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Abstract:

Conventional affinity-based colorimetric enzyme-linked immunosorbent assay (ELISA) is one of
the most widely used methods for the detection of biomarkers. However, rapid point-of-care
(POC) detection of multiple cancer biomarkers by conventional ELISA is limited by long
incubation time, large reagent volume, and costly instrumentations along with low sensitivity due
to the nature of colorimetric methods. Herein, we have developed a reusable and cost-effective
paper-in-polymer-pond (PiPP) hybrid microfluidic microplate for ultrasensitive and high
throughput multiplexed detection of disease biomarkers within an hour without using specialized
instruments. A piece of pre-patterned chromatography paper placed in the polymer PMMA pond
facilitates rapid protein immobilization to avoid intricate surface modifications of polymer and
can be changed with a fresh paper layer to reuse the device. Reagents can be simply delivered
from the top PMMA layer to multiple microwells in the middle PMMA layer via flow-through
microwells, thereby increasing the efficiency of washing and avoiding repeated manual pipetting
or costly robots. Quantitative colorimetric analysis was achieved by calculating the brightness of

images scanned by an office scanner or a smartphone camera. Sandwich type immunoassay was
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performed in the PiPP hybrid device after the optimization of multiple assay conditions. Limits
of detection of 0.32 ng/mL for carcinoembryonic antigen (CEA) and 0.20 ng/mL for Prostate
Specific Antigen (PSA) were obtained, which were at least 10 folds better than those of
commercial ELISA kits. We envisage that this simple but versatile hybrid device can have broad

applications in various bioassays in resource-limited settings.

Keywords: Paper/polymer hybrid microfluidic device; Point-of-care (POC) detection; Cancer
early diagnosis; Multiplexed detection; Paper-in-polymer-pond microfluidic plate; Cancer

biomarkers.

1. Introduction:

Cancer figures among a leading cause of death worldwide accounting for an estimated 19.31
million new cases and 10 million cancer deaths in 2020.!2 Cancer is the second leading cause of
death in the US, exceeded only by heart disease, accounting for nearly 1 of every 4 deaths.? For
instance, prostate cancer is the second most common cancer in men in US.* Worldwide, in 2020
an estimated 1.42 million people were diagnosed with prostate cancer with 375,304 associated
deaths which account for roughly 7.3% of the cancer incidence.! >3 Likewise, colorectal cancer
is the third most common cancer with around 1.9 million cases, which is around 10% of total
cancer cases.’ Total mortality is estimated to be 935,000 per year in both sexes in 2020.> > ©
Although most countries with top incidence rates for cancer are developed countries, the highest

mortality rate occurs in developing countries. The higher mortality in developing countries is
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mainly due to late diagnosis, access barriers to diagnosis and medical care.” For instance, the
incidence of prostate and colorectal cancer remains highest in developed countries like Australia
and North America and remains low in the Asian population, eastern and South-Central Asia,
and Western Africa. However, mortality is higher in the less developed region due to poor
prognosis.? The global cancer burden is expected to be 28.4 million cases in 2040, a 47% rise
from 2020, with a larger increase in transitioning (64 to 95%) versus transitioned (32 to 56%)
countries due to demographic changes. Also, the share of cancer deaths in Asia (58.3%) and
Africa (7.2%) was found to be higher than the share of incidence (49.3% and 5.7%).% In addition,
cancer also causes a tremendous burden on society in terms of economic cost.” 1 According to a
recent study, the global burden of colorectal cancer is expected to increase by 60% to more than
2.2 million new cases and 1.1 million deaths by 2030.!" Therefore, there is an urgent need for

low-cost diagnostic methods for cancer early detection.

Early detection of cancer biomarker proteins holds immense potential to increasing cancer
survival rates and monitoring of cancer treatment or personalized therapy.'? To achieve high
specificity of cancer early diagnosis, multiplexed biomarker detection is usually needed.
Additionally, multiple types of cancer can coexist. For example, some studies show men with
prostate cancer have a higher risk of developing colon cancer and vice versa.!* However,
conventional cancer biomarker detection methods including enzyme linked immunosorbent
assay (ELISA) and western blotting are limited for multiplexed quantitative cancer biomarker
detection in low-resource settings such as developing nations and small clinics,'*!¢ either by long
analysis time, large sample volume required, costly instruments, well-trained personnel, or
complexity for routine diagnosis. Furthermore, very low concentrations of cancer biomarkers are

frequently encountered in early-stage tumors. Hence, it is important to develop low-cost and
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sensitive multiplexed quantitative biomarker detection methods suitable for low-resource settings

for cancer early diagnosis.

