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Abstract

Background The coalition of DNA nanotechnology with diversiform inorganic nanoparticles offers powerful tools
for the design and construction of stimuli-responsive drug delivery systems with spatiotemporal controllability, but
it remains challenging to achieve high-density oligonucleotides modification close to inorganic nanocores for their
sensitive responsivity to optical or thermal signals.

Results Inspired by Actinia with retractable tentacles, here we design an artificial nano-Actinia consisted of collaps-
ible DNA architectures attached on gold nanoparticle (AuNP) for efficient drug delivery and enhanced photothermal
therapy. The collapsible spheroidal architectures are formed by the hybridization of long DNA strand produced in situ
through rolling circle amplification with bundling DNA strands, and contain numerous double-helical segments for
the intercalative binding of quercetin as the anti-cancer drug. Under 800-nm light irradiation, the photothermal con-
version of AuNPs induces intensive localized heating, which unwinds the double helixes and leads to the disassembly
of DNA nanospheres on the surface of AuNPs. The consequently released quercetin can inhibit the expression of heat
shock protein 27 and decrease the thermal resistance of tumor cells, thus enhancing photothermal therapy efficacy.

Conclusions By combining the deformable DNA nanostructures with gold nanocores, this Actinia-mimetic nanocar-
rier presents a promising tool for the development of DNA-AUNPs complex and opens a new horizon for the stimuli-
responsive drug delivery.
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Background

Stimuli-responsive drug delivery systems have attracted
substantial attention over the past decades considering
their ability to secure the drug accumulation in specific
cells and eliminate off-target toxicity [1-3]. As an emerg-
ing nanotechnology, DNA have become one of the most
prevalent elements for the design and construction of
drug delivery systems owing to the programmable inter-
molecular interactions of Watson—Crick base pairing [4],
accurate molecular recognition [5], automated chemistry
synthesis and convenient functional group modification
[6, 7]. Multifarious 2D or 3D DNA architectures such
as nanotrains [8] and nanococoons [9] have been devel-
oped to achieve cellular targeting or the controlled cargo
release.

Owing to the variable modifications and unique prop-
erties including optical [10], thermal [11] or catalytic [12]
behaviors, inorganic materials such as gold nanoparti-
cles (AuNPs) or conversion nanoparticles gather much
talent in drug delivery and cancer therapy [13, 14], and
the invention of DNA nanostructures with inorganic
nanocores offers new prospects for the biomedical appli-
cations of nucleic acid architectures [15]. These unique
coalitions possess both programmability of oligonu-
cleotides and physical properties of inorganic materials,
which endow nanocarriers with smart characteristics and
external manipulability like near-infrared (NIR) photo
responsiveness [16] or magnetic targeting [17].

To acquire an ideal stimulus-responsive delivery
system, adequate loading amount of drug molecules
[18] and high release efficiency [19, 20] are the most

Disintegrated Nano-
Actinia for drug release

indispensable prerequisites, which demand multiple
oligonucleotides for the package of cargos and close
distance between DNA and inorganic nanocores for effi-
cient signal transmission. Although DNA origami has
been used in some cases to obtain high loading capacity
[21, 22], the extended DNA nanostructures made it dif-
ficult to respond to the optical or thermal signal gener-
ated from inorganic nanocores for controllable drug
release. Inspired by the retractable tentacles of Actinia,
we designed an artificial nano-Actinia constituted from
in situ formation of deformable DNA nanostructures
on a gold nanoparticle (AuNP) for efficient drug loading
and photo-controlled release. AuNPs acted as the core
for absorbing 800-nm light and converting it to local-
ized heat due to the inherent photothermal effect [23],
and the elongated tentacles were constructed using long
DNA strands (LR), which were produced in situ on AuNP
by rolling circle amplification (RCA) and could hybrid-
ize with bundling DNA strands (LB) to form a shrunk
spheroidal architecture (Scheme 1a). The compressed
DNA nanosphere (DNS) incorporated with plenty dou-
ble helixes enabled the efficient loading of anti-cancer
drug quercetin (Que) through intercalative binding [24,
25], which contributes to the liberation of quercetin in
the condition of helix unwinding. Under 800-nm light
irradiation, the photothermic effect of AuNP induced
the localized heating and thus facilitated despiraliza-
tion of the helixes to release quercetin (Scheme 1b). The
shrinkage deformation strategy not only guaranteed the
enormous quantity of double helixes for Que loading, but
also brought the DNA structures close to the nanocore
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Scheme 1 a Schematic illustration of AUNPs-DNS/Que synthesis. b Aptamer-mediated tumor cell targeting as well as 800-nm light responsive drug

release and enhanced photothermal therapy

for getting high sensibility of thermal response, which
could inordinately enhance the efficiency of drug release
under NIR light irradiation. The released quercetin could
down-regulate the expression level of heat shock protein
27 (Hsp27) [26] to enhance the efficacy of photothermal
therapy (PTT) through decreasing the thermal resist-
ance of tumor cells. Benefiting from the Actinia-mimetic
design, this AuNPs-DNS/Que could help to resolve the
conflict between modification of multiple oligonucleo-
tides and sensitive interactive responsivity to signals of
nanocores, which opens up new paths and opportunities
for the applications of DNA nanostructures in controlla-
ble drug delivery and anti-cancer therapeutics.

Methods

Materials and reagents

T4 DNA ligase, 10 x T4 DNA buffer and bovine serum
albumin were purchased from Beyotime Biotechnol-
ogy (Shanghai, China). Exonuclease I, exonuclease III,
phi29 DNA polymerase and dNTPs were purchased from
Novoprotein Scientific Inc. (Suzhou, China). HAuCl,,
sodium citrate, NaCl, sodium dodecyl sulfate (SDS),

(2-carboxyethyl) phosphine hydrochloride (TCEP), ura-
nyl acetate and quercetin were purchased from Aladin
Ltd (Shanghai, China). PBS, MTT cell proliferation and
cytotoxicity detection kit, annexin V-FITC/PI apoptosis
detection kit and hematoxylin—eosin (HE) dye solution
were purchased from Keygen Biotech (Nanjing, China).
Hsp27 enzyme-linked immunosorbent assay (ELISA)
kit was purchased from Jin Yibai Biological Technology
(Nanjing, China). DNA ladder marker was purchased
from Takara Biomedical Technology (Beijing) Co., Ltd.
(Beijing, China). All DNA strands were synthesized and
purified by Sangon Biotech Co., Ltd (Shanghai, China),
and their specific sequences and label information were
listed in Additional file 1: Table S1.

Apparatus

Zeta potential analysis and dynamic light scattering (DLS)
analysis were conducted on ZetaPlus 90 Plus/BI-MAS
(Brook haven, USA). Transmission electron microscopic
(TEM) images were captured on JEM-2800 transmission
electron microscope (JEOL Ltd., Japan). MTT and ELISA
assays were conducted on Victor X3 Multimode Plate
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Reader (PerkinElmer, USA). The gel electrophoresis was
performed with Mini-Protean Tetra Cell and PowerPac "
Basic Power Supply (Bio-Rad, USA). The intracellular flu-
orescence images were acquired through TCS SP5 confo-
cal laser scanning microscope (CLSM) (Leica, Germany).
Flow cytometry was accomplished on Coulter FC-500
flow cytometer (Beckman-Coulter, USA). The UV-Vis
absorption spectra were recorded with UV-3600N UV/
VIS spectrophotometer (Shimadzu, Japan). The fluores-
cence spectra were recorded with F-4700 spectrofluoro-
photometer (Hitachi, Japan).

