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Purpose: The treatment of breast cancer is often ineffective due to the protection of the 
tumor microenvironment and the low immunogenicity of tumor cells, leading to a poor 
therapeutic effect. In this study, we designed a nano-theranostic platform for these obstacles: 
a photothermal effect mediated by a gold shell could remodel the tumor microenvironment 
by decreasing cancer-associated fibroblasts (CAFs) and promote the release of doxorubicin 
(DOX) from nanoparticles. In addition, it could realize photoacoustic (PA)/MRI dual-model 
imaging for diagnose breast cancer and targeted identification of Her2-positive breast cancer.
Methods: Her2-DOX-superparamagnetic iron oxide nanoparticles (SPIOs)@Poly (D, 
L-lactide-co-glycolide) acid (PLGA)@Au nanoparticles (Her2-DSG NPs) were prepared 
based on a single emulsion oil-in-water (O/W) solvent evaporation method, gold seed growing 
method, and carbon diimide method. The size distribution, morphology, PA/MRI imaging, drug 
loading capacity, and drug release were investigated. Cytotoxicity, antitumor effect, cellular 
uptake, immunogenic cell death (ICD) effect, and targeted performance on human Her2-positive 
BT474 cell line were investigated in vitro. BT474/Adr cells were constructed and the antitumor 
effect of NPs on it was evaluated in vitro. Moreover, chemical-photothermal therapy effect, PA/ 
MRI dual-model imaging, ICD effect induced by NPs, and tumor microenvironment remodeling 
in human BT474 breast cancer nude mice model were also investigated.
Results: Nanoparticles were spherical, uniform in size and covered with a gold shell. NPs had 
a photothermal effect, and can realize photothermal-controlled drug release in vitro. Chemical- 
photothermal therapy had a good antitumor effect on BT474/Adr cells and on BT474 cells 
in vitro. The targeting evaluation in vitro showed that Her2-DSG NPs could actively target and 
identify Her2-positive tumor cells. The PA/MRI imaging was successfully validated in vitro/ 
vivo. Similarly, NPs could enhance the ICD effect in vitro/vivo, which could activate an immune 
response. Immunofluorescence results also proved that photothermal effect could decrease CAFs 
to remodel the tumor microenvironment and enhance the accessibility of NPs to tumor cells. 
According to the toxicity results, targeted drug delivery combined with photothermal-responsive 
drug release proved that NPs had good biosafety in vivo. Chemical-photothermal therapy of 
Her2-targeted NPs has a good antitumor effect in the BT474 nude mice model.
Conclusion: Our study showed that chemical-photothermal therapy combined with tumor 
microenvironment remodeling and immune activation based on the Her2-DSG NPs we 
developed are very promising for Her2-positive breast cancer.
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effect, targeted nano-theranostic platform, dual-modal imagingCorrespondence: Jing Du; Fenghua Li  

Email beautydujing@163.com; fenghua- 
li@163.com

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2020:15 10007–10028                                          10007

http://doi.org/10.2147/IJN.S271213 

DovePress © 2020 Zheng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-6189-9046
http://orcid.org/0000-0003-1350-2811
http://orcid.org/0000-0002-3726-5059
mailto:beautydujing@163.com
mailto:fenghua-li@163.com
mailto:fenghua-li@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


Introduction
The incidence of breast cancer is increasing, especially for 
Her2-positive breast cancer due to its poor prognosis and 
high mortality.1,2 Traditional treatments for breast cancer 
include surgery, chemotherapy and radiation. However, dur-
ing the process of traditional treatment, patients experience 
harmful side effects, which limit their long-term application 
in clinical practice. These side effects often result in damage 
to normal tissues, a suppressing effect on the immune 
system3 and cancer cells’ resistance. In addition, the protec-
tion of tumor cells by the tumor microenvironment and the 
low immunogenicity of tumor cells are also obstacles to 
treatment. Numerous tumor cells, with low expression of 
immunogenic proteins,4,5 will rapidly multiply and grow 
into a solid tumor, not having been recognized by the 
immune system. Furthermore, the tumor microenvironment 
contains cancer-associated fibroblasts (CAFs),6 which play 
an important role in tumor progression and metastasis,7,8 in 
the formation of a tumor microenvironment, in tumor immu-
nosuppression, and in the development of tumor cell 
resistance.9,10 Immunosuppression caused by the tumor 
microenvironment11–13 and low immunogenicity of cancer 
cells make immunotherapy less effective. Due to the abun-
dance of CAFs in a tumor, meanwhile, nanoparticles pas-
sively accumulate in the tumor through blood vessels in 
a small fraction, usually less than 5%.14,15 This brings new 
obstacles to traditional treatments, nano-drug delivery ther-
apy or immunotherapy.

Near-infrared photothermal therapy has been widely used 
in tumor treatment in recent years,16–18 since it has 
a precise eradicating effect on tumors18 and can reduce the 
occurrence of tumor resistance. Photothermal therapy also can 
remodel the tumor microenvironment by decreasing CAFs in 
the tumor.19,20 Therefore, photothermal therapy mediated 
tumor microenvironment remodeling can decrease immuno-
suppression caused by the tumor microenvironment and 
improve the accessibility of tumor cells to therapeutic agents. 
There is no doubt that this provides a good basis for cancer 
treatment. Compared with normal tissues, the tumor micro-
environment, which can enhance the release of drugs wrapped 
in nanoparticles, shows weak acidity.21 However, the differ-
ences between the tumor microenvironment and normal tis-
sues frequently show relatively weak signals that cannot 
trigger rapid responses of nanocarriers efficiently. The strategy 
of specific upregulation of tumor tissue signals to amplify the 
signal differences between normal tissues and tumor tissue via 
multifunctional nanomedicine is very promising.22–25 

Photothermal therapy can enhance drug release of nanoparti-
cles, which may be due to a characteristic property of PLGA 
(glass transition temperature).26 Conventional wisdom holds 
that a high dose of chemotherapeutic drugs suppresses the 
immune system and reduces the number of monocytes, macro-
phages, etc. However, recent studies have shown that a low 
dose of chemotherapeutic drugs not only has some antitumor 
effects, but also can increase the immunogenicity of tumor 
cells27–29 and activate an immune response based on an ICD 
effect.30,31 Heat shock protein 70 (HSP70) and calreticulin 
(CRT) are important proteins that enhance the immunogeni-
city of tumor cells. The existence of topographic similarities 
between MHC I and HSP70 may suggest that HSP70 could be 
a target by itself for NK cells and T lymphocytes directly or 
MHC I presents a pathway by the APC in priming of CD8+ 
CTL indirectly.32–35 In addition to promoting the expression of 
HSP70, DOX can also stimulate the expression of CRT,27 

which further enhances the ability of NK cells or T cells to 
recognize tumor cells, and thereby actives an immune 
response.36 Based on the above, the photothermal-responsive 
and pH-responsive drug release from nanoparticles are very 
promising in tumor therapy, because a nano-drug delivery 
system can effectively reduce the side effects of 
a chemotherapy drug on untargeted tissues and enhance the 
ICD effect at tumor sites specifically.31 Therefore, the combi-
nation of photothermal therapy and low-dose chemotherapy, 
together with the activation of the body’s immunity through 
chemotherapeutic drugs, provides a new protocol for improv-
ing the effect of tumor treatment while avoiding tumor cells’ 
resistance to drugs.