The microfluidic Lab-on-a-chip (LOC) technique that consumes minimum volume of samples
and integrate multiple functional units devices possesses remarkable features such as low cost,
rapid processing and detection, high portability, high sensitivity and throughput analysis of
complex biological fluids,'> !7- 181922 providing a versatile platform for POC detection.?* 2* The
World Health Organization’s guidelines have defined criteria of POC devices as ASSURED
(Affordable, Sensitive, Specific, User-friendly, Rapid treatment and robust use, Equipment free
and Delivered to those in needs.”> Several microfluidic devices have been reported for the
immunoassay of PSA (a prostate cancer biomarker)?® and CEA (a colon cancer biomarker)?’
using different detection techniques such as colorimetric, luminescence, electrochemical, and
fluorescence detection.?3* For instance, Zhou et al. performed a paper-based colorimetric assay
for the detection of PSA. The process required complicated and time-consuming cross-linking of
siloxane 3-aminopropyltriethoxysilane and glutaraldehyde to the filter paper followed by a
coating of the chitosan layer and adsorption of gold nanoparticles. The assay also required
several hours to be completed.”® Barbosa et al used carbon and gold nanoparticles as
immunoassay labels for PSA detection with optical detection in a FEP-Teflon polymer
microfluidic POC platform called microcapillary film but the dynamic range was limited to 10—
100 ng/mL higher than the clinical cutoff value, with an assay time of longer than 5 hours.** Qiu
et al. developed a Quantum Dot-Enzyme-Impregnated paper-based analytical device for visual
fluorescence detection of CEA using mesoporous silica nanocontainers. The process involved
complicated and time-consuming conjugation and surface modification of the paper substrate.
Although the result could be viewed by the naked eye for qualitative analysis, a commercial
fluorospectrometer was required for quantitative analysis.>*> Chen et al. performed multiplexed
detection of PSA and CEA using a PDMS/glass microfluidic platform that integrated single bead

trapping and acoustic mixing technique. It required a piezo transducer to generate fast-switching
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flow patterns, syringe pump, a CCD camera and mercury lamp, with the LOD of 3.1 ng/mL for
CEA.*' Even though many of these methods are very selective and sensitive, they require
extensive time to carry out the bioassay, complicated sample pre-treatment, sophisticated surface
modification and conjugation steps, and the use of bulky and costly instruments for detection.
Other kinds of POC devices including agglutination and lateral flow assays are being developed
for immunoassay test but most of the time they are limited by the lack of quantitative assay and

multiplex analysis.?3’

Herein, we have developed a paper-in-PMMA-pond (PiPP) hybrid microfluidic device for low-
cost detection of multiple cancer biomarkers with high detection sensitivity. Whatman grade 1
Chr chromatography paper which is uniform in structure and free of hydrophobic
binders/coatings is an inexpensive and widely used microfluidic substrate.?> 3 It provide fast
biomolecule immobilization, but it does not offer high performance in flow control.?>:37 Although
acrylics and plastics are other widely used substrates,?® they require surface modification for
immobilization of the biomolecules.?* ¥ Thus, the Li group introduced paper/polymer hybrid
microfluidic devices that can draw more benefits from different substrates for different
biomedical applications.*!?* 25 42 Herein, porous 3D paper with a high surface-to-volume ratio
kept in the PMMA pond can easily immobilize capture antibodies within 10 min, thereby
decreasing the assay time to 1 hr compared to nearly 16 hr in traditional microplates. The
presence of the pond-shaped structure avoids the addition of paper disks to individual microwells
separately, as a single paper substrate cut by laser cutter as the shape of the pond can be added to
the PiPP device. The flow-through pond also acts as outlet channels to direct the waste reagents
to outlet microwells. The vertical flow-through reservoirs which pass through the paper substrate
to the outlet layer ensure maximum immobilization of the protein and efficient washing, thereby
increasing the sensitivity and decreasing the background noise. Simultaneous sandwich-type

multiplexed immunoassay of cancer biomarkers including PSA and CEA was performed in this
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hybrid device and 10-fold higher sensitivity than traditional microplates were obtained without

the use of any sophisticated instruments like a microplate reader.

2. Experimental:

2.1 Chemicals and Materials:

ELISA: Anti-rabbit IgG- Alkaline phosphatase, Tween 20, Albumin from bovine serum,
polyclonal anti-carcinoembryonic antigen, monoclonal anti-carcinoembryonic antigen, prostate-
specific antigen, serum from normal human male AB plasma, 5-bromo, 4-chloro, 3-indoyl
phosphate + Nitroblue tetrazolium (BCIP/NBT) liquid substrate, and Phosphate Buffer Saline
(PBS) were purchased from Sigma Aldrich, St. Louis, MO. Carcinoembryonic antigen,

polyclonal anti-PSA, and monoclonal anti-PSA were purchased from Abcam, Cambridge, MA.

