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lateral flow assay biosensor for ultrasensitive
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Accurate, sensitive and rapid nucleic acid tests are important to implement timely treatment measures
and control the spread of disease. Herein, we developed a novel portable platform for highly sensitive and
specific detection of nucleic acids by integrating an entropy-driven amplification strategy into lateral flow
assay (LFA) biosensor. We find that introducing an entropy-driven amplification strategy yields bright
intensities on the test line of LFA stirp, which results in improved sensitivity for targeted nucleic acid
detection. The developed LFA biosensor showed good reproducibility, specificity and sensitivity for target
DNA and HIN1-RNA detection with a low detection limit of 1.43 pM and 2.02 pM, respectively. Its practi-
cal potential was also verified by detecting the target nucleic acid in human serum. More importantly, the
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design of an entropy-driven amplification strategy in this portable platform retained the convenient, rapid
and low-cost characterizations of LFA biosensor due to the compact amplification principle and the elim-
ination of enzyme use. Thus, we believe that this assay biosensor will certainly report its own position in
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Introduction

Nucleic acid detection is a vital research topic for biochemical
analysis and disease diagnostics." In the case of viruses, the
RNAs appear much earlier than the antibodies,” thus they are
considered as exquisite biomarkers for the early diagnosis of
various viral diseases, such as influenza,** severe acute respir-
atory syndrome (SARS)>® and coronavirus disease 2019
(COVID-19).”® Not only that, many other fields, which include
gene profiling,”'° forensic analysis'® and environmental
analysis,">"® as well as cover the detection of nucleic acids.
Although impressive progresses have been made in nucleic
acid assay, most of the developed detection manners suffer
from high requirement of large-scale equipment, high cost or
laborious operation procedure.'*'® Hence, it is urgently impor-
tant to develop convenient, rapid and low-cost diagnostic tools
for nucleic acids without the sacrifice of sensitivity and
accuracy.'®"”
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the timely detection of nucleic acid, especially when the medical environment and resources are fewer.

To satisfy the demands of convenience, rapidness and low-
cost, studies on nucleic acids assay have flourished to develop
the diversified point of care (POC) diagnostic devices.'®"’
Amongst the different types of POC devices, the lateral flow
assay (LFA) biosensor is very prominent, which greatly simpli-
fies the detection procedure and minimizes the cost for
making it accessible to resource-poor countries.'>?® At the
early stage, the LFA biosensors established on the basis of
various simple visualization methods have been implemented
to realize the accurate nucleic acid assay.”'>* However, the
sensitivities of these traditional LFAs need to be improved. On
this context, several signal amplification strategies including
polymerase chain reaction (PCR),"®* rolling circle amplifica-
tion (RCA)*® have been combined with LFA biosensors for low-
abundant nucleic acid biomarker detection. These studies
have one thing in common, they all use various enzymes to
realize the signal amplification, which thus increases cost.
Furthermore, the introduction of signal amplification strat-
egies such as real-time PCR in some studies leads to the com-
plication of operational procedures.>® Obviously, these above-
mentioned changes seem to deviate from the initial spirit of
LFA biosensors, which hinder the wide application of LFA bio-
sensors in household and clinical diagnosis.

As a novel isothermal nucleic acid amplification method,
entropy-driven amplification strategy has been recently developed
for highly selective and sensitive nucleic acid detection.?”>°
For instance, our group has fabricated an entropy-driven DNA
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amplification-based nanoprobe for multiplexed detection and
imaging of intracellular mRNA.?* In a typical entropy-driven
amplification system, no enzyme is involved, and only several
linear single strand DNAs are introduced to play various roles
in a catalytic circuit via a toehold-assisted branch migration.**
Unlike the catalytic hairpin assembly®® and hybridization
chain reaction,® this hairpin-free amplification strategy is
driven by entropy increases in the system rather than the for-
mation of new base pairs, which render it become simpler and
more convenient.>**> Moreover, the total number of base pairs
of the entropy-driven system remains unchanged during the
whole amplification process, which reduces the chance of
circuit leakage for improving sensitivity and reliability. Thus,
employing entropy-driven amplification strategy in LFA bio-
sensors should be a promising option because such arrange-
ment would improve the detection sensitivity while it preserves
the convenient, rapid and low-cost characterizations of the LFA
biosensor.

