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1 Introduction

A composite lateral flow test substrate by capillary
deposition of cellulose on synthetic paper

Qinghao He,1? Jiahua Zhong, 1% Haonan Li,® Xionghui Li,? Yixi Shi,® Muyang Zhang,?
Jie Zhou,? Hao Chen,? Xinyi Chen,? Zhuoting Han, Lok Ting Chu,© Huiru Zhang*®
and Weijin Guo (& *2

Lateral flow test (LFT) has been a very popular platform for point-of-care testing (POCT). Traditionally, LFT
uses (nitro)cellulose or microstructured polymer as the substrate. In this work, we develop a new LFT
substrate by capillary deposition of cellulose on a microstructured polymer substrate off-stoichiometry
thiol-ene (OSTE) synthetic paper, which is formed by interlocked slanted OSTE micropillars. This
substrate has uniform thickness and stable lateral flow rate with customized design. The lateral flow rate
can be adjusted by changing the dimensions of the LFT test strip, the concentration of deposited
cellulose, or the Tween 20 concentration in cellulose to meet specific requirements. Spotting tests are
conducted on this substrate to facilitate the following immobilization of immuno reagents. We
successfully use this substrate in various applications including urine glucose detection (an enzyme-
based immunoassay), iodate detection of saline solutions, and plasma separation from whole blood,
which proves this substrate has enormous potential for LFT in POCT.

pumping.’*® Because of the low cost, easy manufacturing and

Point-of-care testing (POCT) refers to tests that can be per-
formed at bedside any time when needed, which do not require
specialized equipment and personnel." Compared to traditional
laboratory tests, POCT greatly simplifies the testing process
while maintaining its essential steps. Consequently, patients
and physicians can obtain test results with greater ease and
expediency, thus reducing the time and financial expenditures
on testing.” Currently, POCT has been extensively implemented
and achieved a high degree of acceptance among patients due
to its convenience and high precision.?

As a representative of POCT, lateral flow tests (LFT) have
been a very popular and successful platform with enormous
applications in various fields, including pregnancy test, infec-
tious disease detection,*® environmental monitoring,*” drug
abuse® and food safety testing.** The common substrate
material of LFT is cellulose or nitrocellulose.””** Both of cellu-
lose and nitrocellulose employ their own fiber structure to
facilitate passive fluid transportation by autonomous capillary
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portability of (nitro)cellulose, LFT by (nitro)cellulose stand out
as an affordable platform for POCT."”"*° Conventional processes
for fabricating LFT generally involve patterning barriers and
establishing flow channels on (nitro)cellulose substrate.?*** The
methods of patterning paper based LFT substrates include
screen printing,>?** flexographic printing,* inkjet printing,>®
wax printing,” laser printing,*® chemical vapor deposition,**
wet etching,®" and capillary deposition.*

Although (nitro)cellulose paper is suitable and popular as
the substrate material of LFT, further applications of them are
limited by their non-uniform microstructures, strong auto-
fluorescence, and unstable capillary flow. Recently researchers
have tried to use microstructure polymer as the substrate of
LFT, targeting to improve the performance of LFT substrate in
microstructure, autofluorescence and capillary flow rate. Jons-
son et al. developed a polymer pillar forest substrate by injec-
tion molding of cycloolefin-copolymer, enabling stable contact
angles and demonstrating utility in a high-performance C-
reactive protein LFT.* Melin et al. demonstrated a successful
application of this LFT substrate in multiplexed detection of C-
reactive protein and N-terminal pro-brain natriuretic peptide.**
Han et al. developed a hybrid substrate made of paper and
soluble polymers, offering advantages of low cost, scalability,
and high sensitivity, while enabling automated data reading.**
Liu et al proposed a surface-structured membrane that
successfully enables rapid self-transport of water through
convection. This approach reduces residual samples on the
membrane surface and achieves high sensitivity in lateral flow
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immunoassays.*® Xu et al. added dimethyl sulfoxide (DMSO) to
the LFA strip, which caused changes in the substrate structure.
This treatment successfully induced gelation and high trans-
parency of the porous NC membrane.?” Off-stoichiometry thiol-
ene (OSTE) synthetic paper, consisting of interlocked OSTE
micropillars, were developed as a novel LFT substrate with
uniform microstructures and clinically relevant capillary flow
rates.*® OSTE synthetic paper has also shown its superior
performance in surface chemistry enabling covalent bonding of
immuno reagents, and autofluorescence weaker than nitrocel-
lulose.*® Guo et al. reported the application of OSTE synthetic
paper for efficient plasma separation from whole blood,** and
colorimetric detection of glucose in a LFT fashion.** Although
these microstructured polymer substrates have shown their
potential as the substrate of LFT, their specific surface area is
less than (nitro)cellulose, which could be an obstacle limiting
their wider applications.

