
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:2

5:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A novel nanodru
Henan Polytechinc University, Jiaozuo, Hen

hpu.edu.com; Wuchunhong@hpu.edu.com

† Electronic supplementary informa
https://doi.org/10.1039/d4ra01611d

Cite this: RSC Adv., 2024, 14, 21292

Received 1st March 2024
Accepted 4th June 2024

DOI: 10.1039/d4ra01611d

rsc.li/rsc-advances

21292 | RSC Adv., 2024, 14, 21292–2
g for the sensitization of
photothermal chemotherapy for breast cancer in
vitro†

Ji Chuan Kong, * Feng Zhou, Liting Shi, Yihui Wei and Chunhong Wu*

Owing to the complexity of tumor treatment, clinical tumor treatment has evolved from a single treatment

mode to multiple combined treatment modes. Reducing the tolerance of tumors to heat and the toxicity of

chemotherapy drugs to the body, as well as increasing the sensitivity of tumors to photothermal therapy and

chemotherapy drugs, are key issues that urgently need to be addressed in the current cancer treatment. In

this work, polylactic acid-based drug nanoparticles (PLA@DOX/GA/ICG) were synthesized with good

photothermal conversion ability by encapsulating the water-soluble anticancer drug doxorubicin (DOX),

photothermal conversion agent indocyanine green (ICG) and liposoluble drug gambogic acid (GA) using

a double emulsion method. The preparation process of PLA@DOX/GA/ICG was examined. Gambogic

acid entrapped in PLA@DOX/GA/ICG nanoparticles could act as an HSP90 protein inhibitor to achieve

bidirectional sensitization to chemotherapy and photothermal therapy under 808 nm laser irradiation for

the first time, effectively ablating breast cancer cells in vitro. This nanodrug was expected to be used for

the efficient treatment of tumors.
1 Introduction

Cancer is the second leading cause of death globally, with an
increasing incidence due to the world's aging population.1 The
occurrence and development process of malignant tumor is
a multi-stage complex process involving multiple factors and is
regulated by multiple signaling pathways.2–4 In the past, the
clinical treatment effect on a single target was oen not ideal.5,6

The use of a specic target to achieve multi-point blockade of
the malignant tumor signaling pathway network, thereby dis-
rupting the entire signaling pathway network, has become a hot
and complex topic in the medical eld of cancer research.7 The
heat shock protein HSP90 plays an important role in numerous
cell transduction pathways related to the occurrence, develop-
ment, invasion, and metastasis of various malignant tumors.8–10

Numerous studies worldwide have shown that the expression of
HSP90 in malignant tumor tissues was 2–10 times higher than
that in corresponding normal tissues.11,12 HSP90 has a vast
variety of client proteins, including Bcr/Ab1, ErbB2 (Her2),
EGFR, Raf, Akt, MEK, and Src.13–17 Among them, multiple
customer proteins are protein kinases or transcription factors
that play important roles in cell signal transduction pathways
related to malignant tumor growth, invasion, and metastasis.
By blocking the binding of HSP90 to client proteins, the
an, 45400, China. E-mail: kongjichuan@

tion (ESI) available. See DOI:

1299
biological activity of various client proteins related to the
occurrence and development of malignant tumor could be lost,
thus achieving the goal of “one target and multiple effects”.
Chemotherapy is the most commonly used method for cancer
treatment. However, multidrug resistance to many chemother-
apeutic molecules is easy to occur during the process of tumor
chemotherapy, which limits its clinical application.18–20 Photo-
thermal therapy as an emerging strategy has gained increasing
attention in cancer therapy recently.21–27 NIR photothermal
ablation could induce hyperthermia damage in cancer cells and
tumor mass with deep tissue penetration. More importantly,
the hyperthermia effect has been demonstrated to augment the
cytotoxicity of some chemotherapeutic agents in vitro and in
vivo, resulting in enhanced therapeutic efficacy for the treat-
ment with low dosage of the drug. The combination of hyper-
thermia and chemotherapy has proven to be effective in
optimizing the efficacy of some cancer cells.28–32 However, under
external stimuli such as drugs and photothermal therapy,
tumor cells were always induced to produce heat shock protein
HSP90 and increased the stress tolerance of the tumor to drugs
and tumor ablation. Therefore, blocking the chaperone effect of
HSP90 molecules was expected to improve the sensitivity of
tumor chemotherapy, hyperthermia and other tumor ablation
techniques.25,33,34 In recent decades, researchers have succes-
sively applied HSP90 inhibitors for the prevention and treat-
ment of prostate cancer, breast cancer, lung cancer, melanoma,
chronic myeloid leukemia, multiple myeloma and other
malignant tumors,35–37 and many HSP90 inhibitors have also
entered clinical trials.38 Natural drugs have always been an
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra01611d&domain=pdf&date_stamp=2024-07-05
http://orcid.org/0000-0002-4114-1614
https://doi.org/10.1039/d4ra01611d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01611d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014030


