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Multifunctional drug delivery systems enabling effective drug delivery and comprehensive treatment are
critical to successful cancer treatment. Overcoming nonspecific release and off-target effects remains
challenging in precise drug delivery. Here, we design triple-interlocked drug delivery systems to perform
specific cancer cell recognition, controlled drug release and effective comprehensive therapy. Gold
nanocages (AuNCs) comprise a novel class of nanostructures possessing hollow interiors and porous
walls. AuNCs are employed as a drug carrier and photothermal transducer due to their unique structure
and photothermal properties. A smart triple-interlocked I-type DNA nanostructure is modified on the
surface of the AuNCs, and molecules of the anticancer drug doxorubicin (DOX) are loaded as molecular
cargo and blocked. The triple-interlocked nanostructure can be unlocked by binding with three types of
tumor-related mRNAs, which act as "keys” to the triple locks, sequentially, which leads to precise drug
release. Additionally, fluorescence-imaging-oriented chemical-photothermal synergistic treatment is
achieved under illumination with infrared light. This drug delivery system, which combines the
advantages of AuNCs and interlocked I-type DNA, successfully demonstrates effective and precise
imaging, drug release and photothermal therapy. This multifunctional triple-interlocked drug delivery
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Introduction

Conventional chemotherapeutic agents are still limited by their
dispersibility in aqueous solution, low permeability in cell
membranes, and unexpected biodistribution."* Inspiring
efforts have been devoted to exploring safe and effective drug
carriers for imaging, targeting therapy, and pharmacokinetic
monitoring of tumors. The perfect drug carrier should exhibit
specific targeting, controlled release, favorable biocompatibility
properties, and the desired drug loading capacity. Nano-
particles, using both self-delivery and active targeting strategies,
can enhance the intracellular concentration of drugs in cancer
cells while avoiding toxicity in normal cells.>* Various types of
nanomaterials, such as polymeric nanoparticles,”

“College of Chemistry, Chemical Engineering and Materials Science, Collaborative
Innovation Center of Functionalized Probes for Chemical Imaging in Universities of
Shandong, Key Laboratory of Molecular and Nano Probes, Ministry of Education,
Shandong Provincial Key Laboratory of Clean Production of Fine Chemicals,
Shandong Normal University, Jinan 250014, P. R. China. E-mail: tangb@sdnu.edu.
cn; lilu5252@163.com

’Key Laboratory of Optic-electric Sensing and Analytical Chemistry for Life Science,
MOE, State Key Laboratory Base for Eco-chemical Engineering, College of Science
and Technology, Qingdao 266042, P. R.China. E-mail: Yesujuan2010@126.com

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d1sc02017j

© 2021 The Author(s). Published by the Royal Society of Chemistry

and photothermal therapy treatments.

liposomes,*® carbon nanotubes,' metal-organic frameworks
and biodegradable polymers have exhibited the desired
imaging, drug loading, drug delivery and cancer therapy
ability."»"* However, these drug carriers only provided chemo-
therapy for cancer treatment. A comprehensive therapeutic
method has become an urgent need. A class of gold (Au)
nanostructures known as nanocages (NC) have attracted
considerable attention in recent years, with hollow interiors and
ultrathin, porous walls.”® AuNCs are increasingly becoming
a suitable candidate for drug delivery and laser therapy owing to
their excellent properties, such as their large surface area, high
pore volume, tunable pore size, and biocompatible properties.*
Moreover, AuNCs have photothermal properties based on their
optical absorption, and can serve as a photothermal transducer
for cancer treatment under a near-infrared laser. Additionally,
AuNCs can induce the generation of reactive oxygen species
from H,0,, such as singlet-phase oxygen and hydroxyl radicals
under near-infrared excitation.' Xia et al. prepared an AuNC-
modified polymer and realized photo-induced drug release
with a near-infrared light trigger.'® By combining these features,
AuNCs are expected to become a new platform for cancer
diagnosis and treatment.