Hence, we proposed a treatment strategy: photother-
mal therapy can mediate tumor microenvironmental 
remodeling and promote the release of DOX from nano-
particles. The accessibility of the cancer cells lacking 
the protection of CAFs will be enhanced. The effect of 
photothermal therapy and chemotherapy will increase as 
accessibility of a tumor is enhanced. In addition, the 
high immunogenicity of tumor cells stimulated by 
DOX will also activate the immune response, thus 
enhancing the therapeutic effect. The targeted nanopar-
ticles can decrease the side effects of DOX to non- 
targeted tissues due to their high selectivity. In this 
study, we constructed a nano-platform to achieve these 
functions and elucidate the key mechanisms of the 
synergistic effect of chemical-photothermal therapy, 
which is based on this strategy (Figure 1).
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Materials and Methods
Materials
Oleic-acid-coated Fe3O4 nanoparticles (SPIOs, So-Fe 
Biomedicine Ltd, China), Tetrachloroauric (ш) acid 

trihydrate, ACS reagent (HAuCl4•3H2O, ACROS, 
Belgium), Doxorubicin hydrochloride (DOX, Meilun 
Biotechnology Ltd, China), Poly(allylamine hydrochlor-
ide) (PAH, Mw17500), Poly(D, L-lactide-co-glycolide) 

Figure 1 Schematic illustration of the structure of Her2-DOX-SPIOs@PLGA@Au NPs and the application of it. (A) The composition and fabrication procedure of Her2- 
DOX-SPIOs@PLGA@Au NPs. (B) The nanoscale theranostic agent is used for PA/MRI dual-modal imaging and tumor eradication through chemical-photothermal therapy 
and immune activation.
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acid terminated, lactide:glycolide=50:50, Mw24000-38000 
(PLGA), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) 
were obtained from Sigma-Aldrich, USA. Sodium chloride 
and sodium citrate were purchased from Sino Reagent, 
China.

Preparation of Her2-DOX-SPIOs 
@PLGA@Au NPs
Her2-DOX-SPIOs@PLGA@Au (Her2-DSG NPs) were 
prepared according to the previous report from our 
research group.37,38 DOX-SPIOs@PLGA nanoparticles 
(DS NPs) were prepared using the single emulsion oil-in- 
water (O/W) solvent evaporation method. Hydrochloric 
acid doxorubicin (10 mg) reacted with triethylamine (20 
μL) was transformed to oil phase from water phase. The 
mixture of PLGA (100 mg), DOX, SPIOs (7.5 mg) and 
dichloromethane (5 mL) was added into PVA aqueous 
solution (2% w/v) drop by drop. Then, the mixture was 
emulsified by probe sonication. Finally, DS NPs were 
collected after evaporation, centrifugation and abstersion. 
The synthetic strategies of citrate-stabilized Au nanoparti-
cles and gold shell formation were described in detail in 
the paper published previously.37 In brief, the Au NPs 
would stick to the surface of DS NPs after the surface 
charge of nanoparticles transformed from negative to posi-
tive by treating with PAH (1 mg/mL in 0.5 mol/L NaCl 
aqueous solution). Gold seeds on the surface of nanopar-
ticles would grow into gold shells due to the reduction of 
NH2OH•HCl solution (0.33 mL, 0.5 mol/L). The 
Herceptin conjugation was based on the carbon diimide 
method. Finally, Her2-DOX-SPIOs@PLGA@Au nanopar-
ticles (Her2-DSG NPs) were dispersed in PBS, sealed and 
stored at 4°C.

Characterization of Nanoparticles
The morphology, size distribution and optical absorption 
of nanoparticles were measured by field emission scanning 
electron microscope (FESEM, Hitachi S-4800, Japan), 
particle size distribution analyzer (Malvern Instruments, 
Malvern, UK) and UV-vis spectrophotometer (Beckman 
Coulter DU 730, USA) respectively. The load of the DOX 
and SPIOs in Her2-DSG NPs was measured by UV-vis 
spectrophotometer and inductively coupled plasma optical 
emission spectrometry (ICP-OES) respectively. Confocal 
laser scanning microscopy (CLSM, Leica TCSSP5 II, 

Germany) was used to prove the good attachment of the 
antibody labeled FITC to NPs.

In vitro Photothermal Effect
Five different concentrations (200 μg/mL, 100 μg/mL, 50 
μg/mL, 20 μg/mL, and 0 μg/mL) of DSG NPs aqueous 
solution (1 mL) were put into separate quartz cells. The 
quartz cells containing NPs solution were irradiated by 
NIR laser (808 nm, 1 W/cm2) for 10 min, and then cooled 
for 10 min. Digital thermal imaging system (FLIR A300, 
USA) was employed to measure real time temperature 
during the whole process.

In vitro PA/MRI Imaging Assessment of NPs
The photoacoustic imaging system (MSOT inVision 128, 
Germany) with an excitation wavelength of 808 nm was 
used for the photoacoustic imaging of different concentrations 
of DSG NPs (20 μg/mL, 40 μg/mL, 50 μg/mL, 66.67 μg/mL, 
100 μg/mL, and 200 μg/mL) and SPIOs@PLGA@Au NPs 
(SG NPs) (40 μg/mL, 80 μg/mL, 100 μg/mL, 133.33 μg/mL, 
200 μg/mL, and 400 μg/mL).

The transverse relaxation time and T2 imaging effect 
of different concentrations of NPs aqueous solution (cor-
responding iron concentrations were 0 mM, 0.005 mM, 
0.01 mM, 0.02 mM and 0.04 mM, respectively) were 
measured via magnetic resonance imaging (0.5T, NM120- 
Analyst, Shanghai). Imaging parameters: TR value is 8000 
ms, TE value is 400 ms.

Nanoparticle Drug Release
DSG NPs (7 mg) were dissolved in 1 mL PBS (pH=5.6, 
7.4). Next, the suspension and magneton were sealed into 
a dialysis membrane (MFPI, US) which could filter mole-
cules larger than 5000 Da. PBS at same pH was used as 
a drug-releasing medium on the other side. This was then 
mixed on a magnetic mixer at room temperature. 2mL of 
PBS solution was acquired at different time points (0.5 h, 
1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h), and supplemented by 
2 mL PBS. The OD value of PBS at 490 nm was measured 
by UV-vis spectrophotometer. In addition, the promoting 
effect of NIR irradiation on drug release was also per-
formed. The nanoparticles were redispersed in PBS (pH= 
7.4) after being washed twice. The suspension was oscil-
lated in a centrifuge tube at room temperature for 50 min, 
and then exposed to NIR laser (1 W/cm2) for 10 min. After 
centrifugation, the supernatant (2 mL) was taken and mea-
sured. Six cycles were evaluated.
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Cell Experiment
Human breast cancer cell lines BT474, MCF-7, HUVEC 
and MCF-7/Adr were provided by the central laboratory of 
Renji Hospital, School of Medicine, Shanghai Jiaotong 
University. The use of cell lines in our experiments 
received the approval of the ethical review board of 
Renji Hospital, School of Medicine, Shanghai Jiaotong 
University. These cells were cultured in RPMI-1640 med-
ium, supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin at 37°C in an atmosphere 
of 5% CO2 with saturated humidity. Cells were subcul-
tured by trypsin-EDTA.