In this work, for the first time, we develop a composite LFT
substrate which combines the porous cellulose and micro-
structured polymer together by depositing cellulose on OSTE
synthetic paper. OSTE synthetic paper serves as the base, and
the internal void of synthetic paper is filled by cellulose. This
composite substrate is expected to obtain the uniform micro-
structure of OSTE synthetic paper and the high specific surface
area of cellulose at the same time. For the fabrication of this
composite substrate, firstly OSTE synthetic paper is fabricated
by multi-directional photolithography of polymer OSTE.*
Secondly, we deposit the cellulose solution onto synthetic
paper, and cellulose solution will fill the porous synthetic paper
by capillary action. Finally, we remove excess cellulose by wiping
to ensure uniform thickness of porous cellulose in synthetic
paper. We show that the substrate has a fine microstructure,
uniform thickness, and stable capillary flow rate, which can be
easily controlled by adjusting the dimensions of the micro-
pillars of synthetic paper, the concentration of deposited
cellulose, or the Tween 20 concentration in cellulose. In addi-
tion, this substrate is low-cost, easy to manufacture, and can be
easily fabricated with a customized shape, all of which make
this substrate ideally suited for LFT. As a proof of concept, we
prepare a LFT based on this composite substrate for colori-
metric detection of glucose in urine to verify the lateral flow
performance and practicality of our substrates in POCT.
Furthermore, we design a device to evaluate iodate concentra-
tion in food salt to demonstrate the wide scalability of this
substrate. Lastly, we build a LFT device by this substrate to
efficiently separate plasma from whole blood, to demonstrate
the potential of our substrate in handling of complex biological
samples. Overall, we believe that this work will provide a new
strategy for preparing a LFT substrate that balances cost and
performance.

2 Experiments
2.1 Materials

Polymer OSTE-Thiol (40) is prepared according to the previous
work.*> Hydrophobic spray is from Veslee (Guangzhou, China).
Microcrystalline cellulose (50 pm) is from Aladdin (Shanghai,
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China). Tween 20, isopropanol, phosphoric acid, sodium chlo-
ride, potassium iodate, potassium iodide and soluble starch are
bought from Macklin (Shanghai, China). Hydrochloric acid and
acetone are bought from Ghtech (Guangzhou, China). Dialysis
film is from Ronmark Technology (Shenzhen, China). Nitro-
cellulose membrane is from Cobetter (NC140C, Hangzhou,
China). Color dye is from Guangxi Juliheng Biotechnology
(Nanning, China). Glucose is from Xilong Scientific (Shantou,
China). Peroxidase from horseradish and glucose oxidase from
aspergillus are bought from Sigma (USA). DAB substrate kit is
from Biosharp (Hefei, China). Blood group typing reagent
(agglutinating antibody) is from Solarbio (Beijing, China).

2.2 Fabrication of the composite substrate

Fabrication procedures of the composite substrate are shown in
Fig. 1. Firstly, we prepare a piece of plastic film. Then a thin film
of OSTE with a thickness of 200 um is fabricated on the plastic
film. After that, we fabricate the OSTE interlocked slanted
micropillars using the multi-directional photolithography of
OSTE by a chromium mask (see Fig. S1), followed by develop-
ment by isopropanol and acetone. After post flood UV cure, we
get a piece of synthetic paper (12.0 cm X 12.0 cm). For the
dimensions of micropillars of synthetic paper, we test three
dimensions in total: SP1: the diameter of micropillars is 100
um, the center-to-center distance of micropillars is 200 um, and
the thickness of micropillars is 200 um, SP2: the diameter of
micropillars is 150 pm, the center-to-center distance of micro-
pillars is 300 pm, and the thickness of micropillars is 200 um,
SP3: the diameter of micropillars is 200 pm, the center to-center
distance of micropillars is 400 pm, and the thickness of
micropillars is 200 pm.

