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Preface

Over the past few decades, biological microelectro-mechanical systems (BioMEMS)
have been commonly designed, fabricated, and used for a wide range of applica-
tions including cell studies, therapeutics, tissue engineering, drug delivery, implantable
devices, and biosensors, among others. BlIoMEMS are portable, low-cost, rapid, and
robust platforms designed to automate one or more analysis steps such as mixing,
separation, sedimentation, etc. into one monolithic device. BloMEMS have proven to be
excellent candidates for biosensing applications. Such devices act as miniaturized lab-
oratory systems that can be used in remote and/or rural areas for detection of multiple
analytes with minimal human involvement, which, in turn, makes the detection proce-
dure of fatal diseases safer for laboratory technicians. This book is dedicated to the latest
advancements of BioMEMS in biosensing applications. Different detection strategies
including colorimetric, fluorescence, luminescence, bioluminescence, chemilumines-
cence, biochemiluminescence, and electrochemiluminescence are thoroughly reviewed
in this book, and different types of BlioMEMS designed and fabricated for the mentioned
detection strategies are presented with recent examples. These BioMEMS devices
include paper-based, microfluidics such as lab-on-chip (LOC), lab-on-compact-disk
(LOCD) systems and interesting alternative techniques that offer new solutions. This
book also provides an overview on the history of BioMEMS and the pioneered devi-
ces in the history of science which were designed and fabricated for different purposes.
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Chapter 1 ®
History of Bio-microelectromechanical i
Systems (BioMEMS)

Ricardo Garcia-Ramirez and Samira Hosseini

1.1 Introduction

MEMS are miniaturized devices that transduce signals in different domains
using semiconductor manufacturing techniques to produce non-electrical elements
(Council 1998). The acronym MEMS was coined in the United States before the
start of the 1990s by Professor Roger Thomas Howe, along with other scientists,
after microscale fabrication was established as a growing engineering field (Maluf
and Williams 2004). The first conference regarding MEMS was held in Berlin in
1988 as part of the International Conference on Micro, Electro and Optomechanical
Systems and Components (Madou 2011).

MEMS’ potentials arose with microelectronics, as these complex devices became
more sophisticated. Their materials and designs were enhanced in order to perform
better on fixed tasks needed in the microelectronics industry (Madou 2011; Folch
2016; Saliterman 2006). As time and research advanced, biological applications
were added to the domain of their use. Currently, the MEMS industry has
several established milestones in the microfabrication technologies, such as micro-
molding, photolithography, 3D structure assembly, among others (Borenstein 2008).
Since MEMS could also contain mechanical components including cantilevers or
membranes, they are ideal for fulfilling sensing (pressure and flow sensors) and/or
actuation (optical-beam handling) tasks (Council 1998).

Biomedical or Biological Micro-Electro-Mechanical Systems, more commonly
referred to as BlioMEMS, are defined as micro or nano-scaled devices or systems that
are used for processing, delivering, manipulating, or analyzing biological and chem-
ical entities for biological or biomedical applications (Bashir 2004). Even though
its name suggests the incorporation of both electronic and mechanical elements, it
should be acknowledged that these devices do not necessarily integrate all functions in

R. Garcia-Ramirez - S. Hosseini (I)
School of Engineering and Sciences, Tecnologico de Monterrey, Monterrey, Mexico
e-mail: samira.hosseini @tec.mx
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every single device. Despite the fact that BioMEMS are a trend nowadays, the origin
of micro systems used in life sciences, such as biology and/or neurology, are surpris-
ingly old. Figure 1.1 shows a timeline with some of the most important BloMEMS
milestones. Although many authors (Madou 2011; Folch 2016; Saliterman 2006)
have reported the origins of BIoMEMS in the late 1980s and early 1990s, preceding
studies had already created BioMEMS technology without the use of such term.
Table 1.1 demonstrates the first BioMEMS platforms in chronological order in great
detail.

1.2 BioMEMS

1.2.1 Advantages of BioMEMS

BioMEMS offer various advantages over traditional methods that are worthwhile
exploring, including a small device dimension and sample volume, portability,
reliability in replication, high throughput performance, multifunctionality, possible
automation, among others. The small device dimension provides obvious advantages
as these devices possess a potential for miniaturization, whether in-vivo or in-vitro,
including reduced manufacturing costs for devices as WTAS (micro-total-analysis
systems) and LOC (lab-on-a-chip) devices. The smaller devices also benefit from
the small sample size and reagents, in order to perform the same reaction that bulkier
devices would need. The physical space they require and ease of portability is another
advantage that BioMEMS have in contrast to their counterpart large pieces of lab
equipment. Furthermore, BioMEMS devices provide multifunctionality that allows
individual instruments to be integrated within one single device. This, in turn, facil-
itates automation, a feature that plays vital role in such devices. Fully integrated
and automated devices can run the analysis with least human intervention. This is
of great importance particularly when facing unknown or newly known dangerous
illnesses. Considering the portability and the lightweight of such devices, they make
great candidates for extreme point of care (EPOC) in remote and/or rural settings
where there are no centralized laboratories. Equipment-free readouts, mass transfer
of data, and/or readouts via smart phones and devices are the alternative analytical
strategies linked to BloMEMS.

Nowadays, BioMEMS are one of the fastest growing fields in the world, because
of the implications that it could create in multiple industries including the health
sector, in particular in hospitals and healthcare facilities (Experts 2019). The current
research regarding BloMEMS has increased at an accelerating rate. Since the first use
of the term BioMEMS in the 1990s, there has been a constant increase in publications
regarding this field. According to Clarivate Analytics the number of cites per year
containing BioMEMS as a keyword has increased from less than 100 in the year 2000
to over 1600 in 2018. The global BioMEMS Market stood at 2.45 billion dollars in
2014 and predictions suggest it will grow above 25% by 2024, mostly due to the
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development of home care devices and hand-held analytical systems, followed by
in-vitro diagnosis and biological and pharmaceutical research (Cooper 2016). Lower
tendencies but important research fields are focused on disease-prediction devices to
prevent fatal diseases including cancer, HIV, etc. (Experts 2019).

BioMEMS can be classified into two general groups based on their applications
(Cima 2011): firstly, those created for biomedical purposes including inertial sensors
or implants, and, secondly, those that embed microelectronics and micromachining
techniques in order to acquire, sense, or manipulate biological or chemical entities
(Folch 2016; Ramesham 2000).

1.2.2 First Attempts in Design and Fabrication of BioMEMS

BioMEMS devices related to biological entities most likely evolved from the need to
analyze single cells in-vitro since previous techniques were mostly invasive, which
resulted in damage to the cell and the inability to maintain long term connections
(Thomas et al. 1972). For this reason, an effort to embed electrodes in the culture
platform gave rise to the first microelectromechanical systems used in pair with
biological agents. These first attempts date back to the late 1960s (Carter 1963) and
continued to be replicated and improved until reliable results positioned MEMS as
a viable technology for chronic non-invasive single cell studies (Regehr et al. 1988).

In October 1967 in England, Stephen Carter from the Imperial Chemical Indus-
tries, Ltd., was the first scientist to report a BlioMEMS in his publication related to
cell studies, where he described surfaces with patterned cellular adhesiveness using
microtechnology. Carter coined the cell behavior term “haptotaxis” in 1965, when
he used a method to create cellular patterns of mouse fibroblast onto palladium as
mask (Regehr et al. 1988). He used a wire in contact with the acetate substrate that
had created a smooth metallic gradient on the acetate, resulting in substrate-directed
cell motion. Carter then repeated the shadow-evaporation technique in 1967 where
the wire was a perforated 15 pm thick nickel stencil mask made by photochemical
machining (Carter 1963). Additional information regarding the fabrication strategy
of these devices are presented in Table 1.1. In his experiment, the prediction and
the feasible fabrication of massively parallel single-cell assays was introduced for
studying single-cell spreading confined into adhesive islands. This latter publica-
tion has marked the first report in the history of BioMEMS (Folch 2016; Saliterman
2006).

The first micro systems embedded in larger systems were developed in the disci-
plines of neuroscience and neurobiology (Urban 2007). In the first decades of the
twentieth century, single glass sensors were used to measure physiological param-
eters on the surface of human tissues (Bates 1963). The miniaturization of these
devices offered a wider comprehension of brain functions, information processing,
and tissue abnormalities (Council 1998; Bashir 2004).
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For clinical disciplines, including cardiology (Konstantinov et al. 2004),
neurology (Bates 1963), and endoscopic surgery, many appliances were developed by
means of delicate machinery and mechatronic technology long before the BloMEMS
term was conceived. Endoscopic surgery had been performed in the early nine-
teenth century (Rathet et al. 1974). The development of miniaturization techniques,
in combination with new materials and micro-optic units, led to the earliest use
of BioMEMS technology. A fully implantable pacemaker was developed in 1958
(Konstantinov et al. 2004), and the first hybrid multi-channel cochlear implant was
introduced in 1977 (Hochmair-Desoyer et al. 1983). Table 1.1 summarizes a number
of biomedical devices and their main components along with their fabrications and
main applications (Council 1998; Borenstein 2008; Experts 2019).

The first idea of a BloMEMS biosensor was proposed by Leland Clark and Champ
Lyons, from the Medical College of Alabama, in 1962 (Clark and Lyons 1962).
They proposed a quantification mechanism for glucose which included the action
of an enzyme, a glucose oxidase, that would degrade glucose in the presence of
oxygen and generate gluconic acid. This would create a change in pH that could
be then detected by an electrode. The proposed strategy fully evolved to become a
patent published in 1970 (Wang 2001). In 1976, the first BioMEMS microneedle
for Drug Delivery System (DDS) was reported by Alza Corporation. The reported
device consisted of a DDS for percutaneous administration of a drug comprising
projections, a drug reservoir, and an extend of the projections for penetrating the
stratum corneum (Gerstel and Place 1976).

MEMS technology was not introduced exclusively to the biology and medicine
fields, but also in chemical applications. The first miniaturized ion-sensitive field-
effect transistor sensor was invented in 1972 by Piet Bergveld. This device was
produced by means of semiconductor and microfabrication techniques (Bergveld
1972). Furthermore, a gas chromatographic air analyzer fabricated on silicon (Si)
wafer was developed by Terry et al. in 1979. The design and the techniques employed
to manufacture this MEMS device were inspired by micromachining fabrication.
This implementation for chemical sensing is another example of MEMS technology
applied to chemical applications (Terry and Jerman 1979). Table 1.1 discusses further
details regarding the fabrication strategy and the applications of both devices.

In 1985, Unipath Inc. (Bedford, United Kingdom) commercialized Clearblue,
a pregnancy test that can be considered the first paper-based microfluidic device.
Clearblue is a diagnostic home kit which relies on specific conjugation of antibodies
to biomarkers for analysis of specific hormones associated with early pregnancy
markers in human urine (Jones and Kraft 2004). Its capacity to give an instantaneous
result is what made it different from previously developed and patented products.
This system was based on the detection of Human Chorionic Gonadotropin (hCG)
applying monoclonal antibodies attached to a Si solid phase, which created a coupled
complex with a specific antigen present during the firsts weeks of pregnancy. When
this complex of antigen—antibody was formed, the labeled immunoglobulins released
a change of color over the solid phase. Therefore, this assay is considered as one
of the first paper-based colorimetric analytic methods in the history of BloMEMS
(Folch 2016).
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As the field began to grow, different devices were invented and new terms had to
be developed to define the distinct technologies. In 1990, A. Manz and H. Michael
Widmer from Switzerland proposed the term micro total analysis system (W TAS) to
present the idea of miniaturized total chemical analysis systems for chemical sensing
(Manz et al. 1990). Seven years later, R.A. Lewis was the first person to use the term
“lab-on-a-disc” to refer to a disc for genetic disease testing developed by Gamera
Bioscience Corp (Lewis 1997).

In 1993, George Whitesides’ group, introduced polydimethylsiloxane (PDMS)
based microfabrication that revolutionized the BloMEMS field by introducing a cost-
effective class of materials as desirable platforms for fabrication of micro devices
(Duffy et al. 1998). The main advantages of using PDMS include a faster production
rate compared to glass or Si microfluidic chips and cost-effectiveness compared to
other production methods (Duffy et al. 1998). Moreover, PDMS is transparent at
optical frequencies, which facilitates the observation of contents in microchannels in
an easier way. It is considered biocompatible, and has low autofluorescence (Piruska
et al. 2005). It is deformable, which allows the integration of other microfluidic
components into the microchannels. The PDMS bonds to glass or another PDMS
layer with a simple plasma treatment, allowing the creation of multilayers in a
single microfluidic chip (Xia et al. 1999). Since the introduction of PDMS-based
devices, a wide range of platforms made by soft-lithography techniques was used in
microfluidics and is considered a cornerstone in multiple applications.

In 1994, Fan and Harrison, reported the first microchannels for molecular sepa-
ration that introduced the possibility for separation of amino acids and molecular
characterization (Fan and Harrison 1994). Other examples of microfluidic devices
for cell-related applications emerged in the late 1990s, including the use of nucleic
acid arrays, DNA analysis devices, and chambers for studying microtubule dynamics
(O’Donnell-Maloney and Smith 1996; Holy et al. 1997; Burns et al. (1998).

In 1996 at University of Michigan, David Burke and his team researched on the
movement of single nanoliter droplets though manipulating the water tension with
heat, thus enabling the system to mix, to separate, and to measure volumes in a
nano-scale. This system consisted of a polymerase chain reaction (PCR) preparation
protocol including DNA enzymatic digestion, electrophoresis, and PCR confined in
a single device (Burns et al. 1998). After this pioneering advancement, other single-
droplet microfluidic mechanisms and devices were presented for various applications
(Choi and Ng 2012).

1.2.3 General Applications of BioMEMS

BioMEMS can be used for a wide range of applications, including diagnostics, tissue
engineering, analytical techniques, microfluidics, and biosensors, among others. The
development of BioMEMS can help enhance the accuracy and precision of anal-
ysis in different applications. While the above mentioned are important areas of
impact, there are many other applications for BioMEMS in chemistry, biotechnology,
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and the food industry. For example, biosensors can be used for rapid detection of
foodborne pathogens, such as E. Coli and Salmonella, which are a major problem
when importing foreign food into a country (Yoon and Kim 2012). This compre-
hensive book, however, solely focuses on the latest updates on BioMEMS in their
major biosensing applications. Figure 1.2 shows some of the major applications of
BioMEMS and an example for each field (Fig. 1.3).

Antenna

Sensor probe

Implantable
BioMEMS

Biomedical

Drug Deiiver:(_
Systems

BioMEMS

Biological

Cell-related
applications

Amplification

Fig. 1.2 Different areas of application of BloMEMS
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Chapter 2 ®)
Bio-microelectromechanical Systems oo
(BioMEMYS) in Bio-sensing
Applications-Colorimetric Detection

Strategies

Michelle Alejandra Espinosa-Hernandez, Sofia Reveles-Huizar,
and Samira Hosseini

2.1 Introduction

One of the most well-known analytic methods of detection is based on quantifying the
UV-vis absorption or reflection, also known as colorimetric (Li et al. 2019a). Colori-
metric biosensors are simple, rapid, disposable, and low-cost (Zhang et al. 2006; Li
etal. 2019b). Additionally, they enable the signal readout with color changes or even
directly judged by the naked eye (Li et al. 2019b). For MEMS, specially BloMEMS,
these qualities enable medical exams to become more accessible and user friendly.
Likewise, biological processes can be carefully assessed due to the concentration of
the color which is commonly directly proportional to the concentration of the analyte
of interest (Aldewachi et al. 2018). In this chapter, we review the latest advancement
of paper-based, microfluidics and alternative BioMEMS that operate based upon
the principles of colorimetric detection. A comprehensive review of these devices is
presented and summarized in Table 2.1.

2.2 Colorimetric Detection Strategy

The detection method known as colorimetric determines the presence and concen-
tration of an analyte through comparing the color changes of a solution. This method
is based on the quantification of the change in the absorbance of the solution due to
the concentration of the analyte of interest. This relationship can be described using
the Beer-Lambert equation, which relates the concentration to the absorption, with
the light path remaining constant (Wilson 2013). When white light passes through a
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colored substance, light wavelengths are absorbed in different proportions (Fuwa and
Vallee 1963). The intensity of the resultant color will be proportional to the concen-
tration of the measured analyte and the amount of absorbed light will be proportional
to the intensity of the color (Ricci et al. 1994).

Colorimetric analysis is applicable to detect the presence of organic and inor-
ganic compounds, making it a suitable option for biosensors. Some applications
for colorimetric detection devices include hand-held bio-diagnostics, point-of-care
diagnostics, and naked-eye detection. Current chapter focuses on the fabrication
of microfluidic, paper-based, or polymer-based platforms based on this common
detection strategy.

2.3 Recent Advances of Colorimetric Detection
in Paper-Based BioMEMS

One of the major problems in healthcare nowadays is accessibility. Many people
worldwide have limited to no access to laboratories or hospitals, hence, in order to
reach these communities, smaller portable devices with the same accuracy are needed.
Among these developments, the paper-based analytical devices (PAD) attract a great
deal of attention. PAD devices have proven to be the inexpensive, simple, portable,
and disposable. Likewise, they are easy to use, make complicated readout equipment
unnecessary, and produce semi quantitative results (Teengam et al. 2017) in a short
amount of time (Murdock et al. 2013). For that reason, PADs are being used to
diagnose diseases via DNA and/or RNA recognition (Teengam et al. 2017), monitor
human activity (Murdock et al. 2013), detect nucleic acids (Choi 2016), sense pH
in sweat and/or saliva (Oncescu et al. 2013), and recognize cholinesterase inhibitors
(Mat&jovsky and Pitschmann 2018), thus, making such devices favorable for a wide
range of applications including medical (Teengam et al. 2017), military (Murdock
et al. 2013), nutrition (Choi 2016), biochemical (Oncescu et al. 2013), and nerve
chemical warfare (Matéjovsky and Pitschmann 2018). Below, several examples of
PADs are presented with a specific focus on biosensing application.

In addition to the previously stated benefits of paper-based devices, WPADs
enhance point of care for detecting diseases (Sanjay et al. 2016), biomolecules (Li
et al. 2018; Gabriel et al. 2017), and antibiotics (Nilghaz and Lu 2019). They offer
inexpensive, simple, eco-friendly, portable and quick bioanalysis (Nilghaz and Lu
2019). Additionally, due to their small size, these devices provide a greater surface
to volume ratio, improving the immobilization of proteins through processes such
as enzymelinked immunosorbent assay (ELISA) integrated into this platform, and
other biological agents (Sanjay et al. 2016). Many variations and additions can be
made to WPADs in order to enhance its properties. For example, cotton, being a
similar material to paper and providing the same advantages as well as being stronger
and more durable, becomes an option for embedding into daily wearable products
(Nilghaz et al. 2015). Also, by using chemical vapor deposition (CVD) instead of
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wax printing, more complex detection chambers and a higher degree of reliability for
colorimetric detection result can be achieved (Lam et al. 2017). Some of the latest
examples of the paper-based BioMEMS used for colorimetric detection are provided
here.

Teengam et al. (2017) produced a paper-based colorimetric assay for DNA detec-
tion based on pyrrolidinyl peptide nucleic acid-induced nanoparticle aggregation in
order to have a simple and quantitative means of detecting diseases such as Middle
East Respiratory Syndrome (MERS), Tuberculosis (TB), Middle East Respiratory
Syndrome coronavirus (MERS-CoV), and Human Papillomavirus (HPV). To create
the device, a multiplex colorimetric PAD with a derived backbone from D-proline/2-
aminocyclopentanecarboxylic acid (acpcPNA), silver nanoparticles (AgNPs) and a
paper-based multiplex DNA sensor were used. The actual PAD was made through a
wax-printing technique, and the sensor was based on an origami concept made of two
layers, as can be seen in Fig. 2.1. The base consisted of four wax-defined channels
extending outward from the sample reservoir (6 mm i.d.) and the top layer which
had four detection and control zones (4 mm i.d.). The sample reservoir at the top
was fully punched to the bottom layer, and the top was folded over. Together with a
polydimethylsiloxane (PDMS) lid and a 6 mm diameter hole over the reservoir, they
were held together. Eight 4 mm holes and control zones were aligned to maintain
a constant pressure across the surface where the acpcPNA probe and AgNPs solu-
tion were included. The sample solution was added to the sample reservoir where
it flows through the channels to wet the colorimetric detection zones. These zones
were obtained by placing 10 wL of AgNPs in 0.1 M phosphate buffer saline (PBS)

(a) Top layer

Colorimetric
/' detection zone

Sample reservoir  —j

* Control zone

Base layer

Step |

Assemble device

Step 11 =
Add reagent
onto device

Fig. 2.1 Design and setup of paper-based multiplex DNA sensor (Teengam et al. 2017)
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pH 7.4 with a ratio of 5:1 (AgNPs:PBS). For the colorimetry, special acpcPNA
probes were designed and fabricated to detect synthetic oligonucleotide targets with
sequences in MERS-CoV, MTB, and HPV (DNA_,n,). The intensity of the color was
compared to a single-base mismatch (DNAy, ), two-base mismatch (DNA,,,), and
DNA,. sequences. In the presence of the DNA_,, the intensity decreased and was
unaffected by the mismatched and noncomplementary targets. There was a high selec-
tivity to single-base mismatch, two-base mismatch, and noncomplementary target
DNA.

Paper-based enzyme-linked immunosorbent assays (P-ELISAs) were created by
Murdock et al. (2013) in order to measure biomolecules concentrations. In compar-
ison to regular ELISAs, P-ELISAs are faster to make and obtain results. Neuropep-
tide Y was the point of interest as it is related to regulating stress, anxiety, fear, and
overall sympathetic nervous system activity (Eaton et al. 2007; Heilig 2004). The
target of this study was diagnosing Post Traumatic Syndrome and identifying the
difference between more exposed soldiers from beginners. The platform of the P-
ELISA consisted of a wax-printed 96 (12 by 8 arrays of circular test zones)-microzone
paper plate, designed on Office PowerPoint according to the standard Costar 96-well
microtiter plate (Murdock et al. 2013). The wax covered the areas between wells,
leaving the 5.56 mm diameter wells hollowed. 3 L of target solution was inserted
into each well, followed by blocking and addition of antibody and incubation. Each
test zone was 3 mm in diameter and needed 1.5 nL to be damp. Gold nanoparti-
cles (AuNPs) of 16 nm were added to poly(ethylene glycol) (PEG) and cleaned by
centrifugation and buffer exchanges. Anti-rabbit IgG antibodies were linked to the
carboxylic end of the PEG. For the P-ELISA, the same process was followed except
for the AuNP-IgG which was included instead of the conventional antibody through
a silver enhancement kit (Ted Pella/BBInternational). The operation was tested by
means of a standard 96-well plate-based ELISA procedure detecting rabbit IgG with
a colorimetric substrate (Fig. 2.2). The reason behind using wax-printed paper-based
was to create an inexpensive method for carrying out biomolecular assays in small
volumes. The device allowed the limit of detection (LOD) to be reduced from nano to
picomolar scale. Additionally, it permitted a broader range of colorimetric substances
be used since the dynamic imaging ranges through conversion to grayscale. Hence,
a portable device camera can be used instead of laboratory equipment to carry out
the read out. The device increased the number of samples analyzed per dollar unit
typically spent on diagnosis while equally increased the number of patients helped.
This device holds great promises for its application in remote or resource-limited
areas.

