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Abstract
This paper proposes that the signal intensity of a lateral flow assay (LFA) strip can be increased by pressing the top of the 
strip, effectively reducing its flow rate. The reduced flow rate allows more time for antigen–antibody interactions to occur, 
resulting in increased signal intensity and an improved detection limit. To assess the potential of the pressed LFA (pLFA) 
strip, C-reactive protein (CRP) diluted in phosphate-buffered saline (PBS) and serum is detected, affording signal enhance-
ment and a lowered limit of detection. Additionally, to show that the signal enhancement by pressure-induced flow delay 
applies to existing LFA products, commercially available COVID-19 antigen test strips are pressed, and signal enhancement 
is observed. Lastly, we show that the signal intensity of COVID-19 LFA kits can be increased by approximately two-fold at 
maximum by applying pressure on top of the manufactured product. This study suggests that pressed LFA strips can be used 
to reduce the chances of determining ambiguous signals as false-negative results and can potentially improve the detection 
sensitivity.

Graphical abstract
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1  Introduction

Lateral flow assay (LFA) is one of the most widely used 
point-of-care biosensing platforms owing to its simplicity, 
low cost, and high portability. The test strip is employed 
by dropping a particular volume of liquid sample onto its 
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sample pad, and the result can be interpreted either by the 
naked eye or using a portable reader [1, 2]. Additionally, 
the strip consists of fiber and membrane-based materials, 
whose assembly is relatively simple, mass-producible, and 
cost-effective. However, despite its many advantages, the 
main disadvantage of traditional Au nanoparticle-based LFA 
is that its sensitivity is lower than that of other methods, 
such as enzyme-linked immunosorbent assay (ELISA) or 
polymerase chain reaction (PCR) [3, 4]. To improve the sen-
sitivity of the LFA, many approaches have been developed 
and continue to be developed in academia.

First, various nanoparticles have been used as reporters 
or tracers to generate detection signals. Conventional LFA 
strips employ Au nanoparticles (AuNPs) as reporters to gen-
erate a colorimetric signal. As target analytes and antibody-
labeled AuNPs form complexes and bind [5] with capture 
antibodies, a signal appears as a red band. The intensity of 
the red band should be sufficiently distinct from the back-
ground intensity to be interpreted as a positive signal. To 
achieve increased signal intensity, instead of using AuNPs, 
alternative reporters, such as fluorescence labels [6], gra-
phene oxides [7], quantum dot [8], and lanthanides [9, 10], 
have been used and proven to be effective in improving the 
limit of detection (LOD). Second, the physical and optical 
properties of AuNPs have been exploited to enhance their 
detection capability. For example, LFA strips, using surface-
enhanced Raman scattering (SERS) [2, 11, 12], photother-
mal effect [13], photoacoustic effect [14] have been shown to 
improve the sensitivity of detection compared to the colori-
metric signal of AuNPs. However, the abovementioned novel 
reporters and detection methods generally require expensive 
optical instruments and signal transducers to interpret the 
results, and they limit the use of LFA in field-testing and 
point-of-care testing (POCT) applications.

Recently, several approaches have been developed to 
provide a condition that allows the enhanced binding of 
target molecules and labeling reporters to capture antibod-
ies at the test line. This can be achieved by momentarily 
stopping the flow [15] or by reducing the flow rate within 
the strip[16, 17]; thus, target molecules have more time to 
interact with the capture and labeling antibodies. Several 
fabrication methods have been proposed to modify the strip 
to reduce the flow rate in the LFA strip. The geometrical 
modifications of the LFA strips can be achieved by cutting 
the LFA strip into specific shapes [18, 19] or using laser 
patterned photopolymer to create a barrier on nitrocellu-
lose (NC) membrane [20] to control the flow rates in the 
LFA strips. Additionally, flow-interrupting materials can be 
inserted or embedded in the LFA strip to reduce the flow 
rate [21]. For example, aerogels or agar can be inserted 
between the conjugate pad and the NC membrane [22, 23], 
and wax pillars can be printed in the NC membrane [24] to 
enhance the detection signal intensity. The abovementioned 

flow rate reduction techniques increase the detection signal 
and improve the LOD. However, the additional materials 
involved with the above methods are likely to increase the 
cost of the test strip, whose low cost is the essential and 
main advantage.

