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A B S T R A C T

Amplification reactions coupled with electrophoresis or real-time fluorescence system have been successfully
used for the analysis of nucleic acid. However, complex procedures or expensive instruments greatly limit their
application in low-resource settings. To address these shortcomings, we fabricated a universal and simple de-
tection platform by integrating strand exchange amplification (SEA) with lateral flow assay (LFA) strip. SEA is a
simple isothermal amplification reaction, only requires a pair of primers and one DNA polymerase, above all, its
short amplicons are easy to migrate on the strip. LFA strip was proved to be stable for months without large
signal deviations and result could be easy to read by naked eyes, which makes it an appropriate option for field-
based analysis. Our proposed SEA-LFA strip could reliably detect as few as 0.05 nM pork DNA and 0.07 nM duck
DNA by the naked eye, its analytical performance is comparable with laboratory-based real-time fluorescence
test. Furthermore, this proof-of-concept method could be applied to detect a wide variety of nucleic acid by
focusing on primer design rather than on the development of a wholly new analysis platform. We believe that
this simple visualization system has great potential as a preliminary test tool in resource-limited areas.

1. Introduction

Nucleic acid testing (NAT) has received considerable attention due
to its critical role in biological studies, medical diagnostics, etc [1,2].
However, the species-specific genes are in low expression abundance
genes, nucleic acid amplification methods are required to achieve good
detection performance. To date, traditional polymerase chain reaction
(PCR) and a variety of isothermal nucleic acid amplification techniques
have been successfully applied to the nucleic acid amplification process
[3–6]. These techniques have integrating with different kinds of assay
approaches to advance the development of sensitive and selective
analysis of nucleic acid, such as electrophoresis, real-time fluorescence
[7,8]. However, these approaches usually based on expensive instru-
ments with laboratory conditions, which largely limit their applications
in resource-limited settings, thus, more simple and user-friendly de-
tection platforms are still needed.

Lateral flow assay (LFA) strip, also called dry-reagent strip biosensor,
has been widely used for point-of-care (POC) analysis due to its significant
advantages, including no sample pre-treatments, user-friendly, short assay
time, less interference due to chromatographic separation, relatively low
costs, and no requirements for skilled technicians [9,10]. Until now, LFA
strip has been effectively used to detect proteins [11], toxins [12], nucleic
acids [13], etc. In recent years, various nucleic acid amplification methods
have coupling with LFA strips for simple nucleic acid analysis with low
costs [14–21]. For example, Ellington's group relieved the need of fluor-
escent readers by integrating loop mediated isothermal amplification
(LAMP) to a ubiquitous and low-cost household pregnancy LFA strip, for
visual detection of nucleic acid [22]. Cui's group reported the rapid and
accurate detection of single nucleotide polymorphisms from genomic DNA
samples based on the PCR-LFA platform [23]. PCR is the first and remains
the most reliable method for amplifying low abundance nucleic acid to
quantities which can be detected [24,25]. However, it requires complex
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thermal cycling steps to mediate denaturation, annealing and extension
[26–28]. In contrast, LAMP reaction can be carried out at a constant
temperature and shows very high sensitivity and selectivity [28–30], but it
requires multiple primers. Besides, the PCR and LAMP amplicons are
usually more than a hundred bases pair [31], it's too large to migrate on
the LFA strip, signal transduction processes were needed [22], which
leading to high cost and complex design procedures. Therefore, despite the
advances in technology, more economical and easy-to-operate nucleic acid
amplification methods are still needed, especially in low-resource areas.
Strand exchange amplification (SEA) is a simple isothermal amplifi-

