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Abstract

A gold nanorod (AuNR)-based lateral flow nucleic acid biosensor (LFNAB) is reported for visual detection of DNA with a short
test time and high sensitivity. AuNRs with an approximate length of 60 nm were utilized as a colored tag to label the detection
DNA probe (Det-DNA). The capture DNA probe (Cap-DNA) was immobilized on the test region of LENAB. Sandwich-type
complex was formed among the AuNR-Det-DNA, target DNA (Tar-DNA), and Cap-DNA on the LFNAB by Watson-Crick base
pairing. In the presence of Tar-DNA, AuNRs were thus seized on the test region of LFNAB, and the accumulation of AuNRs
subsequently produced a characteristic colored band. The optimized LFNAB was able to detect 10 pM Tar-DNA without
instrumentation. Quantitative analysis could be established by measuring the intensity of test band using a portable strip reader,
and the detection limit of 2 pM target DNA was achieved on the LFNAB without signal amplification. The detection limit of the
AuNR-based LFNAB is 250-fold lower than that of gold nanoparticle (AuNP)-based LFNABs. This work unveiled a sensitive,
rapid, and economical strategy for the detection of nucleic acids, and simultaneously opening new promising routes for disease
diagnosis and clinical applications.
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Introduction

The detection of DNA is remarkably essential in genetic ther-
apy, clinical diagnostics, warning against bio-warfare agents,
and a variety of biomedical studies [1-5]. The most used tech-
nique to detect DNA is polymerase chain reaction (PCR) [6,
7]. PCR is highly sensitive and accurate, but it is based on lab-
bench protocols and requires relatively well-trained personnel.
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Moreover, false-positive results often occur in the presence of
even minute amounts of fragmented DNA as contaminants [4,
8]. Therefore, the development of a facile and cost-efficient
technique with high sensitivity and specificity for rapid and
on-site testing of DNA is an urgent undertaking.

Lateral flow biosensors combining nanomaterials with
conventional immunochromatographic assay have attracted
considerable research interest on account of their excellent
sensitivity, selectivity, low-cost, on-site operation, simplicity,
and long-term stability [9—11]. Lateral flow nucleic acid bio-
sensors (LFNAB) using single-strand DNA probes have re-
cently been reported to detect specific nucleic acid sequences
[2, 12, 13], bacteria [14], proteins [15], and cancer biomarkers
[16]. Gold nanoparticles (AuNPs) are usually used as labels to
prepare LFNABs because of their unique optical characteris-
tics, easy fabrication, and good biocompatibility [2, 10, 17].
Unfortunately, the AuNPs-based LFNABs consistently suffer
from low sensitivity and poor quantification capability be-
cause of the limited surface area of AuNPs [12, 18]. In addi-
tion, the aggregation of AuNPs-DNA conjugates often occurs
in the testing and preparation of the sensors. Continuous ef-
forts have been made to overcome these issues. For example,
carbon nanotubes (CNTs) [4], horseradish peroxidase-coated
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AuNPs [19], and AuNP-coated silica nanorods [20] have been
utilized as labels to boost the LFNABs sensitivity. Although
CNTs and silica nanorods provide large surface area for
linking single-strand DNA probes and could be loaded with
large amounts of AuNPs, controlling the length of CNTs and
the numbers of AuNPs per nanorod remain massive
challenges.

Recently, gold nanorods (AuNRs) have received signifi-
cant research attention because of their unique electronic and
optical properties [21-24]. Compared with AuNPs, anisotrop-
ic AuNRs have stronger and flexible NIR/Vis absorption and
greater enabling cross-sections of surface enhancement
Raman spectroscopy. Moreover, they also offer the possibility
of unidirectional plasmon pervasion and enhanced
photoluminescence [21]. AuNRs have been used to construct
various biosensors including surface plasma resonance
[25-28], fluorescent [29, 30], electrochemical [31], colorimet-
ric [32], and plasmonic building blocks [24]. AuNRs were
recently utilized as a colored tag for lateral flow immunoassay
of E. coli O157: H7 [33].

