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Novel strategies for the simultaneous and portable detection of multiple analytes are highly favorable for clinical
diagnosis and healthcare. Conventional colorimetric enzyme-linked immunosorbent assay (ELISA) is a widely
used laboratory technique for medical diagnostics, quality control, and research applications. However,
nonspecific absorption of proteins may lead to a reduction of functional sites, resulting in high background and
low sensitivity in ELISA. Herein, we report a simple method of functionalization of poly(methyl methacrylate)
(PMMA) with polylysine to be used as the microfluidic microplate substrate for enhanced ELISA, enabling rapid,
ultrasensitive, and multiplexed detection of infectious diseases. FTIR and fluorescence microscopy characteriza-
tion confirmed high amine densities on polylysine-modified PMMA surface, resulting in high detection sensitivity
of the colorimetric ELISA on the PMMA microdevice. The ultrasensitive polylysine-modified microplate can
immobilize protein within 20 min and results of the assay can be viewed by the naked eye or scanned through a
simple desktop scanner for quantitative analysis within 90 min. A sandwich-type immunoassay for the rapid and
sensitive detection of immunoglobulin G (IgG), hepatitis B surface antigen (HBsAg), and hepatitis B core antigen
(HBcAg) was demonstrated as a proof-of-concept for multiplexed detection. The limits of detection (LOD) of
200.0 pg/mL for IgG, 180.0 pg/mL for HBsAg, and 300.0 pg/mL for HBcAg were achieved, without any
specialized equipment like a microplate reader. The surface-modified microchip exhibited about 10-fold higher
sensitivity than traditional microplates. This surface-modified microplate has tremendous potential as a point-of-
care multiplexed testing platform for many applications ranging from clinical diagnosis to environmental
monitoring, particularly in resource-limited settings.

1. Introduction

Infectious diseases including SARS and COVID-19 have been the major
cause of death and mortality along with high disability rates throughout
the world, roughly accounting for 15 million deaths per annum [1-5]. We
are currently in a very fragile balance with respect to the continual
emergence of new infectious diseases such as COVID-19 and the ree-
mergence of old infectious diseases, together with the potential for their
global spread [6-8]. Infectious diseases stand out among many challenges
to health because of their profound impact on human species and un-
predictable and explosive global effects due to their pandemics [2,7]. For
instance, Hepatitis B virus (HBV), one of the major causes of chronic

hepatitis damage and hepatocellular carcinoma has approximately 2
billion infection cases with 1.2 million deaths every year [9-11]. 5%-15%
of the people in developing and underdeveloped countries carry HBV,
which is one of the leading causes of chronic hepatitis with more than 350
million current carriers [12]. In addition, chronic hepatitis B (CHB) is the
leading risk factor for hepatocellular carcinoma, which results in 746,000
deaths per year [2]. This underlines the need for accurate surveillance and
the development of new strategies for rapid and sensitive detection of
infectious diseases for their control [13].

Enzyme-linked immunosorbent assay (ELISA) is one of the most
widely used laboratory assays for the detection of infectious diseases,
cancer, and other biomolecules [14-17]. The traditional ELISAs are
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limited due to long incubation periods (overnight incubation),
labor-intensive methods, consumption of significant volumes of samples
and reagents, requirement of laboratory settings, and complicated and
expensive instruments including robotic pipettors, washers, and micro-
plate reader [7,18,19]. For instance, Shen et al. developed an electro-
chemical method for detecting hepatitis B surface antigen (HBsAg), which
required complicated and time-consuming preparation of conjugates and
nanoparticles, along with an assay time of nearly 16 h, similar to con-
ventional ELISA [20]. Therefore, a point-of-care (POC) microarray device
for rapid and sensitive multiplexed detection of infectious diseases re-
mains a challenge [21,22].

