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Abstract Lateral flow assay (LFA) is an important
point-of-care (POC) test platform due to the associated
portability, on-site testing, and low cost for diagnosis
of pathogen infections and disease biomarkers. How-
ever, compared to high-end analyzers in hospitals,
LFA devices, in particular, paper- based LFA tests, fall
short in accuracy. This study focuses on two ways to
improve LFAs: (1) using cellulose fibers, rather than
glass fibers for a sample pad, and (2) incorporating a
one-step simple, facile, and low cost PVA dam into the
LFA. Both strategies (cellulose fiber as a sample pad
and water dissolvable PVA dam) contributed to
delaying the controlled biomolecule’s flow through
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the nitrocellulose membrane’s capillary channels
resulting in increased bio-recognition time, thus
contributing to the enhancement of LFA sensitivity.
PVA modified cellulose fiber-based LFA demon-
strated 10 times higher sensitivity than the cellulose
fiber-based unmodified LFA, whereas 2 times
enhancement was obtained in the cellulose fiber-based
sample pad LFA compared to the glass fiber-based
sample pad LFA. Ultimately, 20 times increase in
sensitivity was achieved in the modified LFA device.
This study shows that PVA and eco-friendly cellulose
fibers could be incorporated into other paper based
POC testing devices for future development.

Keywords Lateral flow assay (LFA) - Cellulose
fiber - Sensitivity enhancement - Bio-recognition -
Biosensor - PVA dam

Introduction

Paper- based biosensors have received much attention
in point-of-care (POC) tests due to their rapid, user-
and eco-friendly, low-cost, light weight, and portabil-
ity attributes (Vashist et al. 2015; Wood et al. 2019).
Compared to time-consuming laboratory diagnostic
tests, POC tests are advantageous due to the short time
it takes to obtain results (Jani and Peter 2013). For
rapid diagnosis, POC tests can cover a wide range of
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infectious diseases detection including HIV/AIDS,
malaria (Drain et al. 2014), and most recently even
COVID-19 (Tang et al. 2021) as well as noncommu-
nicable diseases such as cancers, metabolic diseases,
cardiovascular diseases (CVD) (Vashist et al. 2015;
Dincer et al. 2017). Furthermore, due to its abundance,
easy fabrication and green technology, the use of
paper for lateral flow assays (LFAs) POC test devices
are becoming attractive. The paper-based LFAs could
have wide applications in food safety detection,
clinical diagnosis, and environmental monitoring
sectors (Huang et al. 2016; Gong et al. 2017). Though
various labelling particles like quantum dots, latex
beads, magnetic nanoparticles, fluorophore silica
nanoprobes (Zhao et al. 2018), and up- conversion
nanoparticles can be used in LFA (He et al. 2021), the
colloidal gold nanoparticle (AuNP) is the most
commonly used platform as the bio-labelling agent
in LFAs for its visual readout because it does not
require any sophisticated instrument or skilled health-
care professionals (Chapman et al. 2015). The
labelling agent plays a significant role in LFA
sensitivity. Most of the visual readout results come
as “yes” or “no”, whereas quantification and its
sensitivity are challenging. Fortunately, some POC
techniques are available for quantitative measurement
that are paper-based and instrument- free (Li et al.
2020). It is highly desirable to enhance the sensitivity
of LFA-based POC testing (Hwang et al. 2016; Chen
et al. 2020).

In this context, much effort has been made to
improve the sensitivity; including but not limited to
dual AuNP conjugates (Choi et al. 2010), layer-by-
layer self-assembled gold nanoparticles (Huang et al.
2019), nitrocellulose (NC) membrane modification
with cellulose nanofibers (Tang et al. 2019), use of
chitosan on NC membrane (Tang et al. 2020), PDMS-
barrier (Choi et al. 2016), sponge as a shunt (Tang
et al. 2017), and flow delayed by wax barrier (Sena-
Torralba et al. 2020).