For both diagnostic and therapeutic applications, it is crit-
ical to achieve selective drug release to increase the cellular drug
uptake in cancer cells and decrease the overall dosage; thus,
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targeting molecules should be combined with the drug carrier.
A number of ligands that selectively bind tissue-associated
biomolecules (receptors) have been explored for drug delivery,
including antibodies,'” folate,'** and DNA or RNA to recognize
cancer markers.”® However, most receptors of cancer cell
expression often occur in normal cells as well; therefore, single
ligand-receptor drug carriers potentially result in strong toxicity
to normal cells, which decreases the drug efficacy and limits
their biomedical applications.”*** Thus, multiple-ligand-
receptor drug carriers for recognizing specific disease cells and
enhancing diagnostic and therapeutic accuracy should be more
practical and safe.>*?° Tang reported a drug delivery system with
two types of tumor-related mRNAs to induce one-drug
controlled release.” However, no drug delivery systems have
been designed for simultaneous targeting of three or more
receptors in cancer cells. Such drug delivery systems with
multiple ligands to synergistically control drug release could be
more effective and safe.***

In this work, three types of mRNAs act as “keys” to syner-
gistically open the multiple valves of a nanocarrier to control
drug release. We designed a smart triple-interlocked I-type DNA
nanostructure and modified it onto the surface of an AuNC. The
AuNC can be prepared via the galvanic replacement reaction
between silver nanocubes and chloroauric acid. Using the
hollow structure of the gold NC, molecules of the anticancer
drug doxorubicin (DOX) are loaded, and the I-type DNA nano-
structure acts as a “triple-interlock” to lock up the AuNC carrier.
An AuNC drug delivery system mediated by three types of
mRNAs was developed for tumor-targeting chemotherapy and
photothermal therapy. Through the binding of the I-type DNA
strands, three types of tumor-related mRNAs act as “keys” to
synergistically open the valve, allowing controlled drug release.
Furthermore, a thermal effect is produced under illumination
with infrared light. The heat generated by the infrared light
pushes the remaining drugs out of the AuNC. Fluorescence
imaging, drug release and photothermal therapy of the target
MCF-7 cells were successfully achieved using the drug delivery
system. The results of in vivo experiments indicate that the
nanometer-scale gold cage drug carrier system can effectively
treat tumors.

Results and discussion

Principle of the targeted drug release and photothermal
therapy of I-type DNA nanostructure-AuNC

To improve the efficacy of synergistic chemical-photothermal
tumor treatment, we present a multifunctional drug delivery
system, which is an I-type DNA triple-interlocked AuNC for
controlled drug release and photothermal therapy. The prin-
ciple of this system is depicted in Scheme 1. Initially, the triple-
interlocked I-type DNA nanostructure is composed of four
functional DNA strands (H1-4). The H3 and H4 strands, which
are terminally modified with thiol groups, are complementary
to H1 and H2, resulting in the formation of an I-type structure.
The complementarity between the DNA strands generated
a triple-interlock that provided the recognition sites for the
three keys. AuNCs were synthesized from an Ag template using
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Scheme 1 Schematic illustration of the targeted drug release.

a galvanic replacement reaction between solutions containing
metal precursor salts and Ag nanostructures prepared through
polyol reduction. The drug delivery system was synthesized by
immobilizing the triple-interlocked I-type DNA scaffold on the
AuNC via a gold-thiol bond. The anticancer drug DOX mole-
cules were loaded as molecular cargo and blocked. MCF-7 cells
were selected as a model, and three mRNAs that are specific
important markers in MCF-7 cells, namely, TK1,** C-myc* and
GalNAc-T,* were selected as the three keys. Only when C-myc,
TK and GalNAc-T mRNA exist simultaneously in the system
will the triple-interlock be unlocked and release DOX through
competitive hybridization between DNA H1 and C-myc, H2 and
TK1, and H3 and GalNAc-T. The hollow AuNC can achieve
plasmon resonance absorption on both its outer and inner
surfaces. It can be used as a high-performance light-to-heat
conversion agent to cause tumor apoptosis via the heating of
the AuNC under NIR irradiation. The tumor cells were effec-
tively killed by the combination of DOX with the heated AuNC.
Chemotherapy combined with photothermal therapy could be
monitored in real time via fluorescence imaging of DOX. The
multifunctional triple-interlocked drug delivery system could be
used as a potential carrier for effective cancer-targeting

