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ABSTRACT: The controllable growth of metal nanoparticles on ~ H! H2  tHCR-trigger
nanomaterials is becoming a useful strategy for developin DNA target
5 & pIng e —f\-—j\f—f\—‘ cecsce

nanocomposites with designated performance. Here, a DNA- — = RS wicR assomby
controlled strategy for growth of Pt nanoparticles on graphene o

oxide (GO—PtNPs) to regulate the nanozyme activity and a A Target Graphene
triplex-hybridization chain reaction (tHCR) for triggering the \°<\<<§\°';‘:\\ é%?’
assembly of DNA probes to amplify the target-induced nanozyme  Inorganic (’KV Y

catalytic signal were designed. The tHCR with one linear and two ™" o= NeBH. —;:\_f/f_ﬂ__] """

hairpin probes could be specially triggered by a tHCR trigger to - Pprecursor e
form a long double-stranded DNA structure in the presence of

target nucleic acid, which hindered the adsorption of these probes on a GO surface, and thus accelerated the growth of PtNPs. The
formed GO—PtNPs showed strong catalytic activity toward the oxidation of 3,3,5,5-tetramethylbenzidine, thereby producing an
amplified “turn-on” detection signal. The proposed method showed very high sensitivity with the detection limits down to 14.6 pM
for mutant KRAS DNA and 21.7 pM for let-7a microRNA. This method was validated with better analytical performance than a
general HCR system and could be effectively used for the identification of single-nucleotide polymorphisms, thus providing a novel

approach for simple and sensitive detection of nucleic acids.

norganic nanomaterials have recently been widely applied the different affinities of the nanomaterials to ssDNA and

for signal amplification in biosensing systems because of dsDNA.'**°~** However, the sensitivity of these methods is
their unique structural design, easy interface functionalization, still limited because of the lack of efficient signal amplification
and controlled catalytic, optical, and electrical properties.' ™ strategy associated with the nanozyme-based colorimetric
To endow these nanomaterials with desired recognition technology. Inspired by the efficient combination of hybrid-
capability, research groups have modified various DNA ization chain reaction (HCR) with noncovalent interaction of
structures on their surfaces.”~’ Among these functionalization DNA nanomaterials for improving the sensitivity of fluorescent
strategies, the self-assembly technique for forming highly detection,zs’26 this work attempted to design an HCR-
ordered and stable composites has attracted considerable controlled inorganic nanozyme for highly sensitive colorimetric
attention.””” This noncovalent assembly is spontaneous detection.
without the formation or breaking of the chemical bond, The typical HCR contains two kinds of assembly probes:
which allows preservation of their intrinsic properties, such as linear type and hairpin type.””””** The linear-type DNA
the hybridization efficiency of DNA.'°”'> Moreover, the chains possess higher affinity to inorganic nanomaterials.
resulted composites possess the advantages of rapid signal However, the assembly of linear chains lacks the specificity
response and simple preparation, suggesting wonderful enough for highly selective biosensing of nucleic acids. The
application prospects in biosensing.“_lz' cross-opening of two DNA hairpins triggered by a target

Some inorganic nanomaterials have been used as nanozymes initiator provides an alternation for specific HCR. But the
for the design of biosensing strategies,M’15 which show more hairpin-type structure possesses less affinity for its absorption
efficient properties, such as more rapid response to specific on a nanomaterial surface because of the presence of long
stimuli and better stability and controllability, than common
proteases.M’lﬁ’17 By self-assembly of DNA structure on the Received: October 28, 2019
surface of inorganic nanomaterials, the catalytic capability of Accepted: January 8, 2020

the formed nanozyme can be conveniently regulated,'® '

which leads to several convenient, rapid, and economical
colorimetric methods for detection of nucleic acids based on
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complementary sequences to form the double-stranded stem.
Thus, this work integrated both the strong absorption of a
linear-type DNA chain and the high specificity of a hairpin-
type structure to design a triplex-hybridization chain reaction
(tHCR) for triggering the assembly of DNA strands and
improving both the sensitivity and the selectivity of target
nucleic acid controlled nanozyme colorimetric assay.

