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A B S T R A C T   

A lateral flow assay (LFA) platform is a powerful tool for point-of-care testing (POCT), especially for self-testing. 
Although the LFA platform provides a simple and disposable tool for Coronavirus disease of 2019 (COVID-19) 
antigen (Ag) and antibody (Ab) screening tests, the lower sensitivity for low virus titers has been a bottleneck for 
practical applications. Herein, we report the combination of a microfluidic paper-based nanoelectrokinetic (NEK) 
preconcentrator and an LFA platform for enhancing the sensitivity and limit of detection (LOD). Biomarkers were 
electrokinetically preconcentrated onto a specific layer using the NEK preconcentrator, which was then coupled 
with LFA diagnostic devices for enhanced performance. Using this nanoelectrokinetic-assisted LFA (NEK-LFA) 
platform for self-testing, the severe acute respiratory syndrome coronavirus 2 Immunoglobulin G (SARS-CoV-2 
IgG) sample was preconcentrated from serum samples. After preconcentration, the LOD of the LFA was enhanced 
by 32-fold, with an increase in analytical sensitivity (16.4%), which may offer a new opportunity for POCT and 
self-testing, especially in the COVID-19 pandemic and endemic global context.   

1. Introduction 

Lateral flow assays (LFAs) have demonstrated practical clinical 
utility as feasible point-of-care testing (POCT) platforms that satisfy 
most of the World Health Organization’s ASSURED criteria (affordable, 
sensitive, specific, user-friendly, rapid/robust, equipment-free, and 
deliverable to end users) regarding many self-testing products (i.e., 
pregnancy, influenza A/B, and malaria diagnostic tests). Moreover, as 
LFAs use fluidic flow under capillary action, no external power equip-
ment (e.g., pumps or centrifuges) is required for device operation. 
However, commercial LFAs have several limitations, including poorer 
sensitivity and lower specificity compared to those of laboratory tests (e. 
g., enzyme-linked immunosorbent assay (ELISA) and polymerase chain 
reaction (PCR)) (Carter et al., 2020; Udugama et al., 2020; van Kasteren 
et al., 2020; Wolfel et al., 2020). 

Research is underway to improve the sensitivity and specificity of 
LFAs to achieve more accurate and high-performance POCT. Such in-
vestigations have primarily focused on assay optimization (reagent and 
receptor) (Dighe et al., 2022; Garg et al., 2021; Grant et al., 2020; Yu 
et al., 2020; Zhang et al., 2021), signal amplification (chemical 
enhancement and electrochemistry and fluorescence reader) (Cheng 
et al., 2017; Wang et al., 2017, 2021), and sample enrichment (magnetic 
separation and electrokinetic pre-concentration) (Kang et al., 2021; C. 
Wang et al., 2021; L. Wang et al., 2021; Zhou et al., 2021) to achieve 
high sensitivity and selectivity (Dempsey and Rathod, 2018 Han et al., 
2020; Jia et al., 2018; Li et al., 2019; Loynachan et al., 2018; Mu et al., 
2019; Niu et al., 2020, Niu et al., 2021; Ojaghi et al., 2018; Xu et al., 
2014). As one of the sample enrichment techniques, our group described 
a nanoelectrokinetic (NEK)-based method for sample enrichment on 
paper, illustrating that bovine serum albumin (BSA) can be 
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preconcentrated by up to five times the initial concentration in serum 
(Han et al., 2018; Jeong et al., 2018). Further, this method was inte-
grated with the commercial pregnancy LFA to increase the limit of 
detection (LOD) by 2.69-fold) and analytical sensitivity by 26%, illus-
trating a linear relationship between these variables (Kim et al., 2017). 
Most recently, we developed a large-volume preconcentrator (LVP) 
platform using the NEK concentration technology (Lee et al., 2021). 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
currently spreading rapidly worldwide, and the WHO declared the 
coronavirus disease of 2019 (COVID-19) a pandemic on March 11, 2020 
(Chinazzi et al., 2020; Liu et al., 2020; Menni et al., 2020; Salje et al., 
2020; Tian et al., 2020; Zhang et al., 2020). In the beginning of 2022, the 
omicron variant became the dominant variant in many countries since it 
replicated faster than all other SARS-CoV-2 variants. In the pandemic 
and endemic period following expansion of the omicron variant, a 
highly sensitive LFA is an optimal candidate for companion diagnostics. 
For example, fast detection enables immediate treatment with antiviral 
drugs, such as Paxlovid, for COVID-19 via oral route. In addition, rapid 
and highly sensitive on-site serological assays to measure antibody 
levels during COVID-19 are extremely important for monitoring 
immunological responses to SARS-CoV-2 in various clinical environ-
ments. However, the general method incurs high costs due to the 
required manpower and equipment, leading to health care inequality in 
low-income countries (Orach, 2009). 