© 2021 The Author(s). Published by the Royal Society of Chemistry
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comprehensive chemotherapy and photothermal therapy
treatment.

Characterization of the silver nanocubes (Ag nanocubes) and
AuNCs

The synthesized Ag nanocubes and AuNCs were characterized
using TEM and UV-visible spectroscopy, as exhibited in Fig. 1.
As can be seen in Fig. 1A, the Ag nanocubes have sharp edges
and angles with a uniform size; the side length is approximately
35 nm. Fig. 1B depicts their UV-visible spectrum with two
distinct peaks at 355 nm (a shoulder peak) and 420 nm (the
characteristic absorption peak), respectively. In Fig. 1C and D,
the synthesized AuNCs have a lighter color in the middle, which
proves that they are hollow inside, and the light transmittance
on the walls attests to the presence of holes in the walls. The
spectrum exhibits a remarkable characteristic absorbance at
728 nm, which demonstrates the successful preparation of
AuNCs.

MTT experiment

The cytotoxicity of the AuNC in MCF-7 cells was tested using the
MTT assay. 100 pL of MCF-7 single-cell suspension was inocu-
lated in a culture dish and incubated in a sterile incubator for
16 h. The AuNC were dispersed into 2 mL of culture medium
and incubated with the cells for approximately 6, 12, 18, or 24 h,
respectively. The culture medium was then discarded, the cells
were washed three times in PBS buffer, 50 puL of MTT solution
was added, and the cells were continuously incubated for 4 h.
Finally, 100 pL of dimethyl sulfoxide (DMSO) was added and the
cells were shaken at low frequency for 10 min, after which the
absorbance at a wavelength of 490 nm was measured. The data
in Fig. 2 show that the AuNCs have low cytotoxicity.

400 500 600 700
AMnm

500 600 700 800 900
Mnm

Fig. 1 (A and B) TEM images and UV spectra of the synthesised Ag
nanocubes; (C and D) TEM images and UV spectra of the synthesised
AuNC.
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Fig.2 MTT assay of MCF-7 cells. The cells were incubated with AuNCs
forOh,6h,12h, 18 hand 24 h.

Characterization of the I-type DNA

To verify the hybridization of H1, H2, H3 and H4, poly-
acrylamide gel electrophoresis (17.5% N-PAGE) was carried out,
and the results are displayed in Fig. 3. Lane a is the DNA
marker, lanes b-e represent the strands H1-H4, and lane f
represents the hybridized DNAs, which exhibited a new bright
band, thus demonstrating the successful synthesis of I-type
DNAs.

Characterization of the multifunctional drug delivery system

In order to confirm the formation of the drug carrier complex,
one of the terminals of strands H1 and H2 was labeled with
BHQ and Cy5, respectively, and the UV-visible spectra of all the
materials were measured using a Cary 50 UV/vis-NIR spectro-
photometer. In Fig. 4A, curves a-e represent the absorbance of
AuNCs, DOX, Cy5-DNA (H2'), BHQ-DNA (H1') and DNA, which
exhibit characteristic absorption peaks at 728 nm, 480 nm,
640 nm, 530 nm and 260 nm, respectively. Fig. 4B is the

Fig. 3 Electrophoresis diagram of the DNA plugging material (a) DNA
marker; (b) H1; (c) H2; (d) H3; (e) H4; (f) Hybridized DNA).

