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a b s t r a c t 

The combination of photothermal therapy with chemotherapy has gradually developed into 

promising cancer therapy. Here, a synergistic photothermal-chemotherapy nanoplatform 

based on polydopamine (PDA)-coated gold nanoparticles (AuNPs) were facilely achieved via 

the in situ polymerization of dopamine (DA) on the surface of AuNPs. This nanoplatform 

exhibited augmented photothermal conversion efficiency and enhanced colloidal stability 

in comparison with uncoated PDA shell AuNPs. The i-motif DNA nanostructure was 

assembled on PDA-coated AuNPs, which could be transformed into a C-quadruplex 

structure under an acidic environment, showing a characteristic pH response. The PDA 

shell served as a linker between the AuNPs and the i-motif DNA nanostructure. To enhance 

the specific cellular uptake, the AS1411 aptamer was introduced to the DNA nanostructure 

employed as a targeting ligand. In addition, Dox-loaded NPs (DAu@PDA-AS141) showed 

the pH/photothermal-responsive release of Dox. The photothermal effect of DAu@PDA- 

AS141 elicited excellent photothermal performance and efficient cancer cell inhibition 

under 808 nm near-infrared (NIR) irradiation. Overall, these results demonstrate that 

the DAu@PDA-AS141 nanoplatform shows great potential in synergistic photothermal- 

chemotherapy. 

© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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. Introduction 

ancer is still one of the most difficult diseases to treat,
eriously endangering human health; therefore, finding an 

ffective treatment method is of paramount importance. As 
ne of the main methods of tumor treatment, traditional 
hemotherapy has disadvantages, such as poor targeting,
trong side effects, and low availability, resulting in limited 

umor treatment effects [ 1 ,2 ]. In recent years, photothermal 
herapy (PTT) has gradually become a new method of tumor 
reatment, in which nanomaterials convert the absorbed 

ight into heat to ablate tumor cells [3–7] . Compared with 

raditional chemotherapy, PTT has the advantages of being 
inimally invasive, reducing patient pain, and shortening the 

reatment time. It is urgent to find a way to eliminate the 
arm of PTT to normal tissues [ 8 ,9 ]. At present, two methods
ave been proposed to reduce the damage to normal tissues 
aused by PTT, which not only provide a high anticancer effect 
ut also guarantee the safety of nanoplatforms, including 

1) improving the targeting ability of photosensitizers so 
hat nanoparticles can be highly accumulated on tumor 
ites; (2) enhancing the photothermal conversion efficiency 
f nanoparticles, thereby reducing the laser power of near- 

nfrared (NIR); and (3) applying low-temperature PTT to reduce 
eat resistance by inhibiting the synthesis of heat shock 
roteins to suppress cancer cells, reducing the temperature 
equired for treatment [10–12] . 

Gold nanoparticles (AuNPs), with especially localized 

urface plasmon resonance (LSPR) and surface-enhanced 

aman scattering (SERS), are widely used in tumor diagnosis 
nd therapy [13–19] . In addition, the low toxicity, easy 
odification, and high photothermal conversion efficiency 

ecommend AuNPs as excellent photosensitizers in PTT [20] .
are AuNPs have poor colloidal stability and are prone to 
elf-aggregation, limiting their biomedical application [21–
5] . Therefore, great efforts have been made to improve 
he stability of AuNPs, such as the modification of DNA 

trands, polyethylene glycol (PEG), and polydopamine (PDA) 
26–30] . 

Dopamine (DA) is a catecholamine neurotransmitter 
bundant in the brain that self-polymerizes to PDA under 
lkaline conditions [31] . The structure of PDA is similar 
o the nature of melanin, which is widely distributed in 

lmost all organisms and contains abundant π electron 

louds that can interact with other molecules containing 
electron clouds [32] . At the same time, the structure of 

DA contains active double bonds that can react with some 
roups (such as amino and sulfhydryl groups). Doxorubicin 

Dox), an aromatic ring drug, can be loaded on the PDA shell 
ia π- π stacking, electrostatic attraction, and hydrophobic 
nteractions, suggesting the high drug-loading capacity of 
DA-coated AuNPs. Owing to its excellent biocompatibility 
nd high photothermal conversion efficiency, PDA has been 

xplored for PTT. Taking advantage of spontaneous deposition 

n the substrate surface, PDA can readily adhere to the surface 
f AuNPs by covalent linkages or electrostatic interactions [33–
5] . PDA-coated AuNPs not only enhance the photothermal 
ffect of NPs and the stability of colloidal particles but also 
mprove the drug-loading capacity of Dox. 
In recent years, DNA nanotechnology has demonstrated 

reat potential in biomedical areas, with applications ranging 
rom drug delivery to biosensing and live imaging [36–
1] . As an emerging field, DNA nanotechnology enables 
ligonucleotides to be well-defined shape nanostructures [42–
4] . Moreover, functional DNA strands can be conjugated 

o other structures, such as inorganic nanoparticles and 

iopolymers. The differences in pH between intracellular and 

xtracellular cancer cell environments are one of the key 
athophysiological characteristics that provide the basis for 
he construction of pH-responsive nanocarriers [45] . The i- 

otif structure consisting of a cytosine-rich single-stranded 

NA sequence can be folded into a C-quadruplex under 
cidic conditions [46] . Therefore, the pH-responsive i-motif 
tructure has been applied to the fabrication of DNA-assisted 

anocarriers [47] . 
In our previous study, pH-responsive DNA/AuNP 

anocarriers were constructed for cancer therapy and 

xhibited good anticancer effects. However, there are some 
eficiencies that need to be solved, including the following: 

