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A B S T R A C T   

Pathogenic viruses with worldwide distribution, high incidence and great harm are significantly and increasingly 
threatening human health. However, there is still lack of sufficient, highly sensitive and specific detection 
methods for on-time and early diagnosis of virus infection. In this work, taking dengue virus (DENV) as an 
example, a highly sensitive SERS assay of DENV gene was proposed via a cascade signal amplification strategy of 
localized catalytic hairpin assembly (LCHA) and hybridization chain reaction (HCR). The SERS assay was per-
formed by two steps, i.e., the operation of cascade signal amplification strategy and the following SERS mea-
surements by transferring the products on SERS-active AgNRs arrays. The sensitivity of the cascade signal 
amplification strategy is significantly amplified, which is 4.5 times that of individual CHA, and the signal-to- 
noise ratio is also improved to 5.4 relative to 1.8 of the CHA. The SERS sensing possesses a linear calibration 
curve from 1 fM to 10 nM with the limit of detection low to 0.49 fM, and has good specificity, uniformity and 
recovery, which indicates that the highly sensitive SERS assay provides an attractive tool for reliable, early 
diagnosis of DENV gene and is worth to be popularized in a wide detection of other viruses.   

1. Introduction 

Viruses as a class of pathogens cause diseases in animals, plants and 
humans, which sometimes lead to severe morbidity and mortality [1–4]. 
In recent decades, several viruses have spread from animals to humans 
and triggered international pandemics, such as dengue virus (DENV) 
[5], avian influenza virus (AIV) [6], severe acute respiratory 
syndrome-associated coronavirus (SARS-CoV) [7,8], Middle East respi-
ratory syndrome coronavirus (MERS-CoV) [9], and the 2019 severe 
acute respiratory syndrome coronavirus 2 (SARS-Cov-2) [10], causing a 
massive loss of life. A particularly important action to be taken in the 
fight against virus is the accurate and early detection of virus infection, 
so that to prevent and control the virus pandemics and avoid the loss of 
life and property [11–13]. Taking DENV as an example, it can cause 
severe illness such as dengue hemorrhagic fever (DHF) and dengue 
shock syndrome (DSS) with more than 100 million infections annually 
[14]. Since there is less information about pathognomonic features of 
DENV infection from other febrile illnesses, the diagnosis of this virus in 

early stages of disease is very crucial [15–17]. The traditional pathogen 
detection methods are based on reverse transcriptase polymerase chain 
reaction (RT-PCR), which offers sensitive assay of virus genes [18,19]. 
However, the traditional PCR-based assays are usually limited by com-
plex operations, time consuming, requirement of professionals, and the 
introduction of contaminating nucleic acids which can also be amplified 
during the test and leads to false positive results [20–22]. In response to 
the urgent need to develop new and more reliable detection methods, 
currently some recent advances in nanosensing have opened up new 
opportunities for developing novel optical and electrical methods for 
DENV detection, such as fluorescence [23–25], surface plasmon reso-
nance (SPR) [26], surface-enhanced Raman spectroscopy (SERS) [27, 
28], and electrochemistry [29,30]. Among them, SERS as a molecular 
fingerprint spectrum which can achieve ultrasensitive detection even to 
single molecular level is considered to be a potential and powerful 
analysis tool [31–33]. For instance, Huh et al. reported an on-chip SERS 
by integrating capture probe immobilized AuNPs and dye labeled target 
DNA for the detection of DENV-related nucleic acid sequences with a 
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detection limit of 30 pM [34]. Vo-Dinh’ s group proposed a SERS 
bioassay-on-chip to achieve a detection limit low to pM level, which was 
operated basing on the change in the distance between the Raman 
molecules on the molecular beacons and the metal surface before and 
after DENV gene assay [27,35]. Paul et al. developed a bioconjugated 
SERS probe for the detection of DENV gene based on the plasmon 
coupling in nanoassembly [36]. More recently, Singh’ s group reported a 
SERS-based diagnosis and classification of DENV positive, negative, and 
healthy clinical blood samples by testing DENV gene on silver nanorods 
array substrates [28]. Though several SERS-based DENV gene assays 
were proposed and shown good sensitivity, the more sensitive and 
convenient SERS sensing strategies are still required urgently in order to 
achieve early detection of DENV infection. 