Chem. Sci., 2021, 12, 12429-12436 | 12431
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Fig. 4 (A) Ultraviolet absorption spectra of AUNC (a), DOX (b), Cy5-
DNA (c), BHQ-DNA (d) and DNA (e); (B) ultraviolet absorption spectrum
of the drug carrier complex.

characteristic absorbance curve of the drug-carrier complex,
which corresponded to those in Fig. 4A. Thus, the drug-carrier
complex formed by the I-type DNAs (the sealing material), AuNC
and DOX was successfully assembled. The zeta potentials of the
AuNC, AuNC/DNA and DOX@AuUNC/DNA were —14.47 mV,
—19.47 mV and —16.43 mV, respectively (Fig. S11). The change
in the surface charge of the particles further indicated the
successful coating of the DNA nanolocks and the successful
encapsulation of DOX. By measuring the fluorescence intensity
of DOX in the total solution and the supernatant at its excitation
and emission wavelengths of 490 nm and 590 nm, we calculated
the loading capacity of the AuNC. According to the linear fluo-
rescence calibration curve of DOX in Fig. S2,f the loading
capacity of the AuNC was calculated to be 19.74 ug DOX per
1 mg AuNC. Table S11 shows that the DNA grafting count on
each AuNC was 123, revealing that the DNA could be effectively
assembled on the AuNC. With this adequate amount, the DNA
could form an I-type structure on the surface of the AuNC. The I-
type structure was sufficient and large enough to block the
nanopores and prevent the leakage of DOX via a steric
hindrance effect. To test the stability of the carrier under
storage conditions, we also investigated the DOX release profile
in the dark at room temperature for various times (Fig. 5B). The
experimental results showed that little DOX was released before
6 h. The release of DOX was slightly increased after 6 h, but was
only approximately 14% of the maximum release (Fig. 5B, line
a). The result indicated that the grafting intensity was strong
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Fig. 5 (A) The fluorescence intensity of DOX (596 nm) in the super-
natant under different conditions after 6 h of reaction and (B) the DOX
release profile in the storage condition after different times. ((a) PBS; (b)
TKL; (c) c-myc; (d) GalNAc-1; (e) TK1 + c-myc + GalNAc-1; (f) NIR; (g)
TK1 + c-myc + GalNAc-1 + NIR; (h) TK1 + c-myc; (i) c-myc + GalNAc-
1; (j) TK1 + GalNAc-1).
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enough that the DOX@AuNC/DNA could be stably stored in the
dark at room temperature.

Targeted drug release assay in centrifuge tubes

The DOX@AuUNC/DNA was incubated in centrifuge tubes, and
the dynamic DOX release process was measured. Fig. 5A shows
that little DOX was released when only one type (Fig. 5A, line b-
d) or two types of mRNAs were added (Fig. 5A, line e, i and j),
which indicated that the mesopores on the surface of the AuNC
remained almost blocked. Only when TK1, c-myc, and GalNAc-T
mRNA were all present could the drug be released from the
AuNC (Fig. 5A, line e). As can be seen from line f, large quan-
tities of DOX were released due to heat-driven diffusion under
NIR irradiation. The largest release of DOX was observed for
NIR irradiation and the three kinds of mRNAs (Fig. 5A, line g).
The experiment verified the specificity of the multifunctional
triple-interlocked drug delivery system.