To resolve this issue, an inexpensive POCT technology is required, 
and self-testing using paper based LFA has emerged as a promising 
technology. For example, our study confirmed the applicability of SARS- 
CoV-2 antibody diagnosis using an LFA. SARS-CoV-2 antibody testing 
could provide crucial information on convalescence from COVID-19, 
and will likely help determine the level of community immunity, espe-
cially in the endemic period after the rapid spread of the omicron 
variant. (Röltgen et al., 2020; Veldhoen and Simas, 2021). 
Enzyme-linked immunosorbent assay (ELISA), Automated Chem-
iluminescence Immunoassay (CLIA), LFA, and Microsphere immuno-
assay (MIA) can detect SARS-CoV-2 antibodies. The important 
characteristics of ELISA, CLIA, LFA, and MIA, including sample volume, 
test time, the potential for POCT, and others are described in Table S1. 

Among them, LFA was fast, inexpensive, and easy to use (optimal for 
POCT). However, this method has several limitations, including lower 
sensitivity and specificity than laboratory tests. The sensitivity of the 
SARS-CoV-2 LFA antibody test is 55% that of RT-PCR and 65% that of 
ELISA (Flower et al., 2020; Panel et al., 2020; Serrano et al., 2020; Theel 
et al., 2020). 

In this study, the NEK preconcentrator was combined with an LFA 
platform to overcome the poor sensitivity and LOD of the LFA, as 
illustrated in Fig. 1. We designed the NEK-LFA to obtain an easy-to- 
implement form of LFA application and achieved an enrichment factor 
of >30-fold. The corresponding extraction efficiency of transferring the 
preconcentration plug onto the LFA was >90%. Moreover, we achieved 
enhanced sensitivity with increased LOD (~32-fold) for SARS-CoV-2 
Immunoglobulin G (IgG). 

2. Material and methods 

2.1. Materials 

Glass fiber-based composite paper (Whatman paper, fusion 5™, GE 
Healthcare Life Sciences, USA) was used to prepare paper materials. To 
test candidates for the collection disc, various types of paper were used 
including Whatman grade 1 ™, Whatman grade 6 ™, and Whatman 
fusion 5 ™. The other materials used in this study are as follows: orange- 
G color dye (Sigma-Aldrich, USA), 20 wt% Nafion resin (Sigma-Aldrich, 
USA), Alexa Fluor™ 594 conjugated albumin from bovine serum (BSA, 
Thermo Fisher Scientific, USA), SARS-CoV-2 antibody (sodium citrate 
plasma, Trina Bioreactives AG, Switzerland), Purfied anti-β-amyloid 
1–16 antibody (6E10, BioLegend, USA), PAC-1 monoclonal antibody 
(Invitrogen, USA), CD42b monoclonal antibody (Invitrogen, USA), and a 
commercial SARS-CoV-2 IgG/IgM LFA kit (AllCheck COVID-19 IgG/ 
IgM; Calth Co., Korea). 