Controlling the flow rate is an easy and inexpensive
method to enhance sensitivity. Some recent advances
demonstrate that controlling the reagents transporta-
tion by using dissolvable barriers (Fu et al. 2010; Lutz
et al. 2013), sugar bridges (Houghtaling et al. 2013),
and printed wax pillars (Rivas et al. 2014) are effective
in achieving high analytical sensitivity. Delaying the
flow rate (Sena-Torralba et al. 2020) increases the bio-
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recognition time which contributes to improved
sensitivity.

The sample pad is an essential part of paper- based
LFAs, typically glass fiber is used due to the fact that it
is easy to handle, has good tensile strength, and no
affinity towards proteins. The function of the sample
pad is to control the release of sample and gold
conjugate. Cellulose fiber is relatively inexpensive and
environment friendly, and cellulose fiber-based sam-
ple pads have been used to absorb blocking agents,
release agents, and pH and ionic strength modifiers
(Posthuma-Trumpie et al. 2009; Sajid et al. 2015).

In the paper industry, hydrolyzed poly vinyl alcohol
(PVA) is applied as a binder for paper surface
treatment, and it can also be added at the papermaking
wet-end (Fatehi et al. 2011). In hydrogel application,
PVA, which is rich in hydroxyl groups, forms strong
crosslinked networks (Yuan et al. 2019), and PVA
based hydrogels have various applications, including
strain sensors (He et al. 2020; Hu et al. 2021). In
addition, for its dissolvable polymeric barrier attri-
bute, PVA has been used to program/automate
sequential reactions in LFA (Han et al. 2020).

In the present study, we aim to slow the flow rate to
enhance the LFA sensitivity by incorporating cellu-
lose fibers as the sample pad. Different from glass
fibers, cellulose fibers are rich in hydroxyl groups that
can have strong interactions with the sample, slowing
down the sample flow. This controlled delayed sample
flow gives more interaction time within the biomole-
cules and contributes to the enhanced sensitivity.

Furthermore, the hydrolyzed poly vinyl alcohol
(PVA) dam has been introduced into the NC mem-
brane before the test line zone. PVA has a gradual
water-soluble advantage, which contributes to the
slow release of the sample into the reaction pad. The
hypothesis is that a water soluble PVA dam would
delay the analyte flow rate, thus increasing the bio-
recognition interaction time, and contributing to the
enhanced sensitivity. More reaction time leads to
increased sensitivity. PVA was used to create a dam by
blocking the capillary channels/pores of the NC
membrane. Over time it dissolves gradually and is
allowed to pass through the target molecules along
with labelling gold nanoparticles.

First, we studied the replacement of the glass fiber
sample pad with a cellulose fiber sample pad. Then,
the amount of PVA used was optimized, in terms of
both the PVA concentration and the PVA volume.
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Finally, a wide range of analyte concentrations were
tested with both unmodified and PVA modified LFA
devices for the comparative study.

Materials and methods
Materials and equipment

Bovine serum albumin, phosphate buffered saline
(PBS), borate buffer, hydrogen tetrachloroaurate (III)
trihydrate (HAuCly-3H,0, 99.9%), sodium citrate
(Na3;CgHs507-2H,0), human IgG (hIgG) from human
serum (I12511), anti-human IgG (I1886), anti-human
IgG (y-chain specific)-biotin (B1140), and hydrolyzed
poly vinyl alcohol (PVA, M, = 31,000-50,000;
98-99% hydrolyzed) were purchased from Sigma-
Aldrich (USA). Rabbit anti-goat IgG (305,006,003)
was purchased from Jackson Immunoresearch Lab
(USA). NC membrane (HF120) was obtained from
Millipore Sigma (USA), while the sample pad,
absorbent pad, and conjugate pad were purchased
from Shanghai Kinbio Tech Co., Ltd (China). All
chemical reagents were analytical grade.