Herein, we propose a pressed LFA strip (pLFA) to 
enhance the detection signal. The LFA strips are modified 
by applying pressure on the top of the membrane to decrease 
the flow rate and increase the signal intensity. Although 
pressed membranes have been demonstrated to be helpful 
in the sequential delivery of multiple reagents for the pur-
pose of automating multistep assays [25, 26], the enhanced 
binding of antibody-antigen caused by pressure-induced 
flow rate reduction has not yet been applied to LFA with the 
goal of improving the detection signal intensity. To the best 
of our knowledge, this study is the first to report the use of 
such a simple and quick modification method to improve 
the detection performance of LFA strips. We demonstrate 
the improved detection limit and increased signal intensity 
by detecting C-reactive protein (CRP), a well-known inflam-
mation and cardiovascular biomarker [27], and nucleocapsid 
protein of the SARS-CoV2 virus, the cause of the COVID-
19 pandemic that began in 2020 [28]. The applicability and 
simplicity of the method are further demonstrated by press-
ing commercial LFA strips and showing that the detection 
signal can be enhanced.

2 � Materials and Methods

2.1 � Analysis of Reagent Volume Absorbed 
by Absorbent Pad Over Time

To determine the flow rate of a sample through the LFA 
strip, the NC membrane with 10 µm pore size (CNPF-
SN12, mdi Membrane Technologies, Inc., United States) 
was pressed at 7.84, 15.69, and 23.54 MPa, and compared 
to that of a non-pressed NC membrane. A glass fiber pad 
(GFDX103000, Sigma-Aldrich, Germany) and an absor-
bent pad (490005-060, Ahlstrom-Munksjö, Finland) were 
attached to both ends of the strip, and water was dropped 
onto the glass fiber pad. The glass fiber was soaked in a blue 
dye solution and dried in a desiccator at room temperature 
before the experiment. The absorbent pad was photographed 
every 5 min until the absorbent pad was thoroughly wet. The 
wetted area was analyzed using ImageJ software (National 
Institute of Health, USA), and the absorbed volume was 
calculated.

2.2 � Gold Aggregation Test

To decide the optimal antibody concentration for the conju-
gation of AuNP, varying amounts of an anti-CRP antibody 
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was added to the mixture containing 0.5 M K2CO3 (P0793, 
Samchun Pure Chemicals, South Korea) buffer (diluted in 
deionized (DI) water, pH = 12) and 20 nm AuNP colloid 
solution (753610, Sigma-Aldrich, Germany). The absorb-
ance of the antibody-mixed AuNP solutions was measured 
using a spectrophotometer (Epoch, BioTek, USA).

2.3 � Gold Nanoparticle and Antibody Conjugation

To prepare the  antibody-conjugated AuNPs (Ab-AuNP 
conjugates), an anti-CRP antibody (2.5 µL of 2 mg/mL) 
(ab8278, Abcam, United Kingdom) was added to 1,500 µL 
of 20 nm AuNP colloid solution and 30 µL of K2CO3 buffer. 
After 20 min of incubation at room temperature, 100 µL of 
phosphate-buffered saline (PBS) (806552, Sigma-Aldrich, 
Germany) containing 0.3% bovine serum albumin (BSA) 
(HC0332, HanLab, South Korea) was added to the solution 
to block the surface of the AuNP. After 20 min of incuba-
tion at room temperature, the mixture was centrifuged at 
13,500 rpm for 20 min. After the supernatant was discarded, 
the precipitate was resuspended in 500 µL of suspension 
buffer containing PBS, 3% BSA, and 0.25% Tween 20 
(P1379, Sigma-Aldrich, Germany).