2.2. Development and operation of the rolling disc preconcentrator 

Fig. 1 shows the overall procedure starting from assembly to oper-
ation of the device. Nafion cation exchange membranes were prepared 

Fig. 1. The overall procedure of NEK preconcentration from assembly to LFA applications. (a) NEK-LFAs are prepared using Nafion coated cellulose paper and the 
collection disc. (b) To easily manipulate the preconcentrating target, the collection disc is located between the multilayered preconcentrator bodies. (c) The 
assembled NEK-LFA is immersed in the sample. (d) After removing the NEK-LFA from the sample, a voltage of 150 V is applied to generate ICP, and the SARS-CoV-2 
antibody is preconcentrated on the collection disc. (e) The enriched SARS-CoV-2 antibody on the discs is recovered by simply removing the collection disc. (f) After 
placing the collection disc on sample inlet of the commercial LFA, elution buffer is injected, eliciting enhanced colorimetric signals. (g) The overall concept of the 
NEK-LFA. (h) Image of the SARS-CoV-2 antibody LFA kit carried out using the NEK-LFA. NEK-LFA, nanoelectrokinetic lateral flow assay; ICP, ion concentration 
polarization; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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by drop-casting a Nafion resin onto rectangular paper specimens using a 
pipette and then drying the samples on a hot plate at 70 ◦C for 15 min. 
The Nafion film was coated along the breadth of the rectangular paper 
specimens, which were then rolled into discs (Fig. 1a). Subsequently, the 
these discs (two Nafion-coated discs and plain discs) were inserted and 
assembled in a three dimensional (3D)-printed case, as shown in Fig. 1b. 

In Fig. 1c–f we show the entire process of preconcentration and LFA 
application with the NEK-LFA. The case containing the rolling discs was 
immersed in a biological sample for sample uptake into device (Fig. 1c). 
After sample injection into the rolling disc, a voltage was applied to both 
ends of the device to generate electrokinetic forces that concentrated the 
sample (IgG) on the central disc (collection disc) (Fig. 1d). Thereafter, 
the central collection disc with the concentrated sample was retrieved 
from the case (Fig. 1e) and coupled with the SARS-CoV-2 antibody kit. 
Then, an elution buffer was used to extract the concentrated sample. 
Fig. 1f demonstrates that the color (IgG line) of the LFA kit coupled with 
the collection disc was more intense compared with that of the kit 
without the collection disc. That is, the color intensity of the enriched 
sample was improved compared with that of the non-enriched one. 
Fig. 1h shows the optical image of the NEK-LFA at the sample extraction 
step (Fig. 1f). We designed a 3D printed device and used it to pre-
concentrate samples (Fig. S1). 

2.3. Working principle 

The working principle of the NEK preconcentration is described in 
our previous work (Lee et al., 2021). Briefly, when an electric field is 
applied across the NEK device, the ion concentration polarization (ICP) 
phenomenon occurs at the Nafion cation exchange membranes in the 
cathode and anode, and charged ions begin to move inside the paper 
channel. At the cathode, a depletion region is created by the overlap of 
the electrophoretic force and electric double layer generated by the 
Nafion membrane. Meanwhile, because positive ions are continuously 
introduced into the sample at the anode with the Nafion membrane, the 
concentrated plug moves to the center under the influence of an elec-
troosmotic drag force. In contrast, negatively charged ions and bio-
molecules cannot move to the positive electrode of the cathode. Thus, by 
balancing the ICP electrokinetic forces, the sample can be preconcen-
trated around the central area (collection disc) (Fig. S2). After sample 
concentration using the ICP effect, the collection disc with concentrated 
biomolecules was coupled with the SARS-CoV-2 antibody kit for sample 
injection (Fig. S3). 