Recently, various signal amplification strategies have been intro-
duced into the detection of virus-associated nucleic acids [37–39], 
including nuclease-assisted rolling circle amplification (RCA), 
duplex-specific nuclease (DSN), enzyme-free catalyzed hairpin assembly 
(CHA) and hybridization chain reaction (HCR), etc. Among them, CHA 
and HCR are isothermal enzyme-free nucleic acid circuits, which require 
only the facile design of reacting hairpins. As two efficient and homo-
geneous amplification strategies, CHA assembles into a series of 
double-stranded DNA (dsDNA) by the target-catalyzed hairpins, while 
HCR involves an autonomous cross-hybridization of hairpins to generate 
a long nicked dsDNA [40,41]. Meanwhile, various cascaded enzyme-free 
strategies have been constructed with significantly amplified sensing 
performance, including HCR-HCR [42], CHA-CHA [43], and CHA-HCR 
[44,45]. Furthermore, a localized system, named localized catalytic 
hairpin assembly (LCHA), has been deemed to possess much more pos-
sibilities to be triggered by adjacent molecules, thereby better control-
ling over directing reaction pathways and enhancing the sensitivity and 
accuracy of assay [46–48]. Thus, the SERS assays integrating signal 
amplification strategies are expected to achieve ultrasensitive SERS 
sensing of DENV genes. However, so far few SERS strategies with signal 
amplifications have been proposed, and to the best of our knowledge, 
there is no SERS assay of DENV gene by combining two cascaded 
amplification strategies. 

In order to develop novel SERS strategy for ultrasensitive detection 
of DENV gene, herein, a cascade enzyme-free signal amplification 
strategy integrating the localized catalytic hairpin assembly (LCHA) and 
hybridization chain reaction (HCR) was proposed for SERS assay of 
DENV gene fragment corresponding to nucleotides 10699-10723 (Gen-
Bank No. KT187556.1) of the DENV serotype 2 which is one of the four 
Dengue virus serotypes [24]. The SERS assay was performed by two 
steps. Firstly, the cascade enzyme-free signal amplification strategy of 
LCHA and HCR was executed in a PCR tube. Secondly, the SERS assay 
was performed by transferring the HCR product on AgNRs arrays with 
the surface blocked by 6-mercapto-1-hexanol (MCH). The feasibility of 
the specially designed cascade signal amplification strategy was char-
acterized by electrophoresis, and the improved sensing performance of 
the cascade signal amplification strategy was investigated by comparing 
the SERS assays based on the individual CHA, LCHA, and the cascade 
amplification strategy of LCHA and HCR. Additionally, the MCH 
blocking was also optimized to obtain the optimal sensing conditions. 
Finally, the performance of the proposed SERS strategy on detecting 
DENV gene was investigated, such as calibration curve, limit of detec-
tion, specificity and recovery rate. 

2. Experimental section 

2.1. Reagents 

All the single-stranded DNAs (ssDNAs) were synthesized and purified 
by Sangon Biotech (Shanghai, China), and their names, name abbrevi-
ations, nucleotide sequences and roles are listed in Table S1. The special 
designs of the base sequences of the ssDNAs were described in the 
Supplementary materials. The 6-mercapto-1-hexanol (MCH, ≥97 %) 

was purchased from Sigma-Aldrich (Shanghai, China). The magnesium 
chloride (MgCl2⋅6H2O, ≥98 %) and tris (hydroxymethyl) aminomethane 
(C4H11NO3, ≥98 %) were purchased from Sinopharm Chemical Reagent 
Co., Ltd. (Shanghai, China) to prepare TM buffer solution (10 mM Tris- 
HCl and 1 mM MgCl2, pH 8.0) for DNA hybridization. All solutions were 
prepared with ultrapure Millipore water (18.2 MΩ cm). 

