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a b s t r a c t

DNA nanomaterials hold great promise in biomedical fields due to its excellent sequence programma-

bility, molecular recognition ability and biocompatibility. Hybridization chain reaction (HCR) is a sim-

ple and efficient isothermal enzyme-free amplification strategy of DNA, generating nicked double helices

with repeated units. Through the design of HCR hairpins, multiple nanomaterials with desired functions

are assembled by DNA, exhibiting great potential in biomedical applications. Herein, the recent progress

of HCR-based DNA nanomaterials for biosensing, bioimaging and therapeutics are summarized. Repre-

sentative works are exemplified to demonstrate how HCR-based DNA nanomaterials are designed and

constructed. The challenges and prospects of the development of HCR-based DNA nanomaterials are dis-

cussed. We envision that rationally designing HCR-based DNA nanomaterials will facilitate the develop-

ment of biomedical applications.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

DNA is traditionally known as a genetic biomacromolecule in

life systems [1]. From the perspective of materials chemistry, DNA

has emerged as a promising versatile building-block for construc-

tion multiple materials due to its unique sequence programma-

bility, and precise molecular recognition capability and biocom-

patibility [2]. Hybridization chain reaction (HCR) is an isothermal

amplification strategy of DNA, which produces nicked double he-

lices with repeat modules via cascade assembly of two hairpin

monomers [3]. Owing to its enzyme-free nature, simple reaction

process and excellent amplification efficiency, HCR provides a pow-

erful molecular tool to design and construct HCR-based DNA nano-

materials [4].

HCR, first proposed by Dirks and Pierce in 2004, is an isother-

mal enzyme-free amplification strategy with mild reaction process
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[3]. A typical HCR system contains an initiator (termed as I) and at

least two hairpins (termed as H1 and H2) [5]. The hairpin is com-

posed of three domains: stem, loop, and toehold. When the hairpin

forms secondary structure, the long stem is complementary to the

short, storing potential energy in the complementary bases [6]. In

the absence of initiator, the two hairpins are metastable and co-

exist stably. Whereas, in the presence of the initiator I (a’-b’), I

recognizes the toehold domain (a) of hairpin H1 and binds to the

long stem (a-b) of H1 via a toehold-mediated strand displacement

(TMSD) reaction, thereby exposing the loop region (c) and short

stem (b’) of H1. Afterwards, the loop region (c) of H1 recognizes

the toehold domain (c’) of hairpin H2 and binds to its long stem

(c’-b), exposing loop region (a’) and short stem (b’) of H2. With

the alternating combination of hairpins H1 and H2, long-stranded

DNA with sticky ends is eventually formed until one hairpin is

exhausted (Fig. 1) [7]. The kinetics of HCR has been determined

to be controlled by the length and types of bases in toehold do-

main [8]. If the toehold domain is too short, HCR will not be ef-

fectively triggered. Equally if the toehold region is too long, the

secondary structure of hairpin will be unstable and prone to self-

opening, thus risking signal leakage. It has been demonstrated that

when the toehold length is about 6–10 nucleotides, hairpins can

be opened effectively and the reaction rate of HCR remains sta-

https://doi.org/10.1016/j.cclet.2023.108601
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Fig. 1. Schematic illustration of the process of hybridization chain reaction (HCR).

ble [9]. Moreover, the high GC content in the stem of hairpin can

effectively stabilize its structure and prevent background leakage

[5]. The length of the formed dsDNA is affected by the molar ra-

tio of initiator to hairpin and the reaction time [10]. In general,

the larger molar ratio is, the shorter the length of DNA strands is;

in the presence of sufficient hairpin, the longer the reaction time,

the longer the length of DNA strands. In addition, the appropriate

concentration of Mg2+ facilitates the stability of the formed DNA

strands [11]. Therefore, the size of HCR products can be generally

regulated.