Choi et al. (2016) developed an integrated paper-based sample-to-answer
biosensor for nucleic acid extraction and amplification at the POC. This provided
a new view to the operation of paper-based devices as the readout could be done
through visual detection or quantification using a smartphone. The device was cred-
ited as a high performance microdevice since the colorimetric detection by the naked
eye could be performed within an hour. Following this strategy, a battery-powered
heating device was introduced to amplify the nucleic acid in POC, which, coupled
with the assay, offered a rapid target detection. A Fast Technology Analysis (FTA)
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card and glass fiber were added to a lateral flow strip for nucleic acid extraction and
amplification. First, the paper matrices were separated by hydrophobic polyvinyl
chloride (PVC) layers, or valves, shown in Fig. 2.3. These valves controlled the flow
from the nucleic acid extraction to the amplification zone and lateral flow strip. The
device had three microfluidic layers in total: first layer for the injection holes and
microfluidic channels for reagent transportation, second held the micropatterns for
DNA extraction and amplification, and third incorporated a lateral flow strip for the
colorimetric detection. The micropatterns were obtained from polycarbonate (PC)
sheets and the microstructures from a poly(methyl methacrylate) (PMMA) sheet
using a CNC milling machine. A double-sided adhesive film was used to assemble
these layers. Lastly, the lateral flow strips were placed between the last two layers.
The heating device was included to the integrated biosensor for very sensitive and
specific loop-mediated isothermal amplification (LAMP). The bacteria were lysed
outside of the device before being introduced to the inlet. This was filled in a channel
by capillary forces and the debris in the microbead-bed channel flashed out to the
waste chamber. Subsequently, the washing buffer erupt, forcing the solution to go
through the microbeads and carry the adsorbed DNA and reaction mix into the LAMP
chamber. The reaction is performed at 66 °C for 50 min and later loaded onto the
lateral flow strip through the connecting channels. The developed biosensor in this
study detected Escherichia coli (E. coli) in several food types with LOD as low as 10
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to 1000 CFU mL~! and Streptococcus pneumonia in blood samples. Hence, proving
the potentials in medical, food safety and environmental applications.

Due to the worldwide use of smartphones, Oncescu et al. (2013) created a health
accessory for colorimetric detection of biomarkers in sweat and saliva based on the
fact that the pH in saliva can be used to point out enamel decalcification and the pH in
sweat helps indicate dehydration. The device is a noninvasive real-time analysis with
disposable test strips that is connected to the phone. The pH sensing system consisted
of a smartphone case, application, and test strips. The case has a slot where the strips
could be inserted to be analyzed and was 3D printed from opaque Vera black material
to isolate the strip form variable external light. The colorimetric analysis took place
with the help of the phone’s camera and a storage compartment for up to six strips.
The strips were 3D printed to include an indicator strip, reference strip, and a flash
diffuser. The first strip was 9 x 4 mm and was cut out from a pHydrion Spectral
5.0-9.0 plastic pH indicator strip for sweat testing and a 1.0-14.0 strip for saliva.
The second strip was made of white plastic material and its purpose was to detect
changes in white balance on the camera by the different light conditions or user error.
The latter strip was a 2 mm thick membrane of PDMS used to minimize variations in
the reading for different lighting conditions, allowing light from the camera’s flash
to diffuse and illuminate the posterior part of the test strip equally. Additional to the
hardware, a software app was made for image acquisition and processing, and data
storage and manipulation. The system as a whole, shown in Fig. 2.4, worked by first
loading the app and selecting the test strip of different biomarker tests. Once the app
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Fig. 2.4 a Device with the test strip being removed from storage compartment, b Obtaining sweat
and saliva samples, ¢ inserting test strip into optical system for reading, d pH analysis with test strip
inserted Oncescu et al. (2013)

loads the calibration data and user interface, the test strip was to be inserted into the
case and touch “Analyze” on the screen. The app takes a flashed image of the strip
and then is categorized by color.

Matéjovsky and Pitschmann have created an addition from glass nanofibers to the
Detehit biosensor (Pitschmann et al. 2018) for cholinesterase inhibitors (Mat&jovsky
and Pitschmann 2018). These inhibitors interfere with the nerve impulses cholin-
ergic transfer mechanism. The biosensor was made based on the cholinesterase
reaction based on enzymatic degradation of the substrate to obtain the appropriate
acid or thiocholine. The Detehit biosensor was a detection ribbon based on hard-
ened PVC and contains a detection fabric with immobilized and stabilized acetyl-
cholinesterase (AChE), and a cellulose paper strip with acetylthiocholine iodide
(ATChI) and Ellman’s reagent, shown in Fig. 2.5. For its operation, the detection
fabric ought to be moist and exposed to air, by placing the fabric in contaminated
water or pressing a wet detection zone against the test surface. The cellulose strip
was squeezed with the exposed detection fabric, making the color change visible to
be analyzed. If the white detection fabric changed to yellow, there were no inhibitors,
however, if the color did not change, there were inhibitors present. This is depicted
in Fig. 2.6a. However, because the color differentiation was sometimes difficult, a
new substrate carrier made of glass nanofibers and using a chromogenic reagent
(Ellman’s reagent) was developed to increase the intensity of the yellow color. The
two were compared by having Ellman’s reagent combined with the ATChI and an
alternate butyrylthiocholine iodide (BuTChI) and testing the new device with AChE
and butyrylcholinesterase (BuChE). It was a 10 cm long by 1 cm wide plastic strip,
having an indication fabric on one end with an immobilized enzyme covering about 1
cm?, while the carrier was at the other end impregnated with a substrate and an indi-
cator, also measuring 1 cm?, as seen in Fig. 2.6b. The detection fabric was made by
impregnating a white cellulose fabric with a solution containing the enzyme (AChE
tissue, AChE, or BuChE) with total activity of 21 nkat/mL, 5% of dextran, and 2%
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of anionic tenside, in a phosphate buffer solution with a 7.6 pH to be later dried at
25 °C for 24 h. The glass and cellulose papers were impregnated with a 4.3 mmol/L
solution of Ellman’s reagent and with 6 mmol/L of ATChI or BuTChl in ethanol. The

indicator paper was dried for 6 h at 25 °C. A blank test was performed to compare,

and it showed that the glass nanofibers provided an augmented color effect, as is

shown in Fig. 2.7.
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Fig.2.7 Development of color change in the detection zone in (a) filter glass paper, b filter cellulose
paper (Matéjovsky and Pitschmann 2018)

Recent examples of micro paper-based devices have been composed of 96
microfluidic wells (Sun et al. 2010; Sapsford 2009; Kai 2012). Sanjay et al. (2016)
created a 56-microwell paper/PMMA hybrid microfluidic microplate for detection
of infectious diseases and other bioanalytes, such as Immunoglobulin G (IgG) and
Hepatitis B surface Antigen (HBsAg). The chip was laser cut based on the Adobe
[lustrator design. In the mask-less laser ablation, the PMMA substrate was placed
on a stage. The choice of using porous paper for the flow-through microwells in the
PAD allowed the antibodies and antigens to be quickly immobilized, washed effec-
tively, and avoid complicated surface modifications. The microfluidic microplate was
composed of three PMMA layers, as seen in Fig. 2.8a. The first layer (Fig. 2.8bl)
consists of an inlet reservoir (Fig. 2.82.8b1) and fluid distribution channel (Fig. 2.8b3)
which was used for fluid delivery. It delivered the assay reagents to multiple microw-
ells, which avoids manual pipetting and costly machinery, and forms the cover for
the microwells in the following layer. Every channel in the top layer was connected
to different inlet reservoirs and delivered the reagents to 7 microwells to the next
layer. The second layer (Fig. 2.8bll) was for incubation and made up of 56 2 x
0.3 mm funnel-shaped microwells (Fig. 2.8c), with an upper microwell (Fig. 2.8b4)
and lower microwell (Fig. 2.8b6). Paper disks (Fig. 2.8b5) were placed in between
the two parts of the microwells. The microwells were created within a few minutes
with a simple laser ablation method. This method offers a quick prototyping for
developing microfluidic devices by means of high intensity laser beams that evapo-
rate polymers at the focal point. Varying the intensity results in microstructures with
different depths. the paper was held in place and prevented backflow of reagents as it
is where the antigen or antibody were immobilized. The bottom layer (Fig. 2.8blIII)
was fluid removal by means of the outlet channel (Fig. 2.8b7) leading to a common
outlet reservoir (Fig. 2.8b8). Each channel was connected to a single outlet microwell
to act as an outlet reservoir with a negative pressure. For the color change in HBsAg,
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the antigen was immobilized on the paper surface of the microfluidic microplate,
reacting with the primary antibody conjugated with alkaline phosphatase (ALP).
The enzymatic reaction between ALP and the colorimetric substrate BCIP/NBT was
what produces the purple color. The colorimetric result could be observed by the
naked eye within an hour or could be alternatively scanned by an office scanner
for quantitative analysis. Figure 2.8e shows the variety of purple shades that corre-
sponded to the concentrations inserted; the highest IgG concentrations resulted in a
darker shade and as that quantity of IgG was decreased, so did the color intensity as
is shown from left to right in the image.

Li et al. (2018) developed a double-layered microfluidic paper-based device
with multiple colorimetric indicators for simultaneous detection of glucose, uric
acid, lactate and choline. Linear calibration curves were obtained to identify these
biomolecules. These values found from the experiments showed great sensibility
(Fig. 2.9a) by exhibiting very wide linear ranges over two to three orders of magni-
tude: glucose (0.01-10.0 mmol/L), uric acid (0.01-5.0 mmol/L), lactate (0.04—
10.0 mmol/L), and choline (0.04-24.0 mmol/L). The double-layered wPAD was
first designed in AutoCAD. Different patterns were needed as the top layer was
dedicated to detection and the bottom was auxiliary to construct 3D microfluidic
channels. For detection, a 10 mm central sampling zone surrounded by eight 3 x
8 mm microfluidic channels and eight 6 mm detection zones were created. These
were modified with colorimetric reagents, different kinds of oxidase and HRP, which
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Fig. 2.9 a Calibration curves of glucose, uric acid, choline and lactate. b Fabrication of double
layer wPAD Li et al. (2018)
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can be observed in Fig. 2.9b. The immobilized chromogenic reagents, once oxidized
by the H,O, from enzymatic reactions between the oxidases and the corresponding
substrates, resulted in the color change with co-immobilized HRP as catalyst. The
auxiliary layer was made of one 10 mm central sampling zone and eight 3 x 10 mm
microfluidic channels connected with eight 6 mm sampling zones. Also, it provided
a solution connection by 3D microfluidic channels resulting from overlapping the
microfluidic channels and detection zones from the top layer. A traditional wax-
screen-printing technique was used to produce the hydrophilic microchannels and
hydrophobic barrier on the detection and auxiliary layers. In order to prove the use, a
blood sample was introduced into the sampling zone. It was then passed through the
hydrophobic channels in order to react with the reactants, thus producing the color,
which the Image J software could read. As can also be seen in Fig. 2.9b, two kinds of
colorimetric indicators were used for each biomolecule in order to widen the detec-
tion range. This new bilayer microfluidic PAD proved to have a strong colorimetric
performance, enhanced sensitivity and extended detection range.

Nilghaz et al. (2019) incorporated metal complexation to a WPAD in order to
identify antibiotic residues such as oxytetracycline and norfloxacin in pork. This
was done by employing the filtration quality of paper combined with aggregation
and precipitation of chemical reagents. Ultimately, these processes allowed a LOD
and easy result interpretation. For antibiotic residue detection, three layers of filter
paper were inserted into a hydrophobic wax paper holder. The topmost layer was
made from chromatography paper to serve as the detection zone. In order to detect
antibiotic residues, a base substrate made from Whatman #1 and #4 chromatography
paper with printed letter channels of both substances from hydrophobic wax paper,
was functionalized with copper sulfate pentahydrate in 0.5 M sodium hydroxide and
iron nitrate nanohydrate (colorant reagent for oxytetracycline) in a 5 mM ammonia
solution (colorant reagent for norfloxacin). A transition metal hydroxide formed
when a reaction occurred, allowing the residues to bind to the metal ions through
coordination chemistry. In Fig. 2.10a, a schematic of the individual devices for each
antibiotic residue detection can be observed. This complex coupling could result on
the filter paper and provided a visible color change as the concentration increased:
oxytetracycline was detected with a blue to green color change, while norfloxacin
with brown to orange, as can be seen in Fig. 2.10b. The other two layers were
of Whatman #4 filter paper as they were absorbance layers, meant to remove the
residual liquid under the base substrate. It is important to note that the colorimetric
reagents from the first layer could not diffuse into the bottom layer. The LOD for
either was 1 ppm and the recovery rate for oxytetracycline was approximately 88.6%
while for norfloxacin recorded to be 111.3%. The whole process of assembly and
testing required less than an hour, resulting in a sensitive and rapid method to detect
antibiotic residues in food samples. Since the reactions were not interfered by other
antibiotics, this device can be implemented to detect other antibiotics from the same
families including tetracycline and floxacin. Furthermore, The device has proven to
be valuable to food safety surveillance and suitable for large-scale production.

As acommon biomolecule for detection, glucose was measured from tear samples
in the wPAD biosensor Moreira et al. (Gabriel et al. 2017) designed. The chromogenic
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reagent used for the samples was 3,3',5,5'-tetramethylbenzidine (TMB). The device
resulted in a linear behavior between 0.1 and 1.0 mM, as seen in Fig. 2.11a, analytical
sensitivity of 84 AU/mM and LOD of 50 wM. This provides an alternative for diabetic
patients pricking their fingers with a lower potential interference, non-invasive, and
pain-free sample (Cha et al. 2014). In order to detect glucose from tears, the desired
geometry of the device was designed on Corel DrawTM graphical software and,
like other WPADs, was printed on paper substrates by a wax printer (Gabriel et al.
2017). Effective hydrophobic barriers were fabricated by melting the printer wax
while one side of the device was covered with adhesive tape to prevent leaking of the
samples. With the basic structure, two 5 mm circular zones, identified as the control
and detection zones, and a square region as the sample inlet were defined. The control
zone’s purpose was to detect potential interferant compounds and to minimize the
matrix effect. The sample inlet is evidently where the tears are places to be pulled
up to the detection zone by capillary forces. All three zones are connected by a 14
x 2 mm microfluidic channel, whereas the entire device is 24 x 10 mm. The paper
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surface was modified with chitosan in order to enhance the surface attachment of
enzymes. The chitosan was first prepared in 2% (v/v) acid acetic, subsequently 2
WL of the solution was introduced to the control and detection zones and allowed to
dry. The detection zone was spotted with a chromogenic solution of 15 mM of TMB
and 120 U mL~"! of an enzymatic mixture of GOx and 30 U mL~! HRP. The control
zone was only spotted with the enzymatic solution. 5 pL of sample aliquots were
introduced to the sample inlet and left to reach the detection zone under lateral flow.
This can be visualized in Fig. 2.11b. The actual colorimetric detection was done with
an office HP scanner with a 600-dpi resolution. Images were taken 15 min after sample
addition and were converted to Red—Green—Blue scale for simpler analysis within the
Corel Photo-PaintTM software. The color intensity was directly proportional to the
concentration of glucose, however, most importantly, it was compared to a personal
glucometer, and no statistical difference existed with a confidence level of 95%.
Among different WPADs, Nilghaz et al. (2015) created a compact embeddable
microfluidic cloth-based analytical device (WCAD) in order to detect glucose, nitrite
and proteins with the naked eye and with concentrations as low as 0.5 mM, 30 uM,
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and 0.8 mg/dL, respectively. The device proved to be mechanically durable, robust,
and flexible (Parikesit 2012). Cotton was chosen as the raw material for the cloth-
based analytical device as it is mechanically robust, deliverable to the end user
(Nilghaz et al. 2011), provides an excellent immobilization matrix for biomolecules
(Malon et al. 2014), and a better uniform mixing of reagents and analyte through
detection zones (Ballerini et al. 2011; Reches et al. 2010). Additionally, it can be
easily patterned with adhesive wax to create the hydrophobic-wall microfluidic chan-
nels. Both wax and cloth are inexpensive Bhandari et al. (2011) and environmentally
friendly structural material for disposable diagnostic assays (Park et al. 2004). Also,
cloth-based microfluidic channels can be stable for one week at ambient tempera-
ture, making it an optimal factor for application and use in underdeveloped areas
(Nilghaz et al. 2015). Overall, the instrument is a one wax-patterned cloth layer
double-inlet device that includes 11 sections among the inlet points, stock zones,
detection zones and isolator layers (Nilghaz et al. 2015). In order to create the 3D
colorimetric microfluidic device, the 2D pattern was folded along certain predefined
lines. The stock and detection zones were placed in the middle layers and separated
by wax-impregnated cloth as isolators. Between 0.1 and 0.5 WL of a solution with
colorimetric reagents for glucose, nitrite and protein assays were poured into multiple
detection zones by a micropipette, while the detection zone held the reagents for the
assay. The traditional wax patterning technique was used to pattern the microfluidic
channels on scoured cotton cloth fabric. Furthermore, the ability of wax-patterned
cloth fabric with hydrophilic or hydrophobic sections in order to have various designs
for multiple bioassays was explored. By stacking layers of individual assay within a
small surface area, and separating them by wax-impregnated fabric, multiple assays
were able to be conducted. Further improvement was attempted by having an on-
chip colorimetric calibration by having predefined serially diluted samples next to
the detection zones.

Additionally, Lam et al. (2017) developed a chemically patterned WPAD (C-
nPAD) by forming hydrophobic barriers using CVD of trichlorosilane (TCS) on
chromatography paper. This C-wPAD allowed the measurement of glucose, tumor
necrosis factor alpha (TNFa), and heavy metal nickel for point of care diagnostics.
To create the structure of the C-nPAD, the desired fluidic pattern was designed in
AutoCAD and cut out onto a vinyl tape. This tape was transferred toa4.5 x 5 cm chro-
matography paper. In order to silanize the chromatography paper for the hydrophobic
barriers, a low-pressure chamber and heat block were required. The vaporized TCS
molecules penetrated the paper to bond covalently with hydroxyl groups on cellu-
lose fibers creating an extremely stable and highly reproducible hydrophobic barriers,
shown in Fig. 2.12a. The deposition of these TCS molecules depended on pressure,
CVD duration, temperature, volume of TCS, and the mobility of the molecules. By
controlling these variables, the chemicals traveled through the paper and uniformly
immobilized throughout the paper. The patterned paper was placed on a hotplate
to remove the vinyl tape to leave the hydrophilic area while other parts remained
hydrophobic. This chemically patterned chromatography paper was then evaluated
with color dyes, as seen in Fig. 2.12b, c. For glucose, the LOD was 13 mg/dL,
which is that of a commercial glucose sensor. The LOD of TNFa was found to be
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Fig.2.12 a Schematic of fabrication process, b and ¢ positive and negative features of 2D channels
of C-wPAD (Lam et al. 2017)

3 ng/dL which again presented similar results as those of the commercial platforms.
However, for nickel, a colorimetric agent was immobilized to obtain a stationary
and uniform reaction through thermal condensation coupling method. This resulted
in the detection of nickel with a LOD as low as 150 pg/dL. These LODs provided
high expandability and adaptability for the device. With these results, this C-wPAD
produced simple, quick, and cost-effective bioassays for environmental monitoring.
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2.4 Recent Advances of Colorimetric Detection
in Microfluidic BioMEMS

2.4.1 Recent Advances of Colorimetric Detection
in Lab-On-Chip (LOC) Devices

Microfluidic technology has raised an increasing interest in POC diagnostics as it
requires small reagent consumption, and offers fast analysis and portability. Capil-
lary and centrifugal forces are the driving forces in these devices that have proven
great candidates for integrated genetic analysis due to the versatility of fluidic control
without intricate microvalves and tube lines and easy integration of the functional
units (Park et al. 2016). Additionally, expensive and large laboratory set ups may
be replaced by smartphones for detection analysis (Wang et al. 2016). Centrifugal
microdevices usually take on the shape of a compact disc (CD) and involve a combi-
nation of microfluidic unit operations such as liquid mixing, metering, or valving
which are controlled by the rotational speed of the device. Due to this versatility,
many applications have forth come such as molecular diagnostics and immunoassay
analysis (Sayad et al. 2017). Among the developed tests for lab-on-chip platforms,
some have found worldwide applications including pregnancy tests (Li et al. 2014).
Moreover, microfluidic platforms are reported for detection of Tuberculosis (Evans
2017). Furthermore, new devices are being developed to detect various pathogens
for detection of foodborne diseases (Sayad et al. 2017). Some of the latest examples
of the microfluidic BioMEMS used for colorimetric detection are as provided here.

Maoetal. (2017) designed a microfluidic chip with eight microchannels in order to
determine chlorpyrifos based on peroxidase-like CuFe,04/Graphene Quantum Dots
magnetic nanoparticles (GQDs MNPs). The nanoparticles were included to amplify
the color signal as peroxidase mimetic using a one-step hydrothermal method with
electrostatic adsorption. The chlorpyrifos device was made up of a microfluidic
chip with an enzyme inhibition reaction, color reaction, and UV spectrophotometric
detection areas. The graphene quantum dots were synthesized from a carbonization
during the pyrolysis of citric acid. A traditional soft lithography technique was used to
create the microfluidic chip where a 50 pm SU-8 photoresist was spun on the silicon
wafer. Subsequently, the pattern of the chip was printed on a clear film by 2880
dpi resolution ratio. The male mold of the photoresist was obtained by an ultraviolet
exposure for 70 s followed by development. It was mixed with the PDMS prepolymer
with a 1:10 ratio and later had air bubbles removed. The mixture was cured for 3 h
under 60 °C. Later, the inlets and outlets were created on the curing PDMS substance
with the microchannel structure by a puncher. Lastly, the PDMS chip was formed
by plasma treatment and slide bonding. For testing, 100 wL of chlorpyrifos were
injected from the first two entrances to converge at the same point and time. 100
L of acetylcholine (ACh) and 200 wL NaH,PO, buffer solutions were added to
the second two entrances where the mix flew to the color area. The TMB oxidation
produced the color variation and was affected by the H,O, concentration with the
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Fig. 2.13 Process of CuFe,04/GQDs formation (Mao et al. 2017)

CuFe,04/GQDs (Fig. 2.13). ACh was inhibited as the organophosphate pesticides
(OPs) concentration increased, hence reducing the production of H,O, and thus,
provoking a weak color reaction and absorbance. Therefore, it was concluded that
the absorbance is inversely proportional to the concentration of OPs.

Another example is a novel biosensor that uses gold nanoparticles to detect the
concentration of E. coli O157:H7 equipped with an app for color monitoring (Zheng
etal. 2019). The microfluidic chips have proven to detect foodborne pathogens rapidly
due to its precise control of the fluids, few sampling, and decreased detection time.
For the E. coli-detecting biosensor, shown in Fig. 2.14, the 3D printed, and surface
plasma-bonded microfluidic chip was the most important piece. The mold of the
chip was placed in 5% NaOH for half an hour and later mixed with curing agent at
a ratio of 10:1. It was placed into the mold for 12 h at 65 °C and once peeled, it
was united with the glass slide through surface plasmon treatment. It had two 600 x
100 pm serpentine mixing channels, where one is to mix the bacterial sample with
the MNPs and polystyrene (PS) microspheres, and the other for mixing catalysate
with the AuNPs and cross-linking agents. The COMSOL platform was used in these
channels to stimulate them based on free triangular grid and finite volume. The chip
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Fig. 2.14 Microfluidic colorimetric biosensor for detection of E. coli O157:H7 based on gold
nanoparticles and smartphone imaging (Zheng et al. 2019)

also incorporated a 14 x 14 x 1 mm chamber that separated the MNP-bacteria-PS
complexes and catalyzed hydrogen peroxide. The last part was a 14 x 14 x 2 mm
detection chamber where the AuNPs color modifications were observed. The MNPs
modified with the capture antibodies and the PSs modified with the detection anti-
bodies were used to interact with the target bacteria in the first mixing channel. AuNP
were added for signal indication, Hue-Saturation-Lightness (HSL)-based smartphone
imaging correctly detected changes in color, and the microfluidic chip was created
for on-chip bioreaction. The results showed that the LOD was 50 CFU/mL for E.
coli O157:H7 and the mean recovery was -96.8%.

