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g r a p h i c a l a b s t r a c t
� A novel Cu/Au/Pt TNs-encapsulated
DNA hydrogel with target-
responsive and signal-amplification
was prepared.

� A colorimetric platform based on this
DNA hydrogel was established for
sensitive detection of MC-LR.

� The colorimetric platform can detect
MC-LR with a detection limit to
3.0 ng L�1.

� This strategy can be applied to other
targets by designing complementary
strands of relative aptamer.
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a b s t r a c t

Sensitive and reliable analytical methods for monitoring of microcystin-LR (MC-LR) are urgently
necessary due to its great harm to human health and aquatic organisms. In this work, a novel Cu/Au/Pt
trimetallic nanoparticles (Cu/Au/Pt TNs)-encapsulated DNA hydrogel was prepared for colorimetric
detection of MC-LR. The Cu/Au/Pt TNs were captured and released with precise control by the target-
responsive 3D DNA hydrogels, which combined dual advantages of the target responsive DNA hydro-
gel and Cu/Au/Pt TNs of enhanced peroxidase-like activity. The DNA hydrogel network was constructed
by hybridizing MC-LR aptamer with two complementary DNA strands on linear polyacrylamide chains.
As long as MC-LR presented, the aptamer competitively binds with the MC-LR, causing the hydrogel to
dissolve and release the preloaded Cu/Au/Pt TNs which could catalyze the reaction between H2O2 and
TMB to produce color changes. In view of this sensitive strategy, this Cu/Au/Pt TNs-encapsulated DNA
hydrogel-based colorimetric biosensor can achieve quantitative determination of MC-LR. The results
showed that as-proposed colorimetric biosensor could sensitively detect MC-LR with a linear range of 4.0
e10000 ng L�1 and a detection limit of 3.0 ng L�1. This work proved that the sensor had great potential to
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be applied in MC-LR detection and also provided the opportunity to develop colorimetric biosensor for
other targets using this target-responsive and signal-amplification strategy.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, a large number of biologically active micro-
cystins (MCs) are released into the environment due to the frequent
occurrence of cyanobacteria blooms, which bring a tremendous
threat to human health and aquatic organisms [1,2]. Microcystin-LR
(MC-LR) is the most widely distributed and most toxic homologues
among kinds of microcystin congeners [3]. It has been reported that
MC-LR is directly correlated with tumor promotion and can lead to
the occurrence of liver cancer even in the case of chronic low-level
exposure [4]. The World Health Organization (WHO) recommends
that the concentration of MC-LR in drinking water does not exceed
1.0 mg L�1 [5]. Thus, a precise, sensitive and reliable analytical
method for monitoring of MC-LR is urgently necessary for the
purpose of protecting environmental safety and ensuring human
health.

Lots of laboratory approaches for MC-LR detection have been
reported, covering high performance liquid chromatography
(HPLC) [6], enzyme-linked immunosorbent assay (ELISA) [7] and
liquid chromatography tandem mass spectrometry (LC-MS) [8].
Despite the sensitivity and accuracy these approaches have, most of
them require sophisticated operation procedures and complicated
instruments. Recently developed chemical sensors and biosensors
are considered to be promising analytical techniques. Biosensors
based on fluorescence, electrochemistry, raman, chem-
iluminescence and colorimetry have been well-developed with
high selectivity and sensitivity [9e13].