The designed tHCR was triggered by a DNA trigger in the
presence of one linear and two hairpin probes. To achieve
target nucleic acid detection, here, we designed a tHCR trigger
to recognize the target nucleic acid for the formation of a
single-strand sequence to serve as the DNA trigger (Scheme
1). Because of the tremendous surface area, amphiphilicity,””*

Scheme 1. Schematic Illustration of Colorimetric Strategy
for Detection of Nucleic Acids by Integrating tHCR and
DNA-Controlled Growth of PtNPs on GO
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and different affinities to ssDNA and dsDNA, graphene oxide
(GO) was used as a support for the formation of an inorganic
nanozyme by in situ growth of Pt nanoparticles (PtNPs) on its
surface. The presence of three probes hindered the growth of
PtNPs because of their adsorption on the GO surface, and little
DNA-doped GO—PtNPs (GO/DNA—PtNPs) possessed very
low nanozyme activity. In contrast, target-induced tHCR
assembly formed a long double-stranded DNA structure, which
hindered the adsorption of these probes on the GO surface,
and thus accelerated the growth of PtNPs. Thus, the target
nucleic acid could regulate the nanozyme activity, leading to a
colorimetric strategy for nucleic acid detection. The tHCR
amplified colorimetric method showed excellent performance
for detection of both DNA and microRNA (miR), indicating
its good expansibility and promising application in bioassays.

B EXPERIMENTAL SECTION

Materials and Reagents. Sodium borohydride (NaBH,),
3,3,5,5-tetramethylbenzidine (TMB), 2-(morpholino)-
ethanesulfonic acid monohydrate (MES), and potassium
tetrachloroplatinate(II) (K,PtCl,) were purchased from
Sigma. TMB/H,0, colorimetric substrate solution consisted
of 2% v/v TMB (20 mM), H,0, (30% w/w), and 140 mM
sodium acetate in 20 mM MES—acetate buffer (pH 4.0).
Phosphate buffered saline (PBS, pH 7.4) and Tris-acetate-
ethylenediaminetetraacetic acid (TAE) buffer was obtained
from Solarbio Company. Tris-HCI buffer (1 M) was obtained
from Sangon Biotech Co., Ltd. (Shanghai, China). Graphene
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oxide was obtained from Nanjing NFNANO Company. All
DNA oligonucleotides and miRNAs (Table S1, Supporting
Information) were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). Twenty millimolar Tris-HCl buffer (pH
7.4) containing 140 mM NaCl and S mM MgCl, was used as
tHCR running buffer. All oligonucleotides and reagents were
dissolved in Ultrapure DNase/RNase-Free Distilled Water and
stored at —20 °C.

Apparatus. The scanning electron microscope (SEM) and
transmission electron microscope (TEM) images were
obtained on a S-7800 scanning electron microscope (Hitachi,
Japan) and a JEM-2100 transmission electron microscope
(JEOL Ltd., Japan), respectively. Absorption spectra were
recorded with a UV-3600 UV—vis—NIR spectrophotometer
(Shimadzu). Infrared spectra were recorded on a Vector 22
Fourier transform infrared (FT-IR) spectrometer (Bruker
Optics, Germany). Dynamic light scattering (DLS) measure-
ment was performed on a 90 Plus/BI-MAS equipment
(Brookhaven Instruments).

Synthesis of GO—PtNPs and GO/DNA-PtNPs. The
process to prepare GO/DNA—PtNPs was as follows: first, 6 yuL
of GO dispersion (1 mg mL™") and 5 uL of 100 uM linear
DNA were mixed in 90 pL of 20 mM Tris-HCI buffer. After
the mixture was kept at room temperature for 45 min with
oscillation mixing every 15 min, the linear DNA could strongly
adsorb on the GO surface through strong 7—7 interaction. The
GO/DNA was collected by centrifugation (6000 rpm, 1 min),
washed with Tris-HCI buffer, and redispersed in 100 uL of 10
mM PBS. The in situ growth of PtNPs was carried out through
addition of 15 pL of NaBH, (5 mM) in 100 uL of GO/DNA
dispersion containing 1.5 uM K,PtCl, to react for S min at
room temperature (RT).'® The GO—PtNPs were synthesized
in the absence of DNA.