An analyzer was created by Li et al. for multi-index monitoring of diabetes and
hyperlipidemia from a patient’s blood Li et al. (2019c) The indexes for monitoring
involves glucose (GLU), triglyceride (TG), and total cholesterol (TC). The color
changes originated from the peroxidase-H,0O, enzymatic reactions and were taken
with a smartphone analyzer that contained a LED light and a charge-coupled device
(CCD) camera. The smartphone-assisted microfluidic analyzer contained a 2 mm
thick structural layer made from plastic injection molding with pressure sensitive
adhesive (PSA) layers on either side. The most important piece was the fan-shaped
body of the device with 3.25 cm radius, a buffer pool, four reaction chambers with
vent holes, and two positioning holes, each with three capillary stop valves (Fig. 2.15).
The analyzer was an optical detection system based on step motor, microcontroller,
and Bluetooth module. The detection zone included a white LED, macro lens and
a CCD camera. To build the microchip, the plastic was first attached to only the
bottom layer of adhesive. Subsequently, 13 wL of each detection reagent was input
to each of three chambers, leaving one empty to serve as control. The reagents were
left there during incubation for 4 h at 37 °C and then the top adhesive was added.
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Fig. 2.15 Improvements done to the biosensor. a Leak from vent holes by not having buffer pools.
b Small leak in the chip without the capillary stop valves. ¢ No leakage by having the buffer pool
and capillary stop valves (Li et al. 2019c)

The chip could then be sealed into a vacuum pouch and stored for 6 months at 4 °C.
In order to test the system, 10 pL of serum was mixed with 190 pL of Tris—HCI and
4-Aminoantipyrine in an Eppendorf tube. 95 wL of the mixture was input to the inlet
hole under the pressure of the pipette and the chip went into the Smartphone-assisted
microfluidic chemistry analyzer for incubation for 15 min. The detection was done
with the phone by means of the light provided by the LED and transmitted by the
reagent. It was then collected by the macro lens and hence, detected by the camera as
a step motor rotated the chip so all four chambers could be recorded. The images were
processed by the microcontroller and sent via Bluetooth to a smartphone for the final
analysis. To improve the system, the reagent addition steps could be automated to
reduce the manual operation. Additionally, a cost-effective and reliable detector must
be put in place to obtain such quantitative results as in Fig. 2.16. In this device, the
detection reagents were mutarotase, glucose oxidase, peroxidase and 2-hydroxy-3,5-
dichlorobenzenesulfonic acid (DHBS) for glucose; cholesterol esterase, cholesterol
oxidase, peroxidase and DHBS for cholesterol; and lipoprotein lipase, glycerokinase,
glycerol-3-phosphate oxidase, peroxidase and DHBS for triglyceride.

An Electronics-based ELISA (e-ELISA) using a Lab-on-a-Printed Circuit Board
(LoPCB) device for Point of Care (POC) of Tuberculosis was developed by Evans
et al. (2017). The device was a modified ELISA that operated with 10 WL volume
and included PMMA wells, gold surface, TMB as the reporter reagent (Fig. 2.17a)
and Interferon Gamma (IFNYy), a pro-inflammatory cytokine key in innate and
acquired immunity, as the assay target. Copper (Cu) foil was laminated to the FR4
PCB substrate through thermal adhesion. Subsequently, tracks made from electrical
connections, and electrode pads were patterned by etching the Cu layer. A gold
layer was plated on top of the copper one and was fixed by the copper primer which
determined the final distribution of gold. The fluid wells were cut from PMMA and
fixed onto the surface of the circuit board. The board (Fig. 2.18a) included refer-
ence electrode circuitry, working electrodes with amplification circuitry, voltage
input Analogue-to-Digital Converters (ADCs), processing unit and the user inter-
face consisted of an embedded on-board TFT touch screen USB port (Fig. 2.18b).
Both amperometric and colorimetric signals were measured by the device. The first
was measured by second generation amperometry where it detected charge carrier
concentration through the measurement of total current magnitude charge carriage.



56 M. A. Espinosa-Hernandez et al.

3000 ¢ GLU
275.0
2500
r"".—.—fw—:.o.ns
2250
3 2000 F
[&] «Green
1750 =Red
150.0 b R*=0832  .Blue
1250 f R?=0.992
100.0 - - - ,
6.0 mmol/L 7.0 mmoliL 8.0 mmoliL 20 40 60 RO 100
Conccentration (mmol/L)
(b 3500 TC
300.0
2500 B—=—8 = ==
R*=0.002
8 200.0
3.0 mmollL 5.0 mmol/L o
150.0 b R? = 0.980 »Green
¥ uRed
1000 | 4Blue
G | LTE::E:E‘_i
0.0 : : - s
6.0 mmolilL 7.0 mmollL 8.0 mmoliL 20 40 e9 59 100
Conccentration (mmol/L)
(c) 3000 [ TG
275.0
250.0 r-_a——-,’.'"
R*=0.886
6 225.0 .
1.5 mmol/L 2.0 mmoliL 2.5 mmoliL O 2000 o Crae
E =Red
1750 | 4Blue
150.0 f R?=0.965
125.0
3.0 mmoliL 4.0 mmoliL 5.0 mmoliL 10 25 4.0 5.5

Conccentration (mmolfL)

Fig. 2.16 Colorimetric results for each index (Li et al. 2019c)

To accomplish this, a reporter molecule was needed that had a relatively low conduc-
tivity. For colorimetric readout, capture antibody o IFNy Fab’-3Cys-6His) was immo-
bilized on the Au sensor chip surface and with the addition of cysteine residue. Cova-
lent bonding was achieved, hence capturing and immobilizing antibody fragments by
Cysteine (thiol) linkage. The color change was generated from the resulting color of
TMB which was originally a colorless liquid that turned bright blue after the reaction
(Fig. 2.17b). The outcome of this study was a lightweight, low-cost, amperometric
and colorimetric detection unit made according to standard commercial processes
which embedded microfluidics and multi-channel amperometric sensing.
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2.4.2 Recent Advances of Colorimetric Detection
in Lab-On-Compact Disk (LOCD) Devices

A digital optical disc (DVD) was used by Li et al. (2014) as the platform for a
molecular diagnostic and quantitative pregnancy test. The analytes of interest were
human Chorionic Gonadotropin (hCG) identified from urine samples. A standard
DVD was prepared for signal readout. The polycarbonate surface was first acti-
vated by UV irradiation and then treated with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Afterwards, a PDMS plate
with six embedded microfluidic channels was placed inside the DVD. Once activated,
anti-human Chorionic Gonadotropin Ga (anti-hCGa) monoclonal antibodies were
immobilized on the surface (Fig. 2.19a) by an amide-coupling reaction. A strepta-
vidin nanogold conjugate was added to the surface via biotin-streptavidin interaction
following a silver staining treatment, which ultimately resulted in an enhanced signal
in order to obtain a significant disruption of the laser readout in the optical drive.
A standard, unmodified optical drive was used for the assay readout, and free disc-
quality analysis software for the processing of the obtained data. To use the device,
samples were initially loaded into the PDMS microfluidic channels, subsequently, the
DVD was spun within the optical drive, undergoing centrifugal forces that created a
different radial distance according to the analyte concentration. The assay was tested
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Fig. 2.19 a Schematic of DVD assay design and principle of signal reading. b(I) Quantitation of
urine hCG level of seven pregnant women during different points of pregnancy. b(Il) Quantitation
of urine hCG levels of one woman during different days of pregnancy by ELISA and parity inner
fails (PIF) methods (Li et al. 2014)
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with a DVD diagnostic software and the readings were interpreted according to the
radial distance and optical darkness ratio. The results showed comparable sensitivity
and selectivity to well-established colorimetric methods and ELISA (Fig. 2.19b).
Additionally, it is an inexpensive, easy to use, multiplex, POC diagnostic instrument
for prompt response used in remote and/or rural areas.

Park et al. (2016) developed an integrated rotary microfluidic system (Fig. 2.20a)
with DNA extraction unit [Fig. 2.20c(I)], LAMP [Fig. 2.20c(I)], and lateral
flow strip [Fig. 2.20c(IIT)]. The device was used for detection of the food-borne
bacterial pathogen, monoplex Salmonella Typhimurium and multiplex Salmonella
Typhimurium as well as Vibrio parahaemolyticus. The LAMP reaction replaced
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polymerase chain reaction (PCR), allowing higher specificity and sensitivity, and
eliminating the bulky thermocycler. A glass microbead-based centrifugal nucleic
acid extraction was used as a solid phase matrix where the genomic DNA could
be purified from the lysate sample. Lastly, the colorimetric based lateral flow strip
provided a cost-effective and equipment-free detection method. The device inte-
grated these three techniques for detecting in a sequential manner with an optimized
microfluidic design and rotational speed control. The microdevice was a five-layer
stacked disc with three identical units. Each unit consisted of three functional parts:
solid phase DNA extraction, LAMP reaction, and a lateral flow strip. The main three
microfluidic layers were created by a CNC milling machine and PSA film was used
once the micropattern was cut by a plotter, following a hot press bonding all layers
together. The first layer had injection holes and microfluidic channels to transport a
LAMP product and a running buffer from the second layer into the lateral flow strip
on the third layer. The second layer contained the micropatterns for DNA extrac-
tion and amplification. The third layer was for embedding a lateral flow strip for
the colorimetric detection (Fig. 2.20b). The detection could be made with the naked
eye due to the LAMP product. In order to do so, a lateral flow strip containing
a buffer loading pad for introducing a running buffer, a conjugate pad (including
streptavidin coated AuNPs for the conjugation with the LAMP products), a detec-
tion zone (where anti-Digoxigenin, anti-Texas Red and biotin were immobilized in
the test line 1, test line 2, and control line, respectively), and an absorbent pad for
liquid wicking were incorporated within the device. Thermal guards were patterned
around the lateral flow strips to prevent the heat from influencing the anti-haptens
on the detection zone of the lateral flow strips. The resulting microdevice presented
great potentials as a user-friendly POC analyzer for application in resource-limited
setups. The design allowed efficient fluid transfer without sample loss from sample
pretreatment to strip detection. The automatic and integrated genetic analysis could
then be successfully performed by controlling the rotational speed without the use
of expensive equipment.

A cheap and portable smartphone spectrometer for monitoring optical changes
as they occur was created by Wang et al. (2016). The device was aimed at detecting
glucose and troponin I, a myocardial infarction biomarker by means of a smartphone
with a built-in LED and complementary metal oxide semiconductor (CMOS) camera
to use as the light source and the detector, respectively. No external light source,
lens, or filter were required. As the dispersive unit, a CD with grating was used. For
human cardiac troponin I detection, peptide functionalized AuNPs were taken as
the reporters. For the detection of glucose, a solution of 2,2'-azino-bis (3-ethylbenz-
thiazoline-6-sulfonic acid) (ABTS), HRP, and glucose oxidase (GOx) was utilized. A
bi-enzymatic cascade assay was used where the glucose was catalytically converted
into hydrogen peroxide, which then converts ABTS by HRP into oxidized form.
Once oxidized, a blue color appeared and was read from the color band with the
spectrometer bases on the change of intensity. The spectrometer relied on a sample
cell with an integrated grating substrate, and the phone’s LED flash and camera.
The CD was placed 50 mm away from the LED and tilted 5° so that the flashlight
passed through a 1 mm diameter pinhole. The grating tracks were aligned to the
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incident light, and the light was refracted from the CD onto the camera (Fig. 2.21).
This allowed a real-time measurement and resulted in a LOD of 50 ng mL. The
biosensing system coupled with a smartphone platform offered a promising method
for the phone to detect, interpret, and communicate targeted biological information.
Likewise, a higher sensitivity, speed, and simultaneous monitoring was possible.
Although it had a comparable performance to commercial devices, it was more
compact, cost-effective, and portable.

Sayad et al. (2017) created a 165 mm diameter centrifugal microfluidic device
platform integrated with LAMP technique (Fig. 2.22a, c) for quick, monoplex and
colorimetric detection of foodborne pathogens. Three main pathogens were studied:
Salmonella spp, Es. coli and Vibrio cholerae. 24 strains of these pathogenic bacteria
with eight strains of each bacterium were tested and DNA amplification on the
microfluidic CD was performed for 60 min. The device consisted of three layers:
PMMA top and bottom layers, and a PSA middle layer as shown in Fig. 2.22d.
The layers were aligned and press-bounded together. The top layer contained the
venting and loading holes for liquid insertion and wax plug. For the microfluidic
structures in the bottom layer, six identical units (Fig. 2.22b) were designed to be
able to perform 30 genetic analyses of the three pathogens. One of the units was
the loading chamber which loaded the LAMP reagents and primers. Another was
the mixing channel and chamber that aliquot the LAMP assay into equal volumes.
The sealing chambers contained the sealing material used to seal the connection



62 M. A. Espinosa-Hernandez et al.

(b)
Mixing Channel N
and Chamber=;==--. -

~ Bz LAMP Primers
==2" and Reagents

Siphon ...
Metering ., Sealing Material
Chambers %/ ~ -
— _Wax Plug
. -...Waste
Reaction -~ .~ | Chamber
Chambers Connection ™.
Clicinal DNA Samples
(c) (d)
s PMMA top

Layer

PMMA Bottom
Layer

Fig.2.22 a Schematic of centrifugal LAMP microdevice, btop view of one unit of the microdevice,
¢ photograph of the microdevice, d schematic top view of the device’s layers (Sayad et al. 2017)

channel between the metering and amplification chambers to prohibit liquid evap-
oration. Lastly, the amplification chamber was designed for the amplification and
detection of DNA. An optimized square-wave microchannel, metering chambers,
and revulsion per minute (RPM) control were utilized to constantly load, mix, and
aliquot the LAMP primers/reagents as well as DNA samples. The LAMP reaction
amplicons were detected by the calcein dye colorimetric method and analyzed with
the developed electronic endpoint detection system (Fig. 2.23a) including the Blue-
tooth interface to send the results to a smartphone (Fig. 2.23b). Calcein is a synthetic
fluorescein that emits a bright fluorescence creating a visual color change. A positive
sample changes from yellow to green while a negative readout remains light orange.
The entire process in only one CD lasted about 65 min and presented a LOD of 3 x
10 ng pL~".
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2.5 Alternative BioMEMS for Colorimetric Detection

In order to improve the colorimetric biosensing strategy, different amplification
methods have been developed. Among these alternative strategies, exonuclease
(Exo)-assisted signal amplification, strand displacement amplification (SDA), and
rolling circle amplification (RCA) are promising methods. The latter has proven to
result in ultrasensitive biosensors due to its excellent properties in signal amplifica-
tion. However, it creates nonspecific amplification due to the impurity of the circular
template, and generation of large fragments of single-stranded DNA (ssDNA) which
may decrease the solubility. To counterpart this disadvantage, an improved alternative
was developed (Li 2016).

Lietal. (2016) established an RCA-based colorimetric biosensor with an enhanced
nucleic acid-based amplification machine to detect attomolar microRNA (miRNA).
The machine was composed of a complex of trigger template and cytosine-rich
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DNA co-modified molecular beacon (MB) and guanine-rich DNA (GDNA) as a
probe. This was made by mixing MB and GDNA at a 1.2:1 ratio inclubated for an
hour at room temperature. Seal probe was prepared by self-templated ligation of 5'-
phosphorylated dumbbell-shaped DNA sequence using T4 DNA ligase. The machine
also required polymerase and nicking enzyme, and a dumbbell-shaped amplification
template. The MB template was composed of four sections: miRINA-recognition
domain (Fig. 2.24a), GDNA hybridization domain (Fig. 2.24b), amplification domain
for producing the nickel triggers (Fig. 2.24c¢), and a nicking domain for Nb.BbvCl
recognition. The target miRNA triggered MB mediated strand displacement to cycli-
cally release nicking triggers, leading to a toehold-initiated RCA (TIRCA) to produce
large amounts of GDNAs (Fig. 2.24). These can stack with hemin to form G-
quadruplex/hemin DNAzyme, an HRP mimic, in order to produce a colorimetric
reaction. The modified MB decreased the background signal and improved the strin-
gent target recognition. A DYY-6C electrophoresis analyzer was used to perform
gel electrophoresis for the seal probe and a Bio-rad ChemDoc XRS for imaging.
A NanoDrop 100 spectrophotometer, a UV—visible spectrophotometer, collected
the signal. The outcome was a simple, label-free ultrasensitive visual colorimetric
biosensor (down to a LOD of 5aM, a detection range of nine orders of magnitude for
practical sample analysis). The sensitivity was due to the reduction of steric hindrance
and facilitated solution of TIRCA products. The entirety of the process was completed
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within 90 min. The machine itself offered a combination of advantages provided by
enzymatic signal amplification and toehold-initiated RCA.

2.6 Summary

Colorimetric detection can be done visually, hence no expensive equipment or much
time is needed. Paper-based devices that operate based on colorimetric detection
strategy have improved the accessibility, speed, and accuracy of tests while offering
considerable cost effectiveness. Smartphones and tablets opened yet another window
of opportunity to easy and onsite analysis of the readout results. By combining
microfluidics with the wPADs, the advantages of these devices are as WPAD with
colorimetric results attract even more attention due to its simplicity, versatility,
straightforward detection results and applicability, especially in point of care analysis
without advanced instruments (Li et al. 2018). Microfluidic colorimetric biosensors
offer small size, high precision with small sample size, simple operation, and low cost
(Mao et al. 2017). Overall, colorimetric-based enzymatic assays are fast, adaptable,
and cost-effective while allowing the color change to be seen by the naked eye or by
digital sensors (Li et al. 2019c). Centrifugal microfluidic devices present excellent
opportunity to detect a variety of biomolecules for different applications. While the
literature has witnessed a great deal of advancements in fabrication and application
of BioMEMS for colorimetric biosensing, further optimization of these devices for
high throughput detection present an opportunity for further improvement.
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Chapter 3 ®)
Bio-microelectromechanical Systems oo
(BioMEMYS) in Bio-sensing
Applications-Fluorescence Detection

Strategies

Luis Acosta-Soto and Samira Hosseini

3.1 Introduction

The phenomenon of light emission upon a molecule absorbing electromagnetic
energy is called fluorescence (Li et al. 2019). Fluorescence sensing is based on the
theory of the target analytes mediated fluorescence quenching (“turn-off”) or fluo-
rescence enhancement (“turn-on”) (Zhang 2019). Fluorescence biosensors operate
based on the measurement of the fluorescence intensity. BioMEMS biosensors are
recognized for their portability, excellent sensitivity, rapid analysis, and outstanding
selectivity and have been extensively applied for the detection of different biomarkers
(Li et al. 2019; Zhang 2019). Fluorescence detection method after colorimetric is
the most commonly used spectroscopic method compared to other optical sensing
strategies. For data analysis, fluorescence measurements relies on a variety of param-
eters, including fluorescence intensity, anisotropy, lifetime, emission and excitation
spectra, fluorescence decay, and quantum yield (Li et al. 2019).

Fluorescence biosensors can help researchers study and analyze complex chem-
ical processes within cells by incorporation of specific substances into the host
cells (Ali et al. 2017). In comparison to the colorimetric detection strategy, fluo-
rescence detection offers higher capacity of anti-inference, and higher sensitivity
(Zhang 2019). Fluorescence detection, however, suffers from certain shortcomings
including bleaching, light sensitivity, and background noise in signal readout.

L. Acosta-Soto - S. Hosseini (B<)
School of Engineering and Sciences, Tecnologico de Monterrey, Monterrey, Mexico
e-mail: samira.hosseini @tec.mx

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer 69
Nature Singapore Pte Ltd. 2021

S. Hosseini et al., BioMEMS, Lecture Notes in Bioengineering,
https://doi.org/10.1007/978-981-15-6382-9_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6382-9_3&domain=pdf
mailto:samira.hosseini@tec.mx
https://doi.org/10.1007/978-981-15-6382-9_3

70 L. Acosta-Soto and S. Hosseini

3.2 Fluorescence Detection Strategy

Fluorescence is the process of the emission of light by a molecule or material called
fluorophore after initial electron excitation in a light-absorption process. After excita-
tion, the fluorophore temporarily retains its activity; this period is called fluorescence
lifetime. The fluorophore returns to its original state of energy from that of excited
state and the fluorescence emission can be observed with lower energy than the exci-
tation. The fluorescence lifetime depends on the fluorophore and its interactions with
the environment (Lakowicz and Lakowicz 1999; Baldini 2009).

Fluorescence detection is a suitable strategy for the development of biosensors
since several parameters of fluorescence emission can be measured and recorded.
These include fluorescence intensity, fluorescence emission spectrum, fluorescence
excitation spectrum, emission anisotropy, and fluorescence lifetime (Stenken 2009).
These parameters can be determined as a function of excitation and emission wave-
lengths. They can be used to detect the presence of different biomarkers and therefore
there is an increasing demand for fluorescent sensors with fast response, high sensi-
tivity, high selectivity, portability, and ability to perform real-time analysis. The latest
examples of fluorescent BioMEMS biosensors are discussed in Table 3.1.

3.3 Recent Advances of Fluorescence Detection
in Paper-Based BioMEMS

Biosensors based on fluorescence detection are designed and fabricated for a versatile
class of platforms (Tiwari et al. 2017, 181-190). Paper-based biosensors offer certain
challenges alongside and benefits when implementing fluorescence detection. Paper-
based devices commonly rely on capillary forces to drive sample and reactants along
a path traced for desired interactions. Moreover, these devices have the characteristic
of being distinctly simple to operate, analyze, and dispose.

PADs have shown to have been extensively used as detection tools or as parts of
more complex devices that may carry out multi-step processing pertaining the sample
volume to the micro scale (Table 3.1) (Rosa et al. 2014; Zhang et al. 2015; Sonobe
2019)). As it was mentioned, W PAD operate based upon the capillary forces, offering
cost-effective replacements for plastic and glass materials that are typically used
for microfabrication. Through capillary forces, the fluids can be directed towards a
specific direction by modifying the paper with hydrophobic barriers and patterns that
can prevent or allow flow of substrate in highly specific directions. Capillary forces
have the potential to drive fluid in a targeted direction without the need for pumps,
syringes, or even rotating platforms. Paper are also benefited from the geometry of
interwoven fiber network that provide high surface area for enhanced affinity towards
analytes, thus facilitating detection. The higher surface area of paper materials allows
stronger detection signal and lower limit of detection (LOD). Some of the latest
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Fig. 3.1 WFP after
functionalization; inset
shows close-up of nano-rods
after antibody
immobilization (Tiwari et al.
2017)

examples of the paper-based BioMEMS used for fluorescence detection are provided
in this chapter.

Tiwari et al. (2017) investigated the performance of Zinc oxide nanorods func-
tionalized paper (ZnO-NRs-WFP) compared to regular Whatman filter paper (WFP)
in the capture, detection, and release capabilities of the cardiac myoglobin. WFP
was functionalized with nanorods (Fig. 3.1) that increased the surface area available
to bind to the surface primary antibodies. With these paper alterations, the device
showed a threefold improvement when compared to the control (non-functionalized)
WPEFP. Although enzyme-linked immunosorbent assay (ELISA) protocol was used to
demonstrate sensitivity and performance of the device through fluorescent detec-
tion of analyte posterior to exposure to secondary antibody, the results adduced the
capability of molecular trapping, justifying future use as a preconcentration stage
integrated into a multi-stage biosensor.