2.4 � Lateral Flow Assay Strip Fabrication

The LFA strip comprises a conjugate pad, an NC membrane, 
and an absorbent pad. The conjugate pad was made from 
glass fiber, and the absorbent pad was made from a cellu-
lose pad. The conjugate pad, NC membrane, and absorbent 
pad were cut into 10 × 10 mm, 5 × 25 mm, and 10 × 25 mm, 
respectively. The glass fiber pad was soaked in 60 µL of the 
AuNP–antibody solution containing 1% of D-( +)-trehalose 
dihydrate (90210, Sigma-Aldrich, Germany) and dried in a 
desiccator at room temperature. To detect the CRP, 1 mg/mL 
of the anti-CRP antibody (ab31156, Abcam, United King-
dom) and goat anti-mouse IgG antibody (M8642, Sigma-
Aldrich, Germany) were immobilized using an antibody 
dispenser (LPM-02, mdi Membrane Technologies, Inc., 
United States) on the NC membrane as a test line and a 
control line, respectively. Next, the NC membrane was cut 
into 5 mm wide and pressed using a hand press machine. 
To repeatedly create a 5 × 5 mm pressed region between the 
test line and the control line, a jig was designed and 3D 
printed to place NC membrane, a laser cutter was used to 
cut an acrylic jig to fix stamp, and stamp was designed and 
3D printed to press NC membrane. The NC membrane was 
placed in the jig. First, the stamp was placed on the top of 
NC membrane (between the test line and the control line), 
and the jig was placed on the load cell (CMNC-200L, CAS 
Corporation, South Korea) and an indicator (CI-150A, CAS 
Corporation, South Korea) was added. The applied pressure 
was controlled by monitoring the force readout reported by 

the indicator (Figure S1). Once the membrane was pressed, 
the pressed feature remained without reverting to its original 
shape. To assemble the LFA strip, the NC membrane was 
first placed and attached to the adhesive part of the lami-
nation film. Afterward, a conjugate pad and an absorbent 
pad were attached to each end of the NC strip with a 1 mm 
overlap.

2.5 � CRP Detection

CRP (30-AC05, Fitzgerald, United States) was diluted in 
PBS and CRP-free human serum (90R-105, Fitzgerald, 
United States) to known concentrations (0, 0.05, 0.1, 0.25, 
0.5, and 1 μg/mL). Furthermore, 60 µL of a sample contain-
ing CRP was pipetted onto the conjugate pad, and the pLFA 
strips were covered using a transparent square dish without 
contact with the membrane to prevent the evaporation of 
the sample solution during the experiment. After loading 
the sample using a pipette, photos of the test and control 
lines were taken after the absorbent pad absorbed 33 μL 
of the CRP solution. To calculate the LOD, linear regres-
sion analysis was first performed for signal intensity values 
from 0 to 0.25 μg/mL. LOD was determined by obtaining 
IntensityLOD = Intensityblank + 3σblank (the measured intensity 
value of a blank sample plus three times its standard devia-
tion) and then calculating the concentration that corresponds 
to IntensityLOD using the linear fit.

2.6 � SARS‑CoV‑2 Antigen Detection Using 
Commercial Kit

The nucleocapsid (N) protein was detected using a STAND-
ARD™ Q COVID-19 Ag Home Test (09COV130H, SD 
Biosensor, South Korea) and Humasis COVID-19 Ag Home 
Test (Humasis, South Korea). N protein was diluted in the 
extraction buffer from each test kit to the following concen-
trations: 0, 0.5, 1, 2, and 3 ng/mL. One hundred microliters 
of sample, which is indicated in the instructions as an appro-
priate amount for the test, was loaded onto the sample pad, 
and the pLFA strips were covered using a transparent square 
dish. The kits were pressed at 0, 7.85, 15.69, 23.54 MPa 
and took 13, 25, 35, and 41 min, respectively, to process the 
same volume of N protein sample.

