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ABSTRACT: The delayed detection and recurrence of cancer lead RCA production P
to disappointing cure rates, underscoring the imperative for ‘ @ @ W > °

exploring precise early tumor diagnosis techniques. Despite the - . @ ® —0 "~ §
superior biocompatibility and flexible programmability of DNA . FOAL ot -
nanoprobes for tumor imaging, intricate designs with multiple 2o | (_‘-r 4
oligonucleotide sequences are always indispensable, which = * x s e : ? P
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significantly hinder their clinical application and commercial Dox o 7\ o

development. To construct a simply designed DNA nanoprobe, ORI, PR

here, we constructed a universal stimuli-responsive nanohydrogel J P =;f%’ 4

through the hybridization of the staple strand and skeleton strand. B 5 @ Jw{ ‘ A o i
Through a simple substitution of the staple strand, this hydrogel 5:';{.:,".';",', 8 \ ' )

can be adapted for the response to different targets without

necessitating a series of subsequent revisions and synthesis optimization. To achieve near-infrared II region (NIR-II) fluorescence
imaging, alkynyl-modified NIR-II fluorescent dyes are labeled at two ends of bent staple strands and display weak fluorescence
because of the aggregation-caused quenching effect. The highly expressed ATP or cytokine in tumor cells activates the liberation of
staples and collapse of the bent configuration, which generates fluorescence recovery for tumor imaging. Moreover, this
nanohydrogel also allows for the targeted release of anticancer drugs intercalated in the DNA helix. By integration of NIR-II
fluorescent dyes, this versatile nanohydrogel enables precise diagnosis and treatment of early tumors. The straightforward design
demonstrates low cost and easy adaptability for multitarget detection, highlighting its significant implications for the advancement of
DNA nanotechnology in clinical application and commercialization production.

H INTRODUCTION obstacles for deep tumor imaging.'® In contrast, the long
wavelength of second near-infrared (NIR-II) light confers
superior fluorescence penetration, with diminished biological
background signals, thereby augmenting the signal-to-noise
ratio for in vivo imaging applications.11 Recently, more and
more NIR-II fluorescent materials have been discovered to
achieve high-resolution bioimaging, such as quantum dots,"?
small-molecule dyes,"® rare-earth nanoparticles,"*™'° and
carbon nanotubes.'” In addition, metal-based chemical agents
such as Pt(IT) metallacycle'®"” and Ru(II) metallacycle®® with
enhanced phototherapy activity offer emerging opportunities
for fluorescent materials for in vivo biomedical applications.
Organic small-molecule dyes with NIR-II fluorescence
properties have great potential for bioimaging considering
their well-defined structures, good optical properties, and easy

At present, cancer stands as one of the most significant health
concerns in global terms, posing a formidable threat to public
health. Despite the development of various therapeutic
interventions, delayed detection and cancer recurrence lead
to low cure rates and elevated lethality. Thus, exploring precise
tumor imaging techniques for early tumor diagnosis and
sensitive detection holds great significance for enhancing
cancer therapy and improving patient prognosis. Compared
with normal tissues, tumor tissues present quite different
characteristics including lower pH,"” hypoxic environment,’
enhanced expressions of GSH," higher concentration of
H,0,,”® and raised level of ATP.” Taking advantage of these
unique properties of tumors, various responsive fluorescent
nanoprobes based on DNA nanotechnology, organometallic
frameworks, or polymer materials have been developed for
tumor-specific detection and imaging.® Received:  January 24, 2025

Although fluorescence imaging possesses benefits including Revised: ~ May 7, 2025
high sensitivity and resolution, non-invasion, and multi- Accepted: May 7, 2025
plexing,” conventional fluorescence detection suffers low Published: May 13, 2025
penetration depth and severe background interference, which

are lethal for analysis of complex biological systems and create
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Scheme 1. Illustration of (A) the Synthesis of DOX-Loaded DNA Nanohydrogel and (B) ATP-Responsive NIR-II Fluorescent
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metabolism. But their lower cell uptake rate and the deficiency
of targeted accumulation hinder the application in tumor
imaging and diagnosis. Therefore, various nanocarriers for
loading dyes have been designed to improve the ability of
tumor accumulation in vivo, such as polymeric micelles,”’
metal—organic frameworks,””~** and silica nanoparticles.” As
a kind of natural biological material, DNA nanomaterials have
the advantages of superior biocompatibility and biodegrad-
ability and low tox1c1ty and thus have gained popularity in
biomedical applications.” Besides, their inherent flexibility in
programmability and deformability enables convenient con-
struction of stimuli-responsive detection probes for multiple
biomarkers.””