Herein, we integrated an entropy-driven amplification
technology with an LFA biosensor for the ultrasensitive detec-
tion of nucleic acids. As illustrated in Scheme 1, the biotin-
labelled S is a three stranded substrate complex (R/L/P) and
the strand R is a reporter DNA labelled by a fluorescent nano-
sphere (FN) at the 5-end. In the presence of the target, the
cascade strand displacement reaction is triggered via toehold
displacement, which leads to the production of strand R, and
is then captured on the test line via the hybridization with the
capture strand on the test line. Furthermore, the excess biotin-
labelled S is captured on the control line via a combination
with streptavidin (SA). In this strategy, one target can trigger
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Scheme 1 Schematic presentation (A) the process of preparation of
FNs—S conjugates, (B) the FNs-labelled entropy-driven amplification
process, (C) the lateral flow assay biosensor for detection of target DNA,
(D) the portable device for quantification of lateral flow assay biosensor.
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the release of strand R in large quantities by recycling the
target, and then the amplified fluorescence of nanosphere pro-
duced on the test line can be easily read out by a handheld
fluorescence biosensor reader. Compared with the non-ampli-
fied assay biosensor, the limit of detection of this LFA bio-
sensor is improved 746 times. Moreover, this LFA biosensor is
effective to detect target DNA and H1N1-RNA in real human
serum samples, which highlights its application potential in
clinical diagnosis.

Experimental
Reagents and materials

Carboxyl-functionalized fluorescent nanospheres were pro-
vided by Madenw Biotech Co., Ltd (Changsha, China).
Nitrocellulose membranes, sample pads, absorption pads and
plastic adhesive backing pads were purchased from Goldbio
Tech. Co., Ltd (Shanghai, China). 1-Ethyl-3-(3-dimethyl-
laminopropyl)-carbodiimide hydrochloride (EDC), N-hydroxy
succinimide (NHS), sodium dodecyl sulfate (SDS) and Tween
20 were obtained from J&K Scientific Co., Ltd (Beijing, China).
2-(N-morpholine) ethane sulfonic acid (MES) powders were
obtained from Aladdin reagent Co., Ltd (Shanghai, China).
SYBR Gold was gained from Thermo Fisher Scientific (USA).
Ultrapure water was prepared from a Millipore Milli-Q water
purification system (MA, USA) with an electric resistance of
>18.2 MQ cm. Phosphate-buffered saline (PBS) and oligonu-
cleotides were synthesized by Sangon Biotech Co., Ltd
(Shanghai, China). The sequences of these oligonucleotides
are listed in Table S1.}

Instruments

The size distribution and zeta potential of FNs and FNs-DNA
were measured on a Malvern Zetasizer Nano ZS90 (UK). Native
gel electrophoresis was imaged on a ChemiDoc XRS system
(Bio-Rad, USA). Biosensor cutter-CTS300 and XYZ three-dimen-
sional films spraying gold instrument-HM3035 were obtained
from Goldbio Tech Co., Ltd (Shanghai, China) and were used
to prepare LFA biosensors. The portable ESEQuant lateral flow
reader used to record the fluorescence intensity of the bio-
sensor was provided by Qiagen (Stockach, Germany). The
images of FNs and the test biosensors under an UV lamp were
taken by a Canon digital camera (Japan).

Preparation of FNsDNA conjugates

The FNs-DNA conjugates were prepared using a previously
published procedure with minor modifications.*® As shown in
Scheme 1A, 10 pL of the carboxyl-functionalized FNs stored
solution was first centrifuged at 10 012g for 40 min at 4 °C.
After removing the supernatant, 100 pL of MES buffer (0.1 M,
pH 4.5), 2.5 pL of amine-modified DNA and 10 pL of freshly
prepared EDC (10 mg mL™") were added. Furthermore, 30 min
later, another 5 pL of EDC was added to the mixture and incu-
bated for another 30 min. Then, 1 mL of 0.02% Tween-20 was
added and followed by centrifugation at 13 628¢ for 40 min at
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4 °C. The supernatant was removed and the deposit was resus-
pended in 1 mL of 0.03% sodium dodecyl sulfate (SDS), fol-
lowed by centrifugation at 13 628g for 40 min at 4 °C. Finally,
the supernatant was removed and the deposit was resus-
pended with 100 pL of PBS (pH 7.2), and the obtained solution
was maintained at 4 °C for further use.

Fabrication of lateral flow assay biosensor

The typical lateral flow assay biosensor consists of sample pad,
conjugate pad, nitrocellulose (NC) membrane, and absorbent
pad. Herein, the test line and control line on the NC mem-
brane were prepared by dispensing streptavidin-biotinylated
capture DNA and streptavidin, respectively. Moreover, 80 pM
capture DNA was first mixed with 1.0 mg mL™" streptavidin
and incubated at room temperature for 1 h and then dropped
on the test line. The NC membrane was dried in a vacuum
oven at 37 °C for 2 h. Then, the sample pad, conjugate pad,
NC membrane, and absorbent pad were assembled onto
plastic adhesive backing in an orderly manner with an overlap
of 2 mm to ensure migration of the sample solution during
the testing process. Finally, the obtained plate was cut into
4 mm wide and stored at 4 °C in a dry and dark environment
for additional assay.