Through rational design of HCR hairpins, HCR-based DNA nano-

materials with specific and desired biological functions are ratio-

nally designed and constructed [12–14]. Target-triggered HCR could

amplify an output signal over hundreds of times, which decreases

the detection limit of targets in biosensing assays [15]. For ex-

ample, Zhang et al. constructed an HCR-based photoelectrochem-

ical (PEC) sensing system, which showed high sensitivity toward

carcinoembryonic antigen (CEA) with a dynamic range of 0.02–

40 ng/mL and a detection limit of 5.2 pg/mL [16]. Further, cou-

pling florescent groups with HCR could convert target molecule

signals into visualized florescent signals, enhancing the efficiency

of bioimaging via accumulation of florescent signals [17]. By modi-

fying fluorescent groups on HCR hairpins, Zhang et al. constructed

an enhanced HCR probe system with fluorescence resonance en-

ergy transfer (FRET) effect for tumor site-specific imaging [18].

Jiang et al. designed a two-dimensional HCR nanosystem, which

achieved simultaneously amplified sensing and imaging of intra-

cellular mRNA [19]. In addition, by virtue of tandem DNA double

helixes yielded by HCR, molecular drugs (doxorubicin) were suc-

cessfully loaded, enabling target cancer cell apoptosis with the as-

sistance of aptamer-tethered initiator [20]. In particular, different

functional DNA sequences such as small interfering RNA (siRNA)

and DNAzyme can be programmed and integrated to HCR prod-

ucts [6,21–23]. By designing the sequence of HCR hairpins, the

spherical nucleic acid-templated hydrogel with ATP responsive and

tumor targeting ability was constructed, realizing burst release of

payloads [13].

In this review, the recent advances in the design, construc-

tion, and biomedical applications including biosensing, bioimag-

ing and therapeutics of HCR-based DNA nanomaterials are sum-

marized and discussed in detail. Finally, the challenges and future

opportunities of HCR-based DNA nanomaterials are discussed and

prospected.

2. HCR-based DNA nanomaterials for biosensing

HCR is an important technique that is used in many DNA-

based biosensing systems. Through HCR, functional moieties such

as nanoparticles and electrochemical reagents could be incorpo-

rated in HCR products, which applied HCR-based DNA nanoma-

terials in biosensing and signal transduction with high sensitiv-

ity [24–26]. The signal amplified by HCR can be used for qualita-

tive analysis of targets and sensitive detection of various targets,

including mRNA, proteins and metal ions [27]. A comparison of

different HCR-based DNA nanomaterials for biosensing is listed in

Table 1.

Aptamers are short oligonucleotide sequences, which possess

high specificity recognition and binding affinity to cognate tar-

gets [28]. Gao et al. developed an HCR-based colorimetric aptasen-

sor, which realized determination of small molecule ATP by cou-

pling visible-colored gold nanoparticles (AuNPs) with two hairpin

probes (H1 and H2) [29]. In the absence of target ATP, the toehold

of two hairpin probes prevented AuNPs from salt-induced aggre-

gation via the interaction between ssDNA at the sticky end and

AuNPs; while in the presence of target ATP, hairpin H1 contain-

ing ATP aptamer was opened to expose a new sticky end for the

strand displacement reaction of hairpin H2, generating long DNA

strands and resulting in decrease of ssDNA to cause AuNPs aggre-

gated upon addition of salt (Fig. 2A). The diameter of AuNPs in-

creased from 15.8 ± 0.3 nm to 376.4 ± 12.6 nm, inducing a blue

shift of local surface plasmon resonance (LSPR) peak of gold col-

loids. Meanwhile, the color of resulting solution changed from red

to bluish. With the concentration of ATP increased from 10 nmol/L

to 600 nmol/L, an increase in absorbance at 630 nm and a decrease

at 520 nm were observed. A good linear relationship between the

absorbance and ATP concentrations was achieved, and the limit of

detection (LOD) was 1.0 nmol/L (Fig. 2B). After incubation of ATP

and ATP analogues (CTP, GTP and UTP), the aptasensor showed a

new shift in the SPR peak only in the presence of target ATP, indi-

cating the high selectivity and specificity of HCR-based colorimet-

ric aptasensor. Designing the sequence of can determine different

targets. Nevertheless, the assay process and reaction time needs to

be improved.

