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a b s t r a c t

Lateral flow assays (LFAs) hold great promise for point-of-care testing, especially in resource-poor set-
tings. However, the poor sensitivity of LFAs limits their widespread applications. To address this, we
developed a novel device by integrating dialysis-based concentration method into LFAs. The device
successfully achieved 10-fold signal enhancement in Human Immunodeficiency Virus (HIV) nucleic acid
detection with a detection limit of 0.1 nM and 4-fold signal enhancement in myoglobin (MYO) detection
with a detection limit of 1.56 ng/mL in less than 25 min. This simple, low-cost and portable integrated
device holds great potential for highly sensitive detection of various target analytes for medical diag-
nostics, food safety analysis and environmental monitoring.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Lateral flow assays (LFAs) have found widespread applications
in disease diagnosis [1], food safety analysis [2] and environmental
monitoring [3] in resource-poor settings. As compared to standard
laboratory technologies such as enzyme-linked immunosorbent
assay (ELISA) [4] and polymerase chain reaction (PCR) [5] which
are time-consuming, high cost and require skilled workers, LFAs
are simple-to-use, rapid, low-cost and portable [6–8]. LFAs have
been used for detection of various targets, such as nucleic acids [9],
proteins [10], viruses [11], bacterium [12], cells etc. However, the
poor sensitivity of LFAs limits their further applications [6].

Various approaches have been developed to improve the assay
itself to enhance the LFAs sensitivity, such as enzyme-based signal
enhancement techniques [13,14], probe-based signal enhance-
ment techniques [15,16], temperature-humidity technique [17]
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and fluidic control techniques [18]. However, these techniques
need either high-cost chemical reagents [13,15], external equip-
ment [17] or complex fabrication with multiple-step operation
[18]. In contrast, rapid and simple concentration of fixed sample
volume prior to detection, especially for quantitative detection,
would be more desirable for sensitivity enhancement, especially
for targets with extremely low concentration, such as bacterium
[12], viruses [11] and heavy metal ions in contaminated water
[3,19] or urine sample [20]. Recently, several studies have reported
the integration of various paper-based sample concentration
techniques into LFAs [21–23]. For instance, paper-based iso-
tachophoresis (ITP) has been used for simultaneous separation and
concentration of goat anti-mouse IgG based on their electro-
phoretic mobility, which yielded 400-fold signal enhancement in
LFAs [21]. However, this technique requires external electrical
power, which might not be suitable for use in remote settings. In
other studies, aqueous two-phase system (ATPS) has been in-
tegrated into LFAs with the use of polyethylene glycol (PEG) for
concentration of transferring and Triton X�114 for concentration
of Plasmodium lactate dehydrogenase for malaria diagnostics
[22,23]. However, the former requires extra step of buffer addition
[22], while the latter retains the viscous micelle-rich phase near
the bottom of the vertically placed strip, which will affect the
downstream analysis and thus make the process more
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Fig. 1. Schematic of the integrated device. (A) a-the working principle of dialysis concentration; b-paper-based concentration device; c-the integrated device is composed
of paper-based concentration device and test strip. (B) a-some details about the prototype device, b-the 3D-printed integrated device of paper-based concentration device
and lateral flow strip.
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complicated [23]. Therefore, there is still an unmet need for a
simpler, lower-cost, and portable concentration method, which
can be easily integrated with LFAs.

Dialysis method has been commonly used to remove small
molecules from sample solution while keeping large molecules to
achieve the concentrated targets for subsequent test [24,25]. Since
concentration method based on dialysis is simple, low-cost and
portable, it has been integrated into microfluidic chips to con-
centrate Human Immunodeficiency Virus (HIV) from whole blood,
followed by detection with conventional real-time polymerase
chain reaction (RT-PCR) [26]. However, integrating dialysis-based
concentration method into LFAs for POC applications with en-
hanced sensitivity has not been explored yet.