Refrigerated centrifuge Allegra X-30R (Beckman
Coulter, USA) was used to separate conjugated gold
nanoparticle; evolution 201 UV-visible spectropho-
tometer (thermo scientific) was used to optimize gold
conjugation; automated lateral flow reagent dispenser
(ALFRD) fusion 200 syringe (ClaremontBio, USA)
was used to dispense control and test line on NC
membrane; an automated cutter (ZQ2002, Kinbio
Tech. Co., Ltd, China) was used to cut assembled card
into device/strips; ESEQuant LR3 Gold strip reader
(QIAGEN, Germany) was used to read strips into
signal for the quantitative analysis. Transmission
electron microscopy (TEM) images were obtained
by a JEOL 2011 (Japan) with a 200 kV acceleration
voltage, while scanning electron microscopy (SEM)
results were obtained using a JEOL JSM6400 (Japan).
Porosity measurement was performed by using Tele-
dyne Gurley (USA).

Preparation of gold nanoparticles (AuNPs)

Colloidal gold nanoparticle was prepared by adding
0.01% HAuCl, and stabilized with 0.024% sodium
citrate in a 1L round-bottom flask, and the mixture was
boiled until it became the color of red wine (Khan et al.

2016). The colloidal gold was then filtered through a
0.2 um syringe filter. The average size of AuNPs is
27 nm, which was determined based on TEM images
and image analysis using Imagel] software. The as-
prepared AuNPs were stored in a dark bottle at 4 °C.
All glassware was cleaned with aqua regia overnight
and rinsed with deionized water.

Bio-labelling of AuNPs

The AuNPs modification followed a procedure
reported in the literature (Rivas et al. 2014). In brief,
the pH of the AuNP suspension was adjusted to 9.15
with borate buffer (0.1 M); following that, a 100 pL of
100 ug mL™" anti-human IgG (y-chain specific)-
biotin aqueous solution was added to 1.5 mL of the
AuNP suspension. This solution was incubated for
20 min and shaken at 400 rpm. Then, 100 pL of
1 mg mL™" BSA aqueous solution was added and
shaken for another 20 min at 400 rpm. To separate the
conjugated gold nanoparticles, the suspension was
centrifuged at 14,000 rpm and 4 °C for 25 min. The
supernatant was removed gently and the pellet of
AuNP/anti-human IgG was resuspended with 500 pL
of borate buffer containing 10% sucrose (2 mM, pH
7.4). The glass fiber gold conjugate pad was dipped
into it, and vacuum dried for 1 h (hour).

Preparation of PVA concentration in solution

A homogeneous aqueous PVA solution was prepared
by dissolving it in deionized water. First, sonication of
2 h at 60 °C; then shaken for 2 h at 400 rpm and
25 °C. Finally, vacuum degassing for 30 min at 25 °C.

LFAs preparation

Sample pads were treated by dipping into 10 mM PBS
(pH 7.4), 5% BSA and 0.05% Tween®-20, and drying
at 60 °C for 2 h. Antibodies for test (capture, anti-
human IgG) and control (Rabbit anti-goat IgG) lines
were prepared as 1 mg mL™" to dispense onto nitro-
cellulose membrane with ALFRD dispenser (2.0 pL
cm™ ). Then, the sample pad, gold conjugate pad,
nitrocellulose membrane, and absorbent pad were
assembled sequentially overlapping each other by
2 mm. The assembled card was cut to 4.0 mm wide to
prepare LFA strips. Finally, PVA solutions were
placed as a drop between the gold conjugate pad and
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test line to create a dam. These LFAs were dried for
1 h at 37 °C before use. It is noted that, the PVA dam
was not used in glass fiber-based sample pad LFA
device.

Porosity and flow rate determination assay

Porosity measurement was performed by air resistance
(Gurley method). It is quantified by obtaining the time
for a given volume of air flow through a specimen of
given dimension under a specified pressure, pressure
difference, temperature, and relative humidity (TAPPI
test method, T 460 om-96). In addition to porosity, the
sample flow rate was calculated by video analysis.

Optimization assay

Under the same conditions, the treated glass fiber and
cellulose fiber-based sample pad LFA devices were
fabricated, and the sample flow rate was measured
(only PBS was used). Both types of LFA devices were
then tested with a wide range of sample concentrations
(0-5000 ng mL™").