To illustrate the effect of heat on drug release, we further
conducted the DOX release experiment at 85 °C, 55 °C and room
temperature (Fig. S3t). When the solution temperature was
raised to 85 °C by NIR irradiation, the fluorescence intensity of
the DNA@AuUNC complex solution without target mRNAs
(vellow line) was similar to that of the solution with the target
mRNAs (gray line), and was as strong as that of the maximum
DOX release in the DNA@AuUNC complex solution with the
target mRNAs irradiated by continuous high-power NIR (brown
line). The results indicated that heat played a major role in DOX
release through the dehybridization of locked DNA at high
temperature. When a solution temperature of 55 °C was
induced by NIR, the fluorescence intensity of the DNA@AuNC
complex solution with the target mRNAs (light blue line) was
much stronger than that of the solution without the target
mRNAs (blue line), indicating that the target mRNAs played an
important role in DOX release at 55 °C. In addition, the DOX
release in the DNA@AuUNC complex solution with the target
mRNAs at 55 °C was a little higher than that of the solution with
the target mRNAs at room temperature, which illustrated that
the increase from room temperature to 55 °C partially contrib-
uted to the release of DOX.

Drug targeted release assay in cells

Fluorescence imaging of DOX was used to monitor the dynamic
process of drug release.

The multifunctional drug delivery system was incubated in
MCF-7, Hela and MCF-10A cells, and the dynamic release
process of the AuNCs could be observed and imaged when
TK1,** C-myc* and GalNAc-T** mRNA were present simulta-
neously. Fig. S5t shows the level of the three target mRNAs as
determined by RT-PCR in the MCF-10A, MCF-7 and 4T1 cells. As
shown in Fig. 6, fluorescence imaging was utilized to monitor
the distribution of the AuNCs and the drug release due to the
reaction between the sealing materials and mRNAs. Increasing
amounts of AuNC loaded with DOX were ingested by MCF-7
cells with increasing time, and DOX could be released by the
opening of the AuNC through the hybridization of the I-type
DNAs with the mRNAs. Therefore, the DOX was found to be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Fluorescence images of drug release. The scale bar is 50 pm.

located in the cell nucleus. The fluorescence signal showed
a notable increase in intensity with time from 30 min to 4 h. The
fluorescence images demonstrated that the targeted release of
anticancer drugs could be effectively achieved by using AuNC
loaded with DOX and multiple mRNAs as a release switch. The
DOX@AuNC ingested in the Hela and MCF-10A cells did not
show conspicuous fluorescence due to their low expression of
the C-myc, TK1 and GalNAc-T mRNAs; thus, the experiment
further verified the specificity of the multifunctional triple-
interlocked drug delivery system.

In vitro and in vivo thermal imaging

The photothermal effects of AuNCs in vitro and in vivo were
observed using an infrared thermal imaging system. PBS, DOX,
AuNCs, and DOX@AuNC, were placed into EP tubes for thermal
imaging after NIR irradiation. The photothermal conversion
ability of AuNCs in different conditions was studied under NIR
light irradiation (808 nm, 1.5 W cm™?). With increasing time,
the temperature initially rose, and was basically stabilized after
120 s. Greater temperature changes were observed for higher
concentrations of AuNCs. AuNCs at a concentration of 300 pg

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

mL ™" eventually reached about 85 °C, proving that AuNCs have
excellent photothermal properties. The temperature increase
trends of the AuNCs before and after drug loading were then
explored using an infrared temperature imaging system. Fig. 7A
shows that AuNCs and DOX@AuNC have good photothermal
performance; the temperatures of the samples containing
AuNCs or DOX@AuNC were higher than those of the separate
PBS and DOX samples. Mice with mammary tumors were
treated with PBS, DOX, AuNCs, or DOX@AuNC and subse-
quently irradiated with an NIR laser at the tumor site. As shown
in Fig. 7C, the local temperature of the tumor treated with
AuNCs and DOX@AuUNC was almost 55 °C, compared to
a temperature of 37 °C for the tumors treated with PBS and
DOX. It has been reported that cell damage is irreversible when
the temperature of the heated tissue reaches a certain value
(about 42 °C). To ensure that only the three kinds of mRNAs can
specifically initiate DOX release and to avoid the DNA melting
transition due to NIR triggered heating,*” we carefully designed
the number of complementary pairs of DNA bases to increase
the melting temperature (TM). The T,,, temperatures of the four
DNA strands are 65.4 °C, 71.1 °C, 71.8 °C and 69.4 °C, respec-
tively, as determined using the Oligo Calculation Tool of
Thermo Fisher Scientific. In order to verify the temperature of
the AuNCs at the tumor site, we conducted an in vitro simula-
tion experiment. We used a piece of mouse underarm skin to
cover one side of a centrifuge tube, and then irradiated the

