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a b s t r a c t

Natural enzymes, such as horseradish peroxidase (HRP), are a class of important biocatalysts with the

high specificity, but their catalytic efficiency is usually unsatisfactory. Thus, the higher catalytic efficiency

induced by the confinement effect is promising in optical sensing systems. In this work, a dark-field

light scattering sensing platform was fabricated by the confinement effect of HRP from hybridization

chain reaction (HCR) and then released to solution by the toehold-mediated strand displacement reaction

(TSDR). Then, HRP catalyzed the 3,3′ ,5,5′-tetramethylbenzidine (TMB) to TMB2+ with the assistance of

hydrogen peroxide, which etched the gold nanorods (AuNRs) with the weakened light scattering. The

single-particle assay was established based on the decreased light scattering intensity of AuNRs under

dark-field microscope. The proposed assay revealed excellent analytical performance within a linear range

from 25pmol/L to 600pmol/L, and a low limit of detection of 3.12pmol/L. Additionally, it also manifested

satisfactory recovery of miRNA-21 in human serum samples. The high sensitivity, excellent specificity, and

universal applicability make this sensing platform promising for disease diagnosis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

MicroRNAs (miRNAs), as an important gene family that perform

gene functions but do not encode proteins, guide RNA-induced si-

lencing complex to specific messenger RNAs (mRNAs) to degrade

or repress translation of mRNAs [1,2]. A complex regulatory net-

work exists between miRNAs and their target genes [3], which is

involved in abundant biological processes. The abnormal expres-

sion of miRNAs is associated with a large number of human dis-

eases, especially cancers [4,5]. Therefore, the detection of miRNAs

is essential for biological function research and disease diagnosis

[6]. However, it is challenging due to the high sequence similar-

ity [7] and low abundance [8] of miRNAs. Accordingly, it is highly

desirable to develop sensitive and accurate sensing platforms for

miRNAs detection [9,10].

So far, a variety of methods have been developed for miRNAs

sensing, including colorimetry [11], fluorescence [12], electro-

chemistry [13], electrochemiluminescence (ECL) [14] and photo-

electrochemistry (PEC) [15,16]. Colorimetry and fluorescence are
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convenient and rapid, but suffer from the poor sensitivity or sta-

bility, so signal amplification strategies are required [17–19]; elec-

trochemistry, ECL and PEC are highly sensitive, but the electrode

modification is complicated. Compared with the traditional analyt-

ical assays, dark-field microscopic (DFM) imaging technology offers

many advantages, including low background and high sensitivity

[20,21] due to the great spatial resolution [22], which has been

received the widespread attention in the sensitive detection of

microRNAs [23–25].

Usually, the noble metal nanoparticles with localized surface

plasmon resonance (LSPR) are widely employed as optical probes

because of the excellent high scattering efficiency [22,26]. No-

tably, the dark-field light scattering of nanoprobes is morphology-

dependent, which can be effectively adjusted by etching [27],

growth [28], assembly [29,30] and disassembly [31]. Especially, the

asymmetrical etching of anisotropic nanomaterials is an available

way to regulate the dark-field light scattering [32], which is able

to avoid the false result induced by the aggregation. However, the

effectively chemical etching of gold nanomaterials by H2O2 [33] or

3,3′,5,5′-tetramethylbenzidine (TMB) [34], is limited, which needs

the enhancer to improve the etching efficiency. For example, our
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Scheme 1. The sensitive and selective sensing platform for miRNA-21 by the HCR

and TSDR strategies under the dark-field light scattering microscope.

group improved the etching efficiency of H2O2 with Fe3+ and KI

[33]. Meanwhile, TMB is usually catalyzed by horseradish peroxi-

dase (HRP) and acid to TMB2+ to enhance the etching efficiency

[35]. Furthermore, it has been found that TMB2+ is provided with

a stronger etching efficiency than •OH produced by H2O2 due to

the longer lifetime [34]. However, the catalytic efficiency of single

HRP for TMB is not strong enough, which needs to further improve

to catalyze TMB to TMB2+ to etch gold nanomaterials. For exam-

ple, Xu’s group encapsulated HRP with liposomes to improve the

catalytic efficiency of HRP for TMB to achieve the colorimetric de-

tection of telomerase activity based on the effective etching of gold

nanobipyramids [36].