2.2. Apparatus 

A confocal Raman microscope (InVia, Renishaw, England) was uti-
lized to record SERS spectra under conditions of 633 nm incident light 
(1% laser power), 20× objective and 1 s integration time. Unless spec-
ified description, the SERS assay of each sample was achieved by 
recording the SERS signals at ten spots on the substrate to obtain an 
averaged SERS spectrum with the error bar representing the standard 
error. Before statistical analysis, the spectral baselines were subtracted 
by the software Wire 4.0. A Bio-Rad electrophoretic apparatus (Bio-Rad 
Laboratories, USA) was used to operate the polyacrylamide gel elec-
trophoresis (PAGE) in TM buffer for 110 min with the voltage of 80 V, 
and the electrophoretic patterns were imaged by a GeneSys system 
(Syngene, UK). 

2.3. SERS sensing strategy via cascade LCHA and HCR 

The SERS assay of DENV gene fragment was performed by two steps 
as shown in Scheme 1. In the first step, the cascade enzyme-free signal 
amplification strategy of localized catalytic hairpin assembly (LCHA) 
and hybridization chain reaction (HCR) was carried out in a PCR tube as 
the green shadow-marked sketch map shown in Scheme 1. In the second 
step, the HCR products were dropped onto SERS-active AgNRs arrays 
and the AgNRs were then blocked by MCH, followed by SERS mea-
surements. The AgNRs array was prepared by physical vapor deposition 
(PVD) to coat 20 nm Ti film, 200 nm Ag film, and the following oblique 
angle deposition (OAD) to deposit 2000 nm AgNRs layer from the bot-
tom up on a glass slide, followed by molding a pre-
mopolydimethylsiloxane (PDMS) layer with 4 × 10 arrayed wells (4 mm 
in diameter, 1 mm in height) on the AgNRs array substrate. The arrayed 
circular sensing interface in each well can not only facilitate the detec-
tion with uniform sampling areas but also improve the detection 
reproducibility. Fig. S1 shows a SEM image of AgNRs array and a photo 
of PDMS wells-patterned AgNRs array substrate, and the preparation 
process in details can be found in our previous papers [49–51]. 

In the first step (i.e., the standard protocol of cascade signal ampli-
fication strategy of LCHA and HCR), equivalent amounts (10 μM, 2 μL) 
of L1 and L2 were incubated in a PCR tube for 60 min to assemble L1/L2 
double-stranded DNAs (i.e., DNA skeleton) with the 20 nucleotides (20- 
nts) of toeholds (20 adenines (Ploy A) marked in underline in Table S1) 
placing on the double strands at equal distance. Unless otherwise 
specified, the incubation temperature of the DNA hybridization was 
25 ◦C. Then, the hairpin DNA C1 (10 μM, 2 μL) was added into the tube 
and incubated with the L1/L2 for 60 min to load C1 on L1/L2 by binding 
the toeholds via the hybridization between Ploy A and the Ploy T (20 
thymines of C1 marked in red in Table S1). Subsequently, the ROX- 
labeled C2 (10 μM, 2 μL) and 2 μL DENV gene fragment (DENV) with a 
certain concentration were added into the tube together and incubated 
for 90 min. During this period, the C1 hybridized with DENV and 
released the sticky-end of C1 (bases of C1 marked in italics in Table S1) 
to trigger the catalytic hairpin assembly between C1 and C2. As a result 
the DENV was released into the solution for cyclic utilization. Since the 
C1 hairpins were localized on the L1/L2, the DENV-triggered enzyme- 
free localized catalytic hairpin assembly (LCHA) was achieved. Then, 
equivalent amounts (10 μM, 2 μL) of hairpin DNAs H1 and H2 with ROX 
labeling at both 3’- and 5’-ends were added into the tube and incubated 
for 90 min. During this period the hybridization chain reaction (HCR) 
was triggered by the sticky-ends of the C1-C2 complex (bases of C2 
marked in bold in Table S1) on the L1/L2 and then the H1-H2 DNA 
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concatamers containing numerous ROX molecules were formed. At this 
point, the cascade enzyme-free signal amplification strategy of LCHA 
and HCR was achieved. 

