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DNA hydrogels and nanogels for diagnostics,
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As an efficient class of hydrogel-based therapeutic drug delivery systems, deoxyribonucleic acid (DNA)
hydrogels (particularly DNA nanogels) have attracted massive attention in the last five years. The main
contributor to this is the programmability of these 3-dimensional (3D) scaffolds that creates fundamental
effects, especially in treating cancer diseases. Like other active biological ingredients (ABls), DNA hydro-
gels can be functionalized with other active agents that play a role in targeting drug delivery and modify-
ing the half-life of the therapeutic cargoes in the body's internal environment. Considering the brilliant
advantages of DNA hydrogels, in this survey, we intend to submit an informative collection of feasible
methods for the design and preparation of DNA hydrogels and nanogels, and the responsivity of the
immune system to these therapeutic cargoes. Moreover, the interactions of DNA hydrogels with cancer
biomarkers are discussed in this account. Theragnostic DNA nanogels as an advanced species for both
detection and therapeutic purposes are also briefly reviewed.

1. Introduction

The utilization of active biological ingredients (ABIs) in drug
delivery has recently prospered due to several advantages, such
as high compatibility with the body’s internal environment
and convenient degradation without harm."* The main contri-
butor to this is high levels of constructive interactions between
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the ABI drug carrier and the target organ or tissue.>* Among
various ABISs, attention to deoxyribonucleic acid (DNA) hydro-
gels for cancer gene therapies has increased in the last five
years.>® DNA is responsible for cell proliferation and structu-
rally includes a double-strand spiral shape with a native struc-
ture based on the hydrogen bond (H-bond) interactions
between the organic bases, namely adenine, thymine, guanine,
and cytosine.”® Nowadays, the compilation of Watson-Crick
pairing methods and nucleotide synthesis strategies has
opened new windows for researchers in the field of materials
science.”'® Generally, hydrogels are considered as a highly
appropriate substrate in various areas such as energy,’'™?
catalysis,"*™"® environmental sciences,’®® and medical
applications.>’ ! Specifically, in the area of drug delivery to
cancer tissues, hydrogels are widely used because they are
capable of absorbing water molecules and swelling in the
target organ, resulting in drug release in a controlled
manner.>>** DNA-based hydrogels, as the most exciting
species that include 3D cross-linked lattices, have recently
gained attention.®* In addition to chemical cross-link
bonding, physical-based self-assembly interactions can assist
the formation of DNA hydrogels.*”> Generally, two types of DNA
hydrogels can be defined; pure gels, including a single DNA
species, and hybrid gels in which two or more DNA species are
involved in the hydrogel network, or a DNA species is com-
bined with other types of polymeric materials.*®

As the main focus of this review, DNA nanogels are a
specific class of hydrogels that include nanoscale dimensions.
Since the DNA nature is programmable and chemically adjusta-
ble, it would be possible to design various DNA nanogels specifi-
cally a particular aim.*”*® As another unique point of DNA nano-
gels, their capability for functionalization with the other ABIs can
be expressed. The 3D structures of DNA nanogels afford substan-
tial rigidity, which is an important parameter in conjugating the
DNA scaffolds with the ABIs.*® Like other hydrogel materials,
DNA nanogels can be designed so that they respond to exogen-
ous stimuli, such as light and a specific wavelength, to trigger
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the release process of the encapsulated agent with high
control.*>** Among all of the mentioned advantages of DNA
nanogels, the programmability of DNA hydrogels is the most bril-
liant feature that is not found in other hydrogel materials. This
unique property provides a great opportunity to precisely control
the shape and size of DNA drug carriers besides a selective func-
tion in targeted drug delivery.*>** Along with the advantages
referred to DNA nanogels, potential challenges in real therapies
should be noticed as well. As the main concern, low structural
stability in a physiological environment especially against enzy-
matic degradation can be stated.** Moreover, it is quite probable
that the native structure of DNA strands is damaged (or lost)
during the drug-loading process. To address this concern, in situ
pathways for the incorporation of the target drugs into the DNA
nanogel carriers are preferred.