However, most DNA nanoprobes involve multiple oligonu-
cleotide sequences, which brings complexity to the target-
responsive design and higher cost, posing negligible obstacles
for their clinical applications and commercialized manufacture.
Therefore, there is a pressing demand to develop a simple,
versatile DNA nanoprobe with a low cost for clinical tumor
imaging as a convenient method for preparing long single
DNA strands with repetitive units, relatively low cost, easy
operation, and mild reaction conditions.”*”** Through
integration with functional nucleic acids such as aptamers, i-
motif structures, and G-quadruplexes,” " diversiform stimuli-
responsive DNA nanostructures could be created for the
precise imaging and diagnosis of early tumors in vivo.”” Based
on the RCA reaction, we constructed a simply designed and
universal DNA nanohydrogel to achieve the stimuli-responsive
regulation of NIR-II fluorescent dyes for deep tumor imaging.

Considering the high expression of ATP in the tumor cells,
an ATP-triggered nanohydrogel was first designed, in which
the circular template strand containing the ATP aptamer
sequence (green section in Scheme 1A) was synthesized to
obtain a long single strand of DNA with repetitive aptamer
sequences (LA) by RCA reaction. Then, the staple DNA

strand (LS) partially hybridized with LA to fold the long single
strand, thus facilitating the formation of DNA nanohydrogel
(DNH) (Scheme 1). The bent configuration brought the
adjacency of two fluorescent dyes (FD-AL) modified at the LS
terminal, inducing the NIR-II fluorescence quenching of FD-
AL. The combination of ATP with the aptamer sequences
broke off the assembly of nanohydrogel and induced the
separation of FD-AL molecules from each other, recovering
fluorescence at 1071 nm under 808 nm excitation. To evaluate
the versatility of this platform, the anticancer drug doxorubicin
(DOX) was loaded in a DNA double helix and liberated after
disassembly of DNH for tumor cell killing. Moreover,
interferon-gamma (INF-y)-responsive nanohydrogel was also
constructed, indicating the superior adaptability to different
targets of this design. Through the low-cost synthesis and
simple sequence design, this DNA nanohydrogel demonstrates
significant implications for the clinical application and
commercialization of DNA nanotechnology.

B RESULTS AND DISCUSSION

ATP-Induced Conformational Variation. ATP stands
out as a pivotal biomarker for tumor diagnosis.”® Therefore, we
leveraged the ATP aptamer as the specific signal response
module to achieve precise and targeted imaging of tumors in
vivo. First, the ATP aptamer’s ability to recognize and
selectively bind to ATP was experimentally validated using
polyacrylamide gel electrophoresis (PAGE). As shown in
Figure S, after incubating the ATP aptamer with the lock
strand that contained complementary sequences, a band with a
much lower migration rate could be observed in lane 3,
indicating the hybridization of these two DNA strands. Then,
the ATP-responsive disassembly of this coalition was verified
through PAGE imaging after adding ATP with different
concentrations. As the concentration of ATP increased (1 uM,
3 uM, S uM), two bands of single ATP aptamer and lock
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Figure 1. Recognition and combination with ATP. (A) Ilustration of DNA strand folding and ATP-responsive unwinding. (B) PAGE analysis of
staple strand (LS) release after incubation with different concentrations of ATP. Lanes 1—8 represent the short simulation strand (I), staple strand
(II), mixture of I and II, and then that treated with 0, 1, 5, 10, 50, and 100 #M ATP. (C) Fluorescence spectra of the initial LSgap/prqy LSram/prq
incubated with short simulation strand (SS), and then that incubated with ATP.
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Figure 2. Formation of DNA nanohydrogel and ATP-responsive collapse. (A) Fluorescence spectra of LSgay/p1q before and after incubation with
the RCA production (RS). (B) TEM image of DNA nanohydrogel. (C) Fluorescence spectra of DNA nanohydrogel treated with different
concentrations of ATP. (D) NIR-II fluorescence spectra of FD-AL-modified staple strand (FD-LS) and DNHF synthesized from FD-LS before and

after treatment with ATP.

strand became more discernible with higher brightness (Figure
S1, lanes 4, S, and 6), indicating successful combination of
ATP with the aptamer and the ATP-responsive disintegration
of this double helix configuration.