In terms of PVA optimization for cellulose fiber-
based sample pad LFA, different concentrations of
PVA dam (0-7.5% PVA) were prepared to obtain
higher sensitivity. In this case, 2.0 pL PVA was used.
Then, dams of different volumes (0-2.0 pL) of
optimized concentration were applied with a 0.5 pL.
increment to study the volume effect. For every case,
the flow rate was measured.

Samples flowed for 15 min and readings were taken
with a strip reader immediately after 15 min. PBS
without analyte was considered as blank. The blank
had a background noise during the strip reader reading
(though it was not visible to the naked eyes), and we
made correction for the background noise for other
samples. All the measurements were performed in
triplicate.

Human IgG detection

Finally, the optimized LFA device was tested against
sample solutions (human IgG) of different concentra-
tions ranging from 0 to 2500 ng mL~' in PBS
(10 mM, pH: 7.4) and 100 pL was dispensed on each
strip. Sample run time was kept the same and readings
were taken with a strip reader immediately after run
completion.
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Results and discussion

Concept of using PVA dam to enhance
the sensitivity of cellulose fiber-based LFA

The sample flow rate has a strong effect on the
sensitivity (Sena-Torralba et al. 2020). Effective
strategies to slow down the flow rate can enhance
the sensitivity of LFA devices (Rivas et al. 2014;
Sena-Torralba et al. 2020). The lowered diffusion will
allow longer reaction times with the reagents during
the passing of target analyte over capture reagent
through reaction membranes. As shown in Fig. 1, the
NC membrane is working as the stationary phase, and
the target analyte is the mobile phase. The slower
passing of the mobile phase leads to more complete
reactions to form bio-recognition between the analyte/
AuNP-labelled antibody, which will bind with the test
and control line biomolecules.

In the present study, we designed a PVA dam for
slowing down the flow rate. Moreover, the use of a
cellulose fiber-based sample pad, instead of a glass
fiber-based sample pad slowed down the sample flow.
PVA (M,, = 31,000-50,000; 98-99% hydrolyzed) is a
water-soluble polymer. Initially, the PVA impregna-
tion plugs the NC membrane pores, then as the analyte
passes through, PVA gradually dissolves; such a
process leads to the increased reaction time between
the analyte and the AuNP-labelled antibody, respon-
sible for the increased sensitivity. The concept is
schematically illustrated in Fig. 1, both the unmodi-
fied and PVA modified LFA devices are included for
comparison (in both cases, cellulose fiber sample pad).
The unmodified LFA device consists of a cellulose
fiber sample pad, gold conjugate pad, NC membrane
and an absorbent pad (Fig. 1A). For the PVA modified
LFA device, the PVA dam is placed between the gold
conjugate pad and the test line (Fig. 1B). In this case,
the PVA dam effectively slows down the analyte flow,
and the difference in the sample flow rate between the
unmodified and modified device, is shown on the right
side of the schematic diagram.

In Fig. 1C, a LED strip reader is used to quantify
the signal intensity that is correlated to the target
analyte. A larger peak indicates higher amounts of bio-
recognition in the test and control line.
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Fig.1 Schematic of unmodified (A), and modified LFA (B) and
strip reader for quantification (C). For the unmodified LFA
device (A), it takes less time to pass through the reaction
membrane (NC membrane). For the water-soluble polyvinyl

Cellulose fiber-based sample pad versus glass
fiber-based sample pad

In the present study, we used a cellulose fiber sample
pad, and the results are compared with those using a
glass fiber sample pad, which has been used in most of
the publications in the literature. Cellulose fiber pad
has a number of advantages: (1) the cellulose fiber pad
has a lower porosity than the glass fiber pad, which
was verified by the porosity measurements in accor-
dance with the Gurley method (0.82 s for the cellulose
fiber pad, and only 0.1 s for the glass fiber pad), (2)
cellulose fibers have abundant hydroxyl groups that
can interact with water (Fig. S1), both of which can
lead to slowing down the analyte passing through the
pad. In an early study by Chami Khazraji and Robert
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alcohol (PVA) dam modified LFA device (B), the flow delays
significantly due to the presence of PVA dam (right side),
resulting in enhanced sensitivity. A larger peak (C) relates to
more analyte for quantification analysis by strip/device reader