Cytotoxicity of SPIOs@PLGA@Au NPs in vitro
BT474 and HUVEC cells were incubated in 96-well plates 
for 12 h. Then, the old medium was discarded and the 
medium with different doses of SG NPs (0 μg/mL, 10 μg/ 
mL, 20 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/mL) was 
added and incubated for 12 h or 24 h. Finally, the cell 
viability was evaluated by CCK-8 assay. The group with 0 
μg/mL of SG NPs was used as control.

Assessment of the Photothermal Therapeutic Effects 
of Nanoparticles
BT474 cells were stained with calcein acetoxymethyl ester 
(calcein AM) to visualize the therapeutic effects of nano-
particles. BT474 cells incubated with nanoparticles in 
different ways (control, control + laser, DSG NPs, DSG 
NPs + laser) for 2 h were exposed to NIR laser (1 W/cm2) 
for 10 min, and were then washed with PBS and stained 
with calcein AM after incubation for 2 h.

Construction of Cell Line with mdrl Gene 
Overexpression in BT474 Cells
A lentiviral expression vector (pRLenti-CMV-ABCB1 
-3FLAG-PGK-Puro) of mdrl gene (NM 000927) and 
a lentiviral expression vector (pRLenti-EF1α-EGFP- 
P2A-Puro-CMV-MCS-3Flag) of EGFP gene were pur-
chased from OBiO Technology Corp., Ltd, Shanghai. 
BT474 cells were seeded into 24-well plates, into 
which different volumes of virus primer (pRLenti- 
EF1α-EGFP-P2A-Puro-CMV-MCS-3Flag) and poly-
brene were added. After 12 h, the old medium was 
replaced by a fresh medium. The infection efficiency 
was observed under a fluorescence microscope. Finally, 
BT474 cells were infected by the lentiviral expression 
vector of mdrl gene according to the multiplicity of 
infection (MOI) obtained above and were screened by 

purinomycin for 1 week to obtain the BT474 cells with 
mdrl gene overexpressed.

Evaluation of the Expression of mdrl in BT474/Adr 
and MCF-7/Adr Cells
Mdrl upstream sequence: CCCATCATTGCAATAGC 
AGG, mdrl downstream sequence: GTTCAAACTTCT 
GCTCCTGA; β-actin upstream sequence: GTCAT 
CACCATTGGCAATGAG, β-actin downstream sequence: 
CGTCACACTTCATGATGGAGTT. The direction of the 
primer sequence is 5ʹ→3ʹ. The primers were synthesized 
by Sangon Biotech, Shanghai. PCR reaction parameters: 
93°C, predegeneration for 4 min; 93°C, 40 s; 54°C, 45 
s. Furthermore, lentivirus-infected cells and control cells 
were collected, the total protein was extracted, and the 
protein concentration was tested with BCA protein quan-
titative kit. Each group was subjected to SDS-PAGE elec-
trophoresis with 15 μg of protein, and transferred. Then 
5% skim milk powder was sealed at 37°C for 2 h. Anti- 
FLAG®M2 (F1804, 1:5000, Sigma) was incubated with 
protein overnight at 4°C. After washing the membrane 
using TBST three times, the second antibody (A0216, 
1:3000, Beyotime) was incubated with protein at room 
temperature for 2 h, and developed. Na-K-ATP was 
taken as internal parameter.

Evaluation of Photothermal Effect on Cellular Drug 
Uptake
In order to prove that photothermal effect could increase 
the cellular uptake of DOX, we grew BT474 and MCF-7 
cells in 6-well plates. The experimental groups include: 
control, control+ laser, DOX, DOX+ laser, DSG NPs, and 
DSG NPs+ laser (the dose of DOX group was equal to the 
total amount of DOX encapsulated in DSG NPs). Cells 
were incubated together with nanoparticles for 30 min, and 
then laser treated groups were exposed to laser (1 W/cm2) 
for 10 min. After another 4 h incubation, all groups are 
collected for flow-cytometry analysis of DOX.

Combined Therapy of Nanoparticles in vitro
BT474, BT474/Adr and MCF-7, MCF-7/Adr cells were 
seeded into 96-well plates and incubated for 12h. Then, 
nanoparticle solution with the different concentrations 
(100 μg/mL, 200 μg/mL) were added. Each concentration 
was further divided into the following groups: control, 
DOX, control with laser, DOX with laser, SG NPs, SG 
NPs with laser, DSG NPs, and DSG NPs with laser. After 
the above suspensions were added in and incubated with 
cells for 2 h, the cells were irradiated with NIR laser (808 
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nm, 1 W/cm2) for 10 min, and then the plates were put 
back in the incubator for 12 h. Finally, the cell viabilities 
were investigated by CCK-8 assay. The OD value is equal 
to the OD value of the experimental well minus the OD 
value of the correction well, and the correction well con-
tains the mixture of nanoparticles and medium without 
cells. The grouping of correction wells was consistent 
with that of experimental wells. Results are expressed as 
mean ± standard deviation (n=4).

Effect of Nanoparticles on Cellular Expression of 
HSP70 and CRT
BT474 and BT474/Adr cells were separately seeded into 
different 6-well plates. When cells grew to 70–80%, DOX 
solution and DSG NPs (the concentration of DOX solution 
is equal to the per unit concentration of DOX contained in 
DSG NPs) was added into different wells for incubation 
for 2 h or 24 h. After removal from the wells with 0.25% 
Trypsin-EDTA and being washed twice with PBS, the 
cells were stained with Anti-Hsp70-APC (130–105-550, 
1:10, Miltenyi) and Anti-calprotectin (Alexa Fluo® 647) 
(ab196159, 1:50, Abcam) for 20–30 min in the dark. Then, 
the expression of HSP70 and CRT in cells in different 
ways was tested by flow cytometer (FCM, BD Accuri 
C6, US).

To verify that photothermal effect could also induce an 
ICD effect in cancer cells, we prepared PLGA@Au NPs. 
The groups included control, control+laser, PLGA@Au, 
PLGA@Au+laser groups. BT474 cells and BT474/Adr 
cells were seeded into 6-well plates. After 24 h of incuba-
tion, the nanoparticles were added into nanoparticle 
groups (final concentration: 200 μg/mL) and incubated 
for 30 min. The laser treated groups were irradiated by 
NIR laser and incubated for another 2 h. Finally, the cells 
were collected for staining, washing, and flow cytometry 
tests.