2.7 � Image Analysis of Detection Result

The signal intensity value of the test line, control line, and 
background was measured using ImageJ software. First, 
the signal intensity of the background was subtracted from 
the signal intensity value of the test line and control line to 
remove biases that could be caused by the intensity of the 
AuNP solution and lighting. Thereafter, the signal intensity 
value of the test line was divided by the signal intensity 
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value of the control line to obtain the ratio of the test line to 
the control line (T/C).

3 � Results and Discussion

3.1 � Working Mechanism of pLFA Strip

A typical LFA strip consists of a sample pad, conjugate 
pad, NC membrane, and absorbent pad. The sample pad is 
generally embedded with additives that can adjust the pH 
or ionic properties of the sample under optimal conditions 
[29–31]. However, in this study, for simplicity and proof of 
concept experiments, the sample pad was not used, and the 
sample was loaded directly onto the conjugate pad of the 
lab-made LFA strips. The conjugate pad was impregnated 
with Ab-AuNP conjugates, whose antibodies are designed 
to bind to a target molecule. When the liquid sample is intro-
duced to the conjugate pad, it begins to hydrate the AuNPs, 
which are pre-dried in the conjugate pad. As the mixture 
flows along the NC membrane, the target antigen, if pre-
sent, binds with the antibodies that were conjugated on the 
surface of the AuNPs to form an antigen–antibody–AuNP 

conjugate complex. When the conjugate complex reaches 
the test line, the antigens are captured by the immobilized 
antibodies, forming an accumulation of the AuNP conju-
gate complex, which appears as a red line to the naked eye. 
When the conjugates that are not captured by the capture 
antibodies or free antibody–AuNP complexes reach the con-
trol line, they are captured by the antibodies that target the 
labeling antibodies. However, the antigen–antibody–AuNP 
conjugate complex does not always bind to the antibodies 
immobilized on the test line. As the conjugates flow through 
the pores of the NC membrane, whose pore dimension is 
in the order of micrometers, they also need to get close to 
the capture antibodies that are immobilized on the surface 
of the NC, and this partly depends on the random diffusion 
of the complex (Fig. 1a). If the flow rate is high and the 
diffusion distance is not long enough to reach the capture 
antibodies, the antigen–antibody–AuNP complexes may not 
accumulate at the test line. Thus, to reduce the flow rate, the 
NC strip was partially pressed, and the reduced pore size 
at the pressed region increased the fluidic resistance. This 
allowed more time for the complexes to spend within the 
pores of the NC, increasing their diffusion distance and their 
chances of binding with the capture antibodies (Fig. 1b). The 

Fig. 1   Schematic of the enhanced antibody–antigen interaction in a 
pLFA strip. a The antigen–antibody–AuNP complex may not bind 
with the capture antibodies if the diffusion distance is too short. b 
The reduced flow rate increases the time required for the complexes 

to flow past the capture antibodies, increasing the diffusion distance 
caused by random walk and increasing their chances of binding with 
the capture antibodies. The area shaded in gray indicates the pressed 
region
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region between the test line and control line was pressed, as 
shown in Fig. 2a, to minimize any potential filtering of the 
antigen–antibody–AuNP complexes that can be caused by 
the reduced pore size, which may reduce the signal intensity 
of the test line.

3.2 � Pressure‑Induced Flow Delay

The pressed NC membrane reduced the flow rate because 
relatively small pores exerted relatively high flow resist-
ance. The extent to which the pores collapsed depended 
on the applied pressure (Fig. 2b). This means that strips 
pressed with different pressure have different volumes 
of liquid flowing through in a given time. Thus, to make 
a fair comparison between the intensities of the signals 
of the LFA strips pressed with different pressure values, 
the intensity of the signals was compared after the same 
amount of sample was passed in each strip. The relation-
ship between time and the absorbed volume was first stud-
ied to determine the time required to process a specific 

