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Abstract: Low-cost diagnostic tools for point-of-care immunoassays, such as the paper-based enzyme-
linked immunoassay (ELISA), have become increasingly important, especially so in the recent
COVID-19 pandemic. ELISA is the gold-standard antibody/antigen sensing method. This paper
reports an easy-to-fabricate nitrocellulose (NC) paper plate, coupled with a desktop scanner for
ELISA, which provides a higher protein immobilization efficiency than the conventional cellulose
paper-based ELISA platforms. The experiments were performed using spiked samples for the direct
ELISA of rabbit IgG with a limit of detection (LOD) of 1.016 µg/mL, in a measurement range of
10 ng/mL to 1 mg/mL, and for the sandwich ELISA of sperm protein (SP-10) with an LOD of
88.8 ng/mL, in a measurement range of 1 ng/mL to 100 µg/mL. The described fabrication method,
based on laser-cutting, is a highly flexible one-step laser micromachining process, which enables
the rapid production of low-cost NC paper-based multi-well plates with different sizes for the
ELISA measurements.

Keywords: paper-based ELISA; nitrocellulose; multi-well paper plate; point-of-care diagnostics

1. Introduction

Table of Contents: A nitrocellulose paper-based multi-well plate provides high
protein immobilization efficiency and is used for rapid enzyme-linked immunosorbent
assays (ELISAs).

Paper-based microfluidic devices have attracted increasing attention and are widely
applied to analytical applications for point-of-care (POC) diagnostics [1], including the ones
for COVID-19 testing [2–5]. Paper substrates share common advantages, such as a good
biocompatibility with biomolecules (e.g., proteins and nucleic acids) and pump-free fluid
transport through the capillarity [6,7]. The paper-based devices are compatible with various
quantitative detection mechanisms, such as colorimetry [8,9], electrochemistry [10–12],
chemiluminescence [13], and electrical conductivity [14]. Among them, the colorimetric
enzyme-linked immunosorbent assay (ELISA) on a paper-based device, is of great potential.
The colorimetric output signal of a paper-based ELISA can be readily quantified through
low-cost and simple instruments, such as a digital camera, a smartphone, or a portable
scanner [15].

The paper-based colorimetric ELISA was first demonstrated by Cheng et al., through
a wax-printed paper-based multi-well plate [16]. It has been extended to the detection
of human performance biomarkers [17], bullous pemphigoids [18], tumor markers [19],
bacteria [20], T7 bacteriophages [21], cancer biomarkers [22] and recently, the SARS-CoV-2
antibody and antigen [23,24]. The paper substrate adopted in these studies was mainly pure
cellulose filter/chromatography paper. However, a distinct drawback of the pristine cellu-
lose paper is its low protein immobilization efficiency [25]. The cellulose paper substrate
usually needs to be pre-treated with organic linkers, to enhance the paper’s protein binding
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affinity (through covalent protein binding), and thus improves the analytical performance
of the paper-based ELISA [26–28].

Compared to the widely investigated cellulose paper, the paper-like nitrocellulose
(NC) membrane (or simply “NC paper”), made from pure cellulose nitrate, possesses more
uniform porous structures and a larger surface-area-to-volume ratio [29]. The hydrophobic
interaction between the carbon-containing NC and the hydrophobic portion of the protein
empowers the NC paper with a better protein-binding capacity [30]. The NC paper has
been used as the substrate material in the lateral flow immunochromatographic assays
(LFIAs), and the capture proteins for the test and control lines can be directly plotted on the
NC paper, without any chemical treatment of the NC surface [31,32]. Although featuring a
high protein-binding capability, the NC paper is less applied as a microfluidic paper-based
device, apart from lateral flow strips, due to the challenge of generating robust hydrophobic
walls on the NC membranes. It is also difficult, on NC paper, to realize the origami type of
the structure, such as the origami cellulose paper device, due to its fragile nature [33]. The
NC paper-based microfluidic devices have been mainly developed for immunoassays in a
two-dimensional chip format [34,35].

Multiple techniques have been reported for the fabrication of paper-based microfluidic
devices [36], including photolithography [37,38], inkjet printing [39], wax printing [40,41],
and also laser-cutting [42,43]. However, not all of these methods are suitable for fabricating
NC paper-based devices. Creating hydrophobic walls through wax printing on NC paper,
is challenging, because NC paper is highly flammable and brittle. Although wax-printing
on NC paper has been proven to be feasible [44], the step of high-temperature baking
involved can damage the pore structure, and the wax barrier can be breached by the
bioanalysis solutions. As an alternative to wax printing, a recent study applies screen-
printed polyurethane acrylate (PUA) as the barrier material and UV-curing to define the
flow channel and reaction zone on NC paper [45]. The photolithography method requires
sophisticated equipment and expensive photoresists, and involves multi-steps for the
device fabrication. A NC paper device can also be fabricated through manual punch, but is
limited in puncher designs [46]. In contrast, laser cutting is a simple way to pattern a NC
membrane into designed shapes and is a promising candidate for a NC paper-based device
fabrication [47].