Preparation of entropy-driven reaction sample

The linker strand (L) and by product strand (P) were pre-
treated by annealing at 95 °C for 5 min and 4 °C for 10 min,
and then they were mixed with reporter strand (R) at 37 °C for
2 h to obtain the substrate complex (S). Then, S, fuel strand (F)
and different concentrations of target DNA (T) were mixed
together at room temperature for 3 h. The obtained entropy-
driven sample was directly loaded on the sample pad for target
detection.

Polyacrylamide gel electrophoresis

Seven samples are prepared for gel electrophoresis, and the
detailed information for these samples are listed below: (1)
10 pL Marker, (2) 1 uM S, (3) 1 pM S and 1 pM T, (4) 1 pM M2
(R+T+L),5)1uMS, 1 pM Fand 0.1 pM T, (6) 1 pM S and
1pMF, (7) 1 pM W (F + L). After incubation at room tempera-
ture for 3 h, these samples with 1x loading buffer and SYBR
Gold were applied to 12% polyacrylamide gel electrophoresis
with 1x TBE buffer (4.5 mM Tris, 4.5 mM boric acid and
0.1 mM EDTA, pH 7.9) at 4 °C. Electrophoresis was performed
at 200 V for 10 min and then 80 V for 1 h in the dark. Then,
the images were acquired using a gel imaging system.

Detection of target DNA

The entropy-driven sample solution with different concen-
trations of target DNA was diluted with PBST buffer (PBS
containing 1% tween-20) and then loaded on the sample
pad. After 30 min, these biosensors were inserted into the
fluorescence biosensor reader to record the value of peak
area (Scheme 1D). Then, these biosensors were placed under
UV light, and the corresponding fluorescence images were
captured by a digital camera. For selectivity assay, single-
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base substitution sequences mT, mG, mC, insertion
sequences iA, iT, iG, iC and deletion sequence dA were incu-
bated with the entropy-driven sample solution. For investi-
gating the application in real sample, the blood was first
centrifuged at 15 644g for 3 min and then diluted 100 times
with PBS. Different concentrations of target DNA were
spiked in diluted serum samples and were tested according
to that in buffer.

Results and discussion
Principle of the lateral flow assay biosensor

Herein, we combined FNs with an entropy-driven DNA ampli-
fier to construct lateral flow assay biosensor for the sensitive
detection of nucleic acids. As shown in Scheme 1A, the sub-
strate strand (S) is a three-stranded hybridization complex,
which consists of a reporter strand (R) with amino modifi-
cation at the 5-end to conjugate with FNs, a linker strand (L)
with biotin modification at the 5-end to combine with SA and
a by-product strand (P). The linker strand contains a single-
stranded toehold as toehold 1 (Scheme 1B). When the target
DNA appeared, it would bind to toehold 1 to form a four-
stranded metastable complex M1, which triggers a strand-dis-
placement reaction. Consequently, the target DNA was comple-
tely bound to the linker strand to form a three-stranded
complex M2 while the by-product strand was released.
Subsequently, the fuel strand was bound to toehold 2 on the
linker strand and formed a four-stranded complex M3. Finally,
the substrate strand was converted to a double-stranded waste
complex (W) and the reporter strand was released after the
strand-displacement reaction. Furthermore, the target strand
was regenerated and triggered a new cycle. Scheme 1C shows
the fluorescent detection of the target via the biosensor. The
capture DNA was immobilized on the test line to hybridize
with the reporter strand. The entropy-driven reaction sample,
which contained the amplification product reporter strands
(R) were added to the sample pad with the running buffer, and
then migrated along the NC membrane by capillary action
before they were captured by the capture DNA, which resulted
in the accumulation of FNs on the test line. Furthermore, the
excess S was captured by the SA on the control line, and thus a
second band appeared. However, no reporter DNA could be
obtained without the target DNA, and there was only a weak
fluorescence signal on the test line.