amount of sample. Figure 2c shows that as time passes, 
more liquid is absorbed by the absorbent pad, and the 
fluid flow rate decreases for strips pressed with relatively 
high pressure. The moment at which the absorbent pad 
absorbed 33 μL of the sample was chosen as the time to 
image the signal intensity. However, in clinical settings, 
CRP or target antigens may not be diluted in PBS; rather, 
they will be contained within the blood, plasma, or serum, 
which are more viscous. Because viscosity can cause a 
difference in the volume processed in a given time, the 
volume of serum (diluted four-fold with PBS as done in 
previous studies [5, 32]) absorbed by the absorbent pad 
was observed with respect to time. Figure 2d shows that 
it takes 14, 22, 34, and 52 min for the diluted serum to 
flow through the strips pressed at 0, 7.85, 15.69, and 
23.54 MPa. The difference is not apparent for the strips 
pressed at 0, 7.85, and 15.69  MPa. However, it takes 
approximately 11 more minutes for the diluted serum to 
flow through a strip pressed at 23.54 MPa compared to 
PBS. This indicates that more viscous samples require 

Fig. 2   a Schematic of the pLFA showing the location of the pressed 
zone; b SEM images of the NC structures pressed with different 
amounts of pressure. The images show that the NC strips pressed 

with relatively high pressure results in relatively small cavities; the 
volume of the c water and d diluted serum absorbed by the absorbent 
pad over time for the NC strips pressed with different pressure
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more time to process the same volume of liquid. The data 
shown in Fig. 2c and d are used to determine the timing of 
the imaging of the detection results.

3.3 � Flow Delay‑Induced Signal Enhancement of CRP 
Detection

To observe the signal enhancement in the pLFA strips, CRP 
was chosen as a model analyte and diluted in PBS at vary-
ing concentrations. Various CRP concentrations (0, 0.05, 
0.1, 0.25, 0.5, and 1 μg/mL) were tested, and the concentra-
tion range was chosen to be comparable to that of the high-
sensitivity CRP (hs-CRP) test, which detect CRP between 
0.5 and 1.0 μg/mL. The NC strips were pressed at 0, 7.85, 
15.69, and 23.54 MPa to observe the effect of flow reduction 
on the signal intensity. Figure 3a, c shows that the pLFA 
strips fabricated using a relatively high pressure exhibit a 
relatively high test signal intensity. Compared to the non-
pressed LFA strip, the signal intensity was amplified more 
than twice (2.11 times) for 0.5 μg/mL of the CRP detected 
in a pLFA strip pressed at 23.54 MPa (Fig. 3b). The values 
above each bar indicated the ratio of the signal intensity of 
pLFA compared to that of the non-pressed LFA, which was 
calculated by dividing the average value of the signal inten-
sity measured in the pLFA by the average of the intensity 
measured in the non-pressed strip. Additionally, the LOD of 
the pLFA strips was lower than that of the non-pressed strip, 
which indicated that the enhanced signal intensity improved 
the LOD (Table 1). As it is well known, immunoassay-based 
tests have a hook effect at high concentrations. This phenom-
enon occurs when an excessive amount of analyte occupies 
the binding sites of the antibodies conjugated with AuNPs 
and also occupies the antibodies at the test line without 
forming a sandwich immunocomplex [33, 34]. Figure 3a 
shows that between 0.5 and 1 μg/mL, the hook effect begins 
to occur at the pLFA strips pressed at 15.69 and 23.54 MPa. 
This indicates that the analytes flowing through the strips 
with relatively low flow rates have relatively high effective 
concentrations owing to the reduced flow rate, as reported 
previously [35, 36], resulting in increased signal intensity.

