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Abstract: Food safety has always been a major global challenge to human health and the effective
detection of harmful substances in food can reduce the risk to human health. However, the food
industry has been plagued by a lack of effective and sensitive safety monitoring methods due to
the tension between the cost and effectiveness of monitoring. DNA-based hydrogels combine the
advantages of biocompatibility, programmability, the molecular recognition of DNA molecules, and
the hydrophilicity of hydrogels, making them a hotspot in the research field of new nanomaterials.
The stimulus response property greatly broadens the function and application range of DNA hydrogel.
In recent years, DNA hydrogels based on stimulus-responsive mechanisms have been widely applied
in the field of biosensing for the detection of a variety of target substances, including various food
contaminants. In this review, we describe the recent advances in the preparation of stimuli-responsive
DNA hydrogels, highlighting the progress of its application in food safety detection. Finally, we also
discuss the challenges and future application of stimulus-responsive DNA hydrogels.

Keywords: smart DNA hydrogel; DNA nanomaterials; aptamer; nucleic acid amplification
techniques; food contaminants; food safety monitoring

1. Introduction

Hydrogels are materials with a three-dimensional (3D) network structure formed by
chemical or physical cross-linking and have been widely used in the field of biomaterials
due to their unique physical properties such as good hydrophilicity, softness and elastic con-
sistency [1–3]. Deoxyribonucleic acid (DNA) is the central molecule of life, with excellent
biocompatibility, stability, precise recognition and high versatility [4–6]. DNA hydrogels
are highly cross-linked porous nanomaterials, which are web-like structures formed by
cross-linking DNA molecules and are one of the most important representatives of macro-
scopic 3D DNA materials [7]. DNA strands can be flexibly manipulated to construct highly
predictable and structured DNA networks since they are programmable, complementary,
and chemically alterable [8]. In addition, the 3D scaffold of the DNA hydrogel provides
mechanical rigidity and has multiple binding sites. The combination of the unique biolog-
ical function of DNA molecules and the good skeletal function of hydrogel makes DNA
hydrogel suitable for wide applications in biosensing [9], drug delivery [10], environmental
protection [11], food safety monitoring, and making new medical devices [12].

Stimulus-responsive DNA hydrogels have gained more attention as a particular type
of DNA hydrogel with the smart property of being able to respond to the environmental
stimuli [13]. Based on Watson–Crick base pairing between conventional DNA strands or
the characteristic response behavior of functional nucleic acids (such as i-motif structures
and G-quadruplexes), stimulus-responsive DNA hydrogels undergo changes in phase,
volume, or other physicochemical properties triggered by temperature, pH, light, metal
ions, biomolecules or other external factors [14,15]. In fact, stimulus-responsive DNA
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hydrogels can be divided into different categories according to different principles. The
response factor in DNA hydrogel may be a non-nucleic acid [16–18] or a nucleic acid
sequence, such as an aptamer [19–21]. In addition, according to different stimuli factors
in the environment, they can be divided into two types: chemical triggering and phys-
ical triggering hydrogel [22]. Additionally, according to the number of environmental
stimuli factors, they can be divided into single-stimulus and multi-stimulus-responsive
DNA hydrogels [23]. Stimulus-responsive DNA hydrogels offer more possibilities for the
application of intelligent materials in biology due to their gel ↔ sol–gel phase change
properties [24,25].

According to the World Health Organization (WHO), adequate access to safe and
nutritious food is essential for sustaining life and promoting health [26]. However, food
is frequently contaminated with bacteria, viruses, fungi, and parasites, which cause dis-
eases such as hemolytic uremic syndrome, irritable bowel syndrome, and Guillain-Barre
syndrome [27]. In addition, with the spread of modern agriculture and the rapid industri-
alization of food, the risk of residues of pesticides, veterinary drugs and illegal additives
in food is increasing [28]. Environmental and water pollution can also have an impact
on food safety. Therefore, effective and sensitive food safety monitoring methods are
particularly important. Many attempts have been made, but the existing methods still have
certain shortcomings. Traditional methods such as culture and colony counting are less
efficient and sensitive [29]. Other methods such as enzyme-linked immunoassay (ELISA),
polymerase chain reaction (PCR) and high-performance liquid chromatography (HPLC),
despite having improved sensitivity, are still not suitable for on-site detection or field use
due to the complexity and poor portability of the instruments [30,31]. New monitoring
methods need to be developed in the food industry to cope with the severe food quality
and safety issues.

A biosensor is an analytic device that combines a biological component with a physic-
ochemical detector to detect analytes [32]. Compared to existing food safety detection
methods, biosensors offer significant advantages such as low cost, rapid analysis, and ease
of use [33,34]. Due to the advantages of biocompatibility, programmability and good exter-
nal response, stimulus-responsive DNA hydrogel can be used as a recognition element for
biosensors to improve the sensitivity and specificity [35]. In this review, we will first outline
general strategies for constructing stimulus-responsive DNA hydrogels. Then, according
to different external stimuli, two types of DNA hydrogels are introduced: physical and
chemical stimuli-responsive DNA hydrogels are introduced. Finally, the latest research
progress on stimulus-responsive DNA hydrogel-based biosensors for food safety detection,
challenges and an outlook of the future developments of this rapidly evolving field are
presented, respectively (Figure 1).
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2. Preparation and Classification of Stimulus-Responsive DNA Hydrogel
2.1. Design Strategies of Stimulus-Responsive DNA Hydrogels

At present, there are two main strategies for synthesizing stimulus-responsive DNA
hydrogels. One is DNA strands as a hydrogel scaffold. It involves a change in the DNA
scaffold leading to a phase change in the hydrogel. The other is to use other polymer chains
as the scaffolds which are modified with functional DNA sequences. This section describes
the characteristics of those two preparation strategies.

2.1.1. DNA Hydrogel Based on DNA Scaffold

This strategy is generally applicable to pure DNA hydrogels, which are mainly re-
alized by DNA self-assembly or enzymatic ligation [22]. Self-assembling of DNA nanos-
tructures [39] and nucleic acid amplification techniques [40,41] can be used to form
DNA scaffolds with stimulus-responsive components added to the backbone as the joint
part. The most commonly used responsive components are aptamers for target sub-
stances [42], pH-responsive i-motif structures [43] and T-A·T or C-G·C+ triplexes [44],
metal-ion-responsive DNAzymes [14], C-Ag+-C and T-Hg+-T metal-bridged double helix
DNA [45], G-quadruplex structures [46], light-responsive azo-benzene intercalated DNA
structures [47], and responsive nanoparticles such as ZnO nanoparticles.

The preparation of DNA hydrogels based on DNA scaffolds was initially carried out
by the ligation or DNA self-assembly. For example, a common approach is assembling DNA
scaffolds from various branched-DNA architectures (X-, Y-, or T-shaped DNA) with comple-
mentary sticky ends. In 2006, Luo’s team [39] formed DNA hydrogels using three separate
DNA building blocks and T4 ligase mediation. This strategy involves inter-hybridization
and ligation of DNA building blocks with T4 ligase to form DNA hydrogels. This method
is characterized by the ability to adjust the mechanical properties of the DNA hydrogel
by adjusting the type and concentration of the DNA building blocks to suit the actual
requirements. However, the enzyme-mediated cross-linking is time-consuming, complex
and costly. Researchers have started to design linkers to enable self-assembly between
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DNA building blocks. Liu’s team [19] used Y-type DNA nanostructures as scaffolds and
linear double-stranded DNA as linkers to form a DNA hydrogel (Figure 2A). The sticky
ends of the Y-type nanostructures and the linker are complementary to each other which
leads to hydrogel formation. Moreover, their other work is simpler in design. Only a
kind of Y-DNA nanostructure units was used as the backbone, whose i-motif domain
contains two cytosine-rich stretches. When the pH changes to acidic, the cytosines in the
C-rich domains become partially protonated, which leads to the formation of a C-CH+

triple hydrogen bond, thereby forming a pH-responsive DNA hydrogel [20]. Compared to
other preparation methods, the strategy based on the DNA self-assembly does not require
complex steps, but its high cost is still a fact that cannot be ignored.