In this review, we intend to describe the exact principles of
the design and preparation of the DNA hydrogels (focusing on
nanogels), which are applicable for drug delivery purposes.
Then, the mechanisms of the immune response to therapeutic
DNA hydrogels are discussed. Recognition of the cancerous
biomarkers by the DNA hydrogels through biological inter-
actions is presented as well. Afterward, the application of
therapeutic DNA hydrogels in cancer therapy is classified
based on therapeutic strategies.”> As a newly developed pres-
tige for DNA hydrogels, theragnostic DNA hydrogels are pre-
sented at the end of this account. This class of DNA hydrogels
is capable of playing a dual role in both therapy and diagnosis.
Concisely, this focused review highlights the advantages of
DNA hydrogel-based platforms in the area of advanced drug
delivery continuing cancer combination therapy.

2. Design of DNA hydrogels and
nanogels

DNA hydrogels are a new class of biomaterials that consist of
3D networks containing DNA polymer chains. It is possible to
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design a DNA chain composed of four deoxyribonucleotide
monomers to perform specific functions and have desirable
characteristics. DNA chains can have mechanical strength, pH-
responsive properties, enzymes, and biomolecules due to their
design.”® The principle topology of DNA building blocks is
classified into three categories such as circular, linear, and
branched types.” The usual structure of DNA consists of two
DNA molecules placed in a helix by hydrogen bonds and
interactions between aromatic moieties. Recently, new DNA
structures such as i-motifs,””  triple-helixes,’®*® and
G-quadruplexes® have developed the self-assembly behavior
and geometry configuration of DNA polymeric chains. The
DNA i-motif structure consists of four DNA chains joined by
hydrogen bonds between cytosine-cytosine” (C: C*) base pairs.
Thus, there are two distinct intercalation topology categories
named 3'E and 5'E (Fig. 1).>" According to the i-motif DNA
structure, alkaline and neutral conditions are unsuitable for
its formation but it can be formed simply under acidic con-
ditions. This property can be helpful in forming pH-responsive
hybrid DNA hydrogels (Fig. 2).>* In triple-helix DNA structures,
an oligonucleotide chain joins the double helix DNA as the
third segment. Hoogsteen interactions play an essential role in
the formation of this structure.*® Triple-helix DNAs follow two
main types of conformations such as parallel ternary structure
configurations (G-G-C, T-A-T, C"-G-C) and antiparallel ternary
structures configurations (G-G-C, C"-G-C, A-A-T, T-A-T)
(Fig. 3). Various parameters can be effective in the stability of
triple-helix DNAs, such as alterations in the triplex domains,
the features and numbers of the triplex bridges, and the pH
value of the reaction medium. In the third DNA structure,
using an alternative base pairing, guanine-rich sequences
form four-stranded G-quadruplex structures of DNA.
Monovalent cations such as K" and Na' may be used to stabil-
ize the mentioned structures.”®>* These designed DNA
sequences can be integrated into building blocks to form
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smart hydrogels with favorable physicochemical features. The
design of efficient DNA hydrogels can follow three general
strategies, including DNA hybrid hydrogels, dendritic DNA
assembled hydrogels, and the entanglement of ultra-long
linear DNA chains.*®

Multicomponent hydrogels have received considerable
attention in recent years due to their ability to combine the
physical and chemical properties of each component.’®
Accordingly, a DNA molecule can be used as a cross-linking
agent for a DNA hydrogel. This is based on the first studies
conducted by Matsuda and Nagahara in 1996, which showed
that the multifunctional hydrogels produced had no adverse
effects on the human body.”®