Furthermore, to determine if the pLFA can be used to 
detect CRP in the actual sample, CRP was detected in serum 
by diluting a known amount of CRP in CRP-free human 
serum. Because of the high viscosity of the serum, the serum 
was diluted four-fold before spiking with CRP, as done in 
previous studies [5, 32]. The diluted serum samples contain-
ing CRP were loaded onto pLFA strips pressed with differ-
ent pressure, and the intensity of the test line was measured. 
Similar to the result from the detection of CRP in PBS, the 
intensity of the test line became more vivid as the applied 
pressure increased (Fig. 3d–f). In the case of using a sam-
ple like serum, which contains various components such as 
proteins, antibodies, and hormones, it is important to make 

sure that there is no nonspecific binding, or cross-reactivity. 
Nonspecific binding can cause false-positive signals, which 
are false, visible signals that occur even with negative con-
trol. It is worth noting that in Fig. 3f, there is no noticeable 
cross-reactivity with 0 µg/mL CRP (CRP-free serum) for all 
LFA strips pressed at different pressures. This indicates that 
the enhancement in signal strength in pressed LFA strips are 
very unlikely to be caused by nonspecific binding.

Interestingly, when the CRP diluted in serum flowed 
through the pLFA pressed with 23.54 MPa, the hook effect 
began to occur at 0.25 μg/mL of CRP (compared to 0.5 μg/
mL of CRP diluted in PBS). This indicates that the hook 
effect begins at a relatively low concentration when the tar-
get analyte is diluted in a more viscous medium, owing to 
the increased effective concentration of the target analyte. 
Resultantly, the LODs of the CRP diluted in serum were 
lower than the LODs of the CRP diluted in PBS (Table 1). It 
is important to note that at the 23.54 MPa condition, because 
the hook effect occurs at a relatively low concentration, it 
results in a reduced operational range. However, 23.54 MPa 
also results in the highest sensor sensitivity, which is another 
important parameter of biosensors along with LOD. Sen-
sitivity indicates the change in the signal output (signal 
intensity in our case) with respect to the change in the input 
(sample concentration in our case), which is also the same 
as the slope of the signal intensity curve. Pressing the LFA 
strip has the effect of gaining sensitivity and improving the 
limit of detection while sacrificing the operation range. Such 
an effect may not be ideal for quantifying a target of wide 
concentration range, but it can be helpful in cases where the 
purpose of detection is a qualitative determination of the 
presence or absence of an analyte.

When detecting CRP from diluted serum, it takes 14, 
22, 34, and 52 min for the diluted serum to flow through 
the strip pressed at 0, 7.85, 15.69, 23.54 MPa. Although 
52 min is much longer compared to conventional LFA kits 
which instruct users to wait for 15 to 30 min, we would like 
to address that it can still be considered rapid according to 
World Health Organization (WHO)’s ASSURED (afford-
able, sensitive, specific, user-friendly, rapid, equipment-free, 
delivered) criteria, which suggests that POCT should deliver 
the result within 60 min [37].

Overall, we conclude that increasing the amount of 
applied pressure on the pLFA results in a relatively strong 
signal of the CRP in PBS, as well as diluted serum, which 
suggests the applicability of the pLFA in real samples.

3.4 � Flow Delay‑Induced Signal Enhancement 
of SARS‑CoV‑2 Antigen Detection

To further demonstrate the potential of pLFA, self-
diagnostic LFA kits were purchased, and their NC strips 
were partially pressed to demonstrate that the simple 
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modification method of the pLFA strip is readily appli-
cable to commercial products and can be used to improve 
their detection performance. The strips of two companies 
(Humasis and SD Biosensor) were removed from their car-
tridges, pressed, and assembled back into the cartridge. 

Thereafter, the signal enhancement of the pressed LFA 
kits was observed using N proteins diluted in the extrac-
tion buffer provided in the kits. Figure 4 shows that the 
strips of both companies show increased signal intensity 
as the strips are pressed with increased pressure, without 