To address the poor sensitivity of LFAs with simple, portable
and cost-effective method, in this study, we demonstrated for the
first time the integration of dialysis method into LFAs for highly
sensitive detection of targets. PEG was selected as a dialysate due
to its good hygroscopic property [27]. We successfully achieved
sample concentration and detection by integrating semi-perme-
able membrane, glass fiber and PEG buffer into LFAs (Fig. 1A). We
further developed a 3D-printed lateral flow device to achieve both
target concentration and detection in a single test strip (Fig. 1B).
Our device successfully achieved 10-fold signal enhancement in
nucleic acid detection (using HIV as a template analyte) and 4-fold
antigen detection (using myoglobin (MYO) as a template analyte).
Compared to the traditional concentrate methods (e.g., ultra-
filtration concentration [28]), our device used paper and semi-
permeable membrane to achieve target concentration, which was
rapid, simple and equipment-independent. Meanwhile, this in-
tegrated device was low-cost, easy-to-use and portable. This
technique offers great potential for highly sensitive detection of a
broad range of target analyte in POC settings.
2. Experimental

2.1. Chemicals and materials

HAuCl4 �4H2O was supplied by Sinnopharm Chemical Reagent
Co., Ltd. (Shanghai, China). PEG8000, semi-permeable membrane
(molecular weight cutoff (MWCO): 3.5KD and 8–14KD) and triso-
dium citrate were supplied by Amersco, LLC (Solon, OH, USA).
Sucrose was supplied by ALADDIN Reagent Co., Ltd. (Shanghai,
China). Bovine serum albumin (BSA), casein, trehalose, phosphate
buffer saline (PBS, pH7.4, 0.01 M) and sodium dodecyl sulfate
(SDS) were purchased from MP Biomaterials, LLC (Solon, OH, USA).
Polyvinylpyrrolidone (PVP), Tween 20, Triton X�100, Tris (2-car-
boxyethyl)-phosphine (TCEP) and streptavidin were supplied by
Sigma-Aldrich (St. Louis, Mo, USA). Trisodium phosphate, ethylene
diamine tetraacetic acid (EDTA), sodium chloride were supplied by
Tianli Chemical reagent Co., Ltd. (Tianjin, China). 20� SSC buffer
was supplied by Ambion Co., Ltd. (USA). Based on the sequences
from our early study [15], all the HIV probes were synthesized
from Sangon Biotechnology Co., Ltd. (Shanghai, China). Anti-
mouse (goat) IgG polyclonal antibody, MYO antibody and antigen
were provided by Fapon Biotech Inc. (Shenzhen, China). All the
materials for fabricating lateral flow test strip: nitrocellulose
membrane (Millipore HFB18002, HFB13502S25, USA), backing pad,
absorbent pad, conjugate pad and sample pad, were purchased
from Jie ning Biotech Co., Ltd. (Shanghai, China). All chemicals
used in this study were analytical reagent grade. All other solu-
tions were prepared with ultrapure water (418 MΩ) from the
Barnstead Nanopure ultrapure water purification system (Thermo
Scientific, MA, USA). Amicon ultrafiltration Tube (0.5 mL,3 K)
(Merck Millipore, Germany).
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2.2. Preparation of gold nanoparticles (AuNPs), AuNPs modified with
HIV detection probe and MYO antibody

AuNPs with average the diameter 13 nm and 30 nm were
prepared according to the reported method with slight modifica-
tions [29]. Firstly, all glassware and a magnetic stir bar used in this
preparation was thoroughly cleaned in the sulfochromic mixture
over six hours and then rinsed in distilled water and ultrapure
water before using. Then, a 250 mL three-neck round bottom flask
was filled with 100 mL of ultrapure water, which connected to a
condenser and two stoppers, and placed on a magnetic stirring
heater. After boiling, 4.5 mL of 1% trisodium citrate (1 mL needed
for 30 nm) was added with vigorously stirring. After 3 min, 1.2 mL
of 0.825% chloroauric acid (1.21 mL needed for 30 nm) was added
to the solution. The color of the solution immediately changed
from pale yellow to blue and then to purple, and finally to red.
After 20 min, the heating was turned off and the solution was
cooled to room temperature with stirring, and then was stored at
4 °C for further use.

AuNPs (diameter of �13 nm) modified with HIV detector probe
were prepared according to the literature with slight modification
[15]. The detail of process was as follows. The detector probe (DP)
was thiolated and then activated by adding 20 μL of 500 mM
acetate buffer (pH 4.76), 4 μL of 10 mM TCEP and 100 μL of ul-
trapure water to achieve a final concentration of 100 μM. After 1 h
at room temperature, the 124 μL of detection probe was added
into 20 mL of the AuNPs solution for 16 h at room temperature.
Next, 1% SDS was added to obtain the final concentration of 0.01%.
After 1 h, the certain volume of 2 M NaCl was added to achieve a
final concentration of 160 mM. The solution was then kept at room
temperature for 24 h and the supernatant was discarded following
the centrifugation at 14000 g for 15 min. The sedimentation was
redispersed in elute buffer containing 20 mM Na3PO4, 5%BSA,
0.25% Tween 20, and 10% sucrose, respectively.