One of the main challenges of the paper materials for their use in biosensing
is the fact that they commonly require functionalization to better interact with
biomolecules. WPADs can be exposed to the biomolecules without functionaliza-
tion as well (physical attachment). However, through many washing steps involved
in bio-assays, these molecules may leach out of the fibrous structure of paper which
expectedly results in undesirable detection outcomes. To avoid this, Rosa et al. (2014)
investigated the use of the third family of carbohydrate binding module (CBM) of
the Clostridium Thermocellum. This CBM has a high specificity towards cellulose
and is therefore used as a part of a larger conjugate in order to bind the ZZ-domain
of the staphylococcal protein A to the paper fibers. Once this interaction took place,
the ZZ-domain from its free end can be used to bind to an IgG antibody. The IgG, in
turn, can bind to and detect the presence of biotin. For that reason, if a DNA strand
is biotinylated and fluorescently tagged, the presence of a fluorescent response in the
paper would attest to the device’s effectiveness in detection. The study demonstrated
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that its mechanism of operation provides a reliable means for detection of analyte
even though the signal was not comparable to that of EFP. This shortcoming was due
to the lack of control over the orientation of fibers within the paper structure, resulting
in unfavorable bonds with orientations that did not lend themselves to predetermined
bindings hence dramatically decreasing the sensitivity of the device.

Dry eye disease (DED) is a condition that affects patients by causing complications
in the production of lactoferrin, a chemical secreted in tears that protects the eye from
an array of threats. This pathology is often diagnosed after a number of tests including
ELISA. The wPAD proposed by Sonobe et al. (2019) operates on the basis of detection
of lactoferrin in tear fluid. For fabrication of this device, WFP was embedded with
terbium (Tb). Tb** reacts to lactoferrin and its conformation provides a fluorescent
response to an excitation source. This response can be measured in terms of relative
intensity, and, along with the linear design of the device, the height to which the
column shows a fluorescent stain prior to excitation is indicative of the concentration
of lactoferrin within the sample. Thus, an antibody-free method for detection of
lactoferrin in tear fluid was proposed and experimentally validated (Sonobe 2019).

One of the main objectives of BioMEMS biosensors is to optimize the assay
time. One of the methods for achieving a shorter analysis time is simultaneous
screening of different analytes from a single sample. In the device proposed by
Zhang et al. (2015) the simultaneous detection of three different contaminants in
food was carried out. The geometry of the device allowed a central sample deposition
from which the sample was guided towards several channels with already function-
alized biomolecules targeted at different analytes. Figure 3.2 shows the scheme of
the device. The surface of WFP was treated with graphene oxide, and the designed

Metal ions

0

% Ly
; poaTes

o Ag'Hg i_é&g‘ GO
Test Zone Quenched Cy5 A0V AgHg? Probe
Sample

lluminant Cy5 antibiotics
* Hydrophobic Region ' ? » o

I l Antibiotic

Fig. 3.2 Schematic of the final WPAD (Zhang et al. 2015)
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geometry was created on the paper by wax printing. A half of the device was dedi-
cated to the detection of metallic ions including Hg?* and Ag* via functionalization
with ss-DNA strand that quenches the fluorescence of deposited Cy5 marker. Upon
contact with the metallic ions, Hg?* and Ag* reacted with the thymine and cytosine
bases respectively, which freed the Cy5 marker and allowed a fluorescent response
to be read out. The second half of the device was devoted to the sensing of antibi-
otic residues. The method of detection in this other half was almost opposite as
shown in Fig. 3.2. The interaction between the antibiotic residue and the graphene
oxide surface, with the fluorescent probe, resulted in fluorescent quenching. Thus,
the detection of this third analyte was measured by a decrease in the fluorescence
signal. The device has shown a high level of specificity for the detection of the metal
ions. However, it showed cross-compatibility between aminoglycoside antibiotics
due to the similarly arranged amino groups that could react with the epoxy groups
of the graphene oxide surface as well hence resulting in less reliable outcomes.

3.4 Microfluidic BioMEMS Recent Advances
of Fluorescence Detection in Microfluidic BioMEMS

3.4.1 Recent Advances of Fluorescence Detection
in Lab-On-Chip (LOC) Devices

Through the combination of biological assays such as ELISA with microfluidic
technologies, it is possible to design biosensors that operate on minimal sample
volumes and offer accurate detection outcomes, while being portable, and often
reusable (Acharya et al. 2015; Fan et al. 2013; Knob et al. 2018; Montén et al.
2017; Onishi 2017). In this chapter some of the latest examples of the microfluidic
BioMEMS for fluorescent detection are as provided.

The organic electroluminescent diode (OLED) has been studied as an economic
and easy to manufacture source of light (energy). It is an attractive option not only for
the possibility of reducing production costs, but also for the high degree of specificity
it offers with respect to the light wavelength it emits. A device that integrates OLED
in a microfluidic device was reported by Acharya et al. (2015). The proposed LOC
(Fig. 3.3) used an AlQ3 OLED to activate fluorescent dye Alexafluor 488 as part of
a fluorescent assay for bio-optical detection of the antigens. The target antigen was
anti-sheep IgGs, which were fluorescently tagged and were detected via a sandwich
immunoassay after conjugating with monoclonal antibodies (Fig. 3.4). A common
issue when designing such devices is the interference of the light source with the
fluorescence as it may result in bleaching. To avoid such problem, a filter can be
used to allow only certain wavelength of the emitted light to reach the sample and
sensor. The excitation peak of the fluorophore should then be lower than the emission
peak, thus allowing the tag’s fluorescence to accurately reflect the presence of the
antigen. Another concern regarding the OLED source is the inevitable heating of the
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(b)

PDMS Top

PDMS Bottom cover

Interconnection

Fig. 3.3 Close-up of the device’s chamber is shown on top (a); Below, the LOC from afar with the
inlet an outlet channels labeled (b) (Acharya et al. 2015)

%0 oto oo ot

——"

Pass incubated primary antibody-
antigen. Leave for 300 s for
immobilization to surface/ microfluidic
reaction chamber wall

Pass PBS for 180 s to rinse out Immobilization of

unbound ligand . surface/ Micro fluidic
reaction chamber wall

Pass Alexafluor488 tagged antigen. t <

Leave for 300 s for incubation. Y Primary antibodv

Enzymatic reaction takes place

o Antigen/ ligand
Pass PBS for 180 s to rinse out
unbound tagged antibody. Take the

lori i di
colorimetric reading Secondary labeled
x antibody (Donkey Anti
Rinse with IPA for 300s. Device sheep IgG, labeled with
ready for next set of experiments Alexafluor 488 dye)

Fig. 3.4 An assay carried out for detection of anti-sheep IgG on AIQ3-OLED-LoC (Acharya et al.
2015)
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components. To keep the effect of this increased temperature at negligible levels, the
OLED was fed 9 V through a variable DC voltage source. Lower levels of LOD was
achieved when the antibody was diluted 5 times the original concentration (2 jng/mL),
that corresponded to a 1:1 ratio between the antigen and the secondary antibody. No
relevant fluorescence was detected by the spectrometer after this point. The saturated
sample with high concentration of biomolecules does not promote efficient binding
between antigens and antibodies due to the possibility of steric repulsion. Despite the
advantages of fluorescence-based biosensors utilizing an OLED, certain applications
have design requirements that may place this as a suboptimal option.

In the case of multiple single sensing, various LOC configurations offered excel-
lent platforms (Table 3.1). An example is a device that can screen up to 188,800
cells per second by profiling cells into 32 different channels (Fig. 3.5) that are simul-
taneously imaged (Fan et al. 2013). To achieve such high rate of imaging without
the risk of false positive signal, the flow through the sample channels must be care-
fully focused. It was observed that the use of embedded micro-ball lenses (Fig. 3.5a)
focused the analytes in the x—y plane at variable heights within the channel geometry.
The spherical chromatic aberration of the lenses naturally magnified the fluorescent
signals emitted by the assay, so long as the signal was aligned directly above the lens,
which gave the LOC a high sensitivity. However, since the light entered the micro-
ball at once, if the procedure, for instance, demanded a cell to be tagged with two
fluorophores, the colors would appear blended into a third tone on the final image. To
separate the light into its original components, before reaching the camera lens, the
light has traveled through a prism that refracted the emissions (Fig. 3.5b). By using

Sheath-flow ’ ‘ . (a)
over 7 Tto 32 channels (©)
. 'i—_ﬁ 7 o T~ :
Through-layer
Sample channel
layer
Microball lens array

Focal plane Convex lens 1 Prism  Iris Convex lens 2  Image plane

\ Ball lens

4f system

Fig. 3.5 a Shows the structure and build of the PDMS device b Portrays the fluorescence signal’s
trajectory ¢ Shows final device (Fan et al. 2013)
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this strategy, the device was tested with fluorescent dye Lucifer yellow in presence of
the emission filter Chroma 59,004 with transmission windows at both 500-535 nm
and 570-620 nm resulting in satisfactory imaging and detection of the two windows.
The smaller range corresponds to the green emission and the larger one to the red
emission. An additional reason that this setup is a viable option for large-scale cells
flow cytometry is the optimization of signal to the background and the source noise.
The utilization of micro-ball lenses has improved this ratio 18 times against detection
the systems without micro-ball lenses.

The objective of flow cytometry studies is usually to study live cells, rather than
dyes. Fan et al. (2013) achieved detection of two cells (HeLa and Ramos cells) with
different fluorescent tags along with accurate readout of respective proportions in
the sample supplied to the device. Multiple and simultaneous imaging, however, is
a demanding process, particularly when large volumes and fast results are needed.
In any case, the sample must be initially tagged, which is not a simple task when the
analyte is a strand of a genetic material.

One of the applications of LOC devices is the detection of antibiotic resis-
tance in sepsis-related scenarios (Knob et al. 2018). In this case, specific DNA
strands must be located and tagged for further analysis of a sample. This prepa-
ration requires the lysis of the sample bacteria cells, obtained through prior sepa-
ration from the patient’s cells. Once the genetic material is available, it is possible
to employ various strategies to bind molecular markers to a given strand. Recently,
a monolith within a polypropylene (PP) was used in a microfluidic device with
specific functionalization to trap DNA sequences. In their study, Knob et al. (2018)
immobilized genes related to Klebsiella pneumoniae carbapenemase (KPC). This
was used as a mechanism to analyze the bacterial resistance to carbapenems
by exposing extracted DNA to a monolith fabricated from crosslinkers exclu-
sively. These crosslinkers were polyethylene-glycol diacrylate (PEGDA) and 3,4-
Ethylenedioxy-N-methylamphetamine (MDMHA) functionalized with a tailored 90-
mer specific to the DNA of interest. Once captured by the monolith, the genetic
material was then exposed to hybridization probes designed as molecular beacons to
bind the fluorophore to the target. For this step, the sequence needed to bind to the
KPC genes was determined through software simulations and analysis. The study
showed that a modified molecular beacon that has two fluorophores rather than just
one was able to effectively detect and signal the presence of the target DNA. This has
validated the use and functionality of the single-step fabricated monolith proposed
for capture, labeling, and eluting of analyte.

Our understanding of the efficiency of molecular probes and dyes as fluores-
cent emitters has led the advancements in the field to another class of fluorophores,
quantum dots (QD). QDs offer an alternative with higher photostability, availability,
and adaptability for specific applications. QDs were applied in the detection of carci-
noma cell apoptosis (Montén et al. 2017), as described in Table 3.1. When cells enter
the state of apoptosis, it is common to observe the translocation of phosphatidyl-
serine (Ps) from the inner layer of the cellular membrane to the exterior one. This
presents a unique possibility to identify this process of cellular death by tracking Ps
translocation through QD tagging. By binding a QD to the apoptotic cell, annexin V
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Fig. 3.6 a CELL chip (a)
b Concentration gradient
generation chip exemplifying
the 5 concentrations of
CAMPT used by using a dye
(Montén et al. 2017)

(b) =00
- e

1 2 3 4 5
P s e Pl Py
(Ann-V) can be conjugated to the QD. Ann-V has a high affinity towards Ps, acting
as intermediary link between QDs and the apoptotic cells.

In the microfluidic device investigated by Montén et. al. (2017), two stages are
proposed, each with their respective LOC, to cultivate, mark, and identify induction of
apoptosis in cancer cells. The CELL chip proposed by the authors had different cham-
bers for cell seeding (Fig. 3.6a). To achieve a monolayer on the CELL chip, samples
were incubated for 24 h prior to exposure to camptothecin (CAMPT). Subsequently,
the previously conjugated Ann-V-QD (in a separate PDMS device) was pumped
into the CELL chip. This procedure was repeated for 5 different concentrations of
CAMPT. The results showed a correlation between doses of the cancer treatment
chemical and the Ann-V-QD labeled cells, establishing this device as a reliable tool
for the bioassays. In the second design in order to induce cellular death, CAMPT was
used again, however, it was diluted to a concentration gradient allowing the device
to expose cancer cells to different CAMPT doses (Fig. 3.6b).

Modularity grants a high degree of adaptability to assays conducted within LOC
devices at the cost of increased complexity. An approach to effectively implement
multi-step assays inside a device was reported for determining insulin level and
insulin-like factors in type 1 diabetes (T1D) patients (Cohen 2017). The proposed
LOC relied on fluid mixing through the induction of transverse flow via serpen-
tine geometries. The sample was introduced to the device via the inlet farthermost
from the single outlet of the chip. The sample, once inside the device, was exposed
to microspheres previously functionalized with antibodies specific to insulin and

insulin-like factors. Taking advantage of the high surface area of spheres, exposure
to analyte was magnified, reducing the time needed to achieve satisfactory mixing.

Il




90 L. Acosta-Soto and S. Hosseini

A secondary anti-insulin antibody conjugated with a fluorophore was then added to
the system that signaled the presence of the analyte. The PDMS chip showed accurate
readout of insulin in blood plasma within 30s without the need for washing of the
secondary antibody. This allowed a continuous flow and real time detection within
the device.

Although molecular tagging is typically used in fluorescence-based biosensors,
some cells have a fluorescent response to UV exposure as well that can be used for
detection purposes. In a device designed by Onishi et. al. (2017) the fluorescence of
bacteria cells L. pneumophila was used to identify its presence within a sample. To
trap the bacteria cells, they were mixed with micro-beads that helped form a barrier,
or “stopper”, that allowed concentration of bacteria cells to increase dramatically
around the stopper. Once immobilized, the bacteria were exposed to UV radiation
that provided a fluorescent response. This sensor enabled the detection of natural
fluorescent bacteria without the need for optical or elaborate sensors and cameras.

3.5 Alternative BioMEMS for Fluorescence Detection

The feasibility of micro-beads as means to monitor changes in both pH and temper-
ature was investigated by Liu et al. (2014). It was found that by using polystyrene
(PS) micro-beads in combination with two different fluorescent markers (Rhodamine
B and FITC) the fluorescent response of both fluorophores to an excitation source
could be processed to obtain information about the medium in which they were
submerged (Fig. 3.7). The PS micro-spheres were exposed to alcohol, causing them
to swell thus via the open pores, Rhodamine B penetrated and stain the beads. To
capture the Rhodamine B particles, the micro-beads were then rinsed in deionized
water to shrink back the size hence closing the pores. Afterwards, the surface of the
beads was stained with FITC. Since Rhodamine B and FITC have different excitation
ranges, high wavelengths were used to elicit a fluorescent response. To demonstrate
the detection mechanism, the microbeads were analyzed throughout ranges of both

Rhodamine B
(in alcohol)

entrifugation
5 min (3 times)

—

Amino-Ps beads
Stained beads

Fig. 3.7 Fabrication process of the micro-beads functionalized with Rhodamine B and FITC (Liu
et al. 2014)
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temperature (32-38 °C) and pH (5-8). Benefiting from the dependence of Rhodamine
B’s emission response on temperature, and the independence of it on pH levels, this
compound was used for the calibration of the temperature within the medium. This
information was then accounted for identifying the temperature dependence of the
emission response generated by FITC, in order to accurately to identify the pH and
its change in the experiment. The response to cyclic stimulation was observed to be
remarkably consistent, as the beads gave the same response for a given configuration
of the independent variables several times.

Zhang et al. (2013) reported a biosensor capable of selectively detecting,
capturing, and transporting the analyte of interest, phycocyanin, which is closely
related to the biomass of certain cyanobacteria (Fig. 3.8). This compound is a natural
fluorophore acting as its own marker for detection and is commonly targeted for
environmental applications. For fabrication process, a first layer of platinum (Pt) was
deposited on a template membrane and then exposed to phycocyanin in an electric
field that forced them through the membrane’s pores and bound them to the outside of
the cone-like structures (Fig. 3.8). Metal ions, Ni2* and Pt**, were then electrochemi-
cally reduced from a solution into previously Pt-backed pores inside a template poly-
carbonate membrane. Once the air had been removed from the generated structures,
the cone-like devices were modified with poly(3,4-ethylenedioxythiopene) (PEDOT)

@

v

o -
>

Binding protein Remove|| Rebind

Dissolving
membrane

U (mn

Fig. 3.8 a Elaboration of the magnetically imprinted biosensors. b Various (I) and single (II)
magnetically imprinted cone-shaped sensors (Zhang et al. 2013)
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layers that were electrochemically deposited onto the surface of the devices. Subse-
quently, a single Pt layer was galvanostatically deposited, to enhance the mechanical
performance, followed by subsequent depositions of Pt-Ni, solely Ni, and finally Pt,
in the same fashion (Fig. 3.8a). The template membrane was washed and sputter
coated with gold. As a consequence, this fabrication strategy, the micro-motor was
susceptible to magnetic fields, particularly when in accordance to its momentum.
It was shown the micro-motor could be manipulated and guided towards specific
areas when using sufficiently strong magnets. It is important to note, however, that
control over micro-motor’s motion depended on the geometry of the cone, as more
asymmetrical structures will tend towards erratic spiraling paths given an uneven
propulsion. The devices exhibited a targetable movement to target the phycocyanin.
The earlier exposures of the cones left available binding sites on the outside surfaces
of the cones (imprinted sites) that allowed a relatively quick adsorption of phyco-
cyanin to the surface. Later evaluation in actual seawater showed that the presence
of different molecules and compounds did not significantly interfere with the rate of
phycocyanin adsorption or the movement and direction control of the micro-motors
in the medium.

The detection of cyanobacteria (Spirulina) can be done using phycocyanin.

In specific cases, a need arises to simultaneously monitor the presence and ratio of
several species within the same space. Such a scenario happens in biofuel production,
where a specific ratio of green algae (Chlorella vulgaris) to cyanobacteria is desirable.
Shinetal. (2018) took advantage of the fact that green algae produce chlorophyll a and
chlorophyll b, both of which can produce a fluorescent response to the right stimuli.
The proposed device is a ready-to-use biosensor that integrates a microcontroller,
corresponding circuitry to control a LED used as excitation sources, along with
an amplification circuit for the signal readout. The device is also equipped with
a temperature compensating mechanism for the photodetector with an inlet for a
vial with the sample to be analyzed and a screen that outputs the data from the test
(Fig. 3.9). Unlike most fluorescent devices, this strategy heavily depended on the code
that reads the sensors input. The code was responsible for the control and operation
of the 3 LEDs that were used to obtain different responses from the three different
fluorescent substances within the samples. Through the use of an amber LED, the
response of phycocyanin was maximized, while for the two chlorophylls the signal
was amplified. In the case of the blue LED, an UV source was used to measure total
phytoplankton population, as it elicits similar responses from both Spirulina and
Chlorella vulgaris. The algorithms used to process the information applied concepts
of linear algebra analysis to correlate readouts of the three excitation sources and find
relative concentrations of the different organisms. The partial least square regression
(PLSR) method was used to best estimate the biomass of the different phytoplankton
species. The device was calibrated by reading different samples with predetermined
concentrations, and manually inserted into the microcontroller, before it can begin
to quantitatively estimate unknown values. The device’s predictions were within 2—
16% of the real values of the respective biomasses. Reducing the background noise
can further enhance the accuracy of prediction by this device.
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Fig. 3.9 Build of the multiple phytoplankton biosensor (Shin et al. 2018)

The identification of specific strands of genetic material including DNA or micro-
RNA (miRNA) is of clinical importance to the detection and diagnostic of several
pathologies. A new strategy for detection of such analytes with a high rate of
specificity and selectivity was reported by Su et al. (2014). The method involved
3-mercaptopropionic acid (MPA)-capped QDs functionalized with thiolated DNA
through ligand-exchange. The two reactants were mixed for several hours at different
temperature ranges to achieve complete exchange between the two, resulting in DNA-
QD conjugates. Forster resonance energy transfer (FRET) mechanism was used to
ensure efficient energy transfer between the QD’s and the BHQ,-DNA (Fig. 3.10).

Vaval
—_—
Signal-off

VA SH-DNA A BHQ,-DNA

W VW Vo Target DNA/miRNA

Fig. 3.10 Graphic visualization of FRET mechanism (Su et al. 2014)
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The BHQ, served as an organic quencher that signals the acquisition of target
sequence. The functionalized DNA-QD’s exhibited a high degree of specificity in
binding to target analyte, while avoiding interactions with other genetic sequences.
The previously alluded capability of FITC to tailor its fluorescent response to
excitation depending on the pH of its medium was further investigated by Ding et al.
(2014). Gold nano-clusters (AuNC) were encapsulated in bovine serum albumin
(BSA) to protect the subjacent AuNC from the medium. The BSA-AuNC was stained
FITC. Noteworthy, AuNCs emit a constant fluorescent response specific to its excita-
tion wavelength, giving a static reference point that can be used to compare and cali-
brate the changes in the FITC response to the surrounding pH levels. Furthermore,
the FITC-BSA-AuNC was exposed to folic acid (FA), creating a complex of FA-
FITC-BSA-AuNC (Fig. 3.11), which had a high affinity towards the folate acceptor
proteins on the cytoplasmic membranes of Hela cells. Due to the stability of the
fluorescent response generated by AuNC (Faync) at any pH, the ratio Fgrre/Faunc
was used to determine the intracellular pH levels. The viability of this new sensor
was tested in the presence of various ions typically found in the interior of complex
living cells, including human cancer cells. The reported data supported the accuracy
of the device, along with a short response time, indicating that treated AuNCs could
be used for real time analysis of complex bioassays and biologic interactions.
Relative concentrations of ATP to ADP within cells represent a means to track
the metabolic activity cells. Several attempts in fabrication of biosensors capable of
crossing the cytoplasmic membrane and monitoring this ratio were made. Tantama
et al. (2013) proposed a new version of their previous biosensor Perceval, renamed

& 1 " {,"‘& ‘

'Cancer' Cell -
(b) s o
* CLIO™ W SN
#“ — BSA-AuNCs e — @ £O0
s=c=N
— Folic Acid §) — Folate Acceptor ~ EsmmE —— Cell membrane

Fig. 3.11 Mechanism of operation of FA-FITC-BSA-AuNCs (Ding and Tian 2014)
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as Perceval High Range (PercevalHR). The mechanism of operation in this biosensor
relies on its affinity towards both ATP and ADP, while each reacts to different fluo-
rescent wavelengths. ATP produces a fluorescent response for ~500 nm excitation,
whereas ADP responds to ~420 nm. Through this difference, a ratio can be estab-
lished for the relative difference between the responses recorded at one excitation
or another, along with a third point (reference) at ~455 nm as an isosbestic fixed
point. The biosensor was tested for neurons successfully. While adequate response
was recorded to three different stimuli presented to disrupt regular metabolic rate
of cells, the measured response was heterogeneous when tested for astrocytes. Such
differences were minimized when pH bias was taken into consideration. The authors
claimed to have recorded distinct responses for both ATP and ADP including the
images recorded by two-photon microscopy. This method, in particular, opens a
possibility for simultaneous screening of different metabolic activity within layers
of a tissue.