Although NC paper has been widely used for LFIAs, no attempt has been made to
fabricate NC paper-based multi-well plates, for a colorimetric ELISA. We hypothesize
that the excellent protein immobilization capability of the NC paper could improve the
sensitivity of the colorimetric ELISA. In this paper, we fabricated a NC paper-based multi-
well plate through a simple laser-cutting method, and applied the multi-well plate to
conduct the colorimetric ELISA of the human sperm protein 10 (SP-10, a protein marker
to quantify the sperm numbers in human semen) [48]. To characterize the analytical
performance of the NC paper-based multi-well plate, we first conducted a direct ELISA of
rabbit IgG, and experimentally optimized the assay parameters. The colorimetric signal
was quantified with a desktop scanner. The results show that the direct ELISA of rabbit
IgG on NC paper provides a higher analytical sensitivity than that of the same assay on
cellulose paper. Then, we carried out a sandwich ELISA of SP-10 and achieved a LOD of
88.8 ng/mL. This paper demonstrates the improved analytical performance of a NC paper-
based ELISA, due to the superior protein immobilization capability of the NC substrate.
The developed NC paper-based multi-well plate can serve as a low-cost platform for
ELISA-based diagnostics.

2. Materials and Methods
2.1. Design and Fabrication of the NC Paper-Based Multi-Well Plate

To fabricate the NC paper-based multi-well plate, a 96-well plate pattern (well di-
ameter: 5 mm, and well-center pitch: 9 mm) was first generated in Solidworks 2017, as
shown in Figure 1a. Prior to the laser cutting process, a piece of NC paper (GE Health
#FF80HP, Cytiva), composed of a 200 µm NC membrane and a 100 µm polyester backing,
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was attached to a copier transparency film (Staples), with the assistance of a double-sided
adhesive tape (Figure 1b). The assembly of the NC paper and the plastic film was then
placed in a CO2 laser cutter (Universal Laser System: VLS-desktop-model-350), and the
assembly was laser-cut following the pre-defined route (Figure 1c). The laser-cutting pa-
rameters, including the laser power intensity and the cutting speed, were optimized to
make the top-layer NC membrane of the assembly be cut through, while the bottom-layer
plastic film remained intact, as illustrated in the inset figure in Figure 1c. The optimized
operation settings of the laser cutter were 10% power, 100% speed, and 1000 PPI (PPI: laser
pulse per inch). These laser cutting parameters ensured a fast and precise cutting of the
NC membrane, without obvious material burning (due to overheating). In the laser cutting
experiments, it was observed that the laser cutting fused the edges of the NC-paper-disc
plastic backing with the transparent plastic film at the bottom of the assembly. Thus, the
leftover NC paper discs were able to strongly adhere to the plastic film because of both the
double-sided tape and the fusion effect induced by the laser cutting. The NC membrane
piece surrounding the NC wells was lastly peeled off and the final 96-well NC paper plate
was formed (Figure 1d).
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paper multi-well plate is described below: 
• As shown in Figure 2a-i and 2a-ii, the direct ELISA of rabbit IgG starts with the ad-

dition of 3 μL of rabbit IgG (cat #I5006, Sigma-Aldrich) in a PBS solution onto each 
NC well, followed by a 10-min incubation at room temperature,  

• Then, 3 μL of 4% bovine serum albumin (BSA; cat #05482, Sigma-Aldrich) solution 
was added to block the vacant binding sites on the NC well, to minimize the non-

Figure 1. Fabrication of the NC paper-based 96-well plate through a simple laser-cutting method.
(a) Design of the laser-cutting patterns of the 96-well plate. (b) The assembly of the NC paper
(including its plastic backing) with the plastic film. (c) The laser-cutting and (d) peel-off processes of
the NC paper surrounding the NC wells.

2.2. Direct ELISA Protocol for the Rabbit IgG Detection

To characterize the analytical performance of the NC paper-based 96-well plate for the
ELISA, we first performed a direct ELISA of rabbit IgG antigen in a phosphate-buffered
saline (PBS) solution (cat #10010023, Gibco). The purity and concentrations of the rabbit
IgG reagents were quantified by the supplier and thus we assumed the spiked samples’
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concentrations were as we expected. The detailed direct ELISA protocol on the NC paper
multi-well plate is described below:

• As shown in Figure 2(a-i,a-ii), the direct ELISA of rabbit IgG starts with the addition
of 3 µL of rabbit IgG (cat #I5006, Sigma-Aldrich) in a PBS solution onto each NC well,
followed by a 10-min incubation at room temperature,

• Then, 3 µL of 4% bovine serum albumin (BSA; cat #05482, Sigma-Aldrich) solution was
added to block the vacant binding sites on the NC well, to minimize the non-specific
binding (Figure 2(a-iii)), and the blocked NC well was incubated at room temperature
for 10 min,

• Next, the NC well was washed with 5 µL of 1× PBS buffer three times. The wash buffer
was absorbed each time with an absorbent paper (cat #WHA10427806, Cytiva), and the
washed NC well was finally incubated for 10 min at room temperature (Figure 2(a-iv)),

• Three µL of the ALP-conjugated rabbit IgG antibody (cat #A3687, Sigma-Aldrich)
solution, diluted from the stock solution at the ratio of 1:1000, was added onto each
NC well for 10-min incubation (Figure 2(a-v)),

• Finally, each NC well was washed with 5 µL of 1× PBS solution three times (Figure 2(a-vi)),
and 4 µL of BCIP/NBT (5-bromo-4-chloro-3′-indolyphosphate p-toluidine salt/nitro-
blue tetrazolium, cat #B5655, Sigma-Aldrich) substrate was deposited onto each NC
well (Figure 2a-vii). The colorimetric signal was quantified after a 10-min incubation
(Figure 2(a-viii)). The whole direct ELISA of rabbit IgG takes around 1 h to complete.
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Figure 2. The schematic representation of the (a) direct ELISA of rabbit IgG and (b) the sandwich
ELISA of sperm protein SP-10 on the NC paper multi-well plate.
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In comparison, the cellulose paper-based ELISA applied the following protocol:

• First, the wax-printed cellulose paper well was washed with 30 µL PBS and dried in
the air for 15 min,

• Second, 5 µL of the rabbit IgG (cat #I5006, Sigma-Aldrich) in the PBS solution was
added to a cellulose paper well as an antigen. Five µL of the blank PBS solution was
added to a separate well as the control. A 20-min incubation was followed to allow
the wells to dry in the air,

• Third, 5 µL of the blocking buffer composed of 2% w/v BSA (cat #05482, Sigma
Aldrich) and 0.05% w/v Tween 20 (cat #P1379, Sigma Aldrich) in PBS, was added to
the test wells, followed by a 30-min incubation,

• Fourth, 5 µL of the ALP-conjugated rabbit IgG antibody solution (cat #A3687, Sigma
Aldrich, 1: 500 diluted in PBS) was added to the well,

• Fifth, 10 µL of PBS was added to the wells and afterwards absorbed with a piece of
the adsorbent pad (cat #28297-998, VWR) three times,

• Sixth, 8 µL of BCIP/NBT substrate was added to each well for the color change with
an incubation time of 30 min,

• Lastly, the dried cellulose paper plate was placed in the scanner for the color intensity analysis.

2.3. Sandwich ELISA Protocol for the SP-10 Detection

We also performed the sandwich ELISA of SP-10 on the NC paper multi-well plate.
The reagents are from the human ACRV1 ELISA pair set (cat #SEK11789, Sino Biological).
The sandwich ELISA protocol is described as follows:

• The sandwich ELISA of SP-10 starts with the addition of 3 µL of the capture antibody
solution (mouse anti-ACRV1 monoclonal antibody in CBS solution, cat #11789-MM01,
Sino Biological) with a concentration of 100 µg/mL, onto the NC paper well, followed
by the overnight incubation in a 4 ◦C fridge for the sufficient antibody immobilization,

• Then, after taking the blocked plate out of the fridge, each NC paper well was pipetted
with 10 µL of the wash buffer (0.05% Tween20 in TBS, pH 7.2–7.4) and blotted with an
absorbent pad, three times, to remove the unbound antibodies,

• Next, 3 µL of the blocking buffer (2% BSA in wash buffer) was added to each well
(Figure 2(b-i)), followed by a 10-min incubation and washing step with 10 µL wash
buffer, three times, again to remove the unbound blocking reagents (Figure 2(b-ii)),

• Next, 3 µL of the SP-10 protein solution (cat #10227-H08B, Sino Biological) was added
to the blocked NC paper well and incubated for 10 min, for the SP-10 protein to be
captured by the immobilized capture antibody probe (Figure 2(b-iii)). The well was
also washed with 10 µL of wash buffer, three times, to prevent the non-specific binding
of the antigen (Figure 2(b-iv)),

• Next, 3 µL of the detection horseradish peroxidase (HRP) conjugated SP-10 antibody
(0.1 µg/mL, cat #11789-MM06, Sino Biological) was added to each well and incubated
for 10 min (Figure 2(b-v)). The well was sequentially washed three times with 10 µL of
wash buffer to remove the non-specific binding of the signal antibodies (Figure 2(b-vi)),

• Lastly, 5 µL of the TMB (3,3’,5,5’-tetramethylbenzidine) substrate (10 mg/mL in
DMSO) was added to each well and incubated for 5 min for the color generation
(Figure 2(b-vii)). The dried NC paper plate was placed in the scanner for analysis
(Figure 2(b-viii)). The whole sandwich ELISA of sperm protein on the NC paper takes
around 50 min to complete.

2.4. Colorimetric Signal Interpretation with a Desktop Scanner

For the colorimetric signal readout, a desktop scanner (Canon LiDE 210) was used
to scan the 96-well plate into a digital RGB image, and the software ImageJ (NIH) was
used to quantify the grayscale intensity of the colorimetric signal in each well post ELISA
reactions. During the image analysis in ImageJ, a circle was drawn along the NC paper well
boundary in the scanned plate image, as the analysis area. In this study, the direct ELISA of
rabbit IgG generates a purple color signal through the reaction of the alkaline phosphate
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(ALP) enzyme label and its BCIP/NBT substrate, while the sandwiched ELISA of SP-10
produces a blue color signal through the reaction of the HRP enzyme label and its TMB
substrate. Each well’s mean greyscale intensity (the average of the red, green, and blue
channel intensities) is quantified through ImageJ. All of the reported results were carried
out in replicates, to ensure the result’s accuracy and repeatability. The number of replicates
is indicated by the variable N.

3. Results and Discussion
3.1. Direct ELISA Protocol Optimization

The direct ELISA protocol, described in Section 2.2, is with the optimized parameters.
The optimization of the protocol parameters is described below. Using 10 µg/mL of
rabbit IgG as the positive sample, the effect of the BSA concentration for blocking was
first experimentally examined. As shown in Figure 3a, the results suggest that 4% BSA
is effective for minimizing the non-specific binding of the control group samples and in
the meanwhile maintaining a high signal output for the positive group samples. Further
increasing of the BSA concentration to 6%, reduced the signal output, due to the over-
blocking of the target rabbit IgG antigen. Thus, the BSA concentration was selected to
be 4%.
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ALP-conjugated antibody, and (d) the applied ALP-antibody concentration (through changing the
dilution factor of the stock solution).