Synthesis of DNA nanosphere (DNS)

The circular DNA template was first prepared accord-
ing to a previously reported method [27]. 4.2 uL 100 uM
phosphorylated linear DNA and 4.2 yL 100 pM ligation
DNA were mixed to react at 95 °C for 4 min. After slowly
cooling down to room temperature over 4 h, the mixture
was added with 1 pL 400 U L~ T4 DNA ligase, 2 puL
10 x T4 DNA buffer and 8.6 pL DI water, and incubated
at 25 °C for 16 h. Then the T4 DNA ligase was denatured
by heating at 65 °C for 10 min, and 4 pL exonuclease I
(20 U puL™!) and 4 uL of exonuclease III (100 U pL ') was
added to react for 8 h at 37 °C for the decomposition of
ligation DNA. Afterwards, the product was heated and
kept at 80 °C for 15 min to denature the DNA exonucle-
ases, and the obtained circular DNA template was stored
at 4 °C for the further use.

The long-chain DNA LR was synthesized through RCA
reaction. Typically, 10 pL circular DNA template (3 pM)
was mixed with 0.5 pL. 100 uM DNA primer and then
annealed at 95 °C for 5 min, followed by cooling to room
temperature. Afterwards, the mixture was added with
0.2 U uL~! phi29 DNA polymerase, 0.4 pg uL~* bovine
serum albumin and 0.1 mM dNTPs and incubated at
37 °C for 5 h in 150 pL phi29 reaction buffer. After reac-
tion, the product was heated and kept at 65 °C for 10 min
to inactivate the phi29 DNA polymerase, and purified
through ultrafiltration using 100kD cutoff membrane.
Finally, 10 pL bundling strand LB (100 pM) was added
and incubated at 37 °C for 2 h to hybridize with LB and
form the spherical DNS.

Preparation of AUNPs

AuNPs were synthesized referring to the classical sodium
citrate reduction method [28]. Briefly, 50 mL HAuCl,
(0.01%) was heated to boiling and added with 0.5 mL
sodium citrate (1%). Then the solution was refluxed for
10 min and cooled down to room temperature.

Modification of DNA primer
Thiol-modified primer DNA was conjugated on the
AuNPs according to the previous reported procedure
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[29]. First of all, 10 uM thiolated primer was activated
through incubation with 10 mM TCEP for 2 h at room
temperature, and thiol group anchored DNA spacer and
Sgc8 aptamer were also pretreated with the same proce-
dure. Then 1 mL AuNPs (1 nM) were added with the mix-
ture of 10 puL primer DNA (10 pM), 10 pL DNA spacer
(50 puM) and 10 pL Sgc8 aptamer (10 uM) stirred for
20 min, followed by adding with 10 pL SDS (10%), 100 uL
0.1 M PBS (pH=7.4) and 50 pL 2.0 M NaCl. The result-
ing mixture was stirred for 30 min at room temperature
and the addition of 2.0 M NaCl (60 uL) was repeated
twice with 30-min interval. Then the final mixture was
stirred for 24 h at room temperature and the obtained
primer/spacer/aptamer modified AuNPs were collected
through centrifugation.

To detect the modification amounts of DNA primers,
DNA spacers and Sgc8 aptamers on AuNPs, FAM-labeled
primer (Primerg,),), Cy3-labeled spacer (Spacerc;) and
Cyb5-labeled aptamer (Aptamerc,s;) was used as substitu-
tions respectively, and the synthesized fluorescent nano-
particles were centrifuged (8000 rpm, 20 min) to collect
the supernatants for fluorescence detecion. The reaction
quantities were calculated through the comparison with
corresponding calibration curves.

Preparation of AuNPs-DNS

The pre-synthesized circular DNA template (50 nM)
was added with primer modified AuNPs (1 nM) and
annealed at 90 °C for 5 min, followed by cooling down
to room temperature slowly. The obtained template con-
jugated AuNPs were centrifuged (8000 rpm, 20 min) and
then mixed with phi29 DNA polymerase (0.2 U mL™?),
bovine serum albumin (0.4 mg mL™!), dNTPs (0.1 mM)
and 10 x phi29 reaction buffer and reacted for 3 h. After
that, the mixture was incubated at 65 °C for 10 min, cen-
trifuged (8000 rpm, 20 min) and washed with PBS buffer
for 3 times to get long chain LR attached AuNPs (AuNPs-
LR). Finally, 2 pM bundling strand LB was mixed with
1 nM AuNPs-LR and reacted at 37 °C for 2 h with a slow
shaking at 100 rpm. The obtained AuNPs-DNS was cen-
trifuged (8000 rpm, 20 min) and washed with PBS buffer
for 3 times.

To optimize the modification amounts of DNA primer,
DNA spacer and Sgc8 aptamer, different concentrations
of these DNA strands were added into 1 nM AuNPs solu-
tions to synthesize AuNPs-DNS according to the same
procedure above.

To verify the formation of DNS on AuNPs, bundling
strand labeled with Cy3 and BHQ at 3’ and 5’ respec-
tively (LBcy3/pnq) Was used as substitution to synthesize
AuNPs-DNS(,5 5o according to the same approach
above. Then the Cy3 fluorescence of the mixture was
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detected and compared with the initial LBy3/p1q solu-
tion with a concentration of 2 pM.

The Cy5 and Cy3/BHQ labeled AuNPs-DNS were syn-
thesized with the same approach except that Cy5 labeled
Sgc8 aptamer (Aptamerc,;) and Cy3/BHQ labeled
bundling strand LB3/p1q were used as substitutions
respectively.

Quercetin loading

50 pL 20 pM quercetin DMSO solution was added into
1 mL 0.1 nM AuNPs-DNS and incubated at room tem-
perature for 6 h with slight shaking and then centrifuged
at 8000 rpm for 20 min. The fluorescence intensity of
quercetin at 503 nm in the supernatant after reaction
was detected under 250-nm excitation, and the loading
amount was calculated in comparison with the calibra-
tion curve of quercetin.

Transmission electron microscopic (TEM) imaging of DNS
10 pL of the prepared DNS, AuNPs-DNS or AuNPs-
DNS/Que was dropped on a carbon supported mem-
brane (ZhongJing KeYi Technology Co., Ltd., China) and
stained with 2% uranyl acetate for 10 min. After washing
with DI water for 3 times, the carbon supported mem-
brane was dried under nitrogen for TEM imaging.

Quercetin release

To prove the NIR light-controlled drug release, 1 mL
0.1 nM AuNPs-DNS/Que was irradiated with 800-nm
laser (2 W ¢cm™?) for different times. Afterwards, the nan-
oparticles were centrifuged to detect the fluorescence of
quercetin in the supernatants. The release rate was cal-
culated through comparing the fluorescence intensities of
supernatants with the calibration curve of quercetin.

Stability examination

0.1 nM AuNPs-DNS was immersed in PBS or PBS buffer
containing 10% FBS and incubated for 24 h at 37 °C to
detect the hydration size through DLS analysis. Besides,
0.1 nM AuNPs-DNS/Que was also incubated in PBS or
FBS buffer to monitor the leakage of quercetin through
measuring the fluorescence intensities of supernatants
and comparing with the calibration curve.

Cell culture

MCE-7 cells and MCF-10a cells (Keygen Biotech, China)
were cultured in RPMI 1640 medium complemented
with 10% FBS and 1% Penicillin—Streptomycin Solu-
tion (100 pg mL™) at 37 °C in a humidified atmosphere
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containing 5% CO,. The cell numbers were counted through
Countess® I automated cell counter (Invitrogen, USA).

Tumor cell targeting

1 x 10* MCE-7 cells or MCF-10a cells were seeded into a
glass dish and treated with 1 nM Cy5 labeled AuNPs-DNS
prepared by Aptamerc,; at 37 °C for 6 h. After washing
with PBS for 3 times, the treated cells were collected to
detect the fluorescence signal of AuNPs-DNS, s through
flow cytometer over FL3 channel. Moreover, MCE-7 cells
treated with 1 nM control AuNPs-DNS which was syn-
thesized using Cy5 labeled random sequence (Control,s)
instead of the Aptamerc,; were also imaged as control.