Colorimetric Analysis of Nucleic Acids. Before the
tHCR assembly, tHCR-trigger, H1, and H2 were heated to 95
°C for S min and then allowed to cool to room temperature for
3 h. Then S uL of H1, H2, and L3 (10 4M) and tHCR-trigger
(3.0 uM) were individually mixed into 80 uL of tHCR running
buffer containing 60 ug mL™" GO and target nucleic acid with
different concentrations to incubate at 4 °C for 2 h. Afterward,
the nanomaterials were collected by centrifugation (6000 rpm,
1 min), washed with Tris-HCI buffer to remove the residual
reactants, and redispersed in 100 xL of 10 mM PBS containing
1.5 uM K,PtCl,. Then 15 uL of NaBH, (5 mM) was added
into this dispersion to react for S min at RT. After the product
was collected by centrifugation (6000 rpm, 1 min) and washed
with PBS, it was dispersed in 200 yL of TMB/H,0, substrate
solution to incubate for 3 min at RT. Upon addition of 4 M
H,SO, (200 uL) to stop the reaction, the solution color
changed from blue to yellow. The mixture was then diluted to
800 uL to record the UV absorption spectrum.

B RESULTS AND DISCUSSION

Design of the tHCR System and GO—PtNPs Nano-
zyme for Colorimetric Assay of Nucleic Acids. The tHCR
contained one linear probe (L3) and two hairpin probes (H1
and H2) as illustrated in Scheme S1A. In the presence of DNA
trigger, H2 was first opened to hybridize with H1 from the
pink end and then L3 in the green part (Table S1), and
another end of opened H1 continued to open H2, which led to
the cyclic assembly of H1, H2, and L3. The cyclic tHCR
produced a long double-stranded DNA structure. For
increased structure stability, the H1 loop contained 12 bases

https://dx.doi.org/10.1021/acs.analchem.9b04909
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Figure 1. (A) SEM image of GO, (B—D) TEM images of GO—PtNPs at different magnifications, (E) dark-field scanning TEM (STEM), and (F—
H) X-ray energy-dispersive spectroscopic (EDS) elemental mapping images of C (F), O (G), and Pt (H) for GO—PtNPs.
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Figure 2. (A) TEM and (B—D) STEM images of GO/DNA—PtNPs. (E, F) Typical AFM images and height profiles of GO—PtNPs (E) and
DNA/GO—PtNPs (F) on a mica substrate. (G) Photographs of NaBH,-reduced GO, GO—PtNPs, and GO/DNA—PtNPs. (H, I) Photographs and
UV—vis spectra of TMB and H,0, in the presence of (1) precipitates of GO/DNA—PtNPs, (2) supernatant of DNA/GO—PtNPs, and (3)

precipitates of GO—PtNPs.

(underlined in Table S1), which formed an arched double
strand upon hybridization with the 3" end of H2. To avoid the
spontaneous hybridization of L3 with the 5’ end of H2, we
embedded 6 bases complementary to L3 in the H2 stem. To
achieve the detection of target nucleic acids, we designed a
target sequence-dependent tHCR trigger with the hairpin-type
structure to recognize the target nucleic acid. As shown in
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Scheme S1B, the recognition opened the tHCR trigger for
exposure of the single-stranded sequence to hybridize with H2,
which triggered the cyclic assembly of H1, H2, and L3
(Scheme S1C). The loop of the tHCR trigger contained 20
bases, and 18 of them were complementary to the target

sequence; thus, their recognition could open the tHCR trigger

https://dx.doi.org/10.1021/acs.analchem.9b04909
Anal. Chem. 2020, 92, 2714-2721
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Figure 3. SEM images of GO—PtNPs grown on GO at 0.65 mM NaBH, and (A, B) 2.0 and (C, D) 0.5 uM Pt precursor, and GO/DNA—PtNPs
grown at 5 uM linear DNA, 0.65 mM NaBH,, and (E, F) 2.0 and (G, H) 0.5 uM Pt precursor under different magnifications.

because of the significantly longer sequence compared to the
stem with 10-base pairs.