Efficient washing after the addition of the ALP-conjugated goat rabbit IgG antibody
is necessary, to remove the non-specific binding and thus reduce the background noise;
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thus, the effect of the PBS washing times (with a fixed washing volume of 5 µL of 1× PBS)
was tested and the results were shown in Figure 3b. One or two washes caused a high
background noise in the control group, representing inadequate washing. Three washes
were found to be sufficient, and the signal intensity of the control group was maintained at
a low level. Washing more than three times did not further reduce the background noise
level of the control group, but significantly reduced the signal output level of the positive
group samples. Thus, three washes were selected as the final washing parameter.

The ALP-conjugated antibody was added to the NC well for binding with the IgG
antigen immobilized, and eventually produced a colorimetric signal indicating the amount
of the IgG antigen. The incubation time of the NC well, after the addition of the ALP-
conjugated antibody, was investigated. All the other protocol parameters remained the
same as the optimized protocol described in Section 2.2. As shown in Figure 3c, the
output signal intensity increased with the incubation time and remained stable when the
incubation time was 10 min and above. Thus, a 10-min incubation was adopted in the final
protocol for the colorimetric signal production.

A proper concentration of the ALP-conjugated antibody is also important, as it directly
affects the signal production. A too-low antibody concentration could induce an insufficient
number of antibodies for labelling the target antigen, and a very high antibody concentra-
tion could yield an excessive number of antibodies that may boost non-specific antibody
binding, and thus the background noise level. The experimental results in Figure 3a–c
confirmed the stability of the developed NC-paper-based ELISA performance. Thus in
Figure 3d, we applied the one-time screening to find the optimal ALP-antibody concen-
tration that gives the best sensitivity. Here we applied different concentrations of the
ALP-antibody for the direct ELISA, by changing the stock solution (5 mg/mL) dilution to
10 µg/mL (dilution ratio of 1:500) to 2.5 µg/mL (dilution ratio of 1:2000), to find the optimal
one for the rabbit IgG detection protocol. Based on the result in Figure 3d, the background
noise, due to the non-specific binding, would be higher than in the other groups, when the
antibody concentration applied is 10 µg/mL. A higher LOD was achieved for the device
with an excessively high antibody dilution ratio. When the too-low antibody concentrations
of 3.3 µg/mL (dilution ratio of 1:1500) and 2.5 µg/mL were used, the signal level or the
sensitivity was lower than the 5 µg/mL (dilution ratio of 1:1000), thus limiting the linear
detection range of the device. Following the screening, we determined that the optimal
concentration of the ALP-antibody solution to be applied in the protocol was 5 µg/mL.

3.2. Calibration Results of the Direct ELISA of Rabbit IgG

The direct ELISA was conducted for the detection of the antigen of rabbit IgG in
10-fold dilutions, from the concentration of 10 ng/mL to 1 mg/mL. The colorimetric
signal intensity of each well measured by the scanner, was darker as the antigen amount
increased. The average pixel intensity value for each well was analyzed through the
ImageJ software. A sigmoidal curve (Figure 4) was generated by the non-linear regression
using the Hill equation, which shows a high correlation between the signal intensity and
the sample concentration (R2 = 0.992). The LOD achieved with the optimized protocol
was 1.016 µg/mL, as determined following the three-sigma limit to be three standard
deviations from the mean intensity of the negative control. The observed linear range was
from 1 µg/mL to 100 µg/mL. The calibration curve for the direct ELISA on a cellulose paper
plate was also shown in Figure 4 (the black curve). One can see that at low concentrations
(10 ng/mL and 100 ng/mL), the NC paper plate provides a greater signal intensity than
the cellulose paper plate. This is due to the higher protein capture efficiency of the NC
paper than the cellulose paper. The assay on the cellulose paper plate yields an LOD of
1.101 µg/mL, which is also slightly higher than that (1.016 µg/mL) of the NC paper plate.
The direct ELISA on cellulose paper was also optimized similarly, and showed a similar
performance, compared to the previous literature [16]. We believe that there is still room
for us to further improve the LOD of the direct ELISA on the NC paper plate, which can
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be realized through the optimization of the washing buffer composition for the enhanced
washing efficiency.
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Figure 4. Calibration plot for the mean grayscale intensity of the color produced by the enzymatic
reaction in the direct ELISA versus the amount of rabbit IgG absorbed into each well of the cellulose
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error bars represent the standard deviations of the measurements.

3.3. Calibration Results of the Sandwich ELISA of SP-10

The sandwich ELISA, for detecting the SP-10, was conducted and the calibration
results are shown in Figure 5. Figure 5a presents the NC paper-based ELISA colorimetric
outputs at different concentrations of SP-10, as inputs ranging from 1 ng/mL to 100 µg/mL,
plus a control group. Figure 5b shows the signal intensity calibration curve achieved from
scanning the NC paper well color intensities with the desktop scanner. The LOD of the
sandwich ELISA assay, following the protocol described in Section 2.3, was determined to
be 88.8 ng/mL.
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Figure 5. The sperm protein sandwich ELISA detection on the NC paper plate. (a) The experi-
mental photo of the sperm protein sandwich ELISA on the NC paper plate (N = 5), and (b) the
grayscale intensity scanned by the desktop scanner and the generated calibration curve, based on the
Hill equation.

