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(MPAD) modified with a porous monolith formed by
copolymerization of glycidyl methacrylate and ethylene
glycol dimethacrylate (poly(GMA-co-EDMA)) is developed
for sensitive and rapid tuberculosis detection.
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Monolith-modified cellulose paper for
biochemical sensing applications

Wei-Yi Chu,® Chun-Hui Yang,? Roman Viter,? Ariinas Ramanavicius, @ ¢
Shyh-Chyang Luo @9 and Chien-Fu Chen @ *2

In this study, we developed a microfluidic paper-based analytical device (WPAD) modified with a poly(GMA-
co-EDMA) monolith for rapid tuberculosis detection. GMA-co-EDMA successfully enhanced the affinity
between the paper substrate and pipetted biomolecules through covalent interactions between the
opened epoxy ring and functional groups such as thiol and amino groups on the biomolecules. After
synthesizing monoliths onto cellulose paper, fabrication parameters such as wax melting time duration and
temperature were tested. We determined the optimized parameters for fabricating a surface-modified
microfluidic-based analytical device (sPAD) after observing the modified paper surface with scanning
electron microscopy (SEM) images, contact angle measurement, and colorimetric immunoassays. The
optimized enzymatic reaction is 5 minutes after testing IgG from human serum (HIgG) on the sPAD. Finally,
tuberculin purified protein derivative (PPD) as an analyte can be detected within 30 minutes with a
detection limit of less than 0.11 ng mL™. These results indicate that our device possesses the potential for
rapid and sensitive tuberculosis detection in resource-limited settings.

Introduction

Tuberculosis (TB), a fatal infectious disease, led to 1.5
million deaths in 2020 according to the Global Tuberculosis
Report 2021 by the World Health Organization (WHO).> To
prevent the spread of TB, detection of its etiopathogenic
agent, Mycobacterium tuberculosis, is crucial for early
diagnosis and treatment. Typically, a sputum sample from a
suspected patient is cultured for 6 to 8 weeks to determine
whether M. tuberculosis is present in the collected sample.**
Although the method is effective for correct diagnostics, the
efficiency is considered to be low. To speed up the process,
the WHO recommended nucleic acid amplification tests
(NAATSs) that are capable of completing the detection within a
day for high-sensitivity TB diagnosis.” However, the cost of
the instrument and operational requirements, such as power
sources and trained professionals, limit its applicability,
especially in resource-limited regions where a large number
of TB deaths occur. Thus, point-of-care (POC) devices that are
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sensitive, rapid in detection, and affordable have been
developed for TB detection.®

Microfluidic paper-based analytical devices (uPADs) are a
typical type of POC devices. Because they use a cellulose-based
paper substrate, pPADs have certain benefits, including being
inexpensive, disposable, and biocompatible, which makes
UPADs suitable for on-site detection.”° Typically, biomolecules
such as proteins and antibodies are first added onto the
cellulose paper surface and then trapped onto the surface by
the porous structure of the cellulose paper. The trapped
biomolecules, therefore, act as biosensors and target
biomarkers in disease diagnosis."' However, the trapping is
not strong enough, and detachment of the biomolecules can
occur after multiple reactions and washing steps. To fully
immobilize biomolecules on the paper surface, surface
modification is required since a modified layer can enhance
the overall surface area for biomolecular trapping and reduce
the movement of molecules in assays.'” The use of water gel,"
porous materials,"* and nanomaterials has been reported for
paper surface modification.">™” Specifically, these materials
decrease biomolecule mobility by enhancing the adsorption of
biomolecules onto the paper surface, wherein physical
interactions such as electrostatic adsorption and hydrophobic
adsorption are the most common.'®"® However, the physical
adsorption interaction of biomolecules with the modified layer
is only slightly stronger than that with the unmodified paper
surface.?® Thus, immobilization methods based on covalent
binding have been introduced to address this problem.>’ In
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previous research, we used carboxymethyl cellulose (CMC) and
1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
hydrochloride/N-hydroxysuccinimide (EDC/NHS) to modify
cellulose paper. Since the interaction between proteins and the
modified layer mainly involved covalent binding, the positions
of the proteins did not change, leading to successful detection
of the target biomarker. Despite the promising results, the
degree of surface modification should be further enhanced.
The presence of the same charge on cellulose paper and the
modified layer leads to repulsion between them.>” Therefore, a
novel surface modification that is capable of covalently binding
to both cellulose paper and biomolecules is discussed.