(Chami Khazraji and Robert 2013), the immediate
formation of a hydrogen bonding network was
confirmed between cellobiose and water molecules.
As shown in Fig. S2, the results of flow rate are
indirectly demonstrated by the differences in the time
taken for PBS to flow through the 20 mm NC
membrane between the glass fiber and cellulose
fiber-based sample pad LFA, it takes 33s for PBS to
migrate through the 20 mm NC membrane for the
glass fiber-based sample pad device, which compares
to 42s for the cellulose fiber sample pad under
otherwise the same conditions. Again the differences
in the pad porosity and functional groups in glass fiber
and cellulose fiber, are responsible for these results.
The corresponding limit of detection (LOD) for
glass fiber-based device and cellulose fiber-based
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device was 1000 ng mL™', 500 ng mL™', respec-
tively (Fig. S3). Therefore, we conclude that in
comparison with the glass fiber-based sample pad,
the cellulose fiber-based sample pad enhances the
sensitivity 2 times. In the remaining study, we used the
cellulose fiber-based sample pad LFA device.

Effect of PVA concentration

NC membrane was treated with different concentra-
tions of PVA. The resultant NC membrane’s porosity,
sensitivity and flow rate are illustrated in Fig. 2. Pores
of NC membrane are blocked by the PVA treatment
and a higher PVA concentration leads to more
effective blockage (Fig. 2A). For the control sample
(no PVA), pores are distinctly visible (Fig. 2A(a)).
SEM images clearly indicate that as the PVA concen-
tration increases during the treatment (2.0 pL applied
in each of these cases), more blockages become
evident.

We also determined the pore size of these samples
by using ImageJ software. For the control, it is
17 &+ 1 um; while it is 15 & 5 pm, 10 &+ 3 pum and
6.0 £ 2 pum for the samples’ treatment with 2.5%,
5.0%, and 7.5% PVA, respectively. These pore size
results are in agreement with the SEM results.

We then determined the sensitivity of the LFA
device treated with different PVA concentrations,
using human IgG as analyte, which is in a range of
0-500 ng mL~". Naked eye observation (Fig. 2B(a))
indicates that the sensitivity improves as a result of the
PVA treatment, which increases as the PVA concen-
tration increases. With a 7.5% PVA concentration,
LOD is 50 ng mL™". These results are consistent with
the quantifying analysis from the strip reader
(Fig. 2B(b)), showing that the 7.5% PVA-treated
device gives the highest signal in all tests. The
enhanced sensitivity from the PVA treatment is
attributed to the decreased flow rate of the analyte.

The effect of different PVA concentrations on the
flow rate is shown in Fig. 2C. For the devices treated
with 2.5%, 5.0%, and 7.5% PVA, images were
captured with the sample (PBS only) migrating at
different times: 15s, 30s and 45s (seconds)
((Fig. 2C(a)). Evidently, PVA slows down the flow
rate: the higher the PVA concentration, the slower the
flow rate. Flow pattern of the unmodified device (no
PVA) is shown in Supporting Information (Fig. S2),
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indicating a very fast process: only 42s to completely
migrate through the whole NC membrane (20 mm).

Shown in Fig. 2C(b) is the migrating time versus
distance at various PVA concentrations. For the same
20 mm NC membrane, the migrating times of the 0%,
2.5%, 5.0% and 7.5% PV A-treated samples, are 42,
54, 76, and 90s, respectively, confirming that a higher
PV A concentration leads to a slower analyte flow rate.

Trials at higher than 7.5% PV A concentration were
also conducted (Fig. S4), however, the results show
that the signal intensity decreases, indicating that 7.5%
PVA is the optimum concentration. It may be possible
that excessive amounts of PVA molecules could
compete with analyte for the reactions in the test line,
decreasing the signal intensity and reaction is too slow
to meet all analyte to reaction zone.