In the second step, the final solution in first step was dropped in the 
wells (20 μL per well) on the AgNRs array substrate and incubated at 
25 ◦C for 3 h in order to immobilize the DNA concatamers-decorated L1/ 
L2 onto the AgNRs by the strong Ag-S covalent bonds. After TM buffer 
washing, the nonspecifically adsorbed DNAs were removed by adding 
20 μL of 1 mM MCH into the well and incubating for 10 min. The DNA 
concatamers-immobilized AgNRs array substrate (i.e., the magnified 
sketch map shown in Scheme 1) was obtain after water washing and the 

SERS measurements were then performed after air-drying of the 
substrate. 

To illustrate the advantages of the cascade signal amplification 
strategy of LCHA and HCR, the SERS assays of 10 nM DENV by three 
types of signal amplification strategies were investigated, i.e., individual 
CHA (without the local effect), individual LCHA, and the cascade signal 
amplification strategy of LCHA and HCR. Both the individual CHA and 
LCHA were performed in the absence of H1 and H2 (i.e., HCR). For 
LCHA-based SERS sensing, the protocol was the same as the proposed 
cascade signal amplification strategy but without the HCR. For CHA- 
based SERS sensing, the performance was different from the LCHA 

Scheme 1. Schematic illustration of SERS assay of DENV gene via a cascade enzyme-free signal amplification strategy of localized catalytic hairpin assembly (LCHA) 
and hybridization chain reaction (HCR). 

Fig. 1. PAGE characterizations of the CHA, 
HCR and cascade signal amplification strategy 
of LCHA and HCR. (a) Electrophoretic pattern 
of the CHA characterization (10 % PAGE). Lane 
1: DNEV; lane 2: C1; lane 3: C2; lane 4: 
C1 + DENV; lane 5: C2 + DENV; lane 6: 
C1 + C2; lane 7: C1 + C2 +DENV; lane 8: 
C1 + C2 + DENV (0.5 times); lane 9: 
C1 + C2 + DENV (0.1 times). (b) Electropho-
retic pattern of the HCR characterization (10 % 
PAGE). Lane 1: T-C2; lane 2: H1; lane 3: H2; 
lane 4: H1 + T-C2; lane 5: H2 + T-C2; lane 6: 
H1 +H2; lane 7: H1 + H2 + T-C2; lane 8: 
H1 +H2 + T-C2 (0.5 times); lane 9: H1 +H2 +
T-C2 (0.1 times). (c) Electrophoretic pattern of 
the cascade signal amplification strategy of 
LCHA and HCR (8 % PAGE). Marker (20-500 
bp); lane 1: L1; lane 2: L2; lane 3: L1 + L2; lane 
4: L1 + L2+C1; lane 5: L1 + L2+C1+C2; lane 6: 
L1 + L2+C1+C2+DENV; lane 7: 
L1 + L2+C1+C2+H1+H2+DENV; lane 8: 
L1 + L2+C1+C2+H1+H2; lane 9: DENV.   
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introduced in the experimental section, i.e., without the usage of L1/L2. 
Briefly, 10 nM DENV were incubated with the mixture including 
equivalent amounts (10 μM, 2 μL) of thiol-modified C1 (C1-SH) and 
ROX-labeled C2 at 25 ◦C for 150 min to achieve the CHA, and then the 
C1-C2 complexes in the final solution (20 μL) were transferred in a well 
on the AgNRs array substrate. After the same MCH blocking, the SERS 
measurements were performed. 