In order to form a bent configuration, a staple DNA strand
(LS) was designed with complementary fragments at 5’ as well

10701

as 3’ ends to hybridize with the ATP aptamer sequences in the
long strand (Figure 1A). The ATP-induced strand displace-
ment was verified by PAGE and fluorescence detection. First, a
short simulation stand with the same sequence of the repeated
sequence in RCA production was used to explore the ATP-
induced disassembly. As shown in Figure 1B, the band of lane

https://doi.org/10.1021/acs.analchem.5c00581
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3 with much lower migration indicated that the short
simulation chain containing the ATP aptamer hybridized
with the staple DNA strand to create a new band, while this
assembly gradually collapsed and generated two bands of short
simulation chain and LS with the increasing concentration of
ATP. When the concentration reached 100 uM, the chain was
completely unwound, and the experimental results showed that
even the short simulation chain had a good ATP-responsive
unwinding. We then verified the conformational variation
through fluorescence changes. As shown in Figure 1C, the LS
chain labeled with FAM and BHQI (LSgan/pug) showed
intense fluorescence intensity of FAM (Figure 1C, blue line),
which experienced a notable decrease following the hybrid-
ization with the short simulation chain because of the
adjacency of FAM and quenching BHQI, indicating the
formation of a bent conformation. When ATP was added, the
fluorescence signal of FAM exhibited an obvious recovery
(Figure 1C, red line), which further suggested ATP-induced
disintegration of the bent configuration. The above results
demonstrate the folded conformation and ATP responsiveness
of the LS chain linked to the short simulation strand.

Considering that the length of the complementary section
between the short simulation chain and the staple strand might
affect the hybridization efficiency and ATP responsiveness, we
optimized their complementary base number through fluo-
rescence signal variation. As shown in Figure S2A,B, an optimal
fluorescence signal-to-noise ratio was achieved when the
number of complementary bases reached 10, which guided
our choice of the short simulation chain and staple strand with
10 complementary bases as the most suitable candidate for
subsequent experimental investigations and further character-
ization.

Synthesis and Characterization of Stimuli-Respon-
sive DNA Nanohydrogels. The RCA reaction was
performed using the template strand to synthesize a long
single-stranded structure with repetitive sequences, including
ATP aptamer sequences (Figure S3A), which was verified by
PAGE imaging. First, a circular template was obtained through
incubating the template strand with the linkage strand. After
treatment with Exo I/IIl to degrade excess unreacted linear
oligonucleotides, a single band could be observed (Figure S3B,
lane 3), implying the successful generation of a DNA circle for
subsequent reaction. Afterwards, the production of long single
strands was also verified through PAGE. After mixing the
circular template (Figure S3B, lane 3) with primer DNA
(Figure S3B, lane 4) for the RCA reaction, a band with a much
lower migration rate could be observed (Figure S3B, lane S)
under the amplification of phi29 DNA polymerase, indicating
the successful RCA reaction and generation of a long DNA
strand.

The staple strands hybridized with the repeated sequences in
the obtained long single strand, inducing multiple folding
transformations and ultimately leading to the formation of a
compact globular structure. The bent configuration of staple
strands was verified through the fluorescence quenching of
LSgam/prq which presented an obvious decrease in FAM
fluorescence intensity after the reaction of the LS chain with
the RCA long single chain (Figure 2A), indicating the
formation of the folded structure. Then, the formed globular
nanostructures were further characterized by transmission
electron microscopy (TEM) and dynamic light scattering
(DLS). The hydration diameter of this DNA nanohydrogel
was measured to be around 50 nm according to DLS analysis

(Figure S4), and the monodisperse particle size in the TEM
image is about 40 nm (Figure 2B). Moreover, atomic force
microscopy (AFM) characterization was also conducted to
evaluate the morphology and height of this DNA nano-
hydrogel, which demonstrated uniform size around 42 nm and
height around 12 nm (Figure S5). These results indicate that
the long single chain obtained from RCA could transform into
a spherical nanostructure through hybridization with staple
strands.

Self-quenched DNA nanohydrogel was synthesized using
LBgan/puq to verify that ATP could break up the assembly of
DNH. The fluorescence recovery of FAM was monitored after
incubation with different concentrations of ATP, which
displayed a significant increase in the fluorescence intensity
of FAM as the concentration of ATP rose (Figure 2C),
demonstrating the liberation of LBgsy/puq from the RCA
skeleton and the collapse of the DNA nanohydrogel.

To demonstrate the versatile adaptability of this nano-
hydrogel to various targets, a long single strand with repeated
INF-y aptamer fragments was synthesized and incubated with
the complementary staple strands. DLS characterization
revealed that the long strands containing the INF-y aptamers
underwent bending and compacted assembly into nano-
hydrogels with a hydration diameter of approximately 49 nm
(Figure S6A). Furthermore, the responsiveness to INF-y was
confirmed through fluorescence assays using Cy3 and BHQ2
conjugated staple strands. As shown in Figure S6B, significant
fluorescence quenching could be observed following assembly
with the RCA-generated long strand, while upon the addition
of INF-y, the fluorescence signal of Cy3 was recovered because
of the disintegration of the bending configuration, demonstrat-
ing the straightforward design and superior responsiveness to
diverse targets of this DNA nanohydrogel.