For the capillary flow experiments, we stick test strips by the
composite substrate on a 3D printed setup. Water solution with
green color dye is added from the front end of the test strips.
The whole capillary flow is captured and analyzed by software
Tracker (https://opensourcephysics.github.io/tracker-website/).

The cellulose suspension used in this work was prepared
following a protocol modified from Ma et al.** For the detailed
procedures (see Fig. S2), firstly we mix 10.0 mL 37% hydro-
chloric acid and 1.0 g microcrystalline cellulose by dropping
hydrochloric acid on microcrystalline cellulose. Then we stir the
mixture at room temperature for 2 hours. After that, we put it
into a dialysis bag and soak the bag in DI water until the pH
value becomes 7.0. Lastly, the cellulose solution is removed
from the dialysis bag and stored in a glass bottle.

For the patterning of cellulose on synthetic paper, at first we
prepare synthetic paper test strips of 6.0 mm x 40 mm. Then,
synthetic paper is treated by plasma cleaner to make it hydro-
philic. Tween 20 is added in cellulose solution before deposi-
tion. Capillary action enables the autonomous filling of
cellulose solution into the porous space of synthetic paper. The
patterning volume density of cellulose solution on synthetic
paper is 1.67 uL mm . After the cellulose solution is fully dry
on synthetic paper, the composite substrate is ready for exper-
iments. The ambient temperature and humidity of the experi-
ments are about 20-25 °C and 30-40%. The photolithographic
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Fig.1 The fabrication of the composite substrate by capillarily depositing cellulose on OSTE synthetic paper. (a) A piece of plastic film is prepared
as the base. (b) A thin layer of OSTE film is prepared on the plastic film. (c) OSTE interlocked slanted micropillars are prepared on the OSTE film by
the multi-directional photolithography of OSTE. (d) Cellulose is patterned on OSTE synthetic paper by depositing cellulose solution on synthetic

paper and drying.

Control

50 mg/mL

100 mg/mL

Fig. 2 SEM images of test strips by SP1 with different cellulose
concentrations. The cellulose concentrations are 0 (control), 25 mg
mL™%, 50 mg mL~* and 100 mg mL ™! respectively. The concentration
of Tween 20 is 0.02%.

OSTE micropillars are accurate and stable. The height of the
cellulose is equal to the height of the OSTE micropillars, so
there is little difference between different batches of test strips.

2.3 Sample preparation

In the capillary flow experiment, we use the composite substrate
by three synthetic papers (SP1, SP2, and SP3) for investigation.
Firstly, we investigate the influence of synthetic paper dimen-
sions on the capillary flow rate. Secondly, we investigate the
influence of cellulose concentration on the capillary flow rate.
With the same condition of Tween 20 concentration (0.02%
volume of cellulose solution), we pattern cellulose solutions of
different concentration on synthetic paper respectively. To be
specific, the concentration of cellulose includes 100 mg mL ™",
50 mg mL™" and 25 mg mL ' Lastly, we investigate the

29942 | RSC Adv,, 2026, 16, 29940-29949

influence of Tween 20 on the capillary flow rate. With the same
concentration of cellulose (100 mg mL ™" cellulose) on synthetic
paper, we adjust the concentration of Tween 20, including
0.02%, 0.05% and 0.1%.

2.4 Spotting test on the composite substrate

To facilitate the patterning of immuno reagents on the
composite substrate, we investigate the relationship between
the patterning area and the reagent volume. Firstly, different
concentrations (100 mg mL ', 50 mg mL ™' and 25 mg mL ') of
cellulose suspension are added on synthetic paper to fabricate
different test strips. Then, 0.25 pL, 0.5 pL and 1.0 pL of solu-
tions with green color dye are added on each type of test strips.
After that, these test strips are left to fully dry and scanned by
a color scanner (Epson, Japan). Image]J (https://imagej.net/ij/) is
used to analyze the size of these spots.

