motor control
and nonmotor functions [86]. Pathophysiological studies have revealed that this
disease arises due to intra-neuronal inclusions formation of Lewy bodies
(LB) [87, 88]. LB are the result of misfolding, fibrillar aggregates and mismatched
mutation of α-synuclein protein. α-synuclein is an important major component of LB
which mediates the regulation of synaptic vesicle and dopamine secretion. PD
happens due to LB accumulation and has no cure till now [89–91]. However, various
therapeutic approaches have been recognized, ranging from levodopa, dopaminergic
agonists, catechol-o-methyl transferase (COMT) inhibitors, monoamine oxidase
(MAO-B inhibitors), and anticholinergic drugs [92, 93].

14.3.2.2 Theranostics Approaches for the Treatment of PD

Theranostics meditated treatment for neurodegenerative diseases constitutes of
imaging of brain regions followed by therapeutic drug delivery to localized, targeted
sites. The former approach mainly relies on single-photon emission computed
tomography (SPECT), PET, CT, and MRI, which attributes to the diagnosis of
brain lesions differentiating it from other diseases like cancer [94]. The latter
therapeutic treatment includes the use of various drug conjugated NPs like nuclear
medicine, Qdots, polymeric nanoparticles, metal NPs [95].

Specific nanoparticles, biomolecules, when targeted at specific sites, lead to
disintegrate themselves, attributing to specific protein aggregates, which are the
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leading cause of neurodegenerative diseases [96]. This process is accompanied by a
variety of challenges that decide the theranostics personalized medicine approach for
NDD. Issues like, removal of protective layers (lipid coating), degradation of drug
conjugates, crossing blood-brain barrier are major prime concerns which are under
research.

14.3.3 Electrospun Nanofibers Application

As shown in Fig. 14.4, the overview of nanocarrier or nanomedicine using
electrospun sheet to treat cancer is briefly discussed in the following:

14.3.3.1 Cancer Cell Capture

Cancer is one of the major life-threatening diseases globally and required extremely
challenging treatment strategies [97]. Various treatments and approaches are being
established and studied for effective action, whereas nanomedicine using polymeric
based nanocarriers proved to be active in both diagnosis and treatment
[97, 98]. Nanofibers could effectively capture cancer cells due to its topographical

Fig. 14.4 Overview of nanomedicine on cancer theranostic research
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features such as surface-immobilized targeting molecules by incubating the blood
samples [99]. Both static or dynamic with various types of nanofiber enabled cancer
cell capturing applications are available with multiple approaches such as polymer
molecule-mediated conjugation, covalent conjugation, and biotin–avidin interaction.
Further, to detect circulating tumor cells (CTCs), integrating nanofibers with
microfluidic chip presented high sensitivity, rapid diagnosis, and improved
efficiency [100].

Static Condition Fan et al. developed folic acid (FA) surface modified on poly
(vinyl alcohol) (PVA)/polyethyleneimine (PEI) polymer electrospun nanofiber for
cancer cell capturing [101]. HeLa or U87MG cancer cells were suspended with
culture medium and incubated for 10–240 min. The cell counting, confocal micros-
copy, and scanning electron microscopy (SEM) observation proved effective cap-
turing of up to 85.0% on the surface-modified nanofiber [101]. Zhao et al. fabricated
electrospun cellulose acetate (CA) assembled with a bilayer of poly
(diallyldimethylammonium chloride) (PDADMAC) and polyacrylic acid (PAA) to
create a dendrimer modified with FA to capture cancer cells [102]. The KB cells
were seeded and incubated for (10–60 min), whereas the result showed capture up to
82.7% at 60 min [102]. Zhang et al. fabricated electrospun TiO2 nanofibers devel-
oped from titanium n-butoxide (TBT)/polyvinyl pyrrolidone (PVP) nanofibers
[103]. The study was performed using HCT116, BGC823, HeLa, K562 cells and
results showed promising with 45% of spiked HCT116 cells from artificial bold
samples and CTCs ranging from 0 to 19 CTCs per 0.5 mL in colorectal and gastric
cancer patients blood samples [103]. However, dynamic conditions could present a
more rapid and effective detection of CTCs.