cation method [32], it takes advantage of the DNA duplex's dynamically
dissociate at appropriate reaction temperature, leading the local opening
of base pairs to create a single-stranded denaturation bubble [33–35].
Until now, SEA has been successfully used to detect pBlu2KSP dsDNA,
Escherichia coli 16S rRNA and meat adulteration based on the real-time
fluorescence detection instrument or fluorescence dye colorimetric assay
[32,36]. Compared with other isothermal amplification techniques, SEA
has more advantages, for example, it's only requires one pair of primers
and a DNA polymerase, more important, short amplicons (less than 50 bp)
are more suitable to migrate on the LFA strip. Herein, we developed a
universal and simple on-site nucleic acid detection method based on SEA-
LFA strip, which relieved the need of expensive instrument and special
reaction environment. In this work, pork DNA was used to assess the
feasibility, the biotin labelled forward primer and digoxin labelled back-
ward primer invade to the single-stranded denaturation bubble and extend
with the DNA polymerase to generate the dsDNA SEA amplicons. Subse-
quently, the generated SEA amplicons were transfer to the LFA strip and
induced the anti-digoxin-gold nanoparticles (AuNPs) accumulate in con-
centration on the test line until they were visually detectable. Such a de-
tection approach does not require any sample preparation or complex
instruments, only needs a portable heating block (i.e. small metal or water
bath) and relies on visual detection, avoids the inherent ambiguity of
fluorescence outputs. To verify the universality, we also successfully de-
tected duck genomic DNA using the same LFA strip. All assays were in-
dependently validated using the real-time PCR assay. To the best of our
knowledge, this is the first report of universal and visual detection of
nucleic acid based on SEA-LFA platform. This proposed method holds
great potential for on-site analysis in the areas of food security, disease
diagnostic and environment monitoring, especially in the low resource
underserved communities.

2. Experimental section

2.1. Materials and reagents

Pork, duck, mutton, chicken and beef were purchased from local
supermarket (Qingdao, China). Tissue genomic DNA extraction kits
were purchased from Tiangen Biotech Co., Ltd (Beijing, China). SEA kit
was purchased from Navid Biotechnology Co., Ltd. (Qingdao, China).
Molecular weight marker and loading buffer were purchased from
Takara (Dalian, China). Bst 2.0 WarmStartTM DNA polymerase was
purchased from New England Biolabs. Eva Green was purchased from
Bridgen (Beijing, China). The nitrocellulose (NC) membrane attached to
a backing card was purchased from Millipore Corporation (Billerica.
MA, USA). The ultrapure water (18 MΩ cm−1) used in this work was
obtained from a Milli-Q water purification system (Millipore
Corporation, MA, USA). Sequences were synthesized by Sangon Biotech
(Shanghai, China) and were listed in Table S1. Other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents were
of analytical reagent grade and were used without further purification.

2.2. Instrumentation

The electrophoresis data was obtained with a ChampGel5000 ima-
ging system (Sage Creation Science Co, LTD, Beijing, China). The real-
time fluorescence result was acquired using a CFX96™ Real-Time

detection system (Bio-Rad, CA, USA). UV–Vis absorption spectra were
obtained with Cary 100 spectrophotometer (Varian, Salt Lake City, UT,
USA). Dynamic light scattering (DLS) data was obtained with a Nano-
ZS90 apparatus (Malvern Instruments, Malvern, UK). High-magnifica-
tion transmission electron microscopy (TEM) image was acquired using
a JEOL JEM 2100F instrument (JEOL, Tokyo, Japan). Scanning electron
microscopy (SEM) images were obtained with a MIRA3 instrument
(TESCAN, Brno, Czech Republic). All strips were prepared using a
programmable cutter (HGS201, Autokun, China).

2.3. Preparation of anti-digoxin antibody conjugated gold nanoparticles
(AuNPs)

AuNPs were prepared according to the previously reported kinetically
controlled seed growth method [37]. Thermometer and condenser were
used to control the temperature and prevent the evaporation of the mix-
tures, respectively. Au seeds were synthesized by heating 75 mL of 2.2 mM
sodium citrate in a three-necked round-bottomed flask with rapid mag-
netic stirring. As soon as boiling, 0.5 mL of 25 mMHAuCl4 was added. The
mixture changed from yellow to bluish grey and then to soft pink color in
10 min. The resulting Au seeds were cooled to 90 °C and then 0.5 mL of
60 mM sodium citrate and 0.5 mL of 25 mM HAuCl4 were sequentially
added every 2 min. This process was repeated 12 times and the resultant
solution was kept stirring under 90 °C for 30 min.
Antibody-conjugated AuNPs were prepared according to our pre-