Multiplex analysis of biomarkers is essential and of great use

for clinical diagnosis [30]. Jiang et al. designed OR and AND gates

based on DNA-templated silver nanoclusters (AgNCs) and HCR for

simultaneous detection and analysis of telomerase activity and

miRNA [31]. The biomarkers in including telomerase and miRNA

that need to be detected as the input [32,33]. AgNCs were synthe-

sized in the presence of DNA template sequence of hairpin H2 at

3′ end, which emitted fluorescence as the output. After hairpins H1

and H2 being adsorbed on the surface of graphene oxide (GO), the

red emit of AgNCs in H2 was quenched via FRET. For the OR gate,

H0OR was released in the presence of telomerase or miRNA, which

further triggered cascade HCR of H1 and H2 to recover and enrich

fluorescence. For the AND gate, the downstream HCR was success-

fully initiated for the subsequent fluorescence output in the pres-

ence of inputs telomerase and miRNA (Fig. 2C). The LOD of OR gate

for miRNA was calculated to be 2.8 pmol/L (S/N = 3), and telom-

erase was calculated to be 2 cells (S/N = 3), respectively. Fluores-

cence emission spectra of OR gate showed that fluorescence was

Table 1

Summary of HCR-based DNA nanomaterials for biosensing.

Carrier Target Method Signal transduction Detection limit Ref.

ATP ATP aptamers bind to ATP

preferentially over AuNPs

Absorbance 1.0 nmol/L ATP [29]

miRNA/telomerase Interactions between AgNPs

and graphene oxide (GO)

Fluorescence 2.8 pmol/L (miRNA)/2 cells

(Telomerase)

[31]
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Fig. 2. HCR-based DNA nanomaterials for biosensing. (A) The molecular design of HCR-based colorimetric aptasensor. (B) Calibration diagram for ATP concentration vs.

absorbance ratio (A630/A520). Copied with permission [29]. Copyright 2017, Elsevier Publishing Group. (C) The molecular design of AgNCs and HCR-based logic gates responding

to miRNA and telomerase. Fluorescence emission spectra of OR gate (D) and AND gate (E) in the presence of various inputs. Copied with permission [31]. Copyright 2022,

Royal Society of Chemistry.

quenched in the absence of two inputs, and fluorescence was re-

covered with single input alone. While fluorescence emission spec-

tra of AND gate showed that significant fluorescence recovery after

simultaneously inputting the two targets (Figs. 2D and E). To sum

up, the AgNCs and HCR based fluorescence system possessed ex-

cellent selectivity. This logic gates were simple and sensitivity to

operate, and was applied for intracellular imaging.

3. HCR-based DNA nanomaterials for bioimaging

Bioimaging, especially for cellular fluorescence imaging, has the

advantage of visible biological distribution and real-time informa-

tion feedback, thus it is essential for disease detection and early

biosensing [34]. However, the intensity of cellular single fluores-

cence signals is often weak for imaging molecules with low con-

centrations. Therefore, signal amplification strategies are needed

to combine with the actual imaging process to amplify the signal

and achieve accurate imaging of trace substances [35]. By modify-

ing fluorescent groups in hairpins, HCR-based DNA nanomaterials

could enrich fluorescent signals during the process of HCR, which

provides more possibilities for bioimaging [36]. In addition, the ini-

tiator sequence of HCR could be designed to be same as the se-

quence of intracellular target molecule, enabling HCR-based DNA

nanomaterials to perform specific imaging functions, and thus to

facilitate disease assessment [37]. A comparison of different HCR-

based nanomaterials for bioimaging is listed in Table 2.

Nucleic acid-based systems are programmable for molecular

imaging, but there is still a strong requirement for aptamer sens-

ing systems with high sensitivity, accuracy, and adaptability for in

vivo imaging. Wu et al. designed a multilayer HCR aptasensing sys-

tem for in situ imaging of biomolecule [38]. The HCR aptasens-

ing circuit consisted of two sections including HCR-Ⅰ and HCR-Ⅱ
circuit. In HCR-Ⅰ circuit, an aptamer/initiator-encoded strand (IA)

had the initial recognition region of biomolecule, which was ef-

ficiently hybridized with a blocker strand (Inh). Once the target

molecule was recognized, the initiator in IA was exposed with

the release of Inh, facilitating the formation of HCR-Ⅰ circuit by

Table 2

Summary of HCR-based DNA nanomaterials for bioimaging.

Carrier Particle

size

Target Signal

transduction

Cell

type

In vivo

effect

Ref.