In vitro Assessment of NPs Targeting Recognition of 
Her2-Positive Cells
BT474 and MCF-7 cells were separately seeded into Petri 
dishes, which were divided into five groups (Her2 labeled 
FITC-DSG NPs with BT474, DSG NPs with BT474, Her2 
labeled FITC-DSG NPs with BT474 and Herceptin, Her2 
labeled FITC-DSG NPs with MCF-7, DSG NPs with MCF- 
7). After incubation for 24 h, different nanoparticle suspen-
sions (5 mg/mL, 100 μL) were put into corresponding Petri 
dishes, which were then cultured for another 0.5 h. Next, the 
medium was discarded and cells were washed three times 
with PBS. After that, cells were fixed with 

paraformaldehyde for 15 min and washed with PBS three 
times again. DAPI was then added to dye the cells for 5 min, 
and the remaining DAPI was washed off with PBS. Finally, 
the Petri dish with 1 mL medium was observed under 
a microscope. Image J was used to quantify the nanoparti-
cles that were endocytosed by each cell. In brief, we ran-
domly delineated three free nanoparticles and recorded their 
average integrated optical intensity (ION). Next, we col-
lected the ION data of three random cells in a microscopic 
field, and the average ION value of a cell was divided by the 
average ION value of a free nanoparticle. That is, “Number 
of nanoparticles endocytosed by a cell = average ION value 
of cell/average ION value of nanoparticle.”

Animal Experiments
All of the animal experiments were performed according 
to the protocols approved by the Institutional Animal Care 
and Use Committee (IACUC) of Medical School of 
Shanghai Jiao Tong University. Female nude mice (3–4 
weeks, 18–22 g) were purchased from Shanghai Slac 
Laboratory Animal Co., Ltd. BT474 cells was suspended 
in PBS and matrix gel (1:1) solution, and then the cell 
suspension was injected subcutaneously into the armpit of 
nude mice (1 × 106 cells/100 μL/mouse).

In vivo Toxicity Study
With healthy female nude mice injected with saline used 
as control group, healthy female nude mice intravenously 
injected with Her2-DSG NPs (200 μL, 7 mg/mL) were 
taken as the experimental group. Acute toxicity and 
chronic toxicity of Her2-DSG NPs in mice were observed 
at two time points of 24 h and 15 d after injection, 
respectively. Blood samples collected from the ophthalmic 
vein under anesthesia was used to test blood biochemistry 
indexes. Major organs including heart, liver, spleen, lung, 
and kidney were stained with hematoxylin and eosin 
(H&E), and the toxicity of nanoparticles was evaluated 
through observing the structure of major organs.

In vivo MRI Imaging
Her2-DSG NPs, DSG NPs (200 μL, 7 mg/mL) and saline 
(200 μL) were intravenously injected into different groups 
of mice via tail vein respectively. The targeting and T2 
imaging effects of NPs in tumor were evaluated at differ-
ent time points (0 h, 0.5 h, 1 h, 2 h, 6 h, 24 h). The test 
instrument is Bruker 7.0T MRI scanner (BIOSPEC70/ 
20USR, Germany). T2-weighted imaging parameters 
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were TR= 3000, TE= 30, flip 90°, FOV= 4 cm, slice 
thickness= 1.0 mm. Saline group was set as control.

In vivo PA Imaging
Her2-DSG NPs, DSG NPs (200 μL, 7 mg/mL) and saline 
were intravenously injected into different groups of mice 
via the tail vein. The targeting and PA imaging effects of 
NPs in tumor were evaluated at different time points (0 h, 
0.5 h, 1 h, 2 h, 6 h, 24 h). The in vitro PA imaging 
instrument was also used to observe PA imaging in vivo. 
Saline group was set as control.

In vivo Combined Therapy Experiment
The nude mice bearing BT474 xenograft (n=30) were 
divided into 10 groups (saline, saline + laser, DOX, SG 
NPs, DSG NPs, SG NPs + laser, DSG NPs + laser, Her2- 
DSG NPs, Her2-SG NPs + laser, Her2-DSG NPs + laser). 
Based on the results of NPs targeting imaging in vivo, 2 
h after tail intravenous injection was selected as the best 
time of therapy. We used NIR laser (808 nm, 1 W/cm2) to 
irradiate the tumor for 10 min and the temperature of the 
tumor was recorded with an IR thermal imager. After the 
initial treatment, the weight and tumor volume of mice 
were monitored for 20 days. The time points of the two 
treatments were day 1 and day 10. Finally, the mice of 
Her2-DSG NPs + laser group were tested for blood bio-
medical indicators, and the major organs were excised for 
pathological analysis including H&E staining. Tumors in 
all groups were excised for pathological analysis including 
H&E staining and TdT-mediated dUTP nick end labeling 
(TUNEL). Saline group was set as control.

HSP70 and CRT Expression in Tumor Tissues 
Promoted by Nanoparticles
Antibodies used included rabbit anti-human CRT 
(ab92516, Abcam), anti GAPDH (ab181602, Abcam), 
rabbit anti-human HSP70 (AF1156, Beyotime), and goat 
anti-rabbit IgG (ab205718, Abcam). Two hours after irra-
diation, the expression of HSP70 and CRT in tumor were 
detected by immunohistochemistry and Western blot ana-
lysis. Mice were divided into 5 groups (saline, saline + 
laser, Her2-DSG NPs, DOX, and Her2-SG NPs) to assess 
the expression of HSP70, and mice were divided into 
four groups (saline, DOX, Her2-SG NPs, and Her2- 
DSG NPs) to assess the expression of CRT. Tumors 
were obtained from mice at 2 h after treatment. Total 
protein was extracted from tumor tissues after the tumors 
were obtained from mice at 2 h after treatment, and the 
protein concentration of the tumor was measured using 

BCA kit (BCA, Beyotime). 20 μg protein was taken for 
SDS-PAGE electrophoresis, and transferred, and 5% skim 
milk was sealed at 37°C for 2 h. The primary antibodies 
were incubated at 4°C overnight. Then, the proteins were 
washed using TBST three times, 10 min per wash. The 
above mixture was incubated with secondary antibody at 
room temperature for 2 h. Finally, we used enhanced 
chemiluminescence method (Bio-Rad Laboratories, Inc., 
Hercules, USA) to develop the samples. GAPDH was 
taken as internal parameter. Image J analyzed the gray 
value. Saline group was set as control.

Performers of the immunohistological staining did not 
take part in the animal experiments and did not know the 
details of animal grouping.

Photothermal Mediated Tumor Microenvironment 
Remodeling
Twelve hours after irradiation, tumors were collected and 
sectioned for observation. The intensity of CAFs was used 
to evaluate the photothermal effect. Sections were stained 
with specific antibodies of α-SMA (ab32575, Abcam) and 
CD31 (ab28364, Abcam), and then incubated with FITC- 
labeled and Cy3-labeled secondary antibodies (ab6785, 
ab6939, Abcam). The nuclei were stained with DAPI. In 
addition, the targeted nanoparticles were injected intrave-
nously 12 h after the first irradiation. Then tumors were 
sectioned after 2 h of injection. The nuclei and vessels 
were respectively stained with DAPI and CD31, and nano-
particles were observed through the spontaneous fluores-
cence of DOX. Finally, tumor sections were observed 
under a fluorescence microscope.