Unless otherwise noted, all solutions were prepared with ultrapure Milli-Q water (18.2 MQ.cm)

from a Millipore Milli-Q system (Bedford, MA).

Microfluidic platform fabrication: PMMA was purchased from McMaster-Carr, Los
Angeles, CA. Whatman#1 chromatography paper was purchased from Sigma Aldrich (St. Louis,
MO).

2.2 Microfluidic platform design and fabrication

The microfluidic device used in this study was designed in Adobe Illustrator CS5 and
fabricated using a 30 W CO, laser cutter (Epilog Zing 16, Golden, CO) with different speed and
power of the laser to create specific height in raster mode as described in detail in our previous

paper.” As seen in Figure 1, the device consists of three different PMMA layers. The top PMMA
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layer has eight different fluid delivery channels connected to each inlet microwells. The reagents
added from the top reagent delivery layer flow through the fluid delivery channel into the six
reservoirs (2.0 mm diameter) kept just below each channel in the middle PMMA layer. The
bottom PMMA layer of the device consists of interconnected pond-shaped structures. Each
pond-shaped structure (0.6 mm in height) in the same column is connected to each other. Finally,
all the outlets for the ponds are connected to a common horizontal outlet which has a higher
depth (1.5 mm) as compared to the vertical outlet channels so that the waste reagent does not
flow back to the same or different outlet channels. To generate the hydrophobic/hydrophilic
zones on the paper layer, a piece of chromatographic paper was treated with SU-8 2010 photo
resist using the photolithography technique.*’ Briefly, a photomask was designed and printed on
a transparency slide with a standard laser printer and aligned with the hydrophilic SU-8 treated
chromatography paper and exposed to UV radiation (intensity 100%, 20 seconds). SU-8 treated
paper is cut by laser cutter in the same pattern as the shape of the ponds and imbedded in the
ponds of the bottom layer, so that all the reservoirs in the middle PMMA layer fall just above the
hydrophilic layer of the paper (3.5 mm in diameter). In this way, the reagent added from each
inlet microwell flows through the channel to the six reservoirs below each channel and pass
through the paper into the pond and to the outlet. All the reagents flow through the hydrophilic
paper layer so that the maximum amount of protein gets immobilized onto the surface of the
paper substrate. The Schematic in Figure 1B shows the cross section of the PiPP device along

one channel in an exploded view and the reagent flow path.
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Figure 1: Paper-in-PMMA-Pond (PiPP) hybrid microfluidic microplate. (A) Layout and
fabrication procedures of the PiPP hybrid device in photographs. The PiPP hybrid device
consists of a top PMMA layer, a middle PMMA layer, and a pond-structured bottom PMMA
layer, and a SU-8 treated paper layer kept over the bottom pond layer. The white areas in paper
are hydrophilic while the rest is hydrophobic due to the SU-8 treatment. The top PMMA layer
has inlet microwells and reagent delivery channels which are kept in an inverted position. The
middle layer has 6 x 8 reservoirs. The bottom layer has a pond-shaped structure connected to a
common outlet channel leading to an outlet microwell. (B) Schematic of the cross section of the
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PiPP hybrid microplate along one channel in an exploded view. The arrows indicate the flow
path.

2.3 Optimization of the concentration of capture antibod

The procedures of the colorimetric ELISA of PSA and CEA in this PiPP hybrid device
are similar and were performed at room temperature. Thus, we use CEA as an example to
explain the procedures of the assay and its optimization, as illustrated in Figure 2. For instance,
the immunoassay of CEA was performed with different concentrations of anti-CEA capture
antibody for the optimization of the concentration of capture antibody. First, different
concentrations of anti-CEA capture antibody (1 pg/mL, 5 ug/mL, 10 pg/mL, 15 pg/mL, 20
pug/mL, 25 pg/mL, and 30 pg/mL in 10 mM, pH 8.0 PBS) were added to the hybrid device and
incubated for 10 min. The device was then blocked with a blocking buffer for another 10 min
followed by washing with PBST (PBS with 0.05% Tween 20). Afterward, 500 ng/mL of CEA
was added for the positive controls, while PBS was used for the negative control. After
incubating the positive and negative control for 10 min, the device was washed with PBST
before 10 pg/mL of anti-CEA secondary antibody was added. The device was washed with
PBST after 10-min incubation followed by the addition of 10 pg/mL ALP-linked IgG for 7 min.
Finally, the device was washed three times with PBST and the colorimetric substrate BCIP/NBT
was added. The device was disassembled 10 min after the addition of the substrate and the
bottom pond layer with the paper substrate was scanned using an office scanner or a smartphone
camera. Imagel] was used to obtain the brightness value which was used for further quantitative

analysis.
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Figure 2: Schematic of the colorimetric immunoassay principle for the visual quantitative
detection of CEA on the PiPP hybrid device: (1) Immobilizing of the monoclonal capture
antibody in the paper substrate, (2) Blocking, (3) Washing, (4) Addition of CEA, (5) Washing,
(6) Addition of polyclonal anti-CEA antibody, (7) Washing and addition of ALP-linked IgG, (8)
Washing, (9) Addition of the substrate, and (10) Enzymatic production of insoluble NBT
diformazan.