~— AuNC+DOX . Gt
AuNC
——PBS
——DOX

20 40 80 100 120

60
Time(s)

—— AuNC+DOX
AuNC

——PBS LA

——DOX _ i1

0 50 100 150 200 250 300
Ms_z(s.o Time(s)

Fig. 7 In vitro and in vivo thermal imaging. (A) IR thermal images of
PBS, DOX, AuNCs, and DOX@AuUNC in EP tubes under 808 nm laser
irradiation (1.5 W cm™) for different durations. (B) Temperature
changes of PBS, DOX, AuNCs, and DOX@AUNC under NIR laser irra-
diation (808 nm, 1.5 W cm™2). (C) In vivo infrared thermal (IRT) images
of tumor-bearing mice during laser irradiation (808 nm, 1.5 W cm™2) at
4 h post-injection of PBS, DOX, AuNCs, or DOX@AUNC and (D)
temperature changes in the tumor regions during laser irradiation. The
data are presented as the mean + s.d. (n = 3). The AuNC described
above were encased by I-type DNA.

Chem. Sci., 2021, 12, 12429-12436 | 12433


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc02017j

Open Access Article. Published on 12 August 2021. Downloaded on 1/22/2026 10:07:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

centrifuge tube with a 808 nm laser and measured the
temperature change of the AuNCs within. From Fig. S61 and 7D,
it can be seen that the temperature of the AuNCs at the tumor
site reached only 55 °C due to the energy loss of the laser as it
passed through the skin.*® The laser energy loss would lead to
the reduction in the heat generated by the AuNCs. Additionally,
Fig. 8 also verifies that the drug was not released in vivo due to
thermally induced dehybridization of the DNA lock system.
These results showed that the fluorescence intensity of ICG-
loaded AuNCs locked by four types of random DNAs hardly
changed after NIR irradiation. Based on the in vitro experi-
mental data and melting temperature calculation, we could
infer that it is impossible to melt the DNA chains to release DOX
under NIR light irradiation in vivo.

Drug release assay in vivo

To verify the specificity of the multifunctional triple-interlocked
drug delivery system, we performed a supplementary negative
control experiment in vivo, in which AuNCs were locked by four
types of random DNAs. In order to study the drug release in
mice via in vivo fluorescence imaging, the near-infrared fluo-
rescence probe ICG was used to replace the DOX loaded in the
AuNCs. We injected the AuNCs into the mouse tumors, and
then detected the fluorescence of ICG using a whole body
imaging system 4 h later to study the drug release ability in vivo.
As can be seen from Fig. 8, the fluorescence intensity of ICG
locked with four types of random DNAs was lower than the
fluorescence intensity of ICG locked with the I-type DNAs that
were used in this experiment. This revealed that ICG was rarely
released from the random-DNA-locked AuNCs because the four

Epi-fluoresce

x107
No NIR
70
Four
random
DNAs
After NIR|
60
No NIR 50
Four
designed
DNAs
After NIR 40

Fig. 8 In vivo fluorescence images of 4Tl-tumor-bearing mice
injected with ICG@QAUNC.
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types of random DNAs could not be opened by the target mRNAs
and further showed that the triple-interlock system was effective
in vivo. Additionally, we detected weak ICG fluorescence for the
mice administered AuNCs locked with I-types of DNAs 4 hours
after injection. The fluorescence intensity of ICG increased after
NIR irradiation. This also verified that the release of drugs in
vivo is not only controlled by mRNAs, but also driven by heat.
The function of the mRNAs is to induce the dehybridization of
DNA lock system and release the drugs. The role of heat is to
further release drugs from the AuNCs.