Monoliths are a type of porous material that are
commonly applied in catalytic reactions,>>* adsorption
processes,* gas or liquid chromatography,>®
electrophoresis,”” and other phase separation processes.®
For separation processes, monoliths act as stationary phases,
as the well-distributed nanometer- or micrometer-sized pores
enhance the surface area of the monolith and allow the
trapping of molecules.”® Typically, the monolith is thermally
polymerized by monomers to form a porous structure with
high mechanical stability.’* Since many monomers are
capable of forming monoliths with porous structures, there
is high flexibility in choosing suitable monomers according
to the final application.*™** Among all types of monoliths,
the monolith formed by copolymerization of glycidyl
methacrylate (GMA) and ethylene glycol dimethacrylate
(EDMA) is promising for use in biomolecular separation and
adsorption processes since it can covalently bond with thiol,
amine, and carboxyl groups in biomolecules via the epoxy
groups of GMA.****> GMA would also form a branched
structure during polymerization, preventing hydrolysis after
long-term reactions or storage,® which can increase the
separation efficiency. Moreover, the poly(GMA-co-EDMA)
monolith can be synthesized through only
photopolymerization at room temperature, which can be
completed within several minutes. In addition to the
abovementioned advantages, the proposed monolith can
adsorb biomolecules covalently, the interaction was strong
enough to endure washing steps, and the monolith can be
prepared rapidly. Thus, poly(GMA-co-EDMA) monolith has
great potential in cellulose paper surface modification.

In this work, we combine a monolith and pPAD to form a
novel surface-modified microfluidic-based analytical device
(sPAD) with better biomolecular immobilization efficiency
and stability for TB detection. The poly(GMA-co-EDMA)
monolith first synthesized in situ  through
photopolymerization at room temperature. To understand
the changes in the properties of the paper surface, the
contact angle and morphology were measured before and
after photopolymerization. Then, we optimized the enzyme
reaction time by testing human immunoglobulin G (HIgG)
on our device to determine the optimized biomolecular
immobilization time. Finally, we performed TB detection on
the sPAD by spiking the test samples with different
concentrations of tuberculin PPD, which was obtained from

was
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M. tuberculosis. The results showed that our device can
successfully detect the presence of tuberculin PPD and had a
low limit of detection (LOD). We believe that the proposed
monolith surface modification method has great potential to
be applied to paper surface modification in the future for the
detection of different types of diseases.

Experimental section

Materials
Glycidyl ~methacrylate (GMA) and ethylene  glycol
dimethacrylate (EDMA), which are used for monolith

synthesis, were purchased from Alfa Aesar (Haverhill, MA).
Other chemicals used throughout the experiments, such as
methanol, ethanol, 2,2-dimethoxy-2-phenylacetophenone
(DMPA), bovine serum albumin (BSA), IgG from human
serum (HIgG), anti-human IgG (aHIgG), anti-rabbit-IgG
(aRIgG), tetramethyl-benzidine (TMB), phosphate-buffered
saline (PBS), phosphate buffered saline with Tween 20
(PBST), tuberculin purified protein derivative (PPD), and
Mycobacterium tuberculosis polyclonal antibody (MpAb), were
all obtained from Sigma-Aldrich (St. Louis, MO). Cellulose
paper produced by Whatman® (Maidstone, UK) was used as
a substrate for our proposed device.