2.4. Preparation of the SARS-CoV-2 antibody sample 

To show the sensitivity and limit of detection (LOD) of the NEK-LFA, 
we prepared serum samples from a patient vaccinated with the Pfizer 
vaccine against COVID-19. Additionally, to demonstrate the sensitivity 
and LOD of the NEK-LFA versus a commercial LFA, we purchased a 
mixed vaccinated serum sample from Trina Bioreactives and prepared 
several concentrations starting at an IgG concentration of 217 arbitrary 
unit (AU)/mL (Fig. 4). Detailed Trina vaccinated IgG sample informa-
tion is shown in Table S2. To maintain the ionic strength, the 12 con-
centrations we prepared were diluted with normal serum (Cat. S1- 
LITER, Merck Millipore, MA, USA) purchased prior to the COVID-19 
outbreak. 

Furthermore, we prepared the serum samples from a patient vacci-
nated with Moderna (COVID-19 vaccine panel G, Access Biologicals LLC, 
USA) to evaluate the method with another vaccine. Detailed sample 
information is shown in Table S3. From the panels, we prepared five 
samples from vaccinated patients to clearly demonstrate the efficacy of 
the NEK-LFA (Fig. 6). We included four low concentration samples 
which cannot be detected using a commercial LFA kit. 

We designed experiments using single drop finger pricks (~40 μL) for 
self-test with both the NEK-LFA and commercial LFA. Following to the 
manufacturer’s guideline, we used 10 μL samples for the commercial 

LFA test, then flowed ~100 μL of buffer solution on the device. For the 
NEK-LFA, we used 30 μL samples, which can be collected from finger 
pricks mixed with the buffers (270 μL, AllCheck COVID-19 IgG/IgM 
buffer; Calth Co., South Korea). Finally, the NEK preconcentration was 
carried out using 300 μL samples. 

2.5. Analysis of the SARS-CoV-2 IgG antibody using SDS-PAGE 

The concentrated IgG antibody was analyzed using sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) (KOMA precast 
gel BC type, Koma Biotech, South Korea). The IgG antibody was mixed 
with a sample buffer consisting of native sample buffer (900 μL), 2-mer-
captoethanol (200 μL), and SDS powder (8 mg). Then, 2.5 μL of the 
prepared sample buffer and 3.5 μL of distilled water were added to 4 μL 
of the concentrated IgG antibody. All the reagents were mixed thor-
oughly and heated at 100 ◦C for 15 min. A 10 μL volume of each sample 
was loaded onto the 6% polyacrylamide loading gel immersed in a 
running buffer. The running buffer consisted of 3.02 g of 25 mM Trizma 
base, 18.8 g of 250 mM glycine, 1 g of 0.2% SDS, and 1 L of distilled 
water. The 6% polyacrylamide gel was run for 45 min at 150 V. Sub-
sequently, the gel was stained with Coomassie brilliant blue. Thereafter, 
de-staining was performed overnight in distilled water. The de-stained 
gel was analyzed using an LED gel illuminator (Table S4). 

2.6. Fluorescence images and LFA color intensity analysis 

All fluorescence images were acquired using a fluorescence micro-
scope (IX-71, Olympus, Japan) equipped with a charge-coupled device 
camera (Hamamatsu Co., Japan). The fluorescence images were 
analyzed using the ImageJ software (Wayne Rasband, National Institute 
of Health, Bethesda, MD, USA). 

The color intensity of the commercial LFA kit (SARS-CoV-2 IgG/IgM 
antibody kit) was analyzed using a custom-made imaging system oper-
ated using the LabVIEW software (National Instruments Co., USA) (see 
Fig. S4). 

To set LOD values, we first measured color signals using the 
commercialized reader and custom-made National Instrument (NI) 
controlled optical system with the LabVIEW software. Next, five indi-
vidually trained engineers (Calth Inc. http://www.thecalth.com) 
observed the colorimetric signal using the standard color chart and the 
manufacturer’s guidelines to determine the LOD from the samples 
(positive/negative). Finally, we determined the LOD color intensity 
values in the reader/optical system using labeled information. 