3. Results and discussion 

3.1. Characterization of the cascade signal amplification strategy 

The feasibility of the cascade signal amplification strategy was 
characterized by the PAGE. The catalytic hairpin assembly (CHA) of C1 
and C2 in the presence of DENV was characterized first and the elec-
trophoretic pattern is shown in Fig. 1a. The electrophoretic stripes of 
individual DNEV, C1 and C2 are shown in the lanes 1–3, respectively. 
When C1 was incubated with DENV (C1 +DENV in lane 4), a bright strip 
can be observed with a much lower migration rate than the single 
strands of C1 and DENV in lanes 1 and 2 respectively, indicating the 
formation of the DENV-C1 complex. In contrast, the mixture of C2 and 
DENV in lane 5 (C2 +DENV) shows two distinct strips similarly as the 
two strips in lanes 1 and 3, which means C2 cannot hybridize with DENV 
directly. The two obvious strips belonging to C1 and C2 respectively 
shown in lane 6 (C1 + C2) indicate that the hairpin C1 almost did not 
hybridize with the hairpin C2. Compared to lane 6, lane 7 
(C1 + C2 +DENV) including the mixture of equivalent amounts of 
DENV, C1 and C2 illustrates that the DENV triggered the hybridization 
between C1 and C2 and simultaneously released DENV by referencing 
the strip shown in lane 1. The distinct strip of C1-C2 complex is also 
observed from lane 8 or lane 9 by adding 0.5 times or 0.1 times DENV 
relative to the amount of DENV in lane 7. The results show in lanes 7–9 
indicate the effective CHA of C1 and C2 triggered by DENV. Fig. 1b 
shows the electrophoretic pattern of HCR characterization. In order to 
imitate the trigger of HCR by the sticky-end of the C1-C2 complex, a 
specially designed T-C2 including the same sticky-end was used to 
characterize the feasibility of HCR. The lanes 1–3 present the electro-
phoretic strips of T-C2, H1 and H2, respectively. The lanes 4 and 5 
indicate that the T-C2 can hybridize with H1 rather than H2. The lane 6 
demonstrates that the hairpin H1 almost did not hybridize with the 
hairpin H2. The HCR strips shown in lanes 7–9 indicate the efficient 
performance of HCR, which is similar as the lanes 7–9 of CHA shown in 
Fig. 1a. Therefore, the PAGE characterizations confirm the feasibility 
and high-efficiency of the CHA and HCR. Fig. 1c shows the electro-
phoretic pattern of the cascade signal amplification. The lanes 1 and 2 
present the single electrophoretic stripes of L1 and L2, respectively, and 
the mixture of L1 and L2 (L1/L2) in lane 3 exhibits a clear stripe with a 

lower migration rate relative to individual L1 or L2, which indicates the 
formation of the L1-L2 double-stranded DNAs (i.e., DNA skeleton), and 
the obvious stipe in the sample injection port means some DNA skeletons 
with large structures were also formed. The slowly moved stipe in lane 4 
(L1 + L2+C1) of the mixture of C1 and L1/L2 illustrates the load of C1 
on the L1/L2. The mixture of L1/L2, C1 and C2 in lane 5 
(L1 + L2+C1+C2) shows two obvious strips belonging to L1 + L2+C1 
and C2 respectively, indicating that C2 almost did not hybridize with the 
C1 loaded on L1/L2. Once the mixture of L1 + L2+C1 and C2 was 
incubated with DENV, the bright strip in lane 6 
(L1 + L2+C1+C2+DENV) demonstrates the occurrence of LCHA reac-
tion and the weak strip with the same position of DENV in lane 9 in-
dicates the release of DENV during the LCHA reaction. The following 
cascaded HCR in lane 7 (L1 + L2+C1+C2+H1+H2+DENV) shows the 
successful operation of HCR by comparing to the mixture 
(L1 + L2+C1+C2+H1+H2) in lane 8 without DENV. 