Moreover, DNA hydrogels respond to multiple stimuli and
can be created by hybridizing DNA sequences with other
materials.”” DNA/polymer hybrid hydrogels are an extensive
category of hydrogels that can be prepared by integrating
stimuli-responsive DNA structures such as i-motif DNA in
polymer chains. This type of DNA hydrogel significantly
responds to environmental pH and temperature changes.’® In
addition, Liu and co-workers constructed peptide-DNA mul-
tiple stimuli-responsive hybrid hydrogels that are responsive to
proteases and nucleases and are completely degraded under
physiological conditions.”® Dendrite assembly hydrogels, as
the second group of DNA hydrogels, consists of branched DNA
molecules with sticky end-groups that come close to each
other and form a 3D network.®>®' Branched DNAs have advan-
tages such as controllable symmetry, size regulation, and mul-
tivalence, which complement other advantages of conventional
hydrogels, such as biological function, programming, manipu-
lation capabilities, and molecular detection -capabilities.”
Based on the results of the studies, it has been demonstrated
that in addition to changing the initial concentration of
branched DNAs, the swelling profiles of hydrogels can also be
adjusted. A higher initial concentration of DNA can contribute
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to higher degrees of hydrogel swelling. In addition, the
swollen gel shows a higher tensile modulus, probably due to
greater cross-linking. Another method of creating DNA hydro-
gels is to extend the DNA chain, which can be done through
repeated copying of a circular DNA template.®®> This manufac-
turing method introduced a new way to prepare pure DNA
hydrogels using the RCA technique. Also, i-motif DNA can be
used as a repeating sequence in DNA chains produced by the
RCA technique to achieve a stimulus-responsive hydrogel.®***

3. Modulation of the tumor immune
microenvironment

As the body’s primary defense system, the immune system
plays an important role. To protect the body from various
infections, it produces antibodies against pathogens and aller-
gens when exposed to them. It is believed that vaccines reduce
the risk of infections by stimulating the immune system to
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produce antibodies against the corresponding antigens.®®®” A
wide range of immune-related diseases can be treated with
immune-modulatory biologics including antigenic proteins,
peptides, nucleic acids, adjuvants, drugs, and extracellular
matrix components.®® In immunomodulation, it depends on
the ultimate goal of (i) decreasing immune cell initiation
under conditions characterized by hyperactive immunity, such
as transplant rejection, autoimmune diseases, and chronic
infections or (ii) inducing immune cell activation to reverse
hypoactive immune reactions.®® Treating autoimmune dis-
eases and inflammation requires immunomodulation, which
suppresses immune cell initiation. In contrast, some diseases
such as allergies are caused by overactive auto-immune
responses against foreign substances like pollens. In some
cases, healthy tissue can be mistaken for a dangerous sub-
stance, triggering an overactive immune response that causes
an auto-immune disorder, including rheumatoid arthritis,
type 1 diabetes, lupus, and sclerosis.”®”*

Cancer and pathogenic microbial infections can be treated
with  cytosine-phosphate-guanine (CpG) sequences as
immune adjuvants. Hydrogels made from DNA triggered
antigen-specific immune responses. Hydrogels made from
DNA are considered to be a superior biomaterial, especially
when it comes to their biological effects.”” The hydrogen atom
in DNA possesses both the mechanical properties of polymer
macromolecules and their unique properties.”*”* Moreover,
DNA hydrogels maintain biological functions originating from
DNA sequence programming, including identification of mole-
cules, outstanding biocompatibility, and biodegradability as
well as the features of communal hydrogels - an excellent
water content, connectivity, consistency, an excellent degree of
flexibility, and excellent mechanical aspects.”> DNA hydrogels
have several advantages over other hydrogel materials, includ-
ing self-assembly, programmability, and repairability. There
are a variety of functional DNA motif binding sites that can be
used to accomplish complex functions, such as receptivity to
signals.”"”® Therefore, DNA hydrogels are suitable for the
preparation of responsive materials. There are many uses for
DNA hydrogels applied to biomedicine, including encapsulat-
ing biologically active substances that are released under con-
trolled conditions, making stents for tissues and organs that
are artificial, and many others.”””® Cell culture in 3D, tissue
engineering in 3D, and analysis of single cells and multiple
biosensors are some of the latest developments. Under acidic
conditions, pH-sensitive DNA bridges in the hydrogel are
broken, forming an i-motif structure that increases fluidity
and accelerates drug release.””®® For example, Sun et al.®'
achieved an immunomodulatory effect using DNA nanogels to
target lymph nodes with enhanced immune responses
(Fig. 4A). Based on this research, such DNA structures allowed
for effective lymph node accumulation, longer CpG retention
in lymph nodes, and enhanced DC absorption capacity with
increased immune activation both in vitro and in vivo.
Significantly, immunization with an immunostimulatory DNA
nanogel adjuvanted antigen induces a vigorous immune
response, increasing the effectiveness of anticancer treatments.
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5'-E topology