ATP-Responsive NIR-Il Fluorescence of DNA Nano-
hydrogel. To achieve targeted NIR-II fluorescence tumor
imaging, a commonly used dye, FD-1080, with excellent NIR-
II fluorescent properties was chosen as a fluorescent element in
the design of DNA nanohydrogel.”” Considering the deficiency
and dilemma of FD-1080 for conjugation with macromolecular
polymers, we synthesized the alkyne-modified probe (FD-AL)
through a four-step reaction, which is described in Figure S7
and characterized through 'H NMR, !C NMR, and high-
resolution mass spectrum (Figures S8—S19). After covalent
linkage with the azide-labeled LS strand through the click
reaction, the FD-AL-modified LS (FD-LS) showed the same
characteristic emission peak at 1071 nm as that of FD-AL
under 808 nm excitation (Figure S$20), indicating the
successful modification of NIR-II fluorescent FD-AL to the
DNA strand. After assembly with the long single strand to form
a compressed spherical structure, the fluorescence intensity at
1071 nm was restrained because of the aggregation quenching
effect™ (Figure 2D, red line) in comparison with the original
FD-LS (Figure 2D, red line). However, in the presence of
ATP, the formed FD-AL-modified DNA nanohydrogel
(DNHF) collapsed and displayed a recovered NIR-II
fluorescence signal (Figure 2D, blue line) under the
recognition and combination with ATP, indicating the
potential to achieve ATP-responsive NIR-II tumor imaging
of this nanohydrogel.

Loading and ATP-Responsive Release of DOX. In
order to achieve drug delivery and controlled release for
accurate tumor therapy, the anticancer drug DOX (doxor-
ubicin) was loaded into DNHF through intercalation of DOX

https://doi.org/10.1021/acs.analchem.5c00581
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Figure 3. DOX loading and ATP-responsive release. (A) Illustration of DOX loading into DNA nanohydrogel through intercalation. (B)
Fluorescence spectra of DOX in the supernatant before and after incubation with DNA nanohydrogel. (C) Fluorescence spectra of the supernatants
after incubating the DOX-loaded DNA nanohydrogel with different concentrations of ATP. (D) The DOX fluorescence intensity of the
supernatants after incubating the DOX-loaded DNA nanohydrogel with ATP, CTP, GTP, or UTP. The data error bars indicate means = SD (n =

3).

into the DNA double helix structure (Figure 3A).>" As shown
in Figure 3B, the successful loading of DOX was verified
through detection of the fluorescence variation of DOX. After
incubating DNHF with DOX for 1 h, the fluorescence intensity
of DOX in the supernatant was reduced compared with the
original DOX solution, which indicated the successful loading
of DOX onto DNHEF. The loading efliciency was calculated to
be 78% based on the fluorescence intensity at 590 nm of DOX
in the supernatant in comparison with the linear calibration
curve of DOX (Figure S21).

Then, the ATP-responsive drug release was monitored after
incubation with different concentrations of ATP. As shown in
Figure 3C, with the increasing concentration of ATP, the
fluorescence intensity of DOX in the supernatants kept rising
compared to the control group without ATP treatment,
indicating the ATP-responsive drug release for this synthesized
DNHED, which exhibited its potential for specific tumor
therapy. Furthermore, the DOX release behavior under varying
pH conditions was investigated through incubation with ATP
at pH 6.0, 7.4, and 8.0, which displayed similar fluorescence
intensity of DOX in the supernatants (Figure S22),
demonstrating the sufficient DOX release of this DNA
nanohydrogel in different physical environments.

Specificity and Stability of DNA Nanohydrogel. The
specificity of DNHFD was investigated by detecting the release
of DOX using CTP, GTP, and UTP as controls. After
coincubation of DNHFD with ATP, the fluorescence signal
exhibited obvious recovery in comparison with the untreated
nanohydrogel (Figure 3D), while a negligible increase could be
observed for the control group incubated with CTP, GTP, or
UTP.
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Then, the stability of DNH was verified through monitoring
the fluorescence variation after immersing self-quenched DNH
in PBS or 10% fetal bovine serum (FBS) buffer for 12 h. As
displayed in Figure S23A, the fluorescence intensity of DNH
remained relatively steady, indicating the stability of this
globular DNA assembly. Additionally, the hydrated diameter of
DNH was further monitored through DLS analysis, which
exhibited weak variation during 12 h of incubation with PBS or
FBS (Figure S23B). These results demonstrated excellent
specificity and satisfactory stability of this ATP-responsive
DNA nanohydrogel.