3. Results and discussion 

3.1. NEK-LFA operation and concentrated plug extraction 

To obtain a highly concentrated IgG antibody sample in a specific 
layer, the final position of the preconcentration plug should be pre- 
identified for placing the collection disc in the device (Fig. 2). To 
determine the optimal position, we first examined the preconcentration 
of Orange G dye under four different voltages (30, 50, 100, and 150 V) 
using 0.1 × human serum. The Orange-G dye was used to track the 
enrichment process because it has a net negative charge and appears 
orange in aqueous solutions. To minimize dye adsorption due to non- 
specific binding, we mixed 0.5% Tween 20 with 0.1 × serum 
(Fig. 2a). When the NEK-LFA was operated for 15 min, the movement of 
the Orange-G dye toward the center of the NEK preconcentrator was 
clearly observed. As the electrical voltage increased, the preconcen-
trating plugs gradually migrated to the central part of the NEK 
preconcentrator. 

Further, under 150 V, the concentrated plug was located in a specific 
area (8–12 mm away from the left side of the NEK preconcentrator), and 
the highest color intensity appeared near the central part (~10 mm 
away from the left side of the NEK preconcentrator), as shown in Fig. 2b. 
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Finally, the location with high color intensity, where the dye was highly 
concentrated (disc #3 in Fig. 2c) was selected as the collection disc. For 
clearer observation, a very high dye concentration was used in this 
experiment; therefore, a fraction of the dye remained along the path of 
its movement. This issue could however be prevented using an opti-
mized sample concentration. 

We confirmed that the target sample remained intact because the 
sample did not contact the electrodes. Moreover, we applied a moderate 
electric field (~70 V/cm) to the NEK preconcentrator, which is much 
lower than that used in conventional capillary electrophoresis (>300 V/ 
cm). We also verified that the temperature increase due to the electric 
current (operating voltage: 150 V) was negligible (<1.5 ◦C), as shown in 
Fig. 2d. This ensures that no denaturation or degradation of the SARS- 
CoV-2 IgG antibody occurs during preconcentration, which was also 
verified through SDS-PAGE and LFA tests. 

One of the important parameters of our NEK pre-concentrator is the 
extraction efficiency of the preconcentrated plug. The preconcentrated 
biomolecule should be effectively extracted from the collection disc with 
minimized loss and absorption. To visualize the extraction efficiency, we 
used the Orange-G dye for tracking the extraction process. To check the 
feasibility of transferring the preconcentration plug into the LFA kit, we 
sequentially eluted the collection disc with 10 μL aliquots of buffer and 
monitored the movement of the extraction plug over time (Fig. 2e). The 
results indicated that the enriched sample could be seamlessly trans-
ferred to the LFA kit with a well-defined preconcentrated plug (Fig. 2f). 
Further, we evaluated collection discs made using several different 
paper types (Whatman Fusion 5, Grade 6, and Grade 1). Among them, 

Whatman Fusion 5™ paper exhibited less adsorption of biomolecules 
and high recovery (Fig. 3c). 

3.2. Protein preconcentration and extraction test 

After evaluating the preconcentration and extraction properties of 
the NEK preconcentrator via Orange-G dye, we evaluated it with a 
protein sample, BSA labeled with Alexa 594. In Fig. 3a we showed the 
concentrated plug with fluorescence images, revealing that the BSA was 
enriched and spatially confined in disc #3, where the collection disc was 
located. After disassembly (Fig. 3a), we also monitored each disc using 
3D fluorescence images to extract the concentrated plug. Following the 
preconcentration time, the position (~10 mm) of the highest intensity 
peak was observed near the center (Fig. 3b). We verified that, in 15 min, 
the final location of the enriched plug was within 8–12 mm of the 
electrode, where the collection disc was inserted,. After 15 min under 
150 V, we achieved an enrichment factor of >30, as indicated by the 
fluorescence intensity. After the extraction process, the enriched discs 
showed much lower fluorescence intensities (Fig. 3c), indicating that the 
concentrated BSA was efficiently extracted from the collection disc. We 
evaluated the extraction efficiency using the ratio of the released sample 
intensity to the injected sample intensity of the 594-BSA used in the 
extraction process. The extraction efficiencies were 95.7, 37, and 17.2% 
for Whatman Fusion 5, Grade 6, and Grade 1 paper, respectively 
(Table S5). Based on the extraction efficiency, we used Whatman Fusion 
5™ paper for assembling the collection discs (Fig. 1b). 