In this study, we present an AuNR-based LFNAB for the
sensitive and quantitative visual detection of DNA with a
short assay time. A sulthydryl-modified detection DNA probe
(Det-DNA) was immobilized on the AuNR surface, and
AuNR-Det-DNA conjugates and capture DNA probes (Cap-
DNA) were used to construct the LFNAB. Sandwich-type
complex was formed among the AuNR-Det-DNA, target
DNA (Tar-DNA), and Cap-DNA on the LFNAB by
Watson-Crick base pairing. AuNRs were thus seized on the
test region of the LFNAB in the presence of Tar-DNA, and
AuNRs accumulation can produce a characteristic-colored
band, thus leading the visual detection of DNA without the
use of any tool. After systematic optimizations, the AuNRs-
based LFNAB can detect a minimum detection concentration
of 2 pM target DNA, which is 250-fold beneath the detection
limit of AuNP-based LFNAB. This method provides new in-
sights into the detection of DNA and supplies top-notch re-
sults for biomedical and clinic applications.

Materials and methods
Apparatus

A cutting device called guillotine of XYZ3010 and CM3010
types dispensing platform were bought from Shanghai Jiening
Biological Technology Ltd. (Shanghai, China, http://www.
ivdt.cn/). A Canon camera of the 1000D EOS model was
utilized to capture the pictures of LFNABs (http:/www.
canon.com.cn/). The portable test strip reader of DT2032
type was bought from Shanghai Goldbio Tech Co., Ltd.
(Shanghai, China, http://www.goldbio.cn/). High-
magnification transmission electron microscopy (TEM)
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images of gold nanorods were captured on a JEM-2100F in-
strument purchased from JEOL (https://www.jeol.co.jp/).
UV-visible absorption spectra were measured by UV-3600
Spectrophotometer purchased from Shimadzu Scientific
Instruments Inc. (https://www.shimadzu.com.cn/).

Reagents and materials

HAuCl4-4H,0 and cetyltrimethylammonium bromide
(CTAB) were bought from J&K Co. Ltd. (Beijing, China,
https://www jk-scientific.com/). Sodium chloride, Tween-20,
sodium borohydride (NaBH,), bovine serum albumin (BSA),
sucrose, phosphate buffer (pH 7.4, 0.1 M PBS), 20x
concentrated sodium chloride-sodium citrate buffer (SSC,
3 M NaCl in 0.3 M of sodium citrate, pH 7.0), polyvinyl
pyrrolidone (PVP), sodium dodecyl sulfate (SDS), 2'-
deoxyadenosine-5'-triphosphate solution (100 mM), and
trisodium salt 5’ (dATP) were bought from Sangon Biotech.
Co. Ltd. (Shanghai, China, https://www.sangon.com/).
Nitrocellulose membranes (HFB18004), laminated cards
(HFOOOMC100), glass fibers (GFCP000800), and cellulose
fiber sample pads (CFSP001700) were bought from
Shanghai Jiening Biological Technology Ltd. (Shanghai,
China, http://www.ivdt.cn/).

All reagents utilized in the research were of analytical
grade. The preparation of solutions was conducted with ultra-
pure water (18.2 MS2-cm). The oligonucleotides utilized for
the research were all bought from Sangon Biotech. Co. Ltd.
(Shanghai, China), and the DNA sequences were given in the
Electronic Support Materials (ESM, Table S1).

Preparation of AuNRs

AuNRs with different aspect ratios, designated AuNRs-25
(average length, 25 nm), AuNRs-60 (average length,
60 nm), and AuNRs-80 (average length, 80 nm), have been
prepared according to the previous reported methods with
minor modification [34—36]. The detailed syntheses procedure
and scheme was given in the ESM.

