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ABSTRACT OF THE THESIS

A MICROFLUIDIC BIOSENSING ARCHITECTURE FOR MULTIPLEXED
ANALYTE DETECTION USING HYDROGEL BARCODED PARTICLES

by Shreya Prakash

Thesis Director: Dr. Umer Hassan

Multiplexing is a method of analyzing multiple analytes in a biological assay in a single
step. It provides advantage of shorter processing time, low sample volume and reduced cost
per test. Currently, Flow Cytometers are used for blood cells enumeration, however, they
are expensive, requires fluorescent tagging of cells and trained technicians to operate the
instrument. We propose a non-fluorescent microfluidic architecture with single excitation
and detection scheme using the barcoded particles fabricated using Stop Flow Lithogra-
phy process. The barcoded particles designed with specific number of coding regions can
generate numerous distinct patterns of electrical signatures and can be used in biological
assays to detect multiple blood cells.

A novel design of the asymmetric rectangular barcoded particle was proposed and tested in
COMSOL Multiphysics. The barcoded particle with five coding regions generated distinct
bi-polar signatures in the microfluidic impedance detection system. Different configura-
tions of the sensing system were proposed to detect the conjugated microspheres (repre-
sentative of blood cells) effectively based on the site of conjugation. The bottom co-planar
electrode and top-bottom electrode configurations were tested for sensitive detection of
conjugated microspheres to the barcoded particle. We found that our microfluidic detec-

tion system was sensitive enough to detect the presence of a microsphere attached to the



barcoded particle. Further, we also investigated the effect of microspheres conjugation
orientation to the barcoded particle and their associated electrical signatures. We devel-
oped a multi-feature selection algorithm to solve the orientation problem and improved the
accuracy of our sensing mechanism. Finally, we fabricated the microfluidic chips using
lithography, and co-planar electrodes on glass surfaces using thin film deposition process
in the clean room. Our proposed microfluidic system can enumerate multiple blood cells
in a single assay using barcoded particles. The concentration of these cells provides useful
information about disease onset and progression. Such sensors can be used for diagnostic

and management of diseases like Sepsis, Acute Kidney Injury, HIV/ AIDS.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to whole blood

Blood is a specialized uid that circulates throughout the body to perform essential func-
tions. It is comprised of four main components, namely plasma, red blood cells (RBC),
white blood cells (WBC), and platelets. Plasma is the liquid component of the blood, RBC
is about 40-45 percentage of blood, WBC is about 1 percent of the blood and Platelet are
the blood cell fragments helpful in blood clotting. The average size of the Platelets is about
1-2 m, RBCs is about 4-5 m and WBCs are about 7-15m. The concentration of the
blood cells changes during the onset and progression of disease [1]. The Complete Blood
Cell Count (CBC) is ordered by medical professionals to monitor the patients response to
disease [1]. Figure 1.1 shows the components of the whole blood. The blood cell expresses
various proteins on its surface like CD4, CD8, CD64, CD11b and many others. These
proteins provide a target for immunophenotyping of cells and are known as cell surface
biomarkers. The study of cell surface biomarkers can provide patient speci ¢ details about
disease onset and progression. The study of multiplexed biomarkers present in the blood

sample can help us infer the state of the diseased individual.

Figure 1.1: Components of whole blood. [2]



1.2 Flow cytometry

Flow Cytometry is commonly employed in clinical laboratory for obtaining characteristics
of heterogenous cell population. It employs the optical method for nding out multiple
physical and chemical characteristics of the cell population in a stream of uid [3]. Its study
is used in the identi cation and quanti cation of immune systems cells and characterization
of hematological malignancies [4]. The information about cell size and internal structure of
the cell can be inferred from scattering of light from different angles from the cells. Hence,
its a very valuable tool for detailed qualitative and quantitative analysis of heterogenous
cell population in an assay [3]. It is widely used for immunophenotyping of large variety
of clinical samples like whole blood, bone marrow, cavity uids, cerebrospinal uid, urine
and other solid tissues [3]. Figure 1.2 shows the image of the NovoCyte Benchtop Flow

Cytometer by ACEA Biosciences.

Figure 1.2: NovoCyte Benchtop Flow Cytometer by ACEA Biosciences [5]

The laminar ow inside the cyclometer ensures that once cell passes through the in-
terrogation point at a time where the laser light probes the cell and the emitted light is
processed by the dichromatic mirror. The isolation of a wavelength is done by the dichroic
mirror and the photodetectors detect the emitted light which are digitized by photodetec-
tors for computer analysis. One of the photodetectors measures the scatter along the path of

the laser, thus measuring the Forward Scatter (FSC), allowing the discrimination of cell by



size. The intensity of the voltage produced by the forward scatter is directly proportional
to the diameter of the cell under interrogation. The emitted light ninety degrees relative to
the laser is measured by the other photodetector, thus measuring the Side Scatter (SSC),
providing information about the internal structure of the cell. The schematic of the Flow

Cytometer is illustrated in Figure 1.3.