Modern analytical chemistry and clinical diagnosis have greatly
advanced POC testing, a critical area for in vitro diagnostics [23,24]. To
address this need, microfluidic devices serve as a promising POC diagnostic
tool, facilitating both quantitative and qualitative detection of analytes
without the need for any specialized equipment [25-30]. Microfluidic
devices with remarkable features including rapid analysis, high
surface-to-volume ratio, portability, integrated processing, and consump-
tion of microliter of samples result in low-cost, minimal reagent con-
sumption, and rapid bioanalysis of complex biological fluids for detection
of infectious diseases, forensic analysis along with cells and tissue culture
analysis, and drug delivery [31-39]. Different kinds of substrates including
polydimethylsiloxane (PDMS), poly(methyl methacrylate) (PMMA), and
paper have been used as cost-effective microfluidic substrates for the
detection of infectious diseases [40-44]. Paper-based devices have lower
sensitivity; they are not uniform and have low performance in flow control
[44,45]. PMMA is a low-cost, rigid, and transparent substrate, which is
easier to fabricate and mass-produce than PDMS [46]. It also offers better
performance under mechanical stress as compared to PDMS. PMMA has
been used to perform ELISA but it shows low sensitivity as hydrophobic
PMMA surface lacks functional groups to immobilize proteins and thus
requires complex surface modifications and detection techniques [47,48].

Sensitivity and background noise of the biochemical assays are pro-
foundly affected by the total activity and the way of interaction of the
specific protein/enzyme bound to the surface of the assay substrate [49].
In addition, the way of interaction is very sensitive towards their envi-
ronment and can easily lose their activity as they are brought in close
proximity to the solid surfaces [47]. The hydrophobic physical adsorption
of proteins onto the microfluidic surface may reduce functional sites or
activities of the protein by even more than 90% and may result in strong
non-specific binding and high background noise [50]. To increase the
sensitivity and binding efficiency of the microfluidic chip, an appropriate
surface modification is crucial [44,50-55]. For instance, Brown et al.
modified the PMMA surface using air plasma, acid-catalyzed hydrolysis,
and aminolysis (using ethylenediamine) to determine if the covalent and
or hydrogen bonds between modified PMMA substrate and cover plate
increase their adhesion [52]. However, this PMMA surface modification
method using air plasma, acid-catalyzed hydrolysis, and acid hydrolysis
was mainly used to enhance chip bonding, and has not been used for
covalent immobilization of proteins for immunosensing. Bai et al. studied
the surface modification of PMMA to enhance the antibody binding on the
polymer-based microfluidic device to perform ELISA. They modified the
base-treated PMMA by immersing in poly(ethyleneimine) (PEI) followed
by treatment with glutaraldehyde, and found that the PEI-modified
PMMA was 10 times more active in binding antibodies as compared to
those without treatment or treated with a small amine-bearing molecule,
hexamethylenediamine (HMD) [50]. They performed the ELISA of
immunoglobulin G (IgG), but only achieved a similar detection limit as the
conventional 96-well plate. To achieve better sensitivity, Liu et al.
developed an electrochemical detection method on a PEI-modified PMMA
chip for the detection of a-fetoprotein (AFP), a hepatocellular carcinoma
biomarker [54]. However, their detection system requires syringe pumps
and an expensive electrochemical analyzer.

In addition, Llopis et al. studied the surface modification of PMMA
microfluidic devices for the separation of single-stranded DNA [53]. They
created an amine-terminated PMMA surface by the chemical or
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photochemical process by using ethylenediamine, which was then used
to covalently anchor methacrylic acid as a scaffold to produce linear
polyacrylamides (LPAs). Although PMMA has been functionalized with
different methods for various purposes including ELISA, these methods
usually require complex surface modification procedures, unstable in-
termediates, non-environment-friendly solvents, and costly and bulky
detection equipment for subsequent detection, because they usually do
not provide high detection sensitivity due to low amine density, making
it challenging for them to be adopted for microfluidic POC analysis.

In response to the aforementioned challenges, herein, we report a
simple method of functionalizing PMMA surface with polylysine result-
ing in high amine density. Modified PMMA has been used as a micro-
fluidic device substrate for enhanced ELISA for high sensitivity
multiplexed detection of disease biomarkers. A 64-microwell microplate
with an 8 x 8 series, designed according to a standard 384-well ELISA
plate with the same X-axis and Y-axis offset but with reduced diameter
and depth, was fabricated with a laser cutter so that the working volume
could be decreased to 5 pL. Two different methods of functionalizing
PMMA were compared against plasma-treated PMMA and pristine
PMMA for colorimetric immunoassays. Covalent binding of antibody/
antigen with glutaraldehyde to the amine-dense microplate resulted in
significant improvement of sensitivity and a decrease in the background
noise as compared to traditional microplates. Antibody/antigen could be
immobilized in the surface-modified PMMA within 20 min as compared
to overnight incubation in traditional microplates due to the enhanced
binding efficiency of protein. This surface-modified PMMA microdevice
provides a low-cost platform for sensitive, rapid, and high-throughput
multiplexed assay of multiple infectious disease biomarkers including
HBsAg, hepatitis B core antigen (HBcAg), and IgG. Results of the ultra-
sensitive assay can be viewed by naked eye within 90 min or scanned
through the desktop scanner for quantitative analysis without the use of
any sophisticated instruments. As a proof-of-concept, sandwich-type
multiplexed detection of IgG, HBsAg, and HBcAg was achieved with the
limits of detections (LODs) of 200.0 pg/mL, 180.0 pg/mL, and 300.0 pg/
mL, respectively, which is about 10-fold more sensitive than traditional
ELISA. Since the detection approach does not require costly and bulky
instruments, this surface-modified PMMA microchip is advantageous for
ultrasensitive POC detection of multiple low-concentration disease bio-
markers from infectious diseases to cancer, especially in low-resource
settings.