Dynamic Condition One of the most responsive and practical approaches for the
dynamic condition of microfluidics is to capture and analyze the CTCs due to its size
and amount of sample required [100]. Zhao et al. designed a NanoVelcro chip
embedded with poly(lactic-co-glycolic acid) (PLGA) nanofiber [104]. As shown in

Fig. 14.5 Structure of embedded PLGA nanofiber in NanoVelcro Chip (Copyright © 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) [104]
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Fig. 14.5, the chip is composed of superimposed PDMS chaotic mixer chip and
tri-layer of electrospun PLGA immobilized the anti-EpCAM followed by
polyphenylene sulfide (PPS) laser capture microdissection (LCM) for segregating
the seized CTCs from the scaffold using 355 nm UV laser source and glass substrate
to support the layers. The study was conducted with blood samples at a different flow
rate to capture CTCs from a prostate cancer patient, and at 0.5 mL h�1the study
showed 82% of efficiency [104]. Xu et al. fabricated PLGA nanofiber and surface
functionalized by hyaluronic acid (HA) embedded in a microfluidic chamber to
capture cancer cell. The study was conducted using CD44 receptor positive carci-
noma cells with different flow rates, and the result showed effective capture over
80% at the flow rate 1.0 mL h�1 [105]. Compared to static conditions, the dynamic
system proved to be more operative and rapid with less amount of sample. Further
functionalized electrospun scaffolds could enhance efficacy with more effectiveness.

14.3.3.2 Regulate Cell Response

For monitoring the cancer cells towards the progression of the disease, understand-
ing the phenotypic changes with the migration of metastasis cells plays a vital role
[106]. Jain et al. studied the migration of MCF-7 and MDA-MB-231 cells on the
different electrospun nanofiber orientations. The study showed metastatic cells
migrated up to approximately (2–5) fold distance on aligned nanofibers than that
of the randomly arranged fibers. Further, MDA-MB-231 showed to have more rate
migration than that of MCF-7. Hence highly metastatic cells are more prone to
migrate than the less metastatic cell. Saha et al. studied the nanofiber orientation on
cancer cells to evaluate the effect of topographical cues on tumor development. The
randomly oriented nanofiber mimics the native extracellular matrix (ECM), and the
study conducted using H605, NMuMG, and MCF-7 cells resulted in elongated
spindle-shaped cell morphology on aligned fibers whereas the flat stellar shape as
evidenced on random orientation [107] of fibers. Conversely, the complication of
in vivo or native system is difficult to understand, especially the native structure of
ECM and other cues that trigger or control cancer cells. Further, such studies on
chemoresistance, stimuli-responsive systems, and therapeutic strategy could be
studied by relocating and inhibiting the cancer cells on nanofiber substrate.

14.3.3.3 Cancer Cell Detection

Effective and sensitive biosensor for detection of cancer biomarkers plays wide-
spread attention. Paul et al. reported multiwalled carbon nanotubes (MWCNT)
embedded with highly oriented zinc oxide (ZnO) using electrospinning as immune
sensor to detect cancer cells. The electrochemical biosensor platform was fabricated
by calcination of electrospun fibers as an electrode that is immobilized with anti-
CA125 antibodies and immunoelectrode study carried by carcinoma antigen �125
(10 UmL�1) in vitro with the outstanding outcome of detection limit up to
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0.00113 U/mL concentration with remarkable sensitivity of 90.14μA/(U/mL)/cm2

and wide range of detection 0.001 U/mL �1 kU/mL [108]. Ali et al. reported a
microfluidic-based immunosensor embedded with electrospun carbon-doped tita-
nium dioxide nanofibers (nTiO2) and modified porous hierarchical graphene foam
(GF) further, immobilized with anti-ErbB2 for prompt detection of EGFR2 or
ErbB2m proteins. The result exhibited excellent sensitivity with 0.585μA/μM/cm2

in a range of concentration from 1 � 10�15 M (1.0 fM) to 0.1 � 10�6 M (0.1μM) to
target ErbB2 antigen [109].