Fig. 1 The C:C" base pair structure and stacking between intercalating C : C* base pairs (A), and two intercalation topologies of an intermolecular

i-motif DNA structure (B).

The easily constructed DNA nanogel offers a beautiful and valu-
able platform for coordinating the immune responses in lymph
nodes. Significantly, the DNA nanogel immunomodulator shown
here exemplifies a novel approach to adjuvant production that
encourages the advancement of vaccines. Also, such an immu-
nostimulatory DNA nanostructure has the potential to signifi-
cantly increase the responsiveness to other immune treatments
including immunogenic cell death (ICD) triggered therapy and
immunological checkpoint blockers (ICBs).

4. Detection of cancer biomarkers

The National Cancer Institute (NCI) defines biomarkers as bio-
logical molecules in the blood, other body fluids, or tissues.
Hence, biomarkers can indicate a normal or abnormal
process, a condition, or a disease (NCI), for instance, cancer.
An affected patient can usually be distinguished from a person

without the disease using biomarkers.®**? various factors can

10886 | Nanoscale, 2023, 15,10882-10903

lead to changes including germline or somatic mutations,
transcriptional changes, and post-translational modifications.
There are several types of biomarkers including proteins (e.g.,
enzymes or bioreceptors), nucleic acids (e.g., microRNA or
other non-coding RNA), antibodies, and peptides, among
other classifications. It is also possible for biomarkers to be a
collection of alterations, like gene expression, proteomic, or
metabolomic signatures.®**®> The presence of biomarkers can
be identified via circulation (blood, serum, or plasma) or
excretion (soil, urine, sputum, or nipple discharge); therefore,
they can be tested non-invasively and continuously, or they can
be detected using tissue samples, requiring biopsy or specific
imaging for assessment. Moreover, genetic biomarkers can be
inherited and identified as sequence differences in germ line
DNA isolated from whole blood, sputum, or buccal cells or can
be non-inherited and detected as variations in DNA derived
from tumor tissue.®®

In biosensing and biomedical applications, DNA hydrogels
are well suited for biosensing and biomedical applications due

This journal is © The Royal Society of Chemistry 2023
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to their stimuli-responsive properties, minimum environ-
mental toxicity, and excellent biocompatibility. Another type of
DNA nanogel material that has gained popularity is DNA
microgels, which are colloidally stable hydrogels with a range
of sizes from nanometers to micrometers. A DNA microgel
exhibits much more rapid responses to stimuli than bulk
hydrogels at the microscopic level, and greater permeability
and retention are obtained as a result of the enhanced per-
meability of DNA microgels in tumors; the nanometer scale of
DNA microgels makes them more readily capable of passively
targeting internal cells and tissues.*”®® In addition, DNA