2.5 Glucose detection in urine

Fresh urine samples are collected from healthy volunteers, and
glucose is spiked in the samples in order to prepare urine
samples with glucose concentrations of 0 mM, 2.0 mM, 4.0 mM,
8.0 mM, 12.0 mM and 16.0 mM respectively. Synthetic paper is
cut into a rectangle shape as 25.0 mm X 4.0 mm. A detection
area with a size of 4.0 mm x 4.0 mm at one end is used as the
colorimetric detection area. Cellulose solution is exclusively
added in the detection area. DAB (10.0 pL Reagent A and 10.0 pL
Reagent B of DAB kit are added into 200 uL DI water to get DAB
solution) and enzymes (GOx concentration: 900 units per mL,
HRP concentration: 1200 units per mL) are mixed together as
glucose detection reagent. The volume ratio of DAB, glucose
oxidase (GOx) and horseradish peroxidase (HRP) is 10:1:1. 4.8
uL glucose detection reagent is added on the cellulose detection
area. After the test strips are fully dry, urine samples with
different glucose concentrations are added on the other end of
the test strips without cellulose. Waiting for 5 minutes, the color
of the detection area changes to brown. We scan the test strip
and analyze the intensity of blue channel of the detection area
by Image].

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Capillary flow behaviors of water on different types of test strips by the composite substrate. Each experiment is repeated at least 6 times.
(a) The diagrams of capillary flow on the test strip. (1) is a picture of water flow on the test strip. (2) and (3) are the schematic top view and side view
of capillary flow on the test strip. (b) shows the capillary flow behaviors on test strips by SP1, SP2 and SP3 with cellulose concentration as 100 mg
mL~! and Tween 20 concentration as 0.02%. The fitting by Washburn equation on SP1 test strips: distance = 1.556 x t°° + 7.242, with R as
0.9982. The fitting by Washburn equation on SP2 test strips: distance = 1.544 x t°° + 6.288, with R? as 0.9927. The fitting by Washburn equation
on SP3 test strips: distance = 1.527 x t°> + 6.741, with R as 0.9974. (c) shows the capillary flow behaviors on the test strips by SP1 with cellulose
concentration of 100 mg mL™%, 50 mg mL™t and 25 mg mL™. In addition, the concentration of Tween 20 is 0.02%. The fitting by Washburn
equation on the test strips of 100 mg mL™* cellulose: distance = 1.556 x t°° + 7.242, with R? as 0.9982. The fitting by Washburn equation on test
strips of 50 mg mL™* cellulose: distance = 1.233 x t°° + 6.847, with R? is 0.9988. The fitting by Washburn equation on test strips of 25 mg mL™*
cellulose: distance = 0.8605 x t°> + 4.268, with R? as 0.9983. (d) shows the capillary flow behaviors on test strips by SP1 with 0.02%, 0.05% and
0.1% Tween 20. In addition, the concentration of cellulose is 100 mg mL™". The fitting by Washburn equation on the test strip with 0.02% Tween
20: distance = 1.416 x t°° + 6.781, with R? as 0.9963. The fitting by Washburn equation on the test strip with 0.05% Tween 20: distance = 1.658 x
t95 4+ 6.075, with R? as 0.9991. The fitting by Washburn equation on the test strip with 0.1% Tween 20: distance = 2.074 x t>° + 7.450, with R? as
0.9975.

15.0 mm X 2.0 mm. The collecting area is 5.0 mm X 2.0 mm.
4.0 pL cellulose solution is exclusively patterned on the col-
lecting area. Firstly, 35.5 pL blood agglutination antibody is
added on the sampling area for 4 times to ensure enough
amount of the antibody. Then the test strip is left to fully dry.
40.0 pL human blood samples of corresponding type with HCT
of 40% are added to the sampling area. The experimental video
is recorded for data analysis. Human whole blood samples are
collected from health volunteers, approved by the ethics
committee of the Second Affiliated Hospital of Guangdong
Medical University, complying with Declaration of Helsinki and
Ethical Review Measures for Biomedical Research Involving
Human Subjects of China. Informed consents are obtained
from all participants.