Through the tHCR, the deposition of PtNPs on the GO
surface in the presence of K,PtCl, and the reducing agent
(NaBH,) could be efficiently controlled. In the absence of
target, the three free probes could adsorb on GO via the 7—x
stacking interaction, which hindered the deposition of PtNPs
(Scheme 1). Because of the incomplete coverage, little DNA-
doped GO—PtNPs (GO/DNA—PtNPs) could be formed on
the surface, but they possessed very low nanozyme activity.
Upon the tHCR in the presence of target nucleic acid, the
formed double-stranded DNA structure hindered the adsorp-
tion of these probes on the GO surface, and thus accelerated
the growth of PtNPs to form highly active GO—PtNPs
nanozyme for catalyzing the oxidation of 3,3,5,5-tetramethyl-
benzidine (TMB), leading to an amplified colorimetric method
for detection of target nucleic acids.

Effect of DNA Adsorption on GO Surface on Growth
of PtNPs. The deposition of PtNPs on the GO surface was
performed by simply adding K,PtCl, and NaBH, in GO
dispersion. The GO showed a two-dimensional (2D) sheet
morphology with some raised folds in the margin (Figure 1A).
After the PtNPs were deposited on its surface, the TEM and
STEM images showed monodispersed PtNPs with an average
size of 6 nm decorated on GO (Figure 1B—E). The elemental
mapping further revealed the uniform distribution of C, O, and
Pt atoms in the GO support (Figure 1F—H). The field
emission SEM (FESEM) elemental mapping and X-ray energy-
dispersive spectrum further verified the composition of GO—
PtNPs (Figure S1).

In the presence of linear DNA, the adsorption of DNA on
the GO surface hindered the growth of PtNPs; thus, the TEM
and STEM images of the formed GO/DNA—PtNPs showed
sparsely distributed PtNPs with smaller size (1—2 nm) (Figure
2A-D), which led to less height of the AFM image (Figure
2E,F) and much smaller DLS diameter (Figure S2A,B) than
that of GO—PtNPs. Generally, the thermodynamic stability of
small-sized NPs was low; the presence of smaller PtNPs
indicated higher surface energy on DNA-adsorbed GO.'"'®
Thus, DNA played an important role in regulating the growth
of PtNPs.

After NaBH, was added into the GO dispersion, some
yellow precipitates were observed (Figure 2G), which resulted
from the reduction of oxygen groups of the GO surface to
decrease the dispersion and increase the DLS diameter (Figure
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S2C,D). Thus, the GO surface could be partly reduced by
NaBH, during the reductive deposition of PtNPs on GO or
GO/DNA, which led to the increase of band—intensity ratio of
D (1350 cm™) to G (1590 cm™) peaks from 0.68 to 0.82 or
0.73 in Raman spectra (Figure $3).”"*” The lower increase for
GO/DNA indicated the effect of absorbed DNA on the
reduction of GO. Furthermore, the formed GO/DNA—PtNPs
showed better dispersibility than GO—PtNPs (Figure 2G).

The growth of PtNPs on GO also depended on the
concentrations of Pt precursor. With the increasing concen-
tration of K,PtCl,, more PtNPs were formed on the GO
surface (Figure 3A—D), which led to the aggregation and the
decreased dispersibility of the GO—PtNPs; thus, the DLS
diameter of obtained GO—PtNPs increased (Figure S4). At
low K,PtCl, concentration, the SEM images of GO—PtNPs
showed more raised folds, whereas high K,PtCl, concentration
alternated the natural state of GO. However, the adsorption of
DNA on GO could keep the folds upon the deposition of
PtNPs at different Pt precursor concentrations because of the
relatively slow deposition rate (Figure 3E—H), which
confirmed the controllable growth of PtNPs.