Characterization of FNs-DNA

To study the conjugation between the reporter DNA and FNs,
the DLS and zeta potential of FNs and FNs-DNA conjugates
were performed, respectively. As shown in Fig. 1a, the average
diameter of FNs was shifted from 136.2 nm to 145.0 nm and
indicated the successful combination between reporter DNA
and FNs. Furthermore, the zeta potential of FNs and FNs-DNA
conjugates were investigated. As shown in Fig. 1b, the zeta
potential of carboxyl-functionalized FNs became much lower
after conjugation with amine-modified reporter DNA. All these
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Fig. 1 Characterization of FNs-DNA. (a) The hydrodynamic diameter of
FNs and FNs—DNA conjugates, (b) the zeta potential of FNs and FNs—
DNA conjugates.

results indicated that the reporter DNA was successfully
assembled on the surface of FNs.

The feasibility analysis of the entropy-driven DNA
amplification strategy

Polyacrylamide gel electrophoresis (PAGE) experiments were
performed to verify the entropy-driven DNA amplification strat-
egy. It was shown in Fig. 2a that no obvious change in the
band of the S complex (lane 6) was observed after the addition
of fuel strand F, which indicated a negligible leakage.
However, after the introduction of the target DNA, S was
efficiently reacted with F, which caused the release of strand R
(lane 5). Correspondingly, there was no obvious fluorescence
signal on the test line in the absence of target DNA (Fig. 2b),
while an obvious enhancement of the fluorescence signal
could be seen on the test line with target DNA addition. These
results indicated that this entropy-driven DNA amplification
strategy was capable of detecting the target nucleic acid.

Optimization of experimental parameters

To obtain the best analytical performance of the entropy-
driven DNA amplification-assisted lateral flow assay biosensor,
the concentration of the capture DNA and reporter DNA,
running buffer, running time, reaction temperature and
entropy-driven amplified system were carefully studied. The

)

CL
TL

Fig. 2 (a) PAGE of entropy-driven DNA amplification strategy. Lanes 1
to 7 were marker, S, S+ T, M2, S+ T+ F, S + Fand W, (b) The photo
images of LFA biosensors in the present of (1) S, (2) T + F + S, and
(3)F+S.
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concentration of capture DNA and reporter DNA were firstly
investigated because it could directly affect the performance of
the biosensor. The peak area of the test line reached the
largest value when the concentration of the capture DNA and
reporter DNA was 80 pM (Fig. S1f) and 2.5 pM (Fig. S27),
respectively. Therefore, 80 pM of the biotinylated capture DNA
mixed with 1.0 mg mL ™" streptavidin and 2.5 pM of reporter
DNA were selected for the following experiments. Then, we
optimized the running buffer to reduce the nonspecific
adsorption for ensuring a high sensitivity and good reproduci-
bility. The result revealed that the use of PBS containing 1%
Tween-20 led to the largest peak area at 30 min (Fig. S3 and
S4t). In addition, the other influential factors of entropy-
driven DNA amplification system were investigated, and the
results showed that the maximum signal to background ratio
was realized for the sensing system when the concentration
ratio of stand F to S was 1.2 with an ambient reaction tempera-
ture (Fig. S5 and S67).

The sensitivity and selectivity of the LFA biosensor

Under optimized conditions, the various concentrations of
target DNA were used to evaluate the sensitivity of the bio-
sensor. As shown in Fig. 3a, when the target DNA concen-
tration increases from 1.5 pM to 3000 pM, a rapid increase of
fluorescence intensity is observed, which agrees well with the
corresponding fluorescence images of the LFA biosensors
under UV light using a digital camera (Fig. 3b). Fig. 3c shows
the relationship between the value of peak area and concen-
tration of target DNA. A good linear relationship between the
peak area and the concentration of target DNA ranging from 3
pM to 150 pM (R> = 0.9992) was obtained (Fig. 3c). The
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Fig. 3 The sensitivity of the LFA biosensor. (a) The fluorescent response
of LFA biosensor to different concentrations of target DNA, (b) The
photo images of LFA biosensor in the presence of (1) 750 pM, (2) 300
pM, (3) 150 pM, (4) 75 pM, (5) 30 pM, (6) 15 pM, (7) O pM target DNA, (c)
the corresponding calibration curve between peak areas on the test
lines and different concentrations of target DNA (inset: the responses of
LFA biosensor to target DNA at low concentration), (d) selectivity toward
single-base substitution (mC, mG, mT), insertion (iC, iG, iT, iA) and del-
etion (dA).
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regression equation was peak area = 340.75 + 2.67 x [target
concentration]. Based on the 3o/slope rule, the detection limit
of this biosensor was estimated to be 1.43 pM. As shown in
Table S2,t the LOD of our developed entropy-driven method
was 746-fold lower than that of AuNPs-labelled method (LOD =
1.0 nM). This detection sensitivity was increased 28 times and
5 times even compared to the biosensor based on RCA and
HCR, respectively. These results demonstrate that the entropy-
driven DNA amplifier assisted biosensor possesses high sensi-
tivity for target detection, which holds a great potential for
disease detection at an early stage.