3.6 Summary

Recent advances in biosensors based on fluorescent detection demonstrated that the
field of BioMEMS holds great promise for portable and reliable devices capable of
performing high throughput bio-assays. Recent studies point towards the versatility
of fluorescence detection by employing different fluorophores depending on the
materials and reactants involved aimed at optimizing the signal output. The mission
of BioMEMS biosensors is to minimize the sample size, while reducing the time
and expertise required to carry out these lifesaving assays. To this end, papers, as a
class of material that lends an array of properties for integration in various biosensor
platforms made one of the greatest candidates for fluorescence detection. Paper can
be integrated into different designs of LOCs while it can individually serve as a
device itself. Fluorescence detection strategy portrays a series of beneficial features
including high sensitivity, and ease of readout. Nonetheless, the fluorescence may
also suffer from background signal noise, bleaching, and cross talk effects that impose
certain challenges on this widely applied technique (Ramon et al. 2017).
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Chapter 4 ®)
Bio-microelectromechanical Systems oo
(BioMEMYS) in Bio-sensing
Applications-Luminescence Detection
Strategies

Ana Sofia Cerda-Kipper and Samira Hosseini

4.1 Introduction

Luminescence is emission within the optical domain of the visible, ultraviolet, or
infrared light. Unlike fluorescence that may lose the activity with exposure to light
over time, luminescence continues to produce its cold emission over an extended
period of time (Obodovskiy (2019)). While luminescence-based analysis could be
ultra-sensitive (100-1,000 times more sensitive than colorimetric or fluorescence),
they may not be suitable for the multiplexed analysis (unless integrated), due to the
limited types of luminescent materials (Davies et al. 2003). Luminescent biosen-
sors have been extensively used for the detection of proteins, DNAs, RNAs, and
more importantly microRNAs (Li et al. 2019). Since luminescent sensing is capable
of detecting small molecules, different transduction strategies were integrated into
microfluidic platforms in order to benefit from luminescent detection. A sensor of
this type commonly contains a probe for immobilization of a suitable matrix, a
light source for excitation of the molecules, necessary optomechanical/optoelectrical
apparatuses for manipulating the signal and a readout assembly (Nagl 2015). This
type of sensor relies on the luminescent dyes that alter their optical characteristics
upon interaction with the target analyte. The dyes are generally embedded within a
suitable network such as sensor layers, optical fiber sensors, nano-sensor particles, or
magnetic nano-sensor particles (Gértner et al. 2015). These microfluidic-integrated
sensors provide data on microenvironments and phenomena that are hidden from bulk
measurements, thus, it enhances our knowledge of such systems. Such devices allow
simple multiplexing of experimental processes and monitoring of parameter changes
(Nagl 2015). Polymer-based luminescent probes in nanoparticular shape can be used
for optical sensing within microfluidic systems. Integrated sensing matrices, on the
other hand, have attracted a great deal of attention and are continually growing in their

A. S. Cerda-Kipper - S. Hosseini (<)
School of Engineering and Sciences, Tecnologico de Monterrey, Monterrey, Mexico
e-mail: samira.hosseini @tec.mx

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer 99
Nature Singapore Pte Ltd. 2021

S. Hosseini et al., BioMEMS, Lecture Notes in Bioengineering,
https://doi.org/10.1007/978-981-15-6382-9_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6382-9_4&domain=pdf
mailto:samira.hosseini@tec.mx
https://doi.org/10.1007/978-981-15-6382-9_4

100 A. S. Cerda-Kipper and S. Hosseini

use in different domains especially in cell culture and organ-on-a-chip applications
(Pfeiffer et al. 2017). Some of the latest examples of the microfluidics BioMEMS
used for luminescence detection are summarized in Table 4.1.

4.2 Luminescence Detection Strategy

Luminescence can be defined as an emission by an atom or a molecule following the
absorption of light energy and entering into an excited state (Dramicanin 2018). It
is triggered by the movement of electrons between different states of energy, paired
with changes in the energy. The luminescent phenomenon happens when excess
of energy is released by electron radiative transitions, for example by discharge of
ultraviolet, visible, and near-infrared light. Based on the used energy for excita-
tion of the electronic transitions, luminescence is categorized into different types:
photoluminescence, chemiluminescence, bioluminescence, thermoluminescence,
electroluminescence, etc. (Dramicanin 2018).

Luminescent sensing is based on the application of luminescent agents that alter
their optical properties when in contact with the target analyte. There is a broad
spectrum of applications for luminescence-based sensors, including the biology and
medicine fields (De Acha et al.2017). Luminescence detection facilitate fabrica-
tion of remote (Sun et al. 2016) and non-invasive (Pasinszki et al. 2017) measure-
ment systems for medical application as well as devices for environmental anal-
ysis. This technique has proven to have higher sensitivity than other detection
methods including the colorimetric analysis (Davies et al. 2003). Some examples
of luminescent biosensors are discussed in Table 4.1.

4.3 Recent Advances of Luminescence Detection
in Microfluidic BioMEMS

4.3.1 Recent Advances of Luminescence Detection
in Lab-On-Chip (LOC) Devices

Various efforts were made to integrate luminescent detection method into BloMEMS
devices. Lab-on-chip (LOC) devices are some of the most applied platforms for
luminescent biorecognition. Girtner et al. (2015) presented a collection of microfiu-
idic tools for cell culture while resembling in-vivo environment, thus permitting a
greater understanding and a better control over cell behavior. The study demon-
strated the development of a Multi-organ-tissue-flow (MOTiF) biochip (Table 4.1)
based on the previous work of the authors (Raasch et al. 2015). The microfluidic
cell culture toolbox included microfluidic devices with integrated membranes for
separating liquid stream, and were equipped with a supply of reagents, and a 3D
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feeding section for the cultured cells. To ensure the user-friendliness of microflu-
idic chips, a LOC handling piece was fabricated to allow performing automated
and long-term studies outside a traditional incubator. The LOC handling platform
consisted of a metal or a plastic frame to place the devices and to clamp them in the
frame. Furthermore, it contained a heating element, that ensured a precise temper-
ature control. Two different inserts allowed the fluidic linking of these microflu-
idic platforms. The authors combined luminescent oxygen sensors with marketed
polymer-based microfluidic devices for cell culture. Moreover, an integrated oxygen
monitoring was applied to study oxygen consumption of microfluidic cell culture and
to investigate the oxygen diffusion into the polymer chips. The advantage of using
the oxygen sensor spots was that the readout could take place by an optical fiber via
a contactless and contamination-free method and from outside the chip. This lumi-
nescent sensor was incorporated into the microfluidic channels, facilitating analysis
of cell culture behavior while providing control over experiments. Moreover, they
discussed with a previous experiment on cell culture experiments in microfluidics,
that the lack of nutrients decrease proliferation, since surface area to volume-ratio is a
function of cells/volume (Becker et al. 2014), hence the authors concluded that their
results evidently reveal the microfluidic devices to be promising tools for several
applications including fundamental cell—cell interactions study, analyzing signaling
pathways, drug development and toxicity studies, and in-vitro experiments with high
comparability and transferability to in-vivo tests. Therefore, the microfluidic tool-
box can influence future technologies to apply microfluidics benefits to everyday cell
biology analyses (Girtner et al. 2015).

Pfeiffer et al. described a straightforward method by mask-less photopolymer-
ization technique for incorporating luminescent chemical sensing spots into off-the
shelf microreactors for determination of pH values and dissolved oxygen (DO) into
all-glass microfluidic reactors, that could be achieved in less than 2 h by the aim of a
microscope and a UV-LED, as suggested in Table 4.1. Even though glass microfluidic
systems demonstrate larger chemical resistance, the existing techniques are limited
since the bonding requirements of glass devices are commonly not the same as those
for prefabricated sensing platforms. Therefore, a limited number of reports for incor-
poration of luminescent sensors within all glass microfluidic chips can be found in the
literature (Ehgartne 2016; Lasave et al. 2015; Ungerbock et al. 2014; Mela 2005). For
that reason, a straightforward and adaptable method to integrate minor sensing struc-
tures into commercially available microreactors is of great importance. The authors
described two photopolymer compositions and demonstrated the function of the
sensing spots in the in-line monitoring of enzymatic reactions within aqueous media.
The poly (ethyleneglycol acrylate)-based sensor spots were obtained by photopoly-
merization of the selected oligomers in the presence of optical probes for oxygen
and pH values, respectively. For the in-line monitoring setup, the microreactors were
joined to pH sensing features where the readout took place using a charge-coupled
device camera. Moreover, a 10x objective was applied to develop the oxygen sensor
spots. The reaction could be carefully controlled by pH or oxygen measurements
of the sensors, that, in turn, avoided opposing effects on the reaction turnover and
on the downstream procedures. The shift in the phase angle of the luminescence
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signal was a function of the shelf life of the luminescence sensor spots. This shift
in the angle of luminescence was utilized as the measurement signal. For observing
enzymatic responses on the microscale, this method offered great potential without
needing complicated instruments except for a fluorescence microscope. The fabrica-
tion of sensor structures from several prepolymer combinations was found possible.
The microsensors were analyzed and have shown good sensitivity in detection and
reasonable stability. Such integration methods may influence future development of
flow reactors and have an impact on miniaturized cell culture and organ and tissue
on a chip fields of knowledge (Pfeiffer et al. 2017).

4.4 Alternative BioMEMS for Luminescence Detection

In biomedicine, an important biomarker for inflammation is hydrogen peroxide
(H,03,), and its quantification is important in assays engaging enzymes that produce
or consume H,O, linked to a particular biomarker (Pratsinis 2017). However, the
optical detection of H,O, has been commonly performed via peroxidase-coupled
reactions using organic dyes. Due to its weak stability and/or reproducibility, this
method cannot be used in-situ in multifunctional and complicated cell cultures that
aim at detecting H,O, levels in real-time. Henning et al. used enzyme-mimetic
CeO, nanocrystals that are sensitive to HyO, and studied the impact of H,O, on
electronic and luminescent nature of these nanocrystals. The authors demonstrated
the performance of the biosensors by observing and recording their responses to a
wide range of H,O, concentrations from S. pneumoniae, and consequently high-
lighted the potential of these biosensing platforms for real-time H,O, monitoring
in-vitro within cell culture systems (Henning 2019). The authors investigated the
usefulness of flame nanoparticle synthesis for the development of a ratiometric
H,0; biosensor based upon a double-nozzle flame spray pyrolysis of multicom-
ponent nanoparticles performed in one step and previously developed by Strobel
(2006). For nanomanufacturing processes, double-nozzle flame synthesis produced
multicomponent nanoparticle systems with careful control over the size of the prod-
ucts and morphology independent of each nozzle. This process allowed individual
control over particle growth in the intersection of each flame (Grossmann et al. 2015).
However, the authors extended its use for the production of bio-responsive materials
and explored the synthesis of enzyme-mimetic luminescent and H,O,-responsive
CeO,: Eu** nanoparticles mixed with larger luminescent nonresponsive Y,03:Tb**
nanoparticles (Biichel et al. 2009). To assure that the nanoparticles were mixed in the
nanoscale and did not create solid componets or mixed crystal phases, the authors
adjusted the two nozzles angles at 60°, in the double-nozzle setup (Fig. 4.1). Likewise,
in-situ flame annealing was used to enhance the structural stability since it allows the
porous nanoparticle films to be dipped into liquids without restructuring or loosing
particle film. The main advantage of the newly developed method over the single
nozzle synthesis, was that the hybrid nanoaggregates are made in a one step process
minimizing the production time to half. Importantly, all constituents were present
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Fig. 4.1 aThe hybrid CeO,:Eu™/Y,0,:Tb*
nanoaggregates

representation of
double-nozzle flame reactor
used in the synthesis of the
nano-mixed hybrid CeO;:
Eu’*/Y,03: Tb**
nanoaggregates. The short
flame was used to produce
Ce0,:Eu?* nanoparticles
which are smaller in size and
the long flame was used for
producing larger Y,03:Tb>*
nanoparticles (the angle 60°)
(Henning 2019)

within the nanoaggregate which enabled their application as particle-based sensors
in fluorescence microscopes (Henning 2019). The robust luminescence quenching
when H,0, was present gave the CeO,: Eu** nanocrystals strong biosensing ability
with limit of detection (LOD) value in the nM range (Pratsinis 2017) surpassing the
performance of many particle-based H,O, biosensors. As a result of their inorganic
nature, the developed nanoaggregates exhibited high stability with respect to optical
and chemical properties. The biosensor performed in realistic conditions simulated
in the complex in-vitro bacterial cell culture platform, which could present oppor-
tunities for rapid and robust detection of H,O, (Henning 2019), as suggested in
Table 4.1.

Transcutaneous oxygen level is a very important parameter to diagnose and eval-
uate the evolution of several diseases including Raynaud disease, diabetic ulcers, and
similar health conditions. Even though it has great biological and clinical relevance to
study the O, dynamics ranging from subcellular to the macroscopic levels, few effec-
tive methods exist to non-invasively quantify O, in a physiological setting (Roussakis
etal.2015). Lim et al. conceptualized a wearable oxygen (O,) sensor for monitoring
transcutaneous O, pressure (tcpO;) by using luminescent gas sensing strategy inte-
grated within wearable devices (Table 4.1). This device interacts with the oxygen
present on the skin which allows an in-vivo constant quantitative O, monitoring,
and likewise gives a perceptible color change via the sensing film component, for
constant monitoring that facilitates the patient’s treatment and recovery. The bandage-
like sensor consisted of three main segments: (i) a luminescent sensing film linked to
skin by using a carbon tape, (ii) an OLED light source, and (iii) an organic photodiode
(OPD) light detector. The film and devices were produced by solution processes. With
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respect to the O, sensing dye and polymer matrix, 2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphyrin, platinum (II) (PtOEP) and polystyrene (PS), were selected,
respectively. Titanium dioxide nanoparticles (TiO, NPs) were integrated in PS as a
light scattering center. For the working mechanism, the sensing film was placed in
a close contact with the skin in order to detect tcpO, while, around the periphery of
the sensor, a carbon tape was attached to the skin to optically isolate the measure-
ment. The O, molecules quenched the phosphorescence in the film that resulted in
the reduction of the PL intensity generated by the sensing film. The bandage-form
sensor detected the dissolved O, which upon diffusion from the vessels to the skin
(Fig. 4.2). Furthermore, the wearable O, sensor could screen the tcpO, in different
parts of the body during exercise or work. To confirm the device performance, the
authors recorded the tcpO, variants in the lower arm and a thumb by pressure-induced
occlusion in the wearable sensor. The obtained data were in agreement with those
measured commercially. The main beneficial features of this device were flexibility
and cost-effectiveness that have rendered the sensor as a great candidate for real-time
tcpO, monitoring Lim et al. 2018).

4.5 Summary

Luminescent sensing schemes are especially helpful for the recognition of small
molecules and for assesing the involved parameters, and are roughly 100-1000 fold
more sensitive than widely-used colorimetric strategies. The integration of these
sensors into microfluidic systems allows information on microenvironments, which
are very promising, and fast growing, especially in cell culture and organ-on-a-
chip applications. In this chapter microfluidic devices such as lab-on-chip devices
(LOC), and alternative technologies in the field of BioMEMS were reviewed. The
advances in this area, opens various windows of opportunity to future developments
of luminescent-based biosensors.
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Fig. 4.2 a Schematics of the working mechanisms in the bandage-type O3 sensor receiving the O
molecules diffused out from the blood vessels. b Graphic of wearable O, sensor with its sensing
film, the OPD, and OLEDs attached to a human thumb and the digital image. ¢ The structure of the
platform and the design of the electrode design as well as digital photo of the flexible OPD (top)
and flexible OLED (bottom). d Schematic of the TiO,-doped O sensing film and corresponding
digital photograph. f The layers and structure of the flexible OPD and OLED (Lim et al. 2018)
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Chapter 5 ®)
Bio-microelectromechanical Systems oo
(BioMEMYS) in Bio-sensing
Applications-Bioluminescence Detection
Strategies

Ana Sofia Cerda-Kipper and Samira Hosseini

5.1 Introduction

Some living organisms have the inherent property of emitting bioluminescence (BL)
as a result of transforming chemical energy into light energy. It is produced by
highly exothermic, enzymatically catalyzed chemical reactions where a conversion
of the energy of chemical bonds to visible light takes place in organic compounds.
In such reactions, molecules commonly known as luciferins (substrate) are oxidized
thus generating electronically excited molecules which decay as a result of light
emission. BL can also be generated by an organism itself, or by bacteria in which
it cooperates in symbiosis with the host (Erzinger et al. 2017). Additionally, BL
measurements do not require immediate radiation as it maintains its emission over
time. In fluorescence, phototoxicity and autofluorescence can be challenging during
sampling, and is commonly not advised for in-vivo imaging as scattering and absorp-
tion of excitation photons present a serious complication. However, BL can achieve
non-invasive imaging in live samples making this technique highly favorable for
various applications, such as gene regulation, gene signaling, protein—protein inter-
actions, drug assessment, cell-based assays, molecular imaging, and non-invasive
in-vivo imaging (Yeh and Ai 2019). When using BL in a detection system, there is
no need for an outside excitation light source, since this reaction is known to have
high quantum yield emission and to produce low background noise, which results
in high chance of detection and sensitivity. It also represents a supreme detection
strategy for miniaturized biosensing devices, by reducing weight, cost, dimension,
and complexity of such integrated systems (Caputo et al. 2017). Some of the latest
examples of the microfluidics BioMEMS that operate based on the BL detection
strategy are provided in this chapter. A thorough comparison between these devices
is provided in Table 5.1.
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5.2 Bioluminescence Detection Strategy

As discussed in Chap. 4, luminescence is the phenomenon produced by the radiation
emitted by an atom or a molecule following the absorption of energy and entering into
an excited state (Dramicanin 2018). It can be further divided into several categories
according to the type of energy or molecule involved. Bioluminescence involves
exergonic reactions of molecular oxygen with several substrates (luciferins) and
enzymes (luciferases) producing photons in the visible light range (Osamu 2006).
The light result varies according to the several factors including the structure of the
luciferin, the amino acid sequence of the luciferase, as well as available accessory
proteins. The cell biology and bioluminescence regulation vary among groups. Some
examples of organisms that present bioluminescence are bacteria and fireflies. While
bacteria produce light, in various other organisms the luminescence emits as flashes.
To capture these flashes, a quick turn on and off is required in an enzymatic reaction
(Wilson et al. 1998).

5.3 Recent Advances of Bioluminescence Detection
in Microfluidic BioMEMS

5.3.1 Recent Advances of Bioluminescence Detection
in Lab-On-Chip (LOC) Devices

A new method was developed for recognition of pathogenic bacteria by magnetic
nanoparticle clusters (MNCs) and a helical microchannel made by 3D-printing
proposed by Lee et al. The study has exhibited use of immunoassay together
with the helical microchannel device (Table 5.1). For more efficient separation, the
microchannel was made with a trapezoidal cross-section. Stereolithography was used
to fabricate the trapezoidal cross-section and the 3D-printed device. In order to detect
E. Coli (EC) bacteria in milk, the antibody-functionalized MNCs were used while
the regular MNCs and MNC-E. Coli (MNC-EC) conjugates were removed from the
milk by the aim of permanent magnet. The MNCs and MNC-ECs were, subsequently
dispersed within a buffer solution which was inserted into a helical microchannel
device regardless of the sheath flow. The MNC-ECs and MNCs were filtered and
separated through the Dean drag force as well as lift force. This separation was
performed in the presence of the sheath flow. After incubation of MNCs conjugated
to E. coli antibody within the control sample, the biorecognition was performed
followed by the measurement of the luminescence intensity. Since luminescence
emission takes place solely in the presence of those living organisms that contain
adenosine 5'-triphosphate (ATP), the luminescence intensity was a direct function
of E. Coli concentration. Finally, the results were evaluated by UV—Vis absorption
spectroscopy. An ATP luminometer was employed to confirm whether collected
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samples at the inner outlet were, in fact, MNC-ECs. In this specific case, the lumi-
nescence signal was detected merely from the inner outlet. The results have shown
that the separation had taken place effectively. The addition of 3D-printing facili-
tated the fabrication of the microfluidic platform with its complicated components
for successful on site detection of pathogenic bacteria Dong and Zhao (2015).

The work of Caputo et al. proposes a miniaturized lab-on-chip (LOC) favorable for
monitoring living cells’ activity via the on-chip BL measurement. On a single glass
substrate, this system integrated hydrogenated amorphous silicon (a-Si:H) diodes
which acted as temperature and light detectors, and indium tin oxide (ITO) film used
as heater. Figure 5.1 shows the fully integrated thin film sensors and coupling of
optical and thermal components to the sample. The proposed LOC was fabricated
with a p-type doped a-SiC:H/ intrinsic a-Si:H/ n-type doped a-Si:H, a great candidate
for fabrication of portable cell-based biosensors which can be used for monitoring the
biological activities as well as for cell cytotoxicity assessment. The a-Si:H sensors
and heaters were integrated within the same glass substrate to create a compact device
for controlling the cell temperature and for sensitive detection of BL emission. The
transparency of the thin film heater played a great role in transmitting the emitted
light to the a-Si:H photosensors. The LOC system facilitated the thermal treatment
of the cells by powering the thin ITO film, providing voltage to the film heater, and
conducting heat transfer. The device also monitored the temperature through the a-
Si:H temperature sensors, and enabled the BL detection by the cells. Based on these

3 mm

| 5 um
i - 210 nm
ITO HEATER | 250 nm

Passivation layer

1.1 mm

120 nm
210 nm
10 nm
150 nm

a-Si:H photosensor 30 nm
50 nm

a-Si:H temperature sensor

Fig. 5.1 A cross-section view of the device with the integrated layers and the two sensors (Caputo
et al. 2017)
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capabilities, the presented integrated LOC system could successfully monitor and
control the living cells’ activity (Caputo et al. 2017) (Fig. 5.1).

Dong & Zhao, developed a microfluidic simulator for personalized pathogen
biorecognition by the aim of antimicrobial susceptibility testing (AST) for urinary
tract infection (UTI), a commonly reported bacterial infection (Table 5.1) (Honrado
and Dong 2014). The cell-based LOC system employed the immunosorbent ATP-
bioluminescence assay (IATP-BLA) as a basic measuring strategy to assess the prop-
erties of uropathogenic bacteria. In this study, 13 forms of uropathogenic microbes
were chosen as the target analytes (the IATP-BLA protocol is shown in Fig. 5.2).
The device employed a fiberglass membrane which was sandwiched in between
two polypropylene substrates in order to capture immobilized antibodies on the
membrane. Due to the hydrophilicity of glass fibers, the aqueous media laterally pene-
trated into the neighboring reaction chambers. The analyte microbes were coupled
with antibodies present on the glass fibers, and were subsequently encapsulated
within a network of calcium alginate gel through the gelation reaction (Dong and
Zhao 2015).

As a disposable biochip (Fig. 5.3), a microfluidic device was fabricated from two
white sheets of polystyrene (PS) processed by laser ablation. A section of Waterman
filter (grade GF-D fiberglass membrane) was firmly clamped between the two
ablated PS layers. Different immunoglobulin Y (IgY) against specific uropathogenic
microbes were immobilized on each zone on the surface of the fiberglass membrane
in chambers. The upper PS component (Air Veins) was used for loading the urine
sample and providing air/oxygen to the cells (Sample Layer). The function of the
lower PS layer, Culture Layer, was to supply culture medium and other reagents to
each reaction chamber. The channel network, Sample Veins, was engraved around
the vertical through holes to lead the urine sample. Through 24 Culture Medium
Veins (CMVs), the culture medium, antibiotic drugs, and ATP-BLA reagents flow
into each reaction chamber. This design was compatible with the standard 384-well
microplate, since the chambers of the microfluid device had the same geometry as
in a traditional 384-well microplate. Compared with conventional microbial culture,
the time of the test cycle was minimized to a few hours or possibly minutes in contrast
to a few days. The microbes were captured by different capture antibodies and were
measured via an ATP bioluminescence assay (ATP-BLA). If provided with sufficient
growth medium, the microbes could survive in the culture compartment for on-chip
AST former to the IATP-BLA measurement. All of the above-mentioned processes
were precisely controlled by a manual valve and pump while the automation of fluidic
manipulation was planned as the future phase of the project. Due to the effective-
ness of on-chip IATP-BLA, the system could rapidly identify the commonly known
causative agents of UTIs in the AST within 3—6 h. The authors envisioned that the
medical simulator can be largely used in UTI treatment and could act as a model for
the recognition and treatment of other diseases (Dong and Zhao 2015).

