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Establishment of a universal and sensitive
plasmonic biosensor platform based on the
hybridization chain reaction (HCR) amplification
induced by a triple-helix molecular switch+t
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Herein, we established a universal and sensitive plasmonic sensing strategy for biomolecule assays by
coupling the hybridization chain reaction (HCR) strategy and a triple-helix molecular switch. Upon the
recognition of the target, a single-stranded DNA as a universal trigger (UT) was released from the triple-
helix molecular switch (THMS). Thus, the HCR process can be triggered between two hairpins M1 and M2,
resulting in the aggregation of gold nanoparticles (AuNPs) via the hybridization between the tail sequence
on M1 (or M2) and a DNA-AuUNP probe with a dramatic change in the absorbance at 521 nm. More
specifically, the strategy, which was conducted by the introduction of target-specific recognition of
THMS and universalized by virtue of altering the aptamer or DNA sequence without changing the triple-
helix structure, enables simple design for multiple target detection. By taking advantage of THMS, this
strategy could enable stable and sensitive detection of a variety of targets including nucleic acids, small
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Introduction

Changes in the levels of a variety of biomolecules (for instance,
proteins and nucleic acids) frequently serve as a basis for the
establishment of biomarkers associated with the onset and
progression of many diseases, such as cancer.' Therefore,
the construction of effective strategies and probes that allow
the sensitive and reliable detection of biomarkers is vastly
demanded for early disease diagnosis and further prognostic
evaluation. Nevertheless, to the best of our knowledge, the
concentration of these relevant biomarkers is usually low,"
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molecules and proteins, which may possess great potential for practical applications.

which makes their simple, sensitive, and cost-effective detec-
tion still challenging.

Over the past decades, a broad range of approaches such as
western  blotting,>® enzyme-linked immunosorbent assay
(ELISA),”® mass spectrometry,”'® microarrays,'"'* and electro-
chemical and photoelectrochemical methods™ ™ have been
proposed for the highly sensitive detection of biomarkers.
Meanwhile, some optical methods (fluorescent or colorimetric
assays),>*>*  chemiluminescence method,>* electrochemi-
luminescence (ECL) method,> Raman microspectroscopy and
surface plasmon resonance (SPR)**>® have also been developed
to detect a number of biomarkers. However, some of these tech-
niques are usually time-consuming, may require expensive
instrumentation and professional personnel and/or lack
sufficient sensitivity, therefore restricting their applications
towards rapid and sensitive biomarker detection. Due to the
broad range of disease-related biomarkers, universal applica-
bility is another essential requirement for the effective develop-
ment of sensitive platforms. In this case, the detection of
different analytes can be implemented by employing similar
working principles and if possible limited modifications.
Therefore, a convenient, universal and reliable method for
detecting multiple biomarkers is still an urgent need and a chal-
lenging step for most platforms of biomarker identification.

Strategies involving nucleic acid-based signal amplification
have currently gained comprehensive attention towards bio-
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sensor applications, and these include rolling cycle amplifica-
tion (RCA),*® catalytic hairpin assembly (CHA),*® strand displa-
cement amplification (SDA),>** hybridization chain reaction
(HCR)**** and cyclic enzymatic amplification (CEA).>> Among
these strategies, HCR involves a cascade of hybridization reac-
tions triggered by initiators or target molecules in an enzyme-
free environment at room temperature.>® Due to its enzyme-
free features, autonomous protocol and efficient isothermal
amplification capability, HCR has been extensively utilized in
the fields of bioanalysis and bioimaging. More recently, He
and co-workers also reported a novel HCR-based strategy for
virus detection.*® In addition, Yang and colleagues developed
an HCR-based ratiometric biosensor for the ultrasensitive
detection of microRNA-133a.*” In consideration of these puta-
tive advantages, the HCR amplification strategy appears to be
the ideal platform for signal amplification in biomarker
sensing and quantification.