Figure 1.3: Schematic of Flow Cytometer [6]

1.3 Multiplexing

Initially, the analysis of multiple analytes in an assay was not a single step process. Back
then, the multiple analytes present in the biological assay were analyzed one at a time.
This method of analyzing the analytes had several disadvantages like large volume con-
sumption of the sample and dif culty on detecting large number of analytes. The parallel
guanti cation of multiple protein, nucleic acid sequence and cytokines gives an advantage
to researchers and clinicians to obtain high density information in a minimal time along
with low sample volume and cost [7]. The increase in the use of high throughput assays
in biomedical eld, including clinical diagnosis, and drug discovery requires the use of

effective strategies for multiplexing. One of the effective strategies would be the usage of



barcoded particles that have the information encoded in them about their composition and

thus enable identi cation.

1.3.1 Multiplexing techniques

There are various multiplexing techniques enables the detection of several biomarkers si-
multaneously in a single assay and hence enhances the clinical sensitivity and reliability [8].
The two broad technologies which are commonly used in multiplexing are Planar Arrays
and Suspension Arrays [7]. Both of these techniques have application speci ¢ advantages.
Planar arrays like DNA arrays and protein microarrays are best for the applications where
ultra-high-density application is required [7].

Planar arrays are strictly dependent upon the positional encoding of the particles. In this
method, the probe molecules are immobilized on the substrate which are then encoded by
the coordinates of the particle position [9]. Suspension arrays use the barcoded particles
for the attachment of probe and reaction. This method of multiplexing provides higher
exibility in analytes detection and very fast reaction kinematics [10].

There are variety of encoding schemes available for the Suspension arrays like spectromet-
ric, graphical, electronic and physical. The spectrometric uses speci ¢ wavelengths of light
for encoding and radiation like uorophores, photonic structure and Raman tags are used
for species identi cation [11]. The spectrometric encoding scheme has a limitation on the
number of barcodes available due to spectral overlap. Graphical barcode use the patterned
optical elements on a micro carrier like striped rods, dot patterned particles and ridged par-
ticles. There exists a limitation on the identi cation of these patterns encoded by graphical
technique as they can be only distinguished when target signals orescence is suf ciently
high [7]. Also, radio frequency memory tags can be used for species identi cation and it
generates nearly unlimited number of barcodes [12]. However, synthesis of these carriers

may prove to be expensive and slow. All the above proposed multiplexing techniques have



some or the other disadvantage.

Doyle and his colleagues have developed a multiplexing technique based on the laminar
ow of micro uidics to synthesize multifunctional particles which have distinct region of
analyte encoding and target capture [7]. The particles generated had uorescent graphi-
cally coded region and probe loaded region, synthesized in a single step. These particles
enhanced the speci city and sensitivity of the analyte detection. Dot coding scheme was
used to generate near about 220 codes. So, in general the techniques which are used in
multiplexing are optical based and electrical impedance-based techniques.

Optical method of multiplexing technique provides a high throughput multiplexing with
high sensitivity. The high sensitivity is enabled by the use of different methods of barcod-
ing for the barcoded particles. However, the optical method has a limited by the large size
of the detection instrument [13]. In comparison to optical method, the electrical impedance
method offers advantage of being lightweight, ultra-compact, low power, and high sensi-

tivity.

1.3.2 Multiplexedbiomarkerstudy

In recent days there has been a lot of emphasis on the development of protein-based diag-
nosis that provides an increased level of information about the biomolecular detail and the
state of disease. For instance, there is an investigation being conducted on the biomarkers
for generating personalized and effective treatment of cancer [14]. Although there has been
a signi cant work being done in the eld of discovery of biomarkers and its panels, yet this
technology has not been deployed commercially.

Even today in clinical settings, the immunoassay relies on detection of one biomarker at
a time [15]. In present times, there has been a lot of emphasis on the development of
technology that has the ability of detecting multiple protein target molecules from a sin-

gle sample. The bead- based Luminex platform has been commercially very successful in



doing so [15]. Various micro and nano scale fabrication technologies has been utilized to
develop multiplexed sensor arrays to quantify various target molecules parallelly in a single
sample.