2. Experimental section
2.1. Chemicals and materials

1gG from rabbit serum, Tween 20, albumin from bovine serum, anti-
rabbit IgG-alkaline phosphatase, BCIP/NBT liquid substrate, polylysine,
sodium hydroxide, dimethylsulfoxide, and Phosphate Buffer Saline were
purchased from Sigma Aldrich (St. Louis, MO). HBsAg protein (subtype
ad) was purchased from Fitzgerald Industries International Inc., Acton,
MA. Polyclonal anti-HBsAg was purchased from Novus Biologicals, Lit-
tleton, CO. Hepatitis B virus core antigen and anti-hepatitis B virus core
antigens were obtained from Fisher Scientific (Hampton, NH). Glutaral-
dehyde was purchased from Amresco, Solon, OH. Isopropyl alcohol was
purchased from J.T. Baker, Center Valley, PA. PMMA was purchased
from McMaster-Carr, Los Angeles, CA. Ultrapure Milli-Q water
(18.2 MQ cm) obtained from a Millipore water purification system
(Bedford, MA) was used in all assays and reagent preparation unless
otherwise noted.

2.2. PMMA microplate platform design and fabrication

The microfluidic microplate used in this study was designed in Adobe
Mlustrator CS5 and micro-machined using a 30 W CO;, Laser cutter in the
raster mode with a speed of 30% and power of 65% (Epilog Zing 16,
Golden, CO). The wells in the PMMA layer are designed according to the
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Fig. 1. PMMA microplate platform design and surface modification. (A) Photograph of the actual device with a black background. (B) Schematic representation of

covalent modification of PMMA.

dimensions of a standard 384 well plate. As seen from Fig. 1A, the X-axis
and Y-axis offset are 4.5 mm (d), which is the length between the centers of
2 wells. The position of the first well corresponds to Al of a microtiter plate.
Al row offset (distance from the top edge of the microplate to the center of
wells in 1st row) of the chip is 8.99 mm (a), similar to 384 well microtiter
plate. In addition, Al column offset (distance from the side edge of the
microplate to the center of wells in the 1st column) of 12.13 mm (b) is also
the same as a microtiter plate. The diameter of each well is 3.6 mm (c).

2.3. Covalent modification of PMMA surface

PMMA was functionalized using two different methods, where ami-
nolysis of PMMA surface was achieved using polylysine followed by acti-
vation using glutaraldehyde for the covalent modification of antigen/
antibody (Fig. 1B), with the major differences in the PMMA surface
treatment before polylysine treatment. In the first method, PMMA was
sonicated for 5 min in 40% by volume of aqueous 2-propanol solution.



S.T. Sanjay et al.

After the PMMA was dried, PMMA was immersed in 0.2% (v/v) polylysine
in dimethyl sulfoxide (DMSO) for 20 min at room temperature followed by
rinsing in 2-propanol solution. Finally, the aminated PMMA was immersed
in glutaraldehyde solution (1% v/v) at room temperature for 30 min.
Glutaraldehyde which acts as a cross-linker forms the Schiff base with the
amine group of polylysine. The glutaraldehyde-activated PMMA was
washed once with phosphate-buffered saline (PBS) and used for the
immobilization of antigen/antibody by forming a Schiff base at the other
end of glutaraldehyde. ELISA was performed on this covalently linked
protein.