AuNPs with diameter of �30 nm were modified with MYO-
antibody as follows: 5 μL of 0.2 M K2CO3 and 12 μg of antibody
were added to 1 mL of the AuNPs solution for incubation 30 min at
room temperature. A certain volume of 10% BSA was added to
obtain a final concentration of 0.1%. After 10 min, the supernatant
solution was removed by centrifugation at 14000 g, 10 min. The
sedimentation was redispersed in certain microliter of elute buffer
containing 0.85% Tris, 1% BSA, 20% sucrose and 5% trehalose,
respectively.

2.3. Fabrication of lateral flow test strips

To immobilize capture and control probes of HIV on NC
membrane, these probes were firstly dissolved in streptomycin
solution. Similarly, the capture and control antibody of MYO were
diluted with coating buffer (2% trehalose in 0.01 M PBS) to
1.5 mg/mL and 1.0 mg/mL, respectively. Then capture and control
probes (antibody) were drawn on NC membrane (nucleic acid-
HFB18002, protein-HFB13502S25) by XYZ Rapid test dispenser
HM3030 (Shanghai kinbio Tech Co., Ltd, China), and kept at 37 °C
for 2 h. Next, nitrocellulose (NC) membrane (20 mm�2.5 mm),
absorbent pad (25 mm�2.5 mm), conjugate pad
(10 mm�2.5 mm) and sample pad (15 mm�2.5 mm) were se-
quentially mounted on a plastic adhesive backing pad with 2 mm
overlap between each two adjacent pads. These were termed as
“Conventional LFAs”. The as-assembled pads were cut into strips
with of 2.5 mm by Rapid test cutter ZQ2000 (Shanghai kinbio Tech
Co., Ltd, China). As for the conventional LFA assay, different vo-
lumes (100 μL of HIV nucleic acid and 80 μL of MYO protein) of the
sample solution was dispensed onto the sample pad by using a
pipette, followed by conventional LFAs detection (Movie S1 in
ESI). The result of detection can be seen with naked eye within
15 min. For quantitative analysis, the images were captured by
mobile phone and the optical density of the test line was analyzed
by APP.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.talanta.2016.02.017.

2.4. Fabrication of sample concentration device

The sample concentration device consisted of a glass fiber
containing PEG buffer and semi-permeable membrane (Fig. 1A). In
the device, the MWCO of semi-permeable membrane was 3.5 KD.
Both glass fiber and semi-permeable membrane were cut into size
of 20 mm�20mm, and the PEG buffer was dispensed onto the
three layers of glass fiber. The semi-permeable membrane was
placed on top of the glass fiber.

2.5. Integration of paper-based sample concentration device into
LFAs

The integrated device was designed by Solidworks, which were
composed of substrate, fixed cassette top piece, mobile cassette
top piece, glass fiber, semi-permeable membrane and test strip
(Fig. 1B(a)). This integrated device was then printed by a 3D-
printer (Formlabs Co., Ltd, USA) using photopolymer resin (For-
mlabs Co., Ltd, USA) (Fig. 1B(b)). The size of the integrated device
was 100 mm�35 mm�12 mm, which was composed of a fixed
cassette top piece (33 mm�35 mm�5 mm) and a mobile cassette
top piece (66 mm�35 mm�5 mm), for target concentration and
detection, respectively. The concentration compartment
(20 mm�20 mm) is consisted of semi-permeable membrane
(20 mm�20 mm) and glass fiber (20 mm�20 mm), with two
openings on the cassette, with the sizes of 5 mm�3 mm and
13 mm�3 mm for adding the PEG buffer and sample, respectively
before the assay begins. The detection compartment has a vision
window (14 mm�3 mm) and the test strip. The test strip was
placed at the upper side of the inner detection cassette compart-
ment, supported by the inner supporting frame. According to the
specification of the 3-D printer, the accuracy and precision was
0.025 mm. To confirm the accuracy of the fabricated device, we
compared the size of each compartment of the printed device with
that of the desired size. To confirm the accuracy of the fabricated
device, we measured the size of the compartment of three printed
devices. The materials of strip, including nitrocellulose (NC)
membrane (20 mm�2.5 mm), absorbent pad (25 mm�2.5 mm),
conjugate pad (10 mm�2.5 mm) and sample pad (LFAs with the
integrated device: 20 mm�2.5 mm). As for the integrated device,
different volumes (100 μL of HIV nucleic acid and 80 μL of MYO
protein) of sample solution were vertically added onto the semi-
permeable membrane by pipette followed by sample concentra-
tion prior to LFAs (Movie S2 in ESI). After 10 min sample con-
centration, the test strip was contacted with the semi-permeable
membrane containing sample solution for detection. The result of
detection can be seen through vision window within 15 min. For
quantitative analysis, the images were captured by mobile phone
and the optical density of the test line was analyzed by APP.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.talanta.2016.02.017.