In this work, HRP was modified on DNA strands, which was

further confined by a hybridization chain reaction (HCR) [37,38]

to improve the catalytic efficiency of HRP to further catalyze TMB

to TMB2+ to etch gold nanorods (AuNRs). Thus, a sensitive sens-

ing platform for miRNA-21 detection was constructed based on

HCR-mediated confinement effect of HRP. When in the presence

of miRNA-21, HRP was released into solution via toehold-mediated

strand displacement reaction (TSDR) (Scheme 1), leading to the ef-

fective etching of AuNRs with the weaker light scattering under

DFM.

For the sensing platform, the construction of MBs-DNA-HRP

complexes was essential. Herein, the DNA1-DNA2 hybrid strands

were modified onto streptavidin magnetic beads (SA-MBs) by the

specific biorecognition between biotin and streptavidin [39]. The 3′
end of DNA2 was complementary to a portion of H1, while H1 was

also partially complementary to H2, so DNA2 could trigger HCR

when H1 and H2 were present simultaneously. SA-HRP was like-

wise modified to the HCR product by the specific biorecognition

between biotin and streptavidin. Owing to HCR, a higher amount

of HRP was able to attach to the MBs-DNA, leading to a confine-

ment effect to improve the catalytic efficiency of HRP. Moreover,

the 3′ end of DNA1 was complementary to the target miRNA-21,

so the HCR product modified with HRP would be displaced in the

presence of miRNA-21. In contrast, the 5′ end of DNA1 was com-

plementary to the fuel DNA, thus the fuel DNA was able to displace

and assist the cycling of miRNA-21 by TSDR [23,40], leading to

the signal amplification for the sensitive detection and endow the

sensing platform with high specificity by magnetic separation. Fur-

thermore, the magnetic separation facilitated the separation and

collection of the released HRP. While HRP could catalyze TMB to

blue TMB+ with the assistance of H2O2, and it would transform

into yellow TMB2+ under acidic condition, which was able to etch

AuNRs effectively [41]. The chemical etching led to the decrease in

scattering intensity of AuNRs under DFM, which could be devel-

oped for the sensitive and specific detection of miRNA-21.

Feasibility of TMB2+-mediated etching reaction was examined

firstly. The as-prepared AuNRs exhibited strong longitudinal lo-

calized surface plasmon resonance at 667nm and weak transver-

sal localized surface plasmon resonance at 525nm (Fig. 1A), cor-

responding to the longitudinal and transversal electron oscilla-

tion, respectively [42]. In the scanning electron microscope (SEM)

images, AuNRs were uniform with a length of about 90nm

(Fig. 1B). Under DFM, AuNRs presented the strong red light scat-

tering (Fig. 1C), which could be developed as the excellent optical

probe for sensitive detection of biomarkers. It has been reported

that TMB2+ is a powerful etchant for AuNRs, leading to the re-

markable changes in the morphological and optical features, which

is advantageous to develop the sensitive sensing platforms [34]. As

expected, the characteristic absorbance of TMB2+ at 450nm was

gradually enhanced with the increasing HRP activity (Fig. S1A in

Supporting information), which led to a gradual decrease in light

scattering intensity of AuNRs (Fig. S2B in Supporting information),

confirming the feasibility of TMB2+-mediated chemical etching of

AuNRs.

Polyacrylamide gel electrophoresis (PAGE) was used for the ver-

ification of HCR (Fig. 2A). All the DNA single-strands (DNA1 in lane

2, DNA2 in lane 3, H1 in lane 5 and H2 in lane 6) matched their

molecular weights, and when DNA1 (lane 2) was incubated with

DNA2 (lane 3), a strand with higher molecular weight was formed

(lane 4), suggesting the hybridization of DNA1 and DNA2. If there

was no trigger strand but only H1 and H2 were present, no strand

with high molecular weight was found, suggesting that HCR prod-

uct was not formed without trigger strand (lane 7). However, when

DNA1-DNA2 was co-incubated with H1 and H2, HCR was triggered,

which clearly presented a new band with much higher molecular

weights (lane 8).