1) the colloidal stability of DNA/AuNPs is easily affected by 
he ions in the solution; (2) the photothermal conversion 

fficiency of DNA/AuNPs needs to be enhanced, and the NIR 

aser power may cause damage to normal tissues. Thus, we 
esigned PDA (shell)-coated AuNP (core) nanocarriers that 
ould achieve good stability and excellent photothermal 
onversion efficiency. 

In this study, we have developed a facile and versatile 
ethod to fabricate nanocarriers with excellent photothermal 

onversion, as well as high drug-loading capacity and long- 
erm size stability. The inner AuNPs can serve as not only 
deal photothermal agents but also as a framework for the 
olymerization of DA. PDA-coated AuNPs (DAu@PDA-AS141) 
ith a uniform core-shell nanostructure were synthesized 

or synergistic photothermal-chemotherapy. As shown in 

cheme 1 , the hydrophilic polymer (SH-PEG 5000 ) was modified 

n the surface of AuNPs to enhance the size stability.
dditionally, PDA-coated AuNPs (Au@PDA) with a thickness- 

unable PDA shell were fabricated by the self-polymerization 

f DA on Au-PEG under alkaline conditions. Importantly, the 
umerous active double bonds of the PDA shell ensured 

odification with thiolated molecules. Then, thiolated i- 
otif DNA nanostructures were assembled on Au@PDA to 

btain Au@PDA-AS141. Finally, Dox could be loaded on 

he GC base pairs of the DNA structure and PDA shell.
his nanoplatform exhibited robust size stability and high 

hotothermal conversion efficiency and achieved efficient 
ellular uptake as well as cancer inhibition. Taken together,
his smart nanocarrier has shown the potential for synergistic 
hotothermal-chemotherapy. 

. Materials and methods 

.1. Materials 

old nanoparticles were purchased from XFNANO company 
Nanjing, China). DNA oligonucleotides in this study were 
rovided by Tsingke Bio. Tech. (Shanghai, China). Doxorubicin 

Dox) and 3-[4,5 dimethylthiazol-2yl]-2,5-diphenyltetrazolium 
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Scheme 1 – Schematic diagram of the synthesis of 
DAu@PDA-AS141 nanocarriers with enhanced 

photothermal conversion for synergistic 
photothermal-chemotherapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bromide (MTT) were purchased from Dalian Meilun Biotech
Co., Ltd. (China). Tris(2-carboxyethyl)phosphine (TCEP)
was purchased from Sigma–Aldrich (USA). SH-PEG 5000 

was purchased from Ruixi Biological Technology (Xi’an,
China). Phalloidin −fluorescein isothiocyanate (FITC) and
4,6-diamidino-2-phenylindole (DAPI) were purchased from
Beyotime Biotechnology (Shanghai). Apoptosis assay kits
and cell cycle kits were purchased from Becton Dickinson
(USA). 

2.2. Synthesis of DAu@PDA-AS141 

SH-PEG 5000 was activated by adding TCEP to reduce the
disulfide bond. Next, the activated SH-PEG 5000 (5 mg/ml) was
mixed with 20-nm gold nanoparticles at the colling rate (37
°C to -10 °C, 1 °C/min). Then, Au-PEG was obtained after
thawing and resuspended in Tris-HCl buffer (10 mM, pH
8.5). The PDA-coated gold nanoparticles were synthesized by
mixing dopamine (1 mg/ml) and Au-PEG solution. The mixed
solution was stirred at room temperature for 2 h, and the
Au@PDA products were collected and washed three times
with Milli-Q water by centrifugation (12,000 rpm, 20 min). The
concentration of gold nanoparticles (DAu@PDA-AS141) was
calculated by Lambert-Beer law: A = εbc ( ε= 2.4 × 10 8 l/mol/cm;
b = 1.0 cm), and the absorbance value (A) was measured at
520 nm by UV-vis. 

To prepare Au@PDA-S1, the thiolated DNA strands (S1)
were mixed with Au@PDA. After stirring at room temperature
for 4 h, the Au@PDA-S1 NPs were washed three times and
dispersed in PBS. Next, the Au@PDA-S1 NPs were mixed
with complementary DNA strands (S2 and S3, sequences are
listed in Table 1 ) and then annealed from 95 °C (5 min) to
room temperature over 4 h. The Au@PDA-AS141 NPs were
obtained after washing three times with Milli-Q water. To
obtain DAu@PDA-AS141 NPs, 200 μl Dox (100 μM) solution was
added to Au@PDA-AS141, followed by incubation for 2 h at
37 °C. 