In the second method, PMMA was immersed in 1 N sodium hydroxide
(NaOH) solution at 55 °C for 30 min to obtain a hydrophilic -OH group
followed by immersing in 0.2% polylysine in water at room temperature
with pH of 7 for 1 h to get aminated PMMA. After the aminolysis, PMMA
was immersed for 30 min in 1% v/v glutaraldehyde solution at room
temperature. Similar to the first method, the surface-modified PMMA
was used for the immobilization of antigen/antibody, followed by ELISA
procedure after washing it once with PBS.

2.4. FTIR analysis of modified PMMA surface

FTIR-spectroscopy was used for the characterization of PMMA surface
modification by an FTIR spectrometer, PerkinElmer Spectrum 100.
PMMA was first cut into 1 cm x 1 cm square pieces by using a laser cutter
in raster mode with speed of 10% and power of 50%. Then the PMMA
was laser ablated to obtain wells with a diameter of 3.6 mm. The FTIR
spectra were recorded after each modification step for both the modifi-
cation procedure to characterize specific functional groups. FTIR
spectra were taken for pristine PMMA, PMMA -+ polylysine,
PMMA + polylysine + glutaraldehyde, and PMMA + polylysine +
glutaraldehyde + antibody.

2.5. Verification of protein immobilization using fluorescence microscopy

Unspecific absorption of proteins often leads to a reduction of func-
tional sites and an increase in the background signal, resulting in lower
immobilization of proteins and low sensitivity of the assay. Fluorescence
microscopy was used to show higher immobilization efficiency of anti-
gen/antibody on the modified PMMA surfaces as compared to pristine
PMMA and plasma-treated PMMA. Five different sets of PMMA were
taken and microwells were created using the laser cutter. 20 pg/mL of
Cy3 IgG was added to surface-modified PMMA (both methods), plasma-
treated PMMA, and pristine PMMA to see their protein immobilization
efficiency. Cy3 IgG was not added to one set of PMMA to see the back-
ground fluorescence of PMMA. For plasma treatment of the PMMA, the
laser-ablated PMMA was placed in a plasma cleaner (PDC-32G, Harrick
Plasma, NY, USA) for 1 min. PMMA devices were incubated for 20 min
with Cy3 IgG and then washed three times with phosphate-buffered sa-
line with Tween 20 (PBST) before measuring the fluorescence intensity
using a Nikon Ti-E fluorescence microscope (Melville, NY).

2.6. Sandwich-type ELISA for the colorimetric detection of infectious
disease biomarkers on PMMA microdevices

The surface-modified PMMA was used for the ELISA of different bio-
markers for infectious diseases including IgG, HBsAg, and HBcAg. For the
ELISA of IgG, the rabbit IgG was used as the analyte. To each well 5 pL of
serially diluted standard samples of IgG ranging from 0.1 ng/mL to 100 pg/
mLin 10 mM pH 8.0 PBS were added. Each concentration had eight replicas
along the same column of the chip. IgG solutions were prepared from the
stock solution of 2 mg/mL IgG. The chip was incubated at room tempera-
ture for 20 min. Following the reaction, bovine serum albumin (4.5% BSA
w/v in PBS + 0.05% Tween 20) was added for 20 min to block the
unreacted surface of the PMMA. Next, the microplate chip was thoroughly
washed with 8 pL of washing buffer PBST (10 mM, pH 7.4 PBS+ 0.05%
Tween 20) to get rid of unbound proteins. After washing, 5 pL of enzyme-
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linked antibody, i.e., anti-rabbit IgG-alkaline phosphatase (6 pg/mL) was
added and incubated at room temperature for 7 min. Finally, the chip was
thoroughly washed with PBST three times and 5 pL of the substrate, BCIP/
NBT (5-bromo, 4-chloro, 3-indoyl phosphate + nitroblue tetrazolium) was
added. The substrate, which is initially light yellow in color, is converted to
insoluble dark purple NBT diformazan as the end product which can be
observed visually by the naked eye. Following 10 min of incubation with
the substrate, an office scanner was used to scan the chip. Quantitative
detection was carried out using the free software ImageJ by measuring the
brightness value of each microwell of the microplate.

HBsAg and HBcAg were used as two biomarkers for the detection of
HBV and a similar assay procedure as IgG was followed. For the detection
of HBsAg, first, the antigen, i.e., HBsAg, was immobilized on the modified
surface of PMMA. After the antigen was incubated for 20 min, the blocking
buffer was added for another 20 min. The incubation was followed by
thorough washing with PBST and the addition of anti-HBsAg for another
20 min. Finally, after washing it with the washing buffer three times, a
sandwich-structure immunoassay was formed by the addition of alkaline
phosphatase (ALP)-labelled anti-rabbit IgG. Similar to the detection of
HBsAg, for the detection of HBcAg, anti-HBcAg was added after the initial
immobilization of HBcAg. Finally, ALP-labelled anti-rabbit IgG was added
to form a sandwich immunoassay. The microplate was scanned 10 min
after the addition of the substrate BCIP/NBT in both cases.