Fabrication of poly(GMA-co-EDMA)-modified cellulose paper

The poly(GMA-co-EDMA) monolith was prepared in the dark
by mixing reagents to form a 12 mL mixture with 24 wt%
GMA, 16 wt% EMA, 30 wt% methanol, 30% ethanol, and 1
wt% DMPA.?” To thoroughly mix all the reagents, the mixture
was sonicated for 10 minutes in the dark. The resulting well-
mixed solution was then pipetted onto a piece of cellulose
paper, which was later put under a xenon light source (LAX-
C100, ASAHI Spectra, Tokyo, Japan) and exposed to 250 nm
UV radiation for 6 minutes for photopolymerization. To avoid
specific monolith
polymerization in unwanted positions, we covered this part

UV radiation in areas to prevent
of cellulose paper with a glass sheet and black adhesive tape
to avoid UV exposure. Subsequently, the cellulose paper was
rinsed with PBST and water, dried at room temperature, and
rested in a vacuum for 24 hours. The characterization was
performed by X-ray photoelectron spectroscopy (XPS; PHI
5000 VersaProbe, ULVAC, Japan) after the abovementioned
process to observe the chemical composition of the surface

after surface modification.

Fabrication of the sPAD and surface analysis

The sPAD was fabricated using a wax printer (ColorQube
8570, Xerox, Fuji, Japan) to print hole-shape solid wax onto
hydrophilic circles that were 5 mm in diameter.®® After
forming the poly(GMA-co-EDMA) monolith at the detection
area, the paper was heated at 70 °C, 80 °C, and 90 °C for
either 15 minutes or 30 minutes to determine the optimized
fabrication parameters. We only modified the detection zones
to prevent damage to the structure of the monolith when
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folding the device. To observe whether the morphology of the
monolith changed, a scanning electron microscope (SEM;
JSM-7600F, JEOL, Tokyo, Japan) was employed. Then, to
determine that the heating process had fully melted the wax
onto the back of the cellulose paper, a contact angle meter
(OCA20, Dataphysics, Germany) was used to measure the
testing area at the back of the cellulose paper.

ELISA testing on the sPAD for enzyme reaction time
determination

To optimize the parameters for enzymatic reactions, we first
performed an HIgG ELISA (enzyme-linked immunosorbent
assay) test on the sPAD to evaluate the performance. For this,
1 mg mL™" HIgG solution was prepared by dissolving HIgG in
a 150 mM NaCl solution. The HIgG solution was then
separated into several vials, and different amounts of PBS
were added to obtain solutions with HIgG concentrations
ranging from 0.003 to 30 ng mL™". Then, 3 uL of each HIZG
solution was gradually pipetted to the sPAD, followed by the
addition of 3 puL of 1% BSA to block the surface.
Subsequently, 3 uL of 3.33 pg mL™" anti-HIgG-HRP in PBS
was added onto the sample to bind with HIgG. Washing was
performed by adding 50 uL of PBST. When the sPAD had fully
dried, TMB was added, and the enzyme was allowed to react
for 3 to 6 minutes to obtain a result. The colorimetric results
were captured by a portable microscope (UPG 650, Upmost,
Taiwan). We analyzed the red and blue intensities by Image]
(National Institutes of Health, USA) and quantified the color
change by calculating the ratio between the blue and red
intensities (B/R value).

Comparison of tuberculosis testing on the pPAD and sPAD

To determine the difference in performance between the
conventional pPAD and sPAD, tuberculosis testing was
performed on both platforms. Different concentrations of
tuberculin PPD, ranging between 0.004 and 40 ng mL™, in
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PBS were first added to the detection area. When the
substrate surface had fully dried, 3 uL of 1% BSA, 3 pL of 25
ug mL™" MpAb in PBS, and 3 uL of 58 ug mL™" aRIgG-HRP in
PBS were pipetted onto the paper surface in sequence for the
UPAD, and 3 pL of 1% BSA, 3 uL of 5 ug mL™* Mtb in PBS,
and 3 uL of 11 ug mL™" aRIgG-HRP in PBS were pipetted onto
the sPAD. Subsequently, we washed both devices with 50 pL
of PBST and then added TMB to obtain the results. The
colorimetric results were captured by a portable microscope,
and the B/R value was calculated.