The proposed laser-cutting method for the NC paper plate fabrication has a high
degree of flexibility for creating different sizes of NC paper plates. The 96-well plate format
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is demonstrated in this study to be feasible, since the 96-well plate is the most used plate
type for the bioassays. Other different sizes of NC paper wells can be prepared by using
the proposed laser-cutting method. The fluid operations on the NC paper plate, such
as the incubation of antibodies or washing the wells, can be easily realized through a
single-channel pipette or a multi-channel pipetting/automated robotic handling, which is
more efficient. The NC-paper-plate-based ELISA is also compatible with a plate reader for
the accurate absorbance-based colorimetric reading. The current assay applied a desktop
scanner and the computer software ImageJ for the signal quantification. For the POC
applications, the future development can incorporate a smartphone camera to read the
signal, to improve the portability. The developed NC paper-based plate provided LODs
of 1.016 µg/mL for the direct ELISA and 88.8 ng/mL for the sandwich ELISA. Compared
to the standard ELISA on a plastic multi-well plate for SP-10, the NC paper-based ELISA
uses much lower volumes of samples and reagents (Table 1). Moreover, the proposed NC
paper-based ELISA also has other advantages, including a shorter assay time (<1 h for
the NC paper-based ELISA, compared to several hours for a standard 96-well plate-based
ELISA), a lower cost for the plate fabrication, and an easier signal quantification method.

Table 1. The comparison between the SP-10 NC-paper-based ELISA and the standard plate-based
ELISA for the SP-10 detection.

Compared Properties NC Paper-Based Sandwich ELISA Standard Plate-Based ELISA

1. Sample size 3 µL 100 µL

2. Total reagent consumed ~137 µL 450 µL

3. Total assay time ~ 50 min >3.5 h

4. Detection limit 88.8 ng/ml 46.875 pg/ml

5. SP-10 protein biomarker detectable weight 266.4 pg 4.6875 pg

6. Signal detection Low-cost desktop scanner
(~70 CAD)

Expensive microplate reader
(~100k CAD)

4. Conclusions

This work developed a NC paper-based 96-well plate that can be produced with a
simple and rapid one-step laser-cutting method. The surface property of the NC paper
renders it more efficient for the protein immobilization, than cellulose paper, thus enhancing
the assay sensitivity on the NC paper-based plate. The developed NC 96-well plate is
compatible with standard laboratory instruments for liquid handling and signal readout.
For proof of demonstration, the direct ELISA of rabbit IgG and the sandwich ELISA of
SP-10 were successfully performed, and the LODs of 1.016 µg/mL and 88.8 ng/mL were
achieved, respectively.

Author Contributions: Conceptualization, Y.S. and X.L.; methodology, Z.Q., Z.H., Y.S. and X.L.;
validation, Z.Q., Z.H. and P.P.; formal analysis, Z.Q., Z.H., R.Z. and X.L.; investigation, Z.Q. and Z.H.;
resources, Y.S. and X.L.; data curation, Z.Q., Z.H. and Y.P.; writing—original draft preparation, Z.Q.,
Z.H. and X.L.; writing—review and editing, Z.Q., Z.H., Y.S. and X.L.; visualization, Z.Q., Z.H., Y.S.
and X.L.; supervision, Y.S. and X.L.; project administration, Y.S. and X.L.; funding acquisition, X.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Sciences and Engineering Research Council
of Canada (grant numbers: RGPIN-05039-2022, RGPIN-06374-2017, and RGPAS-2017-507980), the
Canadian Institutes of Health Research (grant number: PJT-159475), and the Canada Foundation for



Micromachines 2022, 13, 2232 10 of 11

Innovation (grant number: JELF-38428). Z. Qin was supported by the University of Toronto PRiME
Fellowship (fellowship number: PRMF2020-007).

Data Availability Statement: The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hosseini, S.; Vázquez-Villegas, P.; Martínez-Chapa, S.O. Paper and Fiber-Based Bio-Diagnostic Platforms: Current Challenges

and Future Needs. Appl. Sci. 2017, 7, 863. [CrossRef]
2. Zhang, T.; Deng, R.; Wang, Y.; Wu, C.; Zhang, K.; Wang, C.; Gong, N.; Ledesma-Amaro, R.; Teng, X.; Yang, C.; et al. A paper-based

assay for the colorimetric detection of SARS-CoV-2 variants at single-nucleotide resolution. Nat. Biomed. Eng. 2022, 6, 957–967.
[CrossRef] [PubMed]

3. Pinheiro, T.; Cardoso, A.R.; Sousa, C.E.A.; Marques, A.C.; Tavares, A.P.M.; Matos, A.M.; Cruz, M.T.; Moreira, F.T.C.; Martins, R.;
Fortunato, E.; et al. Paper-Based Biosensors for COVID-19: A Review of Innovative Tools for Controlling the Pandemic. ACS
Omega 2021, 6, 29268–29290. [CrossRef] [PubMed]

4. Qin, Z.; Peng, R.; Baravik, I.K.; Liu, X. Fighting COVID-19: Integrated Micro- and Nanosystems for Viral Infection Diagnostics.
Matter 2020, 3, 628–651. [CrossRef]

5. Li, X.; Qin, Z.; Fu, H.; Li, T.; Peng, R.; Li, Z.; Rini, J.M.; Liu, X. Enhancing the performance of paper-based electrochemical
impedance spectroscopy nanobiosensors: An experimental approach. Biosens. Bioelectron. 2021, 177, 112672. [CrossRef]