2.7. Multiplexed detection of HBsAg and HBcAg on PMMA microdevices

The surface-modified PMMA microdevice can be simultaneously used
for high-sensitivity detection of multiple disease biomarkers. Here, the
microdevice has been used for multiplexed detection of HBsAg and HBcAg,
two major biomarkers for the detection of HBV. This experiment also serves
the purpose of specificity for the detection of HBsAg and HBcAg. The first
column of the microdevice is for negative controls with PBS and no antigen.
HBsAg was immobilized in the second and third columns, HBcAg was
immobilized in the fourth and fifth columns, while both HBsAg and HBcAg
were immobilized in the sixth, seventh, and eighth columns. Different
combinations of antigens as mentioned above were incubated for 20 min
and then blocking buffer was added for another 20 min followed by a
thorough washing with the washing buffer. After that, anti-HBsAg was
added in the second, fourth, and seventh columns; anti-HBcAg was added
in the third, fifth, and eighth columns while both anti-HBsAg and anti-
HBcAg were added in the first and sixth columns. After the primary anti-
bodies were incubated for 20 min, the ALP-labelled secondary antibody
was added and incubated for another 7 min. Finally, the microdevice was
scanned using a desktop scanner, 10 min after the addition of the substrate.

3. Results and discussions
3.1. FTIR characterization of modified PMMA surface

As we can see from the FTIR spectrum of PMMA in Fig. 2, there is a
distinct absorption band from 1150 to 1250 cm ™, which can be attrib-
uted to the C-O-C stretching vibration. The two bands at 1387 and
750 cm ! can be attributed to the a-methyl group vibrations. The band at
986 cm ™! is the characteristic absorption vibration of PMMA, together
with the bands at 1063 and 841 cm ™ *. The band at 1723 cm ™! shows the
presence of the acrylate carboxyl group. The band at 1435 cm ™! can be
attributed to the bending vibration of the C-H bonds of the -CHs group.
The two bands at 2995 and 2951 cm ™! can be assigned to the C-H bond
stretching vibrations of the -CHs and ~CHy— groups, respectively. This
spectrum correlates well with the FTIR spectrum of PMMA that has been
documented in the literature [56].

Some major changes can be observed in the spectrum of PMMA once
it has been modified using method 1 (Fig. 2A). The presence of Amide I
(1652 cm_l), Amide II (1533 cm_l), and C-N stretch, as well as sub-
stantially less intense methyl ester bands after the treatment of PMMA
with polylysine, shows that the PMMA was aminated by polylysine.
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Fig. 2. Characterization of surface-modified PMMA. (A) FTIR characterization
of modified PMMA surface (modification method #1). (B) Fluorescence in-
tensity of Cy3 IgG immobilized on the surface modified PMMA. DMSO and
NaOH in (B) represent methods #1 and #2, respectively (n = 3).

These data suggest that the ester bond of PMMA is replaced by the amide
bond of polylysine as found in the literature for amine-modified PMMA
[56]. The aminated PMMA was further treated with glutaraldehyde to
covalently bind the antibody to the PMMA surface, as can be seen from
C=0 (1637 cm™ ) and C-N (1442 cm ') stretch vibrations. Strong ab-
sorption for Amide I (1646 cm’l) and Amide II (1555 cm’l) was
observed after the addition of the antibody, which confirmed the cova-
lent binding of the antibody to the modified PMMA surface.