Santangelo et al., designed, fabricated, and tested a 3D-printed chip joined
with silicon photomultipliers (SiPMs) for sensitive and simultaneous detection of
luciferase BL, and for biorecognition of ATP as a model target (Fig. 5.4). The
unibody-LOC (ULOC) 3D printing LOC was previously established for LOC
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Fig. 5.2 The applied procedure of IATP-BLA test in the on-chip simulator (Dong and Zhao 2015)
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Fig. 5.3 The design of the simulator containing a Down and up b Views of the chip, ¢ The device’s
inlets and outlets, and d assembly of vertical reaction chambers as well as e The detection channels
(Dong and Zhao 2015)

(Comina et al.2014, 2015a, b), and utilized consumer grade stereolithography (SLA)
3D printers for fabrication of a monolithic printout integrating all features of the LOC
functions (Table 5.1). The ports were segments of the ULOC and were developed
with an outer diameter adequate to permit a tight supplement of the Si tubing. The
reaction chamber and channels in the fluidic chip were open that provided an easy
access for functionalization while the micro-sized surface finishing allowed sealing
with conventional adhesive tape. With a strong geometric reliability even for the
longer channels, the micro-channels were designed to be open on one side for the
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Fig. 5.4 a Photograph of SiPM along with b Schematic representation of procedure. ¢ design of
the 3D-printed microfluidic device along with d photographs of the device (Santangelo et al. 2018)

easy elimination of uncured resin. The device was attached to off-chip instrumen-
tation via Teflon tubing which were connected to the free side of the tubing. The
assay involved the pigment luciferin as the light emitting source and the enzyme
luciferase to act as catalyst for luciferin oxidation. The boundaries of 3D microflu-
idic chip facilitated the sample delivery to nearby SiPM for enhanced BL detection
efficiency. The SiPM significantly simplified the analysis compared to conventional
systems yielding in a quantitative signal measurement without needing post-analysis
of the images. The experiments showed that the integrated microfluidic device can be
placed in close contact with environmental samples to monitor and measure biolog-
ical events simultaneously and without troubling the biomolecules. The system was
tested for real-time measurement and monitoring of ATP in lysate of E. coli cells
and the results proved that the system’s performance was not affected by the pres-
ence of lysate. Additionally, the SiPM showed great performance in monitoring
ATP-BL detecting the weak BL signals produced by small ATP concentrations. The
system demonstrated to be prospective for continuous-flow monitoring in different
concentration levels of ATP (Santangelo et al. 2018).

5.4 Alternative BioMEMS for Bioluminescence Detection

There is an immense potential for technologies that enable environmental moni-
toring and medical diagnosis in under-privilaged locations. A tremendous growth
in smartphone-based biosensing devices at the preliminary stage shows satisfactory
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sensitivity to substitute transportable light detectors including CCD and photodiodies
for measurement of the analyte’s medium-high concentrations. The smartphone-
integrated CMOS were tested as optical biosensors for numerous biosensing
methods based on fluorescence, electrochemiluminescence, and biochemilumines-
cence (Cevenini et al. 2016a).

Cevenini et al. (2016b) previously presented the integration of genetically engi-
neered cells within a 3D-printed smartphone device as a low-cost and user-friendly
toxicity level using bioluminescent sentinel cells (Cevenini et al. 2016b). Later, the
authors reported the advancement of a BL smartphone-based cell biosensor utilizing
NanoLuc luciferase reporter for measureable evaluation of anti-inflammatory activity
and toxicity of grape extracts. This study used purified fusion proteins including
NanoLuc as a BL donor as well as mNeonGreen fluorescent protein that acted as
a receptor. The coupling of the target antibody with the analyte resulted in a color
change from green—blue to blue which was received by a smartphone camera and
was subsequently processed by a custom-developed app. This platform presented
a reliable tool for pre-screening and sample selection for customized and effective
analysis (Cevenini et al. 2016a).

5.5 Summary

Bioluminescence (BL) maintains the emission as it is a natural property in some
of the living organisms and therefore offers excellent sensitivity and suitability for
noninvasive in-vivo imaging. Bioluminescence represents an exceptional mechanism
for the development of ultrasensitive analytical and bioanalytical protocols. The
BioMEMS that operate based upon the principles of BL are commonly benefited
from sensitivity, analytical speed, non-hazardous reagents, and simple procedures
in a range of applications including immunoassay, protein blotting, and DNA probe
assays.
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Chapter 6 )
Bio-microelectromechanical Systems oo
(BioMEMYS) in Bio-sensing
Applications-Chemiluminescence

Detection Strategies

Ana Sofia Cerda-Kipper and Samira Hosseini

6.1 Introduction

An attractive detection method for the development of biosensors is chemilumines-
cence (CL), that identifies the presence and quantifies the concentration of an analyte
by using luminescent agents that change their optical properties as a result of a chem-
ical reaction. Over time, application of CL has become more frequent in detection of
proteins and oligonucleotides in immunoassay and DNA probe assays, such as DNA
sequencing and detection (Smith et al. 2018). Compared to other detection strategies
including calorimetric, and fluorescence, CL offers great beneficial features thanks to
its low background signal, simple readout methods, and inherent sensitivity (Xu et al.
2010). When combined with bio-microelectromechanical systems (BioMEMS), CL
can offer a powerful strategy for timely and sensitive detection of various analytes in
remote and rural areas and for extreme point of care (EPOC) (Wojciechowski et al.
2009).

6.2 Chemiluminescence Detection Strategy

The emission of light due to certain chemical reactions is known as CL. This emission
which is commonly produced in the visible or near infrared spectral regions, is
the result of an excited electronic molecular state, formed in a chemical reaction,
returning to the ground state of energy through non-radiative processes (Zagatto
et al. 2012; Poole 2003). Coupling of CL with other detection strategies such as
fluorescent or colorimetric could offer higher sensitivity and multiply the detectable
products, which, in turn, can be read via different means (Bridle 2014). In this chapter
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some of the latest biosensors advancements and strategies using CL is reviewed with
a detailed comparison of these methods (Table 6.1).

6.3 Recent Advances of Chemiluminescence Detection
in Paper-Based BioMEMS

The development of cheap paper-based sensors or WPADs has conferred advan-
tageous opportunities in pursuit of bio-analytical applications that are extremely
coveted in point-of-care testing (POCT) (He et al. 2011). Among paper-based tech-
niques, Lateral Flow Immunoassay (LFIA) is one of the most common approaches
in POC immunodiagnostics (Zangheri et al. 2019) due to its simplicity, robust-
ness, portability and inexpensiveness (Qin et al. 2012). This technique is performed
commonly on a nitrocellulose membrane on which specific immunoreagents are
immobilized in defined positions, while sample and other reagents are transported
to the detection zones in the flow driven by capillary forces. Different quantitative
LFIAs were developed by instrumentally measuring the color intensity of bands
or using alternative labels, such as enzymes, fluorescent nanoparticles, colorimetric
markers, or electrochemical labels detected by CL (Zangheri et al. 2019). LFIAs
benefit from their simplicity, high sensitivity, rapid analysis, low-power demands,
and high compatibility with micromachining technologies (Li et al. 2017). In such
devices, the emitted light can be imaged and analyzed by using cheap portable CCD
cameras (Zangheri et al. 2019; Qin et al. 2012; Li et al. 2017).

A novel PADs biosensor for fast, sensitive, and convenient DNA detection was
developed by Wang et al. (Table 6.1). A simple and rapid wax-screen-printing method
was used to fabricate the device (Fig. 6.1a) followed by combining signal amplifi-
cation and covalent modification. The DNA captured was immobilized, covalently
on the paper zone (PADs) via the addition of N,N’-disuccinimidyl carbonate (DSC).
For amplification of the detection, nano-porous gold (NPG) and carbon dots (C-
dots) were used. A sandwich model in this device aimed at enhancing the wet-
strength of PADs and the DNA stability on paper. Furthermore, C-dots scattered
nano-porous gold (C-dots@NPG) conjugated with a DNA strand, was captured on
the surface of the biosensor and employed as signal amplification label (Fig. 6.1b).
The enhanced CL emission was generated in the presence of potassium permanganate
and by analyzing the CL intensity the target DNA could be detected in a quantitative
manner. This novel protocol allowed the combination of the PADs and CL method
onto a sensitive sandwich-type CL-based DNA biosensor. The fabricated platform
was low-cost, simple, portable, disposable, and easy-to-use. Under optimal condi-
tions, this paper-based DNA sensor successfully performed with a linear range of
107'8 to 107'* M and with a detection limit of 8.56 x 107!° M of the target DNA. The
suggested paper-based DNA sensor, with sensitive, stable, rapid, reusable and high-
efficiency CL response could be a great candidate for the identification of analytes
in clinical samples (Wang et al. 2013).
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Fig. 6.1 a Schematic illustration of wax-screen-printing for paper microzone plate fabrication.
b Schematic illustration of the fabrication process for the paper-based DNA sensor on paper PADs
(Wang et al. 2013)

The biosensor developed by Zangheri et al. (2019) was based on the LFIA
method combined with CL detection and encompassed a 3D-printed plastic cartridge
comprising a sealed fluidic element with the LFIA strip (Qin et al. 2012; Li 2011;
Posthuma-Trumpie et al. 2009). In this device, via pressing buttons on the cartridge,
the sample flow and reagents were activated and sustained through the use of capil-
lary forces. As a result of a collaborative project with NASA, called “IN SITU
Bioanalysis” (404INASA), the cortisol measurement in oral fluid was targeted. The
astronauts are at risk of exposure to unnatural space conditions, that could increase the
susceptibility to infectious diseases (Mehta et al. 2014; Taylor 2015). The biosensor
was intended to fulfill the safety standards and requirements and international space
station (ISS) onboard operability demanded by NASA. Assay strips for LFIA were
prepared by immobilization of the antibodies on nitrocellulose membranes, which
were assembled with sample and adsorbent pads (Table 6.1). The CL-LFIA assay
utilized a direct competitive format (Fig. 6.2). Horseradish oxidase (HRP)-cortisol
conjugate and sample loaded in the sample pad travelled along the nitrocellulose
membrane via capillary force. The cortisol present in the sample rivaled with HRP-
cortisol conjugate in order to bind to a limited quantity of anti-cortisol antibody
immobilized on the T-line (rabbit anti-cortisol antibody). Subsequently, the anti-HRP
antibody immobilized on the C-line (rabbit anti-HRP antibody) captured the excess
of HRP-cortisol conjugate. Ultimately, a CL substrate (luminol/enhancer/oxidant)
for HRP was added to the strip and an ultrasensitive cooled CCD camera was used
to capture the image of the CL signal. In accordance with the competitive assay
format, the CL signal intensity recorded at the T-line was inversely proportional to the
amount of cortisol within the sample. The “IN SITU Bioanalysis” biosensor payload
comprised of three components: the CL reader and its accessories, the disposable oral
fluid sampling equipment (OFSE), and the disposable LFIA cartridge. Furthermore,
the payload was designed to operate in microgravity and to withstand mechanical
stress, such as take-off vibrations, and onboard depressurization events. The device
was developed considering alterations of physical phenomena occurring in micro-
gravity, such as bubble formation, surface wettability, and liquid evaporation. The
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Fig. 6.2 Principle of the competitive CL LFIA assay for cortisol: a loading of HRP-cortisol
conjugate and oral fluid sample and b loading of the HRP CL substrate (Zangheri et al. 2019)

disposable LFIA cartridge composed of a LFIA fluidic element is confined in a holder
in order to protect the element while providing the necessary actuators which allow
the astronaut to carry out the analysis through a simple manual procedure. The LFIA
fluidic element was formed by a laser micromachined adhesive polypropylene layer
with an engraved fluidic channels network, that was inserted between two transparent
polypropylene layers. It contained the reagents required for the analysis as well as
the LFIA nitrocellulose membrane, and the fluidic system needed for measuring
the correct quantity of oral fluid sample while enabling the transfer of reagents
and the sample on the LFIA strip. The sandwiching of polyester/acrylic adhesive
layer between the polypropylene layers, benefited the sealing of the LFIA fluidic
element while helping to increase the mechanical strength. The analysis followed a
simple manual procedure; the flow of sample and reagents initiated via pushing a
button on the cartridge and maintained by capillary forces. Astronauts could read
the results directly or the data could be sent to ground personnel for processing and
evaluation by medical experts. The results showed that the platform was feasible
for performing sensitive detection directly onboard. This study, presented a suitable
enzyme-catalyzed CL-based biosensor for ultrasensitive detection in microgravity,
for the first time. The reaction was unaffected by weightless conditions, showing no
further opposing effects, and the measurements at [SS appeared to be consistent with
the projected cortisol levels in oral fluid. Nonetheless, the device could further be
improved by assay procedure automation, and cartridge miniaturization. Moreover,
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CMOS smartphone cameras can be implemented as a substitute to CCD cameras, and
reusable cartridge can be replaced with disposable LFIA fluidic elements (Zangheri
et al. 2019).

In the work of Li et al., a novel CL cloth-based glucose test sensor (CCGTS) was
established using wax screen-printing, a simple and inexpensive fabrication method
(Table 6.1) (Liu et al. 2016; Guan et al. 2015). The CL detection included enzymatic
oxidation of glucose to H,O, and gluconic acid and subsequent oxidizing to luminol
to produce blue light in the presence of HRP. P-iodophenol (PIP) was used to heighten
the CL signals which were then detected via a portable and affordable CCD camera.
The layout of unfolded cloth-based device formed of a wax barrier-containing flow
channel for gravity/capillary force-driven flow, a loading zone for filling the CL
substrate solution, and detection zone for preloading the enzyme/glucose solutions
(Fig. 6.3). The cloth device was incorporated into a well-made plastic support. Due
to the substantial flexibility of the cloth device, it could be easily folded between
the detection zone and the wax barrier. For the assay procedure conducted in the
CCGTS, the device was placed in the CL measurement device’s black box and the
GOx/HRP-containing enzyme solution and the glucose solution were poured into the
detection zone, respectively. Subsequently, the substrate solution comprising luminol
and PIP were added onto the loading zone. The substrate solution swiftly moved in the
flow channel and passed through the narrow wax barrier in the presence of capillary
forces and gravity, to mix with the solutions in the detection zone. Consequently,
the CL reaction was triggered, and the CL images were captured in real-time via
the CCD (Fig. 6.3). The integration of wax barriers as well as gravity and capillary

(@) (b)

s
b o — o —

(d)

(e) (f) .USB wire PC
e
- - camera
hv~425 nm
| —d = A
¥ GOX HRP (@ Glucose A HO, § PIP @ Luminol

Fig. 6.3 Schematic representation of the CCGTSs for the glucose determination (Li et al. 2017)
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forces in the flow channel between the detection zone and the loading zone allowed
the enzyme reactions’ steps to be carried out in a small-sized, single-layer cloth
device. The results showed that the prepared CCGTS could offer sensitive, rapid,
and quantitative biorecognition of glucose. The proposed method detected glucose
over the range of 0.1-100 mM with the limit of detection (LOD) of 0.0948 mM,
under optimal conditions, while the assay process was achieved in less than 5.5 min.
The CCGTSs demonstrate great potentials for biochemical and medical applications,
showing great promises for POCT and EPOCT (Li et al. 2017).

6.4 Recent Advances of Chemiluminescence Detection
in Microfluidic BioMEMS

Over the past few decades, microfluidic devices have attracted a great deal of attention
in various medical and biomedical fields including analytical chemistry, biochem-
istry, biodiagnosis, and POC. For miniaturized platforms, optical sensing methods
are desirable, specifically, when coupled with smart devices (Nagl 2015). Such
combinations of strategies simplifies the analysis process and facilitate multiplexing
(Henares et al. 2008). While integration of microfluidic systems with fluorescence
and colorimetry detection methods is common, CL can remarkably decrease the
need of integrated optical instrumentation since it does not require any external
light resources (Novo et al. 2013). Some of the latest examples of the microfluidics
BioMEMS used for CL detection are as reviewed here.

6.4.1 Recent Advances of Chemiluminescence Detection
in Lab-On-Chip (LOC) Devices

Novo et al. (2014) developed a novel two-channel U-shaped microfluidic for indi-
rect competitive enzyme-linked immunosorbent assay (icELISA) system aimed at
detection and quantification of ochratoxin A (OTA) (Table 6.1). A thin film of a-Si:H
photodiode arrays was microfabricated on a glass substrate. The aluminum/titanium
tungsten (Al/TiW) bottom contacts were deposited by magnetron sputtering and
patterned by photolithography. Initially, TiW was etched by reactive ion etching
(RIE) followed by Al wet etching. The n-i-p a-Si:H photodiodes were deposited
by plasma-enhanced chemical vapor deposition (PECVD). Doped p-type and n-type
films were developed through addition of phosphine and diborane gases to pure silane,
respectively during film growth. Each of the devices were patterned and etched via
RIE. The sidewalls of the device were insulated by the use of silicon nitride (a-
SiNy), deposited through PECVD. Sputtering was used to perform the deposition of
a transparent top contact made of ITO enabling electrical contact to the photodiode
p-layer whilst transmitting light. Lastly, a 100 nm thick passivation layer of a-SiNy
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was deposited to protect the chip. Via RIE, the contact pads were opened and the
chips were diced. The chip was wire-bonded and mounted to a printed circuit board.
Soft lithography was performed to fabricate the microfluidic structures.

The microchannels molds were fabricated by SU-8 on silicon. First, an aluminum
physical mask was fabricated by sputtering aluminum on a quartz substrate and
patterning it via wet etching. SU-8 resist was spin-coated and exposed to the UV
light through the aluminum mask then baked and developed in propylene glycol
methyl ether acetate (PGMEA). A second flat PDMS layer was created on top of a
silicon wafer by spin coating and cured. Afterwards, the pieces were detached from
the molds. A corona discharge was used to oxidize the flat 500 m thick PDMS pieces
and the surface of the PDMS piece with the defined microchannels, which were then
put in contact and left to seal irreversibly.

Two micromachined PMMA plates were aligned and held the microfluidic device
on top of the wire bonded photodiode chip to accommodate the integration of the
photodiode array and the microfluidic network. The PDMS microchannel piece was
added in the top PMMA plate, comprising the microfluidic device, with the photo-
diodes. For the icELISA, HRP labeled anti-rabbit IgG antibodies, OTA conjugated
with bovine serum albumin (BSA) and OTA were used (Fig. 6.4). The assay protocol
is competitive since OTA compete with OTA-BSA for the limited anti-OTA binding
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Fig. 6.4 Experimental details. a Incorporation of the PDMS microchannel with the photodiodes.
b Optical micrograph indicating the alignment of the photodiode chip with the U-shaped PDMS
microfluidics. ¢ Top: photodiode cross section; bottom: top view schematic of photodiode. d The U-
shape PDMS microchannel top view with inlets for reference solution (a) and for OTA contaminated
solution (b); e-h schematic explanation of the microfluidic ELISA for OTA detection (Novo et al.
2013)
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sites. Expectedly, a higher concentration of OTA will decrease the anti-OTA anti-
bodies available to bind OTA-BSA molecules, hence a decrease of the icELISA.
For readout, an optical microscope was used for the detection of CL light emission.
The results indicated that the icELISA is a flexible and adaptable method that, when
coupled with suitable sample extraction strategies, can be used for detecting OTA
in complex matrices. Through this configuration, the authors successfully decreased
measurement errors leading to an improvement of one order of magnitude in the
LOD. The proposed platform in this study can be further developed into a future
highly sensitive, portable, and fully integrated “toxin-chip” for monitoring food
safety (Novo et al. 2013).

Ramon et al. (2017) developed a proof-of-concept of CL generation and detec-
tion in a capillary-driven microfluidic chip for potential immunoassay applications,
as suggested in Table 6.1. Instead of using a complex assay protocol, the authors
explored the CL generation under flow conditions using a simplified immunoassay
model using an acridan-based reaction, catalyzed by HRP. A PDMS sealing layer
was fabricated using stencil deposition and the CL substrate was flowing through the
hydrophilic channels inside the PDMS device. The fabrication of the microfluidic
chips involved dry etching of Si wafers using a deep reaction ion etching (DRIE)
tool. Single side polished silicon wafers were used as the main substrate. After
priming the wafer surface with HMDS vapor, a positive-tone photoresist was coated
using a spin coater. By using a laser writing tool, the photoresist added nomencla-
ture into the structure. This approach was more convenient for rapid fabrication of
several design iterations compared to writing masks. Following the development
of the exposed resist, the Si substrate was etched. The photoresist mask was then
removed using a strong oxygen plasma etching for 5 min. The wafer was diced, and
the chips were separated using the “chip-olate” process. Each chip comprised of
loading pad surrounded with anti-wetting structures to avoid undesired spreading of
aliquid placed on the pad, a detection area, where the HRP molecules were localized,
and two capillary pumps that were connected in series. An air vent was connected to
the last capillary pump to avoid air from escaping the flow path. Four independent
channels were connected to the same loading pad and run through the detection area.
Finally, the chips were sealed with the HRP coated PDMS and with a blank PDMS
with integrated microbeads. By using capillary forces and evaporation-driven flow,
the CL substrate was led through the device and produced the emission after coming
into contact with HRP. The HRP was either coated inside the device or on the surface
of the microbeads. The CL signal was recorded by an optical detector. This device
has granted a better understanding of flow conditions and integrated several different
strategies in a single platform (Ramon et al. 2017).

Novo et al. presented a hand-held, user-friendly POC platform, which was an
incorporation of an autonomous capillary microfluidic based CL ELISA. The micro-
fabrication of the device was performed through the use of transducers (a-Si:H photo-
diodes) as well as electronics implemented for data acquisition, with an integrated
portable optical detection box, consisting of a microfabricated photodiode chip on
glass attached to a printed circuit board (PCB) and a microcontroller (Table 6.1).
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Corning display quality glass substrates were used to microfabricate the photo-
diodes arrays on them. Magnetron sputtering technique was used to deposit the
aluminum bottom contacts that were then patterned via photolithography and wet
etching technique to etch the contacts. Through PECVD, n-i-p a-Si:H photodiodes
were deposited. Doped p-type and n-type films were achieved through adding phos-
phine and diborane, respectively. Using RIE and a mixture of SFs and CHF; gases
the n-i-p stack was patterned and etched. Amorphous silicon nitride (a-SiNy) was
deposited using PECVD for insulation of the sidewalls of the diodes, and by lift-
off technique, has left an access on the top of the photodiodes for electrical contact.
Through sputtering method, a transparent top contact composed of ITO was deposited
on the device and patterned via lift-off. In order to protect the microfabricated struc-
tures, another a-SiNy passivation layer, was deposited via PECVD. RIE etching was
performed to allow access to pads. The photodiode chips were diced and wire-bonded
to a tailored designed PCBs which were positioned inside an aluminum box linked to
the circuit’s ground. The aluminum box consisted of two compartments: (i) a space
for the microcontroller and the amplifier PCB with a port for a USB connection, (ii)
and for the microfluidic devices combined with the photodiode PCB, with a lid to
protect it from the electromagnetic interference as well as the external light. Soft
lithography was used to fabricate the microfluidic devices and for the SU-8 mold
substrate the hard mask was used. This arrangement minimized the gap between the
SU-8 photoresist and the mask which led to a more accurate definition of the mold
structures.