The feasibility of the sensing strategy was also characterized by SERS 
detections and the advantage of the proposed cascade signal amplifi-
cation strategy was investigated. Fig. 2 shows the SERS assays of 10 nM 
DENV by three types of signal amplification strategies, i.e., CHA, LCHA, 
and the cascade signal amplification strategy of LCHA and HCR 
(LCHA +HCR), respectively. Both the CHA and LCHA were performed 
in the absence of H1 and H2 (i.e., HCR). Fig. 2a shows the SERS spectra 
collected from the assays of DENV and blank control (without any 
DENV, i.e., TM buffer) by the three amplification strategies, respec-
tively. The corresponding peak intensities at 1503 cm− 1 were plotted in 
Fig. 2b. The SERS intensity of LCHA assay is about 2.8 times (ILCHA/ICHA) 
that of CHA, and the intensity of the cascade signal amplification 
strategy of LCHA and HCR is about 1.6 times (ILCHA+HCR/ILCHA) that of 
LCHA strategy. Totally, the SERS intensity of the cascade signal ampli-
fication strategy of LCHA and HCR (i.e., LCHA +HCR) is significantly 
amplified, which is 4.5 times that of CHA. Meanwhile, the signal-to- 
noise ratio (S/N, IDENV/Iblank) of the cascade signal amplification strat-
egy (S/N = 5.4) is also improved relative to the ones of the individual 
CHA (S/N = 1.8) or LCHA (S/N = 5.0) assay. These results clearly 
demonstrate that the cascade amplification strategy of LCHA and HCR is 
beneficial for highly sensitive detection. 

3.2. Optimization of MCH blocking 

To avoid the unspecific absorption and minimize the background, 
MCH was used to block the AgNRs array substrate and remove the 
physically adsorbed DNAs. The MCH blocking was optimized by using 
20 μL of 10 mM, 1 mM, 100 μM and 10 μM MCH for 10 min, respectively, 
and the corresponding SERS spectra collected from the assays of 1 nM 
DENV and blank were shown in Fig. 3a. The SERS intensities gradually 
decreased with the increase of MCH concentration, since the high 

Fig. 2. SERS assays of 10 nM DENV by three types of signal amplification strategies, i.e., CHA, LCHA, and the cascade amplification strategy of LCHA and HCR. (a) 
SERS spectra. (b) SERS intensities at 1503 cm− 1 corresponding to the SERS spectra shown in (a). 
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concentration of MCH not only removed the physically adsorbed DNAs 
but also replaced the Ag-S covalently bound DNAs. The S/N of the assays 
using the different MCH concentrations were analyzed and plotted in 
Fig. 3b. The S/N value by using 1 mM MCH is 5.06, which was the 
highest value with respect to the other three MCH blockings. Therefore, 
the 1 mM MCH was the optimal blocking concentration to obtain the 
optimal sensitivity. 

3.3. Calibration curve and limit of detection 

The calibration curve of the SERS assay was built by testing different 
concentrations of DENV, i.e., 0 (TM buffer as blank control), 1 fM, 10 fM, 
100 fM, 1 pM, 10 pM, 100 pM, 1 nM, and 10 nM, respectively. Fig. 4a 
shows the concentration-dependent SERS spectra of the assays, and the 
SERS signal at 1503 cm− 1 increases gradually with the increasing con-
centration of DENV as plotted in Fig. 4b. The corresponding linear 
relationship between SERS intensity (I1503) and the logarithm of DENV 
concentration (CDENV) was also obtained from 1 fM to 10 nM, i.e., 
I1503 = 511× Log CDENV + 8808 (R2 = 0.996), and the limit of detection 
(LOD) was calculated to be 0.49 fM (S/N = 3). The proposed SERS 
sensing strategy possesses a wider detection range and lower LOD for 
DENV gene relative to the previous reported assays of virus genes 
(Table S2), which exhibits significant advantage for DENV gene 
detection. 