2.6 Iodate detection in salt

We prepare test strips (10.0 mm x 10.0 mm) by the composite
substrate for the detection of iodate ion in food salt. Firstly, an
equal volume of 6% starch solution is mixed with 0.08 M
potassium iodide (KI) solution, which serves as the colorimetric
reagent. Potassium iodate standard solutions with concentra-
tions of 20.0 mg L™, 40.0 mg L™ ", 60.0 mg L', 80.0 mg L™ and
100.0 mg L' are prepared respectively. Potassium iodate
standard solutions, NaCl solution (0.15 M) and phosphoric acid
solution (0.5 M) are mixed with the ratio 1:3:1 to form NaCl
solution containing iodate. 20.0 pL of colorimetric reagent is
dropped onto the test strips and fully dried in the fume hood.
Then, 200 pL of NaCl solution is added on the test strips. Later,
we take the images of the test strips after fully reaction and use
Image] for data analyze.

3 Results and discussions

3.1 Microstructures of the composite substrate

2.7 Plasma separation from whole blood

We prepare a synthetic paper test strip by a cutting plotter

(Graphtec, Japan) with a circular sampling area, a narrow flow
channel for plasma collection and a collecting region. The
radius of sampling area is 12.5 mm. The size of flow channel is

© 2026 The Author(s). Published by the Royal Society of Chemistry

After the deposition and fully dry of cellulose on synthetic
paper, the composite substrate by synthetic paper and cellulose
is formed. Fig. 2 shows the microstructures of the composite
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Fig. 4 Spot size after dropping 0.25 uL, 0.35 pL and 0.5 pulL water on different test strips. Each experiment is repeated at least 6 times. (a) The
diagrams of spot size after dropping water on test strip. (b) Pictures of spots on the test strips. The test strip is fabricated by patterning
100 mg mL~! cellulose on SP1. Water of 0.25 uL, 0.35 pL and 0.5 pL is added to the test strips respectively. (c) shows the spot sizes on test strips
with cellulose concentration of 25 mg mL™%, 50 mg mL™, and 100 mg mL™. When 0.25 uL water is added on the test strips, the average areas are
0.1427 cm?, 0.1618 cm?, and 0.1447 cm?. When 0.35 ulL water is added on the test strips, the average areas are 0.1684 cm?, 0.2282 cm?, and
0.1766 cm?. When 0.50 pL water is added on the test strips, the average areas are 0.2278 cm?, 0.2862 cm?, and 0.2344 cm?. (d) shows the spot
sizes on test strips by SP1, SP2, and SP3. When 0.25 pl water is added on the test strips, the average areas are 0.1447 cm?, 0.1126 cm?, and 0.1100
cm?. When 0.35 ulL water is added on the test strips, the average areas are 0.1766 cm?, 0.1586 cm?, and 0.1802 cm?. When 0.50 ulL water is added
on the test strips, the average areas are 0.2344 cm?, 0.2435 cm?, and 0.2110 cm?.

substrates by depositing cellulose of different concentrations
on SP1. Compared to control group (synthetic paper alone), the
composite substrates have cellulose filling the gap between
OSTE pillars. With the increase of cellulose concentration, the
cellulose becomes smoother and more compact, with fewer
cracks. Through SEM images, the crack length of cellulose with
different concentrations is labeled and calculated. It can be
seen from images that when the cellulose concentration is

(@) Cellulose

i

Brown deposition

i

(b)
Cellulose
DRI RRIRI ui

Urine

Brown deposition Urine

DAB and enzymes (c)

DAB and enzymes
2RI

25 mg mL ', 50 mg mL~ " and 100 mg mL ", the average crack
lengths are 1077.87 um, 896.89 um and 303.48 pm respectively,
as shown in Fig. S3.