2.6. Optimization assay

We firstly optimized the sample volume of HIV nucleic acid
(20 μL, 30 μL, 40 μL, 100 μL, 110 μL and 120 μL) and MYO protein
(20 μL, 30 μL, 40 μL, 80 μL, 90 μL, 100 μL and 110 μL). We then
investigated the effect of different sample concentration period
(0 min, 3 min, 5 min, 7 min, 10 min, 15 min and 20 min). We also
optimized the assay with different volume ratio of sample/PEG for

http://dx.doi.org/10.1016/j.talanta.2016.02.017
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HIV nucleic acid (1:1, 1:5, 1:7, 1:10 and 1:12) and MYO protein (1:1,
1:5, 1:7 and 1:10).

2.7. Sensitivity assay for nucleic acid and protein detection with the
integrated device

To investigate the sensitivity of LFAs with the integrated device,
we tested the device with different concentrations of HIV nucleic
acid (25 nM, 10 nM, 5 nM, 2.5 nM, 1 nM, 0.5 nM, 0.25 nM, 0.1 nM
and 0.05 nM) and MYO protein (100 ng/mL, 50 ng/mL, 25 ng/mL,
12.5 ng/mL, 6.25 ng/mL, 3.12 ng/mL, 1.56 ng/mL, 0.78 ng/mL,
0.39 ng/mL and 0.195 ng/mL).

2.8. The accuracy of the method

To verify the accuracy of the method, we compared the con-
centration method using our integrated device (paper-based dia-
lysis concentration method) with the conventional ultrafiltration
concentration method (Amicon ultrafiltration Tube (0.5 mL, 3 K)).
We tested the sensitivity of LFAs with different concentration of
HIV nucleic acid (25 nM, 10 nM, 5 nM, 2.5 nM, 1 nM, 0.5 nM,
0.25 nM, 0.1 nM and 0.05 nM) and MYO protein (100 ng/mL,
50 ng/mL, 25 ng/mL, 12.5 ng/mL, 6.25 ng/mL, 3.12 ng/mL,
1.56 ng/mL, 0.78 ng/mL, 0.39 ng/mL and 0.195 ng/mL) according to
the reported cross-validation method [30]. Their optical densities
were also compared.
3. Results and discussions

In this study, we integrated dialysis method into paper-based
device for sample concentration prior to LFAs detection (Fig. 1A).
PEG was selected as a dialysate due to its good hygroscopic
property for selective absorbing of the small molecules (e.g., water
molecule and saline ion) from sample solution by enabling them to
diffuse across the selective semi-permeable membranes (Fig. 1A
(a)). To use this simple way to achieve dialysis-based concentra-
tion on paper, a glass fiber, semi-permeable membrane and PEG
solution were used to create a paper-based concentration device
for sample concentration (Fig. 1A(b)). Upon 10 min of sample
concentration, the test strip was connected to the paper-based
concentration device by allowing the sample pad of test strip to be
in contact with the semi-permeable membrane containing the
sample solution (Fig. 1A(c)). The concentrated sample solution was
then bound to the AuNPs-DPs or AuNPs-mcAbs and wicked
through the test strip by capillary force, producing colorimetric
signal after being captured by the capture probe or antibody on
the test strip respectively.