Fig. 3   Result of the CRP detection using the pLFA strips; a graph 
showing the quantified test signal intensity (n = 3), b bar graph 
showing the ratio of the signal intensity of the pLFA compared to 
that of the non-pressed LFA, and c photos showing the test results 
of the CRP diluted in PBS; c indicates the control line, and T indi-

cates the test line; Result of the CRP diluted in serum detection using 
the pLFA strips; d graph showing the quantified test signal intensity 
(n = 3); e bar graph showing the ratio of the signal intensity of the 
pLFA compared to that of the non-pressed LFA; and f photos show-
ing the test results of the CRP diluted in serum
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showing any apparent nonspecific binding. Notably, when 
0.5 ng/mL of the N protein diluted in lysis buffer was 
added to the strips manufactured by both companies, the 

non-pressed strip showed no apparent signal (Fig. 4a, d). 
However, for the strips pressed at 23.54 MPa, the signal 
of the test line became visible to the naked eye and distin-
guishable from that of the non-pressed LFA. The differ-
ences in the signal intensity between the non-pressed LFA 
and pLFA strips became more apparent as the concentra-
tion of the target protein increased (Fig. 4b, e). The graphs 
in Fig. 4c, f show the ratio of the signal intensity of the 
pLFA to that of the non-pressed LFA. In pressed commer-
cial LFA kits, the detection signal can be amplified by as 
much as two-fold, and the amplification can be achieved 
by applying pressure to the already-manufactured product. 
This result indicates that pLFA effectively enhances the 

Table 1   LOD of the CRP diluted in PBS and serum using lab-made 
LFA strips fabricated by applying various pressure

CRP LOD (in PBS) CRP LOD (in serum)

0 MPa 4.84 ng/mL 3.79 ng/mL
7.85 MPa 2.40 ng/mL 2.60 ng/mL

15.69 MPa 2.10 ng/mL 1.50 ng/mL
23.54 MPa 2.98 ng/mL 1.94 ng/mL

Fig. 4   Photos showing the detection result of the N protein of SARS-
CoV-2 using a Humasis COVID-19 Ag Home Test kit and d STAND-
ARD™ Q COVID-19 Ag Home Test kit without pressing (left strips) 
and pressed with 23.54 MPa (right strips); graphs showing the quanti-

fied test signal intensity of the detection result b of Humasis and e SD 
Biosensor LFA strips; bar graphs show the signal intensity ratio of 
pressed strips compared to non-pressed strips using c Humasis and f 
SD Biosensor strips
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signal intensity compared to a conventional, non-pressed 
LFA and also suggests that the simple modification method 
can easily be added to the existing manufacturing process 
to improve the detection result.

4 � Conclusions

In this study, we demonstrated that the signal intensity of an 
LFA strip can be increased by pressing the top of the strip. 
The NC membrane of the LFA can be pressed to reduce the 
flow rate of the sample, which enhances the antibody–anti-
gen reaction and ultimately results in an increased detection 
signal. Based on the experimental results, pressing LFA strip 
at 15.69 MPa is the optimal condition for CRP detection 
from both PBS and serum, and 23.54 MPa is the optimal 
condition for both of the commercial COVID-19 test kits. 
Additionally, the results presented herein suggest that the 
effective concentration of the sample is increased in pLFA 
compared to non-pressed LFA. This indicates that using 
pLFA can allow the collection of reduced sample volumes 
and still perform the test after dilution using a buffer. This 
feature can be advantageous to situations in which collect-
ing minimum sample volume can be beneficial, as in the 
collection of the blood of infants or using blood collected 
by fingerstick. Furthermore, the modification method can 
be considered suitable and readily applicable to mass pro-
duction because physically pressing the NC strip is a quick 
process that involves a simple stamping motion, and it does 
not require embedding any additional materials or chemi-
cal treatment. Owing to the simple nature of the fabrication 
process, the modification or pressing step was applied easily 
to commercial products and proved to enhance their signal 
strength. This suggests that the method of fabricating pLFA 
can be easily added to the current manufacturing process to 
improve the detection results of existing products. Overall, 
the results of this study suggest that pLFA can reduce the 
LOD and increase the detection sensitivity and can be ben-
eficial to COVID-19 self-diagnostic kits, which are known 
to have low sensitivity. We expect that pLFA can be widely 
applied in immunoassays and point-of-care diagnostics 
and can contribute positively to mitigating the COVID-19 
pandemic.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13206-​022-​00085-w.
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