Results and discussion

In this study, we developed a novel surface-modified cellulose
paper-based analytical device with a poly(GMA-co-EDMA)
monolith, and the device can be used for rapid tuberculosis
detection, as shown in Fig. 1(a). The proposed monolith was
first synthesized through photopolymerization and then
covalently bonded with antigens via epoxy groups, enabling
strong immobilization of antigens after multiple washing
steps, as shown in Fig. 1(b). After optimizing the immune
testing reaction parameters with HIgG, the detection
performance of the unmodified pPAD and sPAD toward
tuberculosis was determined, as shown in Fig. 1(c). The
detection limit decreased due to stronger and more
widespread attachment of antigens on the paper surface
compared with the unmodified sPAD. Moreover, since the
monolith proposed in this research is only composed of
carbon, hydrogen, and oxygen, the carbonizable composition
enables the surface-modified paper to be directly incinerated
after use. These advantages and results indicate that the
monolith-modified sPAD is a great choice for rapid on-site
detection of tuberculosis.

Chemical composition of monolith-modified cellulose paper

In this study, poly(GMA-co-EDMA) was utilized to enhance
the detection limit of the uPAD, forming the novel sPAD. It
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Fig. 1 Schematic illustration of the sPAD. (a) Overall tuberculosis detection procedure. (b) Monolith surface modification mechanism. (c) Steps for

detection pad fabrication and TB detection.
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was reported that poly(GMA-co-EDMA) is capable of
covalently binding with carboxyl groups,®® therefore, this
mechanism was applied to immobilize biomolecules
covalently to the proposed sPAD. The synthesis of the
monolith layer began with the addition of the GMA and
EDMA mixture to the surface of cellulose paper. To fully
cross-link the monomers into monoliths and secure the
formed structure on the surface, a UV source was used for
the photopolymerization reaction. The formed monolith was
observed by SEM and XPS to determine the surface
morphology and chemical composition before and after
surface modification. Further investigation was performed at
O1s (532 eV) and C 1s (286.5 eV) via XPS to obtain a detailed
understanding of possible bond formation. Fig. 2(a) is an
SEM image of the surface-modified cellulose paper. Circular
structures were adequately distributed all over the paper
surface, indicating that the monolith fully covers the surface
of cellulose paper. The high coverage of monolith on the
surface ensures the binding ability between the paper and
biomolecule at any position of the surface-modified paper.
The chemical composition of these circular structures can be
better understood through the overall XPS diagram in
Fig. 2(b). Under both conditions, before and after monolith
modification, two peaks were present, indicative of O 1s and
C 1s. The results show that the O 1s peak intensity decreased
sharply as the intensity of the C 1s peak increased after
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surface modification. Since the monolith provides more
carbon sources than oxygen sources,*® the changing ratio of
oxygen to carbon leads to changes in peak intensities.
Further investigation was then performed at O 1s and C 1s,
as indicated in Fig. 2(c) and (d), respectively. By simply
investigating the change in intensity at C 1s, the binding
energy of C-O was found to decrease, while the C-C and O-
C-O binding energies increased after surface modification.
Since the O-C-O binding energy was approximately 288.7 eV,
it is more likely that the binding represented O=—C-O
groups,*! which were provided by GMA and EDMA during
modification and therefore increased the peak intensity.
Therefore, the XPS results showed that by
photopolymerization, monoliths were successfully prepared
to modify the cellulose paper surface.

Optimization of sPAD fabrication conditions

The monolith-modified cellulose paper was then subjected to
a series of typical pPAD fabrication processes so that
immunoassay testing can be performed. First, wax with
hollow circular patterns was printed to separate hydrophilic
areas for detection. However, only the printed side was
hydrophobic, which was not enough for separation between
detection areas and led to crosstalk between them. Heating,
therefore, was used to melt the wax so that the
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Fig. 2 Surface characterization of monolith-modified cellulose paper. (a) SEM image. (b) General XPS diagram of cellulose paper before and after
monolith modification. (c) XPS spectrum at O 1s. (d) XPS spectrum at C 1s.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Sens. Diagn., 2022, 1, 994-1002 | 997