To integrate paper-based concentration device into LFAs, we
created an all-in-one paper diagnostic strip that concentrates and
detects the target analyte (Fig. 1B). The substrate, semi-permeable
membrane, glass fiber and test strip were assembled according to
Fig. 1B(a). The cassette was composed of concentration and de-
tection compartments. The concentration compartment consisted
of semi-permeable membrane and glass fiber, where glass fiber
was filled with saturated PEG buffer solution. The test strip was
placed at the upper side of the inner detection cassette compart-
ment (Fig. 1B(a)). The PEG buffer and sample solution were added
sequentially through the corresponding inlet holes on the cassette
(Fig. 1B(a)). After concentration for 10 min, the test strip was
connected to the semi-permeable membrane in the concentration
compartment and finally produced a colorimetric signal (Fig. 1B
(b)). In the integrated device, the design parameter of integrated
device was suitable for the 3D-printer, because the size of device
(100 mm�35 mm�12 mm) was less than the maximal printed
sizes (125 mm�125 mm�165 mm), the minimum size of PEG
addition hole of the device (5 mm�3 mm) was larger than the
minimum printed size of the printer (0.3 mm). To confirm the
accuracy of the fabricated device, we measured the model size
after printing. We found that the size of the printed device was
100.2 mm�35.3 mm�12 mm, the concentration compartment
was 20.1 mm�20.1 mm, which was close to the actual size of each
compartment. Furthermore, we also found that the small error
(0.1–0.3 mm) did not affect the detection sensitivity of integrated
device through the experiment result (Data not shown). To con-
firm the precision of the device, we compared the sizes of three
printed devices. We found that their sizes were not significant
differences (Data not shown), which were close to each other. The
data proved that the printing technique used in device fabrication
was accurate and precise.

We also optimized different types of NC membranes suitable
for LFAs in terms of the sensitivity of the assay (data not shown),
based on which HF180 and HF 135 NC membranes were selected
for HIV nucleic acid detection and MYO protein detection, re-
spectively. In conventional LFAs, we found that the ranges of
sample volume for proper working were 30–100 μL for HF180 NC
membrane (Figure S1A) and 30–80 μL for HF 135 NC membrane
(Figure S1B). At low volume of sample (o30 μL), there was also no
signal produced in LFAs due to the inadequate sample to wick
through the whole nitrocellulose membrane. At larger volume
(480–100 μL), there was also absence of signal, mainly because
the flow rate of solution was faster than that of nanopaticles,
which disallowed AuNPs-DP to completely wick through the ni-
trocellulose membrane and being captured by the capture probes.
Therefore, we chose the optimum 100 μL of HIV nucleic acid and
80 μL of MYO protein for LFAs.

To investigate the effect of integrating semi-permeable mem-
brane into LFAs on the concentration efficiency of target analyte
and thus LFAs signal, we performed the assay using 3.5 KD MWCO
of semi-permeable membrane without PEG buffer, termed “with-
out PEG”, for HIV nucleic acid (MW of 17.49 KD, 25 nM) and MYO
protein (16.7 KD, 25 ng/mL) as model nucleic acid and protein
analyte, respectively. We found that LFAs with semi-permeable
membrane produced greater signal as compared to conventional
LFAs, as indicated by significantly higher fold of optical density,
1.99-fold for HIV and 2.13-fold for MYO detection as compared to
conventional LFAs (Fig. 2A). According to Washburn equation
[31,32] (L2¼γDt/4μ, L-distance of liquid penetrate, which de-
pended on (t), t-time, D-average pore diameter, γ-effective surface
tension and μ-viscosity), the flow rate (L/t) of solution was directly
proportional to driving force (γ) exerted at the liquid column in
the paper strip. In conventional LFAs, the sample solution was
continuously added onto the sample pad by pipetting, which in-
duced additional pumping power to drive the liquid flow in the
paper strip in addition to the capillary force (Fig. S2A). As for the
integrated LFAs, the sample solution was first added into the semi-
permeable membrane for 10 min to achieve concentration prior to
detection. In this case, the flow of concentrated sample solution
was not aided by pipette but only driven by the capillary force (Fig.
S2B). Hence, the liquid flow rate in integrated LFAs was slower
than the conventional LFAs (Movie S3 in ESI), where slower flow
rate has been reported to give better mixing of solution and thus
enhanced sensitivity of the assay [18]. Besides, we also found that
in LFAs “without PEG”, the concentration period (within 10 min)
did not affect the signal of the assay (Fig. 2B), which was
straightforward to understand since there was no concentration
process. Additionally, it had been reported that the length of paper
would also influence the liquid flow rate [33]. As the integrated
device consisted of an additional piece of semi-permeable mem-
brane, its entire length (82 mm) was longer than the conventional
test strip (60 mm), which allowed longer time for solution mixing
and thus improved assay sensitivity.