Some major changes can also be observed in the spectrum of PMMA
once it was treated with NaOH to get a hydroxyl group followed by
treatment with polylysine to get aminated PMMA (method 2, Fig. S1). The
presence of Amide I (1617 cm’l), Amide I (1534 ¢cm™') and C-N
(1435 cm 1) stretch after the treatment of PMMA with polylysine shows
that the PMMA was aminated by polylysine. Also, the —-CH; stretching
mode of vibration at 2933 cm™! and the V1 proton mode band of the
peptide at 3239 cm™! were observed. The aminated PMMA was further
treated with glutaraldehyde, as can be seen from C—=0 (1637 em™ Y and
C-N (1440 cm™) stretch vibration. We can see strong absorption for
Amide I (1643 cm™ 1) and Amide II (1541 cm™!) after the addition of the
antibody, which proves the presence of amine functionalities of the
antibody due to the electrostatic interaction to the modified PMMA sur-
face. When comparing Method #1 and #2, a much more intense Amide I
band, and C-N stretch were observed after modification using Method #1
implying that Method #1 could generate more amine-modified PMMA.
Subsequent treatment with glutaraldehyde gave intense C-N stretch in
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method #1 followed by intense Amide I and Amide I band for method #1
after adding antibodies, which indicates that method #1 is more efficient
for covalently binding the antibody to the PMMA surface. In method 1,
the organic solvent DMSO is used which could partially penetrate and
swell PMMA and interact more extensively with ester groups, resulting in
more reactive sites and higher degree of covalent modification and amine
group density. Whereas, in method 2, NaOH hydrolyzes the ester group to
carboxylate and hydroxyl groups with negative charge. When polylysine
is added afterwards, it mainly binds to the negatively-charged PMMA
surface through the electrostatic interaction rather than covalent binding
which could lead to lower density of stable amine groups.

3.2. Validation of protein immobilization using fluorescence microscopy

After FTIR characterization, fluorescence microscopy was utilized to
assess the modification and the differences in the antibody immobiliza-
tion between the modified PMMA and the pristine PMMA. After the
surface modification or plasma treatment of PMMA, 20 pg/mL of Cy3 IgG
was added to corresponding microwells and incubated for 20 min for the
measurement of fluorescence intensity. Fig. 2B shows that polylysine-
modified PMMA (both methods 1 and 2) gives around seven-fold
higher fluorescence intensity as compared to the pristine PMMA, indi-
cating enhanced immobilization efficiency of the antibody. Method 1
gave slightly higher intensity as compared to method 2, which was
consistent with FTIR characterization, but the increase in intensity/
immobilization was insignificant. We can also observe a threefold in-
crease in the fluorescence intensity of the polylysine-modified PMMA, as
compared to plasma-treated PMMA. The blank represented a small
background fluorescence intensity of PMMA without the addition of Cy3
IgG. The result shows that the immobilization efficiency of protein was
significantly increased because of the surface modification of the PMMA,
which may ultimately lead to an increase in the sensitivity of ELISA.

3.3. Sandwich-type ELISA for the detection of infectious disease
biomarkers on polylysine-modified PMMA microplates

To demonstrate the feasibility of the detection of infectious disease
biomarkers, we performed the colorimetric ELISA for the detection of
IgG. IgG, the most common antibody in the human blood, can be used for
diagnosis of autoimmune hepatitis and Neuromyelitis Optica [57,58]. We
performed ELISA of IgG with 10-fold diluted concentrations ranging from
100 pg/mL to 0.1 ng/mL. Each of the microwells just required 5 pL of the
sample and each concentration had 8 repeats, as seen in Fig. 3. The chip
was scanned 10 min after the addition of the substrate and we can see the
increasing intensities of purple from the left to right in Fig. 3A-as the
concentration increases from 0.1 ng/mL to 100 pg/mL. Fig. 3B shows the
calibration curve for the detection of IgG by plotting corrected brightness
against the concentrations of IgG. The calibration curve of IgG on
surface-modified PMMA (method #1) was linear over the range of
102 pg/mL to 10° pg/mL with a regression curve of y = 9.72 log
() + 98.95 (R% = 0.98). The L.OD is defined as the concentration value
that generates a signal three standard deviations above the blank value.
The LOD of IgG on surface-modified PMMA (method #1) was found to be
200.0 pg/mL. Similar to the detection of IgG in surface-modified PMMA
(method #1), the calibration curve of IgG on surface-modified PMMA
(method#2) was linear over the range of 10? to 107 pg/mL with a
regression curve of y = 12.26 log (x) + 42.49 (R% = 0.98). The LOD of IgG
on surface-modified PMMA (method #2) was found to be 140.0 pg/mL
(Fig. S2). The LOD of IgG was found to be more than 10-fold sensitive
as compared to commercial 96-well microplate ELISA (LOD,
1.6-6.25 ng/mL) without the use of any specialized instrument like a
microplate reader [59]. In addition, our microplate just requires 5 pL of
sample and 90 min of assay time, compared to 50-100 pL of sample and
18 h of assay time in a traditional microplate. Our surface-modified de-
vice is also more sensitive as compared to APTES-modified PMMA (12 h
incubation time and LOD of 0.12 pg/mL) [49], paper-based device (54



S.T. Sanjay et al.