A scalable silicon photonic platform con gurable into a multiplexed detection array to
guantify multiple protein molecules at a particular time, was developed at University of
lllinois at Urbana Campaign [15]. The multiplexed detection array utilized the change of
re ective index of the sensors surface to quantify the presence of various analytes. The
array of silicon photonic sensors was used in rapid and simultaneous detection of eight
cancer biomarkers in blood serum. The time of detection of eight biomarkers was esti-
mated one hour. The mirroring resonators in the multiplexed sensor array offered a unique
real time monitoring capability. This feature was extremely useful in assay development
time as each and every step of the assay caused a shift in the resonance wavelength [15].
Microarrays are well suited for the multiplexed assay analysis, but they are limited in their
scope because of its slow speed, less sensitivity and being more expensive [16]. With the
advancement of studies in the eld of disease related biomarkers, it become really im-
portant that robust diagnostic technology is developed. This technology is not only cost
effective but also provides a rapid detection of multiple biomarkers from a single patient
sample. The multiplexed diagnostic can provide a more detailed view of the biomolecular
dynamics which gives deep understanding about the onset and progression of the disease
[17]. Multiplexed analysis of assay also provides in depth understanding of the role of the
microRNA (miRNA) molecules. The multiplexed analysis also points towards the applica-
tion of MIRNA molecules in the regulation of the protein expression [18]. Unfortunately,
due to technological gap, the multiplexing of miRNA molecules has not been extended to

clinical settings [19].



1.3.3 Recentadvancements biomarkerstudy

Recently a technique has been developed which exploits the advantages of target speci c
ampli cation and multiplexed detection using mirroring resonators to generate a pro le
of multiple miRNA from clinical samples [16]. The silicon nanowire eld effect (SINW-
FET) device has been developed to carry out the multiplexed electrical detection of lung
cancer biomarker [20]. The SiINW arrays were fabricated using the photolithography and
the anisotropic wet chemical etching with tetra-methylammonium hydroxide (TMAH) and
have the advantage of being low cost and mass reproducibility [20]. The SINW nanosen-
sor was then attached to the PDMS micro uidic device which enabled the multiplexed
detection using a very small volume of sample. The PDMS micro uidic chamber was
used to supply suf cient number of molecules onto the surface of the nanowire FET sensor
to enable sensing. With the help of silicon-based nanowire eld device, the biomarkers
for the lung-based cancer namely miRNA-126 and carcino embryonic antigen (CEA) was
quanti ed in a multiplexed manner with high sensitivity and speci city. CEA is a very
valuable biomarker as its generated in early stages of lung cancer. Thus, this technology
has the utility of detecting and diagnosing cancer in the early stages. This micro uidic sys-
tem provides main advantages over the existing multiplexed technology. These advantages
included the presence of a local positioning detection system that enabled multiplexed de-
tection, small consumption of reagents, improved throughput and reproducibility [20]. The
biosensor demonstrated a rapid and sensitive detection of as low a concentration of 0.1fM
for miRNA-126 and 1fg/ml CEA with good speci city [20]. There are several strategies
for cancer biomarker detection that has been proposed before like blotting ( Koscianska
et al., 2011; Morita et al., 1998), electrochemical transduction (Hamidi-Asl et al., 2013),
polymerase chain reaction (PCR) (Chen et al., 2005; Raymond et al., 2005; Schmittgen et
al., 2004;), surface plasmon resonance (Sipova et al., 2004;) and various others.

These methods have several disadvantages associated with them like low sensitivity, inef -

cient multiplexed detection, time consuming and expensive equipment. So, in comparison



to these technologies, silicon nanowire eld effect (SINW-FET) device is a low cost and
more sensitive alternative for multiplexed biomarker detection.

Also, work has been done in the eld of multiplexed detection of small molecules and a
universal aptameric system has been developed [21]. This aptameric system took advan-
tage of double stranded DNA/perylene diimide (dsDNA/PDI) which was used as the probe
to detect small molecules. Aptamers are single stranded DNA or RNA molecules and they
get selected in vitro by a process known as systematic evolution of ligands by exponen-
tial enrichment. During this approach, a new kind of PDI was synthesized which could
guench double stranded DNA uorophores with a high quenching ef ciency. The broad
spectrum of quencher was then exploited to develop a multicolor biosensor. The biosen-
sor had higher sensitivity towards smaller analytes due to high quenching ef ciency and
autocatalytic target recycling ampli cation. Also, multiplexed analysis of various small
analytes was possible from a homogenous solution. This provided an added advantage that
rapid screening of multiple biotargets could be performed simultaneously [21]. In recent
years there has been a considerable increase in the demand of point-of-care (POC) multi-
plexed diagnostic assays [22].