6. Li, X.; Zwanenburg, P.; Liu, X. Magnetic timing valves for fluid control in paper-based microfluidics. Lab Chip 2013, 13, 2609–2614.
[CrossRef]

7. Li, X.; Ballerini, D.R.; Shen, W. A perspective on paper-based microfluidics: Current status and future trends. Biomicrofluidics
2012, 6, 011301–1130113. [CrossRef]

8. Nguyen, P.T.; Lee, J.; Cho, A.; Kim, M.S.; Choi, D.; Han, J.W.; Kim, M.I.; Lee, J. Rational Development of Co-Doped Mesoporous
Ceria with High Peroxidase-Mimicking Activity at Neutral pH for Paper-Based Colorimetric Detection of Multiple Biomarkers.
Adv. Funct. Mater. 2022, 32, 2112428. [CrossRef]

9. Phoonsawat, K.; Ozer, T.; Dungchai, W.; Henry, C.S. Dual-mode ion-selective electrodes and distance-based microfluidic device
for detection of multiple urinary electrolytes. Analyst 2022, 147, 4517–4524. [CrossRef]

10. Zhao, C.; Liu, X. A portable paper-based microfluidic platform for multiplexed electrochemical detection of human immunodefi-
ciency virus and hepatitis C virus antibodies in serum. Biomicrofluidics 2016, 10, 024119. [CrossRef]

11. Kong, Q.; Wang, Y.; Zhang, L.; Xu, C.; Yu, J. Highly sensitive microfluidic paper-based photoelectrochemical sensing platform
based on reversible photo-oxidation products and morphology-preferable multi-plate ZnO nanoflowers. Biosens. Bioelectron.
2018, 110, 58–64. [CrossRef]

12. Fu, H.; Qin, Z.; Li, X.; Pan, Y.; Xu, H.; Song, P.; Liu, X. A Paper-Based All-in-One Origami Nanobiosensor for Point-of-Care
Diagnosis of Cardiovascular Diseases. SSRN Electron. J. Mar. 2022. [CrossRef]

13. PKumar, S.; Bhand, S.; Das, A.K.; Goel, S. Microfluidic paper device with on-site heating to produce reactive peroxide species for
enhanced smartphone enabled chemiluminescence signal. Talanta 2021, 236, 122858. [CrossRef]

14. Ortega, L.; Llorella, A.; Esquivel, J.P.; Sabaté, N. Paper-Based Batteries as Conductivity Sensors for Single-Use Applications. ACS
Sens. 2020, 5, 1743–1749. [CrossRef] [PubMed]

15. Noviana, E.; Ozer, T.; Carrell, C.S.; Link, J.S.; McMahon, C.; Jang, I.; Henry, C.S. Microfluidic Paper-Based Analytical Devices:
From Design to Applications. Chem. Rev. 2021, 121, 11835–11885. [CrossRef]

16. Cheng, C.-M.; Martinez, A.W.; Gong, J.; Mace, C.R.; Phillips, S.T.; Carrilho, E.; Mirica, K.A.; Whitesides, G.M. Paper-based elisa.
Angew. Chem.-Int. Ed. 2010, 49, 4771–4774. [CrossRef]

17. Murdock, R.C.; Shen, L.; Griffin, D.K.; Kelley-Loughnane, N.; Papautsky, I.; Hagen, J.A. Optimization of a paper-based ELISA for
a human performance biomarker. Anal. Chem. 2013, 85, 11634–11642. [CrossRef]

18. Hsu, C.-K.; Huang, H.-Y.; Chen, W.-R.; Nishie, W.; Ujiie, H.; Natsuga, K.; Fan, S.-T.; Wang, H.-K.; Lee, J.Y.-Y.; Tsai, W.-L.; et al.
Paper-based ELISA for the detection of autoimmune antibodies in body fluid-the case of bullous pemphigoid. Anal. Chem. 2014,
86, 4605–4610. [CrossRef]

19. Mazzu-Nascimento, T.; Morbioli, G.G.; Milan, L.A.; Donofrio, F.C.; Mestriner, C.A.; Carrilho, E. Development and statistical
assessment of a paper-based immunoassay for detection of tumor markers. Anal. Chim. Acta 2017, 950, 156–161. [CrossRef]

20. Pang, B.; Zhao, C.; Li, L.; Song, X.; Xu, K.; Wang, J.; Liu, Y.; Fu, K.; Bao, H.; Song, D.; et al. Development of a low-cost paper-based
ELISA method for rapid Escherichia coli O157:H7 detection. Anal. Biochem. 2018, 542, 58–62. [CrossRef]

21. Khan, M.S.; Pande, T.; van de Ven, T.G.M. Qualitative and quantitative detection of T7 bacteriophages using paper based sandwich
ELISA. Colloids Surf. B Biointerfaces 2018, 542, 58–62. [CrossRef] [PubMed]