Biosensors 2023, 13, x FOR PEER REVIEW 4 of 32 
 

complex and costly. Researchers have started to design linkers to enable self-assembly 
between DNA building blocks. Liu’s team [19] used Y-type DNA nanostructures as scaf-
folds and linear double-stranded DNA as linkers to form a DNA hydrogel (Figure 2A). 
The sticky ends of the Y-type nanostructures and the linker are complementary to each 
other which leads to hydrogel formation. Moreover, their other work is simpler in design. 
Only a kind of Y-DNA nanostructure units was used as the backbone, whose i-motif do-
main contains two cytosine-rich stretches. When the pH changes to acidic, the cytosines 
in the C-rich domains become partially protonated, which leads to the formation of a C-
CH+ triple hydrogen bond, thereby forming a pH-responsive DNA hydrogel [20]. Com-
pared to other preparation methods, the strategy based on the DNA self-assembly does 
not require complex steps, but its high cost is still a fact that cannot be ignored. 

 

Figure 2. Different strategies prepared for DNA hydrogel. (A) pH-responsive DNA hydrogels
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In addition to DNA nanostructures, nucleic acid amplification method is another com-
mon strategy for the formation of a DNA scaffold. Among them, rolling circle amplification
(RCA), an isothermal DNA replication technique, has been proven very useful for the mass
production of DNA scaffolds [52]. It generates large amounts of ultralong ssDNA with
periodic patterns [53], which can be physically entangled to build DNA hydrogel networks.
Alternatively, repeated functional nucleic acid fragments can be obtained by the design of a
specific circular template. Additionally, then, DNA hydrogels can be fabricated through
the chemical linkage between functional nucleic acid fragments. Tian’s team used RCA
method to produce long DNA chains containing pH-sensitive i-motif repeat sequences [54].
The results showed that the DNA hydrogel has good stability and efficient pH response
and has the potential for the study of pH-stimulated drug release. An ingenious design of
double RCA strategy has also been developed [48]. Two ssDNA chains produced by RCA
were used to construct DNA hydrogel through the hybridization between complementary
sequences (Figure 2B). The two main advantages of using RCA to prepare DNA hydro-
gels are the simplicity and the efficiency. It does not require precise temperature control
and can reach more than 200 cycles in only 1 h. However, the low mechanical properties
of DNA hydrogels prepared using RCA may limit their application in some special or
complex environments.

Hybridization chain reaction (HCR) is another isothermal amplification reaction that
constructs DNA scaffolds without the involvement of enzymes [55]. It has the advantage
of being able to quantitatively regulate the generation of DNA hydrogels by designing
the DNA sequence and reaction concentration. In addition, this method does not require
template design and can provide hydrogels with better mechanical properties than that by
RCA. Wang et al. designed a stimulus-responsive DNA hydrogel based on the clamped
HCR method. In the work, two identical hairpin strands, H1, form a hairpin dimer, and
upon the addition of an initiator, the hairpin dimer opens on one side and binds to the other
hairpin strand, H2, thereby triggering the transition of the hydrogel from a sol to a gel [40]
(Figure 2C). Similar to the process of self-assembly DNA nano units, this method requires
fixed sequences and high concentrations of DNA monomers, which may be detrimental to
the functionalization and application of DNA hydrogels.

Terminal deoxynucleotidyl transferase (TdT)-mediated amplification is capable of
catalyzing the polymerization of deoxyribonucleotide extensions of DNA molecules at the
3′-OH ends of double- or single-stranded DNA without the need for a template. Comple-
mentary hybridization of the poly-A or poly-T tails of the building blocks formed by the
TdT technique enables the formation of DNA hydrogels [49] (Figure 2D). The introduction
of TdT into DNA scaffolds formation reduces the initial DNA concentration required and
gives DNA hydrogels strong mechanical properties.

Pure DNA hydrogel has excellent biocompatibility and biodegradability. However,
regarding other properties, it is worth noting that the microstructure of pure DNA hy-
drogels prepared by the above different methods are not exactly the same. For example,
the microstructure of hydrogels formed through RCA is mainly a nanoflower structure.
Generally, RCA-based DNA hydrogels are structurally loose and have low mechanical
properties. In contrast, HCR-based DNA hydrogels are mostly cross-linked by hydrogen-
bonds, showing a porous three-dimensional microstructure. This improves the stability and
mechanical properties of the DNA hydrogel. Similar to HCR-based hydrogels, TdT-based
hydrogel has a highly porous microstructure, which is also a preparation method favorable
for robust hydrogels.

2.1.2. DNA Hydrogel Based on Other Polymer Chain

The former strategy mainly targets pure DNA hydrogels, but pure DNA hydrogels
are suffering from high cost and low mechanical properties. Therefore, there has always
been an interest in developing DNA-polymer hybrid hydrogels.

DNA-polymer hybrid hydrogels are usually prepared by grafting DNA onto polymer
chains and linking the polymer chains through DNA hybridization or supramolecular
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interactions [56]. Attachment of DNA to the polymer chains is usually achieved in two ways.
First, DNA can be modified with acrylic acid and a DNA copolymer can be synthesized
with acrylamide by copolymerization. In addition, the formation of amide or disulfide
bonds, Michael addition reactions and electrostatic interactions also contribute to the post-
modification and attachment of DNA to the native polymer chains [57].

Compared with DNA hydrogels based on DNA scaffolds, the hydrogels prepared
with polymer chains have stronger mechanical stability. However, the biocompatibility and
degradability of the latter are relatively poor. Cheng et al. [21] prepared a DNA-acrylamide
hydrogel for the detection of Chlamydia trachomatis. Two acrylic acid modified DNA
strands were copolymerized with acrylamide to form two DNA-polymer strands, which
were assembled by DNA hybridization to form a DNA hydrogel. Yu et al. [50] designed a
DNA-acrylamide hydrogel in response to pH and Ag+, where different responsive DNA
sequences were copolymerized with acrylamide and assembled to form a DNA hydrogel
in response to external stimuli. (Figure 2E).

In addition to DNA copolymerization with acrylamide, DNA polymer chains can be
formed by DNA post-modification with other hydrophilic polymers such as carboxymethyl
cellulose (CMC) and chitosan (CS). Changing the ratio of DNA to polymer concentration
can modulate the mechanical properties of the hydrogel. Wang et al. [58] designed a photo-
responsive DNA-CMC based hydrogel. The amino-modified DNA was linked to CMC
via amide bonds, and DNA hydrogels were formed by DNA hybridization. A DNA-CS
hydrogel for drug delivery was prepared by Chen et al. [51]. This work does not require
the modification of DNA and enables the attachment of DNA to the polymer by virtue of
the electrostatic adsorption between DNA and chitosan. Moreover, the microstructure and
mechanical properties of the hydrogel were modulated by adjusting the chitosan content
(Figure 2F). Additionally, other stimulus-responsive DNA sequences, such as G-quadruplex
and supramolecular structures (such as azobenzene), can be assembled onto polymer
chains, rendering the resulting DNA-polymer hydrogels stimulus-reactive.

In Table 1, these two approaches to construct stimulus-responsive DNA hydrogel are
summarized, which refer to different types of scaffolds and the construction strategies
of scaffolds.

Table 1. Stimulus-responsive DNA hydrogel design strategies.

Construction Strategy Formation of the Scaffold Advantages Disadvantages Refs.

DNA hydrogels based on
DNA scaffolds

Self-assembly of DNA
building blocks

Adjustable mechanical
properties, simple steps

High cost and high
synthetic conditions [19,20,39]

Rolling circle amplification
(RCA)

Simplicity, efficiency, low
synthesis conditions

Low mechanical
properties [48,54]

Hybridization chain
reaction (HCR)

Adjustable mechanical
properties, simple sequence
design

Complicated process
and high cost [40]

Terminal deoxynucleotidyl
transferase (TdT)

Strong mechanical
properties, low cost - [49]

DNA hydrogels based on
other polymer chains

Polyacrylamide chains Strong mechanical stability Low biocompatibility
and degradability [21,50]

Carboxymethyl cellulose
(CMC)

Adjustable mechanical
properties

Complex modification
process [58]

Chitosan (CS) Convenient DNA ligation - [51]

2.2. Classification of Stimulus-Responsive DNA Hydrogel

According to the different environmental stimuli, we divide DNA hydrogels into two
types: physical-stimulus-responsive and chemical-stimulus-responsive DNA hydrogels.
Physical-stimulus-responsive DNA hydrogels mainly refer to the phase change of hydrogels
triggered by physical factors such as pH, temperature, light, heat, electrical fields, magnetic
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fields, ultrasound irradiation and sonication. In contrast, chemical-stimulus-responsive
DNA hydrogels are stimulated by chemical substances such as metal ions, biomolecules
(DNA, enzymes, proteins and small molecules), redox, enzymes and solvents. In this
section, an overview of common physical and chemical-stimulus-responsive DNA hydrogel
assembly methods and their working principles are presented.