/ miRNA-21 Fluorescence MCF-7

cells

Yes [38]

40 nm c-MYC Fluorescence MCF-7

cells

Yes [39]

155 nm ATP Fluorescence MCF-7

cells

Yes [42]

H1 and H2. The initiator is in situ translated by HCR-Ⅰ circuit to

generate long stranded DNA that carried numerous tandemly trig-

gers of HCR-Ⅱ circuit. Each of HCR-Ⅱ triggers simultaneously ini-

tiated the following fluorophore donor/acceptor-bearing HCR-II cir-

cuit leading to remarkable fluorescence readout. The HCR aptasens-

ing circuit encapsulated by a folic acid-modified poly(d,l-lactic-co-

glycolic acid) (FA-PLGA) nanocarrier was selectively released in the

cytoplasm of tumor cells, which achieved generated a “turn-on”

fluorescence output with an utmost 2 × N2-fold amplification ef-

ficiency (Fig. 3A). The fluorescence intensity of FAM in Hela cells

co-treated with IA/Inh and HCRs hairpins was comparable to those

cells co-treated with single IA strands and HCRs hairpins, while

the fluorescence intensity of was greatly decreased when either

initiator or one of the hairpins was absent (Fig. 3B). Fluorescence

images of HeLa tumor-bearing mice and corresponding statistics

showed that the HCRs/FP system was enabled to target molecular

imaging with high spatial selectivity (Figs. 3C and D). The ex vivo

fluorescence imaging results of the major organs showed that the

Cy5 signals were mainly accumulated in liver, kidney, and tumor.

Therefore, the HCRs/FP system provided a powerful tool for tracing

bioactive molecule in vivo (Figs. 3E and F).

Spatiotemporally controlled signal amplification provides un-

paralleled opportunities for bioimaging. Chu et al. developed a

3
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Fig. 3. HCR-based DNA nanomaterial for biomolecule imaging in vivo. (A) The molecular design and preparation of HCR/FPs for bioimaging. (B) Confocal laser scanning

microscope (CLSM) images of ATP in living HeLa cells with different treatments. (a) single IA strand and HCRs circuit, (b) HCRs aptasensing circuit, (c) Inh strand and HCRs,

(d) H4-expelled HCRs aptasensing circuit, (e) HCRs aptasensing circuit with oligomycin, and (f) conventional HCR aptasensing circuit. Scale bars:15 μm. (C) Whole-body

fluorescence imaging of HeLa tumor-bearing mice after intravenous injection with different treatments. (a) HCR/FPs system, (b) IA/Inh-expelled HCR/FPs system, (c) HCR/FPs

system after 3-bromopyruvic acid-pretreatment, (d) H4-expelled HCR/FPs system, (e) H6-expelled HCR/FPs system, and (f) HCRs/PLGA system without folic acid moiety. (D)

Mean F.L. intensity statistics of tumor sites in (C). (E) Ex vivo imaging of major organs and tumor of mice with different treatments at 24 h post intravenous injection.

He = heart; Lu = lung; Li = liver; Ki = kidney; Tu = tumor; Sp = spleen. (F) Mean F.L. intensity statistics of major organs and tumor (E). Data are represented as mean ±
S.D., n = 3. Copied with permission [38]. Copyright 2022, Wiley Publishing Group.

near-infrared (NIR) lightNIR-initiated HCR for spatiotemporally

controlled signal amplification, which achieved imaging of mes-

senger RNA (mRNA) with ultrahigh sensitivity in vitro and in

vivo [39]. Lanthanide-ion-doped upconversion nanoparticles (UC-

NPs) not only served as photoconverters to convert NIR to UV, but

also served as carriers to deliver hairpins into cells. The 5′ end of

H1 was added a six-base sequence via a photocleavable (PC) linker

to form PH1. UV irradiation induced photolysis of the PC linker in

PH1 to generate a toehold in cleaved PH1(H1), which facilitated the

initiator-induced HCR. H1 was labeled with Cy3 fluorophores and

H2 was labeled with Cy5 fluorophores. Through HCR initiated by

intracellular target molecule mRNA, the donor (Cy3) fluorescence

significantly decreased, while the acceptor (Cy5) fluorescence in-

creased, showing the efficient production of FRET signal (Fig. 4A).