Internalization Pathway of DNA Nanohydrogel. Breast
cancer is a widely recognized malignant tumor that has
emerged as an increasingly significant public health issue in
recent years.”> Therefore, we elected to utilize MCE-7 cells,
one of the most commonly employed breast cancer cell lines,
to investigate the intracellular characteristics of the designed
DNA nanohydrogel. First, the internalization pathway of DNH
into MCF-7 cells was assessed using flow cytometric analysis.
After pretreatment with various inhibitors (sucrose, genistein,
wortmannin, methyl-f-cyclodextrin, and sodium azide) to
selectively inhibit specific internalization mechanisms (cla-
thrin-mediated endocytosis, caveolae-mediated endocytosis,
macropinocytosis, lipid raft-dependent uptake, and energy-
dependent endocytosis, respectively), MCF-7 cells were
incubated with fluorescent DNH synthesized by dint of
FAM:-labeled staple strands to detect the fluorescence detained
in cells. As shown in Figure S24, the fluorescence intensity of
FAM in MCEF-7 cells was significantly attenuated by the
addition of sucrose and sodium azide compared to the blank
group without any pretreatment, and the suppression rate
reached 51% and 35%, respectively. These results provide
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Figure 4. Cell experiment, (A) CLSM images of oligomycin- or Ca*"-pretreated MCF-7 cells incubated with self-quenched DNH or DNH without
the ATP aptamer. The scale bar indicates 25 ym. (B) Cell viability of MCF-7 cells treated with different concentrations of DNH. (C) Relative cell
proliferation of MCF-7 cells after different treatments. The data error bars indicate means + SD (n = 3).

evidence that the internalization of DNH primarily occurs
through a clathrin-dependent endocytosis pathway in MCE-7
cells.

Fluorescence Validation of ATP Responsiveness in
Tumor Cells. The ATP-responsive intracellular imaging was
convinced through monitoring the fluorescence recovery of
self-quenched DNH in MCF-7 cells with different treatments.
After the addition of the ATP inhibitor oligomycin, a weaker
fluorescence signal of DNHF could be observed compared to
the control group without pretreatment (Figure 4A), whereas
the addition of the ATP promoter Ca’* generated intense
fluorescence recovery. Additionally, control DNA nano-
hydrogel without sequences of the ATP aptamer was
synthesized using a template with random sequences, which
did not induce an observable fluorescence signal of FAM. This
reliable ATP responsiveness suggests that the designed DNA
nanohydrogel can effectively utilize ATP as a biochemical
trigger for tumor-specific responses.

Afterwards, the fluorescence recovery of different cells was
examined through flow cytometric analysis to further verify the

tumor cell specificity (Figure S25). Normal cells MCF-10A
with deficient ATP expression were utilized as a control, which
displayed a weaker fluorescence signal, which can be attributed
to the higher content of ATP in the tumor cells, while obvious
fluorescence recovery of self-quenched DNH could be easily
observed in tumor cells (4T1 cells, MCF-7 cells, and MDA-
MB-231 cells), indicating the ability for tumor-specific
recognition and imaging of this DNA nanohydrogel.
Biosafety and Tumor Cell Therapy of DNA Nano-
hydrogel. The 3-(4,5-dimethylthiazol-2-yl)-2-diphenyltetra-
zolium bromide (MTT) cytotoxicity assay was used to evaluate
the biocompatibility and biosafety of this DNA nanohydrogel.
After incubating with different concentrations of DNH for 6 h,
the MCF-7 cells kept a high viability of over 90% in the
absence of NIR light exposure (Figure 4B). This result
indicates that the DNA nanohydrogel has satisfactory
biocompatibility and is not toxic in the absence of DOX.
The MTT assay was also used to study the cellular therapeutic
efficacy of DOX-loaded DNA nanohydrogel (DNHD). DNHD
was incubated with MCF-7 cells for 6 h and then replaced with
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Figure 5. NIR-II fluorescence imaging in cells and in vivo. NIR-II fluorescence images and corresponding intensity values of MCF-7 cells treated
with (A) different concentrations of DNHF and (B) 50 uM DNHF along with oligomycin or Ca** under 808 nm excitation. (C) NIR-II
fluorescence imaging of mice bearing breast cancer after treatment with DNHF under 808 nm excitation.

fresh medium containing 10% FBS for another 24 h to assess
the cell proliferation rate. As shown in Figure 4C, the cells
incubated with DNH exhibited a high proliferation rate of up
to 96%, while the DNHD-treated MCEF-7 cells caused
significant inhibition of cell proliferation (39%), demonstrating
the effective tumor cell killing of the DOX-loaded DNA
nanohydrogel. For the group without ATP aptamer sequences
(control DNHD), the cell proliferation rate kept a high level
over 90%, which proved the ATP responsiveness of DOX
release and tumor-targeted therapy.