Effect of PVA volume

With the PV A concentration fixed at 7.5%, we studied
the effect of different volumes of PVA solution,
ranging from 0.5 to 2.0 pL, with 0.5 pL increment.
The results show that in the range of 0.5-1.5 puL, a
higher volume improves the sensitivity (Fig. 3A),
while no further improvement in the sensitivity was
observed when further increasing from 1.5 to 2.0 pL
(Fig. 3A(b)). The device images (Fig. 3A(a)) also
show that the best condition giving the highest
sensitivity against the various sample concentrations
(hIgG) is 1.5 pL of 7.5% PVA. Under such a
condition, the visual observation indicates the LOD
of hlgG is 50 ng mL™"'. In Fig. 3A(b), quantitative
analysis also supported the visual results indicating
that a higher volume improves the sensitivity. In our
study, for the 4.0 mm width LFA device, 1.5 uL. PVA
was used, and it occupied the entire width of the
4.0 mm dam (Fig. S5).

We further studied the effects of different PVA
volumes (0, 0.5, 1.0, 1.5, 2.0 pL) on the flow rate
(Fig. 3B). In Fig. 3B(a), the sample flow migration
patterns were recorded at the same time of 35s,
showing that as the PVA volume increases (0, 0.5, 1.0,
1.5, 2.0 pL), the migration distance becomes less,
indicating a slower flow rate. Furthermore, the migra-
tion time at various PVA volumes through the NC
membrane is shown in Fig. 3B(b), it is evident that a
higher PVA volume yields a longer time at the same
distance; for completing the entire 20 mm NC



Cellulose (2021) 28:8641-8651

= R S
Untreated NC 2.5% PVA treated NC 5% PVA treated NC 7.5% PVA treated
membrane membrane membrane NC membrane
B PVA dam effect on cellulose fiber-
based sample pad LFA device
a 0 ng/mL 50 ng/mL 500 ng/mL
- p b 1207
0% PVA 1 T $ 100+ I:l No PVA
- C £ s0 | - 2.5 % PVA
2.5 % =
pva | £ W soevva
~ =}
C = - 7.5% PVA
Z 40
5 % PVA t T Z
=
- — 20 |
¢ NS
o,
7.5 % 3 T 0
PVA t .
0 ng/mL 50 ng/mL 500 ng/mL
Sample flow difference
C with PVA treated NC
a b 1007 —— 7.5%PVA
15s = =1 ——— —d— 5% PVA
- S50 —e— 2.5%PVA
= —
= = ey | 2 60 1 —m=—— NoPVA
—_ ST Q
-_g 30s £
£ = 40
= e e
45s 201
= S = -
o s R 4 16 20

PVA concentration

Fig. 2 Evaluation of PVA concentration effect on porosity,
sensitivity, and flow rate. A SEM micrographs analysis: a higher
PVA concentration on NC membrane leads to the decreased
poresize (17 & 1 pm, 15 £ 5 um, 10 + 3 um 6.0 & 2 pm for
untreated, 2.5%, 5.0%, 7.5% PV A-treated, respectively), with
more pores blockage from (a) control (no block) to (d) 7.5%
PVA (the marked circles indicates the blockage). B Sensitivity
analysis: B(a) Qualitative analysis of various concentrations of

membrane, the calculated time is 42, 50, 56, 82, and
90s for 0, 0.5, 1.0, 1.5, and 2.0 pL. PVA dam modified
device, respectively.

12
Distance (mm)

PVA dam (2.0 pl) modified LFA device; B(b) Quantitative
analysis of test line A higher PVA concentration dam shows a
higher signal. C Flow rate analysis: C(a) Photographs of flow
distance on NC membrane over time at various PVA concen-
trations (black dot line indicates the highest sample migration
distance at certain time); C(b) Sample migration time versus
distance at various PVA concentrations (T = test line and
C = control line; NS indicates error bar is not significant)

Human IgG LOD determination
Based on the above results, we chose the optimum
PVA concentration of 7.5% and PVA volume of 1.5

pL for the 4.0 mm width device for LOD determina-
tion. A comprehensive comparative study was carried
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PVA volume effect on sensitivity of cellulose fiber-based sample pad LFAs
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Fig. 3 Evaluation of 7.5% PVA volume effect on sensitivity,
and flow rate. A Sensitivity analysis; A(a) Qualitative strip
images at various sample concentrations (5, 50, and
500 ng mL’l) with different PVA volumes (0.5, 1.0, 1.5, and
2.0 pL); A(b) Quantitative evaluation of the assay performed.

out for two devices: (1) the unmodified LFA, that is
without PVA modification (W/O PVA), (2) PVA
modified (7.5% PVA concentration, 1.5 pL. PVA
volume) LFA (Fig. 4).