Fig. 2. Comparison between LFAs “without PEG” and conventional LFAs. (A) The signal of LFAs without PEG is higher than conventional LFAs. (C: Conventional LFAs)
(B) The no significance effect of the assay signal without PEG after the concentrate period.
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Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.talanta.2016.02.017.

To obtain the highly efficient sample concentration, we opti-
mized the concentration period and the volume ratio of sample/
PEG, termed “with PEG”, which were the two main factors af-
fecting the concentration process. We firstly performed con-
centration for 0 min, 3 min, 5 min, 7 min, 10 min, 15 min and
20 min, respectively. We observed that the signal increased with
increasing concentration period and the optimal LFAs signal den-
sity was achieved at 10 min, after which there was no significant
change (Fig. 3A). To investigate the effect of sample/PEG volume
ratio, we performed the assay with a fixed sample volume (100 μL
HIV target) and different volume ratio of sample/PEG 1:1, 1:5, 1:7,
Fig. 3. Optimization of integrated LFAs. Optimization of (A) the concentration time h
sample/PEG 1:10 (B) in nucleic acid (HIV) detection and the volume ratio of 1:7 in (C) a
1:10 and 1:12 (Fig. 3B). We observed that the signal of LFAs was
gradually enhanced with increasing sample/PEG volume ratio and
the optimal signal was achieved at volume ratio of 1:10, as in-
dicated by the significantly higher signal enhancement as com-
pared to the conventional LFAs. Similar results were obtained for
detection of MYO, where the optimal sample/PEG volume ratio
was 1:7 (Fig. 3C). Further increase in volume ratio of sample/PEG
(e.g., 1:12 for HIV, 1:10 for MYO) resulted in a failure of the solution
to wick through the test strip. In this case, the sample solution left
was less than minimal volume of solution (30 μL) required to
completely wick through the test strip after the concentration
process (Fig. S1C). These results showed that with fixed sample
volume, the increasing of PEG buffer solution will enhance the
ad the effect on LFAs signal. The optimal signal was achieved at volume ratio of
ntigen (MYO) detection. (C: Conventional LFAs; *: po0.05).

http://dx.doi.org/10.1016/j.talanta.2016.02.017


Fig. 4. Detection of HIV with the integrated paper-based device. (A) Conventional LFAs detected HIV at 1 nM. (B) LFAs without PEG detected HIV at 0.5 nM and achieved
2-fold improvement in the detection limit of HIV nucleic acid. (C) LFAs with PEG (Sample/PEG volume ratio of 1:10) successfully detected HIV at 0.1 nM and achieved 10-fold
improvement in the detection limit of HIV nucleic acid. (D) LFAs with ultrafiltration detected HIV at 0.1 nM and achieved 10-fold improvement in the detection limit of HIV
nucleic acid. (E) The optical density of test line in HIV detection. (C: Control).
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concentration effect, and eventually the signal of the assay.
To evaluate the ability of our integrated device to concentrate

and detect nucleic acid, we tested the sensitivity of LFAs without
PEG and with PEG (Sample/PEG volume ratio of 1:10) using dif-
ferent concentrations of HIV DNA (Fig. 4). We found visually that
the color intensity of test line increased with increasing DNA
concentration for all three groups of LFAs. The detection limit of
conventional LFAs was 1 nM (Fig. 4A), while that of LFAs without
PEG was 0.5 nM representing 2-fold sensitivity enhancement. As
mentioned, this might be due to the flow delay induced by the
presence of semi-permeable membrane which increase the inter-
action time between the target and AuNPs-DPs, and the binding
between AuNPs-DP-target and capture probe, hence enhancing
the optical density of the test line (Fig. 4B). As for LFAs with PEG,
the detection limit was 0.1 nM, demonstrating 10-fold sensitivity
enhancement over the conventional LFAs. This might be due to the
flow delay in combination with the concentration effect of PEG,
which further enhanced the interaction between the capture
probe and AuNPs-DP-target, and thus the optical density of the
test line (Fig. 4C). On the other hand, the ultrafiltration con-
centration method was used to test the sensitivity of LFAs with
different concentration of HIV and verify the accuracy of the
method. We also found that the sensitivity of LFAs was 0.1 nM
(HIV) (Fig. 4D). We found that the sensitivity of LFAs with the
integrated device and the ultrafiltration method were similar
based on the intensities of the test line observable by naked eye
and the optical densities. Similar to the data of conventional ul-
trafiltration concentration method, we found that the higher the
concentration of the target, the higher the optical densities of the
test line, where the optical density was directly proportional to the
number of binding between AuNPs-DP-target and capture probe
(Table S1 & Fig. 4E).