As a negative control, DAu@PDA-NEG NPs were
synthesized as described above. The nontargeted DNA
strands (S4 and S5) were mixed with Au@PDA-S1 and then
annealed from 95 °C (5 min) to room temperature over 4 h to
obtain Au@PDA-NEG. Then, 200 μl Dox (100 μM) solution was
added to Au@PDA-NEG, followed by incubation for 2 h at 37 °C.
Finally, DAu@PDA-NEG NPs were collected by centrifugation
at 12,000 rpm for 20 min. 

2.3. Characterization of nanoparticles 

The hydrodynamic size, Zeta potential, and morphology were
determined by dynamic light scattering (DLS, Malvern UK) and
transmission electron microscopy (TEM, Hitachi H-600, Japan).
The absorbance of different nanoparticles was determined
using a UV–vis spectrophotometer (Shimadzu UV-2500). The
fluorescence intensity of the nanoparticles was confirmed
by a fluorescence spectrophotometer (Biotek Cytation 3,
USA). 

Agarose gel electrophoresis was used to verify that the
DNA strands were successfully modified on the surfaces of the
nanoparticles. The samples were separated by electrophoresis
on a 1.0% agarose gel (1.0% agarose powder, TBE buffer
containing 12.5 mM MgAc 2 ) at 100 V for 60 min. Then,
the photos of agarose gels were obtained under a light-
transmitting whiteboard. 

2.4. Stability of nanoparticles 

DAu@PDA-AS141 nanoparticles were stored at 4 °C at different
times. At different time points, the size distribution of the NPs
was determined by DLS to test the size stability. 

2.5. The drug loading (DL) and encapsulation efficiency 
(EE) of nanoparticles 

The supernatant of DAu@PDA-AS141 solution was collected by
centrifuging at 15,000 rpm for 60 min, and the concentration
of free Dox was monitored by absorption measurement at
480 nm by UV-vis.The calculation equation of drug loading
efficiency (LE) and encapsulation efficiency (EE) were as
follows: 

DL ( % ) = ( weight of Dox in the nanoparticles / 

total weight of nanoparticles ) × 100% 

EE ( % ) = ( weight of Dox in the nanoparticles / 

total weight of Dox in feed ) × 100% 

2.6. In vitro drug release 

DAu@PDA-AS141 NPs (2.0 ml) were placed in centrifuge tubes
with different pH values (pH 5.5 and 7.4) in a 37 °C water bath.
For the PTT group, the samples were irradiated by 808 nm
NIR (1.5 W/cm 

2 , 5 min) at specific time intervals. Then, the
supernatant was collected by centrifugation (4 °C, 12,000 rpm),
and the concentration of released Dox was detected by UV–vis
spectroscopy. 
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Table 1 
DNA sequences referenced in this article. 

Name Sequence 

S1 5’SH(CH2) 6 TTTTTTTTTTCCCAACCCCACCACCCTACCCC 

S2 TTGGTGGTGGTGGTTGTGGTGGTGGTGGTTTCGACTAAGCGAGTGGGGTTGGG 

S3 TTGGTGGTGGTGGTTGTGGTGGTGGTGGTTTGGGGTAGGGTGTGGCTTAGTCG 

S4 AATAATAATAATTATAATAATAATAATATTTCGACTAAGCGAGTGGGGTTGGG 

S5 AATAATAATAATTATAATAATAATAATATTTGGGGTAGGGTGTGGCTTAGTCG 

Cy5-S2 5’Cy5-TTGGTGGTGGTGGTTGTGGTGGTGGTGGTTTCGACTAAGCGAGT 
GGGGTTGGG 

Cy5-S3 5’Cy5-TTGGTGGTGGTGGTTGTGGTGGTGGTGGTTTGGGGTAGGGTGT 
GGCTTAGTCG 
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.7. Photothermal properties analysis 

riefly, 1.0 ml DAu@PDA-AS141 NP solutions with different 
oncentrations (0.5, 1.0, 2.0 and 4.0 nM) were irradiated 

y 808 nm NIR (1.5 W/cm 

2 , 5 min), and the temperature 
as monitored. Additionally, the photothermal conversion 

erformance of DAu@PDA-AS141 NPs under different NIR 

owers was investigated following the procedure mentioned 

bove. 

.8. Cell culture 

he mouse breast cancer cell line 4T1 was purchased from 

he American Type Culture Collection. The 4T1 cells were 
ultured in RPMI-1640 medium supplemented with 10% FBS 
fetal bovine serum) and 1% penicillin–streptomycin solution 

t 37 °C with 5% CO 2 . 

.9. In vitro wound healing assay 

 wound healing assay was performed to assess the ability of 
anocarriers to inhibit the migration of cancer cells. The 4T1 
ancer cells were seeded in 12-well plates at a concentration of 
 × 10 5 cells per well and incubated overnight. Then, a sterile 
ipette was used to scratch the cell monolayer, and floating 
ells were removed by washing three times with PBS. Fresh 

edium samples containing free Dox, Dox@AuNP-AS141, and 

Au@PDA-AS141 were added to the wells and incubated for 
4 h. Microscopy was performed to obtain images of the wells.