2.2.1. Physical-Stimulus-Responsive DNA Hydrogel
pH-Responsive DNA Hydrogels

pH is an indicator of the concentration of hydrogen ions in a solution. When the
pH in a solution is less than 7, the solution is dominated by H+ and its concentration is
greater than that of OH-. Some DNA structures are sensitive to changes in pH, resulting in
conformational changes. For example, the partial protonation of the C-rich sequence makes
i-motif structure very sensitive to pH changes. At pH 5, the partially protonated cytosine
(CH+) interacts with the unprotonated cytosine via hydrogen bond to form a stable parallel
double helix. At pH 8, acid-base neutralization causes the structure to deconvolve into a
single chain [59,60]. T-A·T and C-G·C+ triple helix structures are also highly sensitive to pH
changes. At pH 7, the T-rich sequence and the T-A sequence form a T-A·T structure through
hydrogen bonding. At pH 10, the T-A·T structure is dissociated due to the deprotonation
of thymine residues. Similar to i-motif structure, the protonated C-G·C+ forms a triple helix
structure under acidic conditions at pH 5, while the neutral conditions at pH 7 promote the
dissociation of the structure [44]. The introduction of those pH-responsive DNA structures
into DNA hydrogels induces phase transitions under environmental pH stimulation.

Xu et al. [54] designed a pH-responsive DNA hydrogel that uses RCA to periodically
align i-motif structural sequences in DNA strands. The RCA reaction generates thousands
of i-motif fragments, which can easily form i-motif cross-linked structures between chains
under acidic conditions, thus forming DNA hydrogels. Ying’s team [61] designed an acid-
tolerant stimuli-responsive DNA hydrogel with cross-linked structures A-motif and i-motif
that both remained stable under acidic conditions. Due to the fact that the A-motif structure
was stable at pH 1.2~3 and the C-motif structure was stable at pH 4~6, leaving the acidic
environment would lead to the breakage of the DNA hydrogel. Based on this property,
DNA hydrogels have been used as drug delivery vehicles. The C-G·C+ structure and the
T-A·T structure were combined to produce a pH-responsive DNA hydrogel with dual
memory (Figure 3A). At pH 5, the formation of the C-G·C+ triple helix structure caused
the DNA hydrogel to be in a liquid state. At pH 7, the formation of the T-A·T structure
and the dissociation of the C-G·C+ structure transformed it into a gel state. At pH 10, the
dissociation of the T-A·T structure caused it to change again to a liquid state. This study
makes it possible to release the drug molecules from hydrogels as a carrier in different pH
environments [44].

Light-Responsive DNA Hydrogel

Common photosensitive substances applied to DNA hydrogels generally include
azobenzene (Azo), dithienylethene (DTE) and o-nitrobenzyl ester. Azo contains two aro-
matic rings linked by a nitrogen-nitrogen double bonds and realizes the reversible transfor-
mation from a trans-isomer (stable) to cis-isomer (loose) under different light irradiation.
In addition, it has attracted much attention in the fields of materials, biological probes and
optical information storage due to its excellent properties such as good light resistance, fast
optical response and ultra-high storage density. Azo has also been used in the preparation
of DNA hydrogels as a crosslinking component, allowing the hydrogel to trigger changes
in mechanical properties and phase transitions under light stimulation [67]. Kang et al. [62]
prepared a light-responsive DNA hydrogel as a drug delivery vehicle (Figure 3B). Under
UV light irradiation, Azo shifted to the cis conformation causing its structure to break up
while under visible light; its structure was restored.
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Figure 3. Schematic diagram of chemical and physically stimulus-responsive DNA hydrogels.
(A) Schematic Illustration for acid-resistant and physiological pH-responsive DNA hydrogel prepara-
tion and insulin release. Copyright (2012) RSC publications [61]. (B) Azo-incorporated DNA linker
can cross-link the DNA-polymer conjugates and form the hydrogel. Copyright (2010) ACS publica-
tions [62]. (C) Schematic diagram of the reversible response of aptamer-functionalized hydrogels to
temperature. Copyright (2021) RSC publications [63]. (D) Schematic diagram of a DNA hydrogel that
responds to Ag+. Copyright (2014) Wiley [64]. (E) Biomolecule-responsive DNA hydrogels based on
aptamer response formation. Copyright (2019) Elsevier [65]. (F) Schematic representation of the DNA
hydrogel sensing platform for sensing N-gene via a PGM. Copyright (2022) Elsevier [66].
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As a representative of the pericyclic reaction, DTE has excellent fatigue resistance
and thermal stability, and is one of the most popular photosensitive substances available
in optical storage, molecular switching, and fluorescent imaging. Under the irradiation
of UV light, its conformation undergoes a closed-loop change, while under visible light,
its conformation is reduced to an open-loop body. Based on this principle, a number of
works have been developed using DTE as a crosslinking structure for light-responsive
DNA hydrogels [68]. The design provides the possibility of controlling the structure and
properties of innovative materials in the future.

The o-nitrobenzyl compounds are one of the most studied photosensitive substances.
Due to their well-known photolytic mechanisms and tunable chemical structures, many
materials introduce them into cross-linked structures. Under light irradiation, o-nitrobenzyl
undergoes an energy change to give the final photolysis product. Based on such photolytic
principles, Willner’s team [69] synthesized DNA hydrogel membranes that can change
patterns using o-nitrobenzyl phosphate groups. The pattern and mechanical properties of
this hydrogel membrane were modulated by stimulation with light.

Temperature-Responsive DNA Hydrogel

DNA is a thermosensitive material capable of reversible denaturation (or melting) in
response to temperature stimuli. Therefore, DNA hydrogels based on reversible phase
transition of DNA duplexes can be prepared by using the reaction environment of heating-
cooling cyclic [70]. Heat-induced cleavage of pure DNA hydrogels is related to the melting
temperature of the DNA, i.e., the Tm value, which depends on the number of G-C base
pairs in the DNA strands. In 2018, Zhu’s team designed a thermosensitive DNA hydrogel
for cellulase recycling [71]. When the ambient temperature is heated to 55 ◦C, the DNA
hydrogel transforms into a liquid. When the ambient temperature was cooled to 4 ◦C,
the DNA hydrogel returned to the gel state and encapsulated the cellulase. Additionally,
for DNA-polymer hybrid hydrogels, based on the selection of a lower critical solution
temperature (LCST) polymer or an upper critical solution temperature (UCST) polymer as a
hydrogel skeleton, the thermosensitive properties of the hybrid hydrogels can be controlled
by both the thermosensitive properties of the polymers themselves and the Tm values
of the DNA strands. For example, poly-N-isopropylacrylamide (PNIPAAm) provides a
strategy for fabricating tunable temperature-active hydrogels. Zhang et al. designed a DNA
hydrogel incorporating PNIPAAm for the capture and release of immunoaffinity cells [63].
When the temperature rose to the common critical temperature of the thermosensitive
material and the aptamer, the material contracted and the aptamer denatured to release the
cells, enabling a temperature-controlled capture to release the cells (Figure 3C).

2.2.2. Chemical-Stimulus-Responsive DNA Hydrogels
Metal-Ion-Responsive DNA Hydrogel

Some specific DNA sequences are sensitive to metal ions, such as the two metal-
bridged structures C-Ag+-C, T-Hg+-T and G-quadruplex. In general, C-C base mismatch
cannot promote the normal hybridization of the nucleic acid strands, but the presence of
Ag+ in the system can make it specifically bind to the C base to form a C-Ag+-C struc-
ture. Similarly, when Hg+ is present in the system, it can bind specifically to the T-T
base pair [72,73]. The presence of K+ in the environment induces the formation of G-
quadruplexes from G base-rich sequences, while the removal of K+ leads to the dissoci-
ation of G-quadruplexes [74]. These three DNA structures are widely used in metal-ion-
responsive DNA hydrogel preparation. Willner’s team developed an Ag+-responsive DNA
hydrogel (Figure 3D). The strategy uses Ag+ to stimulate the formation of a C-Ag+-C DNA
double helix structure and eliminates Ag+ by adding cysteine to cause DNA hydrogel
breakage [64]. Kahn et al. [75] designed a DNA hydrogel containing G-quadruplexes. The
hydrogel was based on hairpin DNA structures modified on acrylamide chains forming a
cross-linked structure via the HCR reaction. The mechanical property of the DNA hydrogel
was modulated by adding or eliminating K+ in the environment, resulting in a confor-
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mational change in the G-quadruplex. DNAzyme is a catalytic DNA molecule screened
in vitro, which can specifically catalyze the cleavage of substrate sequences under the
stimulation of metal ions. Therefore, the addition of DNAzyme to the substrate sequence
enables DNA hydrogels to acquire metal responsiveness [76]. Stimulated by Zn2+, the
DNAzyme cleaves the substrate sequence, and the cross-linked structure is disrupted,
leading to the release of cancer cells encapsulated in the hydrogel.