22. Liu, W.; Guo, Y.; Zhao, M.; Li, H.; Zhang, Z. Ring-Oven Washing Technique Integrated Paper-based Immunodevice for Sensitive
Detection of Cancer Biomarker. Anal. Chem. 2015, 87, 7951–7957. [CrossRef] [PubMed]

http://doi.org/10.3390/app7080863
http://doi.org/10.1038/s41551-022-00907-0
http://www.ncbi.nlm.nih.gov/pubmed/35835993
http://doi.org/10.1021/acsomega.1c04012
http://www.ncbi.nlm.nih.gov/pubmed/34778604
http://doi.org/10.1016/j.matt.2020.06.015
http://doi.org/10.1016/j.bios.2020.112672
http://doi.org/10.1039/c3lc00006k
http://doi.org/10.1063/1.3687398
http://doi.org/10.1002/adfm.202112428
http://doi.org/10.1039/D2AN01220K
http://doi.org/10.1063/1.4945311
http://doi.org/10.1016/j.bios.2018.03.050
http://doi.org/10.2139/ssrn.4060674
http://doi.org/10.1016/J.TALANTA.2021.122858
http://doi.org/10.1021/acssensors.0c00405
http://www.ncbi.nlm.nih.gov/pubmed/32431152
http://doi.org/10.1021/acs.chemrev.0c01335
http://doi.org/10.1002/anie.201001005
http://doi.org/10.1021/ac403040a
http://doi.org/10.1021/ac500835k
http://doi.org/10.1016/j.aca.2016.11.011
http://doi.org/10.1016/j.ab.2017.11.010
http://doi.org/10.1016/j.colsurfb.2015.05.028
http://www.ncbi.nlm.nih.gov/pubmed/26052109
http://doi.org/10.1021/acs.analchem.5b01814
http://www.ncbi.nlm.nih.gov/pubmed/26140306


Micromachines 2022, 13, 2232 11 of 11

23. Sun, M.; Han, M.; Xu, S.; Yan, K.; Nigal, G.; Zhang, T.; Song, B. Paper-based microfluidic chip for rapid detection of SARS-CoV-2
N protein. Bioengineered 2021, 13, 876–883. [CrossRef]

24. Kasetsirikul, S.; Umer, M.; Soda, N.; Sreejith, K.R.; Shiddiky, M.J.A.; Nguyen, N.T. Detection of the SARS-CoV-2 humanized
antibody with paper-based ELISA. Analyst 2020, 145, 7680–7686. [CrossRef] [PubMed]

25. Yang, J.M.; Kim, K.R.; Jeon, S.; Cha, H.J.; Kim, C.S. A sensitive paper-based lateral flow immunoassay platform using engineered
cellulose-binding protein linker fused with antibody-binding domains. Sens. Actuators B Chem. 2020, 329, 129099. [CrossRef]

26. Zhu, X.; Xiong, S.; Zhang, J.; Zhang, X.; Tong, X.; Kong, S. Improving paper-based ELISA performance through covalent
immobilization of antibodies. Sens. Actuators B Chem. 2020, 255, 598–604. [CrossRef]

27. Fu, H.; Liu, X. Experimental comparison of surface chemistries for biomolecule immobilization on paper-based microfluidic
devices. J. Micromechanics Microengineering 2019, 29, 124003. [CrossRef]

28. Peng, Y.; van Gelder, V.; Amaladoss, A.; Patel, K.H. Covalent binding of antibodies to cellulose paper discs and their applications
in naked-eye colorimetric immunoassays. J. Vis. Exp. 2016, 2016, 54111. [CrossRef]

29. Costa, M.N.; Veigas, B.; Jacob, J.M.; Santos, D.S.; Gomes, J.; Baptista, P.V.; Martins, R.; Inácio, J.; Fortunato, E. A low cost, safe,
disposable, rapid and self-sustainable paper-based platform for diagnostic testing: Lab-on-paper. Nanotechnology 2014, 25, 094006.
[CrossRef]

30. Holstein, C.A.; Chevalier, A.; Bennett, S.; Anderson, C.E.; Keniston, K.; Olsen, C.; Li, B.; Bales, B.; Moore, D.R.; Fu, E.; et al.
Immobilizing affinity proteins to nitrocellulose: A toolbox for paper-based assay developers. Anal. Bioanal. Chem. 2016, 408,
1335–1346. [CrossRef]

31. Fridley, G.E.; Holstein, C.A.; Oza, S.B.; Yager, P. The evolution of nitrocellulose as a material for bioassays. MRS Bull. 2013, 38,
326–330. [CrossRef]

32. Sun, S.; Feng, S.; Ji, C.; Shi, M.; He, X. Microstructural effects on permeability of Nitrocellulose membranes for biomedical
applications. J. Memb. Sci. 2020, 595, 117502. [CrossRef]

33. Chen, C.A.; Yeh, W.S.; Tsai, T.T.; de Li, Y.; Chen, C.F. Three-dimensional origami paper-based device for portable immunoassay
applications. Lab Chip 2019, 19, 598–607. [CrossRef]

34. Apilux, A.; Ukita, Y.; Chikae, M.; Chailapakul, O.; Takamura, Y. Development of automated paper-based devices for sequential
multistep sandwich enzyme-linked immunosorbent assays using inkjet printing. Lab Chip 2013, 13, 126–135. [CrossRef]

35. Wu, J.H.; Wang, C.H.; Ma, Y.D.; Lee, G.B. A nitrocellulose membrane-based integrated microfluidic system for bacterial detection
utilizing magnetic-composite membrane microdevices and bacteria-specific aptamers. Lab Chip 2018, 18, 1633–1640. [CrossRef]
[PubMed]

36. Nishat, S.; Jafry, A.T.; Martinez, A.W.; Awan, F.R. Paper-based microfluidics: Simplified fabrication and assay methods. Sens.
Actuators B Chem. 2021, 336, 129681. [CrossRef]

37. Cao, L.; Fang, C.; Zeng, R.; Zhao, X.; Jiang, Y.; Chen, Z. Paper-based microfluidic devices for electrochemical immunofiltration
analysis of human chorionic gonadotropin. Biosens. Bioelectron. 2017, 92, 87–94. [CrossRef]