.10. Cellular uptake assays 

T1 cells were seeded in 12-well plates at a density of 2 ×10 5 

ells/well for 24 h. Next, the cells were treated with DAu@PDA- 
S141 for 1.0, 2.0, and 4.0 h with equal concentrations of 
ox. Then, the cells were washed with PBS three times and 

etected by flow cytometry (FCM). The cellular uptake of 
anoparticles was also evaluated by confocal laser scanning 
icroscopy (CLSM), and 4T1 cells were cultured in 24-well 

lates with a preloaded glass slide at a concentration of 1 ×10 5 

ells per well. Then, the cells were treated with DAu@PDA- 
EG and DAu@PDA-AS141 for 1.0, 2.0, and 4.0 h with equal 
oncentrations of Dox. The cells were washed with PBS three 
imes and fixed with 4% paraformaldehyde. DAPI and β-actin 
ere used to stain 4T1 cells, and the cell slides were viewed 

y CLSM. 

.11. Cell cytotoxicity analysis 

n MTT assay was used to evaluate the cytotoxicity of 
anoparticles against 4T1 cancer cells. In brief, 4T1 cells 
ere seeded in 96-well plates at a density of 4 ×10 3 cells 
er well for 24 h. Then, free Dox, Dox@AuNP-AS141, and 

Au@PDA-AS141 with or without 808 nm NIR laser irradiation 

1.5 W/cm 

2 , 5 min) were added to plates and incubated 

or another 24 h. The culture medium was replaced by 
resh MTT (20 μl, 5 mg/ml) and incubated for 4 h. The 
bsorbance of each sample was measured at 570 nm using a 
ultifunctional microplate reader. The combination index (CI) 
as applied to evaluate the synergistic interaction between 

TT and chemotherapy. And the computational formula 
f CI: CI = [IC 50 (combined therapy) /IC 50 (chemotherapy alone) ] + 

IC 50 (combined therapy) /IC 50 (PTT alone) ]. 
4T1 cells were seeded in 12-well plates at a concentration 

f 2 ×10 5 cells/well and incubated for 24 h. The cells were 
ashed twice with PBS and cultured with medium containing 

ree Dox, Dox@AuNP-AS141, and DAu@PDA-AS141. For the PTT 

roup, the cells were irradiated with NIR (1.5 W/cm 

2 ) for 5 min.
fter 48 h of culture, the cells were digested and washed.
hen, the samples were stained with Annexin V-FITC/7AAD 

eagents and analyzed by FCM. 

.12. Cell cycle assays 

T1 cells were cultured in 12-well plates at a concentration 

f 4 ×10 5 cells/well and then incubated with free Dox,
ox@AuNP-AS141, and DAu@PDA-AS141. After incubation for 
8 h, the cells were collected and fixed with 75% EtOH 

t 4 °C overnight. The cells were stained with propidium 

odide/RNase (PI/RNase, 100 μl/well) for 30 min. Then, the cell 
ycle was analyzed by FCM. 

.13. In vivo antitumor study 

nce the tumor volume of 4T1 tumor-bearing mice reached 

00 mm3, the mices were intravenously injected with PBS,
ree Dox, DAu@PDA-NEG or DAu@PDA-AS141 (with or without 
08 nm laser irradiation: 1.5 W/cm 

2 , 5 min; Dox: 5 mg/Kg).
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Fig. 1 – Morphology and structure of nanocarriers. (A) TEM images of different nanoparticles. The scale bar is 100 nm. (B) 
Agarose gel electrophoresis analysis of nanocarriers, Line 1: AuNPs; Line 2; AuNP-DNA; Line 3: Au-PEG; Line 4: Au@PDA-S1; 
Line 5: Au@PDA-AS141. (C) UV–vis absorption, (D) DLS characterization and (E) Zeta potential of nanocarriers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The tumors were collected and stained with hematoxylin and
eosin staining (H&E) and Ki67. 

2.14. Statistical analysis 

The experiments in this article were performed in triplicate,
and the results are presented as the mean ± SD (standard
deviation). Differences with 

∗P < 0.05 were deemed significant.

3. Results and discussion 

3.1. Size, Zeta potential, and morphology of nanoparticles

First, the morphology and structure of the NPs were
determined by TEM. The uniform core-shell structure was
formed by the spontaneous polymerization of DA on AuNPs,
and the thickness of the PDA layer was approximately
10 nm, indicating the successful synthesis of Au@PDA. As
shown in TEM images ( Fig. 1 A), the Au@PDA NPs had good
dispersity and uniform average size. In addition, the thickness
of the PDA shell could be tuned by the DA concentration,
whereas an excess PDA layer could cause the aggregation of
nanoparticles (Figs. S1 and S2). The size and surface charge
of the nanoparticles were characterized by DLS. The size
(28.1 ± 2.8 nm) and Zeta potential (-36.3 ± 1.5 mV) of citrate-
capped AuNPs were consistent with a previous study ( Fig. 1 D
and 1E). The average sizes of the nanoparticles increased to
94.3 ± 1.7 nm, 147 ± 2.6 nm, and 180 ± 2.6 nm, respectively.
The attachment of PEG strands on AuNPs led to an increase
in the Zeta potential from -36.3 mV to -4.1 mV owing to
charge screening. Furthermore, after the modification of the
hydroxyl group on the AuNPs, lower Zeta potentials were
observed for Au@PDA (-14.5 ± 1.9 mV) and Au@PDA-AS141
(-18.1 ± 1.3 mV) than for Au-PEG (-4.1 ± 1.2 mV). These
results validated the successful synthesis of PDA-coated
AuNPs and the functionalization of DNA nanostructures for
further therapeutic applications. 