In the past decades, nucleic acid triplex (NAT) structures
have attracted considerable attention due to some advantages
including simplified synthesis, convenient modification and
high stability.*® Traditionally, NAT is constructed by binding a
third DNA strand to a double-helical DNA via Hoogsteen
hydrogen bonds. As an important component of the DNA
nanotechnology toolbox, NAT has evolved as a powerful tool
for numerous applications in the fields of bioimaging,* drug
delivery and biosensing.’®*" The incorporation of a third DNA
strand into the stem of molecular beacons to further form a
triple-helix molecular switch (THMS) structure is an alternative
strategy for the construction of biosensors. For instance, Li
and coworkers have constructed a THMS-based bioanalytical
platform for the highly sensitive and homogeneous electro-
chemical detection of melamine.** More recently, Liu and co-
workers have also developed an electrochemical strategy
coupled with THMS for the detection of tetracyclines.”?
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Fig. 1 Schematic of the design strategy for the plasmonic detection of
targets based on the hybridization chain reaction amplification and the
assembly of gold nanoparticles.
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Considering the aforementioned aspects, here, we have pre-
sented a plasmonic strategy based on the aggregation of gold
nanoparticles (AuNPs) coupled with THMS and HCR for the
development of a sensitive assay for a broad range of targets.
Thrombin (Tmb), adenosine triphosphate (ATP), and
miRNA-21 were selected as the prototypical targets. As illus-
trated in Fig. 1, the unique structured THMS is prepared as
follows: (i) a target-specific aptamer or DNA sequence served
as the loop, (ii) two DNA segments flanked as the stems, and
(iii) a DNA trigger matched simultaneously with the two
respective stems. In the presence of a biomolecular target, the
formed THMS was disassembled and then, the universal DNA
trigger was released from THMS, activating the HCR process.
The obtained HCR products could then hybridize with a DNA-
AuNP probe, resulting in the aggregation of gold nanoparticles
and a dramatic change in the absorbance at 521 nm. In this
way, a highly sensitive and specific plasmonic approach was
generated. More importantly, the universality of this strategy
was achieved by basically altering the target-related sequence
without changing the HCR system.

Experimental

Reagents and apparatuses

Hydrogen tetrachloroaurate trihydrate (HAuCl,;-3H,0, 99.9%)
was purchased from Sigma-Aldrich. Tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP, 98.0%) was acquired from TCI.
Sodium citrate was purchased from J&K Scientific Ltd. Sodium
hydroxide (NaOH, AR), hydrochloric acid (HCI, GR), acetic acid
(HAc, AR), and nitric acid (HNO;, GR) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Phosphate buffered
saline (1x PBS) was purchased from Thermo Scientific
(HyClone). Thrombin (Tmb), bovine serum albumin (BSA),
immunoglobulin G (IgG), adenosine triphosphate (ATP), gua-
nosine triphosphate (GTP), uridine triphosphate (UTP), cyti-
dine triphosphate (CTP) and oligonucleotides were acquired
from Sangon Biotech. Co., Ltd (Shanghai, China). All oligonu-
cleotides were purified by HPLC. Water (18.2 MQ) was purified
by using a Milli-Q Direct-8 water purification system
(Millipore). All other reagents and solvents that were utilized
were of analytical grade. The sequences of the respective oligo-
nucleotides used in this work are listed in Table S1.f Human
blood samples were supplied by Wuhan Commercial Staff
Hospital (CHN). All experiments were performed in accordance
with the relevant laws and national guidelines (Ethical
Guidelines for Biomedical Research on Human Participants,
provided by China National Health and Family Planning com-
mission) and approved by the Experimental Ethics Committee
of Huazhong University of Science and Technology. Informed
consents were obtained from the human participants of this
study.