In addition, atomic force microscope (AFM) was applied to

demonstrate the successful formation of HCR products. In the ab-

sence of the trigger strands, H1 and H2 could not react and there

were only dispersed H1 and H2, so only a few of small and bright

fragments were visible in the AFM image (Fig. 2B). While in the

presence of the trigger strands, H1 and H2 could undergo the hy-

bridization chain reaction to form long DNA products, so in ad-

dition to the small and bright fragments, the long chain prod-

ucts could also be clearly observed in the AFM image (Fig. 2C).

The above results indicated the successful formation of HCR prod-

ucts, which supplied the possibility of confinement effect and sig-

nal amplification.

On the other hand, TSDR played the important role in sig-

nal amplification and the high specificity, which was verified with

PAGE (Fig. S2 in Supporting information). Lane 1 was DNA marker,

and lanes 2–5 with low molecular weights corresponded to DNA1,

DNA2, miRNA-21 and fuel DNA, respectively. MiRNA-21 could suc-

cessfully open the DNA1-DNA2 hybrid strand and release DNA2

(lane 9). In contrast, the fuel DNA could hardly open the DNA1-

DNA2 hybrid strands (lane 10). However, when DNA1-DNA2 hybrid

strands were co-incubated with miRNA-21 and fuel DNA, the band

of DNA1-DNA2 completely disappeared and the band attributed to

miRNA-21 appeared (lane 11), indicating that the fuel DNA was in-

deed able to assist the cycling of miRNA-21 by TSDR for signal am-

plification.

After feasibility validation was completed, MBs-DNA-HRP com-

plexes were constructed. The success of the construction could be

verified by measuring the zeta potential of the products at each

step (Fig. 3). The SA-MBs were the products of chemically immo-

bilizing streptavidin onto magnetic microspheres, endowing them

with negative charge. The zeta potential was decreased after the

modification of DNA1-DNA2 on SA-MBs, and then continued to de-

crease after the formation of HCR products, and finally decreased

to the lowest after the modification of SA-HRP, indicating the suc-

cessful construction of MBs-DNA-HRP complexes.
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Fig. 1. Characterization of AuNRs. (A) UV–vis absorption spectrum of AuNRs. (B) SEM image of AuNRs. (C) Dark-field microscopic imaging of AuNRs.

Fig. 2. Verification of HCR. (A) PAGE analysis of HCR. Lane 1, DNA marker; lane 2, DNA1; lane 3, DNA2; lane 4, DNA1+DNA2; lane 5, H1; lane 6, H2; lane 7, H1+H2; lane

8, DNA1+DNA2+H1+H2. The concentrations of all nucleic acid sequences were 1 μmol/L except that H1 and H2 were 4 μmol/L. The 12% PAGE was operated at 120V for

60min. (B) AFM image of HCR products in the absence of DNA1-DNA2. (C) AFM image of HCR products in the presence of DNA1-DNA2. Conditions: DNA1-DNA2, 48nmol/L;

H1, 210nmol/L; H2, 210nmol/L; time of HCR, 4 h.

Fig. 3. Characterization of MBs-DNA-HRP complexes. Zeta potential of SA-MBs, SA-

MBs modified DNA1-DNA2, SA-MBs modified H1 and H2 and SA-MBs modified SA-

HRP. Conditions: SA-MBs, 0.17mg/mL; DNA1-DNA2, 48nmol/L; poly-T, 130nmol/L;

H1, 210nmol/L; H2, 210nmol/L; time of HCR, 4 h; SA-HRP, 13 μL.