Investigation of endocytosis pathway

Different inhibitors of cell endocytosis, sucrose
(450 mM), methyl-B-cyclodextrin (50 pM), genistein
(200 pg mL™), wortmannin (50 nM) and NaN; (10 mM)
were added into MCF-7 cells and incubated for 30 min
to block corresponding internalization processes includ-
ing clathrin, lipid raft, caveolae, macropinocytosis and
energy dependent endocytosis respectively. Then the
cells were incubated with 1 nM AuNPs-DNS.,; for
6 h and washed with PBS for three times. The fluores-
cence intensities of MCF-7 cells were measured through
the flow cytometric analyses over FL3 to calculate the
AuNPs-DNS uptake rates.

CLSM imaging

To validate the intracellular NIR light responsivity of
AuNPs-DNS, 1 x 10* MCF-7 cells were seeded in a glass
bottom dish for 24 h at 37 °C and then incubated with
1 nM biocolor labeled AuNPs-DNS synthesized from
Aptamercys and LB¢y3/pyq for 6 h at 37 °C. After wash-
ing with PBS for three times, the treated cells were irradi-
ated with 800-nm light for 10 min, and the fluorescence
of Cy5 and Cy3 was observed from 650 to 700 nm under
633 nm-excitation and from 560 to 620 nm with the exci-
tation at 543 nm respectively.

Cytotoxicity assay

MCE-7 cells were cultured in a 96-well plate (Corning
Inc. USA) with a density of 1 x 10* cells per chamber
for 24 h, and then 1 nM AuNPs-DNS or AuNPs-DNS/
Que was added into each well to incubate at 37 °C for
6 h. Finally, the treated cells were washed with PBS for
three times to remove redundant nanoparticles, and the
cell viability was analyzed through MTT assay according
to the instruction procedure. The cell viability of MCEF-7
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cells treated with 10-min 800-nm light exposure were
also detected with the same procedure.

Intracellular therapeutic efficiency

After MCF-7 cells were seeded into the 96-well plate
(Corning Inc. USA) with a culture density of 1 x 10* cells
per chamber for 24 h, 1 nM AuNPs-DNS/Que was added
and incubated for 6 h. Then the MCF-7 cells were washed
with PBS for three times and exposed under 800-nm
light (2 W cm™) for different times. Finally fresh medium
containing 10% FBS was added and the cells were cul-
tured for another 24 h to detect the cell proliferation
rate through the MTT cell proliferation and cytotoxicity
detection kit according to the instruction procedure.

To further demonstrated the efficient and specific kill-
ing effect on tumor cells and good biocompatibility of
AuNPs-DNS/Que, different concentrations (0.5 nM,
1 nM, 1.5 nM) of AuNPs-DNS/Que were incubated with
MCE-7 cells or MCEF-10a cells for 6 h, followed by 10 min
irradiation with 800-nm light (2 W cm™). The cell prolif-
eration rates were evaluated according to the same pro-
cedure above.

To verify the better therapeutic efficacy of AuNPs-
DNS/Que, different concentrations of quercetin or
AuNPs-DNS/Que with the same amounts of quercetin
were added and incubated with MCE-7 cells for 6 h. After
washing with PBS and irradiation with 800-nm light
(2 W cm™) for 10 min, the treated cells were cultured for
another 24 h to conduct the MTT cell proliferation assay.
Cells treated with AuNPs-DNS at the same concentra-
tions with AuNPs-DNS/Que were also detected accord-
ing to the same procedure.

For the apoptosis assay, the MCE-7 cells were treated
with 8 pM quercetin, 1 nM AuNPs-DNS or AuNDPs-
DNS/Que for 6 h and then exposed under 10-min NIR
light (2 W c¢cm™) or not. After incubation in fresh culture
medium containing 10% FBS for another 24 h, the treated
cells were stained with Annexin V-FITC/PI apoptosis
detection kit according to the instruction procedure and
analyzed with flow cytometer over FL1 and FL3 channel.

Evaluation of Hsp27 expression level

MCE-7 cells were seeded in a 24-well plate (Corning Inc,
USA) with a density of 5 x 10° cells per well and cultured
at 37 °C for 24 h. Then 1 nM AuNPs-DNS or quercetin
loaded AuNPs-DNS (AuNPs-DNS/Que) was added and
incubated for 6 h. After irradiation with 800-nm light
(2 W cm™), the cells were incubated with fresh medium
containing 10% FBS and further cultured for 48 h to
detect the cellular expression levels of Hsp27 using
enzyme-linked immuno sorbent assay (ELISA) accord-
ing to the manufacturer’s instructions. The cells without
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any treatment and cells only treated with NIR light were
also detected as controls. The expression levels of Hsp27
in MCE-7 cells treated with different concentrations
of AuNPs-DNS/Que as well as free quercetin were also
evaluated according to the same procedure above.

In vivo imaging and antitumor efficiency

Pathogen-free female BALB/c nude mice (4-5 weeks
old) were purchased from GemPharmatech Co. Ltd.
(Nanjing, China). All of the mice had free access to
water and rodent chow. All experiments were con-
ducted according to the NIH guidelines for the care and
use of laboratory animals (NIH Publication no. 85-23
Rev. 1985) and approved by the Experimental Animal
Center of Nanjing University of Chinese Medicine
(approval number: 202103A025). To establish a mouse
model of MCF-7 tumor xenograft, 1 x 10°® MCE-7 cells
were subcutaneously inoculated into the underarm
position of the female nude mice. The tumor volumes
were calculated through the formula V=(L x W?)/2,
where L and W are the length and width of the tumor
respectively.

To evaluate the in vivo photothermal effect of
AuNPs-DNS/Que, the tumor-bearing mice were intra-
tumorally injected with 150 pL of 1 nM AuNPs-DNS/
Que or saline and then exposed under 800-nm light
(1 W cm™?) for 10 min to capture the thermographic
images through a near infrared thermal imager (FLIR-
E64501, FLIR Systems Inc., USA).

When the tumor grew to a volume over 80 mm?, the
tumor-bearing mice were divided into six groups ran-
domly, and the weights as well as tumor volumes were
measured and recorded. Afterwards, different groups of
mice were intratumorally injected with 150 uL of (1) (2)
saline, (3) (4) 1 nM AuNPs-DNS, (5) (6) 1 nM AuNPs-
DNS/Que and (5) (6) 8 uM free quercetin. At 6 h after
injection, the tumors on the mice of groups (2), (4), (6)
and (8) were exposed under 800-nm light (1 W cm™?)
for 10 min, while the groups (1), (3), (5) and (7) served
as controls and did not experience any NIR irradiation.
The injection and irradiation was conducted at day 3
and day 6 repeatedly. During this time, the mice were
weighted every 2 days along with the tumor volume
monitoring. At Day 14, all the mice were euthanized
and representative photos of these tumor-bearing mice
were taken. Then the tumor and major organs includ-
ing heart, spleen, kidney, liver, and lung were collected,
washed with saline, and then fixed in the 4% paraform-
aldehyde solution for the histopathological analysis.
After imbedding in paraffin blocks, the paraformal-
dehyde-fixed organs were sliced to 5 pm sections, and
the sections were stained through HE dye solution and



(2023) 21:46

Yang et al. Journal of Nanobiotechnology

Page 7 of 15

(nm)

Siz
o)
@

AuNPs AuNPs AuNPs AuNPs
-Primer -LR -DNS

- LBCyS/BHQ
375 {—— After incubation
with AuNPs-LR

540 570 600 630 660
Wavelength (nm)

Fig. 1 a PAGE analysis of DNA primer, circular DNA template, RCA product and DNA ladder marker (lanes 1-4). TEM images of b DNS (scale bar:
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visualized with optical microscope (Olympus BX51,
Japan).