Assessment of the Activation of NK Cells
Mice were randomly divided into two groups (saline, 
Her2-DSG NPs). Tumor tissues were taken from mice 4 
h after intravenous injection of nanoparticles or saline. The 
tumor tissue was put into a mixture of collagenase 4 
(C5138, Sigma) and DNA enzyme I (D106200, Aladdin), 
and incubated at 37°C for 30 min, and then the cell 
suspension was treated with cell filter. The blood samples 
in tumor were treated with 3 mL pre-heated RBC lysis 
buffer (11,814,389,001, Sigma) for 3 min, then diluted 
with PBS and washed. The cells were filtered with cell 
filter, washed with PBS, stained with PE labeled anti- 
mouse CD49b (558,759, BD Phamingen) and APC labeled 
anti-mouse CD3e (553,066, BD Phamingen), fixed, 
washed, and tested by flow cytometry successively. NK 
cells were labeled PE positive and APC negative.
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Statistical Analyses
The data were represented as mean ± SD. The compari-
sons of the mean value were performed by two-tailed 
Student’s t-test. P<0.005, P<0.01, and P<0.05 were con-
sidered significant. CLSM images and Western Blot 
images were obtained and signal intensities were calcu-
lated using ImageJ software.

Results
Nanoparticle Characterization
The nanoparticles were synthesized by a water-in-oil single 
emulsion solvent volatilization method. The morphology of 
nanoparticles was characterized by FESEM (Figure 2A and 
Figure S1). The nanoparticles have typical characteristics of 
spherical shape, smooth surface, and uniform size (Figure 
S1). The average diameter of DS NPs was 247±27.27 nm 
(Figure S2). After coating DS NPs with gold shell through 
the seeding method, the average diameter of DSG NPs 
increased to 285.7±81.4 nm (Figure S3). Following Li’s 
research,21 we adopted a weight ratio of DOX/PLGA of 1/ 
10 when synthesizing DOX-loaded nanoparticles. The 
absorption peak of DOX-loaded nanoparticles at 484 nm 
was significantly higher than that of drug-free nanoparticles, 
which indicated that the DOX was successfully loaded into 
nanoparticles. The DOX load content of DSG NPs was 3.1 
±0.66 wt.% through the concentration-absorption standard 
curve at different pH conditions (Figure S4 & S5). The 
nanoparticles encapsulated by the gold shell showed 
a distinct and wide distribution absorption peak in the NIR 
region (Figure 2B). The temperature of the nanoparticles in 
water (1 mL) was elevated when irradiated by a NIR laser 
(808 nm, 1 W/cm2), with the highest temperature ranging 
from 32.4°C (20 μg/mL) to 52.5°C (200 μg/mL), as shown in 
Figure 2C. Based on the pH responsiveness and photother-
mal responsiveness of PLGA, the cumulative DOX release of 
DSG NPs at pH 5.7 was up to 50.14%, while at pH 7.4, it was 
only 24.94% (Figure 2F). In addition, it could be seen from 
Figure 2G that NIR laser irradiation could promote the 
release of DOX from nanoparticles. Under confocal laser 
scanning microscopy, the green fluorescence of the NPs 
could be seen, which proved that the FITC-labeled Her2 
antibody was successfully attached to the surface of the 
nanoparticles. At the same time, the fluorescence of the 
DOX showed the successful encapsulation of it (Figure 5). 
The weight of encapsulated SPIO nanoparticles accounted 
for 2.88±0.11% of the total weight of NPs. The load of SPIO 
nanoparticles were measured via ICP-OES. With the rise of 

the iron concentration, the nanoparticles exhibited excellent 
contrast enhancement in T2-weighted MR imaging with a T2 
relaxivity of 345.31±23.06 mM−1s−1(Figure 2E). 
A significantly negative enhancement in T2-weighted ima-
ging shown in Figure 2E demonstrated that nanoparticles 
produced the T2-weighted imaging effect. PA imaging is 
due to the absorption peak of the gold shell on the surface 
of the nanoparticles in NIR region. Both the DOX-loaded 
and DOX-free nanoparticles were tested to decide whether 
DOX affects the effect of imaging. PA signal intensity 
increased linearly with the increase of the concentration of 
nanoparticles (Figure 2D), but there is no obvious difference 
between DOX-loaded and DOX-free nanoparticles was 
observed (Figure S6). In other words, the fluorescence of 
DOX has little impact on the PA imaging.

Cell Experiment
In vitro Cytotoxicity Assay
In vitro cytotoxicity of the nanoparticles was tested by 
CCK-8 viability assay. BT474 cells were incubated with 
SPIOs@PLGA@Au nanoparticles (SG NPs) of different 
concentrations ranging from 0 μg/mL to 200 μg/mL for 
24 h and 12 h. As Figure 3A shows, there was 
a negligible cytotoxicity of nanoparticles. Then, we 
evaluated the cytotoxicity of nanoparticles to normal 
human cell line of HUVEC with the same method, and 
the result showed that SG NPs had a similar cytotoxicity 
to the HUVEC line as it did to the BT474 cell line 
(Figure 3B).

Therapy Effect of Nanoparticles in vitro
Both the control group and control+laser group showed 
dense green fluorescence after staining as shown in Figure 
3C and D. The region with laser irradiation of NPs was dark 
without fluorescence, and the region without laser irradiation 
showed dense green fluorescence (Figure 3E and F). Those 
were the basis for targeted nanoparticles to eradicate tumor 
tissues precisely and reduce damage to normal tissue. As 
mentioned above, the photothermal effect could promote 
the release of DOX from nanoparticles. From the evaluation 
of photothermal effect on cellular uptake of DOX, it could be 
seen that the mean DOX fluorescence intensity in DSG NPs 
+ laser group was significantly higher than that of other 
groups (Figure 3G and H). BT474, BT474/Adr, MCF-7 and 
MCF-7/Adr cell lines treated in different ways showed dif-
ferent results. BT474/Adr cells incubated with DOX solution 
showed an unsatisfactory therapeutic effect, as did those co- 
incubated with DOX-loaded nanoparticles. However, the 
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combination of photothermal therapy and chemotherapy 
achieved significant therapeutic effects on both BT474 cells 
and BT474/Adr cells (Figure 4). Given these results, the 
effect of the combined therapy was better than that of single 
treatment, which might be due to the photothermal effect that 
promotes the uptake of more DOX by cells. A similar ther-
apeutic effect was seen in BT474/Adr cells, MCF-7 cells, and 
MCF-7/Adr cell lines.