2.4 Optimization of the concentration of anti-CEA polyclonal antibody

Optimization of the concentration of the anti-CEA polyclonal antibody was performed
with the optimized concentration of the capture antibody. First, 20 ug/mL capture antibody was
added to the hybrid device and incubated for 10 min followed by blocking with blocking buffer
for another 10 min and washing with PBST. 500 ng/mL of CEA was added as a positive control
and PBS was added as a negative control. The device was washed with PBST after a 10-min
incubation. Different concentrations of anti-CEA secondary antibody (1 pg/mL, 5 pg/mL, 10

pug/mL, 15 pg/mL, and 20 pg/mL) were added to both the positive and negative control for 10
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min and washed with PBST. ALP-linked IgG (10 pg/mL) was then added for 7 min and washed
three times with PBST. Finally, BCIP/NBT was added for 10 min and the device was
disassembled to scan the bottom pond layer with the paper substrate using a portable office

scanner or a smartphone camera.

2.5 Optimization of the concentration of enzyme-linked secondary antibody

After the optimization of the concentrations of the capture antibody and the anti-CEA
polyclonal antibody, the concentration of enzyme-linked secondary antibody (ALP-IgG) was
optimized. First, 20 ug/mL capture antibody was added to the hybrid device and incubated for 10
min followed by blocking with blocking buffer for another 10 min. The device was washed with
PBST followed by the addition of 500 ng/mL of CEA as a positive control and PBS as a negative
control. The device was incubated for 10 min and washed with PBST followed by the addition of
10 pg/mL of the anti-CEA secondary antibody. The device was then incubated for 10 min and
washed with PBST. Different concentrations of ALP-linked IgG (1 pg/mL, 3 pg/mL, 6 ug/mL, 9
pug/mL, 12 pg/mL, and 15 pg/mL) were then added for 7 min and washed for three times with
PBST. Finally, BCIP/NBT was added for another 10 min and the device was disassembled for

image scanning.

2.6 Colorimetric detection of cancer biomarkers

The paper in PMMA pond hybrid device can be used for the detection of a wide range of
biomolecules. Herein, CEA and PSA were detected in the PiPP hybrid device with all the
optimized concentrations of different antibodies. For the detection of CEA, 20 pg/mL of capture
antibody was added to the device and incubated for 10 min followed by blocking with blocking
buffer for another 10 min (Figure 2). Different concentrations of CEA (0.1 ng/mL, 1 ng/mL, 5
ng/mL, 10 ng/mL, 25 ng/mL, 50 ng/mL, and 100 ng/mL) were then added to the device and
incubated for 10 min. The device was then washed with PBST followed by the addition of 10

pug/mL of the anti-CEA secondary antibody. 6 ug/mL of ALP-linked IgG was then added for 7
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min and washed for three times with PBST. Finally, BCIP/NBT was added for another 10 min
and the device was disassembled for image scanning.

Following a similar procedure for the colorimetric detection of CEA, the detection of
PSA was performed by the addition of 20 pg/mL of anti-PSA capture antibody and incubation
for 10 min. After the substrate was blocked with blocking buffer, different concentrations of PSA
(0.1 ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL, 25 ng/mL, 50 ng/mL, and 100 ng/mL) were added
and incubated for another 10 min. Finally, the anti-PSA secondary antibody (10 pg/mL) was
added followed by the addition of ALP-linked IgG (6 pg/mL) and BCIP/NBT. Devices were
scanned using a portable scanner and measured using ImageJ. The signal was calculated as the
average of the intensity values of respective pixels and was subtracted from the maximum value
(i.e., 255) to get the corrected brightness value which was then used for data analysis. The value
obtained with 0 ng/mL biomarker target in PBS was defined as the background. The PiPP device
was reusable by changing the paper layer, after it was sterilized by soaking in 70%

ethanol/isopropanol for 15 minutes and blocked with blocking buffer before reuse.