Preparation of AuNR-Det-DNA conjugates

AuNRs with an approximate length of 60 nm were prepared
by the above strategic approach. Next, 500 uL of AuNRs was
treated with 15 puL of 1 mM dATP for 30 min with tilting
rotation at room temperature (RT). Precisely 7.5 uL of 1%
SDS was then added in the blend, which was hence incubated
for 10 min at RT. At that point, 25 uL of 2 M NaCl and 85 uL
of sulthydryl-modified Det-DNA probe were added to the
above blend, respectively. The obtained blend was hatched
for 3 h at 60 °C, centrifuged at 8000 rpm for § min, washed
three times with PBS, and re-suspended in the eluent buffer
containing Nas;PO,4 12H,0, 5% BSA, 10% sucrose, and
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0.25% Tween-20. The AuNR-Det-DNA conjugate solution
was kept at 4 °C until utilization.

Preparation of streptavidin-biotinylated Cap-DNA
and streptavidin-biotinylated Con-DNA conjugates

50 nmol of biotinylated Cap-DNA was added into 80 uL of
2.5 mg/mL streptavidin solution, and then the mixture was
shaken for 1 h at 25 °C. Then adding 400 uL of PBS to the
mixture, the resulting dispersion was subsequently centri-
fuged at 6500 rpm for 20 min to remove the unbound Cap-
DNA, and this step was repeated three times. Finally, the
remained solution in the centrifuge tube was diluted to
500 puL with PBS. The streptavidin-biotin-Con-DNA conju-
gates were prepared by employing the same procedure.

Preparation of LFNABs

The LFNAB mainly composed of the following sections: ab-
sorbent pad, nitrocellulose membrane, conjugate pad, and
sample pad (Scheme 1). Both the absorbent pad and sample
pad were cut into 17 mm x 300 mm. The sample pad was
treated with a buffer containing 0.15 mM NaCl, 2.5%
Tween-20, 0.25% Triton X-100, and 0.05 M Tris—HCI (pH
8.0) and then dried at 37 °C for 12 h and followed by storing at
4 °C. The control and test region of the LFNAB were sepa-
rately prepared by dispensing the specified volumes of
streptavidin-biotinylated Con-DNA (control region) and
streptavidin-biotinylated Cap-DNA (test region) solutions on
the nitrocellulose membrane (25 mm % 300 mm). The interval
between the control and test region was roughly 4 mm, and the
control region was close to the absorbent pad. Then the nitro-
cellulose membrane was dried at 37 °C for 2 h. The conjugate
pad was cut into 17 mm x 300 mm. Finally, the four parts
mentioned above were assembled on a PVC cohesive backing

Scheme 1 Schematic illustration -
of the configuration and )/
measurement principle of the 1
AuNRs-based lateral flow nucleic
acid biosensor. SAV, streptavidin

(60 mm x 300 mm), and each section was overlapping about
2 mm to guarantee that the sample solution was able to stream
through all the sections. Strips were sliced into 3.5 mm width
on the guillotine cutting module CM3010.

Assay procedure

2.5 uL of AuNR-Det-DNA conjugate was dropped on the
conjugate pad. 100 puL sample solution prepared in the run-
ning buffer (2% BSA + 1/4 SSC + 1% PVP) was applied to
the absorbent pad of the LFNAB. The test and control bands
could be observed with the naked eye within 10 min. The
density (peak areas) of control and test bands was measured
by a portable strip reader for quantitative analysis. Digital
images of the LFNABs were captured by camera and then
transferred to a computer for processing. Photoshop was used
to intercept the C and T lines of the nitrocellulose membrane
in the digital images and arrange them neatly for better
comparison.

Results and discussion
Characterization of the AuNRs

The AuNRs with three aspect ratios were prepared and char-
acterized by TEM and UV-vis absorption spectra. Figure 1A
to C show typical TEM images of AuNRs with aspect ratios of
3.13 (AuNRs-25, A), 2.14 (AuNRs-60, B) and 8.0 (AuNRs-
80, C). One hundred nanorods in the images were used to
calculate data. One can see that the sizes (length and width)
and distributions of the AuNRs are uniform. Figure 1D dis-
plays the UV-vis absorption spectra of AuNRs with three
aspect ratios. A characteristic absorption peak at approximate-
ly 520 nm is observed in the spectra of all three AuNRs, and
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Fig. 1 (A) TEM images of AuNRs-25, (B) AuNRs-60, (C) AuNRs-80, and (D) absorption spectra of AuNRs solution with different aspect ratios: a-

AuNRs-25, b-AuNRs-60, c-AuNRs-80

longitudinal peaks appear at about 780 nm (AuNRs-25),
620 nm (AuNRs-60), and 1080 nm (AuNRs-80), respectively.
The wavelengths of the absorption peaks are consistent with
that reported in the previous literatures [34-36].