Targeting Performance in vitro
The targeting performance in vitro was tested using Her2- 
expressed BT474 cells and MCF-7 cells without Her2 expres-
sion. The Her2-targeted nanoparticles were separately incu-
bated with BT474 cells, MCF-7 cells and BT474 cells with 
Her2 receptor blocked for 30 min, and DSG NPs were incu-
bated with MCF-7 cells or BT474 cells for the same time. 
From Figure 5, we see that BT474 cells (blue fluorescence) 

Figure 2 (A) FESEM images of DSG NPs. (B) UV-vis spectra of the nanoparticle aqueous solution at different stages of preparation process was drawn by the normalization 
method. (C) The temperature curves of different concentrations of DSG NPs under NIR laser irradiation (808 nm, 1 W/cm2) for 10 min and cooling for 10 min. (D) 
Measured photoacoustic signal intensity of DSG NPs at various concentrations (data expressed as mean ± SD, n = 4). (E) The relaxation rate and the T2-weighted MRI 
imaging of DSG NPs was measured by 0.5T analyzer. (F) DOX release profiles from DSG NPs at different pH. (G) DOX release profile from DSG NPs with six cycles of laser 
on/off (data expressed as mean ± SD, n = 3).
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were surrounded by a large amount of FITC-labeled (green 
fluorescence) Her2-targeted nanoparticles, while the others 
showed poor uptake ability. This demonstrated the targeting 
ability of the Her2-targeted nanoparticles towards Her2- 
positive cells (Figure 5). As could be seen from the quantified 
result of the count of nanoparticles uptake by one cell in Figure 
5, the Her2-positive BT474 cells had the highest uptake of 
nanoparticles (Figure S7).

Construction of BT474/Adr Cell and Validation 
of mdrl Gene Expression
The optimal range of MOI was determined by observing 
the efficiency of BT474 cell infection by EGFP gene- 
containing lentivirus. It can be seen from Figure 6A that 
the infection efficiency of MOI 20 reached 80%. 
According to the values of viral titer and MOI, BT474 
cells were infected by mdrl gene-containing lentivirus and 

Figure 3 (A and B) Cell viabilities of BT474 cells and HUVECs at various dosages of the SG NPs and different incubation time (data expressed as mean ± SD, n = 5, p > 
0.05). (C–F) Fluorescence microscopy images of BT474 cells treated in various ways stained with calcein AM ((C) control, (D) control + laser, (E) DSG NPs, (F) DSG NPs + 
laser, scale bar: 250 μm). (G and H) The mean fluorescence intensity of DOX uptake by different groups of different cells measured by flow cytometry. Data expressed as 
mean ± SD, n = 3, #p > 0.05, *p < 0.05.
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then screened with purinomycin for 1 week to construct 
BT474/Adr cells. Western blot was used to verify that 
lentivirus successfully infected cells (Figure 6B); qPCR 
was used to verify the expression of mdrl gene in BT474/ 
Adr cells and MCF-7/Adr cells (Figure 6B and C).

Expression of HSP70 and CRT Promoted by 
Nanoparticles
In this experiment, there was a significant temporal corre-
lation between the expression of HSP70 or CRT on BT474 
cells in the DOX group and that in the DOX-loaded 
nanoparticles group. A longer incubation time between 
agent and cells was associated with the higher expression 
of HSP70 and CRT on cells. In the same period, the DOX- 
loaded nanoparticle group had a higher expression level of 
HSP70 than that in the DOX group, but the expression of 
CRT in DOX group was higher than that in the DOX- 
loaded nanoparticle group (Figure 7). The reason might be 

that metal could stimulate the expression of HSP70.39,40 In 
addition, we prepared PLGA@Au NPs (excluding the 
influence of DOX and SPIOs) and found that photothermal 
effect could also enhance the expression of HSP70 (Figure 
S8). Photothermal effect could also induce an ICD effect 
on BT474/Adr cells (Figure S9), which showed 
a promising therapeutic potential in drug-resistant cells. 
There is no doubt that the photothermal effect amplified 
the ICD effect, which enhanced the immune activation of 
chemical-photothermal therapy. The expression of CRT 
was mainly affected by DOX. The experimental results 
indicated that there was little difference in CRT expression 
between the DOX group and the nanoparticle group at 2 h, 
but the expression level of CRT in DOX group was higher 
than that in the nanoparticle group after 24 h of incubation, 
and the expression of CRT was elevated as the incubation 
time increased. This result was partially validated by the 

Figure 4 Cell viability of BT474, BT474/Adr, MCF-7 and MCF-7/Adr cells tested by CCK-8 after being treated in different ways (control, control with laser, SG NPs, SG NPs 
with laser, DSG NPs, DSG NPs with laser, DOX, DOX with laser; the above groups all had two levels of concentrations: 100 μg/mL, 200 μg/mL), data expressed as mean ± 
SD, n = 4.
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previous reported research18 on drug release behavior of 
nanoparticles, which is characterized by a rapid release at 
initial phase, and slowing down gradually at terminal 
phase. BT474/Adr cells arrived at similar results.

Animal Experiment
Toxicity of NPs in vivo
Blood samples were taken from the eyes of mice injected 
with Her2-DSG NPs (200 μL, 7 mg/mL) intravenously at 
the time points of 24 h and 15 days after injection, respec-
tively. The blood biochemical indicators, including myo-
cardial enzyme spectrum, liver function, renal function 
and inflammatory indices, were tested. In addition, blood 
biochemical indices of the mice (Her2-DSG NPs with 
laser) after 20 days of treatment were also examined. As 
shown in Figure 8A, after 24 h of the intravenous injection 
of NPs, there was slight acute inflammation in mice, which 
might be due to the exclusive reaction or incomplete 
sterilization of nanoparticle solution. The results of 

myocardial enzyme spectrum showed that nanoparticles 
were biologically safe to all groups of mice. Although 
there was a slight elevation in several indicators, generally 
the effect of nanoparticles was within the safe range. 
Based on the above data, we further assessed the biosafety 
of nanoparticles by analyzing the histopathology of the 
heart, lung, liver, spleen, and kidney. No substantial 
damage to the major organs was found in H&E section 
(Figure 8B).

MRI/PA Imaging in vivo
When the tumor volume reached ~200 mm3, nine mice 
were classified into three groups. The first group was 
injected with Her2-DSG NPs, the second group with 
DSG NPs, and the control group with saline only. In 
order to evaluate the tumor-targeted accumulation of nano-
particles in vivo, MRI and PA imaging were used to 
monitor the changes in tumor at 0.5 h, 1 h, 2 h, 6 h, 
24 h after the intravenous injection of nanoparticles 

Figure 5 Confocal laser scanning microscopy images of BT474 cells incubated with Her2-DSG NPs (1st column), DSG NPs (2nd column), and Her2-DSG NPs with herceptin 
(3rd column), MCF-7 cells incubated with Her2-DSG NPs (4th column) and DSG NPs (5th column), scale bar: 25 μm. Confocal laser scanning microscopy images of antibody 
connection and drug loading of Her2-DSG NPs (dashed box), scale bar: 50 μm.
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(200 μL, 7 mg/mL). MRI measurements were made using 
a Bruker BIOSPEC70/20USR 7.0T MRI scanner. It was 
found that the Her2-targeted nanoparticles showed a trend 
of gradual enrichment and then regression in the tumor 
site, and the content of nanoparticles was the highest in 
tumor after 2 h of intravenous injection (Figure 9A). The 
1/T2 signal trend in tumor was similar to T2-weighted 
images (Figure 9B), which peaked at 2 h post injection 
using Her2-targeted nanoparticles. There were no signifi-
cant differences in the signal intensity changes in the non- 
targeted nanoparticles group and saline group. A MOST 
inVision 128 scanner was employed for PA imaging, 
which indicated that the targeted nanoparticles group also 
reached the peak of signal intensity at 2 h after intravenous 
injection (Figure 9C and D). This result was consistent 
with that of MRI imaging in vivo.