14.3.3.4 Cancer Cell Imaging

In the theranostic cancer paradigm, nanotechnology offers a safe multifunctional
platform for diagnosis, therapeutic, and monitoring of the progress by imaging
[110]. Whereas materials such as graphene oxide, iron oxide have potential in
MRI as a contrast agent, luminescence or photosensitizer could also bring added
advantages along with imaging capabilities [111]. Hou et al. prepared a porous and
upconversion (UC) luminescent electrospun nanofiber composite of NaYF4:Yb

3+,
Er3+@SiO2 [112]. Along with drug delivery for anti-cancer drug (doxorubicin
hydrochloride (DOX)) in a pH sensitive manner, the release of drug and bioimaging
of HeLa cells was presented successfully [112]. Li et al. demonstrated self-
assembled nanoparticle of hyaluronic acid (HA)-cystamine-cholesterol (HSC) con-
jugate for tumor targeting dual mode of imaging and programmed photoactive
therapy (PPAT) [113]. Such electrospun nanofibers could be useful in
multifunctional cancer theranostic; however, further research is required for limita-
tions such as safety issues, the complexity of nanostructure, and drug-releasing
kinetics.

14.3.3.5 Drug Delivery

Nanofibers could produce tailorable drug-releasing kinetics and, along with targeted
specific therapies, improve the therapeutic performance in cancer patients
[22]. Nanoplatform with drug delivery and imaging is recently well explored by
the researchers for advanced cancer nanomedicine. Several ongoing investigations
(Table 14.1) have explored the drug-loaded nanofiber scaffolds and targeted cancer
therapies to improve the efficiency by combining imaging with diagnostic compo-
nents. The result could provide a localized and controlled release of drugs directly on
the tumor site to radically improve the prognosis of recurrent tumors. Further
multiple drugs could also be loaded with tailorable drug release kinetics towards
futuristic nanomedicine with multiple platforms combining diagnostics and
therapeutics [120].

Despite these advantageous steps in cancer detection, restricting its grasp towards
severely jeopardizing the structural support system of our body, i.e., bones are still
inevitable for clinicians. In this regard, how theranostics based approach could be
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utilized with the conventional treatment strategies deserves a brief discussion.
Cancer has spread into society in such depth that the traditional ways of treatments
have been in a continuous surge of improvements in terms of precision and ability of
early diagnosis in a time-efficient manner [121]. Bone is the support structure of the
human body. It is very evident in many cases of lung, prostate, breast, or other types
of cancers that induce several metastases in the bone structures of patients. It is still a
gray area of interdisciplinary research to identify the root causes of these metastases.

Conversely, the elderly population in many cases, survivors of first or second
phase cancers, suffer from various types of degenerative diseases such as osteopo-
rosis and arthritis, which get worse with age. The requirement of early diagnosis and
application of appropriate therapeutic agents to minimize the spread of the disease
has led to the vast but impressive domain called theranostics. Application of
theranostics based approach towards skeletal issues like bone cancers or metastases
has offered few specific advantages: (1) hydrophobic drug delivery system,
(2) sustained drug delivery system to serve the purpose of disease treatment, and
(3) effectively decreasing the chances of non-specific medications under differential
pathological assumptions [122]. Radiotherapeutic agents is not a very new aspect of
therapy. It dates back to almost 70 years [123, 124], while several types of radioac-
tive Iodine were used (124I for diagnosis and 131I for treatment) for treatment of
thyroid cancer. 90Y silicate has been used for joint arthritis treatment. Lexidronam is
another drug that has been approved by FDA in the year 1997 for the treatment of
bone metastases. The basic structure–function opted for radiotheranostics using
radioactive isotopes follows ligand-linker-radioisotope design. The targeted ligand
functions as an integrator which enhances the reach of the radioisotope to the
diseased zones in the body. In typical cases, peptides are known to be the targeting
ligands. In Lexidronam (Quadramet), 153Sm is the therapeutic isotopic agent, and
99Tc and 18NaF are imaging agents for bone metastases. Though in earlier 1993,
Strontium89 (Metastron), having 89Sr as a therapeutic isotopic agent and only
18NaF as imaging isotopic agent, was approved successfully for its application in
relieving bone pain by inducing neo-bone formation.