Earlier the paper based lateral ow devices (LFDs) were regarded as low cost solution for
disease diagnosis for POC applications. On similar lines, multi path LFD was developed for
multiplexed analysis of analytes. Multiplexed analysis of the assay was done using multi-
path lateral ow device (LFD) using laser direct-write (LDW) technique. The multiple ow
paths present in the LFD device, enabled simultaneous detection of multiple analytes in the
different parallel channels without any cross reactivity between them. The liquid sample
containing the analytes moved because of the capillary action through the different zones
in the paper strip. During this transport of the analyte in the paper, they get to interact
with different antibodies and hence bind to them. These antibodies were deposited onto
the paper initially, the interaction between antibodies and analytes causes it to be captured

in the detection region which is marked by the test line and the control line. The detec-



tion of the analyte is governed by the color code in the test region and the color coding
of the control region ensures that the sample ow is complete through the device and that
the device is working correctly. The laser which was employed in the LDW process was a
405 nm continuous wave diode laser with a maximum output power of 110mW. The LFD
device was successful in multiplexed detection two in ammation-based markers namely
C-reactive protein (CRP) and Serum amyloid A-1 (SAA1) which is used in diagnosis of
bacterial infections.

These LFD devices have an added advantage of being low cost, ease of producibility, and
have resulted expansion in various sectors like hospitals, clinical laboratories, home and
physicians of ce [22]. These days signi cant work has been done to develop homologous
and high-throughput multi-wavelength uorescence polarization immunoassay (MWFPIA)
for the detection of multiplexed mycotoxins [23]. Multi- analyte immunoassay has received
an increasing attention due to their innate advantages like short assay time, low sample con-

sumption and reduced detection cost per assay.

1.4 Statement of problem

The Flow Cytometry is being used to perform multiplexing and characterization of het-
erogenous cell population. Itis being used in the clinical setting to characterize the physical
and chemical properties of the cell population under study. However, usage of Flow Cy-
tometer is disadvantageous; they are bulky, expensive, require uorescent tagging of cells,
high maintenance and trained technicians for operation.

Therefore, there arises the need to develop a low cost, compact, portable device to perform
multiplexing. In this work, our main objective is to design, test and fabricate the parts of
the micro uidic system to perform multiplexing.

The non- uorescent micro uidic impedance-based multiplexing system has advantages of

being label-free, inexpensive, single excitation and detection source and the ability to per-
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form extensive multiplexing. The micro uidic detection system has an added advantage of

consuming less sample volume and being able to be miniaturized into small device.

1.5 Thesis organization

Chapter 2 presents an overview of the novel approach to perform multiplexing through non
uorescent micro uidic detection system. We brie y touch upon what an impedance-based
detection system is and then describe our proposed architecture for the multiplexing of
blood cells. After investigating the proposed design of the novel barcoded particle utilized
for multiplexing, we discuss the motivation of the design and various design characteris-
tics.

Chapter 3 focuses on the testing of the various designed components in the COMSOL
Multiphysics software. First, we discuss the testing of the designed asymmetric barcoded
particle with different number of coding regions. In subsection 3.2, we test the conjugation
of microspheres to the barcoded particle. The microspheres were conjugated at different
sites on the barcoded particle and their corresponding electrical signatures were observed.
Subsection 3.3 talks about the proposed top-bottom electrode con guration for sensitive
detection of microspheres conjugated to barcoded particles for analysis of multiplexed as-
says.

Chapter 4 presents the fabrication recipe for various components in the non- uorescent mi-
cro uidic detection system. Finally, Chapter 5 discusses the conclusion and future scope.
We discuss on how this novel approach for multiplexed detection can be improvised and

the further studies that can be performed on the proposed detection system.
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CHAPTER 2
MICROFLUIDIC DETECTION SYSTEM

2.1 Impedance based micro uidic detection system

Impedance based micro uidic detection system is an electrical analysis of the heteroge-
neous cell population. The blood cell population ows over the co-planar electrodes fabri-
cated in the micro uidic channel. The co-planar electrode system is given an AC voltage
signal and passage of cells over the electrodes disrupts the electric eld. The increase in
the impedance between a pair of electrodes is measured and differential bi-polar pulse is
generated. For instance, Figure 2.1 shows the side view of the micro uidic impedance de-
tection system. The micro uidic system comprises of three co-planar electrodes A, B and
C. The central electrode B, is excited by 10 V AC signal and the impedance measurement
is done between A and B electrode pair. The image also describes the bi-polar pulse gen-
erated between the co-planar electrodes after measurement. The differential bi-polar pulse

generated which helps in characterization of heterogeneous cell population.

Figure 2.1: Side view of micro uidic impedance detection system and the generated bi-
polar pulse of impedance detection system.

Probing the cell population at different frequencies can help us obtain useful informa-

tion about cell size and internal structure. At low frequencies, the cell membrane acts as a
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