3.2. UV–vis and agarose gel electrophoresis analysis 

The LSPR peak of Au@PDA-AS141 was characterized by
UV–vis absorption spectroscopy. As shown in Fig. 1 C, the
characteristic LSPR peaks of AuNPs, Au-PEG, Au@PDA, and
Au@PDA-AS141 were located at 520 nm, 524 nm, 540 nm and
553 nm, respectively. The SH-PEG 5000 coating caused a slight
redshift, while the PDA shell coating led to an obvious redshift,
suggesting the successful assembly of Au@PDA. The obvious
redshift of Au@PDA could be ascribed to the higher refractive
index than that of water. Moreover, the increased absorbance
at 258 nm was attributed to the characteristic peak of PDA.
With the further assembly of the DNA nanostructure, the
maximum absorbance of Au@PDA-AS141 increased to 553 nm.

In addition, agarose gel electrophoresis was used to
demonstrate the successful assembly of PDA on AuNPs. The
bare AuNPs easily aggregated at the origin point, and the color
changed from red to black, showing poor dispersity ( Fig. 1 B).
As the control, the DNA strand-modified AuNPs (AuNP-S1)
exhibited good dispersity and migrated from the origin point.
The negatively charged nanoparticles (AuNP-S1) migrated
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Fig. 2 – (A) Stability of nanoparticles. (B) Drug loading of Dox on AuNP-AS141 and Au@PDA-AS141. (C) Drug release of 
DAu@PDA-AS141 under different pH values and NIR irradiation, red arrows in the figure indicated a transient NIR irradiation 

(808 nm, 1.5 W/cm 

2 , 5 min).. Temperature elevation curves of DAu@PDA-AS141 under 808 nm NIR irradiation with different 
power densities(D) and different concentrations (E). (F) Temperature elevation curves of DAu@PDA-AS141 and 

Dox@AuNP-AS141 under 808 nm NIR irradiation. (G) Thermal images and (H) photothermal stability of DAu@PDA-AS141 
under 808 nm NIR irradiation. 
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rom the negative electrode to the positive electrode. However,
he Au-PEG NPs migrated from the positive electrode to the 
egative electrode though it was negatively charged, which 

as ascribed to the combined effects of coupling forces and 

ydrodynamic drag. The lower migration rates of Au@PDA and 

u@PDA-AS141 than that of Au-PEG indicated that successful 
ssembly of Au@PDA-AS141 was achieved. 

.3. Stability of nanoparticles 

n the field of colloidal chemistry, the stability of colloidal 
uNPs was maintained by charge repulsion between particles.
ence, the stability of AuNPs was easily affected by the salt 

ons in the solution, which could shield the electrostatic 
epulsion. The stability of AuNPs was improved after the 

odification of the DNA nanostructure because of the 
teric stabilization of polymers. However, the particle size of 
ox@AuNP-AS141 after 3 proved that the particles aggregated 

rreversibly ( Fig. 2 A). In contrast, the stability of DAu@PDA- 
S141 was significantly enhanced due to the stabilizing effect 
f the hydrophilic polymer (PEG) and PDA, and the size did not 

ncrease even after 7 days. DAu@PDA-AS141 remained stable 
n the solution and did not aggregate. In summary, the coating 
f PEG and PDA shells could effectively improve the stability 
f DAu@PDA-AS141. 

.4. Drug loading 

part from enhancing the photothermal conversion of NPs,
he PDA shell provided the sites for drug delivery. The 
ox molecules could be loaded on the PDA shell by π- π
tacking, and the successful loading of Dox was demonstrated 

y fluorescence spectroscopy. To prove that the PDA shell 
ould enhance the drug-loading capability of nanoparticles,
uNP-AS141 and Au@PDA-AS141 NPs were mixed with Dox 
olutions at the same concentration. As shown in Fig. 2 B,
he fluorescence intensity of Dox decreased sharply after 
he addition of AuNP-AS141, which was attributed to the 
uorescence quenching induced by the interaction between 

ox and GC base pairs. Moreover, the fluorescence intensity 
f Dox was further decreased after the addition of Au@PDA- 
S141 and was lower than that of AuNP-AS141. Therefore,

he coating of the PDA shell could improve the drug-loading 
apacity of NPs. 