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00108j

Open Access Article. Published on 11 August 2022. Downloaded on 4/9/2026 8:43:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

hydrophobicity applied to the entire paper except for the area
that was left for immunoassay testing. Herein, different
combinations of heating duration and heating temperature
were tested. Specifically, the heating time was set at 15
minutes and 30 minutes, and the temperatures tested were
70 °C, 80 °C, and 90 °C. The optimized parameters for
fabrication were later determined after observing the surface
morphology and hydrophobicity on the back of the paper.
The optimized parameters should not damage the surface
morphology of the monolith; otherwise, the ability of the
monolith to capture biomolecules during immunoassay
testing would be reduced. In addition, the wax should
penetrate to the back of the cellulose paper and reduce
hydrophilicity at the edge of the testing area; otherwise, there
would be crosstalk between testing areas. Therefore, to
determine the optimized fabrication parameters, an SEM and
a contact angle meter were employed to observe the surface
structure and hydrophobicity, respectively. The surface
morphology of the monolith after fabrication was observed
by the SEM, and the results are shown in Fig. 3(a). To
determine the hydrophobicity of the testing area at the back
of the monolith-modified paper, the contact angle was
measured, as shown in Fig. 3(b).

As shown in Fig. 3(a), the original monolithic structure had
a uniform and spherical shape. However, the structure of the
monolith changed after heating, especially after 30 minutes of
heating, as shown in Fig. 3(a4) to (a6). The originally uniform
circular morphology had expanded, leading to non-uniform
sizes. Specifically, heating at 90 °C for 30 minutes damaged the
circularity of the monolith structure. However, according to
Fig. 3(al) to (a2), when the heating duration was shortened to
15 minutes, except for heating at 90 °C, the structure remained
complete and exhibited less damage than the original
structure. Since a varying and enlarged size of the monolith
would lead to a lower surface area for binding with
biomolecules, and there will be no other heating steps in later
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testing steps that will change the surface morphology, the
selection of a suitable heating parameter is essential.
Therefore, by carefully examining the above results, the wax
melting process should be performed only at 70 °C or 80 °C
with 15 minutes of heating.

We measured the contact angle of a water droplet on
modified paper at different heating temperatures. As shown
in Fig. 3(b), the contact angle of the paper without heating
was 31.83 + 4.82 degrees. After heating steps at 70 °C, 80 °C,
and 90 °C, the contact angles were 39.05 + 2.59, 41.20 + 2.18,
and 49.81 + 6.43 degrees, respectively (n = 3). The results
show that the monolith-modified cellulose paper was
hydrophilic, similar to the findings of previous research.** At
the same time, when the heating temperature increased, the
paper surface became less hydrophilic and the contact angle
increased. This change possibly resulted from the slight
changes in the morphology of the structure. In previous
research, the structural change caused by porogens led to an
enormous change in contact angle;43 therefore, it is possible
that heating for 15 minutes still leads to minor changes in
the structure and porosity of the monolith. Thus, the contact
angle increases when a higher heating temperature is
applied. However, the lower temperature could not supply
enough heat for fully melting the wax to the back of cellulose
paper. In such cases, 80 °C was chosen as the fabrication
temperature since the wax could then penetrate the back and
the surface morphology was less changed by the heat. In
conclusion, heating at 80 °C for 15 minutes was the best
fabrication condition for the sPAD.

HIgG test for enzyme reaction time determination

Since the proposed sPAD is a completely new device for
tuberculosis immunoassays or even ELISA tests, reaction
parameters such as enzymatic reaction time should be
determined before performing actual detection. Generally, a
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Fig. 3 Surface properties of monolith-modified cellulose paper after different fabrication processes. (a) Morphology under SEM observation after
fabrication: 1. heating at 70 °C for 15 minutes; 2. heating at 80 °C for 15 minutes; 3. heating at 90 °C for 15 minutes; 4. heating at 70 °C for 30
minutes; 5. heating at 80 °C for 30 minutes; 6. heating at 90 °C for 30 minutes. The scale bar is 5 um. (b) Changes in the surface contact angle
with the heating temperature. X indicates monolith-modified cellulose paper without heating.
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long reaction time during enzymatic reactions results in
darker colorimetric results and a higher B/R value, which can
be detected by the naked eye. However, a long reaction time
would also lead to the same shade of color even if different
concentrations of analytes are used for detection. To avoid
color similarity, optimization of the reaction time is crucial,
allowing the wuser to differentiate among various
concentrations of the analyte based on the darkness of the
color displayed. Moreover, to better analyze the colorimetric
results, we can utilize a smartphone to capture colorimetric
results for further analysis and semi-quantify the results.
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Herein, the fabricated monolith-modified paper was first
folded into a compact style to ensure that the position of the
adsorbent pads was beneath the detection area, as shown in
Fig. 4(a). The integrated detection and adsorption pads enabled
more convenient detection and integrated flow as the reagent
and washing buffer both flowed downward. The red, green,
and blue color correctors can help with correction when
capturing the colorimetric results and prevent interference
from the light field. HIgG at concentrations between 0.003 and
30 ng mL™" was used for optimization of the enzymatic reaction
time. Then, 3.33 ug mL™" anti-HIgG was added to detect and