In order to achieve the optimal analytical performance, some

important factors in this work were investigated. DNA1-DNA2

complex was critical for the variation of the scattering intensity

of AuNRs since it was acted as the initiator of HCR and the aim of

TSDR. When the concentration of DNA1-DNA2 complex was low,

it failed to form a large number of HCR products for the confine-

ment effect, while the too high DNA1-DNA2 concentration resulted

in large steric hindrance of TSDR. The result confirmed that the

optimal concentration of DNA1-DNA2 was 48nmol/L (Fig. S3A in

Supporting information). Moreover, poly-T was designed to satiate

the excess streptavidin sites on MBs, while too much poly-T would

compete with DNA1-DNA2, so 130nmol/L of poly-T was chosen for

the following work (Fig. S3B in Supporting information). In order to

form more HCR products, sufficient H1 and H2, as well as adequate

reaction time were necessary, so 210nmol/L of H1 and H2 and 4h

of reaction time were optimal (Figs. S3C and D in Supporting infor-

mation). In addition, the sufficient SA-HRP allowed the HCR prod-

ucts to be fully modified for sufficiently etching of AuNRs, while

too much SA-HRP led to a high background, so 13 μL of SA-HRP

was appropriate (Fig. S3E in Supporting information). The concen-

tration of fuel DNA and the duration of TSDR were essential for

signal amplification. Low concentration and short time were not

conducive to target cycling, while too high concentration or long

time might lead to false positive results. As a result, 200nmol/L of

fuel DNA and 60min of reaction time were optimal (Figs. S3F and

G in Supporting information).

Under the optimal experimental conditions, the scattering in-

tensity of AuNRs gradually decreased as increasing concentration

of miRNA-21 (Fig. 4A) due to the chemical etching of AuNRs. The

SEM images showed the transversal length of AuNRs was short-

ened (Fig. S4 in Supporting information), leading to the weakened

light scattering (�I). This method showed a good linear relation-

ship range from 25pmol/L to 600pmol/L (Fig. 4B), which could be

expressed as �I=112.1 cmiRNA-21 +3471 (R2 =0.9986) and the limit

of detection (LOD) was 3.12pmol/L, presenting an equal or even

higher sensitivity compared with some previously reported meth-

ods for miRNA-21 detection (Table S2 in Supporting information).

Due to the high sequence similarity and low abundance of

miRNAs, selectivity and anti-interference ability were evaluated to

verify the specificity and accuracy of miRNA-21 detection. The mis-

matched sequences of miRNA-21 were employed to evaluate the

selectivity and anti-interference ability. Even if the concentration

of each mismatched nucleic acid was 10 times higher than that

of miRNA-21, the decrease in scattering intensity of AuNRs was

not significant (Fig. 4C), suggesting the high specificity of miRNA-

21 detection. Besides, the simultaneous presence of miRNA-21 and

mismatched nucleic acids also hardly affected the scattering inten-

sity of AuNRs (Fig. S5 in Supporting information), suggesting the

excellent specificity and accuracy of the assay.

In order to validate the performance of the developed sens-

ing platform for detecting miRNA-21 in practical samples, hu-

man serum samples containing miRNA-21 were employed. Dif-

ferent concentrations of miRNA-21 (100pmol/L, 300pmol/L and

500pmol/L) were added to human serum samples for recovery

test. The recoveries ranged from 99.46% to 101.66% (Table 1),

demonstrating the potential of this sensing platform for disease di-

agnosis.

In this work, the sensitivity was improved by the single-particle

analytical technique and the dual signal amplification strategies,

including the HCR and TSDR. Especially, the confinement effect

from HCR played the key role in sensitivity improvement. To
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Fig. 4. Analytical performance of miRNA-21. (A) Dark-field microscopic imaging of AuNRs at various concentrations of miRNA-21. (B) Linear relationship between the variation

of scattering intensity and the concentration of miRNA-21. (C) Selectivity of the proposed assay. Conditions: MBs, 0.17mg/mL; DNA1-DNA2, 48nmol/L; poly-T, 130nmol/L;

H1, 210nmol/L; H2, 210nmol/L; time of HCR, 4 h; SA-HRP, 13 μL; fuel DNA, 200nmol/L; time of TSDR, 60min; miRNA-21, 500pmol/L; mismatched nucleic acids, 5 nmol/L;

H2O2, 1mmol/L; TMB 1mmol/L; hydrochloric acid, 0.1mol/L; AuNRs, 125pmol/L.