Regulation of DNA on Nanozyme Activity of GO—
PtNPs. The nanozyme activities of GO—PtNPs and DNA/
GO—PtNPs were studied by their catalysis toward the
oxidation of TMB by H,0O,. Upon addition of GO—PtNPs
dispersion in the mixture of TMB and H,0,, the solution color
changed remarkably to blue (Figure 2H), and the correspond-
ing UV—vis spectrum showed the maximum absorbance at 450
nm (Figure 2I), which was attributed to the oxidation product
of TMB, suggesting the good peroxidase activity of GO—
PtNPs. In the absence of PtNPs, the addition of both GO and
NaBH,-reduced GO did not show any change (not shown).
Moreover, the addition of GO/DNA—PtNPs precipitates
produced little change in solution color and very low
absorbance of the oxidation product. After the supernatant of
DNA/GO—-PtNPs was incubated with the mixture of TMB/
H,0,, both the solution color and the UV—vis spectrum
showed distinguishable change because of the good dispersi-
bility of GO/DNA—PtNPs. But the adsorption peak was much
weaker than that in the presence of GO—PtNPs (Figure 2I),
indicating much lower nanozyme activity. Thus, the adsorbed
DNA regulated not only the growth of PtNPs but also the
nanozyme activity of the formed nanocomposites, which led to
a strategy for design of the colorimetric detection methods
based on the different affinities of GO to ssDNA and dsDNA.
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Figure 4. Gel electrophoresis of different mixtures for validating the feasibility of tHCR triggered by (A) DNA trigger at 37, 25, and 4 °C and (B)
target DNA and tHCR-trigger at 4 °C. (C) Photographs of centrifuged precipitates formed by deposition of PtNPs on GO in tHCR solution
without (left) and with target KRAS gene (right). (D,E) Photographs and UV—vis spectra of TMB and H,0, in the presence of (C).
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Colorimetric Assay by Integrating tHCR with GO-
PtNPs Nanozyme. The designed tHCR was first confirmed
with agarose gel electrophoresis. As shown in Figure 4A, in the
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absence of DNA trigger Lane 1 showed only the bands of H1
and H2, which disappeared upon addition of DNA trigger at
37 °C (Lane 2), indicating the general HCR. The addition of

https://dx.doi.org/10.1021/acs.analchem.9b04909
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L3 in the mixture of H1 and H2 did not affect their bands
(Lane 3), excluding the spontaneous assembly among H1, H2,
and L3 (Lanes 3, 6, and 9). But further addition of DNA
trigger in the mixture led to both the disappearance of these
probe bands and slightly higher molecular weight of the
product (Lane 4) than that in the absence of L3, indicating the
hybridization of L3 with the green part of H2 to achieve the
tHCR. With the decreasing reaction temperature, the HCR
became slower, which led to weakened brightness of the HCR
product and enhanced bands of H1 and H2 (Lanes 2, S, and
8). However, the temperature showed less influence on tHCR,
which resulted in similar bands at different temperatures
(Lanes 4, 7, and 10). Thus, the presence of L3 greatly
improved the HCR rate and the stability of the tHCR product.

To achieve the specific detection of target nucleic acids, we
replaced the DNA trigger with target DNA (mutant KRAS
gene) and a designed tHCR trigger. In the absence of target
DNA, the addition of tHCR trigger did not produce obvious
assembly of H1, H2, and L3 (Figure 4B, Lanes 1 and 3). When
the mixture of the target DNA and tHCR trigger was added to
the solution of H1 and H2, the HCR was also unobvious at 4
°C because of the slow reaction rate in the absence of L3
(Figure 4B, Lane 2). In contrast, the bands of H1 and H2
obviously weakened, and the bright band of the assembly
product occurred after the mixture of H1, H2, L3, target DNA,
and tHCR trigger was incubated for 2 h (Figure 4B, Lane 4),
demonstrating the target DNA-triggered tHCR.

To confirm the feasibility of tHCR amplified colorimetric
detection, we mixed the tHCR system with GO dispersion to
deposit PtNPs on the GO surface, and the formed precipitates
were centrifuged to catalyze the oxidation of TMB by H,0,.
Upon the addition of target DNA in the tHCR system, the
GO-PtNPs with high nanozyme activity could be formed,
which led to observable precipitates and obvious color change
of TMB/H,0, solution (Figure 4C,D). The absence of target
DNA greatly weakened the color change because of the
adsorption of these tHCR probes on GO to hinder the
deposition of PtNPs, which led to negligible absorbance
response (Figure 4E). The significant color or absorbance
change demonstrated a highly sensitive colorimetric method
for detection of target DNA.