Detection area
(control & test)

Color corrector

Adsorption pad

~

4. Fold and insert in

(b)
HigG

el —

/)k\ blocklng

=3

6. Fold and insert in
. Turn

) [k

/)L\nge /)tAntl -HIgG-HRP X TMB  J¢TMBox

(c)

Blank

3 min

4 min

5 min

6 min

X’
Antl-HIgG -HRP
A K= J -
(d)
29 n
® 3 min 0
® 4 min ([ ]
® 5min ]
24 - 6 min @
e
o o3 ¢
E I EE.
m 19 P : o 8§ o * e
e o o ® o
e © o ©
o ©
1.4 _4_5()1 Ll Ll Ll Ll L
0.01 0.1 1 10 100

HIgG (ng/mL)

Fig. 4 Optimization of HIgG on monolith-modified cellulose paper. (a) The sPAD was integrated with adsorption pads for detection. (b) Steps of
the HIgG ELISA tests. (c) Selected colorimetric results for HIgG on monolith-modified cellulose paper after 3, 4, 5, and 6 minutes of enzymatic

reaction. (d) B/R values for different concentrations of HIgG (n = 3).
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capture HIgG. The overall steps are shown in Fig. 4(b). Reaction
times from 3 to 6 minutes were tested, followed by calculation
of the B/R value for each combination of reaction time and
HIgG concentration. The colorimetric results are shown in
Fig. 4(c), and the calculated B/R value and standard deviation
between tests are displayed in Fig. 4(d). Simple visual
observation of the colorimetric results showed that the darker
blue shades were obtained as the concentration of HIgG
increased, which can be explained by the B/R value as well.
When the enzymatic reaction time was 3 minutes, the B/R ratio
increased from 1.54 to 2.34; when reaction time was 4 minutes,
the B/R ratio as between 1.66 and 2.50. For 5 and 6 minute
enzymatic reactions, the B/R ratio ranged from 1.76 to 2.66 and
1.83 to 2.74, respectively. Although the B/R value changed with
increasing concentrations of HIgG, the difference in blueness
was highest between the most diluted and the most
concentrated samples. In this case, the color change along with
the HIgG concentration was obvious enough clear visualization
of the results. Therefore, the range of B/R values for each series
of reactions was calculated to be 0.80, 0.84, 0.91, and 0.91 when
the reaction time was 3, 4, 5, and 6 minutes, respectively. The
results show that the range of B/R ratios increased with
increasing concentrations of HIgG. Since the color change
strongly relates to whether the reaction is complete, the correct
color cannot be observed if the selected reaction time is not
within the right range. Based on the results, both the 5 and 6
minute reactions exhibited significant changes in the B/R ratio,
showing the colorimetric results can adequately indicate the
concentration of HIgG. In this case, to fulfill the criteria for
rapid detection, 5 minutes was chosen since it was the shortest
time point at which changes in the HIgG concentration can be
properly detected. Therefore, for subsequent fabrication, 5
minutes was selected as the optimized reaction parameter.

Tuberculosis PPD test

With fully optimized fabrication and reaction parameters, the
proposed sPAD was ready for tuberculosis PPD tests.