vious work with slight modifications [38]. Briefly, 5 μL of 0.1 mM
DHLA was added to 1 mL AuNPs colloid, the mixture was incubated at
room temperature for 2 h. Unreacted chemical reagents were removed
by centrifugation at 5000 rpm for 10 min and dispersed in 10 mM PBS
buffer solution. Subsequently, 5 μL of 1-ethyl-3-(3-(dimethylamino)-
propyl) carodiimide (EDC)/N-hydroxysuccinimide (NHS) was added
and incubated 40 min at room temperature, excess EDC/NHS was se-
parated by centrifugation, and then 4 μL anti-digoxin antibody was
reacted with the mixture for 2 h. Finally, nonspecific binding antibodies
were removed by centrifugation at 5000 rpm for 10 min, and the re-
maining colloid was suspended in PBS buffer solution containing 5%
BSA, 0.25% Tween 20, and 10% sucrose.

2.4. Preparation of the probe immobilized LFA strip

The LFA strip was assembled according to our previous study with
slight modifications [39,40]. The sample pad was blocked with 0.25%
TRITON® X-100 in 2 mM PBS followed by overnight drying at 37 °C to
ensure optimal conditions for the analytes throughout the flux. The test
line and control line on the NC membrane were prepared by dispensing
2 mg/mL of SA and 0.15 mg/mL of anti-mouse IgG, respectively.
10 × anti-digoxin-AuNPs were added on the conjugate pad. The
membrane and conjugate pad were dried at room temperature. All the
components were assembled on the plastic backing layer, each com-
ponent overlapped 2 mm to ensure solution migration, and then cut
into 3.8 mm-wide strips.

2.5. SEA-LFA procedure

Double-stranded DNA (dsDNA) is very stable due to the com-
plementarity of many base pairs, the key point of PCR technique is
repeatedly increasing and lowering the reaction temperature to mediate
denaturation, annealing and extension of the initiate dsDNA [3]. In fact,
the interaction of each base pair of dsDNA is relatively weak to allow
intermittent breaking of base pairs to create a single stranded dena-
turation bubble at a suitable temperature, even at room or physiological
temperature [34,41,42]. The forming rate of bubbles is heavily de-
pendent on the GC content and the temperature. SEA is like the tradi-
tional PCR technique, employs one pair of primers and a DNA poly-
merase to initiate the exponential amplification, moreover, the entire
SEA reaction was performed at a constant temperature by taking
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advantage of the DNA duplex's “breathing” formed unwound single-
stranded denaturation bubble. During this process, the forward primer
anneals to the bubble of dsDNA and extends by the Bst 2.0 Warm-
StartTM DNA polymerase. Due to the spontaneous local conformational
fluctuations within the amplicons, the backward primer invades the
bubble of the amplicons and extends to provide the dsDNA amplicons of
these two primers. Subsequently, the generated dsDNA amplicons and
primers continue to produce new generations of dsDNA amplicons
[32,36]. SEA was carried out in a 15 μL reaction system, without pre-
treatment. The mixture containing SEA kit reagents and different con-
centration of target DNA, 1.0 × 10−6 M biotin-P1 and digoxin-P2 was
incubated at 62 °C for 50 min. Subsequently, 1 μL of diluted SEA am-
plicons mixed with 49 μL of running buffer, the LFA strips were dipped
into the mixture solution and pictures were taken after 15–20 min by
using a cell phone (iPhone 8X, Apple, CA, USA).