Among various biosensors, colorimetric-based sensors could be
ideal for target detection because colorimetric sensors can output
the signal with a simple portable spectrometer, or image processing
software, even distinguished with naked eye [14,15]. However, the
sensitivity of conventional colorimetric methods is usually not
unsatisfactory [13,16]. In order to solve this problem, amplification
strategies such as enzymes and bio-active nanomaterials are usu-
ally introduced when constructing colorimetric sensors [17,18].
Nevertheless, natural enzymes such as horseradish peroxidase
(HRP) and glucose oxidase (GOD) could be easily affected by the
environment during using. So, the nanocomposites to mimic nat-
ural enzymes have been developed rapidly in recent decades
[19,20]. In our previous study, we have fabricated a novel Cu/Au/Pt
trimetallic nanoparticle (Cu/Au/Pt TN) which possesses stronger
catalytic activity than monometallic or bimetallic nanoparticle, and
we have successfully demonstrated its promising application in
colorimetric sensors for H2O2, glucose and cancer cell biosensing
[21,22]. These prepared Cu/Au/Pt TNs have multiple advantages of
good stability, sustainable catalytic activity, robustness to harsh
environments and facile ligand conjugation, which facilitate the
development of Cu/Au/Pt TNs in the applications of biosensing. On
the basis of the catalytic effect of Cu/Au/Pt TNs on the reaction
between 3,3,5,5-tetramethylbenzidine (TMB) with hydrogen
peroxide (H2O2), a colorimetric detection strategy could also be
established for MC-LR detection.

The key to fabricate Cu/Au/Pt TNs-based colorimetric biosensor
is that the color signal produces from Cu/Au/Pt TNs catalysis
changes following the target concentration. Since Nagahara first
reported the DNA-polymer hybrid hydrogel in 1996 [23], DNA
hydrogels have drawn wide research attention because of their
great potential in biomedical and biosensing applications, such as
the detection of ATP [24,25], cocaine [26,27], miRNA [28,29] and
mycotoxins [30,31]. DNA hydrogels are 3D crosslinked networks
which can encapsulate enzymes and nanomaterials. Target-
responsive hydrogels can be constructed by designing responsive
polymeric backbones or responsive crosslinking units as a switch
which could be turned “ON” or “OFF”with or without its target [32].
When the switch is opened by the target, those encapsulated en-
zymes and nanomaterials will be released as signal output.

Inspired by the pioneering works above, DNA hydrogels
encapsulated with Cu/Au/Pt TNs were prepared as target-
responsive and signal-amplification materials to fabricate a novel
sensing platform for the sensitive detection of MC-LR. In this newly
designed sensor, a MC-LR specific aptamer was incorporated into
hydrogels as responsive cross-linkers, the Cu/Au/Pt TNs were
encapsulated into hydrogels as signal amplification and output
units. Such strategy shows an integration of DNA hybridization and
nanoparticle-mediated catalysis and exhibits excellent perfor-
mance in the quantitative assay of MC-LR for food safety and water
quality.
2. Experimental section

2.1. Materials and reagents

30% H2O2, HAuCl4$H2O (>99.5%), CuSO4$5H2O, NaBH4, Sodium
citrate, N,N,N0,N0-tetramethylethylenediamine (TEMED), Ammo-
nium persulfate (APS) and Acrylamide were obtained from Damao
chemical reagent factory (Tianjin, China). K2PtCl4 (>99.9%), 3,3,5,5-
tetramethylbenzidine (TMB), chloramphenicol (CH) and estradiol
(E2) were obtained from Sigma-Aldrich (St.Louis, MO, USA).
Microcystin-LR (MC-LR) and Microcystin-RR (MC-RR) were pur-
chased from Algalchem Inc. (Taiwan, China). Microcystin-YR (MC-
YR) was obtained from Abraxis Inc. (Warminster, PA, USA). All oli-
gonucleotides applied in this work were synthesized and modified
by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China) and
purified by high performance liquid chromatography (HPLC). The
sequences of these oligonucleotides were as follows:

Strands-A (SA): 50-Acrydite-TTT TTT GGG CAT AAT GAG-3’.
Strands-B (SB): 50-Acrydite-TTT TTT GTA ATT GTC ATG-3’.
MC-LR aptamer: 50-GGC GCC AAA CAG GAC CAC CAT GAC AAT