PBS 0.1 1 10 100 1 10 100
B ng/mL ng/mL ng/mL ng/mL pg/mL ug/mL ug/mL

170

....
g 8
P P |

Corrected Brightness
3
1

T - T T . J - -

0o  10° 10 10* 10° 10° 10° 10*
Concentration (pg/mL)

Fig. 3. Detection of IgG on surface-modified PMMA microplates (method #1).
(A) Scanned image of enzymatic converted substrate in different columns of the
microplate with concentrations from left to right: blank (0 pg/mL), 0.1 ng/mL,
1 ng/mL, 10 ng/mL, 100 ng/mL, 1 pg/mL, 10 pg/mL, and 100 pg/mL, respec-
tively. (B) The sigmoidal curve of the corrected brightness of IgG over a con-
centration range of 102 to 10® pg/mL (n = 8).

f/mol/zone) [45], and our previous hybrid device (LOD, 1.6 ng/mL)
[60]. Bai et al. also used amine-bearing poly(ethyleneimine) to modify
the PMMA but got the LOD only comparable to that of a 96-well plate
method and the linear dynamic range from 5 to 500 ng/mL even with the
use of a fluorescence microscope [50].

For the detection of HBV, HBsAg and HBcAg were used as its bio-
markers. HBsAg has been mainly used for the diagnosis and remission of
hepatitis B [61,62]. To detect HBsAg, the antigen HBsAg was first
immobilized on the surface-modified PMMA microwells, followed by the
addition of the primary antibody, anti-HBsAg, and the secondary anti-
body (goat anti-rabbit IgG) conjugated with ALP. Finally, the enzymatic
reaction between ALP and the colorimetric substrate BCIP/NBT produced
the purple color, similar to the detection of IgG. The calibration curve of
HBsAg on surface modified PMMA (method #1) was linear over the
range of 34 x 10! to 34 x 10° pg/mL with a regression curve of y = 13.13
log (x) + 75.1 (R? = 0.98). The LOD of HBsAg on surface-modified
PMMA (method #1) was found to be 180.0 pg/mL (Fig. 4). Similarly,
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Fig. 4. Detection of HBsAg on surface-modified PMMA microplates (method
#1). (A) Scanned image of enzymatic converted substrate in different columns of
the microplate with concentrations, from left to right: blank (0 pg/mL), 0.34 ng/
mL, 3.4 ng/mL, 34 ng/mL, 340 ng/mL, 3.4 ug/mL, 34 pg/mL, and 340 pg/mL,
respectively. (B) The sigmoidal curve of the corrected brightness of ELISA of
HBsAg over a concentration range of 34 x 10! to 34 x 107 pg/mL (n = 8).

the calibration curve of HBsAg on surface-modified PMMA (method #2)
was linear over the range of 34 x 10! to 34 x 10° pg/mL with a
regression curve of y = 16.46 log (x) + 74.9 (R%> = 0.98). The LOD of
HBsAg on surface-modified PMMA (method #2) was found to be
160.0 pg/mL (Fig. S3). As observed in both IgG and HBsAg detection, the
LOD for both the modification methods were similar, but modification
method #1 was more time efficient (1 h) compared to modification
method #2 (2 h). Hence, surface modification method #1 was adopted
for the subsequent experiments such as HBcAg and multiplexed assays.
The LOD of our surface modified device was found to be more sensitive
than commercial ELISA kits, HBsAg assay by Yazdani et al. (LOD of
0.7 ng/mL), and our previous hybrid microfluidic device with LOD of
1.3 ng/mL [60,63]. Our LOD was similar to that of the
micro-piezoelectric immunoassay by Xu et al. (LOD of 0.1 ng/mL), which
however required class-100 clean room and impedance analyzer [64].
For colorimetric ELISA of HBcAg, different concentrations of 10-fold
diluted HBcAg ranging from 0.1 ng/mL to 10 pg/mL were added to
different microwells in the surface-modified PMMA, followed by the
addition of anti-HBcAg and ALP-linked IgG. Similar to IgG and HBsAg
detection, the intensity of the produced purple color increased from left
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Fig. 5. Detection of HBcAg on surface-modified PMMA microplates (Method
#1). (A) Scanned image of enzymatic converted substrate in different columns
of the microplate with concentrations from left to right: blank (0 pg/mL),
0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 1 pg/mL, and 10 pg/mL, respec-
tively. (B) The sigmoidal curve of the corrected brightness of HBcAg over a
concentration range of 102 to 107 pg/mL (n = 8).