Working principles of the AuNR-based LFNAB

The working principles of AuNR-based LFNAB stand on the
theory of Watson-Crick base-pairing among three DNA
probes and target DNA on the test and control regions of
LFNAB (Scheme 1). Three DNA probes including a detection
DNA (Det-DNA) probe, capture DNA (Cap-DNA) probe, and
control DNA (Con-DNA) probe were utilized to prepare the
LFNAB. At two ends of the Tar-DNA, the Cap-DNA and
Det-DNA are complementary with it, respectively. The Det-
DNA probe was linked with AuNR by Au-S bond, and the
AuNR-Det-DNA conjugate was dropped on the conjugate
pad. Streptavidin was carried out to couple with biotin-
modified Cap-DNA firstly, and the obtained streptavidin-
biotin-Cap-DNA complex was sprayed onto the LENAB to
build the test region. And the Con-DNA, which is completely
complementary to Det-DNA, was sprayed onto the LFNAB to
build a control region. In the typical test, the sample solution
containing Tar-DNA was applied to the sample pad. The so-
lution could migrate along the strip to the absorbent pad under
capillary force, and AuNR-Det-DNA-Tar-DNA complex was
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formed via the principle of base pairing happening between
the Tar-DNA and the Det-DNA probes coupled to AuNR.
Upon arriving at the test region, AuNR-Det-DNA-Tar-DNA
formed a sandwich-type complex (named AuNR-Det-DNA-
Tar-DNA-Cap-DNA) due to another base pairing reactions
between the Tar-DNA and Cap-DNA. Accumulation of
AuNRs on the test region could produce a characteristic color
band (test line) and the density of the band would rise in
proportion to the amount of the captured AuNRs, thus to the
concentration of Tar-DNA in the sample solution. The exces-
sive AuNR-Det-DNA conjugates continued to move to the
control region and are seized by the Con-DNA to produce a
second color band (control line). The control line was utilized
to affirm whether the LFNAB works regularly. Sandwich-
type complexes were not generated on the test region within
the nonappearance of Tar-DNA, and only the AuNR-Det-
DNA-Con-DNA complex was captured on the control region
to produce the control line. The test line could be utilized to
determinate the concentration of Tar-DNA qualitatively and
quantitatively. The qualitative analysis was easily achieved
via the color variation observed on the test region, and the
quantitative determination could be established by measuring
the strength of test band using a portable strip reader. The
sample solution was checked on the traditional AuNPs-
based LFNAB and AuNRs (with different aspect ratios)-based
LFNABs to verify the proposed signaling strategy obtained
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via using AuNRs as colored tags for visible detection of Tar-
DNA. Figure 2 displays the typical photograph of AuNP-
based LFNABs (Fig. 2a) and AuNR-based LFNABs (Fig.
2b—d) after detecting 0 and 0.2 nM Tar-DNA. In the existence
of 0.2 nM Tar-DNA, the AuNP-based LFNAB exhibits a
scarcely visible test band (Fig. 2a, right), whereas all the
AuNR-based LFNABs exhibit the test lines with different
intensities. The AuNR-25-based LFNAB (Fig. 2b, right) and
the AuNR-80-based LFNAB(Fig. 2d, right) show weak test
lines, whereas AuNR-60-based LFNAB shows a prominent
test line (Fig. 2c, right). There is no visible line on the test
region of all LFNABs (left LFNAB) when the target DNA is
absent. It turned out that the AuNRs might be utilized as
colored tags for the visual detection of DNA on the LFNAB
and the AuNR-60 shows the best sensitivity. Therefore, the
AuNR-60 was chosen as label to prepare the LFNABs for
subsequent experiments.