This journal is © The Royal Society of Chemistry 2023
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nanogels can target cells actively through the recognition of
biomarkers on goal cells when functionalized with DNA that
can identify and bind targets, including aptamers. Biosensors,
bioimaging, and controlled drug delivery can be achieved
using DNA nanogels. Researchers have developed a variety of
colorimetric visual sensors and readout devices for various
biotargets, including metal ions and glucose, utilizing respon-
siveness differences in DNA hydrogels encapsulated with
enzymes, DNAzymes, or catalytic nanomaterials.’*> The 3D
scaffold has abundant conjugation sites, so covalently cross-
linked hydrogel networks can also be used as cellular immobil-
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ization matrices to design biosensing systems for DNA.
Biomolecules can be selectively identified and extracted from
biofluids using DNA aptamer-immobilized hydrogels, which
may enable a reversible and efficient process of accumulation
and release of biomolecules. Among the many advantages of
immobilizing DNA within hydrogels are low DNA usage,
specific molecular recognition capabilities for various chemi-
cal and biological targets, high loading capacity, low optical
background, keeping DNA or enzymes in action and storing
them in transparent hydrogel matrixes is simple and easy.
High construction costs and long reaction times of these kinds
of sensors, however, make them not suitable for all
applications.”®®* Using functional nanomaterials, including
nanozymes, it is possible to create susceptible DNA hydrogel
biosensing systems, silver nanoclusters, and photonic crystals.
Hydrogel scaffolds serve as stable supports and barriers for
immobilizing nanomaterials as well as for immobilizing nano-
materials. By reducing macromolecule interference, these
complex hydrogels can last much longer. By capturing cells
during gelation, hydrogels are capable of isolating and enrich-
ing specific targets. Even though the cells are entrapped, they
are still viable and can be released without damage.
Functional DNA motifs have excellent biocompatibility, even
permitting in situ sensing with gelation within cells.”>°® By
using DNA hybridization to target hydrogel assembly, electro-
chemical sensors could be manufactured that employ DNA
hydrogels to inhibit electron transfer with their hindrance
effect.”” Wang et al.’® conducted research on this topic in 2022
by encapsulating single-cells in hydrogel microbeads to quan-
tify multi-miRNA within single cells to differentiate different
subpopulations of liver cancer cells, as illustrated in Fig. 4B
and C, to create single cell encapsulated microdroplets, a flow-
focusing microfluidic device with two aqueous phase inlets is
used. The target miRNA responsive hairpin probe pairs H1/H2
and DNA nanowires are hybridized to form miRNA capture
probes (MCPs). To distinguish between the normal liver cells
HHL-5 and the liver cancer cell subpopulations HepG2,
HCCLM3, and MHCC97L, miRNA-21, 122, and 222 are chosen
as the target miRNAs. Although non-targeted nucleic acids and
proteins are eliminated by PBS washing of the hydrogel micro-
beads, the released target miRNAs are identified by their
matching MCPs and kept in the hydrogel microbeads. When
the target miRNAs are recognized, the MCPs undergo struc-
tural changes that expose single-stranded DNA regions and
trigger rolling circle amplification (RCA) reactions in the
hydrogel microbeads. The RCA responses are repeatedly trig-
gered by the target miRNA interactions with MCPs.

Several studies have been conducted in the area of cancer
therapy and the methods involved are presented in Table 1.

5. DNA hydrogels and nanogels in
cancer treatment

It is common practice to use small molecules to treat disease,
particularly cancer therapy. Hydrogels made from DNA can be

This journal is © The Royal Society of Chemistry 2023
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designed to physically entrap and chemically bind small mole-
cules to enhance drug efficacy and eliminate side effects.*®*
Hydrogels perform differently in the delivery process due to
their size, conformation, and component features. It will be
discussed here how hydrogels are used for cancer treatment.

5.1. Chemotherapy

Cancer cells proliferate in your body, and chemotherapy uses
powerful chemicals to kill them.'*"'°> Many types of cancer
can be treated with chemotherapy drugs alone or in combi-
nation. According to research, chemotherapy is one of the
most effective cancer treatments. The patients will inevitably
experience mild or severe side effects as a result of this treat-
ment method."*?