3.2 Capillary flow on the composite substrate

Fig. 3 shows the capillary flow behaviors of water on test strips
by the composite substrate with different dimensions of
synthetic paper, different concentrations of cellulose solution,

s

(d)

Intensity (a.u.)

l 120

0 4 8 12 16

N — X HHRHAIXIXHEXXXXX,

Glucose concentration (mM)

Fig.5 Glucose detection in urine. (a) Experimental procedures of glucose reaction (top view). DAB and enzymes are added on the test strip, and
then urine samples are added to flow to the reaction zone. (b) is the side view of the experimental procedures. (c) Brown precipitations of
different intensity are produced with different glucose concentrations. (d) The average intensity of reaction zone at 5 minutes after dropping
urine on the test strips. The fitting equation: average intensity = 152.3 — 2.286 x glucose concentration, with R? as 0.9973.
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Fig. 6 lodate detection in salt. (a) The experimental procedures of iodate detection in salt. (b) Images of test strips after testing salt solution with

different iodate concentrations. (c) The average intensity of the blue-purple deposition when testing salt with different iodate concentrations.
The fitting equation: average intensity = 73.65 x exp~concentration of iedate/104.2 4 135 7 \vith R? as 0.9960.

and different concentrations of Tween 20. It can be seen that the
flow rate is faster when the water just flows into the test strips,
and gradually slows down as the distance increases, which
aligns with that described by Washburn equation.*® All fitting
curves by Washburn equation of the distance-time plots show
an excellent correlation with R* larger than 0.99.

Fig. 3(a) shows the physical view, schematic top view and
side view of the water flow on the test strip. When the test strip

(a) Top view

is in contact with the green water solution, the water flows
upward in the test strips by capillary action (see Fig. S4). In
Fig. 3(b), it shows that water flows fastest on test strips by SP1,
and the average flow rate is 0.0902 mm s~ '. With an average
flow rate as 0.0769 mm s~ ', test strips by SP2 have the slowest
flow rate among these three groups. The average flow rate is
0.0814 mm s * for the SP3 group. With the same length and
width, test strip by SP1 has larger specific surface area than the

(b) Side view

« Anti-B blood grouping reagent

&
Cellulose

Blood cells

- Plasma

Plasma

Anti-AB/bIood grouping reagent

RRRIRRRR

Cellulose
Blood cells Plasma
RS0 X X X
—-
Plasma

Fig. 7 Separation of plasma from whole blood on a test strip by the composite substrate. (a) Schematic top view of experimental procedures of
plasma separation. The upper picture of (a) shows a test strip after coating agglutinating antibody on the sample area. The lower picture of (a)
shows the plasma separation and collection at the end of plasma channel. (b) Schematic side view of experimental procedures of plasma
separation. (c) Pictures of a test strip before and after adding whole blood samples.
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other two, which will be more conducive for the immobilization
of immuno reagents. Considering its high capillary flow rate
and big specific surface area, we choose the composite substrate
with SP1 to explore the influence of cellulose concentration and
Tween 20 concentration in the following capillary flow
experiments.

In Fig. 3(c), we find that water flows fastest on the test strips
with highest cellulose concentration (100 mg mL '), and the
average flow rate is 0.0902 mm s . The average flow rate is
0.0492 mm s~ ' for the test strips with 50 mg mL ™" cellulose
solution. With an average flow rate as 0.0244 mm s ', the test
strips with 25 mg mL ™" cellulose solution have the slowest flow
rate among these three groups. This indicates that test strips
patterned with higher concentration of cellulose will provide
a faster capillary flow rate, which may be attributed to two
reasons. On the one hand, a higher cellulose concentration
increases the density of cellulose fibers within the porous
structure of the OSTE synthetic paper, which in turn enhances
the capillary forces that drive fluid movement. On the other
hand, cellulose is inherently a hydrophilic material, and
a higher concentration of cellulose may enhance the overall
hydrophilicity of the substrate, thereby improving the liquid's
ability to spread and penetrate within it.

As shown in Fig. 3(d), water flows fastest in the group with
highest Tween 20 concentration (0.1%), and the average flow
rate is 0.1514 mm s~ '. The average flow rate is 0.1013 mm s "
for the group with 0.05% Tween 20. With an average flow rate as
0.0720 mm s~ ', the group with 0.02% Tween 20 provides the
slowest flow rate among these three groups. This indicates that
the greater the concentration of Tween 20, the faster the flow
rate. As a hydrophilic surfactant, more Tween 20 (below the
saturation concentration) will render the composite substrate
more hydrophilic, thereby higher capillary flow rate.