A sequence of metal sputtering, photolithography and aluminum wet etch were
performed to fabricate an aluminum on glass hard mask. During the lithography, the
hard mask was cut before pouring the SU-8 50 over the top of the hard mask, which
was then spun, and baked. Afterwards, the SU-8 was subjected to UV and developed.
Additionally, a set of PMMA plates were first fabricated via laser ablation (CO; laser),
intended for definition of the PDMS device’s bulk shape and subsequently milled in
house to align the SU-8 molds with the PDMS bulk device. The SU-8 molds were
then placed onto the machined PMMA plates which produced the open microfluidic
inlets. The PDMS devices including the 3 inlets and the microfluidic structures and
were sealed. To increase the speed of capillary pumping, a piece of absorbent paper
was added to the end of the microfluidic circuit.

To demonstrate the performance of both the integrated detection system and
the autonomous capillary microfluidic device, a Model IgG/anti-IgG immunoassay
was employed. To perform the autonomous micro spot-based microfluidic ELISA,
luminol was used for CL generation as well as the anti-rabbit IgG labeled with HRP as
the target antibody (diluted in PBS). The autonomous capillary ELISA was launched
through placing the target antibody, PBS, and luminol solutions at 1st, 2nd and 3rd
inlets, respectively. To achieve the purpose of quantification and detection of the CL
signals, the microfluidic device was implanted in the integrated setup. In addition, to
align and hold the microfluidic device to the photodiode chip as an integrated LOC,
a set of machined PMMA parts, with the photodiode PCB connected were utilized.
The designed prototype conducted CL ELISA detection in approximately 15 min
with an antibody-antigen affinity constant of 2 10’ M~! and with a LOD of 2 nM.
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This prototype simplified the user interface with the device and was able to perform
ELISA autonomously via sequential fluid flow due to the capillary effect. This plat-
form exhibited great potentials for its broad range of applications in biosensing due
to its flexibility of customization and the integration of detection schemes (Novo
et al. 2014).

An automated microfluidic CL immunoassay platform for quantitative detection
of ferritin was reported by Min et al. (2018). The material chosen for the microfluidic
chip was PMMA, which is bio-friendly, cost-effective, and does not interfere with the
reaction between different reagents. Laser cutting and hot press machines were used
for fabrication of microfluidic chips. The single-use microfluidic chip was composed
of three layers: the top layer with eight air holes, a pressure port, and an open hole; the
middle layer with embedded microchannels, reagent reservoirs, a reaction reservoir,
and a waste reservoir; and the bottom substrate layer. Air holes above the open
reservoirs were employed to avoid reagent contamination and to load the reagents.
Each reservoir was connected to an individual hydrophobic microchannel which was
linked to the reaction reservoir. The microchannels were connected to the U-shaped
reaction reservoir, which was in turn connected to the waste reservoir through an
S-shaped pipe. The waste reservoir was filled with filter paper to ensure the flow of
the waste liquid, otherwise the surface tension would hinder this waste into the left
chamber. The waste chamber was linked to a pressure port.

The reliability of the automated microfluidic device was tested by measuring
biomarker of ferritin by direct sandwich immunoassay. The method of acridine ester-
ification CL was adopted to achieve the quantitative detection, and a photomultiplier
tube was used to detect photons from acridine ester in alkaline conditions. The
reagents were primarily pre-loaded into the liquid storage chamber of the chip. The
vacuum moved the reagents across the device flexibly and easily. Subsequently, the
reagents were released by the flexible vacuum suction cups that generated power by
a pneumatic pump. After sample introduction, the chip was placed into a customized
instrument in which the CL signals were obtained and processed. The suggested
LOC platform has shown advantages including accurate quantification, sensitivity,
low cost, and portability that can be promising in extreme point of care (EPOC) (Min
et al. 2018).

Hu et al. reported an entirely integrated and autonomous microfluidic CL immune
sensor for quantitative and automated detection of biomarkers including testosterone
and C-reactive protein (CRP) in clinical samples (Table 6.1). The key components
of the microfluidic device were produced by injection molding enabling low-cost
mass manufacturing of the chips. The microfluidic chip was comprised of three
layers: the top fluidic layer, the mid tinfoil layer that was patterned antibody/antigen
stripes, and the bottom substrate layer. Each reservoir was linked to a distinct connec-
tion microchannel. The design of the channels facilitated the expansion structures
to aid the operation of on-chip valves (Fig. 6.5). A through-hole was punched at
the midpoint of each expansion structure, to position the on-chip valve and that 6
microchannels converged into a zigzag microchannel, which connected to a negative
pressure port. Through injection molding the bottom and top layers were produced
by using silicon. PDMS was utilized with three parallel microchannels to prepare
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Fig. 6.5 Design layout, fabrication process and assembly of an integrated microfluidic chip
equipped with on-chip valves for chemiluminescence immunoassay (Hu et al. 2017)

the tinfoil layer with patterned antibodies/antigens. Solutions of CRP-Ab1 antibody
or T-BSA antigen were injected into each microchannel, incubated, and washed.
Subsequently, the PDMS chip was peeled off, and to obtain the middle tinfoil layer,
the tinfoil was cut with three patterned stripes. Thereupon, the set of on-chip valves
including a valve holder and 6 valves were fabricated through utilization of the injec-
tion mold technique by introducing liquid polycarbonate (PC) into a mold accompa-
nied by curing. Finally, for the assembly of the microfluidic device, plasma treatment
was employed (Fig. 6.5). Before bonding the three layers, they were aligned, and the
six on-chip valves were inserted and fastened. After its preparation, the chip was slid
into the tailored instrument to launch the detection of testosterone or CRP (Fig. 6.5).
Various reagents were pre-loaded into the respective reservoirs of the microfluidic
device and segregated from the microchannels via on-chip mechanical valves where
the signals were attained and processed inside the device. Ultimately, the automated
microfluidic device’s versatility was tested by measuring various biomarkers (testos-
terone by competitive immunoassay and CRP by direct sandwich immunoassay), in
which the produced CL signal was picked up by means of the CCD camera within the
device. The results were found highly reproducible and sensitive in the automated
detection of biomarkers inside the microfluidic chips (Hu et al. 2017).
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Electrochemical affinity sensors have considerable potential in developing
portable analytical devices for detecting analytes such as blood glycated hemoglobin
(HbAlc) (Liu et al. 2012). An integrated microfluidic system was developed to
achieve automation of the whole aptamer—antibody sandwich assay to perform the
measurements of HbAlc (Table 6.1) (Tankova et al. 2012). The aptamer was imple-
mented as a main ligand to capture HbAlc or Hb in the blood samples and to facil-
itate the accuracy and cost reduction. The incorporation of CL detection scheme
provided a higher sensitivity for the microfluidic system. For incorporation of CL to
the device, Hb or HbAlc specific aptamers were used to coat the magnetic beads.
Furthermore, Hb- or HbAlc specific biotinylated aptamers were combined with
streptavidin-coated magnetic beads in saline-sodium citrate (SSC) buffer. The beads
were then blocked with BSA to minimize non-specific binding in whole blood anal-
ysis. When the capturing of Hb or HbA1c in the blood samples were accomplished,
the unbound fractions were washed away. Subsequently, acridinium ester-labeled
Hb or HbAlc antibodies were added to particularly bind with the captured Hb or
HbA 1c molecules. Lastly, CL was produced through the addition of signal reagents
of H,O, as well as NaOH and a luminometer was used for its measurement. The
process of aptamer—antibody sandwich assay on magnetic beads within the integrated
microfluidic system is shown in Fig. 6.6a.

The chip design is shown in Fig. 6.6b. The authors developed a tri-layer microflu-
idic chip, consisted of two PDMS layers, comprising a thick-film and a thin-film
used as an air channel layer and a liquid channel layer, respectively on top of a glass
substrate. The major micro-components, such as normally-closed valves, a transport
unit (a closed chamber), a waste chamber and five open chambers were integrated
into this device. The microfluidic chip used a vacuum pump and an air compressor
controlled via electromagnetic valves (EMVs) to automatically trigger the fluid trans-
port for performing the assay. PDMS employed to fabricate the microfluidic chip,
was created by the use of a CNC machining procedure to construct a master mold
accompanied by a PDMS replica-molding process. Initially, the inverse microstruc-
tures were etched on PMMA, and after the CNC machining procedure the master
mold was further polished. Lastly, to form the inverse microfluidic structures, the
PDMS replica was fabricated on the PMMA master mold. For the casting process of
the PDMS, the elastomer and the curing agent were combined with a weight ratio of
10:1 and a vacuum pumping process was used to remove the air bubbles. Ultimately,
one glass plate and the two layers of PDMS were bonded together via utilization of
an oxygen plasma treatment.

For the assay procedure (Fig. 6.6b), either Hb- or HbAlc-specific aptamers were
used to pre-coat the magnetic-bead conjugates, that were then loaded into the sample
chamber and combined with freeze-thawed whole blood. By manipulation of the
transportation unit and the microvalve, the binding between the Hb or HbAlc in
the blood sample and the aptamer took place in an incubation process for 10 min.
Subsequently, an external magnet was utilized for the purpose of collecting the target-
aptamer-bead complexes, whilst the nonbinding substances and the supernatant were
washed away through activation of the micropump which instead directed a phosphate
buffer over the waste outlet. Afterwards, to form sandwich-like structures with the
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target-aptamer-bead complexes in a 10-min incubation, acridinium ester-labeled Hb
or HbA 1c specific antibodies were injected into the transportation unit. The washing
process was performed for the elimination of unbound antibodies and the magnetic
collection. Finally, to re-suspend the sandwich-like complex of magnetic beads,
the CL reagents were pumped into the closed chamber. Concurrently, a portable
luminescence detection was implemented to measure the chemiluminescent signals
while quantifying the concentrations of Hb or HbAlc. The compact microfluidic
system consumed less samples and reagents and significantly shortened the detection
time. The authors eliminated the use of primary antibody, which decreased the cost
of the assay. The presented device has the potential to be used for diabetes screening
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and diagnosis at a lower cost and earlier phase to minimize the risk of diabetic
complications (Chang et al. 2015).

6.5 Alternative BioMEMS for Chemiluminescence
Detection

Shahvar et al. (2018), reported a low-cost, portable smartphone-based CL sensing
on a thin-layer chromatography (TLC) plate for the detection of morphine. The
device was fabricated using inexpensive materials and could measure the CL light’s
intensity radiated from the reaction between acidic potassium permanganate and
morphine on a TLC plate. The authors fabricated a lab-made box (dark box) using
black polymeric sheets, to prevent external light from entering the detection area
and maintain a light tight setting for the CL imaging (Fig. 6.7). A movable sheet
positioned in front of the box permits the simple introduction of the TLC plate into
the device. A small entrance slit in front of the box was introduced using a moveable
sheet, for the TLC plate to be placed at. In order to add CL reagent onto the TLC plate,
a glass capillary was secured on top of the TLC plate. After the image acquisition,
as the analytical signal, the intensity value of the red color (R) was chosen. Due to
the dependency of the device from utilizing any external power supply, it could be
used as a portable platform. The presented device was an affordable and convenient
apparatus introducing an excellent alternative to existing bulky and expensive CL
devices with common detectors. Moreover, the device was capable of concurrent
measurement of several CL-active analytes in biological real samples (Shahvar et al.
2018).
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Fig. 6.7 Schematic illustration of the dark box components (a) and the assembled device
(b) (Shahvar et al. 2018)
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A quick and reliable diagnosis of Crimean-Congo hemorrhagic fever (CCHF) is
vital for prevention of secondary spread from human-to-human, and for proper infec-
tion control measures and patient management (Papa et al. 2015; Conger et al. 2015;
Pshenichnaya and Nenadskaya 2015). While diagnostics mostly rely on real-time
reverse transcription polymerase chain reaction (RT-PCR) and ELISA, they require
trained personnel and expensive equipment (Algaar et al. 2015; Vanhomwegen et al.
2012). Fiber-optic biosensors are a suitable alternative to existing diagnostic options
for CCHF due to their small size, diagnostic accuracy, and low cost. They are quan-
titative and can easily be multiplexed and could be implemented on a multiple-target
POC assay. Algaar et al. (2015), developed a fiber-optic biosensor for the detec-
tion of CCHF IgG antibodies (Table 6.1). They expressed a plasmid containing the
nucleocapsid gene of CCHFV strain. The authors used SFS400/440B black Tefzel
Superguide G UV-vis optic fibers. Tefzel jacket and silicon buffer were both removed
with a fiber stripping tool, leaving a nude optical fiber core tip. The fibers were soni-
cated and treated with piranha solution to produce surface hydroxyl groups. Fibers’
surfaces were then silanized with (3-glycidoxypropyl) trimethoxysilane. Afterward,
the fibers were treated with hydrochloric acid to form vicinal diols, and with dissolved
sodium m-periodate for the oxidation to aldehyde. Fibers were then rinsed with
deionized water and incubated with HRP (for assay optimization) or CCHFV NP
(for assay validation). Unreacted aldehyde groups were blocked using glycine and
the unsaturated amines were stabilized by sodium cyanoborohydride. After expo-
sure to a substrate, the marker enzyme oxidized it and a chemiluminescent glow was
produced as a side reaction that was collected by the optical fibers and transduced to
the detector. The CL detection was performed with the Immuno-star HRP chemilu-
minescent kit. The authors optimized the immobilization procedures to enhance the
overall signal (maximize the CL output). The authors found that sonication signif-
icantly increased the biosensor endpoint signal output and that methanol washing
for 20 min was the most effective for the optimization process. Moreover, the addi-
tion of 3-(10’-Phenothiazinyl) propane- 1-sulfonate (SPTZ) and morpholinopyridine
(MORP) increased the biosensor’s output by tenfold as they provide a more durable
light signal that increases the biosensor’s sensitivity. The authors have enhanced
the methodology by optimizing the salinization process and achieving the highest
biosensor output with the temperature and duration of treatment with sodium m-
peroxidate. Their experiments showed that the fiber-optic biosensor was 10-times
more sensitive than colorimetric ELISA and was able to detect both patients with
high and low levels of IgG antibodies which makes this platform highly desirable for
early detection. The authors concluded that the assay could serve as a rapid, primary
diagnostic tool for bedside CCHF diagnostics in endemic areas where extensive
diagnostic equipment and trained personnel are not available (Algaar et al. 2015).

Yang et al. (2015) developed an Fe;0,@SiO, MP-based CL approach to
detect sequence-specific DNA present in infectious pathogens, by utilizing the CL
system of alkaline phosphatase (AP) and 3-(2’-spiroadamantyl)-4-methoxy-4-(3"-
phosphoryloxy) phenyl-1,2-dioxetane (AMPPD) (Tang et al. 2013; Wang et al.
2012; Li et al. 2011; Yang et al. 2015) (Table 6.1). Due to the poor detection sensi-
tivity resultant from steric hindrance caused by DNA hybridization, the authors used
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water-soluble carboxymethylated p-1,3-glucan (CMG) as a long spacer arm (LSA)
coupled with aminated DNA-capture probes on magnetic particles (MPs). Signifi-
cant enhancements were observed in DNA hybridization thanks to employment of
the LSA-functionalized magnetic particles (LSA-MPs) due to the freedom that their
long and flexible spacer arms provide for DNA hybridization close to the MP surface.
It was observed that a limited sensitivity can be achieved due to the attenuation of
CL by MPs. The authors found that, in order to allow the target to be independently
detected while preventing the attenuation in CL intensity, the CL labels should be
released from MPs. This shortcoming was addressed by adapting the new strategy
of using covalent attachment to link the LSA-containing capture probes to MPs and
resultant hybridization with target DNA fragments altered with CL labels, antici-
pating the release form the LSA-MPs upon LSA fracture or DNA degradation. The
authors performed two methods for the release of CL labels from the LSA-MPs: DNA
enzymolysis and LSA ultrasonication. The cleaned, magnetic complexes were resus-
pended PBS buffer and treated with ultrasonic vibration, respectively. Since DNase
I nonspecifically degrades double- or single-stranded DNA to mononucleotides or
oligonucleotides, Deoxyribonuclease (DNase) I was utilized for degradation of DNA
to release the labels. The genomic DNA/RNA of a target pathogen was separated
from the patient’s serum, and through RT-PCR or PCR using biotin-11-dUTP, biotiny-
lated amplicons were generated. Consequently, LSA-MPs were used to capture the
biotinylated amplicons and combined with streptavidin—alkaline phosphatase (SA-
AP). Treatment was performed with ultrasonic vibration or DNase and magnetic
separation, the resultant CL labels (AP tags) converted the substrate AMPPD to
AMP-D, catalytically and when exposed to the emission of a prolonged, strong CL
signal, the phenoxide intermediate decomposed immediately (Fig. 6.8). With this
novel method, the authors anticipated that the sensitivity of MP-based CL to be
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6 Bio-microelectromechanical Systems (BioMEMS) ... 149

significantly improved for the ultrasensitive detection of target pathogens in clin-
ical samples, indicating that their method has significant promise for the early stage
diagnosis of pathogenic infections (Yang et al. 2015).

Summary

Chemiluminescence (CL) has become a competitive detection method in comparison
to other techniques including fluorescence and colorimetric as itis naturally generated
with higher signal intensity and has higher durability for readout. By integrating
CL within miniaturized BioMEMS, other beneficial features were added to such
hybrid systems including compact device size, small sample volume consumption,
portability, and cost-effectiveness. Enzymes are commonly incorporated or coupled
with CL to amplify the detection signals or to multiply detectable products. The
combination of BioMEMS and CL allows fabrication of systems that are rapid for
their applications in POC or EPOC. The current chapter provides an insight on some
of the latest advancements in integration of BloMEMS and CL detection method for
biosensing applications.
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7.1 Introduction

Luminescence is the light produced by compounds that are catalyzed by enzymes,
while chemiluminescence (CL) is when the compounds undergoes specific oxidation
reactions (Davies et al. 2003). Biochemiluminescence (BL-CL) is one of the most
common emissions produced by a living organism and based upon the principles of
CL (Roda et al. 2004). Th coupled BL-CL enzymatic reactions is used to increase
the detection sensitivity in comparison to conventional colorimetric or fluorescence
methods (Roda et al. 2014).

Smartphone-based devices are known for their ability to incorporate colorimetric,
fluorescence, chemiluminescence, bioluminescence, and label-free detection strate-
gies (Shahvar et al. 2018). Smart devices are considered to be the evolutionary addi-
tions to BioMEMS devices for development of point-of-care devices (Roda et al.
2014). Smart BioMEMS play a leading role in recreational activities, healthcare
delivery (e.g. perform tests outside clinical laboratories) and environmental moni-
toring (e.g. detection of different analytes in soil and water) due to their multifunc-
tional capabilities, imaging, and computing power, as well as their portability, afford-
ability, simplicity, and accessibility (Shahvar et al. 2018). A fundamental advantage
of BioMEMS technology is that it has the potential to offer an “all-in-one device”.
The built-in functions of smartphones can be further expanded through accessories
that enable the sensing of different types biomarkers and analytes (Roda et al. 2014).
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7.2 Biochemiluminescence Detection Strategy

The first BL-CL based biosensors used an analyte-specific enzyme coupled with one
or more “indicating” enzymes resulting in BL or CL emission (Wild 2013). One of the
main advantages of BL-CL is its high detectability of the luminescence signal through
high quantum efficiency (Roda et al. 2004). However, the main limitation of BL.-CL-
based biosensors is the different pH requirements for the enzyme reactions (Wild
2013; Microfluidic chip for biological chemiluminescence detection and detection
method thereof 2012). In this chapter, we present the latest strategies reported for the
development of BioMEMS that operate based on the BL-CL principle and are aimed
at specific an application: biosensing.

7.3 Recent Advances of Biochemiluminescence Detection
in Microfluidics BioMEMS

7.3.1 Recent Advances of Biochemiluminescence Detection
in Lab-On-Chip (LOC) Devices

A patent describing a microfluidic chip for BL-CL detection was disclosed from
China, to measure components inside human single blood erythrocyte (Microfluidic
chip for biological chemiluminescence detection and detection method thereof 2012).
The chip comprised of an interface layer, a transparent layer, a channel, a reflecting
layer and a fixed layer, which were sequentially arranged from top to bottom of
the device fixed by fasteners. The layers were connected by adhesives and fixed by
fasteners. The interface layer and the transparent layer were provided with a liquid
inlet and an outlet hole, respectively. The interface layer was comprised of an optical
fiber interface. The channel layer had a liquid inlet flow channel, a micro mixer, a
detecting pool, and a waste liquid buffer pool, which have sequentially communicated
with each other. The optical fiber interface was arranged above the detecting pool,
while the bottom of the optical fiber interface was connected with a light penetration
layer. The detecting pool was in contact with the lower surface of the channel layer
and the bottom of the detecting pool was connected to the reflecting layer. Moreover,
the bottom of the waste liquid buffer pool was connected to the fixed layer. The
fluorescence micro-spectrum detection was performed in a single step flow passage
structure, thus improving luminous intensity by enhancing solution mixability, and
optical/light detection efficiency of BL-CL detection. This microfluidic chip has
shown the advantages of simple fabrication method, convenient operation, rapid
detection, high sensitivity, and accurate detection result, as described in Table 7.1.
Another patent from Japan used cartridge for measurement of BL-CL (Measuring
method, cartridge for measurement, and measuring device 2013). The measurement
took place through injecting a sample into a reaction tank via an inlet side in the flow
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path and communicating with the outlet. The dry reagents were stored in the device
in the right portion and a solvent traveled between the inlet and the outlet inside the
reaction vessel. As the solvent passed through the channel, the dry reagents were
dissolved and transferred to the reaction vessel. The optical characteristics of the
reaction mixture within the reaction vessel were analyzed by BL-CL measurement.
This measurement method was used for endotoxin and B-glucan detection. A main
concern in fabrication and reagent storage of this device was the deterioration of the
reagent containing biological compounds over time. It was, therefore, recommended
to use the dissolved reagents immediately after preparation.

7.4 Alternative BioMEMS for Biochemiluminescence
Detection

Roda et al. (2004) for the first time, reported the use of a smartphone to image and
quantify BL-CL coupled bio-specific enzymatic reactions to detect analytes in biolog-
ical fluids. By using low-cost 3D printing technology, the authors fabricated a smart-
phone accessory and a minicartridge for hosting bio-specific reactions (Fig. 7.1). The
device consisted of two main parts: a phone adapter with a dark box and lens holder
and a cartridge for the bioassays, specifically designed to match an iPhone 5S. This
accessory played a dual role of acting as a dark box for shedding from ambient light
and hosting the minicartridge, which could be customized according to the target
chemical reactions and diagnostic needs. The disposable mini-cartridge contained
a blood separator pad holder, with a LF1 glass fiber filter, connected to a reaction
chamber where a nitrocellulose disk supporting the specific enzymes was placed. A
separate reservoir for BL/CL reagents was connected via microfluidics to the reaction
chamber in order to prevent premature mixing. Two assays were conducted in this
device: (i) Total Bile Acid Smartphone-Based Assay (SmartBA), a bioluminescence
assay for measurement of total bile acids (BA) using 3a-hydroxyl steroid dehydro-
genase co-immobilized with bacterial luciferase system and a chemiluminescence
substrate; (ii) and Total Cholesterol Smartphone-Based Assay (SmartChol), for total
cholesterol measurement using cholesterol esterase/cholesterol oxidase coupled with
the luminol-H, O, —horseradish peroxidase (HRP).