The latest DNA nanotechnology can be used to construct
DNA nanostructures with well-controlled size, shape, and
surface chemistry based on the base pairing principle.'**
Several advantages distinguish DNA nanostructure-based drug
delivery systems from traditional drug delivery systems.'%>'
For instance, Yan et al.'®” in 2022 designed a nanohydrogel for
drug delivery and microRNA self-regulation (Fig. 5). In Fig. 54,
a hydrophobic mesoporous silica nanoparticle (MSN) interacts
with a DNA nanohydrogel shell to recognize miRNA. The DNA
nanohydrogel may be employed as a gate of the pores of the
MSN for targeted microRNA toehold self-regulating switches,
thereby controlling the release of pharmaceuticals and concur-
rently silencing the targeted gene. The porous structure of
MSN can achieve a high hydrophobic drug loading rate
(Fig. 5C).

DNA nanostructures can now be designed and built thanks
to the advancement of nanotechnology. Drug carriers should
generally meet several criteria to be considered ideal candi-
dates. It is possible to load chemotherapeutic drugs onto the
carrier with high efficiency and capacity. Furthermore, the car-
riers must remain stable during blood circulation so that the
drugs can accumulate at the tumor site as long as possible.
Also, the carriers must be well-suited for cellular uptake by
having appropriate surface properties.'®® Based on the driving
force for the formation of nanostructures, drug-DNA nano-
structures can be divided into several subcategories: chemical
conjugation drives the formation of drug-SNA (spherical
nucleic acid) nanostructures; hydrophobic interactions drive
the formation of drug-DNA micelle nanostructures; base
pairing is responsible for the formation of drug-aptamers,
drug-DNA nanogels, drug-DNA cages, and drug-DNA origami
nanostructures.'>'*® As the driving force and the components
being used in the construction (DNA sequences) of drug-DNA
nanostructures differ in complexity, they can be highly simple
or extremely complicated."'""> An example of this is illus-
trated in Fig. 6A-C, which demonstrates a technique for produ-
cing nanogels that are structurally stable, architecturally well-
defined, and functionally expandable so that therapeutics and
imaging agents can be carried, as well as anticancer drugs can
be released into living cells. Also, the atomic structure of DNA
allows it to form duplex complementarity and three-/four-way
junctions.'*?
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Table 1 A review of recent studies on the application of DNA hydrogels for cancer therapy
Lower
DNA hydrogel Biomarker Type of cancer Model LOD Detection principle Ref.
DNAzyme hydrogel Using a smartphone- Breast cancer, E542K (a 0.042 The concentration value could 99
assisted pure DNAzyme gastric cancer, lung  hotspot pM be transduced into an optical
hydrogel platform cancer, & brain mutation in the signal through the catalytic
(colorimetry) cancer PIK3CA gene) capability of the DNAzyme
hydrogel, which can be easily
recorded and quantified with
the smartphone platform
AFP-responsive DNA  SERS biosensor Hepatocellular AFP 50 pg  In the presence of AFP, the AFP- 100
-1

hydrogel carcinoma (HCC)

Palindromic DNA
hydrogel

Using a DNA hydrogel Breast cancer

(fluorescence)

Selective and sensitive DNA  Breast cancer

hydrogel (fluorescence)

CDs-chitosan
nanocomposite DNA

hydrogel

DNA hydrogel Analyte-triggered signal Breast cancer
AgNPs-CuS NPs conversion, cascaded

DNAzyme amplification via DNA

hydrogel and DNAzyme
(electrophoresis)