Next, we conducted the SDS-PAGE analysis of the SARS-CoV-2 IgG 

Fig. 2. Preconcentration and recovery of the Orange 
G dye using the NEK preconcentrator and its colori-
metric analysis. (a) The Orange G dye is preconcen-
trated under different voltages and the 
preconcentrating plugs gradually migrated to the 
central part of the NEK preconcentrator device with 
increasing voltages. (b) Under 150 V, the positions of 
the highest peaks are near the center. (c) The highest 
color intensity appeared near the central part (10 mm 
away from the left side) where the collection disc is 
located. (d) Temperature measurement during the 
entire preconcentration time. The temperature rise 
was negligible (<1.5 ◦C, measurements repeated 
thrice). (e–f) The feasibility of transferring the pre-
concentration plug into the LFA kit. We sequentially 
eluted the collection disc with buffer, indicating that 
the enriched sample could be seamlessly transferred 
to the LFA kit. NEK, nanoelectrokinetic; LFA, lateral 
flow assay.   
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antibody preconcentrated using the NEK-LFA. We started with 0.217 
AU/mL of the IgG reference sample and observed the highest color in-
tensity only on disc #3, implying that the use of the NEK-enhanced LFA 
can significantly improve downstream assays, such as the LFA (Fig. 3d). 

3.3. Sensitivity and LOD enhancement of the SARS-CoV-2 antibody 

We analyzed the effect of the NEK-LFA on the commercial COVID-19 
antibody LFA kit. For this, we prepared 13 different sample concentra-
tions (1, 1/10, 1/20, 1/50, 1/100, 1/200, 1/400, 1/800, 1/1600, 1/ 
3200, 1/6400, 1/12800, and 1/25600 on 1 × basis, 217 AU/mL) and 
used a commercial SARS-CoV-2 (COVID-19) IgG/IgM antibody kit. Fig. 4 
shows the sensitivity and LOD enhancement facilitated by the NEK-LFA. 

For control experiments, we tested the commercial SARS-CoV-2 IgG/ 
IgM antibody kit. The color intensities of the test and control lines were 
analyzed using a custom-built imaging system operated using the Lab-
VIEW™ software (Fig. S3). The colorimetric intensity was normalized to 
determine the LOD (Fig. 4a). For the references, we prepared the 
commercialized SARS-CoV-2 IgG/IgM antibody kit, then assayed it 
using a buffer-only solution without IgG targets. All assays were carried 
out ten times to verify the reproducibility. To calculate the analytical 
LOD, we used the following equation (Armbruster and Pry, 2008). 

OpticalintensityLOD = blankTL + 3σblank (1) 

Fig. 4a shows the normalized colorimetric intensity versus SARS- 
CoV-2 antibody concentration plot obtained without the NEK-assisted 
enrichment process. The analysis of the color intensity without the 
NEK-LFA yielded an LOD of 1/200 concentration. Meanwhile, we 
observed signals at 1/6400 concentration, corresponding to a 32-fold 
increase in the LOD with the NEK-LFA enrichment process. We hy-
pothesize that the NEK-assisted enrichment process can increase the 
entropy, leading to an exponential decrease in the dissociation constant, 
resulting in increased binding affinity, which can enhance both the 
sensitivity and LOD of immunoassays (Yoo et al., 2017). 