2.7 Cross-reactivity test for CEA and PSA in the hybrid PiPP device

Real-world samples such as blood serum, urine, and cerebrospinal fluid contain various
biomolecules with a wide range of concentrations. High specificity is required to screen
particular biomarkers, as biomolecules present in the sample may interfere with the detection of
target proteins. The various columns in the PiPP device were used for the specificity test for the
detection of CEA. First, 20 pg/mL of anti-CEA capture antibody was added to all the columns
and incubated for 10 min. The first seven columns from the left were the negative control
without the analyte (CEA) and the last column was 25 ng/mL of CEA. Following a similar
procedure to that of CEA detection, 200 ng/mL of 1gG, HBsAg, HBcAg, HCVcAg, BSA, and

PSA were introduced and analyzed for the specificity test.
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Similar to the specificity test for CEA, the specificity test for PSA was performed in the
PiPP hybrid device. 20 ug/mL of anti-PSA capture antibody was added and incubated for 10
min. The first column from the left was PBS and second to seventh columns were 200 ng/mL of
IgG, HBsAg, HBcAg, HCVcAg, BSA, and CEA, respectively, and the last column was 25
ng/mL of PSA.

2.8 Multiplexed detection of cancer biomarkers in the PiPP device

A high anti-interference and multiplexed detection capability are required for the wide
applicability of the device to screen varieties of disease biomarkers. Here, the device has been
used for multiplexed anti-interference detection of CEA and PSA. The first four columns from
left were coated with the anti-CEA capture antibody while the last four columns were coated
with the anti-PSA capture antibody. The first and fifth columns were negative control with PBS.
The second and fourth columns were CEA (10 ng/mL), while the sixth and eighth columns were
PSA (10 ng/mL). For the anti-interference test of CEA and PSA, both third and seventh columns
consisted of 10 ng/mL of CEA, 200 ng/mL of HBsAg, 200 ng/mL of HCVcAg, and 10 ng/mL of
PSA. Different combinations of antigens were incubated for 10 min followed by thorough
washing and the addition of secondary antibody, following an optimized ELISA procedure.

2.9 Detection of cancer biomarkers in human serum using the PiPP device

To validate the developed hybrid microfluidic microplate and to test its feasibility for real
human sample detection, CEA and PSA were spiked in normal human serum. 10 pL of varying
concentrations of CEA and PSA were spiked into 1.0 mL human serum which was pre-diluted 3

folds using PBS to get the final concentrations of 1 ng/mL, 5 ng/mL, and 10 ng/mL, respectively.
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After mixing thoroughly, the spiked samples were used for the rapid detection of CEA and PSA
by the PiPP hybrid device, and spike recoveries were calculated.

3. Results and discussion

3.1 Optimization of the concentration of the capture antibody

Optimization of the concentration of the capture antibody was carried out by performing
the immunoassay of CEA with varying concentrations of the anti-CEA capture antibody. As seen
from Figure 3, the brightness value of positive control (500 ng/mL of CEA) increased with the
increase in the concentration of the capture antibody from 1 pg/mL to 20 pg/mL. It reached a
plateau at 20 pg/mL and remained constant with a further increase in the concentration of the
capture antibody. For the negative control (PBS) the corrected brightness value remained
constant with the increase in the concentration of the capture antibody from 1 pg/mL to 20
pug/mL. As the concentration of the capture antibody increased further from 20 pg/mL, there was
a slight increase in the corrected brightness value (background noise). It could also be observed
from Figure 3 that the signal difference between the positive control and the negative control
(i.e., net signal value) was maximum at the capture antibody concentration of 20 ug/mL;
thereafter it started decreasing because of an increase in the background noise. Therefore, 20
pug/mL of capture antibody was considered as the optimum concentration for the colorimetric

ELISA on the PiPP hybrid device.
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Figure 3: Optimization of the concentration of anti-CEA capture antibody. The line graph shows
the brightness values for the positive (500 ng/mL of CEA) and negative (PBS) control with
varying concentrations of the anti-CEA capture antibody in the presence of 10 pg/mL of the anti-
PSA secondary antibody and 10 pg/mL of ALP-linked IgG. The bar graph shows the signal
difference between the positive and negative control (n=6).