3. Results and discussion

3.1. Principle of the SEA-LFA strip for detection of nucleic acid

The operating principle of SEA-LFA strip for nucleic acid detection
was illustrated in Fig. 1. It consisted of two steps: (1) isothermal SEA
reaction; (2) detect SEA amplicons by LFA strip. In this work, pork DNA
was chosen as the target to verify the feasibility. We designed biotin
labelled forward primer (biotin-P1) and digoxin labelled backward
primer (digoxin-P2) targeting the pork DNA. As shown in Fig. 1a, in the
presence of pork DNA, biotin-P1 and digoxin-P2 invaded to the single-
stranded denaturation bubble at the suitable temperature, and extend
with the DNA polymerase to generate numerous biotin and digoxin
labelled dsDNA SEA amplicons with the length of 42 bp (Fig. 1b(i)). For
the LFA strip, as shown in Fig. 1b, it consisted of four sections: a sample
pad, a conjugate pad, an absorption pad and a NC membrane with
plastic backing card. Streptavidin and anti-mouse IgG were im-
mobilized on the test line and control line of the NC membrane through
a strong electrostatic interaction [40,43], respectively. Anti-digoxin
antibody was immobilized on the surface of AuNPs through a chemical
bond and stored in the conjugate pad.

After the loading of SEA amplicons on the sample pad, the solution
migrated toward the absorption pad and conjugate pad by the capillary
force, the biotin and digoxin labelled dsDNA would specifically bind to
anti-digoxin-AuNPs forming numerous conjugates (Fig. 1b (ii)). When
these conjugates passed through the test line, they would be captured
by the streptavidin that were pre-immobilized on the test line (Fig. 1b
(iii)), the sandwich structure formed on the test line would produce an
obvious visible signal. The excess conjugates continued to migrate on
the NC membrane, and captured by the control line through anti-mouse
IgG reacted with anti-digoxin-antibody (Fig. 1b (iv)). In contrast, if pork
DNA was not present in the sample and no specific SEA amplification
reaction taken place, then no sandwich structure occurred on the test
line, only the control line showed red color. In brief, in the presence of
pork DNA, two red lines were observed (“on”) as a positive result. In the
absence of pork DNA, only one red line was observed on the control line
(“off”) as a negative result, the red color on the control line was used to
demonstrate the SEA-LFA strip is working as intended.

3.2. Characterization of anti-digoxin antibody conjugated AuNPs

Fig. 2 shows the sequential process for fabricating anti-digoxin-
AuNPs. DHLA was used as a linker for the conjugation of anti-digoxin
antibody. Briefly, two-SH groups of DHLA were cleaved and bonded to
the surface of AuNPs and the –COOH terminal groups of DHLA were
activated by EDC and NHS. Subsequently, anti-digoxin antibody was
immobilized on the surface of AuNPs [38]. The morphology of AuNPs
was characterized by transmission electron microscopy (TEM), dia-
meters of the AuNPs in the TEM image were analyzed using Image J
software created at the National Institutes of Health (U.S.), the average
particle diameter was estimated to be 38.6 nm. UV–Vis spectra of the
pure AuNPs was shown in Fig. S1. The diameter was determined di-
rectly from UV–Vis spectra using Haiss's equation [44]:

=d exp
A
A

3 2.2spr

450

Using this equation, the diameter was estimated to be 44.7 nm.
Based on these results, the diameter of AuNPs was estimated to be

Fig. 1. Schematic illustration of the SEA-LFA strip for the detection of nucleic acids. (a) Schematic illustration of the isothermal SEA process. (b) The strip was
composed of one test line and one control line. (i) Isothermal SEA nucleic acid amplification process. (ii), Anti-digoxin-AuNPs capture the digoxin-biotin labelled SEA
amplicon, (iii) The digoxin-biotin SEA amplicon -AuNPs complexes were captured by the streptavidin on the test line, and (iv) Excess anti-digoxin-AuNPs were
captured by the anti-mouse IgG on the control line.
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40 ± 5 nm. In addition, the effects of antibody on the surface of the
AuNPs were estimated by UV–Vis spectrophotometry and dynamic light
scattering (DLS) measurements. As shown in Fig. 2c and d, the surface
plasmon band shifting from 527 nm to 531 nm, the average hydro-
dynamic size measured by DLS also increased after antibody conjuga-
tion. These spectral changes in UV–Vis spectrophotometry and DLS
confirmed that antibodies were successfully immobilized on the surface
of AuNPs.