Preparation of DNA-AuNP probes

Here, 13 nm AuNPs were synthesized using a previously
reported method but with a minor modification.** Briefly,
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30 mL of 0.01% (w/v) HAuCl, was boiled with vigorous stirring,
and 0.9 mL trisodium citrate (1%, w/v) was further added into
the boiling solution under agitation. The color of the solution
turned from pale yellow to colorless and finally to burgundy.
The reaction was performed for 15 minutes, and the resulting
colloid was stirred until the solution reached room tempera-
ture. DNA-AuNP probes were prepared according to a salt-
aging method.** Briefly, thiolated DNA was treated with TCEP
(1:100 molar ratio) for 2 hours at room temperature in order
to cleave the disulfide bond. Thiolated oligonucleotides were
then added to a solution of GNPs (4 nM) at the final concen-
tration of 1.2 pM under overnight agitation. After 12 h incu-
bation, an SDS solution (10% w/v) was added to the mixture to
achieve a final concentration of 0.1%. Phosphate buffer (0.1 M,
PH 7.4) was further added to the mixture to achieve a final con-
centration of 0.01 M. In addition, the NaCl concentration of
the mixture was slowly increased to 0.3 M over an eight-hour
period. The final solution was centrifuged three times at
12000 rpm for 10 min. After the supernatant was removed,
DNA-AuNPs were resuspended in 400 pL of 1x PBS and stored
at 4 °C.

Construction of the triple-helix molecular switch (THMS)
structure in an aqueous solution

Before adding the respective target molecules, triple-helix/UT
structures were formed by adding a few microliters of extended
aptamer to 0.5 mL of 100 nM UT. This addition was limited to
50 pL, resulting in a negligible change in volume. For Tmb
and miRNA detection, the triple-helix aptamer or DNA
sequence/UT structure complex was formed in PBS buffer
having pH 6.2 and containing 100 mM NacCl, 20 mM KCI, and
2.5 mM MgCl, for 30 min at room temperature. For adenosine
detection, the triple-helix aptamer/UT complex was formed in
sodium phosphate buffer having pH 6.2 and containing
300 mM NacCl, 2.5 mM MgCl,, and 0.1 mM EDTA for 30 min at
30 °C. Following the addition of the target molecules, the
respective solutions were incubated for 30 min at room
temperature.

HCR and agarose gel electrophoresis

M1 and M2 probes were heated to 95 °C for 5 min and then
allowed to cool to room temperature before use. A solution
containing M1 (1.0 pM), M2 (1.0 pM), triple-helix aptamer/UT
and aptamer/target complex was incubated at 37 °C for 2 h.
Agarose gel electrophoresis was performed using 1x Tris-
acetate (TA) buffer. Electrophoresis was performed at 120 V for
40 min in 1x TA buffer. Gel was further scanned using a gel
image analysis system (GelDoc-310, UVP) under 365 nm UV
excitiation.

Procedure of the assay

HCR mixture (5 pL,1 uM) was added to 45 pL of 1x PBS buffer
containing 4 nM DNA-AuNP probes. After thoroughly mixing
and incubating this solution for ~8 h at room temperature
(25 ©°C), the change in the AuNP solution was quantified
according to the respective UV-Vis absorption spectra.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Rationale for the development of a plasmonic target assay

The principle of the plasmonic sensing strategy, established
here as a biomolecule-based platform, is based on coupling a
hybridization chain reaction (HCR) with a triple-helix mole-
cular switch (Fig. 1). This plasmonic sensing platform consists
of two parts: the molecular recognition and signal transduc-
tion portions. The designed molecular recognition part is
based on THMS, which consists of a central, target-specific
aptamer (or a DNA sequence) flanked by two arm segments
and a UT via Watson Crick (-) and Hoogsteen (-) base pairings.
Meanwhile, the signal transduction part consists of hairpins
M1 and M2 and DNA (i.e., the AuNP probe). In the presence of
the respective targets, the triple-helix aptamer/UT structure is
perturbed due to the robust affinity of the target-specific
aptamer or DNA sequence to its targets, liberating the UT
trigger. Thereafter, the released UT trigger acts as an initiator
to trigger the HCR process between M1 and M2 to form long
nicked dsDNA. The obtained HCR products can then hybridize
with the DNA-AuNP probe, resulting in the aggregation of gold
nanoparticles with a dramatic change in the absorbance at
521 nm (monitored by spectroscopy). In accordance with this
principle, signal transduction activity proportional to the
target concentration can be finally determined.