Optimization of analytical parameters

The preparation of AuNR-based LFNABs and experimental
parameters employed in the lateral flow assay strongly affect-
ed the analytical performance of the LFNABs. To get the best
reproducibility and sensitivity of the Tar-DNA detection, we
optimized certain features: (a) concentration of SSC running
buffer, (b) concentration of PVP added to the SSC running
buffer, (c) the concentrations of Det-DNA probe coupled to
AuNRs, (d) the dosages of the AuNR-Det-DNA complexes
dropped on the conjugate pad, and (e) the dosages of the
streptavidin-biotinylated Cap-DNA on the test region.
Optimization was carried out by varying one condition and
other conditions unchanged, and the analytical performances
of the LFNABs were evaluated by signal-to-noise (S/N) ra-
tios. A detailed discussion, the data obtained, and relevant
figures were given in the ESM (Fig. S2). The best results were
obtained by using the following experimental conditions: (a)
1 x4 SSC as a running buffer, (b) addition of 1% PVP to the
SSC running buffer, (c) use of the 1.5 OD Det-DNA probe to
prepare the AuNR-Det-DNA conjugate, (d) use of 6 uL of the
AuNR-Det-DNA conjugates per assay, and (e) dispensing of
streptavidin-biotinylated Cap-DNA probe four times on the
test region.

Control llne p—
Test line ‘

Analytical performance

The analytical performance of LFNAB which was based on
AuNR under various concentration of Tar-DNA was evaluat-
ed through the optimized experimental parameters. The cap-
tured AuNR gathers in the test region and forms visible color
bands for qualitative analysis. For quantitative analysis, a por-
table strip reader was used to measure the density of the color
bands that was proportional to the Tar-DNA concentration.
Figure 3a exhibits the graphics of AuNR-based LFNABs
(top) under different concentrations of Tar-DNA and the re-
lated optical responses of the test lines (bottom). As shown in
Fig. 3a, the density of the test band enhanced with the increas-
ing concentration of Tar-DNA. All LFNABs displayed a col-
ored control line, indicating the LFNABs run in fine condi-
tions. In the blank experimental group, known as the control
group, the concentration of Tar-DNA was 0 nM. There is no
distinct color band on the test region in the blank experimental
group, demonstrating insignificant nonspecific adsorption un-
der the optimized test conditions. Moreover, the test band
remained relatively clear even when the concentration of tar-
get DNA was only 10 pM. Figure 3b displays a calibration
curve of the peak area versus the logarithm of Tar-DNA con-
centration. The logarithm of the different concentrations of
Tar-DNA (0.01-10 nM) and the peak area value show a good
linear relationship. In addition, the linear regression equation
is y=(429+20) x + (805 +30) (y stands for the peak area, x
stands for the Tar-DNA concentration) with a coefficient of
determination (R*=0.984), and the detection limit is 2 pM
(S/N =3). The detection time only takes about 10 min. The
detection limit of the AuNR-based LFNAB is 250-fold lower
than that of the AuNP-based LFNAB. [37] Table 1 compares
the detection limits of LFNABs based on diverse nano-labels
previously reported. The detection limit of LFNAB based on
AuNR shows significant improvement over that acquired
from previous reports without signal amplification. The sur-
face of gold nanorods has CTAB as a stabilizer, which enables
the gold nanorods has higher stability than colloidal gold and
avoids the aggregation issue during the preparation of conju-
gates. Although it has been reported that using enzyme-loaded
colloidal gold as a label to improve the detection limit by
enzyme catalytic amplification [19], AuNR as a label can

Fig.2 Photo images of LFNABs using AuNP (a), AuNRs-25 (b), AuNRs-60 (c), and AuNRs-80 (d) as colored tags after testing 0 nM (left) and 0.2 nM

(right) Tar-DNA
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Table 1 Detection limits of

LFNABsS based on different nano- Reference Target/label Detection Limit
labels

[37] DNA/gold nanoparticle 0.5 nM

[38] DNA/dye entrapping liposome 1.0 nsM

[39] microRNA/gold nanoparticle 60 pM

[26] DNA/molecular beacon functionalized gold nanoparticle 50 pM

[4] DNA/carbon nanotube based lateral flow biosensor 40 pM

[20] microRNA/gold nanoparticle coated silica nanorod 10 pM

[19] DNA/gold nanoparticle-horseradish peroxidase 1.25 ™M

This work DNA/gold nanorods 2.0 pM

directly lower the detection limit without any signal amplifi-
cation process.