Biomolecules-Responsive DNA Hydrogel

With the rapid development of DNA nanotechnology, aptamers, as a class of oligonu-
cleotides that can specifically bind to biological molecules (enzymes [41], DNA [77], pro-
teins, biological small molecules, etc.), are being used more widely. Compared to antibodies,
aptamers have more stability, more accessibility, are easily chemically synthesized and
modified, and high affinity and specificity to their targets. In the preparation of DNA hy-
drogels, aptamers are generally designed as crosslink components. In the presence of target
biomolecules, competitive binding of the aptamer to the biomolecules can result in a phase
transition of the DNA hydrogel [78]. An ATP-responsive DNA hydrogel was developed
based on adenosine triphosphate (ATP) aptamers [79]. In the presence of ATP, the volume
of the DNA hydrogel showed a significant reduction, suggesting that the specific binding
of aptamer to ATP altered the cross-linked structure of the DNA hydrogel. In 2019, Luo’s
team [65] designed a dual molecule-responsive DNA hydrogel. ATP aptamer and hemin
aptamer formed a sandwich DNA structure with ssDNA and produced DNA network.
When hemin and adenosine were added, the specific recognition of the molecules and their
aptamers caused the rupture of the hydrogel (Figure 3E).

Restriction nucleases can cleave DNA sequences with specific sites. For example,
Cas12a nuclease, when activated by crRNA, is capable of non-specifically cleaving long-
stranded DNA at specific binding sites. Ma et al. [66] designed a Cas12a/crRNA enzyme-
responsive DNA hydrogel for the detection of specific genes. In the presence of target
gene, Cas12a enzyme activity was activated and led to the disruption of the cross-links,
thereby releasing the invertase, which converted sucrose to glucose for signal readout with
a glucose meter (Figure 3F).

The characteristics of DNA hydrogels in response to some specific physical and
chemical stimuli and common stimulators are systematically summarized in Table 2.

Table 2. Classification of stimulus-responsive DNA hydrogels.

Type of Stimulation Response Factors Stimuli Factors Refs.

Physical-stimulus-
responsive

i-motif structure pH [54]
A-motif, C-motif structure pH [61]

T-A·T, C-G·C+ structure pH [44]
azobenzene light [58]

DTE light [68]
o-nitrobenzylphosphate ester light [69]

DNA material temperature [71]
PNIPAAm, aptamer temperature [63]

Chemical-stimulus-
responsive

C-Ag+-C Ag+ [64]
G-quadruplexes K+ [75]

DNAzyme sequence Zn2+ [76]
aptamer ATP [79]
aptamer Adenosine [65]

Cas-12a response sequence Cas-12a [66]

3. Stimulus-Responsive DNA Hydrogel-Based Biosensor

Biosensors are devices that are created by combining a sensitive transducer element
with a selective biorecognition element [80]. Stimulus-responsive DNA hydrogel can be
a reliable material for the biological characteristic elements in biosensors due to their
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specificity and rapid response to stimuli. Currently, there are two main approaches to
design biosensors based on stimulus-responsive DNA hydrogels. The first one is based on
the principle of DNA hydrogel collapse, which is generally achieved by releasing signal
molecules (or various enzymes) encapsulated in the hydrogels or triggering direct signal
changes through gel dissolution. The second one is based on the mechanism of DNA
hydrogel formation, in which external stimuli lead to the construction of DNA hydrogel,
and in this process, the signal changes. In this section, we will briefly introduce the
strategies for constructing stimulus-responsive DNA hydrogel biosensors based on these
two principles.

3.1. DNA Hydrogel Collapse Principle

Stimulus-responsive DNA hydrogels collapse upon a particular stimulus, where the
hydrogel-encapsulated signal molecules or active enzymes flow out, thereby changing the
color, fluorescence, or Raman signal of the solution.

Colorimetry is a method of qualitative or quantitative analysis by using the absorption
characteristics of colored substances in the system to specific wavelength light. Colored
substances may be originally present in the system or may be generated by certain reac-
tions [81,82]. Some metal nanoparticles show different colors because of their different
sizes and morphologies, such as gold nanoparticles (AuNPs) [83] and silver nanoparticles
(AgNPs) [84]. The color changes can also be achieved using the catalysis of oxidoreductase,
such as horseradish peroxidase (HRP) [85] and Glucose oxidase (GOD) [86]. For exam-
ple, HRP catalyzed the oxidation of TMB with the assistant of H2O2 for the colorimetric
assay. The other is nanomaterials (or nanostructures) with enzyme-like catalytic effects,
namely nanoenzymes [87], such as nanometals and nanometal oxides (such as Fe3O4) [88],
carbon-based nanomaterial [89] (such as carbon nanotube, graphene and its derivatives)
and porous organic frameworks [90,91] (such as metal–organic frameworks, MOFs; and
covalent-organic frameworks, COFs). In a strategy in which a glucose-responsive DNA
hydrogel colorimetric biosensor was used to visually detect glucose, when glucose was
added, the gel collapsed and AuNPs encapsulated in the hydrogel were released. A distinct
red color was observed in the supernatant, which was determined by UV-Vis spectropho-
tometry [16] (Figure 4A). In addition, the color change also can be achieved by reactive
enzymes or nanoparticles. PtNPs/Cu-TCPP (Fe) was reported to have enzymatic activity,
which can trigger TMB reaction and lead to an increase in absorbance value in the work of
DNA hydrogel colorimetric biosensor for the detection of creatine kinase MB [92].

The fluorescence method has several advantages, including quick response, ease of
use, and non-invasiveness [96]. It is a qualitative and quantitative analysis of substances
by means of signal changes in the output of fluorescent signal molecules [97]. The main
fluorescent signal molecules commonly used today are the traditional organic fluorescent
dyes and the emerging fluorescent nanoparticles. Traditional organic fluorescent dyes such
as fluorescein and rhodamine have the advantage of being easily labelled and accessible
and are, therefore, ripe for commercial labelling [98]. However, they also have disad-
vantages such as easy photobleaching, low fluorescence intensity and weak fluorescence
lifetime [99,100]. Emerging fluorescent nanoparticles such as quantum dots (QDs) have
superior optical properties, but currently may suffer from difficulties in synthesis and
high surface activity [101]. DNA hydrogel biosensors incorporated with the fluorescence
strategy are now being widely used. In a stimulus-responsive DNA hydrogel fluores-
cent biosensor strategy for the detection of MicroRNA(miRNA) 21 [17], fluorescent signal
molecules TAMRA and Cy5 modified on the DNA strand are released when a target is
present, resulting in a change in the fluorescence ratio (Figure 4B). In addition, a stimulus-
responsive DNA hydrogel biosensor combined with QDs was used for the detection of
miRNA 141 [102]. The DNA hydrogel was stimulated by miRNA 141 to rupture, releasing
QDs, which led to an enhanced fluorescence signal.
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The surface-enhanced Raman scattering (SERS) technique combines the advantages
of high chemical specificity, high sensitivity and surface selectivity [103]. Moreover, the
SERS assay is fast, reusable and simple to operate [104]. Therefore, the sensing strategy of
DNA hydrogel SERS biosensors has received increasing attention [105]. The design key of
the assay is the change in the number of Raman signal molecules or the regulation of the
distance between the Raman reporter molecules and the active substrate when the hydrogel
collapses. In a stimulus-responsive DNA hydrogel SERS biosensor for the detection of
miRNA 155 [78], toluidine blue (TB) molecules were encapsulated in the DNA hydrogel and
kept away from the Raman substrate. After the stimulation, the DNA hydrogel ruptured,
causing TB molecules to release and approach the substrate, thus generating an enhanced
Raman signal (Figure 4C).

In addition, a stimulus-responsive DNA hydrogel electrochemical biosensor is realized
by encapsulating an electroactive substance in a DNA hydrogel and obtaining a good
electric signal through the release of the electroactive substance after the stimulation. As
shown in Figure 4D, the cross-linked strands of the DNA hydrogel were cleaved by Cas12a
enzyme, releasing the encapsulated methylene blue (MB). Quantitative analysis of the
target was achieved by monitoring the significantly enhanced electrical signal [93].