In SmartBA, converted groups from BA 3ahydroxyl group, in the presence of
bacterial luciferase, reacts with decanal and oxygen to produce flavin mononucleotide
(FMN), decanoic acid, and light. The light intensity was proportional to BA concen-
tration in the initial reaction. The smartphone camera was used to image and quantify
the light produced by BL-CL reactions and to amplify analyte-specific enzymatic
reactions. Due to the design of the device, no accidental release of the reagents could
occur even when turning the minicartridge upside down.

The SmartChol assay was based on coupled enzymatic reactions in two steps.
Firstly, esterification of cholesterol hydrolysis was done by cholesterol esterase
and cholesterol oxidation by cholesterol oxidase. Secondly, the CL detection of
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Fig. 7.1 a Picture of the accessory, b picture of the minicartridge, and ¢ picture of the accessory
snapped into the smartphone. d Schematic cutaway drawings of the minicartridge showing the
integration of the various components. The transparent ABS optical window (200 wm) of 4 mm
diameter allows imaging of biochemiluminescent reaction. e Introduction of the minicartridge into
the accessory and f picture of a representative CL acquisition with the smartphone (Roda et al.
2014)

the produced hydrogen peroxide was perfromed by using Super Signal West Dura
Luminol/ Enhancer solution in the presence of HRP as a catalyst (Roda et al. 2014).
SmartBA and SmartChol could be considered as the pioneer devices in the integration
BL-CL detection and smartphones for POC analysis.
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7.5 Summary

Biochemiluminescence (BL-CL) is one of the most sensitive methods for
detecting analytes. This detection method is suitable for a wide range of applica-
tions in the biotechnological field including reporter gene technology, gene probe
assays, and immunoassays. Moreover, due to its powerful emission, it can target
analytes for the medical, pharmaceutical and environmental applications and within
miniaturized, micromachined, bioanalytical devices for high throughput analysis. In
this chapter, some of the latest technologies developed based upon BL-CL detection
technique are presented in great detail.
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8.1 Introduction

The biosensors that operate based upon electrochemical detection method incor-
porate an electrochemical transducer, which mediates the generation of a measur-
able electrical signal (Li et al. 2019). Electrochemiluminescence (ECL) was used to
monitor enzymatic reactions, and for analysis of various species (Richter 2008) and
analytes (Ju et al. 2017), as well as in different biosensor applications (Roda 2017).
ECL-based immunosensing combines the unique advantages of highly specific
immunoreaction and convenient ECL biosensing offering a promising method for
analyte measurement (Ju et al. 2017). ECL labels have distinct advantages over
other detection methods as they are sensitive, nonhazardous, and inexpensive. These
labels contribute to the diagnostic of a particular element, are linear over a wide
range, and incorporate a relatively inexpensive equipment with modest operation
(Richter 2008; Ju et al. 2017; Roda 2017; Zhang 2019). Additionally, ECL-based
biosensors are simple, rapid, and inexpensive in comparison to other methods, such
as surface-enhanced Raman spectroscopy (SERS) (Li et al. 2019). ECL detection
technique has a wide range of applications in multiple fields including environ-
mental monitoring, clinical diagnosis, food safety, biodiagnosis, and pharmacology
(Zhang 2019; Farokhi-Fard et al. 2019). Moreover, due to its efficiency, consider-
ably low detection limit, reducing the LOD, simplicity, and cost-effectiveness, ECL
has become an excellent technique for development of bio-microelectromechanical
systems (BioMEMS) for point-of-care (POC) or extreme point of care (EPOC)
(Socorro-Lerdanoz et al. 2019; Blair and Corrigan 2019).
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8.2 Electrochemiluminescence Detection Strategy

The ECL signal is generated when the chemiluminescent (CL) phenomenon is trig-
gered by an electrochemical method without a need for an external light source
(Hu and Reviews 2010; Bard 1988). This detection strategy offers high versatility,
a wide dynamic detection range, low background noise, simple optical setup, and
good reproducibility (Ju et al. 2017). Furthermore, various reactants can be electro-
chemically regenerated at the electrode. The regeneration of these reactants allows
them to take part in ECL reactions again in an excess of co-reactants that can react
with luminophores to produce higher light intensity. As a result, many photons are
produced per each measurement cycle. This greatly enhances the sensitivity of the
technique and classifies it as an excellent candidate for biosensors (Hu and Reviews
2010). In this chapter, we review and compare some of the latest advancements of the
BioMEMS platforms that have integrated the ECL strategy as a means for analyte
recognition.

8.3 Recent Advances of Electrochemiluminescence (ECL)
Detection in Paper-Based BioMEMS

Since its development, WPADs have shown tremendous prospects in the molecular
analysis of biological fluids (e.g. serum, blood, and urine), health monitoring and
environmental analysis in developed and developing countries, as well as in resource-
limited and remote parts of the world. Particularly, w PADs integrated into analytical
systems have advanced into refined applications that involve colorimetric, fluores-
cence, luminescence, electrochemical, chemiluminescence, and electrochemilumi-
nescence detection strategies (Yang 2014). Conventional colorimetric approach for
qualitative analysis of analytes on WPADs presents a limited sensitivity. However,
ECL incorporates the gains of electrochemistry and chemiluminescence to offer a
powerful method for highly sensitive analyte recognition. Furthermore, ECL integra-
tion into W PADs-based and screen-printed electrodes have significantly increased the
variety of options for analyte detection and proved perfect opportunities for biosensor
fabrication (Wang 2013). Some of the latest examples of the paper-based BloMEMS
used for electrochemiluminescence detection are as provided as an extension of this
section.

Wang et al. (2013) developed a sensitive POC device for detection of carcinoma
antigen 125 (CA125). The platform was composed of a 3D microfluidic origami
device coupled with ECL immunosensor. Wax-printing was used for fabrication of
this portable microfluidic origami device. Via screen printing counter electrodes
and carbon working in a direct manner in addition to Ag/AgCl reference electrode
created with their conductive pads over wax-patterned pure cellulose paper. These
electrodes were triggered by folding the papers to create a 3D electrochemical cell
(Fig. 8.1). The structure of this three-electrode system eliminates the potential influ-
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Fig. 8.1 a Schematic illustration of the fabrication of the ECL immunosensor and assay proce-
dure; b Schematic illustration of the integration of 3D microfluidic origami immune-device with
transparent device-holder (Wang 2013)

ence of reference, counter, and working electrodes on each other and minimizes the
chance of contamination or damage to the working electrode during the operations
of the immunoreactions. The authors enhanced the sandwich ECL immunosensor by
employing luminol-functionalized gold nanoparticles (Lu-AuNPs) and gold nanopar-
ticles (AuNPs), creating an immunosensor with low detection limit and significant
sensitivity (0.0074 U mL~! and 0.01-100 U mL~!, respectively). To modify the
working electrode while providing an excellent pathway of electron transfer, AuNPs
was synthesized. The immobilized amount of capture antibody (McAb;) on the
working electrode was also enhanced. Furthermore, Lu-AuNPs was synthesized
to mark the signal antibody (McAb,). After the folding process, the developed
ECL immunosensor was placed inside a device-holder prepared for the detection
of CA125. For the ECL detection cyclic voltammetry was employed (Fig. 8.1). The
proposed ECL immune-device was a simple, low-cost, disposal, and portable device
with high level of sensitivity and considerably low limit of detection (LOD). The
device has potentials for application if remote/rural areas (Wang 2013).

For the first time, a pen-on-paper electrochemiluminescence (PoP-ECL) apparatus
was developed by Yang et al. (Table 8.1). It was entirely written and hand drawn.
In order to produce an ECL immunosensor for detecting carbohydrate antigen 199
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(CA 199), a constant potential-triggered sandwich-type immunosensor was imple-
mented into the PoP-ECL device. CA 199 is a popular tumor labeler utilized for
pancreas and colon cancer diagnostic (Metzgar et al. 1982; Herlyn et al. 1982). To
promote simplicity, the authors suggested to make use of a regular 6B-type black
pencil to fabricate electrodes on the paper. The PoP-ECL apparatus composed of
two PoP electrodes made up of commercially available pencil and caryon and a
hydrophilic paper channel. For its fabrication, the hydrophobic regions were drawn
by crayon on pure cellulose paper and the wax-covered paper was subsequently baked
to form the hydrophilic paper channels. To perform precision writing of the carbon
electrodes (named PoP electrodes) over the hydrophilic paper channel (Fig. 8.2), a
6B-type black pencil with low resistivity was employed. To create the immunosensor,
chitosan was utilized to alter the paper working regions among two PoP electrodes
to immobilize antibodies, covalently on the PoP-ECL device, while Ru(bpy);>* gold
nanoparticles (Ru@ AuNPs) were employed as the ECL luminophore. Additionally,
to achieve constant-potential mode power supplier to the PoP electrodes to trigger the
ECL for detection, a portable, low-cost rechargeable battery was employed. Several
control experiments were carried out utilizing Ru(bpy);>* labeled CA 199- McAb,,
Ru@AuNPs labeled CA 199-McAb,, and unmarked CA 199- McAb;to as signal
antibody to examine the ECL performance of Ru@AuNPs labeled CA 199-McAb,

il N

Hand-drawn wax-patterned papér b

Hand-written pen-on-paper electrodes by a penc

The prepared PoP-ECL device

Fig. 8.2 Schematic rillustration of the fabrication of PoP-ECL device (Yang 2014)
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and the emissions of ECL were compared. The results proved that PoP-ECL immun-
odevice showed an acceptable linear response range from 0.01 to 200 U mL~" with
a LOD of 0.0055 U mL~!. Overall, the benefits of the suggested immunodevice
include: (i) development of wax-covered paper by means of employing an inex-
pensive crayon; (ii) application of commercially available 6B-type black pencil for
creating carbon electrodes on WPADs; (iii) integration of a rechargeable battery onto
PoP-ECL device which significantly simplified the device and decreased the cost
(Yang 2014).

Using a compatibly designed origami electrochemical device, a unique porous Au-
paper working electrode (Au-PWE) that coupled the high conductivity of AgNPs
and porosity of paper, was fabricated. By an interrelated AuNPs layer on the
fibers’ sample zone, the conductivity of the paper was significantly enhanced. Li
et al. (2014) created a sensitive and simple ECL-DNA sensor founded on calcium
carbonate/carboxymethyl chitosan (CaCO3/CMC) hybrid microspheres @ lumines-
cent AgNPs composites and graphene-modified porous Au-paper working elec-
trode (GR/Au-PWE) (Table 8.1). Carboxymethyl chitosan (CMC) was utilized
to control the particle size and to form the hybrid particles (CaCO3;/CMC) with
great biodegradability and biocompatibility properties, fine loading capability and
substantial specific surface area. These particles were developed through precipi-
tating the calcium carbonate in an aqueous solution including CMC implemented
as carriers for immobilization of AgNPs. Thermal reduction of silver ions in
a glycine matrix was performed to synthesize the AgNPs, making use of the solid-
state matrix to manage the migration and nucleation of reduced silver atoms. On
the surface of CaCO3/CMC hybrid microspheres, AgNPs were covalently bound
to the complementary ssDNA sequence. Positive poly (diallyldimethylammonium
chloride)-functionalized graphene (PDDA-GR) was compunded to Au-coated cellu-
lose fibers in the paper sample zone, in which PDDA-GR/Au-PWE was effectively
developed for the immobilization of capture probe, in order to further enhance the Au-
PWE’s electrochemical properties. Finally, the CaCO3;/CMC@ AgNPs labels were
brought to the surface of the PDDA-GR/Au-PWE through subsequent sandwich
DNA hybridization. Subsequently, to acquire a unique biocompatible ECL signal
amplifier, CaCO3/CMC @ AgNPs, the CaCO3/CMC hybrid microspheres were used
as ECL signal carriers (Fig. 8.3). Making use of dual amplification impacts of the
CaCO3/CMC@AgNPs composites and GR modified Au-PWE, the target DNA could
be detected by the paper-based DNA sensor, quantitatively, in the range of 4.0 x 1077
to 5.0 x 107'"" M, showing great specificity, with a LOD as low as 8.5 x 107'® M, and
with excellent selectivity. The experimental results indicated that the wPADs DNA
sensor exhibited appealing analytical performance as a high-throughput, portable,
rapid, low-cost and simple ECL wPAD:s. It is a favourable platform for precise gene
diagnostics on site and at home that could be readily applicable for POC testing,
environmental monitoring, and public health in remote regions (Li et al. 2014).

The initial attempt at merging ECL detection and micro cloth-based analytical
devices (WCADs) to measure glucose was presented by Guan et al. (2015). The inte-
gration of ECL assay with WCADs can provide tremendous benefits including porta-
bility, cost-effectiveness and simplicity of the devices in addition to high selectivity
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%? QCaco,.-CMC@,AgNm
. -

5,

Fig. 8.3 Schematic illustration of the fabrication procedures for the WPAD DNA sensor (Li et al.
2014)

and sensitivity of the detection approach. The ECL device development was made
simple, low-cost, and rapid, through adopting two screen-printing processes, while
remaining suitable and effective for fabricating vast range of devices. A newly demon-
strated wax-screen-printing technology (Guan et al. 2015) was used for the fabri-
cation of the cloth-based microfluidic ECL chamber. A facile carbon ink-screen-
printing was utilized to pattern the chamber with carbon screen-printed electrodes
(SPEs), to fabricate three carbon electrodes directly on the patterned cloth (Fig. 8.4)
(Guan et al. 2015). Using this method, the wax-screen-printed hydrophilic cloth
patterns were protected from the exposure towards organic solvents or to photore-
sists that could interfere with the reaction on cloth or contaminate the platform.
Moreover, the ECL wCADs was able to conduct quantitative detection of target
analytes, tris(2,2'bipyridyl) ruthenium(II)/tri-n-propylamine (Ru(bpy)s;>*/TPA) and
3-aminophthalhydrazide/H,O, (luminol/ H,0,), as the ECL intensity was recorded
through a portable CCD-based imaging system. The ECL assays utilizing luminol/
H,0, and Ru(bpy);2*/TPA systems could be carried out, where the fundamentals are
shownin Fig. 8.5a, and the illustration of the analysis system for cloth-based microflu-
idic ECL and portable imaging, is shown in Fig. 8.5b. A rapid ECL response rate
was indicated when the WCADs used Ru(bpy)32+/TPA and luminol/ H,O, reaction
systems, and the assay procedure was completed in 30 s. Moreover, the detection
limits of 0.027 mM for H,O; and 1.265 puM for TPA detection were shown by the
WCADs. Additionally, the applicability of this device was shown for determining
glucose in artificial urine (AU) samples and PBS solution with the LOD of 0.038
and 0.032 mM, respectively. The results of this study show that wCADs is a great
candidate from various sensing and biosensing applications (Guan et al. 2015).
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Fig. 8.5 Schematic diagram of ECL assays on WCADs. a The assay principles and designed sizes
of the device. In the top view, the Ru(bpy)3>*/TPA- and luminol/H,O,-based ECL assay principles
are shown, while the bottom view shows the design and sizes of the device (WE—working elec-
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CCD; (3) macro-lens; (4) cloth device-containing plastic support; (5) movable mechanical stage;
and (6) USB interface line (Guan et al. 2015)
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8.4 Alternative BioMEMS for Electrochemiluminescence
Detection

Arguably, the most crucial aspect of biosensor development is the immobilization
of the biorecognition or biomolecular elements onto an appropriate matrix. Alter-
nation of the surface with biocompatible polymers, carbon-based nanomaterials, or
metal nanoparticles are amongst the most frequent ways to form selectively favor-
able surfaces for biomolecules (Holzinger et al. 2014; Buk et al. May 2017; Derkus
etal. 2014, 2015). Micro disk array electrodes represent a commonly studied micro-
electrode geometry for creating a steady-state current level (Buk and Pemble 2019).
In a novel study, electronics-standard lithography, deposition, and etching methods
were implemented to microfabricate gold micro disk array electrodes (GDAE) on Si
substrate. The electrodes were fabricated by utilizing standard Si/SiO,/metal micro-
fabrication technology. Through this technology, to perform the patterning procedure
for the disk arrays the etching of a passivation layer was required that was deposited
on top of the metal layer. Each individual microelectrode composed of 85 gold disk
electrodes having 200 mm inter-electrode distance and 20 mm diameter and were
positioned hexagonally. A hybrid nano-material containing two distinctive types of
nanoparticles, carbon quantum dots (CQDs) and AuNPs were employed to modify
the gold electrode surfaces (Table 8.1). These particles offer favorable chemical
and physical characteristics which were used for fabrication of the miniaturized
biosensor for glucose detection. The electrodes were characterized electrochemi-
cally to examine the microfabrication route’s efficacy. Moreover, several immobi-
lization methods were performed in order to prepare CQDs/AuNPs-GOx micro disk
array electrodes (Fig. 8.6). The principal components of the assay consist of GOx
(immobilized on the nanoparticles), phosphate buffer saline tablets, glucose, potas-
sium chloride, sodium chloride, sulphuric acid, potassium ferrocyanide, cysteamin,
acetaminophen, and uric acid. The authors successfully developed a highly reli-
able and reproducible electrochemical biosensor that merges the utilization of the
miniaturized electrode technologies and CQDs/AuNPs nanohybrid materials. This
platform is suited for future development along the path of achieving an entirely on-
chip system, with potential further miniaturization, making it especially appealing
for a variety of applications (Buk and Pemble 2019).

NFO4 was used as the immobilized synthetic peptide to develop an ampero-
metrics biosensor with high binding affinity. This study presented an application
of dual detection techniques applied into an electrochemical cell-on-a-chip (ECC)
microdisc electrode array, which showed great promises for further developments of
biosensors. The electrochemical ECC and bio-transducers were fabricated by lithog-
raphy technique. A microdisc electrode array working electrode format was used for
this technique accompanied with microporous graphitized carbon (MGC) electrode-
posited inside a poly (aniline-co-meta-aminoaniline) electroconductive polymer
layer (Table 8.1). As aredox mediator, iron-nickel hexacyanoferrate (FelNiHCF) was
deposited onto the MGC, amperometrically. Furthermore, the use of a Ni-FeHCF
layer enhanced the peroxide signal that would have been otherwise compromised
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Fig.8.6 Schematic representation of the biosensor development process; a the bare single disk array
electrode, b array’s magnified surface, ¢ amine functionalized gold surface following cysteamine
alteration, d CQDs/AuNPs attached surface, e GOx enzyme immobilized entire CQDs/AuNPs-GOx
biosensor. Consider that the size of the biomolecule, nanomaterials and electrodes indicated are not
drawn to scale (Buk and Pemble 2019)

when an electropolymerized polyaniline layer was first deposited to support hydrogel
attachment. The apparatus was dip-coated with monomer cocktail that produced
poly (2-hydroxyethyl methacrylate-co-2-aminoethyl methacrylate) or poly(HEMA-
co-AEMA). This polymer foam was formed by UV crosslinking creating a 3-D
support for the chelation of Zn** ions (ZnCl,) and the subsequent immobilization
of N-terminus his-tagged peptide, NFO4. The newly developed biosensor was used
for molecular recognition of ochratoxin A (OTA), a natural carcinogenic mycotoxin
that simulates the mycotoxin-specific antibody (Fig. 8.7). For the assay, horseradish
peroxidase (HRP) conjugated OTA was combined with the OTA solution which were
incubated together on the biospecific MDEA ECC 5037-PtIMGCIHCFI/Hydrogel-
NFO4 bio-transducer, competitively. After the addition of HyO,/luminol substrate,
the amperometric response to peroxide was measured. A concurrent analysis of light
emission signals enabled the opportunity to directly compare the performance of
chluminescence and amperometric. These performances were found comparable in
their dynamic range and detection limits (Tria et al. 2016).

El Alami El Hassani et al. (2019) developed a novel BlIoMEMS immunosensor
based on an integrated transducer including eight gold microelectrodes (WWESs)
as well as counter electrodes, integrated silver and platinum reference (Table 8.1)
(El Alami ElI Hassani 2019). The electrodes were modified by electro-addressing
diazonium salt and poly (pyrrole-co-carboxylic acid) (Py/Py-COOH/MNPs) coated
electrodepositing magnetic nanoparticles. Py/Py-COOH/MNPs was used to coat
the core-shell magnetic nanoparticles which were then synthesized through utiliza-
tion of seeded-polymerization technique. The immobilization and functionalization
processes of WWEs were two main elements that contributed to the novelty of this
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Fig. 8.7 a Micrograph of the two-channel electrochemical transducer, the MDEA 5037-Pt, and its
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reconfigured to a single connector port.b Schematic layout for the comparative evaluation of the two
biosensor systems using the same molecular recognition elements. Above: Optical detection mode
(luminescence) using a luminometer. Below: Amperometric detection mode using a multimode
potentiostat (Tria et al. 2016)

work as follows: (i) A diazotized CMA solution in an aqueous solution of HCI and
NaNO, was used to functionalize the pWes; (ii) nine-repetitive cyclic voltammo-
grams were employed and the resultant carboxylic groups created on the electrode
surfaces were triggered through carbodiimide chemistrys; (iii) the triggered electrode
surfaces were incubated in tetracycline (TC) solution and were further treated with
ethanolamine in phosphate buffer saline (PBS) buffer to prevent nonspecific bonding.
Subsequently, purified TC polyclonal antibody (Ab-TC) was combined with the trig-
gered nanoparticles. The target analyte was measured through competitive detection
of Ab-TC and TC, by implementing a combination of decreasing concentrations of
TC and a fixed concentration of Ab-TC. The results showed that the immunosensor
was highly sensitive with LOD of 1.2 pg mL~! while providing high reproducibility
and rapid response. This platform could dramatically decrease the time of analysis
providing a new pathway for advanced immunoassays development in industrial food
control (El Alami El Hassani 2019).

Wang et al. (2018), developed a highly stretchable and conformable strain sensor
fabricated by Ni-doped liquid metal (Ni-Galn) designed to record and reconstruct
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human motion at elbow, knee, heel and even fingers for multifunctional human-
activity monitoring (Table 8.1). Through mixing Ni particles into gallium-based
liquid metals (LMs), an enhanced adhesion was induced that allowed fabrication
of flexible electronics as the functional Ni-Galn material was allowed to be printed
onto a variety of soft substrates, directly (Dickey 2017). The authors benefited from
enhanced adhesion of Ni-Galn amalgams, appealing softness, and high electro-
conductivity to establish highly luminous and stretchable platforms made from
Ecoflex 00-30 encapsulation layer (Ecoflex), Ecoflex 00-30—ZnS substrate layer
(Ecoflex—ZnS) and Ni-Galn wire. Ultimately, a sensing glove founded on Ni-Galn
sensor was developed to oversee the local movement, where they evaluate its elec-
trical stability by means of the correlation between deformation and resistance value
(Wang et al. 2018). It recorded the movement data and reconstructed the motion
of the fingers through implementing a human—machine interface in the computer,
in which, as the Ni-Galn sensor was bent, stretched, and compressed, the elec-
trical signals were measured. The authors recorded fatigue tests where the device
illustrated perfect electrical stability when being used as a sensor. The device was
capable of concurrent tracking of the motions of the fingers through utilization of five
distinct strain sensors illustrating precise readout of complicated motions. The study
indicated the opportunities of employing Ni-Galn based strain sensor system for
human-machine interface and activity monitoring as well as suggesting substantial
prospective applications for human motion quantification (Wang et al. 2018).

8.5 Summary

By integrating the sensitivity of chemiluminescence with advantageous features of
electrochemistry, electrochemiluminescence offers a sensitive, nonhazardous, and
inexpensive method for biorecognition of a great number of target analytes. In combi-
nation with BioMEMS, electrochemiluminescence can generate powerful biosensing
platforms that are benefited from portability, compactness, cost-effectiveness, and
ease of signal read out. Such devices can serve as great candidates in normal urban
settings for point of care or in remote and/or rural areas for extreme point of care.
This chapter presented a summary of the latest advancements of this hybrid systems
that involve both BioMEMS and electrochemiluminescence detection strategy.
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