To evaluate the biodistribution of AuNPs-DNS, the
tumor-bearing mice were intravenously injected with
150 pL of saline or 1 nM Cy5 labeled AuNPs-DNS syn-
thesized from Aptamerc,s (AuNPs-DNS(, ;) and imaged
at 6 h after injection on the IVIS Lumina XR III in vivo
imaging system (PerkinElmer, USA). Then major organs
including heart, spleen, kidney, liver, and lung were also
collected and imaged according to the same procedure.

Results and discussion

Preparation and characterization of nano-Actinia

The assembly of DNA nanospheres (DNS) through RCA
reaction and then hybridization with the bundling strand
(LB) was firstly validated in buffer solution. First of all,
the circular DNA template was synthesized using the
template sequence (phosphorylated linear DNA), liga-
tion DNA and T4 DNA ligase according to the previous
report [30], and then DNA primer hybridized with the
prepared circular DNA template to get extended and
turn into a long single strand (LR) with plenty of repeat-
ing sequences in the presence of DNA polymerase and
dNTPs. The polyacrylamide gel electrophoresis (PAGE)
analysis indicated the formation of circular DNA tem-
plate and LR from the observation of the bands with

lower mobility (Additional file 1: Figure S1 and Fig. 1a,
lane 3). After incubation with LB at 37 °C for 2 h, the long
strand was folded into a compact spheroidal structure
with a diameter of 8.3 nm (Fig. 1b) and a hydration diam-
eter of 15.2 nm (Additional file 1: Figure S2).

AuNPs were synthesized using a previously reported
procedure [28], which represented a monodispersed par-
ticle size of ~54 nm (Fig. 1c). The thiol-terminated DNA
primers were assembled on the surface of AuNPs via Au-
thiol interaction [29], which led to the variation of zeta
potential from —5.34 mV to —14.66 mV (Additional file 1:
Figure S3a) and the increase of hydration diameter from
62.9 nm to 67.7 nm (Fig. 1d and Additional file 1: Figure
S4). Besides, the appearance of the DNA characteristic
peak around 260 nm proved the successful conjugation
of oligonucleotides on AuNPs (Additional file 1: Figure
S3b).

The extension of DNA primer to form long chain LR
through RCA reaction on the surface of AuNPs was
convinced from the variation of zeta potential from
—14.66 mV to —26.81 mV, and the increase of hydration
diameter from 67.7 nm to 131.4 nm (Fig. 1d and Addi-
tional file 1: Figure S4). After incubation with bundling
strands, the hydration size shrank to 86.7 nm (Fig. 1d
and Additional file 1: Figure S4d), implying that the loose
and scattered long chain LR on AuNPs was folded into
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a compacted structure. The folding was also validated
with the bundling strands labeled with Cy3 and BHQ
at the ends respectively (LB pnq). After incubating
AuNPs-LR with LBcy3pyq Cy3 fluorescence showed
conspicuous decrease (Fig. le), suggesting the bending
of LB during the formation of DNS. The modification
amounts of DNA primer, DNA spacer and Sgc8 aptamer
were optimized through the shrinkage of hydration sizes,
which showed obvious compression for AuNPs added
with (1) 100 nM DNA primer, 500 nM DNA spacer and
100 nM Sgc8 aptamer or (2) 50 nM DNA primer, 550 nM
DNA spacer and 100 nM Sgc8 aptamer (Additional file 1:
Figure S5), indicating the satisfactory assembly of DNA
spheres on AuNPs. Considering that the modification of
DNA primers with more quantity, which could generate
more strands to form DNA spheres, is beneficial for effi-
cient drug loading, the former synthesis condition was
adopted for the subsequent experiments.

To avoid the steric hindrance during RCA reaction, a
short oligonucleotide with 20 bases as a DNA spacer
was assembled on the surface, and Sgc8 aptamer were
also modified simultaneously to achieve the tumor cell
targeting through recognization with PTK-7 receptor
which is highly expressed on the tumor cell membrane

AUNPS-DNScy3/BHQ

60
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—— 2min
45- —— 5min
—— 10 min
304
L
15+
o

460 480 500 520 540 560
Wavelength (nm)
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[31, 32]. The modification amounts of DNA primer,
DNA spacer and Sgc8 aptamer were detected by virtue of
FAM-labeled primer, Cy3-labeled spacer and Cy5-labeled
aptamer to be 32, 187 and 24 on each AuNP respectively
(Additional file 1: Figure S6).

To evaluate the photothermal effect of AuNPs-DNS,
the temperature variation of AuNPs-DNS solution with
different concentrations was monitored under 800-nm
light exposure at a power output of 2 W cm™2, which
showed a rapid temperature elevation and reached
60.7 °C after 10-min irradiation for 1 nM AuNPs-DNS,
while the PBS buffer only exhibited an inconspicuous
increase from 25.6 °C to 33.7 °C (Additional file 1: Figure
S7).

The NIR light responsive disassembly of DNS on the
AuNPs was verified using AuNPs-DNSc 55 through
the fluorescence recovery of Cy3, which was initially
quenched by the adjacent BHQ after incubation with
the bundling strand. Under 800-nm light exposure, the
photothermal effect of AuNPs led to localized tempera-
ture rise, triggering the dissolution of DNS and liberation
of bundling strand, thus the fluorescence of Cy3 gradu-
ally recovered (Fig. 2a and b). Additionally, the grow-
ing hydration diameter after 10-min exposure was also
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Fig. 2 a Schematic illustration for the fluorescence recovery of AUNPs-DNSc, 3 1o under NIR light irradiation. Fluorescence spectra of b
AUNPs-DNSc 3510 and € quercetin in the supernatants of AuNPs-DNS/Que upon irradiation for different times. d Release percentages of quercetin
from AuNPs-DNS/Que under 800-nm light exposure. The data error bars indicate means+SD (n=3)
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indicated the 800-nm light responsive disassembly of
DNS on AuNPs (Additional file 1: Figure S8).

As a member of natural flavonoids, quercetin exists
in multifarious vegetables and fruits, and it has been
proved to effectively suppress the expression of heat
shock proteins and possess anticarcinogenic properties
[26]. Besides, quercetin has a planar structure owing
to the intramolecular hydrogen bonds formed from
the five hydroxyl groups attached to the carbon atoms
[25], which enables it to be conjugated with DNA dou-
ble helix through the minor groove binding [24, 25],
supplying the hybrid-assembled DNS with the ability
of quercetin loading. The loading amount of querce-
tin molecule in each AuNP-DNS/Que was measured
to be 8147 through comparing the calibration curve of
quercetin with the fluorescence intensity of the super-
natant after loading (Additional file 1: Figure S9). The
loading of quercetin did not influence the construction
of DNS on AuNPs, which could be verified through
the TEM images before and after loading (Additional
file 1: Figure S10). After the NIR light responsive dis-
assembly of DNS, the loaded quercetin was released
from AuNPs-DNS/Que. The supernatants of AuNPs-
DNS/Que upon irradiation for different times exhib-
ited an obvious increase of quercetin fluorescence
within merely 2 min (Fig. 2c), and the accumulative
release percentage of quercetin sustainably elevated
as the temperature of AuNPs-DNS/Que solution rose
under 800-nm light exposure (Additional file 1: Fig-
ure S11), which achieved 87.6% after irradiation for
10 min (Fig. 2d, black line). In contrast, little leakage
of quercetin from AuNPs-DNS/Que was observed in
the absence of 800-nm light (Fig. 2d, red line), indi-
cating the efficiently NIR light-responsive control for
the drug release of the designed Actinia-like DNA
nanocarrier. To verify the superior responsivity of this
collapsible DNA nanosphere, single strands (control
ssDNA) with complementary sequences with LR were
added instead of LB to generate DNA double helixes
on AuNPs as control (Additional file 1: Figure S12a),
which displayed an extended hydration diameter of
141.9 nm (Additional file 1: Figure S12b) because of
the formation of these rigid and straight DNA seg-
ments. Under the irradiation of 800-nm light, a small
quantity of Que was released and the release percent-
age was only 38.6% after 10-min exposure (Additional
file 1: Figure S12c). These results provided convincing
evidence that the designed compressed DNA archi-
tecture close to the AuNPs possessed more sensi-
tive response to the local high temperature and thus
facilated the controllable release of loaded drugs.