Later in 2013, an advanced theranostic drug, Radium223 (Xofigo) was approved,
which has the same combination of imaging agents as of Lexidronam and 223Ra as a
therapeutic agent. An interesting fact about these approved drugs is that these drugs
do not have any particular ligands for them. Several developed drugs are also under
clinical trials. 223Ra is a bone-affinitive alpha-emitter that finds higher amounts of
bone apposition due to the presence of metastatic bone lesions. Radiation dosages
are delivered by this to the affected area to improve the condition [125]. Notable
among those is Apamistamab, for which antibody acts as a ligand. 131I is utilized as
a therapeutic agent, whereas CD45 is the target to treat bone marrow ablation.
Currently, this drug is undergoing phase 3 clinical trials. The main advantages of
these radiotheranostic drugs are its simple procedural steps that are tolerable for the
patients, compared to those conventional approaches involving chemotherapy or
other radiotherapies. The adverse effects are also reported to be limited to only
nausea and fatigue except for few stranded cases with complications or failure of the
therapeutic drugs. However, high development costs of these radiotheranostic drugs
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is an issue yet to be solved. Prolonged time to get the approval of newer drugs due to
exhaustive clinical trials is also an obstacle towards establishing this approach for the
treatment of patients.

The inability to identify tiny lesions, tumors, and multiple metastases using
conventional approaches like X-Ray, CT scan, or MRI in bones led to delayed
diagnosis of the patient. It is one of the few key reasons which has increased the
morbidity rate of patients worldwide. A combination of in vivo tracking by imaging
along with a targeted drug delivery system like mesoporous silica-coated
upconversion nanoparticles (UCNP-MSs, UCMSs), which can convert the near IR
radiations into visible lights, has become another popular theranostic method for
treatment [126]. Deep light penetration depth, excellent chemical and photostability,
negligible damage to biological substances are some of the critical aspects of these
groups of particles. Moreover, using gadolinium (III) (Gd) doping within these
groups of nanoparticles enables to structure a multimodal therapy platform. How-
ever, UCMS system’s enhanced bone targeting is a drawback compared to its
definite advantages in the treatment of early stages of cancers.

Along with these nanoparticles to diagnose the early stage bone metastases,
bisphosphonate drugs can be utilized as a potent drug delivery agent in treating
the bone lesions. Rheumatoid arthritis is another growing challenge in the elderly
population. Liposomes, gold-based nanoparticles, polymeric nanoparticles, silica-
based nanoparticles, and metal oxides are found to be excellent for diagnosing
arthritis in patients due to their intrinsic moieties and huge surface availability to
incorporate different drugs. However, the distribution of the nanoparticles in a
proper homogenized way is still a challenge, which affects the diagnostic precision
negatively. Notable among many is Metal-BODIPY (4, 4-difluoro-4-bora-3a,4a-
diaza-s-indacene), which is the current choice for theranostics based approaches to
treat arthritis [127]. New nanogel matrixes have also been developed having photo-
sensitizers aiming to targeted delivery of drugs into the affected bone joints. In a
recent development, a colloidal nanogel has been developed using chitosan and
penta sodium triphosphate with hyaluronic acid on the surfaces of chitosan.
Hyaluronic acid is an excellent agent in identifying the CD44 receptors, which are
overexpressed during rheumatoid arthritis. No cytotoxicity was reported during
successful application of this formulation.

14.3.4 Cardiovascular Diseases

Cardiovascular diseases (CVD) are a group of symptoms most prevalent in the
modern world and closely related to changes in lifestyle and eating habits. CVD
accounts for 45% of all deaths in Europe and 37% of all deaths in the EU [128]. Ath-
erosclerosis is the most frequently documented cause of CVD related deaths where
cholesterol accumulates in macrophages resulting in the formation of plaques in
walls of coronary arteries. These symptoms are hard to identify in early stages and do
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not manifest until the sudden onset of disease, often leading to decreased response to
therapeutic agents.

Vikas nandwana et al. developed Fe3O4magnetic nanostructures coated with
1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) and Apoprotein 1 as HDL
mimicking theranostic nanostructures. In clinical therapeutics, this HDL and apo
1 trigger reverse cholesterol transport (RCT) from lipid-laden macrophages to the
liver. RCT is a key mechanism protecting from CVD and triggering this with HDL
mimics. At the same time, imaging in MRI helps in early diagnosis and treatment of
macrophage and cholesterol-rich atherosclerotic plaques. Furthermore, from the
diagnostic perspective, these particles show significantly higher MR contrast
enhancement than FDA approved Ferumoxytol [129].