.5. In vitro drug release profile of DAu@PDA-AS141 

he Dox release profile of DAu@PDA-AS141 was related 

o the pH and NIR irradiation. The drug release profiles 
f DAu@PDA-AS141 were evaluated at different pH values 
ith or without the NIR laser. A chemotherapy agent (Dox) 
as chosen as the model drug. As shown in Fig. 2 C,

fter Dox was mixed with Au@PDA-AS141, the drug-loading 
apacity of DAu@PDA-AS141 was approximately 18% (w/w) 
nd encapsulation efficiency (EE) was about 80%. Detailed 

rug release profiles revealed that approximately 71.2% of 
reloaded Dox could be released from DAu@PDA-AS141 in 

2 h at pH 5.5, while only 30.1% of preloaded Dox could be
eleased in 72 h at pH 7.4. The burst Dox release of DAu@PDA- 
S141 under lower pH values could be ascribed to the pH- 
timulated PDA and i-motif DNA structure. Note that the 
rug release of DAu@PDA-AS141 was increased to 88.3% in 

2 h at pH 5.5 when exposed to NIR irradiation (1.5 W/cm 

2 ,
 min). The enhanced drug release could be attributed to 
he photothermal effect-induced temperature, which could 

romote the destruction of hydrogen bonds between DNA 
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double strands and weaken the interaction between Dox and
PDA. 

3.6. In vitro photothermal effects 

The photothermal efficiencies of DAu@PDA-AS141 and
Dox@AuNP-AS141 were investigated by real-time temperature
changes under 808 nm NIR irradiation. As shown in Fig. 2 D-
2G, the photothermal performance of DAu@PDA-AS141
was dependent on concentration and laser power. The
temperature change of the DAu@PDA-AS141 solution (2.0 nM)
increased from 0 to 26.8 °C under 808 nm NIR irradiation
(1.5 W/cm 

2 , 5 min). In contrast, the PBS group was used to
demonstrate the safety of the NIR laser, and the temperature
changes of the PBS group were maintained below 5 °C
under the same NIR laser power. Notably, DAu@PDA-AS141
showed a higher temperature than its control Dox@PDA-
AS141, implying the enhanced photothermal conversion
of DAu@PDA-AS141 ( Fig. 2 F). Moreover, the photothermal
stability of DAu@PDA-AS141 was determined by five laser
on/off cycles, and the highest temperature of Dau@PDA-AS141
did not show an obvious change ( Fig. 2 H). 

3.7. Cellular uptake 

To clarify the mechanism of cellular uptake, Dau@PDA-AS141
and Dau@PDA-NEG NPs were used for cellular uptake studies.
The cellular uptake of NPs was the key step to achieving
therapeutic application, which was confirmed by the FCM
and CLSM results. The cellular uptake rates of free Dox and
DAu@PDA-AS141 by 4T1 cancer cells were analyzed by FCM at
different times. As observed in Fig. 3 A, the cellular uptake rate
of DAu@PDA-AS141 gradually increased when the incubation
time increased from 1 h to 4 h, indicating the efficient
internalization of nanoparticles. As shown in Fig. 3 B, the red
fluorescence of both DAu@PDA-AS141 and DAu@PDA-NEG
displayed time-dependent behavior, and the red fluorescence
of DAu@PDA-AS141 NPs was stronger than that of DAu@PDA-
NEG NPs. Besides, the cellular uptake efficiency is effectively
inhibited by chlorpromazine hydrochloride (CPZ), implying
that clathrin-mediated endocytosis plays an important
role in the internalization of DAu@PDA-AS141 (Fig. S4).
Overall, the specific cellular uptake of DAu@PDA-AS141
was significantly augmented by modification with AS1411
aptamers. 

4T1 cells were incubated with Au@PDA-AS141-Cy5
at an equivalent concentration to explore intracellular
internalization and stained with Lyso-Tracker Green to
study the colocalization of NPs and lysosomes. As shown
in Fig. 3 C and 3D, only a small portion of red fluorescence
colocalized with green fluorescence at 1 h, indicating that few
NPs were included in lysosomes. The red fluorescence
of Au@PDA-AS141 mostly overlapped with the green
fluorescence of lysosomes after incubation for 4 h. However,
the overlapped yellow fluorescence (colocalization of red
and green fluorescence) was drastically decreased after
incubation for 6 h, which implied that Au@PDA-AS141 NPs
escape the lysosomes and entered the cytoplasm. According
to the colocalization analysis, the colocalization rates of
Au@PDA-AS141 at different times were 0.16 (1 h), 0.30 (2 h),
0.71 (4 h), and 0.15 (6 h). Interestingly, the red fluorescence
increased gradually with increasing time, suggesting that
Au@PDA-AS141-Cy5 NPs were internalized by 4T1 cells via
the receptor-mediated endocytic pathway. The amine group
of the PDA shell can sequester protons and cause swelling
and rupture of the lysosome. All these results verified that
Au@PDA-AS141 NPs could escape from lysosomes and enter
the cytoplasm. 