TAC CCA TAC CAC CTC ATT ATG CCC CAT CTC CGC-3’.
2.2. Apparatus

The colorimetric determination were performed by UVeVis
spectrophotometer (TU-1901, Persee Co., Ltd., China). Trans-
mission electron microscopy (TEM, FEI talos F200X, USA) and
scanning electronmicroscope (SEM, VEG3 TESCAN, Czech Republic)
were employed to characterize the resulting nanocomposites. Cir-
cular dichroism (CD, J-715, JASCO, Japan) was used to analyze
changes in DNA conformation. The electrophoresis apparatus (DYY-
11, Liuyi Instrument Factory, China) and ImageQuant 350 gel im-
aging system (GE Healthcare, USA) were also used in experiments.



P. Wu et al. / Analytica Chimica Acta 1134 (2020) 96e10598
2.3. Synthesis of Cu/Au/Pt TNs-DNA hydrogels

Prior to preparation of Cu/Au/Pt TNs-encapsulated DNA hydro-
gel, the Cu/Au/Pt TNs were synthesized according reported
methods [21,22]. Briefly, CuSO4, sodium citrate and NaBH4 were
added into water under rapid mixing with a final concentrations of
0.12 mmol L�1, 0.25 mmol L�1 and 1.25 mmol L�1 respectively.
About 15 min later, HAuCl4 and K2PtCl4 were added with the final
concentrations of 0.25 mmol L�1 and stirring was continued for
about 20 min. The synthesized Cu/Au/Pt TNs were stored at room
temperature for further application.

The Cu/Au/Pt TNs-DNA hydrogels were prepared based on the
reported procedures with some modification [31]. Firstly, the DNA
side-chain polymer was synthesized through the following pro-
cedure: 30 mL acrydite-DNA solution (SA or SB, 300 mmol L�1), 7.8 mL
PBS, and 14.4 mL acrylamide (25 wt%) were mixed vigorously and
kept under vacuum for 10 min to remove the air. Followed by
adding 12.6 mL APS (10 wt%) and 25.2 mL TEMED (5 wt%). Then, the
mixture was immediately incubated under vacuum for 15 min to
obtain the polymer strands. Secondly, the Cu/Au/Pt TNs-
encapsulated DNA hydrogels were prepared as follows: the 2 mL
P-SA (100 mmol L�1), 2 mL P-SB (100 mmol L�1), 4 mL Cu/Au/Pt TNs
prepared above, and 2 mLMC-LR aptamer (35 mmol L�1) weremixed
in the eppendorf tube. Subsequently, the mixed solution was
incubated twice at 65 �C for 5 min and was shaken vigorously after
each incubation. Finally, the mixture was cooled to room temper-
ature to form the Cu/Au/Pt TNs-encapsulated DNA hydrogels.
2.4. Native polyacrylamide gel electrophoresis

In order to verify the cross-linking effect of aptamer to SA and SB
as well as the binding ability of aptamer to MC-LR, SA, SB, aptamer
and the mixture of aptamer/SA/SB in PBS buffer were heated to
95 �C for 5 min and slowly cooled to 25 �C. Subsequently, the
different concentrations MC-LR were added in the mixture of
aptamer/SA/SB and incubated at 25 �C for 40 min. A 12% native
polyacrylamide gel electrophoresis (PAGE) was prepared with
1 � TBE buffer (90 mM Tris-HCl, 2 mM EDTA, 90 mM boric acid, pH
7.8). Then the gel was run at 100 V for 70min and stainedwith gene
green for 30 min. The photo was taken by the ImageQuant system.
2.5. Assay procedure

MC-LR (10 mL) with different concentrations were added to that
prepared hydrogels, followed by incubation at 25 �C for 40 min to
ensure the complete competitive reaction between complementary
DNA and MC-LR. Then 198 mL H2O, 12 mL TMB (333 mmol L�1) and
12 mL H2O2 (1.0 mol L�1) were added sequencely for catalytic re-
action. After incubating at room temperature for about 10 min, the
reaction was terminated by 1 mol L�1 HCl, and the absorbance was
determined by UVeVis spectrometer at 452 nm immediately.
2.6. Analysis of MC-LR in actual samples