Jason R. McCarthy et al. investigated crosslinked dextran based iron oxide
nanoparticles for theranostics of atherosclerotic lesions. These particles were mod-
ified with NIR fluorophore for imaging and a chlorine-based sensitizer for ablative
action. Macrophages have shown an intrinsic affinity towards these particles, and
local irradiation with particular wavelength has shown to disrupt the plaque. Further,
hysteresis heating of magnetic iron oxide nanoparticles could be used for inducing
hypothermia. This synergistic effect has helped in reducing extraneous toxicity, but
it was also observed that healthy cells like endothelial and smooth muscle cells in the
vicinity were also ablated. This could increase the risk of sudden stroke due to the
rupture of lesion and thrombosis. However, these magnetic nanostructures could be
used for MRI imaging and catheter intervention by a see and treat approach [130].

Stenosis of blood vessels due to atherosclerosis is clinically treated by balloon
dilation and stent placement. However, restenosis at the dilated site and associated
complexities have prompted doctors to use drug-eluting stents, but they could
interfere with endothelial healing causing late stent thrombosis [131]. For such
cases, Cyrus et al. developed αvβ3-integrin targeted paramagnetic nanoparticles
loaded with rapamycin, which showed reduced restenosis without effecting endo-
thelial healing [132]. Similarly, Chorny et al., used paclitaxel loaded magnetic nano
particles and used the magnetic properties of stent and external magnetic field to
achieve high local concentration of drug in stented areas [133].

Apoptosis of myocardial cells resulting from ischemia induces oxidative stress is
another important aspect of CVD where theranostics can play a long-term defensive
role. It was shown that blocking annexin V, which is usually secreted by an apoptotic
cell, has reduced the cellular damage [134]. Howard H. Chen et al. developed
AnxCLIO-Cy5.5 nano particles, which contain annexin V conjugated with fluores-
cent nanoparticle CLIO-Cy5.5 (CLIO¼ cross-linked iron oxide) for diagnosis. They
documented that cell membrane rupture was significantly downregulated in cells
exposed to AnxCLIO-Cy5.5 and demonstrated that direct stabilization of cell mem-
branes by the nanoparticles within a critical time period after injury was responsible
for this protective effect. This effect was limited when compared to the therapeutic
agent like caspase inhibitors. Still, any small therapeutic effect by a diagnostic agent
is noteworthy, and further study was required to understand the exact mechanism
[135]. As discussed above, Ferumoxytol is FDA approved long-circulating analogue
of CLIO and has the potential to become a successful theranostics agent.
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However, it is essential to choose a proper animal model and assess reliability for
testing theranostic treatments as the pathology and physiology of CVD are very
different in humans. Since the pathology of CVD in humans is mostly associated
with lifestyle, smoking, alcohol, and food intake, it is challenging and non-ethical to
develop a similar in vivo model. Also, arterial anatomy is very different in mice and
other animal models compared to humans, which raises doubts about the clinical
applicability of theranostics nanoparticles [136].

14.3.5 Antimicrobial Drug Resistance

Multi-drug resistance in microbes has been increasing due to inappropriate pre-
scriptions, insufficient diagnostic facilities as well as increased agricultural use.
Superbugs are threatening the healthcare system and prompting pharmaceuticals to
produce new and more potent drugs. During replication, microbes develop resistance
to drugs by mutations and gene transfer. Nanotechnology offers an innovative
solution in the form of theranostics, where identifying and destroying the microbes
can be done selectively with minimized dosage. An exciting work by Kelly group
[137] revealed that RuII complexes are efficient as both a probe for detecting
non-canonical DNA structures and are active against Gram +ve drug-resistant
bacteria.