Intracellular NIR-Il Fluorescence Imaging. The feasi-
bility of FD-AL-modified DNA nanohydrogel (DNHF) for
NIR-II fluorescence imaging of the tumor was first verified
through MCF-7 cells. After incubation with the synthesized
DNHE for 6 h, MCF-7 cells exhibited an obvious fluorescence
signal under 808 nm excitation (Figure SA). As the
concentration of DNHF increased, brighter fluorescence
could be collected through a 1000 nm long-pass (LP 1000)
filter (Figure SA), demonstrating the concentration-dependent
NIR-II fluorescence performance of this FD-AL-modified
DNA nanohydrogel. Afterwards, the ATP inhibitor oligomycin
and promoter Ca’* were employed to verify the ATP
responsiveness. As shown in Figure 5B, the fluorescence signal
became weaker in the cells treated with oligomycin compared
to those without pretreatment under incubation with DNHEF,
while the NIR-II fluorescence became stronger after the
addition of Ca®". These results indicated the ATP-responsive
fluorescence enhancement of this DNHF, suggesting its
potential in precise tumor NIR-II fluorescence imaging.

In Vivo NIR-Il Fluorescence Imaging. The NIR-II
fluorescence imaging of the DNA nanohydrogel for early
tumor in vivo was examined using mice bearing dimethylben-
zanthracene-induced breast cancer. After intravenous injection
with the FD-AL-labeled DNA nanohydrogel (DNHF), the
NIR-II fluorescent signal of FD-AL from the tumor site
became increasingly distinct over time and exhibited a

10705

pronounced brightness at 6 h, indicating the eflicacy of
DNHEF for NIR-II fluorescent tumor imaging. Furthermore,
the fluorescent signal maintained its brightness even at 12 h
after injection, demonstrating the excellent photostability of
this NIR-II fluorescent probe (Figure SC). In the control
group treated with control DNHF synthesized without ATP
aptamer sequences, the fluorescence at the tumor site was
markedly weak, confirming the responsiveness of DNHF to
highly expressed ATP in tumors.

To evaluate the in vivo toxicity of the DNA nanohydrogel,
major organs in the mice treated with DNHF were collected
and sliced for histopathological analysis through hematoxylin
and eosin staining. As displayed in Figure S26, the organs in
the DNHF group did not exhibit obvious pathological
abnormality compared to the control group treated with
saline, indicating the satisfactory biocompatibility of this NIR-
II fluorescent DNA nanohydrogel. Moreover, the biochemistry
analysis of blood in the mice treated with DNHF was
conducted through monitoring the blood parameters, includ-
ing white blood cells (WBCs), red blood cells (RBCs),
hematocrit (HCT), hemoglobin concentration (HGB), mean
corpuscular hemoglobin (MCH), and platelets (PLT). As
shown in Figure S27, the mice with DNHF treatment did not
exhibit obvious abnormalities in comparison with the control
group treated with saline, indicating the good hemocompat-
ibility and biosafety of the designed DNA nanohydrogel.

The biosafety of DNA nanohydrogel was further evaluated
through hemolysis assays. As shown in Figure S28, the DNA
nanohydrogel exhibited little hemolysis, and even the DOX-
loaded DNA nanohydrogel maintained a low hemolysis ratio
below 5%, which was significantly lower than the group treated
with free DOX. These results confirmed the outstanding
biosafety of the proposed DNA nanohydrogel and further
demonstrated its controllability for drug loading and on-
demand release.
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B CONCLUSIONS

In this study, we have developed a universally adaptable
stimulus-responsive nanohydrogel with a simple design for
early tumor diagnosis and treatment. The stimuli-responsive
conformational switching was realized through the integration
of functional DNA modules into long single DNA skeletons,
which were synthesized from rolling circle amplification. The
bent staple strands modified with FD-AL at both ends
facilitated the formation of a spherical structure and induced
the quenching effect of NIR-II fluorescence, which could be
recovered after the binding with the target. The in vitro
experiments verified the “turn-on” NIR-II fluorescence, and the
tumor imaging in the mice bearing dimethylbenzanthracene-
induced breast cancer indicated the feasibility of this DNA
nanohydrogel for early tumor diagnosis. Moreover, the
anticancer drug DOX incorporated in the DNA double helix
could be effectively released following the disassembly of DNA
nanohydrogel, suggesting its application potential in targeted
drug delivery and tumor therapy. This design achieved
convenient sequence adjustment and superior adaptability for
various targets, advancing more opportunities for DNA
nanotechnology for commercialization and clinical applications
in the field of tumor diagnosis and precise medicine.