38. Martinez, A.W.; Phillips, S.T.; Wiley, B.J.; Gupta, M.; Whitesides, G.M. FLASH: A rapid method for prototyping paper-based
microfluidic devices. Lab Chip 2008, 8, 2146–2150. [CrossRef]

39. Guo, X.; Chen, Y.; Zhang, L.; Liu, W. An inkjet printing paper-based immunodevice for fluorescence determination of im-
munoglobulin G. Anal. Methods 2019, 11, 3452–3459. [CrossRef]

40. Ruiz, R.A.; Gonzalez, J.L.; Vazquez-Alvarado, M.; Martinez, N.W.; Martinez, A.W. Beyond Wax Printing: Fabrication of Paper-
Based Microfluidic Devices Using a Thermal Transfer Printer. Anal. Chem. 2022, 94, 8833–8837. [CrossRef]

41. Carrilho, E.; Martinez, A.W.; Whitesides, G.M. Understanding wax printing: A simple micropatterning process for paper-based
microfluidics. Anal. Chem. 2009, 81, 7091–7095. [CrossRef] [PubMed]

42. Busin, V.; Burgess, S.; Shu, W. A hybrid paper-based microfluidic platform toward veterinary P-ELISA. Sens. Actuators B Chem.
2018, 273, 536–542. [CrossRef]

43. Modha, S.; Shen, Y.; Chamouni, H.; Mulchandani, A.; Tsutsui, H. Laser-etched grooves for rapid fluid delivery for a paper-based
chemiresistive biosensor. Biosens. Bioelectron. 2021, 180, 113090. [CrossRef] [PubMed]

44. Lu, Y.; Shi, W.; Qin, J.; Lin, B. Fabrication and characterization of paper-based microfluidics prepared in nitrocellulose membrane
by Wax printing. Anal. Chem. 2010, 82, 329–335. [CrossRef] [PubMed]

45. Lin, D.; Li, B.; Fu, L.; Qi, J.; Xia, C.; Zhang, Y.; Chen, J.; Choo, J.; Chen, L. A novel polymer-based nitrocellulose platform for
implementing a multiplexed microfluidic paper-based enzyme-linked immunosorbent assay. Microsyst. Nanoeng. 2022, 8, 1–10.
[CrossRef]

46. Weng, X.; Neethirajan, S. Aptamer-based fluorometric determination of norovirus using a paper-based microfluidic device.
Microchim. Acta 2017, 184, 4545–4552. [CrossRef]

47. Mahmud, M.A.; Blondeel, E.J.M.; Kaddoura, M.; MacDonald, B.D. Features in microfluidic paper-based devices made by laser
cutting: How small can they be? Micromachines 2018, 9, 220. [CrossRef]

48. Foster, J.A.; Klotz, K.L.; Flickinger, C.J.; Thomas, T.S.; Wright, R.M.; Castillo, J.R.; Herr, J.C. Human SP-10: Acrosomal Distribution,
Processing, and Fate after the Acrosome Reaction. Biol. Reprod. 1994, 51, 1222–1231. [CrossRef]

http://doi.org/10.1080/21655979.2021.2014385
http://doi.org/10.1039/D0AN01609H
http://www.ncbi.nlm.nih.gov/pubmed/32975254
http://doi.org/10.1016/j.snb.2020.129099
http://doi.org/10.1016/j.snb.2017.08.090
http://doi.org/10.1088/1361-6439/ab4de8
http://doi.org/10.3791/54111
http://doi.org/10.1088/0957-4484/25/9/094006
http://doi.org/10.1007/s00216-015-9052-0
http://doi.org/10.1557/mrs.2013.60
http://doi.org/10.1016/j.memsci.2019.117502
http://doi.org/10.1039/C8LC01255E
http://doi.org/10.1039/C2LC40690J
http://doi.org/10.1039/C8LC00251G
http://www.ncbi.nlm.nih.gov/pubmed/29766180
http://doi.org/10.1016/j.snb.2021.129681
http://doi.org/10.1016/j.bios.2017.02.002
http://doi.org/10.1039/b811135a
http://doi.org/10.1039/C9AY00893D
http://doi.org/10.1021/acs.analchem.2c01534
http://doi.org/10.1021/ac901071p
http://www.ncbi.nlm.nih.gov/pubmed/20337388
http://doi.org/10.1016/j.snb.2018.06.075
http://doi.org/10.1016/j.bios.2021.113090
http://www.ncbi.nlm.nih.gov/pubmed/33662845
http://doi.org/10.1021/ac9020193
http://www.ncbi.nlm.nih.gov/pubmed/20000582
http://doi.org/10.1038/s41378-022-00385-z
http://doi.org/10.1007/s00604-017-2467-x
http://doi.org/10.3390/mi9050220
http://doi.org/10.1095/biolreprod51.6.1222

	Introduction 
	Materials and Methods 
	Design and Fabrication of the NC Paper-Based Multi-Well Plate 
	Direct ELISA Protocol for the Rabbit IgG Detection 
	Sandwich ELISA Protocol for the SP-10 Detection 
	Colorimetric Signal Interpretation with a Desktop Scanner 

	Results and Discussion 
	Direct ELISA Protocol Optimization 
	Calibration Results of the Direct ELISA of Rabbit IgG 
	Calibration Results of the Sandwich ELISA of SP-10 

	Conclusions 
	References