Further studies by Kirsty L. Smitten et al. [138]. on Ruthenium
tetrapyridophenazine, complex revealed dual bioimaging and antibacterial
theranostic effect against gram –ve strains. Primarily they explored the X-ray crystal
structure and their mechanism of action against bacteria where both DNA and cell
membrane were effected. Imaging by TEM reveals that these complex effects both
cell wall and membrane within 20 min of exposure associated with rapid cell death.
However, in the case of gram +ve stains, it was found that this compound binds
electrostatically to the teichoic acid and lipotechoic acid in the cell wall, decreasing
its efficacy. Methicillin resistant Staphylococcus Aureus (MRSA) is another dreaded
clinical strain often referred to as superbug, which is responsible for sepsis and acute
endocarditis. Zhao et al. [139] performed computer simulation of poly(allylamine)-
coated silica nanoparticles (SiO2/PAH) interacting with bacteria to develop a
nanotheranostic probe that is independent of bacterial enzyme molecules. They
developed a silica nanotheranostic probe that could be activated in the presence of
MRSA for NIR imaging and PTT. This probe is based on silica nanoparticles coated
with vancomycin-modified polyelectrolyte-cypate complexes (SiO2-Cy-Van),
which is activated by an interesting phenomenon of bacteria-responsive dissociation
of the polyelectrolyte from silica nanoparticles. They demonstrated that MRSA can
destabilize the complex due to its affinity for vancomycin and draw them onto their
own surface. This changes the state of cypate complex from off (aggregation) to on
(disaggregation) leading to near-infrared fluorescence (NIRF) and photothermal
action against bacterial cell wall and membrane.
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Copper is a well-known antibacterial material, but the nanoparticles in in vitro
and in vivo were found to be toxic due to excessive generation of reactive oxygen
species. Das et al. explored theranostic application of these Cu nanoparticles by
doping them in carbon nanodots (CND) to regulate the ROS effect in vitro. The
underlying mechanism of downregulation of ROS involves the formation of car-
bonate and bicarbonate ions by reaction between produced ROS and carbon from
CND [140]. This composite also showed a dual mode imaging by both SERS and
fluorescence, which could be explored for live-cell tracking. Further, both gram –ve
and +ve strains were found to be highly sensitive to this composite. The main
application could be seen in preventive antibacterial coating for implants and
wound bed dressings. Dai et al. explored magnetic iron nanoparticles coated with
gold and attached monoclonal antibody specific to multi-drug-resistant salmonella
DT 104. PEGylation reduced further toxicity of gold, targeting, imaging. PDT was
achieved by methylene blue coating. Gold coating served two purposes of stabilizing
magnetic Fe nanoparticles in blood and optical nanoheater in NIR range for PTT.
Iron core serves the purpose of separating nanoparticles conjugated with bacteria.
These multifunctional nanoplatforms have shown a bacterial capture efficacy of 97%
and have a potential for clinical translation with specific or multiple bacterial
targets [141].

Magdiel I. Setyawati, et al. [142], utilized Watson-Crick base pairing to tailor
DNA nanopyramids scaffolds that can integrate both antimicrobial compounds and
gold nano-clusters for theranostics. To achieve theranostics the DP scaffold was
designed to carry ultra-small red emissive gold nano-clusters of ~2 nm with gluta-
thione coating. Actinomycin D was loaded into the scaffold by aligning
phenoxanone aromatic rings parallel to the guanine base pairs of DP. Figure 14.6
shows schematic of formation of DPAu/AMD structures. Due to the presence of
DNA base pairs in the DP scaffold, they were readily internalized by bacterial cells
like S. Aureus and E. Coli. Also presence of DNase enzyme in the bacterial cell
facilitated the dissolution of the DP scaffold and immediate release of the entire drug
to the interior of the cell. By incorporating targeting moieties to these DP, they can
be made theranostic by differentiating mammalian cell from bacterial cells. In a
similar fashion Kevin Ferreira et al. [143] targeted the iron intake mechanism in
bacterial cells by preparing drug conjugates with siderophores. They have a high
affinity for iron and are secreted by bacteria to satisfy their iron requirement.
Multiple transporters are available in bacterial wall to facilitate both endogenous
and xenosiderophores. Tetrapodal 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic amide (DOTAM) moiety was explored with three arms conjugated with
catechol moieties for iron binding and one arm with fluorophore malachite green
using various linkers. It has been reported that these multifunctional complexes
could be used for both diagnosis and treatment owing to their ability to cross the
gram –ve cell wall. They further found the uptake of these complexes by E. coli and
P. Auregenosa strains, which cannot synthesize their endogenous siderophores and
depend on xenosiderophores for their iron uptake. Thus they can be used to treat
multiple bacterial strains in vivo. Many studies have explored luminogens [144] with
aggregation-induced emission (AIEgen) as fluorescent probes for turn-on sensing of
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pathogens with high sensitivity and specificity. Peptides, polymers, micelles, metal
complexes, nanoparticles, etc., could be used as AIEgen driven systems. Also due to
aggregation, these nanostructures exhibited excellent photodynamic inactivation
(PDI) activity offering great potential for both diagnosis of pathogen and image-
guided PDI therapy for pathogenic infection. Their unique turn-on fluorescent
properties with large stokes’ shift, luminosity, photobleach resistance, emission
tunability in NIR range make them excellent choices for multiple pathogenic
identifications and long-term infection monitoring ranging from in vitro to in vivo.