3.2 Optimization of the concentration of polyclonal anti-CEA secondary antibody

The concentration of the polyclonal anti-CEA secondary antibody was optimized after
the optimization of the concentration of the capture antibody. As observed from Figure 4, the
brightness value of the positive control (500 ng/mL of CEA) increased with the increase in the
concentration of the anti-CEA secondary antibody from 1 pg/mL to 10 pg/mL and it reached a
plateau afterward. The average brightness value of positive control remained almost constant
even in the presence of >10 ug/mL of the polyclonal anti-CEA secondary antibody. For the
negative control (PBS) the brightness value remained constant with the increase in the
concentration of capture antibody from 1 pg/mL to 10 pg/mL. As the concentration of anti-CEA
secondary antibody increased further above 10 pg/mL, there was a noticeable increase in the

brightness value (background noise). It could also be observed from Figure 4 that the signal
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difference between the positive control and the negative control was maximum at the anti-CEA
secondary antibody concentration of 10 pg/mL, after which there was no increases in signal for
positive control but a sharp increase in background noise. Therefore, 10 ug/mL of anti-CEA
secondary antibody was considered as an optimum concentration and all the subsequent ELISA
assays were performed with 20 pg/mL of capture antibody and 10 pg/mL of the anti-CEA

secondary antibody.
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Figure 4: Optimization of the concentration of polyclonal anti-CEA secondary antibody. The line
graph shows the brightness value for the positive (500 ng/mL of CEA) and negative (PBS)
control with varying concentrations of the anti-CEA secondary antibody, in the presence of 20
pug/mL of capture antibody and 10 pg/mL of ALP-linked IgG. The bar graph shows the signal
difference between the positive and negative control (n=6).

3.3 Optimization of the concentration of enzyme-linked secondary antibody

The optimal concentration of ALP-linked IgG was optimized after the optimization of the
concentrations of the capture antibody and the anti-CEA secondary antibody. As seen from
Figure 5, the brightness value of positive control (500 ng/mL of CEA) increased with the

increase in the concentration of ALP-linked IgG from 1 pg/mL to 6 pug/mL, after which it
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reached a plateau and remained almost constant even with any further increase in the
concentration of ALP-linked IgG from 6 pg/mL to 15 pg/mL. For the negative control (PBS) the
brightness values remained constant with the increase in the concentration of ALP-linked 1gG
from 1 pg/mL to 6 pg/mL. As the concentration of ALP-linked IgG increased further from 6
pug/mL to 15 pg/mL, there was a rapid increase in the brightness value (background noise). It
could also be seen from Figure 5 that the signal difference between the positive control and the
negative control was maximum at the ALP-linked IgG concentration of 6 ug/mL. Therefore, 6
pug/mL of ALP-linked IgG was considered as the optimum concentration and all the further
assays were performed with 20 pg/mL of capture antibody, 10 pg/mL of the anti-CEA secondary

antibody, and 6 pg/mL of ALP-linked IgG.
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Figure 5: Optimization of the concentration of the ALP-linked antibody. The line graph shows
the brightness values for the positive (500 ng/mL of CEA) and negative (PBS) control with
varying concentrations of the ALP-linked antibody in the presence of 20 ug/mL of the capture
antibody and 10 pug/mL of the anti-CEA secondary antibody. The bar graph shows the signal
difference between the positive and negative control (n=6).
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3.4 Colorimetric detection of cancer biomarkers on the PiPP device

After optimization, rapid ELISA of the cancer biomarkers including CEA and PSA was
achieved on the paper-in-PMMA-pond hybrid device. Figure 6A shows the image scanned by a
desktop scanner for the quantitative detection of CEA on a PiPP hybrid microfluidic device. It
could be observed from Figure 6A that PBS showed the brightest color and 100 ng/mL CEA
showed the darkest purple color, while the purple color of other concentrations darkened from
0.1 ng/mL to 100 ng/mL. After calculating the signal intensity of the scanned images by ImagelJ,
a calibration curve of the brightness value against the concentration of CEA was plotted in
Figure 6B. The inset in Figure 6B shows that a linearity range was found over the clinically
relevant range from 1 ng/mL to 100 ng/mL with a linear regression of y = 27.05 log (x) + 95.86
(R2=0.98). The LOD of CEA using the hybrid PiPP microfluidic device was found to be 0.32
ng/mL based on the 3-fold SD value above the blank value, which was sensitive enough to detect
the clinical cutoff value of 5 ng/mL.” Our device was more sensitive as compared to
colorimetric immunoassay based upon gold nanoparticles (LOD of 2.32 ng/mL), distance-based
assays on paper-based microfluidics (LOD of 2 ng/mL), and microfluidic platforms integrating
single bead trapping and acoustic mixing techniques (LOD of 3.1 ng/mL).3!:* 4 The sensitivity
was even comparable to those of electrochemical detection on microfluidic platforms (LODs of

0.20 ng/mL and 0.3 ng/mL) (Table S1, Supplementary Information).3> 46
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Figure 6: Rapid quantitative detection of CEA on a PiPP hybrid microfluidic device. (A)
Scanned image of the paper substrate after the assay with the negative control (PBS) and
different CEA concentrations ranging from 0.1 ng/mL to 100 ng/mL by an office scanner. (B)
Calibration curve for the detection of CEA as the brightness value against the concentration of
CEA. The inset shows the linear plot of the brightness value of CEA over a logarithmic
concentration ranging from 1 ng/mL to 100 ng/mL (n=6).