For the detection of MC-LR in real samples, fresh crucian carp
tissue purchased from supermarket and tap water taken from
Tianjin Water Group were selected to assess the accuracy the
proposed assay. Various accounts of MC-LR standards were spiked
into fresh fish tissue and water samples with the final concentra-
tions of 100 and 1000 ng L�1, respectively. Then the spiked samples
were determined by the above-described procedure and micro-
cystin ELISA kit at the same time.
3. Results and discussion

3.1. Working principle of the proposed biosensor

The design of MC-LR-responsive hydrogel was displayed in
Scheme 1. Strands-A and strands-B were designed to be comple-
mentary to two adjacent regions of the MC-LR aptamer and were
grafted onto linear polyacrylamide polymers to form polymer
strands A and B (P-SA and P-SB). MC-LR aptamers act as cross-
linkers were used to hybridize with SA and SB to form hydrogels.
Cu/Au/Pt TNs were encapsulated in DNA hydrogels. When in
presence of MC-LR, the specific aptamers competitively binded
with the MC-LR and form target-aptamer complexes due to high
affinity between aptamer and target, causing the disintegration of
hydrogels and the release of preloaded Cu/Au/Pt TNs. Cu/Au/Pt TNs
with enhanced enzymes activity would catalyze the reaction be-
tween H2O2 and TMB, producing color changes as the concentra-
tion of MC-LR changes.

3.2. Feasibility verification

The design of the complementary DNA strands is very important
for the construction of hydrogels. In order to prove the cross-linking
effect of aptamer to SA and SB as well as the binding ability of
aptamer to MC-LR, the hybridization and dehybridization perfor-
mance of the three complementary DNA strands were studied by
circular dichroism and native-PAGE. As exihibited in Fig. 1A, MC-LR
showed no peaks of secondary structures. The mixture of SA and
SB showed similar peaks to the aptamer which displayed a positive
peak at about 280 nm and a negative peak at about 245 nm. When
the SA and SBwas added into the aptamer solution, therewere slight
red shift at 280 nm and slight blue shift at 248 nm, and the peaks
were significantly decrease, indicated that their secondary structure
changed due to the hybridization of aptamer, SA and SB. However,
there was a strong increase at 280 nm and 245 nm after introducing
MC-LR into the mixture of aptamer, SA and SB, indicated that MC-LR
could successfully compete for the aptamer from the complemen-
tary DNA strands. These results were further supported by the re-
sults of native-PAGE in Fig. 1B, which demonstrated that the
existence ofMC-LR induced a disruption of the three complementary
DNA strands. Taken together, MC-LR aptamer can efficiently hy-
bridize with SA and SB to form a triple-stranded complex. Equally
important is that the triple-stranded complex could be efficiently
dehybridizated in the presence of MC-LR.

In order to validate the feasibility of Cu/Au/Pt TNs-encapsulated
DNA hydrogel biosensor, a simple control experiment was per-
formed. As shown in Fig. 2, in the absence of aptamer, a high
absorbance value was observed whether or not MC-LR was pre-
sented, indicating that Cu/Au/Pt TNs were not successfully encap-
sulated (line a and b). When the aptamer was added, the lowest
absorbance intensity was obtained due to the formation of hydro-
gels by the addition of aptamer (line c). If we added MC-LR on this
basis, the absorbance value of the system increased significantly
because the combination between aptamer and MC-LR was
occurred and the hydrogels were further disrupted (line d). Fig. S1
further confirm the feasibility of Cu/Au/Pt TNs-encapsulated DNA
hydrogel biosensor because the absorbance value of the system
increased significantly and the color of the solution changed from
colorless to yellow in the presence of MC-LR, while no evident
changes occured in absence of MC-LR.