3.3. Specificity of the SEA-LFA strip

Different kinds of nucleic acid samples, including pork, beef,
mutton, chicken, duck and blank control were processed through the
SEA-LFA system, to evaluate the specificity. The SEA process was car-
ried out with a simple metal bath under the same conditions, after in-
cubation, the generated amplicons were transferred to the LFA strip,
respectively. The result digital photographic images and relative in-
tensity of all the six samples were displayed in Fig. 3a and b. Refer to
strip 1 and strip 6, an “on-off” qualitative result could be obvious dis-
tinguished by the naked eye. SEM images of the “on-off” conditions of
test lines on the LFA strip were shown in Fig. 4, which demonstrated the
accumulation of anti-digoxin-AuNPs induced a characteristic red band.
Strip 2 to strip 5 showed the results of samples with beef, mutton,
chicken and duck nucleic acids, respectively. There was no red color on
the test lines, and the red control lines confirmed that the strip was
working. In addition, laboratory-based real-time fluorescence test and
PAGE electrophoresis were used to double check the SEA process, as
shown in Fig. 3c and d, only target could initiate the SEA reaction and
generate the dsDNA SEA amplicons. All these results demonstrate that
the SEA reaction and the SEA-LFA detection platform show excellent
specificity toward the target.

3.4. Optimization of the SEA-LFA platform parameters

To achieve an optimal detection condition for the SEA-LFA plat-
form, SEA reaction temperature and running buffer were systematically
investigated. Optimization process was carried out by changing one
parameter while keeping others constant.

The forming rate of single-stranded denaturation bubbles is heavily
dependent on the GC content and the temperature [35]. According to
the Tm values of the designed primers, real-time fluorescence curves of
SEA processes were measured at 60 °C, 61 °C,62 °C, 63 °C and 64 °C
with same concentration of pork DNA, respectively. As shown in Fig.
S2, there was no false positive at different reaction temperature and the
amplification efficiency at 62 °C was much better than other reaction
temperature. So, 62 °C was chosen as the optimum amplification tem-
perature used in the following experiment.
Running buffer strongly affects the migration of anti-digoxin-AuNPs

and the appropriate buffer solution could improve the binding effi-
ciency of anti-digoxin antibody, digoxin-biotin SEA amplicons and
streptavidin. As shown in Fig. S3, we investigated the performance of
the SEA-LFA strip with three different types of buffer solutions: Tris-
HCl, PBS, and 2 × SSC. In addition, 1% BSA was added to minimize the
edge effect. The relative intensity represented the peak area ratio of test
line to control line of each strip. According to the result, it could be seen
that the on/off ratio value by using 2 × SSC buffer solution containing
1% BSA was significantly higher than the other two buffers. Therefore,
2 × SSC buffer solution containing 1% BSA was determined to be the
final buffer solution for the following experiments.

3.5. Analytical performance of the SEA-LFA

The analytical capability of the SEA-LFA strip was investigated with
six different concentration of pork DNA ranging from blank to 50 nM by
using the strategy described in Fig. 1. The response of SEA-LFA strips to
the SEA amplicons obtained from different concentration of pork DNA
was shown in Fig. 5a. Under the optimized experiment conditions, we
could detect as few as 0.05 nM pork DNA by naked eyes. Fig. 5b shows
the corresponding quantitation results of strips by using Image J soft-
ware, the relative intensity represented the peak area ratio of test line
and control line, error bars indicated the standard deviations from three
measurements. Moreover, to evaluate the detection capability of the
SEA-LFA strip, the laboratory-based real-time fluorescence test was also
performed for different concentration of pork DNA. Real-time fluores-
cence curves were displayed in Fig. 5c. According to the experimental
result, we could find that the proposed SEA-LFA strip and real-time