Similar to the detection of CEA, rapid colorimetric detection of PSA was also carried out
in the PiPP hybrid microfluidic device using the same optimized concentrations of different
antibodies. The detection of PSA was performed in the range of 0.1 ng/mL to 100 ng/mL. Figure

7A shows the image scanned by a desktop scanner for the detection of PSA in a PiPP hybrid



Lab on a Chip

microfluidic device. It could be observed that the purple color intensified from PBS to 100
ng/mL PSA. Figure 7B shows the calibration curve of the brightness of different concentrations
of PSA. The inset in Figure 7B shows that a linearity range was found to cover the clinically
relevant range from 0.1 ng/mL to 100 ng/mL with a linear regression of y = 16.26 log (x) +
116.74 (R?=0.98). The LOD of PSA using the PiPP hybrid microfluidic device was calculated to
be 0.20 ng/mL based on 3-fold of SD above the blank value, which is sensitive enough to detect
the clinical cutoff value of 4 ng/mL. The sensitivity of the device was better than our previous
nanoparticle-mediated bioassay using a thermometer (LOD of 1.0 ng/mL) and colorimetric assay
(LOD of 1.0 ng/mL).? 4" The LOD of our device was also better than PSA-conjugated gold
nanoparticles based on localized surface plasmon resonance (LOD of 5 ng/mL) and microfluidic-
based multiplexed immunoassay system integrated with an array of QD-encoded microbeads
(LOD of 1 ng/mL) (Table S1, Supplementary Information).*> 4 Our device was also found to
exhibit similar detection sensitivity to the microfluidic electrochemical detection method which

also required a syringe pump (LOD of 0.20 ng/mL).%
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Figure 7: Rapid quantitative detection of PSA in a PiPP hybrid microfluidic device. (A) A
scanned image of the paper substrate after the assay with the negative control (PBS) and
different PSA concentrations ranging from 0.1 ng/mL to 100 ng/mL by an office scanner. (B)
Calibration curve for the detection of PSA as brightness against the concentration of PSA. The
inset shows the linear plot of the brightness of CEA over a logarithmic concentration range from
I ng/mL to 100 ng/mL (n=6).

ross-reactivi for CEA PSA in the PiPP hybrid devi
A cross-reactivity test for the detection of CEA and PSA was performed to investigate

potential interferences from other biomolecules using some common interfering substances such

as IgG, HBsAg, HBcAg, and HCVcAg. As seen from Figure 8, for the specificity detection of
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CEA, there was color production only in the last column where 25.0 ng/mL of CEA was added
as the analyte. All the other columns (first seven) showed minimum production of color and were
significantly different from CEA (p<0.05), indicating that the test is specific for CEA and other
interfering proteins even with very high concentration (200.0 ng/mL) do not interfere with the

detection of CEA.
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Figure 8: Specificity test for the detection of CEA in the hybrid PiPP microfluidic device. (A)
The scanned image of the chip after the completion of the assay. (B) The brightness of the
scanned image of ELISA for specificity detection in the chip. Analytes from left to right: PBS,
IgG, HBsAg, HBcAg, HCVcAg, BSA, PSA, and CEA. Different letters on the bar, “a” and “b”
show that the data are insignificantly (“a”) or significantly different (“b”; p <0.05; n = 6),
respectively.
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Similar to the specificity test for CEA, the specificity test for PSA was performed in the
PiPP hybrid device. As shown in Figure 9, the first to seventh columns were PBS, 200.0 ng/mL
of IgG, HBsAg, HBcAg, HCVcAg, BSA, and CEA, respectively, and the last column was 25.0
ng/mL of PSA. The detection was specific for PSA, as color production was only observed in the
last column. All other interfering proteins did not cross-react with anti-PSA antibody so there
was minimum production of color in the first seven columns. These assays show high specificity

of our method for the detection of not only CEA but also PSA.
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Figure 9: Specificity test for the detection of PSA in the PiPP hybrid microfluidic device. (A)
The scanned image of the chip after the completion of the assay. (B) The brightness of the
scanned image of ELISA for specificity detection of PSA in the chip. Analyte from left to right:
PBS, IgG, HBsAg, HBcAg, HCVcAg, BSA, CEA, and PSA. Different letters on the bar, “a” and
“b”, show that the data are insignificantly (“a”) or significantly different (“b”; p < 0.05; n = 6),
respectively.