Due to the expression level of target molecule mRNA in different

cells, varying FRET signals were observed (Fig. 4B). NIR light ef-

fectively penetrated deep tissues and activated HCR-based precise

imaging of mRNA in tumor tissues. Therefore, the HCR activated

by UCNPs for FRET-based fluorescence imaging was promising for

a wide range in the field of spatiotemporal controlled amplification

imaging of target molecules.

DNAzyme is a DNA molecule with catalytic functions for specif-

ically recognizing and catalyzing the cleavage of target mRNA

[40,41]. As an effective transducer for visualizing endogenous

biomarkers, DNAzyme is limited for clinical application due to the

insufficient supply of DNAzyme cofactors. Wei et al. constructed an

autocatalytic DNAzyme (ACD) biocircuit sustained by honeycomb

MnO2 nanosponge (hMNS) based on HCR and DNAzyme biocatal-

ysis for in vivo miRNA imaging [42]. Upon the uptake by cells,

hMNS was responded to intracellular GSH, inducing the conversion

of MnO2 to Mn2+ that served as DNAzyme cofactors and magnetic

resonance imaging (MRI) agents. DNA probes included hairpins H1,

H2, H3 and H4, and DNAzyme substrate hybrids (S/L). Both H1 and

H3 contained DNAzyme subunits. H2 was modified with an accep-

tor and H4 was modified with a donor. After HCR was initiated by

target miRNA, the DNAzyme subunits of H1 and H3 linked together

to constitute an active DNAzyme. With additional Mn2+, the cleav-

age efficiency of DNAzyme was increased and S/L was cleaved by

DNAzyme to release multiple initiators, thus back-feeding the ini-

tiation of multiple HCR. Furthermore, the acceptor of H2 and the

donor of H4 leaded to effective FRET during HCR, achieving pre-

cise imaging of target molecules based on the fluorescence inten-

sity ratio (Fig. 4C). Confocal laser scanning microscope (CLSM) im-

ages showed that the fluorescence intensity of hMNS/ACD imaged

in different cells was consistent to the actual content of intracel-

lular target molecules, and the imaging fluorescence intensity of

hMNS/ACD was significantly greater than that of the hMNS/HCR

(HCR instead of ACD system) (Figs. 4D and E). In vivo experiments

also indicated that hMNS/ACD had enhanced signal amplification

and precise target molecule imaging abilities (Figs. 4F-H). In ad-

dition, high MRI signals were also acquired in the tumor region,

demonstrating that hMNS/ACD had dual imaging functions of flu-
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Fig. 4. HCR-based DNA nanomaterial for bioimaging via sensitized fluorescence. (A) The molecular design and preparation of NIR-light-initiated HCR for spatiotemporally

imaging of mRNA with signal amplification. (B) CLSM images of different cells treated with UC-PH1/H2 and NIR irradiation. Scale bars: 10 μm. Copied with permission

[39]. Copyright 2019, Wiley Publishing Group. (C) The molecular design and preparation of hMNS-sustained autocatalytic DNAzyme biocircuit for amplified miR-21 imaging.

(D) CLSM images of miR-21 imaging in various cells with different treatments and corresponding statistical analysis of fluorescence resonance energy transfer (FRET)-based

ratiometric fluorescence. Scale bars: 20 μm. (E) Whole-body fluorescence imaging of MCF-7-tumor-bearing mice after intravenous injection with different treatments. (F)

Mean F.L. intensity statistics of tumor sites in (E). (G) Ex vivo imaging of major organs and tumor of mice after intravenous injection 12 h with different treatments.

(He = heart; Lu = lung; Li = liver; Ki = kidney; Tu = tumor; Sp = spleen). (H) In vivo MR images of mice bearing MCF-7 tumor before and after intravenous injection of

hMNS/ACD. The circles indicated tumor sites. Copied with permission [42]. Copyright 2020, Wiley Publishing Group.

orescence and MR, which was significant for clinical diagnosis and

therapeutic evaluation.