(@) Tuberculin PPD (ng/mL) (b)
3.5

Blue/red
N
[3,]

-
()]

0.5
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Different concentrations of tuberculin PPD were first spiked
onto the sPAD, followed by ELISA tests. To evaluate the
performance of the sPAD, a similar set of tests were also
performed on the unmodified pnPAD based on our previous
research.?? For both series of tests, the concentrations of
tuberculin PPD ranged from 0.004 ng mL ™" to 40 ng mL .
Later, MpAb, anti-RIgG-HRP, and TMB were pipetted onto
the detection pads in sequence. After 5 minutes of an
enzymatic reaction, we captured the colorimetric results
(Fig. 5(a)), and the calculated B/R ratios were also analyzed
(Fig. 5(b)).

As shown in Fig. 5(a) and results derived in our previous
research, the color became bluer with increasing tuberculin
PPD concentration for both sets of tests, although the color
change was more obvious for the sPAD. To quantify the
change in color, the B/R ratio for each colorimetric result was
calculated, as shown in Fig. 5(b). We specially focused on the
difference in B/R ratio between the highest concentration of
tuberculin PPD and the blank. The unmodified pPAD
exhibited a B/R ratio ranging from 1.07 to 1.59, which is a
difference of 0.52; the sSPAD modified with the monolith had
a B/R ratio ranging from 1.71 to 2.92, exhibiting a difference
of 1.21. Since commercial antibodies are utilized in both tests
to ensure the specificity between antigen and capture
antibodies, the larger B/R ratio difference for the sPAD is
simply a result of the more vital interaction between antigens
and the monolith-modified paper surface. The more the
amount of antigen attached to the surface is, the more likely
it is to oxidize TMB after completion of later steps. In
contrast, the unmodified cellulose paper can not secure the
antigens, which were washed away during washing steps. In
such cases, the colorimetric results for the pPAD are unlikely
to reflect the changing concentration of antigens, which
makes the sPAD a better choice for performing tuberculosis
PPD tests. Moreover, the LOD of the sPAD was calculated.
According to the results shown in Fig. 5(b), the dynamic range
was between 0.2 and 20 ng mL™" with an LOD of 0.11 ng
mL".***> The LOD of the sPAD was lower than that of other

® uPAD
SPAD
o °® %
oo o ® °
oo ) o0 oo P
_[)(iwwluwl ool ool Lol AR
0.01 0.1 1 10 100

Tuberculin PPD (ng/mL)

Fig. 5 Tuberculosis PPD test on the uPAD and sPAD. (a) Colorimetric results for the sPAD. (b) B/R values under different concentrations of
tuberculin PPD. Standard deviations based on three independent measurements.
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commercial immunoassays, with a value of 2.1 ng mL™*
showing that the porous structure of the monolith increased
the surface area of the paper and provided higher sensitivity
for detecting tuberculin PPD. However, the error was more
obvious with higher tuberculin PPD concentrations. This is
probably because the monolith surface was already fully
occupied by the antigen, and the excess antigen can only
attach to other biomolecules and can not endure the
subsequent washing. Nevertheless, the dynamic range of
concentrations was on the lower end; therefore, the sPAD was
still stable at low concentrations of tuberculin PPD.

Conclusions

In this study, we developed a monolith-modified cellulose-
based sPAD with increased stability and sensitivity for TB
tests. The poly(GMA-co-EDMA) monolith was first used to
modify the surface of cellulose paper, and the epoxy groups
of the monolith can capture more biomolecules during ELISA
and prevent the desorption of proteins during washing steps.
Then, the surface-modified paper was subjected to
fabrication processes, including wax printing and heating at
80 °C for 15 minutes. The sPAD thus formed was tested with
HIgG to determine the optimized enzymatic reaction time,
which was 5 minutes. Finally, a tuberculosis PPD test was
performed with the sPAD, which exhibited a dynamic range
between 0.2 and 20 ng mL™" with an LOD of 0.11 ng mL™.
The results showed that the monolith-modified sPAD has
excellent potential for TB detection in resource-limiting
areas. Furthermore, the capturing antibodies used in the
testing processes are changeable for other germs detection.
We also expect we can use the developed device for other
disease detections in the future.
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