Feasibility of the plasmonic target assay

As a proof of concept, the HCR between UT and M1/M2 was
first examined in a solution by agarose gel electrophoresis
(Fig. 1). In the absence of UT, HCR was inhibited, whereas
only a bright band of M1 and/or M2 could be observed (Fig. 2:
lanes 2, 3, 5). By introducing UT, emission bands related to
high-molecular-weight structures could be observed (Fig. 2:
lanes 6-9), indicating the successful growth of long polymers
in the presence of UT. Importantly, the longest product had
over 500 base pairs, which might be highly efficient for signal
amplification. It is worth noting that when we increase the
concentration of the UT trigger, the length of the products
becomes shorter (Fig. 2: lanes 5-9).

Fig. 2 3.5% agarose gel electrophoresis demonstrates UT-initiated
HCR: lane 1: 25-500 bp ladder markers; lane 2, 1.0 uM M1; lane 3,
1.0 pM M2; lane 4, 1.0 pM UT; lanes 5-9, five different concentrations of
UT (0.0, 0.1, 0.20, 0.50, and 1.0 pM) in a 1 pM mixture of M1 and M2.
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For the additional validation of THMS complex formation
and disassembly, we used gel electrophoresis to study the
interaction of P1 and UT DNA strands. P1, UT and P1-UT
THMS solutions were loaded on the agarose gel (3.5%) and
visualized under UV light after staining with GelRed. As can be
seen in Fig. S2,T the THMS complex appears as a single bright
band, which is slightly slower than that of the P1 strand. These
results indicated that the interaction between P1 and UT
specifically occurred. It was also observed that in the presence
of miRNA-21, a slower band occurred, indicating that the inter-
action between P1 and miRNA-21 was stronger, leading to the
release of the UT strand. Thereafter, HCR was initiatied
(Fig. S37t). Similar results can also be obtained for the P2-UT
THMS-ATP (Fig. S4 and S57) and P3-UT-Tmb (Fig. S6 and S77)
detection systems.

To demonstrate the feasibility of this strategy, confirmatory
experiments were carried out for UT DNA detection. As shown
in Fig. 3 B, in the absence of UT DNA, a surface plasmon reso-
nance absorption peak at 521 nm is observed for the DNA-
AuNP dispersion, suggesting the lack of assembly of gold
nanoparticles in the absence of UT DNA. On the other hand,
this absorbance band decreased significantly in the presence
of 5.0 nM UT DNA. Alternatively, the UT DNA-induced aggrega-
tion of functionalized AuNPs was confirmed by dynamic light
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Fig. 3 (A) Schematic of UT-initiated plasmonic assembly. (B) UV-vis
absorption spectra of the plasmonic sensing system in the absence and
presence of target DNA (5.0 nM). (C) TEM image of the dispersed DNA—
AuNPs. (D) TEM image of a microscopic DNA-functionalized AuNP
assembly. (E) DLS measured hydrodynamic size distribution of the dis-
persed DNA-functionalized AuNPs. (F) DLS measured in the presence of
5.0 nM UT.
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scattering (DLS) and transmission electron microscopy (TEM).
The average hydrodynamic diameter of the dispersed DNA-
AuNPs was around 22.3 nm (Fig. S1t). This diameter increased
to 34.8 nm upon addition to the M1/M2 mixture (Fig. 3E). The
morphology of the particles was characterized by TEM
(Fig. 3C), indicating that DNA-AuNPs were well dispersed with
a narrow size in the range of 13-17 nm. Upon the addition of
5.0 nM target DNA, the average hydrodynamic diameter of the
functionalized AuNPs increased to 425.3 nm (Fig. 3F).
Accordingly, these large DNA-linked three-dimensional aggre-
gates were clearly observed by TEM (Fig. 3D).