The selectivity of AuNR-based LFNABs were evaluated
by comparing the responses of complementary Tar-DNA and
mismatched DNAs including one-base mismatched DNA
(OM-DNA), two-base mismatched DNA (TM-DNA), and
non-complementary DNA (NC-DNA) (ESM, Fig. S3).

The results showed that the S/N ratio of 0.5 nM comple-
mentary Tar-DNA is eight times more than that of 0.5 nM
OM-DNA, 5 nM TM-DNA, and 5 nM NC-DNA.

Fig. 3 (a) Images of the LFNABs
and the test band intensity
responses acquired from the strip
reader under different
concentration Tar-DNA. The
asterisks (+) show the detection
limit of LFNABs by the naked
eyes. (b) Typical dot plot and
calibration curve (the inset) of the
peak area versus the logarithm of
target DNA concentration. Error b

0.005 0.01

Control line
Test line
Test line

Control line

Consequently, OM-DNA and TM-DNA could be distin-
guished from the target DNA by the AuNR-based LFNAB.
The reproducibility of AuNR-based LFNAB was examined
by testing against 0, 0.05, and 2.0 nM target DNA. Samples
at each concentration level was examined six times with six
LFNABs and the corresponding relative standard deviations
of the responses were 0.21%, 6.1%, and 4.3% respectively,
which implied prominent analytical reproducibility.

To evaluate the applicability of LFNAB detecting DNA in
biological matrices, recovery experiment was further

0.02 0.05 0.1 10nM

bars indicate standard deviations 1400
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1200 I
1000 - I 1400
’;‘ I 100 Y=(429 +20)x +(805+30)
3 800 10004 R?=0.984, n=6
s i 2
2 & 800+
< 600 - g
= 600
- %
S 400 - 3 & 4004
m 200
2004 = S
= -ZI,S -Z..O - II.S -II.O -0‘.5 0:0 015 1 :0 1.5
0 P Log|Target DNA|/nM
T T T T " T ’ T T T
0 2 4 6 8 10

@ Springer

Concentration of Target DNA/nM



Microchim Acta (2021) 188: 133

Page70f8 133

Table 2 The recovery of LFNAB

for testing DNA in spiked serum Sample Spiked concentration =~ Measured Recovery Relative standard deviation
Number (M) concentration (pM) (%) (%, n=6)
50 46 92.0 6.8
500 478 95.6 42
5000 5155 103.1 43
investigated. A series of Tar-DNA concentrations (0, 50, 500, References

and 5000 pM) were spiked into diluted serum at equal vol-
umes. The recoveries ranged from 92.0 to 103.1% as present-
ed in Table 2. The results indicate that the detection is less
influenced by the matrix in biological samples.

Conclusion

The present study describes an AuNR-based lateral flow
nucleic acid biosensor for the fast and sensitive detection of
DNA. After systematic optimizations, a linear dynamic range
0f0.01-10 nM and LOD of 2 pM was obtained for the detec-
tion of DNA without any signal amplification process.
Moreover, good performance was obtained in single-
nucleotide polymorphism detection and spiked serum sam-
ples. Although AuNR shows good performance, precise con-
trol of aspect ratio and batch preparation are still challenging.
In addition, the LOD of current work is not enough to detect
nucleic acids (DNA and microRNA) directly in complex bio-
logical samples, and future work will aim to integrate isother-
mal nucleic acid amplification techniques with the gold
nanorods-based lateral flow biosensors for ultrasensitive de-
tection of nucleic acids in clinical samples. We will explore
the multiplex capability of gold nanorods and excavate its
meaningful applications in clinic diagnosis.
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