CdSe/ZnS QDs-DNA/
acrylamide hydrogel
microcapsules

QD loaded miRNA-
responsive microcapsules

Prostate cancer

mL aptamer can specifically
recognize AFP and form a
target-aptamer complex, which
leads to the dissociation of the
reticular structure of hydrogels
and the release of IgG
embedded in the hydrogels.
Then, the released IgG
combined with the antibody
attached to the nanoprobes and
capture probes
MiRNA-21 5 pM The basic hairpin probes form 88
(MCF-7 & HeLa dimers by hybridization
cells) between palindromes, and then
different DNA hairpin-based
dimers can autonomously
interact with each other upon
the stimuli of target miRNAs,
finally forming cross-linked
2 h-DNA hydrogel networks
(c-HCR? technique)
The specific interaction between 93
the DNA-probe and target
miRNA-21 resulted in
incomplete quenching of the
fluorescence of the CDs-
chitosan nanocomposite
hydrogels (about 67%)
CTCs? by liquid 0.1 fg  The quadruple signal 95
biopsy (MCF-7 mL™" amplification strategy is based
cell) on biomaterials and
nanomaterials with nanopore
single-molecular sensing to
significantly reduce the LOD
and improve interference

MiRNA-21 0.03
(MCF-7 cells) M

resistance
MiRNA-141 44.9 The hollow structure of DNA 96
pM hydrogel microcapsules was

loaded with fluorescent QDs as
a readout signal. The bridged
DNA in the microcapsule shell
was designed in a caged
sandwich-type structure and
implanted with miRNA
recognition elements

“ Cross-linking hybridization chain reaction (c-HCR). ? Circulating tumor cells.

5.2. Gene therapy

Cells can be genetically modified by delivering DNA or RNA
(e.g., small interfering RNA, siRNA), which can up-regulate or
down-regulate genes. Viral delivery (viral gene therapy) or non-
viral delivery (nonviral gene therapy) are methods of delivering
genetic materials into cells by encapsulating or condensing
plasmid DNA or siRNA into nanoparticles.*®"'**

10890 | Nanoscale, 2023, 15, 10882-10903

Cancer, hemophilia, and viral infections can be treated
using gene therapy, which provides a promising approach to
both inherited and acquired diseases. Viral and nonviral
vectors are currently the two main types of gene therapy
vectors. Even though viral vectors are extensively used for
effective gene transfer, their safety issues, such as immuno-
genicity and mutagenic toxicity, tend to make them highly
risky."*> In response, nonviral vectors have become increas-
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Fig. 5 (A) Construction and (B) degradation mechanisms of the designed DNA hydrogel. (C) Combining the DNA hydrogel with MSNs for targeted

gene regulation therapy.107 Adapted from ref. 107 with permission from the

ingly attractive and safer alternatives to viral vectors, leading to
increased development of nonviral vectors. Nonviral vectors
indeed have a much lower transfection efficiency than viral
vectors, making their clinical application much more limited
than that of viral vectors. As a result, it is paramount that safe
nonviral vectors capable of efficient delivery and elevated
therapeutics are developed. There have been several nonviral
vectors developed over the past decade, such as liposomes,
dendrimers, micelles, inorganic nanoparticles, DNA nano-
structures, and polymeric nanoparticles (named nanohydro-
gels), and their gene delivery potential has been
investigated."'®'"” A wide variety of biotechnological and bio-
medical applications have been explored by DNA or RNA-func-

This journal is © The Royal Society of Chemistry 2023
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tionalized hydrogels, including biosensors, controlled drug
delivery, RNA interference, and tissue engineering, extending
the application fields of hydrogels. The complex and labor-
intensive modification steps associated with DNA-polymer
hybrids have restricted this progress. Nevertheless, DNA hydro-
gels have limited biomedical applications due to their bulky
size and ineffective release mechanisms.'*®

There has been recent evidence that antisense oligonucleo-
tides and microRNA (miRNA) can modulate gene expression.
Recently, the most popular strategy in gene therapy has been
to supplement endogenous gene down-regulation and to
silence highly expressed pathogenic genes."'® Nucleases break
dsDNA to induce DNA insertions and deletions at specific
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