Fig. 5. Comparison of sensitivity. (A) Variation of scattering intensity in the absence of HCR signal amplification strategy. (B) Linearity of the method in the absence of TSDR

signal amplification strategy. (C) Linearity of the colorimetry based on TMB2+ . Conditions: MBs, 0.17mg/mL; DNA1-DNA2, 48nmol/L; poly-T, 130nmol/L; H1, 210nmol/L; H2,

210nmol/L; time of HCR, 4 h; SA-HRP, 13 μL; fuel DNA, 200nmol/L; time of TSDR, 60min; H2O2, 1mmol/L; TMB 1mmol/L; hydrochloric acid, 0.1mol/L; AuNRs, 125pmol/L.

Table 1

Determination of miRNA-21 in human serum samples.

Samples Added

(pmol/L)

Average found

(pmol/L)

Average

recovery

RSD

(n=3)

1 100.00 101.66 101.66% 0.33%

2 300.00 298.39 99.46% 1.01%

3 500.00 501.52 100.30% 3.04%

demonstrate the confinement effect contribution from HCR, the

sensitivity was compared. Remarkably, when in the absence of

H2, HCR product could not be formed, leading to a weak de-

crease in scattering intensity of AuNRs even though the concen-

tration of miRNA-21 was as high as 4 μmol/L, regardless of the

TSDR signal amplification strategy was introduced or not (Fig. 5A).

However, when HCR was introduced, the weakened light scatting

(�I) was much higher than that without HCR even if the concen-

tration was much lower than 4 μmol/L (Fig. 4B). It highly sug-

gested that the confinement effect contribution from HCR played

key role in improving the sensitivity for miRNA-21 sensing, which

was functioned as one of signal amplification strategies. Further-

more, TSDR signal amplification strategy was not induced if fuel

DNA was absent, leading to a low sensitivity in a linear range

from 200pmol/L to 2400pmol/L (Fig. 5B), which could be ex-

pressed as �I=30.12cmiRNA-21 −121.6 (R2 =0.9959) and the LOD

was 17.53pmol/L. The above results fully demonstrated that both

HCR and TSDR were effective for improving the sensitivity. Ad-

ditionally, TSDR strategy released HCR-confined HRP to the so-

lution in the presence of microRNA-21 and then to further im-

prove to catalyze TMB to TMB2+ to etch gold nanomaterials,

which endowed the sensing platform with the high specificity.

Moreover, instead of dark-field microscopic imaging technology,

colorimetry based on TMB2+ was also considered. The variation

of absorbance (�Abs) showed a linear relationship range from

0.25nmol/L to 4nmol/L (Fig. 5C), which could be expressed as

�Abs=0.1221cmiRNA-21 +0.04305 (R2 =0.9949) and the LOD was

0.15nmol/L. It was evident that the sensitivity of the single-particle

dark-field light scattering technique was superior compared with
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the colorimetry. In brief, the integration of two signal amplifica-

tion strategies and the application of dark-field microscopic imag-

ing technology jointly improved the sensitivity of this proposed

assay.

In summary, a sensitive and accurate sensing platform for

detecting miRNA-21 was constructed based on a single-particle

dark-field light scattering technique and dual signal amplification

strategy. HCR allowed more SA-HRP to be modified to MBs-DNA,

leading to a remarkable confinement effect for enhancing the sen-

sitivity, while TSDR assisted the cycling of miRNA-21 and endowed

the sensing platform with the high specificity. In addition, the ap-

plication of dark-field microscopic imaging technology enabled the

assay with more sensitive result than colorimetry. Moreover, the

employment of magnetic separation made the separation of DNA

extremely simple and efficient to avoid the false result. Besides, the

nucleic acid sequences can be adjusted for the analysis of other nu-

cleic acid biomarkers, which is universally applicable. In one word,

the high sensitivity, excellent specificity, and universal applicability

enable this sensing platform promising for disease diagnosis.
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