Optimization of Detection Conditions. The necessity of
the L3 probe for amplified colorimetric detection was first
demonstrated. At the target DNA concentration of 50 nM, the
detection solution showed the absorbance of 1.23 along with a
background value of 0.08, which was detected in a blank
solution, in the presence of 0.5 uM L3, whereas they were 0.39
and 0.10 in the absence of L3 (Figure SA). Thus, the tHCR
increased the ratio of signal to background by 3.94 times,
indicating the improved sensitivity. To achieve the excellent
biosensing performance and exclude the spontaneous assembly
among the three probes, the number of bases complementary
to the 5" end of H2 in the L3 probe was also optimized at 4 °C
using mutant KRAS gene as DNA target. Compared to L3—6—
6, L3—6—4, and L3—6—2 (Table S1), L3—6—3 gave the
maximum ratio of signal to background (Figure SB). More L3
bases complementary to the 5’ end of H2 could open H2 to
produce spontaneous assembly and high background. There-
fore, L3—6—3 was chosen as the optimum sequence for
subsequent experiments.

As mentioned above, the presence of L3 accelerated the
HCR and the assembly of DNA probes. Thus, the spontaneous
assembly in the absence of target DNA could be observed at
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relatively higher incubation temperature (Figure SS), which
could bring high background. As shown in Figure SC, with the
increasing tHCR temperature, the ratio of signal to background
decreased greatly. The background almost approached the
response signal at 37 °C. Thus, for subsequent experiments, 4
°C was selected for tHCR.

The concentrations of Pt precursor and NaBH, also showed
obvious effects on the ratio of signal to background (Figure
SD,E). When they were larger than 1.5 4M and 0.65 mM,
respectively, the background became larger. This suggested
that 1.5 uM Pt precursor and 0.65 mM NaBH, were the
optimal conditions for reductive deposition of PtNPs on GO
to perform the nanozyme-catalyzed colorimetric detection of
target DNA.

Lastly, with the increasing concentration of tHCR trigger,
the absorbance signal increased gradually and then trended to
the maximum value at concentrations higher than 50 nM,
whereas the background signal stayed at the same value up to
150 nM (Figure SF). Therefore, 150 nM of the HCR-trigger
was used for subsequent colorimetric detections.

Analytical Performance for KRAS Gene Detection. It is
generally known that genetic alternation plays important roles
in the occurrence of malignant tumors. Among these gene
mutations, the KRAS mutation is one of the most frequently
mutated genes that have been identified in various cancers.”
Thus, there is an eager need to develop detection methods for
KRAS mutation. Herein, the designed strategy integrating
target-triggered tHCR and DNA-controlled growth of PtNPs
on GO was used for nanozyme-catalyzed colorimetric
detection of mutant KRAS gene under optimized conditions.
As shown in Figure 6A, the color of the detection solution
became bluer with the increasing KRAS DNA concentration,
indicating more GO—PtNPs were produced because of the
formation of long double-stranded tHCR assemblies, which
hindered the adsorption of DNA probes on the GO surface.
Correspondingly, the UV—vis spectra showed increased
absorbance (Figure 6B), and the plot of absorbance at 450
nm versus target concentration trended to a maximum value at
high DNA concentration (Figure 6C). Interestingly, the plot of
absorbance versus the logarithm value of DNA concentration
showed a linearity ranging from 25 pM to 5.0 nM (R = 0.992,
Figure 6D). The limit of detection (LOD) was 14.6 pM,
calculated from the linear slope and 3¢ of the blank signal.
Compared with previous colorimetric methods based on
DNA-—inorganic nanomaterials, the LOD was 34 times lower
than the lowest value (Table S2), indicating the high sensitivity
of the proposed method.