Therapy Effect of Nanoparticles in vivo
Following the results of the in vivo imaging, we selected 
the time point of 2 h after intravenous injection for irradia-
tion. Before irradiation, sodium pentobarbital (0.7%) was 

injected intraperitoneally (dose: 200 μL/20 g). The tem-
perature of the tumor in the targeted group was signifi-
cantly higher than that in the non-targeted group and the 
control group, and met the requirement of killing tumor. 
By tracking variations in tumor volume, we were surprised 
to find that the tumors in the Her2-DSG NPs + laser group 
were inhibited significantly after treatment within 10 days 
compared with those in the Her2-SG NPs + laser group 
(Figure 10A). Compared with the control group, the laser 
irradiation groups (Her2-DSG NPs + laser, Her2-SG NPs 
+ laser, DSG NPs + laser and SG NPs + laser), the targeted 
drug delivery groups (Her2-DSG NPs and DSG NPs) and 
DOX group all showed slight inhibition of tumor growth 
(Figure 10B). In other words, among all the groups, Her2- 
DSG NPs + laser group had the best therapeutic effect (the 
mean tumor volume decreased to 8.19 ± 5.05% of the 
initial volume). H&E stained and TUNEL results sug-
gested that tumor tissues were significantly destroyed and 
the number of apoptotic tumor cells increased after the 
therapy (Figure 11). In order to achieve a better 

Figure 6 (A) The infection efficiency of lentivirus on BT474 cells was observed by fluorescence microscopy (×100 magnification). (B and C) Relative expression level of 
mdrl gene in BT474/Adr cells and MCF-7/Adr cells measured by qPCR method, Western blot was used to detect the expression of FLAG to evaluate the constructed 
BT474/Adr cells by lentivirus infected BT474 cells (data expressed as mean ± SD, n = 3, *p < 0.05).
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therapeutic effect, a second treatment was given on day 10. 
Since the first photothermal treatment reduced the CAFs in 
tumor, the nanoparticles in tumor had accumulated more 
than before,19 and the photothermal effect was further 
enhanced in the second treatment. During the irradiation, 
the temperature first rose to a short plateau period, and 
then rose again (Figure 10C and D). It can be seen from 
the IR thermal images (Figure 10E) that the temperature of 
targeted groups in the second treatment was higher than 
that in the first treatment. This phenomenon could be 
explained by the EPR effect. The body weight of mice 
from various groups did not change significantly during 
the 20-day period (Figure S10 & S11).

Effect of Nanoparticles on Expression of HSP70 and 
CRT in Tumor
At the cellular level, we found that low doses of DOX and 
DOX-loaded nanoparticles could promote the expression of 
HSP70 and CRT. Therefore, we decided to detect the expres-
sion of HSP70 and CRT in tumor in the second hour after the 
intravenous injection of nanoparticle solution (7 mg/mL). 
The experimental group of HSP70 expression was divided 
into five groups (control, control + laser, DOX, Her2-SG 
NPs, Her2-DSG NPs). As Figure 12A shows, when intrave-
nously injected targeted nanoparticles reached the tumor, the 
secretion of HSP70 increased significantly. The results of 
quantitative analysis revealed that there were statistically 

Figure 7 Flow cytometry results of the expression of HSP70 and CRT on the surface of BT474 cells and BT474/Adr cells in different groups (treated with DOX for 2 h, 
treated with DSG NPs for 2 h, treated with DOX for 24 h, treated with DSG NPs for 24 h). The mean fluorescence intensity of HSP70 (or CRT) expression was analyzed by 
software FlowJo V10 (all the blue histogram as control, the red histogram as experiment groups). Data expressed as mean ± SD, n=3, #p> 0.05, *p < 0.05.
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Figure 8 (A) The blood biochemistry of mice were measured at different times after Her2-DSG NPs (200 μL, 7 mg/mL) intravenous injected, and the blood biochemistry of 
untreated mice was used as control (data expressed as mean ± SD, n = 3, #P > 0.05, *P < 0.05). (B) Microscope images of H&E stained tissues in various organs (×400 
magnification). Treatment group: the mouse samples came from the Her2-DSG NPs with laser group in tumor therapy experiment.
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significant differences between treated and untreated 
groups (Figure 12B). Besides, the elevation of temperature 
was also proved to be able to improve the expression of 
HSP70. Both DOX-loaded nanoparticles and DOX solution 
could improve the expression of HSP70 in the tumor, but 
HSP70 expression in the Her2-DSG NPs group was higher 
than that in the DOX group. It was consistent with the results 
of the in vitro experiment, which indicated that the expres-
sion of HSP70 on cells was promoted more by the DOX- 
loaded nanoparticles than by the DOX group. The immuno-
histochemical results of the tumor were consistent with 
those of Western blotting method (Figure 12C). Mice 
were divided into four groups (saline, DOX, Her2- 
SG NPs and Her2-DSG NPs) to observe the effect of nano-
particles on expression of CRT in tumor. The expression of 

CRT in the Her2-DSG NPs group and DOX group was 
higher than that in the saline group and Her2-SG NPs 
group (Figure 12D–12F).

Photothermal Mediated Tumor Remodeling and 
Promotion of Nanoparticles Accumulation in Tumor
The CAFs (red fluorescence +/ green fluorescence -) in 
tumor was significantly reduced in the photothermal 
group, while tumor injected with nanoparticles without 
laser irradiation and those injected with saline showed 
significant CAFs presence (Figure 13A). The quantified 
results of CAFs and CD31 showed that there were statis-
tically significant differences between the tumor with and 
without laser irradiation (Figure 13B). These results pro-
vided a good environmental basis for subsequent 

Figure 9 (A) T2-weighted MR imaging of a BT474 mice xenograft tumor (red dashed circles) at different times (0 h, 0.5 h, 1 h, 2 h, 6 h, 24 h). (B) T2 relaxation rate (1/T2 
(s−1)) of region of interest (ROI) of tumor at different times. (C) Photoacoustic imaging of a BT474 mice xenograft tumor at different times (0 h, 0.5 h, 1 h, 2 h, 6 h, and 24 
h). (D) Signal intensity of ROI of tumor at different times. Data expressed as mean ± SD, n=3.
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chemotherapy and the eradication of tumor cells by 
immune cells. Twelve hours after the tumor was irradiated 
by laser, the mice were injected with Her2-DSG NPs 
again. The immunofluorescence results of the tumor tissue 
showed that more nanoparticles (green fluorescence) 
appeared in tumor irradiated with laser than in tumor 
without irradiation (Figure 13C). The quantified results 
of the fluorescence of DOX wrapped in nanoparticles 
showed that there were statistically significant differences 
between the tumor with and without laser irradiation 
(Figure 13D). In addition, since CD49b was a specific 
marker of NK cells in mice, its expression was detected 
by FCM to assess the number of NK cells accumulated in 

tumor. Mice injected with Her2-DSG NPs intravenously 
had more NK cells accumulated in tumor than untreated 
mice did (Figure 13E and 13F).