B EXPERIMENTAL SECTION

ATP Responsiveness Validation. The ATP aptamer
chain (2 uL, 10 M) was taken and reacted with the LS chain
(2 L, 10 uM) in a 20 pL system with a buffer solution of 1 X
PBS containing 300 mM Na*. The DNA strands were annealed
at 95 °C for S min and then slowly cooled down to room
temperature, followed by the addition of concentrations of
ATP (1 uM, 3 uM, 5 uM) and incubated at 37 °C for 2 h. A
15% polyacrylamide gel was prepared, and the polyacrylamide
gel was placed in an electrophoretic cell containing a 1 X TBE
buffer at 100 V for 90 min. The template chain (2 pL, 10 uM)
was taken and reacted with the LS chain (2 uL, 10 M) in 20
uL of buffer solution. The samples were also annealed and
added with different concentrations of ATP (1 uM, 5 uM, 10
uM, 50 uM, 100 uM) to incubate at 37 °C for 2 h. A 15%
polyacrylamide gel was prepared, and the polyacrylamide gel
was placed in an electrophoretic cell containing 1 X TBE buffer
at 100 V for 90 min.

LS Chain Folding Validation. The template was annealed
with equal concentrations of LSpyq;/ram chains modified with
BHQI and FAM at both ends, respectively. After annealing,
different concentrations of ATP (0.1 uM, 0.5 uM, 1 uM, S uM,
10 uM) were added, and the fluorescence intensity was
measured under an enzyme counter after the reaction for 2 h at
37 °C in a water bath.

Synthesis of RCA. The p-linear (4 uL, 100 pM) was taken
with ligation DNA (4 pL, 100 gM), and the reaction was
carried out at 95 °C for 5 min and then slowly cooled to room
temperature. Then, T4 ligase (1 uL, 400 U/uL) with
corresponding buffer (2 puL) was added to react at 25 °C for
16 h and then heated at 65 °C for 10 min to inactivate T4
ligase. After inactivation, Exol and Exol buffer and ExollIl and
Exolll buffer were added to the solution, and after reacting at
37 °C for 4 h in a water bath, the exonuclease was inactivated
by heating at 85 °C for 15 min to make a DNA cyclic template.
8 uL of the above cyclic template was taken and reacted with a
DNA primer (8 uL, 10 M) in a water bath at 95 °C for S min
and then slowly cooled to 37 °C. 10 uL of the above solution

was taken, and dNTPs (2 pL, 0.1 mM), BSA (1 uL, 0.4 ug/
uL), and phi29 DNA polymerase (1 uL, 0.2 U) were added
with corresponding buffer (2 yL), and the RCA product was
prepared by reacting in a 37 °C water bath for 4 h and then
heating at 65 °C for 10 min to inactivate phi29 DNA
polymerase.

Synthesis and Validation of DNA Nanohydrogel.
DNA nanohydrogels were made by reacting the synthesized
RCA long single strand with the modified LSpyq;/pam strand at
both ends in 1:15. The synthesized nanohydrogels were then
measured for fluorescence changes to verify the conformational
changes, after which the DNA nanohydrogels were measured
by DLS and TEM to detect their morphology. The specific
synthetic route of alkyne-modified FD-AL is shown in the
Supporting Information. Fluorescent material-modified LS
strand was prepared, and the azide-based modified DNA
strand was mixed with alkyne-based modified FD-AL at a
concentration ratio of 1:10. The reaction was carried out under
the action of catalysts copper sulfate and sodium ascorbate at
50 °C for 24 h. At the end of the reaction, extraction was
carried out with dichloromethane to remove unreacted FD-AL.
After that, DNA nanohydrogels containing fluorescent material
FD-AL were prepared according to the above ratio.

The INF-y-responsive DNA nanohydrogel was prepared
with a similar approach except that staple strand-2, linear
template-2, primer-2, and ligation DNA-2 were used as
substitutions, respectively.

DOX Loading and Validation. DOX loading was
performed by mixing S yL of DOX (S mg/mL) with 1 mL
of the prepared DNA nanohydrogel to incubate at room
temperature for 1.5 h at 37 °C. After centrifugation at 12,000
rpm for 10 min, the supernatant was collected to detect the
fluorescence intensity of DOX under 480 nm excitation, and
the loading yield was calculated in comparison with the
calibration curve of DOX. The different concentrations of ATP
(0 uM, 5 uM, 10 uM, 50 uM, 100 uM, 200 uM) were added
and incubated for 2 h to detect the fluorescence changes of
DOX. After that, the specific release of ATP was detected by
incubating with equal concentrations (100 4uM) of ATP, CTP,
GTP, and UTP, respectively, for 2 h for the detection of
fluorescence. DOX-loaded DNHFD was incubated with 100
UM ATP under different pH conditions (6.0, 7.4, 8.0) at 37 °C
for 1.5 h to monitor DOX release under varying pH.

Investigation of the Endocytosis Pathway. MCF-7
cells were transfected in 96-well plates for 24 h and then
pretreated with sucrose, genistein, wortmannin, methyl-S-
cyclodextrin, and sodium azide for 6 h. After incubation with
FAM-modified DNA nanohydrogel for 12 h, the cells were
washed with PBS three times and collected for the flow
cytometric assay over the FL1 channel.