The various signal output methods mentioned above have their own characteristics.
For example, the colorimetric method is simple and fast, but its sensitivity and stability need
to be improved; the fluorescence, although sensitive and stable, requires large, complex
instruments; the hand-held Raman spectrometer can be used for SERS detection, but this
method requires a highly reproducible and stable active substrate or a highly sensitive
SERS tag; and electrochemical methods are susceptible to external interference. Selecting
an appropriate construction strategy of stimulus-responsive DNA hydrogel biosensor and
the corresponding signal output and analysis methods will help to improve the detection
performance of the hydrogel biosensor.

3.2. DNA Hydrogel Formation Principle

In contrast to the previous collapse principle of DNA hydrogel, the states of the signal
molecules can also be changed and captured during the formation of the hydrogel under
the external stimulus. At the same time, similar to the above principle, this kind of sensor
system can still achieve the qualitative or quantitative analysis of target substances through
colorimetry [106], fluorescence [107], Raman [108], electrochemistry [109] and so on.

Nucleic acid amplification techniques introduced above for preparing DNA hydrogel
are typically used for the construction of such sensing strategies because these amplification
techniques often require a nucleic acid primer strand to initiate an amplification reaction,
such as RCA and HCR. Accordingly, if the target substance is a nucleic acid sequence (DNA
or RNA) [94], the target itself can be designed as a primer for a nucleic acid amplification
technique (Figure 4E). Through the capture and analysis of signal molecules encapsulated
in the DNA hydrogel generated by the primer regulation, the quantitative detection of the
target sequence can be achieved. If the target substance is a non-nucleic acid, the detection
task of the target substance is often converted to the detection of the aptamer by adding a
biological recognition process of the target substance and the aptamer [95] (Figure 4F).

Both strategies for constructing stimulus-responsive DNA hydrogel biosensors (col-
lapse or formation of DNA hydrogels) essentially use the capture of a target to cause a
phase change in the gel to achieve a change in state of the signal molecule for the purpose
of analysis and detection. These mechanisms are summarized in Table 3. Comparatively
speaking, those methods based on hydrogel collapse mechanism are more widely used
because of their simplicity in the design.
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Table 3. Construction of the Stimulus-responsive DNA hydrogel biosensor.

Construction
Principle Sensor Type Characteristics Refs.

DNA hydrogel
collapse
principle

Colorimetric Encapsulated AuNPs, PtNPs/Cu-TCPP [16,92]
Fluorescent Modified with TAMRA and Cy5, encapsulated QDs [17,102]
SERS Encapsulated TB molecule [78]
Electrochemical Encapsulated MB [93]

DNA hydrogel
construction
principle

Detecting nucleic acid sequences Trigger nucleic acid amplification [94]

Detecting non-nucleic acid targets Recognition between aptamer and targets, and
trigger nucleic acid amplification [95]

4. Stimulus-Responsive DNA Hydrogel Biosensors for Food Safety Detection

With the development of the modern food industry, food safety is not only threatened
by traditional pathogens, heavy metals, fungi, pesticide and veterinary drug residues, but
also by illegal food additives and the use of genetically modified (GM) food [110,111].
In addition, the soil environment and water quality are also closely related to food
safety [112,113]. Although the traditional food safety monitoring methods such as high-
performance liquid chromatography (HPLC), gas chromatography (GC), and mass spec-
trometry (MS) have been widely used and can effectively detect food contaminants, there
are still some problems that cannot be ignored, such as complex instruments, low detection
efficiency, needing well-trained professional and technical personnel and so on [114,115].
Biosensors are increasingly used in food safety monitoring due to their exceptional speci-
ficity and sensitivity, fast response time, ease of operation and low cost [116]. Currently,
stimulus-responsive DNA hydrogel-based biosensors have aroused wide interest in the
field of food safety monitoring and become a hot spot in this field [117,118]. In this
section, according to different types of food safety problems, we will present a detailed
review of the application of the smart DNA hydrogel-based biosensors in the field of food
safety detection.

4.1. Heavy Metals

Heavy metals, which are metals with a density greater than 4.5 g/cm3, include gold,
silver, copper, iron, mercury, lead and cadmium. They are very difficult to be biodegraded,
but instead can be enriched thousands of times by the biomagnification of the food chain.
When they finally enter the human body, they can interact strongly with proteins and
enzymes, rendering them inactive, causing poisoning and serious damage to human health.
The main possible sources of current heavy metals in food are as follows: (1) Crop soils:
heavy metal contamination of crop soils has become a global problem, with 12 million
tons of food contaminated with heavy metals each year in China alone [119]. (2) Untreated
irrigation water: it can significantly alter soil quality, increase the levels of trace heavy
metals in soil and crops, and be a source of impact on food quality and safety [120].
Goodman’s team [121] studied grain and vegetables irrigated with untreated sewage
water in Tianjin, China, and found more serious heavy metal contamination in both grain
and vegetables, with Cd, Cr, Pb, and As levels in wheat exceeding national limits. The
concentrations of Cd, Pb, and As in vegetables were also higher than the federal safety
limits. (3) The migration of food processing or packaging material.

When stimuli-responsive DNA hydrogel biosensors are applied to the detection of
heavy metals, there are two hydrogel collapse modes can be used. (1) Heavy metals in the
system compete with the aptamers, which are used as the linker of the hydrogel, leading to
the hydrogel collapse [122]. (2) Heavy metals in the system activate DNAzymes, which
cuts the DNA hydrogel and causes the gel to collapse [123]. For example, an aptamer-based
stimulus-responsive DNA hydrogel microfluidic chip sensor was fabricated for the detec-
tion of Hg2+ [124]. Aptamer-specific binding of Hg2+ causes DNA hydrogel rupture. The
increased chip flow rate altered the heat of NaOH dissolution (Figure 5A). Thermometer
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measurement of temperature increments enables quantitative analysis. The sensor does
not require a signal molecule and the quantitative approach based on a forehead ther-
mometer can reduce instrumentation the requirements for instruments and the difficulty of
experiments. At the same time, its ability to be reused will help significantly reduce the
cost of the assay. A good linear range of 0.1–10 µM and a detection limit of 0.081 µM will
facilitate in situ detection of Hg2+. In addition, in a capillary sensor based on a DNAzyme
cleaved DNA hydrogel strategy for the detection of Pb2+ [18], the presence of Pb2+ activated
DNAzyme activity and cleaved DNA hydrogels, resulting in changes in capillary flow
rate for qualitative and quantitative analysis through visual observation (Figure 5B). The
sensor takes advantage of the excellent sensitivity and specificity of the DNAzyme without
encapsulating nano-enzymes or signal molecules and can detect pb2+ as low as 10 nM at a
distance of 20 mm within 1 h.
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Methods based on these two detection modes have also been used for the detection of
other heavy metals. In addition, with the rise of the nuclear power industry, the contami-
nation of uranium in water needs to be taken seriously. Rapid and easy on-site detection
methods for uranyl ions in water were developed. For example, Huang et al. [127] designed
a DNA enzyme hydrogel biosensor based on UO2

2+ response. The presence of UO2
2+ was

able to confer DNA enzyme activity, causing the DNA hydrogel to collapse and release
AuNPs for colorimetric detection. The sensor is easy to use, with the detection limits as
low as 37 nM, enabling highly sensitive in situ detection of UO2

2+.

4.2. Pathogen Monitoring

Foodborne infections continue to be one of the leading causes of illness worldwide,
according to the WHO [128]. In the United States, for example, more than 45 million people
are affected by foodborne illness each year, resulting in over 120,000 hospitalizations,
3000 deaths, and an economic loss of USD 15 billion [129]. Unlike chemical contaminants,
which are usually present at some stage of food production and are relatively easy to
control, the impact of pathogens on food safety can occur at all stages. Effective pathogen
surveillance tools can improve the early warning of possible microbial hazards at all stages
of food production, from raw materials to commodities, and enable timely control measures
to be taken. The plate culturing and counting method is the “gold standard” of conventional
pathogen detection because it is widely applicable, inexpensive and accurate. However,
plate culture is relatively time-consuming, typically taking two to four days [130]. The
rapid polymerase chain reaction (PCR) detection time has been reduced to 20 min and has
the advantages of high sensitivity and specificity [131]. However, the reaction is overly
dependent on the temperature control system, which limits its application in field detection.
Stimulus-responsive DNA hydrogel biosensors are able to respond to pathogenic hazards
in each stage of food production in a short time without complex detection equipment, so
it can better meet the requirements of field testing.