3.6 Multiplexed detection of cancer biomarkers in the PiPP device

To demonstrate that the PiPP device has an efficient multiplex biomarker sensing
capability, the PiPP device was used for the simultaneous colorimetric detection of multiple
cancer biomarkers and negative controls, specifically CEA and PSA (Figure 10). The second and
sixth columns are for the detection of 10 ng/mL of CEA and PSA, respectively, and show high
purple color density. Third and seventh columns are for the anti-interference test of CEA and
PSA, in which samples contained a mixture of CEA + HBsAg + HCVcAg + PSA. Even in the
presence of a high concentration of interfering proteins like HBsAg and HCVcAg, they produced
equally high density of purple color to samples without interfering agents (i.e., columns #3 and
#2; and columns #7 and #6; insignificantly difference). First, fourth, fifth, and eighth columns
don’t produce purple color as they are either negative controls with PBS (first and fifth) or non-
specific secondary antibody (fourth and eighth). This assay showed that our PiPP hybrid device
can perform specific simultaneous detection of multiple biomarkers with high anti-interference

capability.
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Figure 10: Multiplexed assay of CEA and PSA in the PiPP hybrid device. (A) Scanned image of
the enzyme-catalyzed substrate. (B) Bar plot of the brightness of the scanned image. The bottom
section in (B) shows their corresponding capture antibody, antigen, and secondary antibody for
reach column. Samples: PBS (#1) and (#5), CEA (#2) and (#4), CEA + HBsAg + HCVcAg +
PSA (#3) and (#7), and PSA (#5) and (#8). Different letters on the bar, “a” and “b” show that the
data are insignificantly (“a”) or significantly different (“b”; p < 0.05; n = 6), respectively.
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3.7 Detection of cancer biomarkers in human serum using the PiPP device

To validate the analytical accuracy and to determine its feasibility for the detection of real
human samples of cancer biomarkers, normal human serum was spiked with different
concentrations of standard CEA and PSA, respectively. Three different concentrations of CEA
and PSA (1 ng/mL, 5 ng/mL, and 10 ng/mL) within the range of linearity and above the LOD
were chosen for spiking and recovery tests. As listed from Table 1, most analytical recoveries of
the serum samples ranged from 90.0-110.4 % and were within the acceptable criteria for bio-
analytical validation.*” ° Percentage recovery = (Measured concentration-Spiked

concentration)/Spiked concentration*100.

Table 1: Detection of CEA and PSA spiked in human serum samples by colorimetric ELISA on a
hybrid PiPP device.

Sample # Serum type  Spiked serum concentration Measured values Recovery (%)
1 CEA I ng/mL 1.10 ng/mL 110.4
2 CEA 5 ng/mL 5.38 ng/mL 107.6
3 CEA 10 ng/mL 10.58 ng/mL 105.8
4 PSA I ng/mL 0.90 ng/mL 90.8
5 PSA 5 ng/mL 4.54 ng/mL 90.8
6 PSA 10 ng/mL 8.87 ng/mL 88.7

4. Conclusions

We have developed a simple low-cost paper-in-polymer-pond (PiPP) hybrid microfluidic
microplate for the multiplexed quantitative detection of cancer biomarkers with high detection
sensitivity. This colorimetric PiPP hybrid microfluidic device takes advantage of both paper and
PMMA substrates. The presence of the 3D micro-porous paper substrate within the pond-shaped
structure of the hybrid device ensures that proteins to be immobilized within a short period of

time without any complicated surface modifications so that the entire assay can be completed
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within an hour. The PiPP device is also reusable by replacing the paper layer. The flow-through
reservoirs aid efficient washing, thus decreasing the background noise and increasing the
sensitivity of the ELISA. In addition, the channels in the top PMMA layer can deliver reagents to
many microwells (48 microwells herein, but can be scaled up) efficiently and rapidly, enabling
higher throughput analysis without using costly robotic equipment. The results can be observed
by the naked eye for qualitative/semiquantitative analysis or scanned by a regular office
scanner/smartphone camera for quantitative analysis using Image J or smartphone Apps.3® 5!
After the optimization of different conditions, colorimetric ELISA detection of two cancer
biomarkers including CEA and PSA using the PiPP hybrid microplate was successfully achieved
without using any specialized equipment. LODs of 0.32 ng/mL for CEA and 0.20 ng/mL for
PSA were achieved, which were at least 10 folds better than commercial ELISA kits. Although
proof-of-concept testing of the PiPP device was demonstrated using spiked serum samples, the
PiPP device’s diagnostic effectiveness in real-world clinical settings would still need to be
further validated using clinical samples in the future. But given these significant features, this
low-cost PiPP hybrid microfluidic device may have wide application for rapid, highly sensitive,
and quantitative detection of multiple disease biomarkers including cancers, infectious diseases,

and other biomolecules, especially for a low-resource setting.
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