4. HCR-based DNA nanomaterials for therapeutics

Through rational design of initiator as well as hairpins,

HCR-based DNA nanomaterials can be programmed with func-

tional units such as therapeutic sequences (siRNA, miRNA, ASOs

and DNAzyme), and stimuli-responsive motifs (i-motif and G-

quadruplex), holding great promise in therapeutics [21,43]. In par-

ticular, the unique sequence programmability of DNA endows HCR-

based DNA nanomaterials with dynamic assembly property, which

could affect cellular behaviors such as cell proliferation, migration,

and differentiation to modulate cell fates and promote diseases

treatment [44,45]. A comparison of different HCR-based nanoma-

terials for therapeutics is listed in Table 3. siRNA is a nucleic acid

drug with precise and efficient gene silencing effects, which is

widely applied in therapeutics [46]. The gene silencing efficiency of

siRNA is greatly depended on the level of cellular uptake and cyto-

plasm release. Li et al. constructed a DNA cross-linked polymeric

nanoframework (DPNF) for precise siRNA delivery, which signif-

icantly suppressed tumor growth [47]. The DPNF was prepared

via precipitation copolymerization of NIPAM, 4-MAPBA, Bis, and

Acrydite-DNA, in which Acrydite-DNA served as the initiator for

HCR. The 3′ end of hairpin H2 was designed with ATP aptamer that

was tethered with siRNA via base pairing. Upon exposure to the

initiator DNA, hairpins H1 and H2 was alternatively bond to each

other, achieving efficient loading of siRNA to form DPNF-siRNA. The

high ATP level in tumor cells enabled release of siRNA from DPNF-

siRNA for gene therapy (Fig. 5A). The ATP responsive release of

siRNA was verified by FRET effect. FRET is a non-radiative energy

leap that transfers the energy from the excited state of the donor

to the excited state of the acceptor through intermolecular electric

dipole interactions, causing the donor to fluoresce less intensely,

while the acceptor can either emit a fluorescence stronger than it-

self (sensitized fluorescence) or not (fluorescence quench) [48–51].

The hairpin H2 was modified with a fluorescent label (Cy5, donor)

and the ssDNA (instead of siRNA) was modified with a quencher

(BHQ2, acceptor). The quenched fluorescence of Cy5 was recov-

ered when ssDNA was dissolved from hairpin H2. Fluorescence mi-

5
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Fig. 5. HCR-based DNA nanomaterial for gene therapy. (A) The molecular design and preparation of DPNF-siRNA and ATP-driven release of siRNA. (B) CLSM images of MDA-

MB-231 cells treated with SDPNF-ATP and SDPNF-nATP, respectively (SDPNF was prepared by dsDNA instead of siRNA). (C) Mean fluorescence (F.L.) intensity statistics of per

cell in (B). Data are represented as mean ± S.D., n = 20. ∗∗P < 0.01. (D) RT-qPCR analysis of PLK1 mRNA levels in the MBA-MD-231 cells with different treatments. Data are

represented as mean ± S.D., n = 3. ∗P < 0.05, ∗∗P < 0.01. (E) Western blotting (WB) analysis of PLK1 expression in MBA-MD-231 cells with different treatments. (F) Tumor

growth curves from the different treated mice. ∗∗P < 0.01. Copied with permission [47]. Copyright 2021, Springer Nature.

Fig. 6. HCR-based DNA nanomaterial for lysosome interference and gene therapy. (A) The molecular design and preparation of NDHi for lysosome interference and gene

therapy. (B) TRAP staining images of cells treated with NDHni and NDHi, respectively. (C) Gray value statistics of TRAP staining in (B). Data are represented as mean ± S.D.,

n = 20. ∗∗∗∗P < 0.0001. (D, E) Bio-TEM images of cells treated with NDHni and NDHi, respectively. The red arrows represented NDs. The yellow arrows showed the possible

movement direction of vesicles and vesicle fusion. (F) Schematic illustration of ATP-driven release of siRNA from siRNA-loading NDHi. (G) Fluorescence images of β-actin in

cells treated with different treatments. (H) Mean F.L. intensity statistics of β-actin in (G). Data are represented as mean ± S.D., n = 3. ∗P < 0.05. Copied with permission

[54]. Copyright 2022, Wiley Publishing Group.
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Table 3

Summary of HCR-based DNA nanomaterials for therapeutics

Carrier Particle size Responsive sequence Gene agents Synergistic therapies Cell type In vivo effect Ref.