Fig. 2. (a) Sequential process for fabricating anti-digoxin-antibody-conjugated AuNPs. (b) TEM image of AuNPs. (c) UV–Vis spectra of before (red line) and after the
conjugation of anti-digoxin antibody. (d) Dynamic light scattering distributions of before (red column) and after the conjugation of anti-digoxin antibody. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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fluorescence test demonstrate comparable detection performance.
Reproducibility is of great importance in practical applications. The

reproducibility of the SEA-LFA strip was investigated by measuring the
same concentration of pork DNA with three replicates. As shown in Fig.
S4, similar responses could be obtained, the intra-day relative standard
deviations (RSD) value was calculated to be 2.27%. To further evaluate
the accuracy of the proposed SEA-LFA strip, a receiver operating
characteristic (ROC) curve (Fig. S5) was calculated based on 20 positive
and 10 negative samples. The ROC curve of SEA-LFA strip showed an

area under the curve (AUC) of 0.973 with a sensitivity of 95%. These
results demonstrated that SEA-LFA strip showed satisfactory accuracy
and intra-day repeatability.
Next, the detection performance of SEA-LFA strip in mixture samples

was investigated, four binary mixtures containing 0%, 5%, 10% and 20%
(w/w) of pork in beef were prepared to a final weight of 200 g and ma-
shed, respectively. The mixture DNA was extracted by the tissue genomic
DNA extraction kit, Fig. S6 and Fig. 6 show the laboratory-based real-time
fluorescence result and the response of SEA-LFA strips to the SEA

Fig. 3. Specificity test of SEA-LFA strip. (a) Images of SEA-LFA strip with different kinds of nucleic acid. 1: pork; 2: beef; 3: mutton; 4: chicken; 5: duck; 6: blank. (b)
Quantitation of (a) using Image J software. (c) Real-time fluorescence curves. (d) PAGE electrophoresis image of SEA amplicons: lane 1, pork; lane 2, beef; lane 3,
mutton; lane 4, chicken; lane 5, duck; lane 6, blank control.

Fig. 4. SEM images of the SEA-LFA strips in the absence (“off”) and presence (“on”) of pork nucleic acid.
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amplicons obtained from the extracted mixture DNA, respectively. Ac-
cording to images, we could find that 5% mixture samples could produce
an obvious, easy to read positive signal on the test line. These results
demonstrated that proposed SEA-LFA strip could reliably distinguish pork
from mixture samples and get comparable detection selectivity with the
instrument-based method. Additionally, as shown in Fig. S7, the proposed
SEA-LFA strip could successfully detect as few as 0.07 nM duck DNA,
which demonstrate this proof-of-concept method could be applied to de-
tect a wide variety of nucleic acid by focusing on primer design rather than
on the development of a wholly new analysis platform. In addition, the
stability of SEA-LFA strip was also checked. According to Fig. S8, the
signal intensity was down 6.2% after 30 days and 11.5% after 60 days, the
inter-day repeatability was calculated to be 6.12%. This universal and
simple strip was stored for at least 60 days without large signal deviations.

4. Conclusions

In summary, we developed a universal and robust SEA-LFA strip for
the detection of nucleic acid by the naked eye. It is composed of a
simple isothermal SEA reaction and a user-friendly LFA strip. The
presence of target DNA could produce numerous biotin and digoxin
labelled SEA amplicons, subsequently identified through a simple color
change in the test line of the LFA strip. The SEA amplicons have short
bases pair (less than 50 bp) are easy to migrate on the strip, more

importantly, this proof-of-concept method could be applied to detect a
wide variety of nucleic acid by focusing on primer design rather than on
the development of a wholly new analysis platform. According to the
experimental result, this proposed method could reliably detect as few
as 0.05 nM pork DNA and 0.07 nM duck DNA using the naked eye. The
AUC, intra and inter-day repeatability demonstrate that SEA-LFA strip
showed satisfactory accuracy and stability.
Compared with the PCR integrated LFA, this proposed SEA-LFA strip

does not require the sequential thermo-cycling processes, only need a
portable heating block (Table S2). In addition, SEA process requires
only a pair of primers and one Bst DNA polymerase. Compared with
other isothermal amplification integrated LFAs, SEA-LFA relieves the
need of various accessory proteins (polymerase) or multiple primers (4
or 6) to perform strand separation and amplification (Table S2), which
reduce the cost and simplify the primer design process. These features
greatly simplify the SEA-LFA implementation in point-of-care analysis
devices. We believe that this simple visualization system will provide
new insights into the detection of nucleic acids without access to in-
frastructure or laboratories.
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