Escherichia coli (E. coli) is a common pathogenic bacterium in food, and Shiga toxin-
producing E. coli (O157:H7) infections are one of the leading causes of foodborne ill-
ness [132]. These food pathogens can cause acute gastroenteritis, resulting in bloody
stools [133]. Zhang et al. [134] designed a DNA hydrogel biosensor for the visual detec-
tion of E. coli O157:H7. The work was based on the DNA hydrogel formation principle.
In the presence of E. coli, aptamers bound specifically to E. coli and released an initiator
stand, which hybridized with circular template sequence and triggered an RCA reaction
for hydrogel formation. As a result, qualitative and semi-quantitative analysis of E. coli
can be achieved with the naked eye alone. The method successfully utilizes the DNA
hydrogel biosensors to realize visual detection of E. coli, and 4 × 103 CFU/mL of E. coli can
be detected in less than 1 h.

Vibrio parahaemolyticus (V.P) is a major cause of diarrhea when eating seafood, and the
number of infections and outbreaks cause by V.P is increasing. Yu et al. [135] designed a
smart hydrogel biosensor for monitoring V.P. The aptamer specifically binds to ATP, causing
the gel to rupture and release gold nanoclusters (AuNCs), enabling rapid qualitative and
quantitative analysis of V.P by combining fluorescence signal visualization with microfluidic
microarrays. The highlight of this method is the detection of its metabolic release, ATP,
which is more readily accessible to the gel network, improving the efficiency and sensitivity
of the assay and taking advantage of the specificity of the aptamer recognition, ultimately
achieving a sensitivity as low as 10 CFU·mL−1 in a detection time of less than 1 h. In
addition to E. coli and V.P mentioned above, Bacillus anthracis and Salmonella were also
detected using smart hydrogel-based biosensors [136,137].

In addition to pathogenic bacteria, many foodborne viruses also pose a threat to food
safety. Food-borne viruses are viruses that use food as a vehicle to cause disease in humans,
such as avian influenza virus, mad cow disease virus, foot-and-mouth disease virus,
rotavirus, hepatitis virus, adenovirus and norovirus [138]. The use of stimulus-responsive
DNA hydrogel biosensing strategies for foodborne viruses has also recently attracted



Biosensors 2023, 13, 320 17 of 30

considerable interest [139,140]. For example, Li’s team designed a target-responsive DNA
hydrogel fluorescent sensor to detect AIV H5N1 [141]. The DNA hydrogel biosensor was
modified with QDs and their quencher. When the H5N1 virus was present, the specific
reaction of the aptamer with the virus led to the disruption of the DNA hydrogel and
the separation of QDs and quencher, allowing the fluorescence signal to be detected.
The findings showed that the newly created hydrogel-based aptasensor could identify
AIV H5N1 at a lower detection limit of 0.4 HAU in 30 min. The method combines the
fluorescence burst of quantum dots as a signal readout with a phase change in the hydrogel.
This label-free, simple and inexpensive fluorescent biosensor has great potential for the
rapid detection of AIV H5N1 in the field.

Cases of COVID-19 first emerged in late 2019, and the infection has since spread
worldwide and become a pandemic. SARS-CoV-2 has now been found to have the potential
to survive on the surface of meat tissue for several days, and thus may be a potential route
of virus transmission and impact on food safety [142]. Kim et al. [125] devised a method
that enables the rapid detection of SARS-CoV-2 using DNA hydrogels and microfluidic
chips (Figure 5C). The presence of the virus completed the assembly of a dumbbell-shaped
template, triggering an RCA reaction and successful synthesis of the DNA hydrogel. DNA
hydrogel blocked the chip, inhibiting the flow of fluid. The virus was finally analyzed
successfully by measuring the flow rate of the fluid in the glass tube. The technique had
the lowest limit of detection (LOD) to date and could detect SARS-CoV-2 with an excellent
LOD (~3 aM in 15 min or 30 aM in 5 min). The most outstanding advantage of this method
is it is fast and simple, and it can adapt to most detection situations. This biosensor has the
potential to rapidly detect SARS-CoV-2 on food raw materials.

4.3. Drug Residues

The current unregulated use of veterinary drugs and pesticides has led to drug residues
in food raw materials. Common veterinary drugs include enrofloxacin, chlorampheni-
col, kanamycin, tetracycline and so on. Common pesticides include organochlorine and
organophosphorus pesticides, such as chlorpyrifos, chlordane and methomyl. Residues of
pesticides and veterinary drugs pose a major risk to the human body, such as improving
bacterial resistance, increasing the risk of cancer, causing serious neuronal damage and
even central nervous system death [143].

Streptomycin is an aminoglycoside antibiotic commonly used in agriculture and
animal husbandry [144]. Streptomycin residues are frequently found in agricultural and
food products such as eggs, meat, and milk [145]. The Chinese Ministry of Agriculture has
set maximum residue limits (MRL) of 20 and 500 µg/kg for streptomycin in honey and
chicken, and the European Commission has set a limit of 200 µg/kg for it in milk [146,147].
A SERS biosensor based on a kind of smart DNA hydrogel was developed to enable the
detection of streptomycin [148]. The sensing strategy is based on the collapse of the DNA
hydrogel and combines for the first time the good stability of gold nanorods (AuNRs) as
a Raman substrate for the SERS detection of streptomycin. It achieves highly sensitivity
and specificity, with an LOD of 4.85 × 10−3 nM and a stable Raman signal with a linear
range of 0.01–150 nM. It has been successfully tested in milk and honey samples and has
the potential to monitor streptomycin in food samples in the field.

Kanamycin is another representative aminoglycoside antibiotic with a similar scope of
application to streptomycin, both being used for anti-bacterial treatment in animals, but
more effective against Staphylococcus aureus. Its abuse can lead to adverse effects such as
drug allergy, hearing damage, respiratory failure, ototoxicity and nephrotoxicity, as well
as other adverse effects on human health through the food chain [149,150]. The MRL of
kanamycin in milk is currently 150 µg/kg in the European Union and 200 µg/kg in China.
Chen et al. [108] reported a stimulus-responsive DNA hydrogel SERS biosensor for the
detection of kanamycin. The sensing strategy is based on the principle of DNA hydrogel
construction and consists of three components: the preparation of gap-containing nanopar-
ticles (GCNPs) as SERS tags; the competitive recognition of aptamers with kanamycin
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and the release of primers; and the preparation of DNA hydrogels. The highlight of this
work is the use of Raman signals generated by different amounts of GCNPs captured in
DNA hydrogel to reflect the amount of kanamycin in the system. The biosensor has been
successfully used to detect milk and honey with detection limits as low as 2.3 fM, offering
the advantages of high sensitivity and ease of operation.

In addition to the above two methods, a stimulus-responsive DNA hydrogel fluo-
rescent sensor was used for the detection of oxytetracycline [151]. The method is easy to
prepare by physically mixing graphene sheets, the adenosine and the inducer, and avoids
tedious modification process and the consumption of the hydrogel. The detection limit
is 25 µg/L, and the linear range is 25–1000 µg/L. Additionally, a DNA hydrogel thermal
sensor was used for organophosphorus pesticide detection. The method is based on an
exothermic reaction triggered by the release of hydrogen peroxidase after hydrogel collapse,
thereby achieving efficient quantitative analysis [152].

4.4. Biotoxins

Natural toxins, also known as biotoxins, are typically peptides, small non-proteinaceous
molecules, or proteins derived from natural sources such as plants, microbes (bacteria,
fungi, viruses, and protozoans), and animals [153]. Biotoxins have repeatedly been linked
to rising cancer incidence and mortality rates in many countries. They have garnered a
great deal of attention in regarding food safety and human health. According to a WHO
survey, humans are most likely exposed to toxins through contaminated food and water,
causing chronic or acute poisoning [154]. Toxin exposure over time can result in gene muta-
tion, teratogenicity, and cancer. The main methods currently used to detect biotoxins are
chromatographic techniques and immunoassays [155]. Additionally, stimulus-responsive
DNA hydrogel biosensors are increasingly being used for biotoxin detection [30,156].

Common biotoxins include plant toxins, animal toxins, marine toxins, and microbial
toxins. Among these, aflatoxin is a class of compound containing difuran and coumarin
skeleton, which is produced by fungal strains such as Aspergillus flavus, A. nomius, and
A. parasiticus [157]. Aflatoxin B1 (AFB1) is the most toxic due to its high carcinogenicity,
mutagenicity, immunosuppression, and ability to cause liver damage. According to Chinese
Food Hygiene Standard regulations, 20 µg/kg of AFB1 is permitted in corn, peanuts, and
peanut oil. For AFB1 detection of DNA hydrogel biosensors, there are those using pt
nanoparticles (ptNPs) catalyzed H2O2 decomposition methods [158], those using urease
catalyzed urea methods [159] and those using HRP catalyzed TMB discoloration [126]
(Figure 5D). All these methods are based on the specific binding of aptamers leading to
hydrogel collapse, but the difference lies in the way the signal is converted and analyzed.
In these methods for AFB1 detection, the lowest detection limit of 1.77 nM was achieved.