Antitumor effects of DOX@AuNC in vivo

In order to verify the anti-tumor effect of DOX@AuNC in vivo,
the breast cancer model mice were administered different
treatments: PBS (blank control), DOX, AuNCs, AuNC + NIR,
DOX@AuUNC, or DOX@AuUNC + NIR. Both tumor volume and
mouse weight were recorded to compare the anti-tumor efficacy
between groups. Fig. 9B showed that there was no significant
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Fig. 9 In vivo antitumor treatment effect of DOX@AUNC. (A) Photo-
graphs of the excised tumors from the different groups (1, 2, 3, 4, 5 and
6 represent PBS, DOX, AuNCs, AuNC + NIR, DOX@AuUNC, and
DOX@AuUNC + NIR, respectively.) (B) Body weight variation of the
tumor-bearing mice during treatment. (C) Tumor growth curves of
mice in the different treatment groups. The data are presented as the
mean =+ s.d. (n = 3). Histological observations to assess the apoptosis
of the tumor tissues after treatment with PBS (D), DOX (E), DOX@AuUNC
(F) and DOX@AUNC + NIR (G). The AuNCs described above were
encased by I-type DNA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reduction in the body weights of mice treated using the various
conditions, indicating that the DOX@AuUNC probes have good
biocompatibility and caused little damage to the bodies of the
mice. As shown in Fig. 9C, AuNC injection had a small inhibi-
tory effect on tumor volume, and the DOX group, AuNC + NIR
group and DOX@AuNC group had different degrees of inhibi-
tion, with the effect of the DOX@AuNC + NIR group on tumor
inhibition being the largest. Fig. S41 shows the change in the
cell survival rate with increasing infrared irradiation time. The
results showed that the DOX@AuNC probes we developed had
a combination chemical-photothermal therapy effect, which
could treat cancer more effectively.

The mice were killed at day 17, and the tumors of the mice
treated under the various conditions are shown in Fig. 9A. It is
obvious that the tumor volume of the DOX@AuNC + NIR group
was smallest, that is, the tumor treatment effect of the DOX@-
AuNC + NIR group was the best. Furthermore, the tumor tissues
were investigated using histological analysis after staining with
hematoxylin and eosin (HE). As shown in Fig. 9, massive cell
remission and high cell apoptosis occurred in the tumor treated
with DOX@AuNC under NIR irradiation, confirming its syner-
gistic effect in suppressing the tumor growth. The in vivo
experiment results further indicated that this I-type DNA triple-
interlocked AuNC presented an excellent therapeutic effect for
cancer treatment. Thus, we concluded that chemical-photo-
thermal synergistic treatment was successfully performed to
treat cancer cells.

Conclusions

In summary, to improve the efficacy of synergistic chemical-
photothermal tumor treatment, we have presented a multi-
functional drug delivery system, I-type DNA triple-interlocked
AuNCs, for mRNA-controlled and heat-driven drug release and
photothermal therapy. Only when the three types of mRNAs that
act as “keys” were hybridized with the respective triple-
interlocks could the valves of the nanocarrier be opened, and
then the drug was released into the cancer cells via heat-driven
release, which improves the targeting of chemotherapy. A
strong thermal effect was produced under illumination with
infrared light, which also kills cancer cells. Thus, synergistic
chemical-photothermal treatment was successfully performed
to treat cancer cells. The drug release experiment indicated that
the drug delivery system released DOX gradually and steadily
under physiological conditions. In vivo experiment results
further indicated that this I-type DNA triple-interlocked AuNC
presented an excellent therapeutic effect for cancer treatment.
The results showed that the AuNCs could be easily loaded with
different drugs for the treatment of different tumors, and could
bond with different highly recognized ligands of tumor markers
to realize highly effective synergistic chemo-photothermal
tumor treatment.
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