The slope of the color intensity versus concentration plot indicates 
the analytical sensitivity., The NEK-LFA showed a relatively high slope 
(~16.4% increase) with a higher LOD (~32-fold) than the LFA without 
preconcentration demonstrating the great potential of the NEK-assisted 
enrichment process for POCT. In addition, the NEK-assisted enrichment 
process can be used to concentrate samples of different dilutions by 
simply increasing the volume of the NEK preconcentrator, which can 

Fig. 3. Preconcentration and recovery of BSA and 
SARS-CoV-2 IgG antibody. (a) Fluorescence 3D im-
ages of BSA during preconcentration. After 15 min 
concentration, the enriched BSA is located on layer 3 
(collection disc). (b) An enrichment factor above 30 
was acquired using BSA proteins. (c) The extraction 
efficiencies were 95.7, 37, and 17.2% for Whatman 
Fusion 5, Grade 6, and Grade 1 paper, showing 
Whatman Fusion 5™ paper is the best candidate for 
fabricating the collection disc. (d) SDS-PAGE analysis 
of the SARS-CoV-2 IgG antibody after the NEK-LFA, 
showing the enhanced signals only in layer 3 
(collection disc). BSA, bovine serum albumin; 3D, 
three dimensional; SDS-PAGE, sodium dodecyl sulfa-
te–polyacrylamide gel electrophoresis; NEK-LFA, 
nanoelectrokinetic lateral flow assay; ICP, ion con-
centration polarization; SARS-CoV-2, severe acute 
respiratory syndrome coronavirus 2.   

Fig. 4. The LOD and sensitivity of the NEK-LFA were enhanced (~32 increase 
and 16.4% increase, respectively) compared with the commercial LFA. We used 
the serum samples from a person vaccinated with Pfizer and prepared 12 
concentrations. For the control experiment, we used the commercialized SARS- 
CoV-2 IgG LFA. NEK-LFA, nanoelectrokinetic lateral flow assay; IgG, immu-
noglobulin G; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; 
AU, arbitrary unit. 
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enhance the performance of LFAs. 

3.4. SARS-CoV-2 antibody specificity test 

To conduct the LFA using an electric field or by changing specific 
external conditions, it is necessary to verify whether specific binding 
causes the test line color. We suspected that pH changes during the NEK- 
assisted preconcentration process may change the specificity of the 
antigen–antibody interaction or cause protein denaturation. To examine 
the specificity, we tested six different conditions. First, we evaluated the 
effect of NEK preconcentration on the LFA. Starting with 1/6400 sample 
concentration, we performed NEK preconcentration and showed clear 
strong positive signals after the LFA. However, we observed negative 
signals without the NEK-LFA. Second, to further examine whether non- 
specific binding happens after NEK-assisted preconcentration, we tested 
the PAC-1 monoclonal antibody, CD42b monoclonal antibody, anti- 
β-amyloid (6E10) antibody and observed no LFA signals. Finally, we 
confirmed no LFA signals from the BSA and buffer only sample after 
NEK-assisted preconcentration (Fig. 5). 

3.5. Ability of extending the NEK-LFA LOD using samples from Moderna 
vaccinated patients 

In the previous section, we validated the NEK-LFA using serum 
samples from a patient vaccinated with the Pfizer vaccine against 
COVID-19. While we successfully demonstrated the efficacy of the NEK- 

LFA with these samples, we sought to verify if the NEK-LFA LOD could 
be extended using an undiluted sample from another vaccinated patient. 
Also, samples from patients vaccinated with the Moderna vaccine 
against COVID-19 enabled crosschecking the efficacy of the assay to 
detect antibodies derived from alternative immunization methods. We 
prepared five samples to thoroughly evaluate the performance of the 
NEK-assisted LFA (Fig. 6). We included four low concentration samples 
to validate the performance of the NEK-LFA since the commercial LFA 
cannot detect those low IgG concentrations, which can. 