To check the ability of our integrated device to concentrate and
detect protein, we tested the sensitivity of LFAs “without PEG” and
LFAs “with PEG” (Sample/PEG volume ratio of 1:7) using different
concentrations of MYO protein (Fig. 5). We visualized that the
color intensity of test line increase with the increasing protein
concentration for all three groups of LFAs. Similar to nucleic acid
detection, the detection limit of conventional LFAs was 6.25 ng/mL
(Fig. 5A), while that of LFAs without PEG was 3.12 ng/mL (Fig. 5B),
representing 2-fold sensitivity enhancement. Using LFAs with PEG,
the detection limit was 1.56 ng/mL, and demonstrating 4-fold
sensitivity enhancement over the conventional LFAs (Fig. 5C). We
also compared the sensitivity of LFAs with the ultrafiltration con-
centration method and our integrated LFA. We found that the
sensitivity of LFAs was 1.56 ng/mL using both methods (Fig. 5D).



Fig. 5. Detection of MYO with the integrated paper-based device. (A) Conventional LFAs detected MYO at 6.25ng/mL. (B) LFAs without PEG detected MYO at 3.125ng/mL
and achieved 2-fold improvement in the detection limit of MYO protein. (C) LFAs with PEG (Sample/PEG volume ratio of 1:7) successfully detected MYO at 1.56;ng/mL and
achieved 4-fold improvement in the detection limit of MYO protein. (D) LFAs with ultrafiltration detected MYO at 1.56 ng/mL and achieved 4-fold improvement in the
detection limit of HIV nucleic acid. (E) The optical density of test line in MYO detection. (C: Control).
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Additionally, we also found that their detection limits was similar
based on the optical densities of the test zone (Table S2 & Fig. 5E).

We successfully demonstrated that our integrated device could
detect lower concentration sample and improve the sensitivity of
LFAs. Comparison of the proposed concentration and detection
method using the integrated device with the existing methods
were summarized in Table 1. As compared to ITP-based LFAs [21],
our method does not require external power, which is applicable
in resource-limited settings. Furthermore, as compared to en-
zyme-based signal enhancement techniques [13] and probe-based
signal enhancement techniques [15], our device offers low cost
and simple operation. Thus, we envision that in the future the
integration of sample preparation into this platform offers great
potential for sensitive detection of various targets in POC settings.
4. Conclusion

In the present study, we successfully developed a new LFAs device
by integrating dialysis method into LFAs to concentrate sample for
improving the sensitivity of LFAs. The integrated device was able to
concentrate and detect target analyte, resulting in 10-fold and 4-fold
sensitivity enhancement in nucleic acid and protein detection, respec-
tively. Unlike traditional methods, our device was performed on paper-
based substrate and reduced some complex processes, which was
simple, low-cost and portable. This integrated device holds great po-
tential for highly sensitive detection of a broad range of target analyte
for medical diagnostics, food safety and environmental monitoring.
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Table 1
The advantages and disadvantages of the integrated device as compared to other
methods.

Methods Advantages Disadvantages Reference

The integrated device
(Paper-based dialysis
concentration of LFAs)

� Integrated �Need PEG
buffer

In this
study

�No need external
power

� Low cost

�Portable
�10-fold

ITP-based LFAs �1000-fold �Need external
power

[21]

�Not
integrated
�Not portable

Enzyme-based signal
enhancement techni-
ques of LFAs

� Integrated �Complex
preparation

[13]

�No need
instrumentation

� Instability
(Need enzyme)

�Portable �High cost
�0.01 pM target
DNA

Probe-based signal en-
hancement techniques
of LFAs

� Integrated �Need probe [15]
�Portable �Complex

fabrication
�2.5-fold �High cost
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