to right with corresponding HBcAg concentrations from 0.1 ng/mL to 10
pg/mL (Fig. 5). The calibration curve of HBcAg on surface modified
PMMA (method #1) was linear over the range of 10° to 107 pg/mL with a
regression curve of y = 14.7 log (x) + 15.5 (R?> = 0.98). The LOD of
HBcAg on surface-modified PMMA was found to be 300.0 pg/mL.

3.4. Multiplexed detection of HBsAg and HBcAg on surface-modified
PMMA microdevices

To demonstrate an efficient multiplex biomarker sensing device, the
surface-modified PMMA microdevice was used for the simultaneous
colorimetric detection of two hepatitis B virus biomarkers- HBsAg and
HBcAg. As shown in Fig. 6, the first column was negative control without
any antigen, hence no color development. The second and third columns
were for the detection of HBsAg while the fourth and fifth columns were
for the detection of HBcAg. The third and fourth columns did not develop
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Fig. 6. Multiplexed colorimetric ELISA in surface-modified PMMA micro-
devices. Scanned image of the enzyme-catalyzed substrate (A) and bar plot of
the corrected brightness of the scanned image (B) for detection of HBsAg and
HBcAg. From left to right: immobilized probe, none (1), HBsAg (2) and (3),
HBcAg (4) and (5), and HBsAg + HBcAg (6), (7), and (8), respectively. Test:
from left to right, solution containing, anti-HBsAg and anti-HBcAg (1) and (6),
HBsAg (2), (4), and (7), and HBcAg (3), (5), and (8). “a” and “b” show that the
data are significantly different from each other at p < 0.05 (n = 8).
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color, as they did not have the respective antibody against the antigen,
but the second and fifth columns developed purple as they had their
respective antibody. This can also serve as the specificity test, as HBsAg
can only bind to anti-HBsAg (2nd column) and not the anti-HBcAg (3rd
column). The sixth, seventh, and eighth columns had both the antigenii.e.
HBsAg and HBcAg; all of them developed color as they have their
respective antibody or the mixture of both antibodies.

4. Conclusions

In summary, we have developed a novel polylysine surface modifi-
cation method to functionalize PMMA surface for enhanced covalent
binding of proteins to perform an ultrasensitive immunoassay for mul-
tiplexed detection of infectious diseases biomarkers. Specifically, amine-
dense polylysine was used to introduce the amine group onto the PMMA
surface while the glutaraldehyde acted as a cross-linker ultimately
increasing the immobilization efficiency of the protein within a short
period of time (20 min compared to overnight incubation in traditional
methods). The surface-modified PMMA microfluidic microplate was able
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to significantly enhance the sensitivity of the assay without using
specialized instruments. LODs of 200.0, 180.0, and 300.0 pg/mL were
obtained for IgG, HBsAg, and HBcAg, respectively, which were about 10-
fold more sensitive than other reported traditional microplate reader-
based methods. A wide linear range of detection was also observed in
addition to dramatically reduced reagent consumption and a much
shorter assay time of 90 min. The basic microplate used here can perform
8 x 8 assays but the design can be simply modified to perform as many
experiments and repeats as desired. Additionally, the developed immu-
noassay meets the ASSURED criteria, which is essential for diagnostics in
resource-limited settings. Proof-of-concept testing of the microfluidic
microplate was mainly demonstrated using samples prepared in buffer
solutions. The microplate's efficacy in real-world clinical settings would
need to be further validated using clinical patient samples in order to
study large scale cohorts in the future. The study may lead to a simple,
rapid, ultrasensitive, and point-of-care device for the simultaneous
detection of multiple panels of low-concentration biomarkers in a very
low sample volume of different body fluids including saliva, tear, urine or
serum. Considering the broad applicability of the microfluidic microplate
platform across diverse fields, we envision that the surface-modified
PMMA microplate holds tremendous potential as a POC multiplexed
testing platform for many applications ranging from clinical diagnosis
and biochemical assay to environmental monitoring, particularly in
resource-limited settings.
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