The stability of the artificial nano-Actinia was inves-
tigated by incubating it in PBS or 10% fetal bovine
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serum (FBS) buffer for 24 h, which led to little varia-
tion of its hydration diameter (Additional file 1: Fig-
ure S13a), indicating the construction integrity of the
compressed DNA nanospheres on AuNPs. Addition-
ally, the leakage of quercetin form AuNPs-DNS/Que
in PBS or FBS buffer in the absence of NIR light irra-
diation was also at a very low level (Additional file 1:
Figure S13b), declaring the satisfactory stability of
AuNPs-DNS/Que during the delivery process.

Tumor targeting and internalization pathway

of nano-Actinia

Breast cancer is one of the well-known malignant tumors
and has been identified as an increasing problem in
recent years [33]. Here we chose MCEF-7 cells, one of
the mostly used breast cancer cell lines, to investigate
the intracellular properties of AuNPs-DNS. The specific
tumor cellular internalization was achieved through
the recognition of Sgc8 aptamer assembled on AuNPs
to PTK-7 receptor on cell surface. To study the target-
ing ability of AuNPs-DNS, the aptamer was labeled with
Cy5 at 3'-end (Aptamerc,s). It protruded from the AuNPs
through 20 T bases at thiol-terminated 5’-end (Table S1),
excluding the quenching effect of AuNPs on Cy5 fluores-
cence. After incubation with Cy5 labeled AuNPs-DNS
for 6 h, MCF-7 cells with overexpressed PTK-7 receptor
[31, 32] showed obvious fluorescence of Cy5 (Additional
file 1: Figure S14a), while PTK-7-negative MCF-10a cells
produced negligible fluorescence of Cy5. To further
illustrate the targeting ability of Sgc8 aptamer, control
AuNPs-DNS (AuNPs-DNS...o) Were synthesized using
Cy5 labeled DNA with random sequence (Controlc,s)
as the substitution for aptamer-Cy5. The treatment of
MCEF-7 cells with AuNPs-DNS(..; showed negligible
fluorescence of Cy5 as those for control and PTK-7-neg-
ative MCF-10a (Additional file 1: Figure S14a). These
results demonstrated the PTK-7 mediated targeting abil-
ity of AuNPs-DNS to tumor cells.

The internalization pathway of AuNPs-DNS into
MCE-7 cells was evaluated through flow cytometric anal-
ysis. The MCE-7 cells were firstly pre-treated with differ-
ent inhibitors, such as sucrose, methyl-p-cyclodextrin,
genistein, wortmannin and NaNj, to selectively restrain
relevant internalization processes including clath-
rin, lipid raft, caveolae, macropinocytosis and energy
dependent endocytosis, respectively. These cells were
then incubated with Cy5 labeled AuNPs-DNS to measure
the fluorescence intensity. The treatment with sucrose
and NaNj; induced obvious suppressions of 43.9% and
59.5% in AuNPs-DNS; uptake respectively (Additional
file 1: Figure S14b), illustrating that the internalization of
AuNPs-DNS underwent a clathrin-dependent endocyto-
sis pathway upon entering MCF-7 cells.
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Intracellular NIR response and anti-cancer therapy

of nano-Actinia

To investigate the NIR photo-responsivity of nano-
Actinia, MCEF-7 cells were incubated with bicolor AuNPs-
DNS (AuNPs-DNSc5 c\3/p1q) Prepared using LBc,
puq and Aptamerc,;. In the absence of 800-nm light
exposure, the incubated MCEF-7 cells showed only Cy5
fluorescence due to the fluorescence quenching of Cy3
by adjacent BHQ, while the cells irradiated with 10-min
NIR light exhibited bright fluorescence of both Cy5 and
Cy3 (Fig. 3 and Additional file 1: Figure S15), indicating
the disintegration of DNS and the liberation of LB,
rq from nanoparticles, and thus providing compelling
evidence for the reliable photoresponsivity of the nano-
Actinia and NIR light-initiated intracellular architecture
collapse for the controllable drug release.

The biocompatibility and bio-safety of AuNPs-DNS
were evaluated through 3-(4,5-dimethylthiazol-2-yl)-2-
diphenyltetrazolium bromide (MTT) cell cytotoxicity
assay. After incubated with different concentrations of
AuNPs-DNS for 6 h, the MCE-7 cells kept high viabilities
over 90% in the absence of NIR light exposure (Fig. 4a).
Besides, 10-min irradiation of 800-nm light (2 W cm™2)
did not induce discernible decrease in viability rate of
MCEF-7 cells (Fig. 4a). These results substantiated the
low cytotoxicity and good biocompatibility of the nano-
Actinia. Moreover, the treatment of MCF-7 cells with
AuNPs-DNS/Que also displayed little harm to the cells
without NIR light irradiation (Fig. 4a), which further
demonstrated the little leakage of quercetin during deliv-
ery and the intracellular stability as well as bio-safety of
the DNA nanocarrier.

MTT assay was also used to study the cellular thera-
peutic efficiency of AuNPs-DNS/Que under NIR light
irradiation. After incubation with AuNPs-DNS/Que and/
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or irradiation under 800-nm light for different times,
MCE-7 cells were cultured in fresh medium containing
10% FBS for another 24 h to evaluate the cell prolifera-
tion rate. In the absence of NIR light, AuNPs-DNS/Que
induced negligible influence on the cell proliferation
rate, while merely 2-min NIR exposure showed the sup-
pression of AuNPs-DNS/Que on the cell proliferation,
and the suppression rate reached 75.1% at the irradia-
tion time of 10 min (Fig. 4b), indicating the satisfactory
anti-cancer therapeutic efficacy and photo-controllability
of this designed Actinia-like DNA nanocarrier. Even at
a low concentration of 0.5 nM, AuNPs-DNS/Que still
represented obvious inhibition on the cell proliferation,
while for normal cells (MCEF-10a cells), only slight influ-
ence could be observed after treated with different con-
centrations of AuNPs-DNS/Que (Additional file 1: Figure
§$16) under NIR light irradiation, indicating the specific
killing effect on tumor cells and good biocompatibility of
this Actinia-mimetic nanocarrier.

Enhanced therapeutic efficacy by quercetin loading

As one of the important subtype of heat shock pro-
teins, Hsp27 is a small heat shock protein of 205 amino
acids, which has been reported to play a significant role
in numerous biological processes, and can modulate
the response of cells to harmful stresses including heat
shock [34, 35]. The abnormally elevated Hsp27 expres-
sion in tumor cells can help repairing the thermal dam-
age to proteins and provide the tumor cells with thermal
resistance [36], leading to the inadequate cell apopto-
sis and poor photothermal treatment efficiency. In our
design, quercetin, which has been proved to be capable
of suppressing the expression of Hsp27 in the previ-
ous report [26], is loaded in the double helixes of DNS
to restrain the tumor thermal resistance and improve

Fig. 3 Confocal laser scanning microscopy images of MCF-7 cells treated with AUNPS-DNSc,s ¢354 before and after NIR irradiation. The scale bar

indicates 25 um
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the PTT efficacy. Firstly, enzyme-linked immunosorbent
assay (ELISA) was conducted to certify the downregula-
tion of Hsp27 by AuNPs-DNS/Que. 10-min irradiation
of 800-nm light did not induce obvious influence on the
expression of Hsp27, while the Hsp27 level in the cells
treated with AuNPs-DNS under NIR light exposure was
about 1.4 times higher than that of control group with
no treatment (Fig. 4c), indicating that the high tempera-
ture generated by gold nanoparticles could stimulate
MCE-7 cells to upregulate Hsp27 for thermal resist-
ance [34]. However, for the MCF-7 cells treated with
AuNPs-DNS/Que after NIR irradiation, the expression
of Hsp27 exhibited clear reduction in comparison with
the AuNPs-DNS group (Fig. 4c), and even much lower
than the control group with no treatment, which gave
adequate proof for the ability of AuNPs-DNS/Que to
inhibit Hsp27 expression. Although the high temperature
generated by AuNPs-DNS/Que upregulated the expres-
sion of Hsp27 (Fig. 4c), the favorable delivery efficiency
of this nanocomplex contributed to more powerful sup-
pression on the expression level of Hsp27 in MCF-7 cells
than free quercetin (Additional file 1: Figure S17), further

indicating the favorable inhibition of AuNPs-DNS/Que
on Hsp27 expression.