3.8. Antimigration and cytotoxicity in vitro 

Cancer cell migration is related to organ (e.g., liver and lung)
metastasis. Herein, a wound healing assay was performed to
assess cell migration. The migration distance was evaluated
from the microscopy images. As shown in Fig. 4 A and 4B,
microscopy observations revealed that the artificial gap of
the control group nearly disappeared after 24 h. 4T1 cells
treated with free Dox showed a large migration distance
(185 μm), while the DAu@PDA-AS141 group only migrated a
short distance (80 μm). After NIR irradiation (1.5 W/cm 

2 , 5
min), the migration distance (56 μm) was lower than that of
DAu@PDA-AS141 alone. 

In addition, the viability of 4T1 cells treated with free
Dox and DAu@PDA-AS141 with/without NIR irradiation was
evaluated by MTT assays. As shown in Fig. 4 C, DAu@PDA-
AS141 exhibited significant concentration-dependent
cytotoxicity, in which the cell viability was decreased to
20.7%. A more significant enhancement of cytotoxicity was
observed under 808 nm NIR irradiation (the cell viability of
DAu@PDA-AS141 with laser irradiation was further decreased
to 14.5%). The IC 50 value of DAu@PDA-AS141 with laser
irradiation was 3.06 μM and the CI value was calculated as
0.71, demonstrating the synergistic interaction between PTT
and chemotherapy (Table S1). The normal cells (HUVECs)
were used to verify the safety of the nanoplatform, and
the Dox@PDA-AS141 and DAu@PDA-AS141 with or without
laser irradiation did not show obvious toxicity (Fig. S6).
These results indicated that chemotherapy combined with
photothermal therapy could inhibit migration and enhance
anticancer efficiency. 

3.9. Cell apoptosis and cell cycle assays 

The therapeutic efficiency of anticancer drugs depends on
the ability to induce cell apoptosis, which is an orderly
physiological process [48] . The anticancer mechanism of
DAu@PDA-AS141 was quantified by a cell apoptosis assay.
As shown in Fig. 5 A and 5 B, without NIR irradiation, the
apoptosis percentages of 4T1 cells incubated with PBS, free
Dox, DAu@PDA-NEG, and DAu@PDA-AS141 were 3.5% ± 0.6%,
32.13% ± 1.49%, 29.73% ± 2.31%, and 38.14% ± 2.15%,
respectively. Compared with the nontargeted nanocarrier
(DAu@PDA-NEG), the AS1411 aptamer-targeted nanocarrier
(DAu@PDA-AS141) induced a higher rate of apoptosis.
However, with NIR irradiation, the DAu@PDA-NEG and
DAu@PDA-AS141 groups induced 41.01% ± 2.65% and
50.31% ± 1.87% apoptosis, respectively, revealing that the
PDA shell coating enhanced the photothermal effect of
the nanoparticles and that DAu@PDA-AS141 had the most
efficient ability to induce apoptosis under NIR irradiation.
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Fig. 3 – Cellular uptake of DAu@PDA-AS141 in vitro . (A) Flow cytometric assay of the cellular uptake of DAu@PDA-AS141 at 
different time points. (B) Confocal laser scanning microscopy images of DAu@PDA-AS141 and DAu@PDA-NEG. Blue: DAPI; 
Green: actin; Red: Dox. The scale bar is 20 μm. (C, D) Endolysosomal escape of Au@PDA-AS141-Cy5 at different time points. 
Blue: nuclei stained with Hoechst; Green: endolysosomes stained with LysoTracker Green; Red: red fluorescence of 
nanoparticles; Yellow: colocalization of Au@PDA-AS141 and endolysosomes. The scale bar is 10 μm. 

Fig. 4 – (A) Wound healing assay and (B) metastatic distance of 4T1 cells treated with Dox and DAu@PDA-AS141 
with/without 808 nm NIR irradiation. The scale bar is 200 μm. (C) The viability of 4T1 cells treated with Dox and 

DAu@PDA-AS141 under 808 nm NIR irradiation. Error bars represent standard deviations, with n = 3 independent replicates: 
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 
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aken together, synergistic photothermal-chemotherapy had 

 distinct advantage for 4T1 cancer cell killing. 
Dox is a chemotherapeutic agent that shows an extremely 

ide anticancer spectrum by triggering cell cycle arrest [49] .
he interactions among drugs, nanoparticles, and cancer 
ells were researched via cell cycle tests. As shown in Fig. 5 C 
nd 5 D, the proportions of cells in the G2/M phase after 
reatment with free Dox, DAu@PDA-NEG, and DAu@PDA- 
S141 were 38.4%, 37.7% and 38.18%, respectively. In contrast,

he nontargeted nanoparticles (DAu@PDA-NEG) only slightly 
ncreased the population of the G2/M phase, while the 
argeted nanoparticles (DAu@PDA-AS141) significantly 
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Fig. 5 – (A, B) Flow cytometry analysis of 4T1 cell apoptosis using Annexin V-FITC/7AAD assays. (C, D) Cell cycle test of 4T1 
cells. Data are expressed as the mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hindered the cell cycle in the G2/M phase. Similarly, with
NIR irradiation, DAu@PDA-NEG (46.8%) and DAu@PDA-AS141
(48.9%) exhibited significant increases in the G2/M phase.
Moreover, the induction of G2/M phase arrest was associated
with programmed cell death. 