Discussion and Conclusion
Traditional treatment methods for breast cancer are inef-
fective due to the protection effect of the tumor microen-
vironment to tumor cells, and it is hard to make 
a diagnosis at an early stage.41,42 In addition, based on 
the low immunogenicity of tumor cells, tumor cells often 
do not result in an immune response. Study have shown 
that CAFs around the tumor cells could effectively block 
the intake of drugs into tumor cells.19 Traditional 

Figure 10 (A and B) The curve of relative tumor volume variations with different treatments during the 20 day monitoring period, the 1st treatment and 2nd treatment 
were performed on day 1 and day 10 respectively, data expressed as mean ± SD, n = 3. (C and D) The temperature variations of tumor under laser irradiation (10 min, 808 
nm, 1 W/cm2) during 1st treatment and 2nd treatment. (E) IR thermal images of various treatment groups.
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nanomedicine cannot accumulate actively around the 
tumor through blood vessels, and only a small fraction of 
nanoparticles accumulate in the tumor.14,15 Above all, low 
treatment efficiency is bound to drug resistance of tumor 
cells,43,44 thus leading to poorer prognosis of cancer 
patients.

In this study, we developed Her2-DOX 
-SPIOs@PLGA@Au nanoparticles for breast cancer treat-
ment. PLGA is one of the most widely used and successful 
nanocarriers in nanomedicine studies.16,45,46 Moreover, the 
drug-loading PLGA has the characteristics of pH- 
responsiveness and photothermal-responsiveness.18,21 

This provides the basis for controllability of drug release. 
Similarly, gold has been widely used in cancer 
treatment.38,47,48 Compared with chemotherapy, photother-
mal effect mediated by gold has the advantage of repea-
table treatment in a short time period with low toxicity and 
does not lead to drug resistance. In addition, studies19,20 

show that photothermal therapy can remodel the tumor 
microenvironment by decreasing the number of CAFs in 
the tumor, and enhance the accumulation of nanomedicine 
after the stroma decreased. This property of gold in the 
NIR region also makes it useful for PA imaging.47,48 As 
a new imaging method, PA imaging has been popular 
among researchers in recent years. It has the same char-
acteristics as ultrasound imaging, such as non-radiation 
and real-time imaging. Hengte Ke et al.16 combine the 

real-time performance of US imaging with the high spatial 
resolution of MRI imaging to improve the diagnostic cap-
ability. In our study, we also realized PA/MRI dual-modal 
imaging through MRI imaging based on SPOIs, and guide 
the nanomedicine treatment of breast cancer.

Her2-positive breast cancer is sensitive to che-
motherapeutic drugs,49,50 which results in better che-
motherapeutic effect. The Her2-targeted nanoparticles 
we developed are promising in the treatment of Her2- 
positive breast cancer. This nano-delivery system can 
reduce the concentration of chemotherapeutic drugs in 
normal tissue and increase the concentration of drugs 
in the tumor site, which can compensate well for the 
disadvantages of traditional chemotherapy for breast 
cancer. In addition, the pH and photothermal respon-
siveness of PLGA combined with the targeting function 
of NPs make the delivery of chemotherapy drugs more 
controllable, which effectively reduces the toxicity to 
normal tissues caused by these drugs. Moreover, the 
raw materials for the synthesis of nanoparticles have 
superior biosafety and biocompatibility.16,45 All the 
above efforts have maximized the biosafety, specificity, 
and controllability of the Her2-DSG NPs we 
developed.

Recently, chemical-photothermal induced ICD effect of 
tumor cells has become a novel strategy for tumor 
immunotherapy.30 Tumor cells that undergo ICD effect 

Figure 11 Representative photos of BT474 xenograft tumor mice modal with various treatments at 0 day, 10 day and 20 day during the period of treatment, H&E and 
TUNEL images of tumor tissues at the end of the 20 days (H&E, TUNEL: ×400 magnification).
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can release immunostimulatory molecules, such as HSP70, 
CRT, and high mobility group box 1 (HMGB 1).36,51 

These immunogenic proteins enhance the ability of 
immune cells to recognize tumor cells. More importantly, 
DOX has been reported to enhance antitumor immuno-
genicity by inducing an ICD effect.27 Therefore, the DOX- 

loaded nanoparticles we developed can enhance the ICD 
effect at a tumor site specifically. Moreover, tumor micro-
environment remodeling mediated by photothermal ther-
apy increases the accessibility of nanoparticles to tumor 
cells,19 which undoubtedly amplifies the antitumor and 
ICD effect brought by DOX.

Figure 12 (A) Expression of HSP 70 in BT474 tumor tissue after various treatments (saline, DOX, saline with laser, Her2-SG NPs, Her2-DSG NPs) through Western blot. 
(B) The quantitative analysis of Western blot; (C) The immunohistological analysis images of the expression of HSP 70 on tumor tissues (×400 magnification). (D) 
Expression of CRT in BT474 tumor tissue after various treatments (saline, DOX, Her2-SG NPs, Her2-DSG NPs) through Western blot. (E) The quantitative analysis of 
Western blot. (F) The immunohistological analysis images of the expression of CRT on tumor tissues (×400 magnification). Data expressed as mean ± SD, n = 3, #p>0.05, 
*p<0.05. Saline group as control.
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However, we only developed a BT474 breast cancer 
cell nude mice model, and lacked a BT474/Adr breast 
cancer model. We will conduct a systematic study on the 

treatment of BT474/Adr breast cancer models in future 
studies. Moreover, T-cell immune activation could not be 
evaluated in the nude mice model, which has no thymus. 

Figure 13 (A) The CLSM images of the number of CAFs in tumor tissues treated in different ways (Her2-DSG NPs with laser, Her2-DSG NPs, saline; scale bar: 250 μm). 
(B) The quantitative analysis of average optical density of CD31 and α-SMA was measured by software Image J. (C) The CLSM images of the distribution of nanoparticles in 
tumor. (D) The quantitative analysis of average optical density of DOX wrapped in nanoparticles was measured by software Image J. (E) Flow cytometry analysis of NK cells 
in tumor tissues treated in different ways (Her2-DSG NPs, saline). (F) The mean fluorescence intensity of PE. Data expressed as mean ± SD, n = 3, *p<0.05.
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Therefore, only NK cells and other non-specific immune 
activation were evaluated in our study.

In conclusion, we successfully prepared Her2-DOX 
-SPIOs@PLGA@Au nanoparticles. In our study, nano-
particles showed their Her2-targeting function and better 
antitumor effect. Chemical-photothermal therapy of 
nanoparticles can enhance the expression of HSP70 
and CRT in tumor cell or tissue, which realizes immune 
activation based on an ICD effect. In addition, the tumor 
microenvironment remodeling mediated by photothermal 
therapy amplifies the antitumor effect of chemical- 
photothermal therapy and the ICD effect. These results 
indicate that the design of this treatment strategy is very 
promising.
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