The strong inhibition effect of AuNPs-DNS/Que on
tumor cell proliferation was further verified through
treating MCEF-7 cells with AuNPs-DNS/Que at various
concentrations of quercetin for 6 h and 800-nm light
irradiation for 10 min, and then culturing for another
24 h to conduct MTT assay. In the case of low doses
of quercetin, the proliferation of MCF-7 cells did not
exhibit noticeable decrease for all groups (Fig. 4d). As
the concentration of quercetin increased, the incu-
bation of AuNPs-DNS/Que induced a conspicuous
falling-off on the cell proliferation rate, while higher
administration dosage was demanded for AuNPs-DNS
to achieve equivalent inhibition level of cell prolifera-
tion (Fig. 4d), indicating the elevated therapeutic effi-
cacy attributable to the loaded quercetin. Additionally,
flow cytometric assay was also conducted to demon-
strate the superior anti-cancer ability of AuNPs-DNS/
Que. The MCF-7 cells were treated with different for-
mulations (quercetin, AuNPs-DNS or AuNPs-DNS/
Que) for 6 h and thenl0-min NIR light irradiation.
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After incubation in fresh culture medium for another
24 h and then stained with the Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) cell apop-
totic kit, the cell apoptosis rate was examined through
flow cytometry, which presented the highest tumor cell
killing efficacy of AuNPs-DNS/Que under NIR light
exposure (Additional file 1: Figure S18). In the absence
of 800-nm light irradiation, negligible apoptosis
occurred for cells treated with AuNPs-DNS or AuNPs-
DNS/Que (Additional file 1: Figure S18c and d), illus-
trating the ideal photo-controllability for drug release
and anti-cancer therapy of this DNA nanocarrier.

In vivo anti-cancer therapy

The in vivo anti-cancer therapy of AuNPs-DNS/Que was
clarified using mice bearing MCF-7 xenograft tumors.
Firstly, the in vivo photothermal effect of AuNPs-DNS/
Que was evaluated through monitoring the temperature
change at the tumor site of mice injected with AuNPs-
DNS/Que under NIR light, which showed much higher
temperature at tumor site (45.4 °C) after 10-min irra-
diation in comparison with the mice treated with saline
(29.7 °C) (Additional file 1: Figure S19). For the in vivo
anti-cancer treatment experiment, when the tumors
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grew up to 80 mm?, the mice were randomly grouped
and intratumorally injected with saline, free quercetin,
AuNPs-DNS or AuNPs-DNS/Que. Then the tumors
in different group of mice were irradiated with 800-nm
laser (1 W cm™2) for 10 min or not. The treatment was
repeated every 3 days, and the variation of tumor vol-
umes was recorded to investigate the inhibition capacity
of AuNPs-DNS/Que for tumor growth. In the presence
of NIR light irradiation, AuNPs-DNS/Que presented
the highest anti-cancer therapy efficacy and obviously
prevented the proliferation of tumor compared to free
quercetin or AuNPs-DNS without quercetin load-
ing (Fig. 5a, b and Additional file 1: Figure S20), which
demonstrated the promotion of quercetin for the pho-
tothermal therapy efficacy and the superior anti-cancer
ability of this DNA nanocarrier. For the mice without
NIR light exposure, the curve of tumor volume after
treatment of AuNPs-DNS/Que demonstrated a similar
tendency in comparison with the control group treated
with saline, indicating the desirable photo-controllability
of AuNPs-DNS/Que for the drug release as well as anti-
cancer treatment. Additionally, the tumor tissues of dif-
ferent groups were collected at DAY 14 and stained with
hematoxylin and eosin (HE) for the histological analysis,

quercetin (4) in the absence or presence of 800-nm light irradiation. Error bars indicate means 4 SD (n=5). ¢ Histological observations of the major
organs from mice treated with saline or AuNPs-DNS/Que after NIR irradiation. The scale bar indicates 100 um
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which indicated the same conclusion and exhibited
massive cell remission and the highest cell killing effi-
cacy in the mice treated with AuNPs-DNS/Que under
NIR exposure (Additional file 1: Figure S21). The bio-
distribution analysis of Cy5 labeled AuNPs-DNS exhib-
ited its good accumulation into tumor sites at 6 h after
injection (Additional file 1: Figure S22), which demon-
strated the brilliant targeting capacity of AuNPs-DNS to
tumors in vivo. During the 14-day experiment, no appar-
ent reduction in body weight was observed in all of the
mice (Additional file 1: Figure S23), and the histological
analysis of the heart, liver, spleen, lung and kidney sug-
gested no pathological abnormality even for the mice
treated with AuNPs-DNS/Que in the presence of NIR
light (Fig. 5c). These results illustrated the satisfactory
biocompatibility and specificity of this Actinia-like DNA
nanocarrier.

Conclusion

This work designs an Actinia-like AuUNPs-DNA complex
for controllable drug release and enhanced photothermal
therapy. The collapsible DNA architecture on the AuNPs
core guarantees the high drug-loading capacity as well as
sensitive response to the local high temperature induced
by the photothermal effect of AuNPs. The compressed
DNA nanosphere close to the AuNPs can rapidly disas-
semble under 800-nm light exposure to achieve efficient
drug release of 87.6% in merely 10 min. The in vitro and
in vivo experiments clarify obvious inhibition efficiency
to cell proliferation and satisfactory therapeutic efficacy
towards tumors in mice. We envision that this biomi-
metic DNA-AuNP nanocarrier might provide impressive
contribution for the development of on-demand drug
delivery systems and anti-cancer clinical therapy.

Abbreviations

AuNP Gold nanoparticle

NIR Near-infrared

LR Long single DNA strands

RCA Rolling circle amplification

LB Bundling DNA strands

DNS DNA nanosphere

Que Quercetin

Hsp27 Heat shock protein 27

PTT Photothermal therapy

PAGE Polyacrylamide gel electrophoresis

MTT 3-(4,5-Dimethylthiazol-2-yl)-2-diphenyltetrazolium bromide
ELISA Enzyme-linked immunosorbent assay

SDS Sodium dodecyl sulfate

TCEP (2-Carboxyethyl) phosphine hydrochloride
HE Hematoxylin—eosin

DLS Dynamic light scattering

TEM Transmission electron microscopic

CLSM Confocal laser scanning microscope

Page 13 of 15

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-023-01806-5.