3.4. Specificity, uniformity and repeatability of SERS assay 

The specificity of the SERS assay via the cascade signal amplification 

strategy of LCHA and HCR was investigated by testing 1 nM DENV, TM 
buffer (blank) and 10 nM mismatched DNAs including single-base mis-
matched (M1), double-base mismatched (M2) and three-base mis-
matched (M3) DNAs, respectively. As shown in Figs. 5a and S2, the SERS 
sensing can obviously distinguish the DENV from the blank and the three 
types of mismatched DNAs, which confirms the good specificity of the 
proposed sensing strategy. The uniformity of the SERS sensing was 
investigated by detecting 1 nM DENV and collecting the SERS signals 
from 50 random spots. Fig. 5b plots the corresponding SERS intensities 
at 1503 cm− 1 which shows a small variation with a relative standard 
deviation (RSD) of 8.78 %, indicating that the proposed SERS sensing 
has good uniformity. The repeatability of the SERS sensing was char-
acterized by testing 1 nM DENV and blank control using five batches of 
SERS substrates. The SERS intensities at 1503 cm− 1 collected from the 
five SERS substrates are plotted in Fig. 5c, and the small RSDs of the 
assays of DENV (3.44 %) and blank control (6.70 %) confirm the good 
repeatability of the SERS assay. 

3.5. Recovery of the SERS assay of DENV 

In order to characterize the reliability and reproducibility of the 
proposed SERS assay, the recovery was investigated by testing the 
artificially prepared DENV gene solutions with four different concen-
trations (Table 1). By carrying out three parallel detections of each 
sample, the found values and the corresponding recoveries are shown in 
Table 1. The recovery ranges from 93.10–114.0% with the RSDs less 
than 4.62 %, which indicates that the proposed SERS strategy of the 
cascade signal amplification of LCHA and HCR shows good reliability 

Fig. 3. Optimization of MCH blocking. (a) SERS spectra of the assays of 1 nM DENV or TM buffer (blank) by using 10 mM, 1 mM, 100 μM and10 μM MCH blocking, 
respectively. (b) SERS intensities at 1503 cm− 1 corresponding to the spectra shown in (a). 

Fig. 4. Calibration curve of the SERS assay of DENV. (a) Concentration-dependent SERS spectra. (b) Plot of the SERS intensities at 1503 cm− 1 corresponding to the 
spectra shown in (a) (n = 10), and the fitted linear calibration curve. 
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and reproducibility for DENV gene detection. 

4. Conclusions 

A highly sensitive SERS assay via a cascade enzyme-free signal 
amplification strategy of LCHA and HCR was proposed for the detection 
of DENV gene fragment. The SERS assay was performed by two steps, i. 
e., the operation of a specially designed cascade enzyme-free signal 
amplification strategy of LCHA and HCR, and the following SERS mea-
surements by transferring the HCR products on SERS-active AgNRs array 
substrates with optimal MCH blocking. The well operation of signal 
amplification strategies is confirmed by electrophoresis, and the optimal 
MCH blocking is 1 mM. The SERS assays indicate that the sensitivity of 
LCHA assay is about 2.8 times that of CHA, and the sensitivity of the 
cascade signal amplification strategy of LCHA and HCR is significantly 
amplified, which is 4.5 times that of CHA. Besides, the S/N is also 
improved to 5.4 relative to 1.8 of the individual CHA. The proposed 
SERS sensing strategy for DENV gene detection possesses a linear cali-
bration curve from 1 fM to 10 nM with the LOD low to 0.49 fM. The SERS 
assay has good specificity, uniformity, repeatability and reliability, 
which can provide an attractive tool for reliable, early diagnosis of 
DENV gene and is worth to be popularized in a wide detection of other 
viruses. 
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