3.10. In vivo anticancer effect 

Tumor temperature was monitored by a thermal imager
under 808 nm laser irradiation. As shown in Figs. 6 A and
S3, the tumor temperature of the DAu@PDA-AS141 group
was approximately 52 °C under NIR irradiation, indicating the
strongest photothermal effect. In contrast, the PBS group had
no photothermal effect. The synergistic therapeutic efficiency
of DAu@PDA-AS141 was assessed by the detection of tumor
volumes. The mice treated with Au@PDA-AS141 under laser
irradiation showed successful elimination of tumors, which
was ascribed to its excellent photothermal performance
( Fig. 6 B). The in vivo biodistribution showed that only a
very weak signal was observed in mice treated with free
Chlorin e6 (Ce6), whereas fluorescence increased gradually
in the Cau@PDA-AS141 group (Fig. S5). As expected, the
tumor volume of DAu@PDA-AS141 in the NIR irradiation group
was almost zero, which was even lower than the original
volume ( Fig. 6 C). There was no apparent body weight decrease
throughout the experimental period, implying that DAu@PDA-
AS141 NPs exhibited good biocompatibility and no acute
toxicity ( Fig. 6 D). 

To further evaluate the anticancer effect of DAu@PDA-
AS141, the tumor sections were stained with hematoxylin
and eosin (H&E) and Ki67. The mice treated with DAu@PDA-
AS141 NPs with NIR irradiation exhibited the most severe
pathological damage in the tumor tissue. This histological
examination was consistent with the in vitro results,
which showed that the combined chemo-photothermal
therapy induced a significant therapeutic effect ( Fig. 6 E).
In addition, immunohistochemistry (IHC) staining was
employed to estimate the effect of synergistic chemo-
photothermal therapy. Tumor tissues were stained with a
nuclear proliferation biomarker (Ki67) to assess tumor cell
proliferation. The brown area in the DAu@PDA-AS141 with the
NIR irradiation group was lower than that in the control group,
indicating the remarkable inhibition of tumor development
( Fig. 6 F). 
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Fig. 6 – In vivo anticancer effect. (A) IR images of mice treated with different NPs with 808 nm laser irradiation (1.5 W/cm 

2 ). 
(B) Images of tumors obtained from 4T1-bearing BALB/c mice after treatment. (C) Tumor volumes and (D) body weights of 
mice throughout the therapeutic process. (E) H&E and (F) Ki67 staining images of tumors after treatment. G1: PBS; G2: Free 
Dox; G3: DAu@PDA-NEG; G4: DAu@PDA-AS141; G5 DAu@PDA-NEG + L; G6: DAu@PDA-AS141 + L; scale bar: 100 μm. Data are 
expressed as the mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 
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H&E staining of major organs (heart, liver, spleen, lung,
nd kidney) was performed to estimate potential toxic effects 
 Fig. 7 ). Cardiotoxicity was observed in the free Dox group,

hich was consistent with previous reports. In addition,
mall liver metastasis nodules could be seen in the control 
nd free Dox groups, and they could be significantly inhibited 

y DAu@PDA-AS141 with NIR irradiation, suggesting the 
uppression of metastasis. These results demonstrated 

hat synergistic chemotherapy and photothermal therapy 
ould enhance the anticancer effect in 4T1-bearing 
ice. 

. Conclusion 

n conclusion, PDA-encased AuNPs for enhancing the 
hotothermal conversion of nanocarriers were successfully 
eveloped for targeted photothermal chemotherapy. In 
ddition, DAu@PDA-AS141 NPs with excellent photothermal 
ffects and stability were synthesized by a facile and 

ersatile method, which could be summarized as the self- 
olymerization of dopamine on the surface of AuNPs.
fter modification of the PEG and PDA shells, the obtained 

Au@PDA-AS141 NPs exhibited a uniform core-shell 
anostructure with good size distribution and long-term 

ize stability. Compared with uncoated PDA NPs, the drug- 
oading capacity of PDA-coated NPs (DAu@PDA-AS141) was 
ignificantly improved due to the π- π stacking of PDA and 

ox molecules. At the same time, Dox-loaded NPs (DAu@PDA- 
S141) exhibited a characteristic pH-/photothermal- 
timulated drug release. In the acidic environment, Au@PDA- 
S141-Cy5 NPs were internalized by cancer cells via the 

eceptor-mediated endocytic pathway and escaped from 

ysosomes and then entered the cytoplasm. After irradiation 

nder 808 nm NIR, PDA-coated NPs (DAu@PDA-AS141) 
howed enhanced anticancer effects compared with single 
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Fig. 7 – HE staining of the major organs (heart, liver, spleen, lung, and kidney). G1: PBS; G2: Free Dox; G3: DAu@PDA-NEG; G4: 
DAu@PDA-AS141; G5 DAu@PDA-NEG + L; G6: DAu@PDA-AS141 + L; scale bar: 100 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

chemotherapy. The excellent photothermal conversion
and high drug-loading capacity of the PDA-coated AuNPs
indicated that they are strong candidates for synergistic
photothermal-chemotherapy. 
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