Additional file 1: Table S1. Sequences of all oligonucleotides used in
this work. Figure S1. PAGE analysis of circular DNA template synthesis.
Lanes 1-3 represent ligation DNA, phosphorylated linear DNA and the
circular DNA product respectively. Figure S2. Dynamic light scattering
(DLS) analysis of the compressed DNA nanosphere. Figure S3. (a) Zeta
potentials of AuNPs, AuUNPs-primer and AuNPs-LR. The data error bars
indicate means =+ SD (n=3). (b) UV-Vis absorption spectrum of AuNPs-
primer. Figure S4. DLS analysis of AUNPs, AuNPs-primer, AUNPs-LR and
AUNPs-DNS. Figure S5. Hydration diameters of AUNPs-LR and AuNPs-
DNS through synthesis with (1) 50 nM DNA primer, 550 nM DNA spacer
and 100 nM Sgc8 aptamer, (2) 100 nM DNA primer, 500 nM DNA spacer
and 100 nM Sgc8 aptamer and (3) 200 nM DNA primer, 400 nM DNA
spacer and 100 nM Sgc8 aptamer. Figure S6. Calibration curves for (a)
FAM labeled DNA primer, (c) Cy3 labeled DNA spacer and (e) Cy5-labeled
Sgc8 aptamer, and fluorescence spectra of supernatants after incuba-
tion with AuNPs at A, of (b) 494 nm (FAM excitation), (d) 510 nm (Cy3
excitation) and (f) 649 nm (Cy5 excitation). The data error bars indicate
means £ SD (n = 3). Figure S7. Temperature variation of 500 uL PBS or
AUNPs-DNS solution with different concentrations under 800 nm light.
Figure S8. DLS analysis of AuNPs-DNS after 10-min NIR irradiation. Figure
S9. (a) Fluorescence spectra of quercetin and the supernatant after
quercetin loading. (b) Calibration curve for quercetin. The data error bars
indicate means £ SD (n = 3). Figure S10. TEM images of AuNPs-DNS and
AUNPs-DNS/Que. (scale bar: 100 nm). Figure S11. Release percentages

of quercetin from AuNPs-DNS/Que with temperature under 800-nm light
exposure. Figure S12. (a) Schematic illustration and (b) DLS analysis of
control nanoparticles synthesized with single strands (control ssDNA)
instead of LB. (c) Release percentages of quercetin from the control
nanoparticles under 800-nm light exposure. The data error bars indicate
means =+ SD (n = 3). Figure S13. (a) Variation of hydration diameter of
AUNPs-DNS and (b) quercetin leakage from AuNPs-DNS/Que after incuba-
tion in PBS and PBS containing 10% FBS for different times. The data error
bars indicate means £ SD (n=3). Figure S14. (a) Flow cytometric assay of
MCF-7 cells incubated with AuNPs-DNS or AuNPs-DNS¢ .., and MCF-10a
cells incubated with AuNPs-DNS. (b) Uptake rates of AUNPs-DNS in MCF-7
cells and MCF-7 cells preincubated with different inhibitors. The data error
bars indicate means £ SD (n=3). Figure S15. Fluorescence intensities in
confocal laser scanning microscopy images of MCF-7 cells treated with
AUNPS-DNSy 5. 3/814 Defore and after NIR irradiation. Figure S16. Relative
cell proliferation percentages of MCF-7 cells and MCF-10a cells treated
with different concentrations of AuNPs-DNS/Que after 10-min NIR irradia-
tion. Error bars indicate means £ SD (n=3). Figure S17. Relative expres-
sion levels of Hsp27 in MCF-7 cells treated with different concentrations of
AuNPs-DNS/Que or free quercetin under 10-min NIR irradiation. Error bars
indicate means £ SD (n = 3). Figure S18. Flow cytometric assays of (a) and
(e) MCF-7 cells, and MCF-7 cells incubated with (b) and (f) quercetin, (c)
and (g) AuNPs-DNS or (d) and (h) AuNPs-DNS/Que in the (a-d) absence or
(e—h) presence of 10-min NIR light irradiation. Figure $19. Thermographic
images of mice treated with PBS or. Figure S20. Representative images of
mice treated with saline, AUNPs-DNS, AuNPs-DNS/Que or free quercetin
with or without 800-nm light irradiation at Day 14. Figure S21. Histologi-
cal observations of tumor tissues after treatments with saline, AUNPs-DNS,
AuUNPs-DNS/Que or free quercetin in the absence or presence of NIR light
exposure. The scale bar indicates 100 um. Figure S22. In vivo fluorescence
imaging of mice treated with PBS or AuNPs-DNSc ;. Figure 523. Changes
in body weight of mice treated with saline (1), AUNPs-DNS (2), AuNPs-
DNS/Que (3) or free quercetin (4) with or without 800-nm light irradiation.
The data error bars indicate means£SD (n=5).

Acknowledgements
Not applicable.


https://doi.org/10.1186/s12951-023-01806-5
https://doi.org/10.1186/s12951-023-01806-5

Yang et al. Journal of Nanobiotechnology (2023) 21:46

Author contributions
YZ designed the experiments and organized the manuscript. HXJ and PC
provided assistance for the writing of the manuscript. YHY and MLS carried

out the synthesis and cellular experiments. XTC and XBZ provided assistance
for the characterization analysis. YP provided assistance for the in vivo experi-

ments. All authors read and approved the final manuscript.

Funding

We gratefully acknowledge the National Natural Science Foundation of China
(22104063, 82125037), Natural Science Foundation of Jiangsu Province, China
(SBK2021042488), State Key Laboratory of Analytical Chemistry for Life Science

(SKLACLS2109). Nanjing University of Chinese Medicine (XPT22104063).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding authors upon reasonable request.

Declarations

Ethics approval and consent to participate

All of the mice had free access to water and rodent chow. All experiments
were conducted according to the NIH guidelines for the care and use of
laboratory animals (NIH Publication no. 85-23 Rev. 1985) and approved by
the Experimental Animal Center of Nanjing University of Chinese Medicine
(approval number: 202103A025).

Consent for publication
All authors agreed to submit this manuscript.

Competing interests
The authors declare no competing financial interest.

Author details

'School of Pharmacy, Nanjing University of Chinese Medicine, Nanjing 210023,
China. ?Affiliated Hospital of Integrated Traditional Chinese and Western Medi-

cine, Nanjing University of Chinese Medicine, Nanjing 210028, China. >State
Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry

and Chemical Engineering, Nanjing University, Nanjing 210023, China. “Zhen-
jiang Hospital of Chinese Traditional and Western Medicine, Zhenjiang 212002,

China.

Received: 19 October 2022 Accepted: 3 February 2023
Published online: 09 February 2023

References

1. Zhang J, LinY, Lin Z, Wei Q, Qian J, Ruan R, Jiang X, Hou L, Song J, Ding
J,Yang H. Stimuli-responsive nanoparticles for controlled drug delivery

in synergistic cancer immunotherapy. Adv Sci. 2022;9:2103444.

2. Huang J, Zhuang C, Chen J, Chen X, Li X, Zhang T, Wang B, Feng Q,
Zheng X, Gong M, Gong Q, Xiao K, Luo K, Li W. Targeted drug/gene/
photodynamic therapy via a stimuli-responsive dendritic polymer-
based nano-cocktail for treatment of egfr-tki-resistant non-small cell
lung cancer. Adv Mater. 2022;34:2201516.

3. PengS§, Xiao F, Chen M, Gao H. Tumor-microenvironment-responsive
nanomedicine for enhanced cancer immunotherapy. Adv Sci.
2022;9:2103836.

4. XuW,He W, Du Z, Zhu L, Huang K, Lu Y, Luo Y. Functional nucleic acid

nanomaterials: development, properties, and applications. Angew
Chem Int Ed. 2021;60:6890-918.

5. Samanta D, Ebrahimi SB, Mirkin CA. Nucleic-acid structures as intracel-

lular probes for live cells. Adv Mater. 2020;32:1901743.
6. HuQ, LiH WangL, Gu H, Fan C. DNA nanotechnology-enabled drug
delivery systems. Chem Rev. 2019;119:6459-506.

7. LusS,ShenJ, Fan C, LiQ, Yang X. DNA assembly-based stimuli-respon-

sive systems. Adv Sci. 2021;8:2100328.
8. Zhu G, Zheng J, Song E, Donovan M, Zhang K, Liu C, Tan W. Self-
assembled, aptamer-tethered DNA nanotrains for targeted transport

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 14 of 15

of molecular drugs in cancer theranostics. Proc Natl Acad Sci U S A.
2013;110:7998-8003.