Optimization of the sensing strategy

To achieve good performance for target assays, some experi-
mental conditions should be optimized. As shown in
Fig. S8A,T no obvious differences are observed in the tempera-
ture range of 25-37 °C, indicating that temperature has negli-
gible influence on HCR. Therefore, 25-37 °C was selected in
further experiments for the HCR reaction. Fig. S8BT shows the
relationship between the product length and efficiency and
HCR time; the maximum signal was achieved when the HCR
time was longer than 2 h. Thus, an HCR reaction time of 2 h
was selected for the subsequent experiments. We also investi-
gated the effects of the aggregation time and temperature of
DNA-AuNPs and HCR products. As shown in Fig. S8C and
S8D,T the AA of the sensing system slightly changes. The best
signal-to-noise ratio was obtained at an aggregation time of
8 h and temperature of 25 °C. Therefore, the optimal aggrega-
tion time and temperature were considered as 8 h and 25 °C,
respectively.

Detection of microRNA

To demonstrate the applicability of the proposed approach for
the sensitive detection of nucleic acids, miRNA-21 was chosen
as a prototypical target (sequences listed in Table S1}). As
shown in Fig. 4A, the absorbance at 521 nm gradually
decreases on increasing the miRNA concentration. It was also
found that AA (AA = difference in the absorbance values of the
peaks without target and with target) increased linearly with
the concentration of miRNA-21 (in the range of 20-200 pM)
with a limit of detection (LOD) of ~20 pM, which was calcu-
lated as three times the standard deviation of the signal corres-
ponding to that of a blank sample*>*® (Fig. 4B and C); this was
comparable to previously reported results (Table S2f). The
specificity of the sensing system was further investigated by
adding several miRNA family members. As shown in Fig. 4D, a
high AA value is obtained only in the presence of miRNA-21.
The AA values of other miRNAs were comparable to the back-
ground signal. Altogether, these results demonstrate the high
specificity of this proposed assay.

Detection of ATP

After the validation of the plasmonic sensing strategy as a plat-
form for nucleic acids analysis, we attempted to use this same
approach to detect small molecules using adenosine tripho-
sphate (ATP) as a model system. ATP, an important substrate

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) UV-vis absorbance spectra of the sensing system in the pres-
ence of various concentrations of miRNA-21. (B) Plots of changes in
absorbance (AA) versus the concentration of miRNA-21. (C) Calibration
curve for concentrations ranging from 20 to 200 pM. (D) Changes in the
absorbance (AA) of the sensing system in the presence of 1 nM
miRNA-21 and other miRNAs.

in living cells, plays an important part in the regulation of
metabolism by supplying energy for cellular activities.
Therefore, the sensitive detection of ATP in an aqueous solu-
tion is of great significance. Our results based on this strategy
indicated that the absorbance at 521 nm gradually decreased
with an increase in ATP concentrations (Fig. 5A). As shown in
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Fig. 5 (A) UV-vis absorbance spectra of the sensing system in the pres-
ence of various ATP concentrations. (B) Plots of changes in absorbance
(AA) versus ATP concentration. (C) Calibration curve for ATP concen-
trations ranging from 20 to 500 nM. (D) Changes in the absorbance (AA)
of the sensing system in the presence of 1 pM ATP and respective
analogs.
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Fig. 5C, a linear relationship is obtained between absorbance
and concentration in a dynamic range of 20-500 nM. The LOD
of this method for ATP was estimated to be 15.6 nM, which
compared well with those of previously reported systems
(Table S3t). In order to assess the specificity of the sensing
system for ATP, respective analogs (i.e., GTP, CTP, and UTP)
were added into the reaction system. These analogs did not
interfere with ATP detection (Fig. 5D), suggesting that the pro-
posed strategy exhibited good performance for discriminating
ATP against potential analogs.