As mentioned, among five samples, four [#1 (female, 73 years of 
age), #2 (female, 45 years of age), #3 (male, 47 years of age), and #4 
(female, 48 years of age)] had low concentrations and elicited no 
colorimetric signal in the commercial LFA since the concentrations of 
samples were below the commercial LFA LOD. We increased the color-
imetric signal with the NEK-LFA by concentrating target samples and 
enhanced the LOD by adapting the preconcentrating step. For patient #5 
(male, 26 years of age) the samples were detectable using the com-
mercial LFA. Nonetheless, we also strongly enhanced the colorimetric 
signal for these samples, indicating the ability to extend the sensitivity 
and LOD of the NEK-LFA with human serum samples. 

4. Conclusions 

We have developed a novel platform for a NEK-LFA with enhanced 
performance. We designed and optimized a paper-based device to 
concentrate proteins at specific locations with a balanced electrokinetic 
force. Using the preconcentration platform, the proteins, including 
SARS-CoV-2 IgG/IgM antibodies, were concentrated to more than 30- 
times the initial concentration. In addition, the enhanced analytical 
sensitivity (~16.4% increase) combined with the increased LOD (~32- 
fold) of the NEK-LFA highlights the potential of this assay for POCT. 
Compared with the commercial LFA, our preconcentration platform 
affords outstanding biomarker enrichment that may be applied for 
highly sensitive POCT. This LFA is a promising candidate for POCT in the 
COVID-19 pandemic and endemic period, and we believe that our 
platform provides a highly sensitive POCT with simplicity and high 
performance. Ongoing studies are optimizing the NEK-LFA platform for 

Fig. 5. Specificity test of the NEK-LFA. We tested six different samples for 
specificity and cross-reactivity in NEK-LFA. Positive control: with NEK pre-
concentration (red bar), Specificity test 1) without NEK preconcentration, 2) 
PAC-1 monoclonal antibody, 3) CD42b monoclonal antibody, 4) anti-amyloid 
(6E10), 5) bovine serum albumin (BSA), and 6) buffer only. NEK-LFA, nano-
electrokinetic lateral flow assay; IgG, immunoglobulin G; SARS-CoV-2, severe 
acute respiratory syndrome coronavirus 2; Precon., Preconcentration; IgG, 
immunoglobulin G; W/, with; W/o, without; BSA, bovine serum albumin; AU, 
arbitrary unit. 

Fig. 6. Crosscheck the ability of the NEK-LFA to detect antibodies in samples 
from patients vaccinated with the Moderna vaccine against COVID-19. We 
prepared five samples including four low concentration samples below the LOD 
of the commercial LFA, validating the extended sensitivity and LOD of the NEK- 
LFA. NEK-LFA, nanoelectrokinetic lateral flow assay; COVID-19, coronavirus 
disease of 2019; LOD, limit of detection; AU, arbitrary unit. 
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a salivary sample assay similar to the OraQuick advance rapid HIV-1/2 
antibody test. 
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Röltgen, K., Powell, A.E., Wirz, O.F., Stevens, B.A., Hogan, C.A., Najeeb, J., Hunter, M., 
Wang, H., Sahoo, M.K., Huang, C., Yamamoto, F., Manohar, M., Manalac, J., Otrelo- 
Cardoso, A.R., Pham, T.D., Rustagi, A., Rogers, A.J., Shah, N.H., Blish, C.A., 
Cochran, J.R., Jardetzky, T.S., Zehnder, J.L., Wang, T.T., Narasimhan, B., 
Gombar, S., Tibshirani, R., Nadeau, K.C., Kim, P.S., Pinsky, B.A., Boyd, S.D., 2020. 
Defining the features and duration of antibody responses to SARS-CoV-2 infection 
associated with disease severity and outcome. Sci. Immunol. 5 (54), eabe0240. 

Salje, H., Kiem, C.T., Lefrancq, N., Courtejoie, N., Bosetti, P., Paireau, J., Andronico, A., 
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