Ochratoxin A (OTA) is a secondary metabolite produced by several Aspergillus and
Penicillium fungal species [160]. Nowadays, OTA has received special attention due to
its immunosuppressive, teratogenic, and carcinogenic properties [161]. Liu designed a
hydrogel collapse-based biosensor for OTA detection [162]. When the hydrogel collapses,
Au@Pt core–shell nanoparticles (Au@PtNPs) are released to decompose hydrogen peroxide,
so as to carry out efficient quantitative analysis by observing the change in liquid flow
distance on the chip. This strategy has the advantages of low cost and simple operation
and has great potential for rapid detection. In addition, a hydrogel-based strategy for
triggering fluorescence intensity changes was reported, achieving high specificity and the
stable detection of OTA [163]. In the work, binding of the aptamer to the target releases the
primer and triggers the RCA, generating a fluorescent hydrogel and resulting in a change
in fluorescence intensity. This work innovatively integrates competitive binding patterns
of inducers, complementary sequences and targets into DNA hydrogels for food safety
testing. The biosensor has been successfully applied to the determination of OTA in beer
with a detection limit of 0.01 ng mL−1.

Zearalenone (ZEN) is a xenoestrogenic mycotoxin primarily produced by Fusarium
species [164]. Because of its significant pathogenicity and widespread distribution in
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animal feed ingredients and agricultural food, ZEN has emerged as a global public health
concern. A colorimetric sensor combining hydrogel collapse and MOFzyme catalysis has
successfully achieved high specificity and sensitivity for the detection of ZEN [165]. As
MOFzyme has good oxidase activity, the presence of ZEN will lead to its exposure and
catalyze the oxidation of TMB. This work is the first appearance of a hydrogel-coated
MOFzyme strategy in the field of biosensors and has been successfully applied to the
quantitative detection of ZEN in maize and soybean.

Moreover, the most common fumonisin, fumonisin B1 (FB1), which is capable of
disrupting sphingolipid metabolism, was also detected by a MOF hydrogel colorimetric
aptasensor approach [166]. The sensor combines MOF oxidase activity with the superior
specificity of DNA hydrogels, ultimately generating a colorimetric signal. The method has
been successfully applied to the determination of FB1 in maize and wheat with a linear
range of 0.05-100 ng mL−1 and a detection limit of 0.024 ng mL−1.

4.5. Food Additives

Food additives are one of the most critical tools in the modern food industry to ensure
the quality and flavor of food. However, excessive use of food additives may be detrimental
to the health of consumers. Many countries have strengthened the regulation of the use of
food additives and have introduced many measures to prevent the abuse of food additives.
According to laws, regulations and standards, there are usually two ways to evaluate illegal
food additives or food additive abuse: ingredient identification and content determination.
The former aims to examine whether additives are used illegally, while the latter seeks
to determine whether additives are overused [167]. The main illegal substances currently
added to food are formaldehyde, melamine, Sudan red and cocaine. Food additives that
are often used in excess include benzoic acid, sorbic acid and sweetener. This section
describes methods for the detection of these substances based on smart DNA hydrogel
biosensing strategies.

Among the illegal additions, melamine (MEL) is a raw material used in the manu-
facture of plastics, coatings, and adhesives [168]. Accumulation of MEL in the body may
damage the kidneys and genitourinary system of a person. Although it is an industrial
raw material, MEL is often used illegally to increase the apparent protein content of dairy
products and animal feed due to its high nitrogen content. Wang et al. [169] combined
stimulus-responsive DNA hydrogels with microfluidic chips to design a colorimetric biosen-
sor. The DNA hydrogel can block the liquid channel; however, when MEL is present, the
hydrogel collapses and liquid flows into the detection zone, allowing quantitative analysis
based on the color change in the released AuNPs. The method is based on a hydrogel
collapse and AuNPs colorimetric strategy and does not require large instruments, resulting
in the efficient on-site detection of MEL. In addition, the quantitative analysis combined
with smart phones is a highlight of this work. With a detection range of 0.2–50 µM and
detection limits as low as 37 nM, it has been successfully applied to detecting MEL in
milk powder.

Another common illegal additive is cocaine. It is normally used as a narcotic in the
medical field, and it has addictive properties. Some unscrupulous businesses illegally add
cocaine to food for financial gain. At the same time, some sports nutrition foods are being
added to cocaine for potency. In a strategy based on cocaine-induced hydrogel rupture,
the release of ptNPs catalyzes the decomposition of H2O2 leading to gas pressure changes,
using a handheld pressure meter for highly specific and sensitive quantitative analysis [170].
The biosensor has a detection limit of 0.12 µM, high specificity and short detection time.
Additionally, Wen’s team combined capillaries and stimulus-responsive DNA hydrogels
to successfully achieve the trace detection of cocaine (1.17 nM) [171]. In the study, the
researchers cleverly prepared the hydrogel in capillaries, where cocaine would change the
permeability of the gel, resulting in differences in the flow rate in capillaries. Compared
with other work, this strategy does not require external equipment to quantify the target
and has a broader prospect in the field detection of cocaine and food safety monitoring.
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4.6. Other Food Contaminants

Bisphenol A (BPA) is an endocrine-disrupting chemical (EDC) that is commonly found
in everyday household products and various types of packaging [172]. Long-term intake
of BPA may lead to health problems such as diabetes and obesity, as well as an increased
risk of cancer. The current limit for BPA leaching in food packaging in China is 0.05 mg/kg.
Gao et al. [173] designed a sensor based on the strategy of aptamer-specific binding leading
to DNA hydrogel rupture. This method is combined with low-frequency NMR techniques
and utilizes the aggregation of Fe3O4 superparamagnetic iron oxide nanoparticles (SPIONs)
to trigger signal changes so as to detect the content of Bisphenol A in the drinking water.
This biosensor exhibits a reasonable specificity and a wide linear range, with a detection
limit of 0.07 ng mL−1 and good recovery in the sample.

With the development and application of agricultural biotechnology, the safety of
GM food has become a growing concern around the world. In the detection methods of
GM food, the polymerase chain reaction (PCR) is a common technique to detect whether
the genetic material contains inserted foreign genes. Additionally, many rapid biosensing
methods have been developed, such as isothermal-amplification-based biosensors [174],
portable immune biosensors [175], and functional nucleic-acids-based biosensors [176].
Gryadunov et al. [177] designed a DNA hydrogel chip for the detection of transgenic crops.
The method is based on the hybridization of amplified DNA and oligonucleotide probes on
the chip, trigger the change in fluorescence intensity, and realizes the detection of four GM
foods. Although the application of a DNA hydrogel biosensor in the detection of GM food
is still limited, stimulus-responsive DNA hydrogel biosensors are expected to be utilized in
the field detection of GM foods to improve the specificity and sensitivity of detection in
the future.

In this section, a variety of methods for creating stimulus-responsive DNA hydrogel
biosensors for the detection of different food contaminants in food safety monitoring are
described and summarized in Table 4. It is worth mentioning that only those cases using
stimulus-responsive DNA hydrogel biosensor are present in Table 4, and in the future,
the smart hydrogel biosensing strategies will be applied to the detection of other kind of
food contaminants.

Table 4. Stimulus-responsive DNA hydrogel biosensors for food safety monitoring.

Types of
Monitoring Target Analytes Response Factor Sensor Type Construction

Strategy
Food

Sample
Analytical

Performance Refs.

Heavy metals

Pb2+ DNAzyme chain Colorimetric
Gel collapse

DNA fragment
measurement

Water
Linear range:

0–500 nM
LOD: 7.7 nM

[82]

Hg2+ Aptamer Thermal Gel collapse
NaOH exothermic -

Linear range:
0.1–10 µM

LOD: 0.081 µM
[124]

UO2
2+ DNAzyme chain Colorimetric Gel collapse

Encapsulated AuNPs Water
Linear range:

0–600 nM
LOD: 37 nM

[127]

Pathogen

E. coli O157:H7 Aptamer Visualization Gel construction Milk LOD: 4 × 103 CFU mL−1 [134]

V.P Aptamer Colorimetric
Gel collapse

Encapsulated
AuNCs

Fish
products

Linear range:
10–107 CFU mL−1

LOD:10 CFU mL−1
[135]

AIV H5N1 Aptamer Fluorescent
Gel collapse

Modified QDs
and quencher

-
Linear range:

2−1.2–26 HAU 20 µL−1

LOD: 0.4 HAU
[141]

SARS-CoV-2 Padlock probe Colorimetric Gel construction - LOD: ~3 aM in 15 min or 30
aM in 5 min [125]
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Table 4. Cont.