Thrombin detection

To assess some universal applications, we further investigated
whether the plasmonic sensing strategy could precisely detect
proteins. For this, we tested a thrombin aptamer sequence
flanked by two arm segments (Table S1; ESIT) to detect throm-
bin, an important factor involved in the coagulation cascade
and platelet activations, which is also closely related to tumor
cell transformation as well as tumor growth and progression.
Therefore, experimental approaches that allow a highly sensi-
tive and selective detection of thrombin are warranted. As
shown in Fig. 6A, on increasing the addition of thrombin, the
absorbance at 521 nm gradually decreases. The relationship
between AA and the concentration of thrombin was also
defined (Fig. 6C). A good linear correlation was obtained in the
concentration range of 20-800 pM. The LOD of this method
for thrombin was estimated to be 18.4 pM. The detection per-
formance of the strategy was also comparable to that of some
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Fig. 6 (A) UV-vis absorbance spectra of the sensing system in the pres-
ence of various thrombin concentrations. (B) Plots of changes in absor-
bance (AA) versus concentration. (C) Calibration curve for the concen-
trations of thrombin ranging from 20 to 800 pM. (D) Changes in the
absorbance (AA) of the sensing system in the presence of 1 nM throm-
bin, BSA and IgG (controls).
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Table 1 Recovery detection of miRNA-21 in 2% human serum (v/v)

samples (n = 3)

Sample Added Found Recovery (%) RSD (%)
1 30 pM 33.2 pM 110.7 4.7
2 100 pM 104.3 pM 104.0 7.9
3 200 pM 196 pM 98.0 6.2

Table 2 Recovery detection of ATP in 2% human serum (v/v) samples

(n=3)

Sample Added Found Recovery (%) RSD (%)
4 30 nM 28 nM 93.3 3.1

5 100 nM 103.1 nM 103.1 4.6

6 300 nM 321 nM 107 5.7

Table 3 Recovery detection of thrombin in 2% human serum (v/v)

samples (n = 3)

Sample added Found Recovery (%) RSD (%)
7 30 pM 32 pM 106.7 5.3
8 100 pM 104 pM 104.0 4.7
9 300 pM 295.8 pM 98.6 6.4

reported methods (Table S4t). To investigate the specificity of
the proposed strategy for thrombin, we selected two different
proteins as controls: BSA and IgG. As shown in Fig. 6D, the AA
value has no noticeable changes in the presence of IgG or BSA
(1.0 nM), while the AA value greatly increases after the
addition of thrombin (1.0 nM), demonstrating that the sensing
system has a highly selective response to thrombin.

Real sample assay

To evaluate other potential applications of the plasmonic
sensing strategy, the detection of specific targets in fetal
bovine serum (FBS) was also evaluated. Different target con-
centrations were added into diluted human serum (2% serum
matrix). Each sample was analyzed three times (the experi-
mental results are listed in Tables 1-3). The recovery results
indicated good accuracy and reliability of the developed strat-
egy when used in a real complex matrix. Based on the above-
mentioned results, we believe that this approach has promis-
ing applications in various chemical and biological labora-
tories for molecule-based assays in both pure solutions and
complicated matrices mostly because it is easier to operate
and cost-effective and has high sensitivity. Moreover,
additional features such as universal applicability, enzyme-free
and high selectivity are major contributors for the feasibility of
this strategy.

Conclusions

Here, we have successfully introduced a single plasmonic plat-
form to detect multiple target analytes. The strategy design
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was based on the THMS-induced hybridization chain reaction
amplification. The present approach can be engineered in
ways that offer unique advantages and capabilities not avail-
able for conventional plasmonic detection systems. In the pres-
ence of different analytes, the modification of the label-free
aptamer (or DNA sequences) in the triple helix structure can
be achievable. As such, this strategy is well versatile due to the
ability to select different types of aptamers for probe capture.
Given the low cost, ultra-high sensitivity, and excellent general-
ity, we anticipate that the single plasmonic strategy might
evolve into a universal platform for a broad range of targets to
be utilized in high-throughput drug screening.
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