CLSM Imaging and the Flow Cytometry Assay. The
intracellular ATP responsiveness was verified using the self-
quenched DNA nanohydrogel synthesized from BHQI- and
FAM-labeled LSgyq;/pam chains. After pretreatment with
oligomycin or Ca®>* for 30 min, the MCF-7 cells were
incubated with self-quenched DNA nanohydrogel for 6 h to
conduct the CLSM fluorescence imaging. The FAM
fluorescence signal was collected from 500 to 550 nm under
488 nm excitation. In addition, the DNA nanohydrogel
without ATP responsiveness was also synthesized using a
long single strand without ATP aptamer sequences to perform
as a control. For the fluorescence recovery assay in different
cells, four types of cells (4T1 cells, MCF-7, MDA-MB-231, and
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MCF-10a) were selected and incubated with 1 nM self-
quenched DNA nanohydrogel for 6 h, respectively, followed by
the flow cytometric assay over the FL1 channel to detect the
fluorescence recovery assay of FAM.

MTT Detection. For evaluating the biocompatibility of
DNA nanohydrogel, MCF-7 cells were incubated with different
concentrations of DNHF (0, 10, 50, 100, and 300 nM) for 12
h, and the cellular activity was assayed using the MTT kit. To
verify the tumor therapy efficacy of DOX-loaded DNA
nanohydrogel, MCF-7 cells were treated with 100 nM
DNHF, DNHF loaded with DOX (DNHED), or control
DNHED without ATP aptamer sequences for 6 h. After
washing and incubation with fresh medium for another 24 h,
the cellular proliferation rate was detected by an MTT kit
(Yeasen, China).

Intracellular NIR-Il Imaging. MCF-7 cells with a good
growth status were transfected into 96-well plates and
incubated for 24 h. Then, 10 M, 30 uM, 50 uM, 100 uM,
and 200 yM of DNHF were added and incubated for 6 h, and
the NIR-II fluorescence was recorded under 808 nm excitation.
MCF-7 cells were added with oligomycin or Ca** and
incubated for 30 min, followed by the incubation with S0
uM DNHEF for 6 h. Then, NIR-II fluorescence imaging was
conducted under 808 nm excitation. The intensity of the NIR-
II fluorescence signal was collected with a 1000 nm long-pass
(LP 1000) filter and measured by Image].

In Vivo NIR-Il Imaging. To verify the NIR-II fluorescence
imaging ability of DNHF, a 7,12-dimethylbenzanthracene
(DMBA)-induced breast cancer model was established in
BALB/c mice (5—6 weeks) (Keygen Biotech, China). All
procedures during the in vivo experiments were performed in
conformity with the Institutional Animal Use and Care
Regulations and approved through the Model Animal Research
Center in Nanjing University of Chinese Medicine. The mice
with breast cancer were randomly divided into three groups
and intravenously injected with 150 uL saline, control DNHF
without ATP aptamer sequences (1 nM), and DNHF (1 nM).
At 6 h after injection, the mice were imaged on the NIR-II In
Vivo Imaging System (Series III 900/1700, Suzhou NIR-
Optics Technologies Co. Ltd., China). The NIR-II fluo-
rescence imaging was recorded under 808 nm excitation in an
in vivo imaging chamber, and the fluorescence signal was
collected with a 1000 nm long-pass (LP 1000) filter.

Histopathological Analysis and Biochemistry Anal-
ysis. The major organs of mice treated with saline and DNHF
were harvested to conduct the histopathological analysis using
a hematoxylin and eosin staining kit (Yeasen, China). After
fixing with 4% paraformaldehyde, the organs were embedded
in paraffin blocks and sliced for hematoxylin and eosin staining
according to the manufacturer’s instructions, and the sections
of organs were then visualized using the optical microscope
(Olympus BXS1, Japan). The blood samples from mice treated
with saline and DNHF were then collected for biochemistry
analysis including white blood cells (WBCs), red blood cells
(RBCs), hematocrit (HCT), hemoglobin concentration
(HGB), mean corpuscular hemoglobin (MCH), and platelets
(PLT).

Hemolysis Assay. Blood samples from mice were collected
in heparinized tubes. After washing with physiological saline
and centrifugation at 3000 rpm for 10 min, the red blood cells
(RBCs) were resuspended in PBS to prepare a 2% RBC
suspension. S0 #M free DOX, DNA nanohydrogel (DNH), or
DOX-loaded DNA nanohydrogel (DNHD) were added, with

water and PBS serving as positive and negative controls,
respectively. The RBC suspension was incubated under
different treatment conditions at 37 °C for 1 h. The
supernatant was collected through centrifugation, and the
absorbance (OD) at 545 nm was measured to calculate the
hemolysis ratio according to the previous reports.' >’
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