The selectivity of the KRAS detection system was validated
by comparing the response with those of wild KRAS (single-
base mismatch), two-bases mismatch, three-bases mismatch,
and noncomplementary DNA. As shown in Figure 6E,F, three-
bases mismatch and noncomplementary DNA showed
negligible response, and the response for two-bases mismatch
was also not significant. The wild KRAS DNA showed
significantly lower response than the target, suggesting good
SNP discrimination capability and high specificity.

Detection of MicroRNA. MicroRNA is a short, noncoding
single-stranded RNA that has been considered an important
tumor marker, and the aberrant expression of microRNA is
highly associated with cancer type and stage.”* Considering the
significance of microRNA (miR) in early cancer diagnostic and
prognostic processes, we further used let-7a miR as a target to
design the tHCR trigger for examining the practicability of this
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Figure 6. (A) Photograph and (B) UV—vis spectra of detection
solutions for mutant KRAS gene at 0, 0.025, 0.0S, 0.1, 0.2, 1.0, 5.0,
and S0 nM. (C) Plot of absorbance versus DNA concentration. (D)
Plot of absorbance versus logarithm of DNA concentration. (E)
Photograph and (F) absorbance of detection solutions for marked
sequences.

strategy. Similarly, with the increasing let-7a miR concen-
tration, the color of the detection solution became bluer, the
UV—vis spectra showed increased absorbance, and the plot of
the absorbance versus let-7a miR concentration trended to a
maximum value (Figure SGA—C). The absorbance depended
linearly on the logarithm of DNA concentration ranging from
S0 pM to 10 nM (R = 0.992, Figure S6D). The limit of
detection (LOD) was estimated to be 21.7 pM. Thus, this
nanozyme-catalyzed colorimetric strategy could conveniently
be extended for miR detection.

The specificity of the proposed method for miR biosensing
was examined with the let-7 family, let-7b, let-7c, and let-7d miR
and a negative control sequence. Only the target let-7a miR
showed dramatic colorimetric response, whereas no obvious
absorbance change was observed for the control, let-7b, and let-
7d miR, and let-7c miR with a single-base mismatch showed
slightly increased response (Figure S6E,F), indicating the good
selectivity of this strategy for microRNA sensing.

We used let-7a miR to further demonstrate the designed
signal amplification strategy. The control system contained let-
7a, tHCR trigger, HCR H1, and HCR H2 (Table S1) for
general HCR. Compared with the control HCR system, the
tHCR strategy showed much lower background signal in the
absence of let-7a miR (Figure 7A,B). When let-7a miR
concentration reduced to 5 nM, the absorbance and the
color of the detection solution for the HCR system were
almost close to those of the blank (Figure 7B), suggesting
relatively lower sensitivity. In contrast, when 5 nM let-7a miR
was added to the tHCR system, the absorbance greatly
increased (Figure 7A). Although the HCR system showed
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Figure 7. Photograph and absorbance of detection solutions for let-7a
miR using (A) tHCR and (B) general HCR-based amplification.

higher absorbance than the tHCR system at the same miR
concentration, which resulted from the absence of L3 and thus
the decrease of DNA strands adsorbed on GO to hinder the
deposition of PtNPs, the much higher background damaged its
practicality. Therefore, the tHCR-based method achieved the
amplified colorimetric assay.

B CONCLUSION

This work designs a tHCR for accelerating the HCR and
improving the specificity of target DNA-triggered assembly of
DNA probes. When the target DNA-triggered tHCR and
DNA-controlled growth of PtNPs on GO are integrated, a
strategy to regulate the nanozyme activity is proposed for
developing nanozyme-catalyzed colorimetric bioassays. The
presence of linear-type DNA chain greatly improves the
stability of the tHCR product and decreases the background.
Thus, the developed colorimetric biosensing method shows
excellent performance for amplified detection of both DNA
and miR targets. The proposed strategy shows good
extendability and can be integrated with different inorganic
nanomaterials and used for detection of different target nucleic
acids by changing the loop sequence of the tHCR trigger.
Because of the binding of some proteins existing in clinical
samples with a Pt-based precursor, appropriate separation of
nucleic acids from some interference of proteins is needed
when this strategy is used in biological and clinical fields.
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