Regarding the relatively low capillary flow rate (~0.1 mm s )
of the composite substrate, we recognize that the total flow time
over a few centimeters may reach hundreds of seconds.
However, this flow rate is comparable to that of many
commercial slow-flow nitrocellulose membranes (e.g., Millipore
HF series), which are intentionally designed to enhance reac-
tion sensitivity by prolonging analyte-reagent contact time. In
addition, the flow rate can also be readily tuned by adjusting
micropillar dimensions, cellulose concentration, or Tween 20
content to meet specific assay requirements. For evaporation-
sensitive applications, a sealed cassette can be employed as in
commercial LFT devices.

3.3 Spotting test on the composite substrate

Fig. 4 shows the results of spotting experiment. 0.25 pL, 0.35 puL
and 0.50 pL water solutions with green color dye are dropped on
various test strips, with different synthetic paper dimensions
(SP1, SP2, and SP3), and different concentration of cellulose
(25 mg mL™*, 50 mg mL*, 100 mg mL ). In addition, the
concentration of Tween 20 for the spotting experiments is
0.02%.

Fig. 4(a) shows the schematic diagram of the spotting test,
and shows the diffusion of water on the test strip from the front
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and side. Fig. 4(b) shows pictures of the test strips after spotting
test. We use a pipette to add a certain amount of water to the
test strip, and the water diffuses and spreads on the test strip to
form a spot. We observe the diffusion of water on different types
of test strips and measure the area of spots.

In Fig. 4(c), we conduct the spotting tests on test strips with
different concentrations of cellulose deposited (100 mg mL ™,
50 mg mL " and 25 mg mL~"). When 0.25 uL water is added on
the test strips, the average areas are 0.1427 cm?, 0.1618 cm?,
0.1447 cm? for these test strips with cellulose concentration as
100 mg mL ', 50 mg mL ™" and 25 mg mL ™' respectively. When
0.35 pL water is added on the test strips, the average areas are
0.1684 cm?, 0.2282 cm?, 0.1766 cm” for these test strips with
cellulose concentration as 100 mg mL ™", 50 mg mL™ ' and 25 mg
UL~ respectively. When 0.50 plL water is added on the test
strips, the average areas are 0.2278 cm?, 0.2862 cm?, 0.2344 cm”?
for these test strips with cellulose concentration as 100 mg
mL~}, 50 mg mL~" and 25 mg mL™" respectively. The spot size
increases with the volume of water. However, with the same
volume, the spot size on the test strips with different concen-
trations of cellulose is quite different. The spot size on the test
strips with 50 mg mL ™" cellulose is the largest. The spot size on
the test strips with 100 mg mL ™" cellulose is slightly larger than
that with 25 mg mL ™" cellulose.

As shown in Fig. 4(d), when 0.25 pL water is added on the test
strips, the average areas are 0.1447 cm?, 0.1126 cm?, 0.1100 cm?
for test strips by SP1, SP2, and SP3 respectively. When 0.35 pL
water is added on the test strips, the average areas are 0.1766
cm?, 0.1586 cm?, 0.1802 cm? for test strips by SP1, SP2, and SP3
respectively. When 0.50 pL water is added on the test strips, the
average areas are 0.2344 cm®, 0.2435 cm?, 0.2110 cm? for test
strips by SP1, SP2, and SP3 respectively. The spot areas increase
with the volume of water.

Considering the overall performance of microstructure,
capillary flow rate, specific surface area and spotting area, we
choose to use the composite substrate by SP1, 100 mg mL "
cellulose, and 0.02% Tween 20 for the following applications
including urine glucose detection, iodate detection of saline
solutions, and plasma separation from whole blood. In addi-
tion, given the same area, the cost of this composite substrate is
8.3% lower than that of the commercial nitrocellulose
membrane used in our lab (NC140C, Cobetter, Hangzhou,
China).