Types of
Monitoring Target Analytes Response Factor Sensor Type Construction

Strategy
Food

Sample
Analytical

Performance Refs.

Drug residue

Streptomycin DNAzyme chain SERS
Gel collapse

Encapsulated
4-MB

Milk, honey
Linear range:
0.01–150 nM

LOD: 4.85 × 10−3 nM
[148]

Kanamycin Aptamer SERS Gel construction
Encapsulated GcNPs Milk, honey

Linear range:
1 pg L−1–10 ng L−1

LOD: 2.3 fM
[108]

Oxytetracycline Aptamer Fluorescent Gel collapse Water
Linear range:

25–1000 µg L−1

LOD: 25 µg L−1
[151]

Organophosphate
pesticides Aptamer Thermal

Gel collapse
Encapsulated

catalase
-

Linear range:
0.0001–10 ng mL−1

LOD: 0.032 pg mL−1
[152]

Biotoxins

AFB1 Aptamer Colorimetric Gel collapse
Encapsulated ptNPs Beer

Linear range:
0–60 nM

LOD:1.77 nM
[158]

AFB1 Aptamer Colorimetric
Gel collapse

Encapsulated
urease

Peanut
Linear range:

0.2–20 µM
LOD: 0.1 µM

[159]

AFB1 Aptamer Colorimetric Gel collapse
Encapsulated HRP Peanut oil

Linear range:
0–500 nM

LOD: 4.93 nM
[126]

OTA Aptamer Colorimetric
Gel collapse

Encapsulated
Au@PtNPs

Beer LOD: 11.1 nM [162]

OTA Aptamer Fluorescent Gel construction
Modified Cy3 Beer

Linear range:
0.05–100 ng mL−1

LOD: 0.01 ng mL−1
[163]

ZEN Aptamer Colorimetric
Gel collapse

Encapsulated
MOFzyme

Corn and
soybeans

Linear range:
0.001–200 ng mL−1

LOD: 0.8 pg mL−1
[165]

FB1 Aptamer Colorimetric
Gel collapse

Encapsulated
MOF

Maize and wheat
Linear range:

0.05–100 ng mL−1

LOD:0.024 ng mL−1
[166]

Food additive

Melamine Aptamer Colorimetric
Gel collapse

Encapsulated
AuNPs

Milk and
infant milk

powder

Linear range:
0.2–50 µM

LOD: 37 nM
[169]

Cocaine Aptamer Gas Gel collapse
Encapsulated PtNPs - LOD: 2.3 fM [170]

Cocaine Aptamer Colorimetric Gel construction -
Linear range:

10 nM–100 µM
LOD: 1.17 nM

[171]

Other

BPA Aptamer LF-NMR
Gel collapse

Encapsulated Fe3O4
SPIONs

Water
Linear range:

10−2–102 ng mL−1

LOD: 0.07 ng mL−1
[173]

GM food - Fluorescent - Soybean, maize,
potato LOD: 0.5% [177]

4.7. Interference Suppression Strategies

Last but not least, biosensors are exposed to complex detection environments where the
matrix may affect detection efficiency and effectiveness [178,179]. Especially for food safety
testing, it needs to face the interference of more complex substrates in multi-component
food [180]. Therefore, the study of interference suppression strategies is very important
for the application of DNA hydrogel biosensors in the field of food safety monitoring.
Stimulus-responsive DNA hydrogel biosensors are programmable, and designed to respond
to specific targets and to some extent avoid the interference of substrates in complex
environments. In addition, DNA hydrogels have unique porous structure advantages,
which can avoid the interference of macromolecules. Mao et al. [181] designed a colorimetric
biosensor for the detection of bilirubin in serum. The presence of a large number of
interfering substances in serum often interferes with the detection. It was found that small
molecules can diffuse rapidly in DNA hydrogels, while large molecules cannot, which
helps to improve the efficiency and effectiveness of sensors for bilirubin detection. As with
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food safety testing, the structural advantages of DNA hydrogels can also help biosensors
withstand complex environmental conditions. Pi et al. [182] designed a DNA hydrogel
biosensor resistant to environmental interference for the detection of Hg2+ in water. By
immobilizing DNA in a polyacrylamide hydrogel, the effect of pH, naturally dissolved
organic matter and metal ligands on the detection of Hg2+ can be largely avoided. In fact,
there are few studies on the DNA hydrogel biosensors for the interference suppression
strategy in food safety detection, which may be one of the reasons that affect the commercial
application of DNA hydrogel biosensors. Based on the significance of this issue, the research
on it will attract more attention in this field.

5. Conclusions and Perspective

In conclusion, this study comprehensively reviews the specific construction mecha-
nisms of the stimulus-responsive DNA hydrogel biosensors, various response factors of
the external environment, and applications in food safety detection. Compared to other
biomaterials, these kinds of smart three-dimensional nanomaterials have obvious multiple
advantages. First, the controllability and designability of DNA molecules make it possible
customize different DNA hydrogel structures on demand. Second, DNA hydrogels are easy
to hybridize with other non-nucleic acids due to the easy modification and labeling of DNA
molecules, and the properties and functions of the hydrogels can be continuously controlled
in this process. In addition, the good compatibility of the gel system with other systems
provides convenience for the design of biological application strategies of hydrogels.

At the same time, there are still some issues that should not be overlooked: (1) Both
pure and hybrid DNA hydrogels rely on the expensive commercial synthesis of nucleic
acid fragments, especially the former. More abundant, inexpensive sources or routes, for
example, natural foods or food waste, may be the possible approaches in the future. (2) Most
of the stimulus-responsive DNA hydrogel biosensing strategies are highly dependent on
aptamers, which can be met by continually updating more abundant and stable aptamer
resources, supported by evolving and efficient aptamer screening technologies. (3) The
interference suppression strategies of the complex food matrix need to be further developed.
Moreover, the application mechanism of hydrogel is relatively single, most of which is
realized by the phase change of hydrogel caused by gel collapse or construction. This may
limit its scope of application.

With the development of related technologies, smart DNA hydrogel biosensors with
better performance will be developed in the future. The multi-factor responsiveness of DNA
hydrogel will be further improved, so as to be applied to the simultaneous high-throughput
detection of food contaminants. In addition, it is envisioned that stimulus-responsive
DNA hydrogels can be used in conjunction with more signal output systems or hand-held,
portable, commercial instruments for multi-target and on-site food safety screening. DNA
hydrogel biosensors will be faster, more stable and cheaper, and the commercial DNA
hydrogel assay is expected to be used for detecting food contaminants in daily life. In
summary, stimulus-responsive DNA hydrogel will be a powerful tool and a prospective
promising platform for the simple, rapid and highly sensitive detection of contaminants in
the field of public food safety monitoring.
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Abbreviations

AFB1 Aflatoxin B1
AgNPs Silver nanoparticles
ATP Adenosine triphosphate
AuNCs Gold nanoclusters
AuNPs Gold nanoparticles
AuNRs Gold nanorods
Au@PtNPs Au@Pt core–shell nanoparticles
Azo Azobenzene
BPA Bisphenol A
CMC Carboxymethyl cellulose
COFs Covalent-organic frameworks
CS chitosan
DNA Deoxyribonucleic acid
DTE Dithienylethene
ELISA Enzyme-linked immunoassay
E. coli Escherichia coli
FB1 Fumonisin B1
GC Gas chromatography
GcNPs Gap-containing nanoparticles
GM Genetically modified
GOD Glucose oxidase
HCR Hybridization chain reaction
HPLC High-performance liquid chromatography
HRP Horseradish peroxidase
LCST Lower critical solution temperature
LOD Lowest limit of detection
MB Methylene blue
MEL Melamine
MiRNA MicroRNA
MOFs Metal–organic frameworks
MRL Maximum residue limits
MS Mass spectrometry
OTA Ochratoxin A
PCR Polymerase chain reaction
PNIPAAm Propylacrylamide
PtNPs Ptnanoparticles
QDs Quantum dots
RCA Rolling circle amplification
SERS Surface-enhanced Raman scattering
TB Toluidine blue
TdT Terminal deoxynucleotidyl transferase
UCST Upper critical solution temperature
V.P Vibrio parahaemolyticus
WHO World Health Organization
ZEN Zearalenone
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