3.3. Characterization

To prove that the Cu/Au/Pt TNs were successfully synthesized,
TEM was performed, and the results were showed in Fig. 3. The
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synthesized Cu/Au/Pt TNs had a spheroidal structure (Fig. 3A). It can
also be observed that the Cu, Au and Pt elements were distributed
evenly in Cu/Au/Pt TNs (Fig. 3BeF). The TEM and SEM were also
applied to characterize the formation of DNA hydrogels. A typical
three-dimensional network structure was observed and the Cu/Au/
Pt TNs were embedded in DNA hydrogel (Fig. 4). These results
suggested that the Cu/Au/Pt TNs-encapsulated DNA hydrogels were
successfully synthesized.
3.4. Optimization of experimental conditions

Some experimental conditions which affected the performance
of the proposed sensor were optimized. To prepare stable and
sensitive hydrogels, the concentrations of aptamer-linker were
firstly optimized. As shown in Fig. 5AeD, the dissociation kinetics
in the presence of different MC-LR concentrations were observed
by monitoring the absorbance value at 452 nm, which is the ab-
sorption maximum for oxidized TMB. When 30 mmol L�1 aptamer-
linker was used, high absorbance value was obtained after MC-LR
added. However, the absorbance increased significantly as time
increased even noMC-LR added, which indicated the weak stability
of the hydrogels (Fig. 5A). When the aptamer concentration was
35 mmol L�1, the absorbance increased significantly with the
addition of MC-LR and the absorbance had little change without
MC-LR, indicating that hydrogels were stable and sensitive (Fig. 5B).
When the aptamer concentrations were higher than 35 mmol L�1,
there was a little change of absorbance value with MC-LR addition
which meaned that high sensitivity would not be achieved under
this condition (Fig. 5CeD). Hence, 35 mmol L�1 aptamer was
selected as the optimum concentration to synthesize stable DNA
hydrogel with ideal sensitivity to MC-LR. It could also be seen from
Fig. 5B that the absorbance value of the MC-LR-containing group
remained almost unchanged after 40 min incubation, indicating
that 40 min of incubation was enough for the combination of MC-
LR with aptamer. Thus, the optimum incubation time was 40 min.

It is also important to optimize the amount of Cu/Au/Pt TNs
Scheme 1. Schematic illustration of the colorimetric biosensor for the detec
encapsulated in the hydrogels because they would significantly
affect the sensitivity of the assay. Fig. 5E exihibited the effects of the
amount of encapsulated Cu/Au/Pt TNs on the changes in absor-
bance. The highest absorbance change could be obtained as the
volume of the encapsulated Cu/Au/Pt TNswas 4.0 mL. It was because
the lower amount of Cu/Au/Pt TNs encapsulated resulting in
smaller signal change, while the higher amount of Cu/Au/Pt TNs
overloaded resulting in higher background signal. The concentra-
tions of H2O2 and TMB were also optimized. Since the Cu/Au/Pt TNs
released fromDNA hydrogel partly depended on the amount of MC-
LR, 4.0 mL Cu/Au/Pt TNs, the maximum amount of encapsulation in
the hydrogel, was used to explore the optimal H2O2 and TMB
concentrations. As shown in Fig. S2 and Fig. S3, it is enough for Cu/
Au/Pt TNs to achieve their maximum catalytic efficiency when the
concentrations of H2O2 and TMB are 48 mmol L�1 and
26.4 mmol L�1, respectively. Moreover, pH could effect the catalytic
activity of Cu/Au/Pt TNs, it could be seen from Fig. S4 that the
optimal pH was 5.
3.5. Colorimetric response of the assay