180 nm ATP aptamer siRNA / MBA-MD-231 cells Yes [47]

220 nm ATP aptamer, i-motif siRNA / A549 cells No [54]

220 nm ATP aptamer siRNA Chemical regulation MCF-7 cells Yes [56]

Fig. 7. HCR-based DNA nanomaterial for synergistic chemodynamic therapy and gene therapy. (A) The molecular design and preparation of NM-siNrf2 for the co-delivery of

Te/Mn coordination complex and siNrf2. (B) WB analysis of Nrf2 and HO-1 expression in MCF-7 cells with different treatments. (C) Electron spin resonance (ESR) spectra of

different samples in the presence of H2O2. (D) H&E staining of tumor tissue collected from the different treated mice. Copied with permission [56]. Copyright 2022, Wiley

Publishing Group.

croscopy images showed that the fluorescence intensity of Cy5 in

SDPNF-ATP group (ssDNA linked with ATP aptamer) was about 3.5

times greater than that of SDPNF-nATP group (ssDNA linked with

non-ATP aptamer), indicating that ATP-responsive property facil-

itated the release of siRNA (Figs. 5B and C). RT-qPCR and west-

ern blotting (WB) analysis showed that the mRNA and protein ex-

pression levels of PLK1 were significantly decreased in DPNF-siRNA

treated group, indicating that DPNF-siRNA possessed effective gene

silencing effect (Figs. 5D and E). For in vivo experiments, DPNF-

siRNA had significant anti-tumor effects, demonstrating that the

smart HCR-based DNA nanomaterial were emerging as a precise

platform for disease treatment (Fig. 5F).

The combination of material chemistry systems and biological

processes effectively modulates organelle function, thereby inter-

fering with therapeutic effects. i-motif is a stimulus-responsive se-

quence, and it folds to form a four-stranded structure by proto-

nation of cytosine under acidic conditions and deprotonates un-

der non-acidic conditions [52,53]. Dong et al. reported an HCR-

based DNA nanoframework (NDHi)containing i-motif sequences to

achieve proton-driven dynamic assembly, interfering with lyso-

somal function and thus enabling gene therapy [54]. The hair-

pin Hi was designed with semi-i-motif sequence at the 5′ end,

and two hairpins Hi could form C-quadruplexes under acid con-

dition. Through HCR, multiple semi-i-motif sequences were inte-

grated in the DNA crosslinked nanoframework (NF), generating an

HCR-based nanomaterial (NDHi). In the acidic environment of lyso-

some, NDHi with semi-i-motif sequences were aggregated due to

the formation of a complete i-motif structure, decreasing lysoso-

mal acidity and hydrolase activity to achieve lysosome interference

(Fig. 6A). Tartrate-resistant acid phosphatase (TRAP) was a lysoso-

mal hydrolase to obtain activity under acidic environment. Com-

pared to NDHni with scramble i-motif sequences treated group,

7
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the level of TRAP activity in NDHi-treated group was significantly

decreased, indicating that proton-driven assembly weakened hy-

drolase activity (Figs. 6B and C). The degradation of NDHi was

greatly inhibited with the decrease of hydrolase activity the degra-

dation of substances (Figs. 6D and E), which would prevent nucleic

acid drugs from nuclease degradation. Actin siRNA was tethered on

hairpin HA and was released in response to ATP (Fig. 6F). Fluores-

cence images and corresponding statistical values showed that the

fluorescence intensity of actin in NDHi-treated cells was weaker

than that of in NDHni-treated cells, indicating that lysosomal dys-

function enhanced the gene silencing efficiency of siRNA, and thus

contributed to gene therapy (Figs. 6G and H).

Targeted construction of therapeutic systems based on the char-

acteristics of cells is an essential strategy for precision medicine.