As shown in Fig. 4A(a), the LOD of the unmodified
(W/O PVA) is 500 ng mL™', and that for the PVA
modified device is 50 ng mL~'(Fig. 4A(b)), indicat-
ing that the LOD increases 10 times as a result of PVA
modification. The quantitative results from a wide
range of sample concentrations, 0, 5, 50, 500, 1000,
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1 2 3 1 2 3
T T
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PVA volume
1,2, and 3 denote sample concentrations of 5, S0 and 500 ng/mL, respectively.

Time (s)
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PVA volume

1.5ul 2.0 uL

B Flow rate evaluation on volume; B(a) PVA volume affects
flow rate, flow distance at 35s (seconds). Black dot lines marked
the maximum flow distance; B(b) time taken to migrate 20 mm
NC membrane of different PVA volumes. (T = test line and
C = control line)

and 2500 ng mL™', show that there is consistent
improved signal intensity for the PVA modified device
compared to the unmodified device.

The PVA dam effectively slows down the analyte
flow through the LFA device with addition of a
cellulose fiber sample pad; thanks to the highly soluble
PVA and cellulose fiber sample pad, as the analyte
passing through it, PVA gradually dissolves so that the
analyte flow rate also gradually increases. Upon
completion of the analysis, the SEM image of the
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Fig. 4 Human IgG LOD evaluation. A Photographs of LFA
devices; (a) Without PVA (W/O) or unmodified; and (b) PVA
modified (7.5%, and 1.5 pL) devices against wide range human
IgG (hIgG) concentrations. B Quantitative measurement of test

NC membrane (Fig. S6) proves that PVA is absent,
indicating that PVA is totally dissolved and washed
out in the process.

The concept of using a water-soluble PVA dam to
increase sensitivity can be readily integrated into LFA
for future development. The inclusion of the PVA dam
allows more interaction time between the analyte and
AuNp conjugate and finally with bio-recognizing
molecules, the bioreceptor-based reactions, which
may include antigen—antibody or nucleic-acids. In
addition, this approach could also be applied to other
modified LFAs with printed pillar design used as
delaying microfluidics flow (Rivas et al. 2014), printed
barriers (Choi et al. 2016), and inkjet-printing tech-
nology using a hydrophobic solution or an ink capable
of well-defined patterns (Apilux et al. 2012) in

line for different sample concentrations (hIgG). The modified
device has a LOD of 50 ng mL™', whereas unmodified device
has a LOD of 500 ng mL~" (T = test line and C = control line;
NS indicates error bar is not significant)

different regions of the membrane device to get more
sensitive results.

Conclusion

In summary, this study demonstrates a simple strategy
by incorporating a PVA dam into the NC membrane
before the test line zone to significantly enhance the
sensitivity of paper-based LFA devices. The results
show that the analytical sensitivity improves from 500
to 50 ng mL ™" (10-fold higher) on the cellulose fiber-
based sample pad LFA under the conditions of 7.5%
and 1.5 uL PVA dam. The underlying mechanism is
that the PVA dam delays the sample flow, thus
increasing the bioreaction time and also improves the
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sensitivity. In addition to this major improvement in
our study, the use of a cellulose fiber sample pad
instead of glass fiber increases the sensitivity by
2-fold.

This device is easy to fabricate, low-cost, not time-
consuming and does not require additional lab set up
for test and result interpretation. This modified paper-
based LFA device can be readily incorporated into
point-of-care and environment monitoring LFA plat-
form; furthermore, the present study expands the
application of eco-friendly cellulose material in point-
of-care testing devices.
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