To demonstrate the ability of the presented sensing approach to
sensitive quantitation of MC-LR, colorimetric analysis was con-
ducted under different concentrations of MC-LR. Fig. 6A showed
positive correlations between the absorbance and the concentra-
tions of MC-LR, the absorbance value enhanced as the MC-LR
concentration increased. It could be seen from Fig. 6B that the ab-
sorption value was linearly related to the concentration of MC-LR in
the range of 4.0e10000 ng L�1, and the linear equation was
△A ¼ 0.0878lgCMC-LRþ0.2519 (R2 ¼ 0.9911). The limit of detection
(LOD) of 3.0 ng L�1 was obtained from interpolating the mean value
plus three standard deviations of blank samples (n¼ 11). Compared
to the previously reported method, this Cu/Au/Pt TNs-DNA hydro-
gel based colorimetric biosensor exihibited better analytical per-
formance (Table 1).
tion of MC-LR based on the Cu/Au/Pt TNs-encapsulated DNA hydrogel.



Fig. 1. (A) CD spectra of the oligonucleotides used in DNA hydrogel; The concentrations of all DNA were 10 mmol L�1 and the concentration of MC-LR was 10 mg L�1. (B) Native-PAGE
image of the oligonucleotides used in DNA hydrogel; a: SA; b: SB; c: aptamer; d: aptamer þ SA þ SB; e: aptamer þ SA þ SB þ MC-LR (12.5 mg L�1); f: aptamer þ SA þ SB þ MC-LR
(125 mg L�1); The concentrations of SA, SB and aptamer were 2.0 mmol L�1, 2.0 mmol L�1 and 1.0 mmol L�1, respectively.

Fig. 2. UVevisible absorption spectra of the colorimetric biosensor under different conditions. (line a: no aptamers and no MC-LR added, line b: no aptamers but MC-LR added, line
c: no MC-LR but aptamers added, line d: aptamers and MC-LR were added).
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3.6. The specificity of the biosensor

To check the selectivity of the proposed method, two structure
analogues (MC-RR and MC-YR) from the family of microcystins and
two common small molecule contaminants (E2 and CH) in food and
the environmentwere studied bymeasuring its relative absorbance
with the same experimental method to MC-LR. As displayed in
Fig. 7, only MC-LR caused a significant change of absorbance signal
and other interferences produced little change in absorbance even
the concentrations of these interferences were 10-flod higher
(10.0 mg L�1) than that of MC-LR (1.0 mg L�1), demonstrating high
specificity of the developed strategy for the determination of MC-
LR.

3.7. Application of the biosensor

The reliability and feasibility of the as-proposed biosensor for
quantifying MC-LR in actual samples were assessed by analyzing
MC-LR in fresh crucian carp tissue and water spiked with a range of
known concentrations of MC-LR. Table 2 showed the recoveries of
fresh fish tissue and water sample, the recoveries of fresh crucian
carp tissue were in the range of 95.34%e107.07% with relative



Fig. 3. Characterization of Cu/Au/Pt TNs. (A) TEM image of Cu/Au/Pt TNs. (B) STEM image of Cu/Au/Pt TNs. (CeE) STEM-EDS elemental mapping images of (C) Cu, (D) Au, and (E) Pt of
Cu/Au/Pt TNs. (F) The merged image of C, D, and E.

Fig. 4. Characterization of DNA hydrogels. (AeC) SEM images of DNA hydrogel. (D) TEM image of DNA hydrogel.
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Fig. 5. (AeD) Effects of aptamer concentrations on Cu/Au/Pt TNs-encapsulated DNA hydrogel; Kinetics of hydrogel decomposition monitored at 452 nm when (A) 30 mmol L�1, (B)
35 mmol L�1, 40 mmol L�1 and (D) 50 mmol L�1 aptamer were used. (E) Effects of the Cu/Au/Pt TNs volume on the performance of the hydrogel.

Fig. 6. (A) UVevisible absorption spectra of the Cu/Au/Pt TNs-encapsulated DNA hydrogel biosensor in the presence of various concentrations of MC-LR (0.0e10.0 mg L�1). (B) Linear
correlation between the changed absorption signal intensities and the concentrations of MC-LR.
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standard deviations (RSDs) lower than 5.52%, while the recoveries
of water ranged from 93.96% to 105.33% and the RSDs were less
than 12.01%. The results were compared with the commercial ELISA
kit, the recoveries obtained from the ELISA kit were 90.58%e
108.82% (fresh crucian carp tissue) and 89.55%e102.12% (water),
respectively. These results showed that there is a good consistency



Table 1
Comparison of different analytical methods for MC-LR.