Cancer cells possess high redox capacity compared to normal

cells, which are thus more susceptible to oxidative stress induced

by excessive reactive oxygen species (ROS) [55]. Li et al. con-

structed a supramolecular self-assembled DNA nanosystem (NM-

siNrf2) based on cascade clamped hybridization chain reaction (C-

HCR) to enhance intracellular oxidative stress though synergistic

chemodynamic and gene modulation, thereby significantly inhibit-

ing tumor progression [56]. The Te/Mn coordination complex and

cholesterol-modified initiator DNA were co-assembled to from na-

nomicelles (NM). In a C-HCR, hairpin H1 with a palindromic seg-

ment at 5′ end could form a hairpin-dimer (H1-dimer) via base

pairing; Hairpin H2 was designed with ATP aptamer at 3′ end of

H2. In the presence of initiator DNA assembled on NMs, H1-dimer

and H2-siRNA alternately hybridized with each other to form a

DNA network, which was released to Nrf2 siRNA (siNrf2) in re-

sponse to ATP for ROS elimination and catalyzed with H2O2 for

ROS generation. Under the synergistic of siRNA-mediated gene si-

lencing and MnII-mediated chemodynamic reaction, NM- siNrf2

enabled oxidative stress to achieve efficient tumor suppression.

(Fig. 7A). WB analysis demonstrated that the expression of Nrf2

and its downstream protein HO-1 were significantly decreased, in-

dicating that NM-siNrf2 had efficient gene silencing effect (Fig. 7B).

Electron spin resonance (ESR) spectra showed that Te/Mn coor-

dination complex enhanced the Fenton-like catalytic capability of

MnII to convert H2O2 to •OH, increasing intracellular ROS levels

(Fig. 7C). The synergistic chemodynamic- and gene-therapeutic ef-

fect was verified in H&E-stained tumor tissues, which showed that

NF-siNrf2 greatly induced tumor cell apoptosis and thus inhibited

tumor progression (Fig. 7D).

5. Conclusion

In this review, we have summarized the design principles and

synthesis methods of HCR, and the biological applications of HCR-

based DNA nanomaterials, mainly including biosensing, bioimaging

and therapeutics.

Owing to excellent sequence programmability and molecular

recognition ability of DNA, DNA-based nanomaterials can be con-

structed with specific and desired functions, which hold great po-

tential in biomedical applications. As an efficient enzyme-free am-

plification platform, HCR provides a powerful tool to design and

construct HCR-based nanomaterials to be applied in the fields of

biosensing, bioimaging and therapeutics. Through the rational de-

sign of initiator and hairpin of HCR system, HCR-based DNA nano-

materials can be efficiently loaded with multiple nucleic acid drugs

and responded to endogenous stimuli such as ATP, pH, metal ions

to control the release of drugs, facilitating the therapeutic effect. In

addition, HCR-based DNA nanomaterials have exceptional proper-

ties including biocompatibility and biodegradability, making them

arouse great interests in bioimaging. Moreover, HCR-based DNA

nanomaterials are mainly for fluorescence imaging, and fluores-

cence signal amplification can be achieved through HCR process,

which is beneficial to the decrease of detection limit and the en-

hancement of imaging sensitivity.

Although HCR-based DNA nanomaterials have been widely used

for biosensing, bioimaging and therapeutics, challenges remain to

be considered. (1) The design of HCR-based DNA nanomateri-

als with multi-responsive units and more diversified functions to

biosensing, bioimaging and therapeutics is desire but challenging,

elaborately design of the hairpins from linear to nonlinear HCR

can be considered. (2) Although design guidelines based on sim-

ulation experiments were proposed for the design of length and

CG content of stem and toehold domains in hairpins, there is still

a lack of design system guidelines for designing hairpin sequences

[5]. (3) Delivery of HCR-based nanomaterials into targeted cells for

biosensing, bioimaging and therapeutics needs to be considered.

Reprogramming specific DNA aptamers to endow HCR-based nano-

materials with tumor targeting ability should be considered. (4)

As exogenous substance, the immunogenic effects and metabolic

pathways of DNA nanomaterials are still unclear in vivo, and the

metabolism of HCR products needed further explored [57]. (5) The

preparation cost of HCR-based DNA nanomaterials needs to be

considered. Developing and optimizing the synthesis methods and

techniques of DNA nanomaterials from small-scale laboratory syn-

thesis to large-scale practical applications should be considered.

With the development of DNA nanotechnology and HCR-based

isothermal amplification techniques, we envision that HCR-based

DNA nanomaterials with more diversity and functions will give

more possibility of biomedical fields, especially for biosensing,

bioimaging and therapeutics [58,59].
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