The ability of the biosensor to discriminate target DNA
from different DNA strands was then investigated, including
mismatched, deleted, and inserted ones (mutant sites are
shown in Table S1,T red bases). As shown in the Fig. 3d, only
the target DNA produces obvious fluorescence intensity, while
the other DNA sequences generate a slight signal. This result
could be attributed to the difference between the breathing
rates of a single base pair and two adjacent base pairs. The
high selectivity suggested that the entropy-driven amplification
based lateral flow assay biosensors exhibited a high potential
for complex application.

The application of the designed biosensor in human serum
samples

To investigate the application of the designed assay in real
samples, the recovery assay was carried out in serum samples
that were diluted 100 times. As shown in Table S3,f the recov-
eries are in the range of 95.80%-102.3% for the detection of
10 pM, 30 pM and 100 pM target DNA spiked in human serum
samples with a maximum RSD of 3.7%. The above results
demonstrated that the as-proposed assay held a great promise
in practical applications for target DNA detection in complex
samples.

To illustrate the potential of LFA biosensor as a universal
sensing platform, the designed LFA was then used to detect
influenza virus HIN1 RNA. Under the optimized conditions, a
good response to HIN1 RNA was obtained with a detection
limit of 2.02 pM (Fig. 4c), which was much lower than pre-
viously reported nanomaterial-based optical methods for
H1N1 RNA detection (Table S4t). The specificity was investi-
gated, and the result showed that the negligible change
occurred in the absence of the target HIN1 RNA (Fig. 4d).
Moreover, different concentrations of HIN1 RNA were added
into the diluted human serum to investigate the real appli-
cation of LFA biosensor. The results in Table S57 indicated
that the recoveries of three serum samples at different concen-
trations of HIN1 RNA fluctuated slightly (95.4-101%) with the
RSD values in the range of 1.4% to 4.6%. All these results
suggest that the developed LFA biosensor can be used as uni-
versal platform for detecting target nucleic acids in complex
samples with high sensitivity and specificity.

The stability of the LFA biosensor

Stability is another crucial parameter that should be con-
sidered in the exploitation of a new biosensor. The stability of
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Fig. 4 The sensitivity of the biosensor for HIN1 RNA detection. (a) the
fluorescent responses of biosensor to different concentrations of HIN1
RNA, (b) the photo images of LFA biosensors after addition of different
concentrations of HIN1 RNA: (1) 750 pM, (2) 300 pM, (3) 150 pM, (4) 75
pM, (5) 30 pM, (6) 15 pM, (7) 0 pM, (b) the images were obtained under
an UV lamp, (c) the corresponding calibration curve of peak areas on the
test lines with different concentrations of HIN1 RNA (inset: the
responses of the biosensor to HIN1 RNA at low concentration), (d) the
selectivity of biosensor towards one-base mismatch (M1), two-base mis-
match(M2), three-base mismatch(M3), H3N2, H5N1, H7N9 and HON7.

the LFA biosensor was verified by recording the fluorescence
response to target DNA after these test biosensors were stored
in dry environment at 4 °C for 1 day, 1 week, 2 weeks, 1 month
and 6 months. The fluorescence response and the corres-
ponding fluorescence images of biosensors had no obvious
change even after 6 months compared to that of the freshly
prepared biosensor (Fig. 5a and b). The result indicated that
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Fig. 5 Stability investigation of LFA biosensor. (a) the fluorescent
responses of biosensor at different storage time, (b) the corresponding
photo images of LFA biosensors.
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the FNs-based LFA biosensor possessed great promise in com-
mercial applications in the near future.

Conclusions

In summary, we have developed an entropy-driven amplifica-
tion strategy assisted portable lateral flow assay biosensor for
highly sensitive and selective detection of nucleic acids. The
LFA biosensor possessed several distinct advantages. Using the
entropy-driven amplification strategy, a superior signal-to-
background ratio was obtained, which provided a high sensi-
tivity for target nucleic acid sensing. (2) Compared with tra-
ditional nuclease-based signal amplification strategies, this
enzyme-free system possessed obvious application superiority
in complex biological environments. (3) The assay avoids the
introduction of sophisticated equipment, complex processing
procedure and the clinical laboratorian in the laboratory,
making it acceptable in many resource-limited areas. We
believed that the entropy-driven amplified strategy assisted
biosensor may provide a new point-of-care testing platform for
early disease diagnosis and treatment monitoring.
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