Methods Technique Linear range LOD Ref.

(mg L�1) (ng L�1)

Eu nanospheres Fluorescence 0.1e5.0 54.2 [9]
SWCNTs-dapoxyl Fluorescence 0.4e1194 137.0 [33]
QD-hapten nanoprobes Fluorescence 0.10-4.0 30.0 [34]
Antibody-antigen Chemiluminescence 0.062-0.65 30.0 [12]
Terminal deoxynucleotidyl transferase Electrochemical 0.0597e995.189 14.9 [10]
Au NPs@MIL-101 Electrochemical 0.05e75 20.0 [35]
AuNRs/MoS2/Au Electrochemical 0.01e20 5.0 [36]
3D graphene Electrochemical 0.05e20 40.0 [37]
Molecularly-imprinted polymers and AuNPs Colorimetry 0.1e100 40.0 [13]
AuNPs Colorimetry 0.5e7500 368.2 [16]
AuNP dimers Colorimetry 0.1e250 49.6 [38]
Cu/Au/Pt TNs-encapsulated DNA hydrogel Colorimetry 0.004e10 3.0 This work

Abbreviations: single-walled carbon nanotubes (SWCNTs), quantum-dot (QD), a composite material which Au nanoparticles were loaded onMIL-101 (Au NPs@MIL-101), gold
nanorods/molybdenum disulfide/gold electrode (AuNRs/MoS2/Au), Au nanoparticles (Au NPs).
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between the results obtained from the presented biosensor and
ELISA kit, indicated the potential application of that Cu/Au/Pt TNs-
encapsulated DNA hydrogel biosensor for MC-LR detection.

4. Conclusion

In summary, a novel Cu/Au/Pt TNs-encapsulated DNA hydrogel
was prepared and a colorimetric platform based on this DNA
hydrogel was established for sensitive detection of hazardous MC-
LR, which also confirms that the target-responsive and signal-
Fig. 7. Selectivity of the Cu/Au/Pt TNs-encapsulated DNA hydrogel biosensor; The concentrat
all 10 mg L�1.
amplification strategy are very effective and can be used for the
measurement of other targets. Introduction of DNA hydrogel in the
sensing system can solve the problem of detection specificity, and
the introduction of Cu/Au/Pt TNs with intensive peroxidase-like
activity can solve the problem of detection sensitivity, and visible
color changes is more conducive to practical applications. Such
strategy combines the advantages of the simple, available, and
portable colorimetric system with superior performance of DNA
hydrogel-based switchable release system, as well as the high
target specificity of aptamer and robust properties of multimetallic
ion of MC-LR were 1.0 mg L�1 and the concentrations of MC-RR, MC-YR, E2 and CH were



Table 2
Determined results of MC-LR in real samples using the developed sensor and the ELISA Kit (n ¼ 3).

Sample Added (ng L�1) Developed sensor ELISA Kit

Detected (mg L�1) Recovery (%) RSD (%) Detected (mg/L) Recovery (%) RSD (%)

Fish 0 ND# e e ND# e e

100 107.07 107.07 5.52 108.82 108.82 8.28
1000 953.36 95.34 7.86 905.78 90.58 3.10

Water 0 ND e e ND e e

100 105.33 105.33 7.86 102.12 102.12 16.08
1000 939.60 93.96 12.01 895.45 89.55 3.48

# Not detected.
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nanoparticles. In view of these advantages, this colorimetric
biosensor achieved the detection limit of 3.0 ng L�1 and the
detection range from 4.0 to 10000 ng L�1 which provide potential
for analysis in actual samples.
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