Fig. 14.6 Schematic representation of nanotheranostic DPAu/AMD synthesis. (1) DNA
nanopyramid (DP) is self-assembled from four complementary oligonucleotides and DTT is
added to fully reduce the thiol groups on the DP. (2) At the same time, GSH-protected Au NCs
are activated with sulfo-SMCC to allow (3) the conjugation of Au NCs on the DP (DPAu) via
maleimide bonds (magnified window). (4) Then, the Actinomycin D (AMD) is let to intercalate into
the DPAu structure and the nanotheranostic DPAu/AMD structure is formed. Reprinted (adapted)
with permission from (Setyawati, Magdiel I., et al. “Novel theranostic DNA nanoscaffolds for the
simultaneous detection and killing of Escherichia coli and Staphylococcus aureus.” ACS applied
materials & interfaces 6.24 (2014): 21822–21,831). Copyright (2014) American Chemical Society
[142]
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14.4 Challenge and Perspective

In recent years, various nanotheranostic medicines have been explored with their
unique capability for concurrent detecting, imaging, and treatment of early-stage
cancer but there are still challenges associated with their clinical translation by
duplicating an in-vivo system. The recent developments of various approach to
form theranostic nanomedicine such as solid approach (drug conjugated
nanoparticles and nanodots), liquid approach (nanocolloids, nanoemulsions, and
nanoformulation), dry approach (spray dry nanopowder, electrospun nanofiber),
and biomacromolecule approach (DNA functionalization, micro-RNA based, and
antibody mediated) have been studied to understand their effects and limitations for
future via step-by-step processing. There are different criteria for clinical translation
of nanomaterials, which depend on the selection of the best nanoplatforms for
personalized treatment. Nanotheranostic efficiency is dependent upon simple syn-
thetic techniques with higher reproducibility and lower cost. Furthermore, the
challenges remain in the development approach for in vivo applications at the
preclinical and clinical levels. However, the development of theranostic
nanomedicine has advantages over conventional medicines in terms of many factors.
These include multiplex, multiple imaging agent capabilities, stimulus (pH, magne-
tism, and temperature) based responsive drug release, multimodal ability, and
efficient drug delivery. The development of versatile and smart theranostic applica-
tions is highly needed, which may help researchers, clinicians for various precision-
based therapeutic strategies.

Meanwhile, it has disadvantages that need to overcome that include toxicity and
lower colloidal stability of heavy metal-based upconversion nanoparticles. Here, the
above-mentioned queries attribute to troubleshoot SQDs of which high cost, oxida-
tive stress formation in gold/silver nanoparticles, the low sensitivity of magnetic
nanoparticles, non-biodegradable nature of carbon nanotube are the primary focus.
Bio-inspired and biomimetic systems based on CQDs might be promising to resolve
the obstacles of the present nanotheranostics system like short circulation time,
volatility in a complex biological system, and comparatively low tumor-targeting
sensitivity through the EPR effect. Therefore, regular and long-term studies are still
needed to explore their biological effects comprehensively. Moreover, various
factors like distribution, circulation half-life, translocation, metabolism,
bio-degradation, and the pharmacokinetics of various approaches mentioned above
should be investigated in detail that might emerge as promising directions for
nanomedicines.

Semiconductor and metallic based nanoparticles in cancer therapy will need more
optimization for their clinical applications. Efforts seeking better B-QDs strategies
will continue to develop effective and efficient cancer nanotheranostics. Macromol-
ecule, dry approaches require unique nanomedicine technology and knowledge for
their cost-effective delivery, therapy to avoid non-specific site accumulation of drug,
crossing BBB, a narrow therapeutic strategy. With the rapid development of CQDs,
we expect its more favorable use in various fields like agriculture, environment, and
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energy, including nanomedicine. We rely on these above-mentioned unresolved
concerns that will be encouraged and challenging for additional studies and develop
various nanotheranostics based biomedical applications.
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