3.4 Glucose detection in urine

After the test strip is prepared, the urine sample is added to one
end of the non-reactive area of the test strip. Due to the action of
capillary force, the urine would flow on the test strip and flow to
the reaction area containing DAB and enzyme. When urine
flows to the reaction area, after five minutes of reaction, the
reaction area will produce a precipitation of stable dark brown.
Fig. 5(a) and (b) show the experimental procedures of urine
glucose detection. Fig. 5(c) shows the results of testing urine
samples with different glucose concentrations (see Fig. S5(a)).
Fig. 5(d) shows the average intensity of blue channel of the
reaction zone versus urine glucose concentration. Under the
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catalysis of enzyme, glucose reacts with DAB reagent and
generates brown precipitation.** Blue is the complementary
color of brown. As the brown becomes darker, the intensity
value of the blue channel decreases. The results show that the
higher the concentration of glucose, the darker the color of the
brown precipitation and the lower the intensity. The glucose
detection concentration is clinically relevant and the linear
fitting between intensity and glucose concentration has an
excellent R* as 0.9973, making this test strip suitable for glucose
detection at home or other POCT scenarios. Compared with
methods using other substrates,**** our approach exhibits
a broader detection concentration range and better fitting
performance. The substrate we employed demonstrates higher
sensitivity in detecting urinary glucose while effectively
reducing background noise interference.

It should be noted that this glucose detection system is an
enzyme-based immunoassay, as it relies on specific immu-
noreagents—glucose oxidase (GOx) and horseradish peroxidase
(HRP)—immobilized on the composite substrate to catalyze
a chromogenic reaction with DAB. This demonstrates that the
composite substrate is compatible with lateral flow immuno-
assay formats.

3.5 Iodate detection in salt

After preparing the iodate detection test strip, the salt solution
containing iodate is added to the test strip. The solution
diffuses on the test strip and reacts with the starch and KI on
the test strip, which produces blue-purple precipitation.
Fig. 6(a) shows the experimental procedures of iodate detection.
Fig. 6(b) shows that different concentrations of iodate produce
different blue-purple precipitation (see Fig. S5(b)). By detecting
the gray intensity value of the blue-purple precipitation, we can
build a relationship between gray intensity value with the iodate
concentration. In Fig. 6(c), it can be seen that the average
intensity steadily decreases when the concentration of iodate in
NaCl solution increases. The reaction of starch with NaCl
solution containing potassium iodate can produce blue-purple
deposition,*® which can be validated by the results that the
higher the concentration of iodate, the smaller the intensity.
The detection range is 20-100 mg mL ™" and the fitting between
the iodate concentration and intensity is excellent with R* as
0.9960, which is promising for fast on-site detection of iodate in
salt. We compared the performance of the method using this
substrate with that of other substrates.***” The concentration
ranges for detection were similar, both spanning from 20 mg
mL " to 100 mg mL ™", and both exhibited good fitting results.
Notably, for the colorimetric method, our grayscale values
showed a broader range within the same detection range,
indicating higher sensitivity to results at different
concentrations.

3.6 Plasma separation from whole blood

In Fig. 7(a) and (b), it can be seen that the test strip can easily
separate the plasma from whole blood. After the blood is added
to the reaction area, it diffuses in the reaction area. Red blood
cells in the sample area react with antibodies and agglutinate,
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and then stop flowing. Plasma flows through the narrow
channel and reaches the collecting area. The result can be seen
in Fig. 7(c). By implementing the same agglutination-based
plasma separation strategy, plasma separation experiments
are done on the commercial nitrocellulose membrane (NC140C,
Cobetter) as a control experiment, which shows plasma sepa-
ration with lower efficiency (see Fig. S6). In the future, we can
enlarge the collecting area to increase the handling volume of
whole blood and integrate immunoassays on the collecting
area.

4 Conclusion

In this work, a LFT composite substrate is developed by
patterning cellulose on OSTE synthetic paper. We perform
capillary flow experiment and spotting test on this substrate to
test its performance as LFT substrate. Moreover, in order to
verify the potential of this composite substrate in the field of
POCT, we successfully develop test strips based on this
composite substrate to detect glucose concentration in urine,
iodate concentration in food salt, and separate plasma from
whole blood. The successful demonstration of an enzyme-based
immunoassay for glucose detection indicates that this
composite substrate holds strong potential for a wide range of
lateral flow immunoassay applications, which is of particular
significance to researchers and clinicians in point-of-care
testing. Considering that the surface of OSTE has active chem-
ical groups suitable for covalent bonding of antibodies, this
composite substrate has great potential in LFT based on more
complex immunoassays in the near future.
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