Wang C, Sun W, Wright G, Wang A, Gu Z. Inflammation-triggered
cancer immunotherapy by programmed delivery of cpg and anti-pd1
antibody. Adv Mater. 2016;28:8912-20.

Zhang X, Chen W, Xie X, Li Y, Chen D, Chao Z, Liu C, Ma H, Liu YJuH.
Boosting luminance energy transfer efficiency in upconversion nano-
particles with an energy-concentrating zone. Angew Chem Int Ed.
2019;58:12117-22.

. Wang S, Zhang Y, Qin X, Zhang L, Zhang Z, Lu W, Liu M. Guanosine

assembly enabled gold nanorods with dual thermo- and photoswitch-
able plasmonic chiroptical activity. ACS Nano. 2020;14:6087-96.

FuLH, Wan'Y, Qi C, He J, Li C, Yang C, Xu H, Lin J, Huang P. Nanocata-
lytic theranostics with glutathione depletion and enhanced reactive
oxygen species generation for efficient cancer therapy. Adv Mater.
2021;33:2006892.

Younis MR, He G, Qu J, Lin J, Huang P, Xia XH. Inorganic nanomaterials
with intrinsic singlet oxygen generation for photodynamic therapy.
Adv Sci. 2021;8:2102587.

. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer

R. Engineering precision nanoparticles for drug delivery. Nat Rev Drug
Discov. 2021;20:101-24.

Huang M, Xiong E, Wang Y, Hu M, Yue H, Tian T, Zhu D, Liu H, Zhou X.
Fast microwave heating-based one-step synthesis of DNA and rna
modified gold nanoparticles. Nat Commun. 2022;13:968.

Zhang Y, Chen W, Zhang Y, Zhang X, Liu Y, Ju H. A near-infrared photo-
switched microrna amplifier for precise photodynamic therapy of
early-stage cancers. Angew Chem Int Ed. 2020;59:21454-9.

Liu J, Liu W, Zhang K, Shi J, Zhang Z. A magnetic drug delivery system
with “off-on” state via specific molecular recognition and confor-
mational changes for precise tumor therapy. Adv Healthc Mater.
2020;9:1901316.

LiuY,Yang G, Jin S, Zhang R, Chen P, Tengjisi, Wang L, Chen D, Weitz
DA, Zhao CX. J-aggregate-based fret monitoring of drug release from
polymer nanoparticles with high drug loading. Angew Chem Int Ed.
2020;59:20065-74.

Zhang Y, Zhang Y, Song G, He Y, Zhang X, Liu Y, Ju H. A DNA-azoben-
zene nanopump fueled by upconversion luminescence for controlla-
ble intracellular drug release. Angew Chem Int Ed. 2019;58:18207-11.
Zhao Y, Wei C, Chen X, Liu J, Yu Q, Liu Y, Liu J. Drug delivery system
based on near-infrared light-responsive molybdenum disulfide
nanosheets controls the high-efficiency release of dexamethasone to
inhibit inflammation and treat osteoarthritis. ACS Appl Mater Inter-
faces. 2019;11:11587-601.

Zhang S, Chen C, Xue C, Chang D, Xu H, Salena BJ, Li Y, Wu ZS. Ribbon
of DNA lattice on gold nanoparticles for selective drug delivery to
cancer cells. Angew Chem Int Ed. 2020;59:14584-92.

Yan J, Hu C, Wang P, Zhao B, Ouyang X, Zhou J, Liu R, He D, Fan C, Song
S. Growth and origami folding of DNA on nanoparticles for high-
efficiency molecular transport in cellular imaging and drug delivery.
Angew Chem Int Ed. 2015;54:2431-5.

Han' S, Samanta A, Xie X, Huang L, Peng J, Park SJ, Teh DBL, ChoiY,
Chang YT, All AH, Yang Y, Xing B, Liu X. Gold and hairpin DNA function-
alization of upconversion nanocrystals for imaging and in vivo drug
delivery. Adv Mater. 2017,29:1700244.

Ji C,Yin X, Duan H, Liang L. Molecular complexes of calf thymus DNA
with various bioactive compounds: formation and characterization. Int
J Biol Macromol. 2021;168:775-83.

Mitrasinovic PM. Sequence-dependent binding of flavonoids to duplex
DNA. J Chem Inf Model. 2015;55:421-33.

Kiyga E, Sengelen A, Adiguzel Z, Onay UE. Investigation of the role of
quercetin as a heat shock protein inhibitor on apoptosis in human
breast cancer cells. Mol Biol Rep. 2020;47:4957-67.

Ren K, LiuY, Wu J, Zhang Y, Zhu J, Yang M, Ju H. A DNA dual lock-and-
key strategy for cell-subtype-specific sirna delivery. Nat Commun.
2016;7:13580.

Liu J, Lu'Y. Preparation of aptamer-linked gold nanoparticle pur-

ple aggregates for colorimetric sensing of analytes. Nat Protoc.
2006;1:246-52.



Yang et al. Journal of Nanobiotechnology

29.

30.

31

32.

33.

34,

35.

36.

(2023) 21:46

Rosi NL, Giljohann DA, Thaxton CS, Lytton-Jean AKR, Han MS, Mirkin
CA. Oligonucleotide-modified gold nanoparticles for intracellular gene
regulation. Science. 2006;312:1027-30.

Yang XJ, Zhang K, Xu JJ, Chen HY. In situ visualization of herg
potassium channel via dual signal amplification. Anal Chem.
2018;90:6199-205.

Li H, Hu H, Xu D. Silver decahedral nanoparticles-enhanced fluores-
cence resonance energy transfer sensor for specific cell imaging. Anal
Chem. 2015;87:3826-33.

Huang H, Guo Z, Zhang C, Cui C, FuT, Liu Q, Tan W. Logic-gated cell-
derived nanovesicles via DNA-based smart recognition module. ACS
Appl Mater Interfaces. 2021;13:30397-403.

Comsa S, Cimpean AM, Raica M. The story of MCF-7 breast can-

cer cell line: 40 years of experience in research. Anticancer Res.
2015;35:3147-54.

Camandona VL, Rios-Anjos RM, Alegria TGP, Pereira F, Bicev RN, da
Cunha FM, Digiampietri LA, de Barros MH, Netto LES, Ferreira-Junior JR.
Expression of human hsp27 in yeast extends replicative lifespan and
uncovers a hormetic response. Biogerontology. 2020;21:559-75.

Jia'Y, Ransom RF, Shibanuma M, Liu C, Welsh MJ, Smoyer WE. Identifica-
tion and characterization of hic-5/ara55 as an hsp27 binding protein. J
Biol Chem. 2001;276:39911-8.

Leung JP, Wu'S, Chou KC, Signorell R. Investigation of sub-100 nm gold
nanoparticles for laser-induced thermotherapy of cancer. Nanomaterials.
2013;3:86-106.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Biomimetic retractable DNA nanocarrier with sensitive responsivity for efficient drug delivery and enhanced photothermal therapy
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Materials and reagents
	Apparatus
	Synthesis of DNA nanosphere (DNS)
	Preparation of AuNPs
	Modification of DNA primer
	Preparation of AuNPs-DNS
	Quercetin loading
	Transmission electron microscopic (TEM) imaging of DNS
	Quercetin release
	Stability examination
	Cell culture
	Tumor cell targeting
	Investigation of endocytosis pathway
	CLSM imaging
	Cytotoxicity assay
	Intracellular therapeutic efficiency
	Evaluation of Hsp27 expression level
	In vivo imaging and antitumor efficiency

	Results and discussion
	Preparation and characterization of nano-Actinia
	Tumor targeting and internalization pathway of nano-Actinia
	Intracellular NIR response and anti-cancer therapy of nano-Actinia
	Enhanced therapeutic efficacy by quercetin loading
	In vivo anti-cancer therapy

	Conclusion
	Acknowledgements
	References