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:2

5:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
important source of lead compounds discovered in the devel-
opment of new antitumor drugs. Research has found that the
natural product gambogic acid, as a novel HSP90 inhibitor,
could bind to the C-terminal binding site of HSP90 and inhibit
its binding to customer proteins.39,40 It could effectively inhibit
tumor cell proliferation in vitro and mouse-transplanted tumor
models.41 As a potential anticancer drug, it has been used in
phase II clinical trials of non-small cell lung cancer, colon
cancer and kidney cancer.42 The FDA-approved angiographic
agent indocyanine green (ICG) shows excellent photothermal
conversion efficiency.43,44 Nanosized drug delivery systems are
considered a promising platform for cancer therapy as the
nanoparticle delivery vehicles have unique abilities of enhanced
permeation and retention effect (EPR) to overcome biological
barriers, high loading efficiency, improved drug accumulation,
targeted lesion sites, controlled drug release and prolonged
pharmacological effects.45–49 The preparation of biocompatible
nanodrugs by co-loading doxorubicin50 with ICG and GA could
be expected to achieve bidirectional sensitization for chemo-
therapy and photothermal therapy, reducing the non-specic
toxic side effects of doxorubicin and gambogic acid. The
inhibitory effect of gambogic acid on the tumor predictive
marker HSP90 could be used to achieve the treatment of “one
target, multiple effects” on tumor. Therefore, we used FDA
approved polylactic acid (PLA) as a carrier for pharmaceutical
excipients, and co-encapsulates gambogic acid, doxorubicin
and indocyanine green through a step-by-step emulsication
method to prepare a multi-effect composite nanodrug, and
investigated its combined ablation mechanism on tumor cells.
2 Materials and methods
2.1 Materials

All chemicals and reagents were used without further purica-
tion unless otherwise noted. Dulbecco's minimum essential
medium (DMEM) cell culture medium, fetal bovine serum and
trypsin were obtained from Gibco (USA), 40,6-diamidino-2-
phenylindole (DAPI) was purchased from Aladdin Reagent
Co., Ltd (Shanghai, China). Thiazolyl blue (MTT) was obtained
from Sigma-Aldrich (USA), dimethyl sulfoxide (DMSO) was ob-
tained from Shanghai Biotech (China), polylactic acid (PLA)
Poly-DL-active 0.70 dl g−1 were obtained from Shandong
Medical Device Research Institute, polyvinyl alcohol (PVA,
[C2H4O]n 86–89%) were obtained from Alfa Aesar; Span-80 was
obtained from Sigma-Aldrich (USA), ICG, GA and DOX were
obtained from J&K Chemical Technology Company (Beijing,
China), the experimental water was deionized water.
2.2 Preparation of nanomedicine

100 mg of PLA and 10 mg of GA were dissolved in 2 mL of
dichloromethane as the organic phase. 10 mg of indocyanine
green and 10 mg of doxorubicin hydrochloride were dissolved
in 0.4 mL of deionized water as the aqueous phase. The aqueous
phase was added dropwise to the organic phase followed by the
addition of 3 drops of Span-80. Ultrasound dispersion was
performed to form colostrum, then poured into a 2% PVA
© 2024 The Author(s). Published by the Royal Society of Chemistry
solution, further sonicated dispersion was performed and
dichloromethane was evaporated by stirring. The precipitate
aer centrifugation was dispersed in deionized water, freeze-
dried at low temperature, and stored at 4 °C for future use.
The encapsulation efficiency (EE) and drug loading (LC) of the
drug were calculated using the following formula:

LC ¼ W0 �W1

W2

� 100% (1)

EE ¼ W0 �W1

W0

� 100% (2)

W0, W1, and W2 represent the initial DOX addition, the DOX
content of the supernatant aer centrifugation and the weight
of the centrifuged precipitate aer freeze drying, respectively.

2.3 Particle morphology characterization

The zeta potential and particle size distribution of multifunc-
tional nanoparticles were measured using a dynamic light
scattering laser particle size analyzer and zeta potential analyzer
(He Ne laser light source: wavelength 632.8 nm). The method
was used as follows: the prepared PLA@DOX/GA/ICG nano-
particle solution was sonicated in a water bath and diluted to
a certain concentration, resulting in photon numbers ranging
from 100 to 500 kcps during the sample testing process at room
temperature of 25 °C.

The surface morphology of the multifunctional nano-
particles was characterized using the Quanta 200 FEG scanning
electron microscope (accelerated voltage 20 kV) from FEI
company in the United States. The method was as follows:
a certain concentration of PLA@DOX/GA/ICG nanoparticles
solution was prepared, and a micropipette was used to transfer
a small amount of the sample solution that was dropped on
a clean and at silicon wafer, which was placed at 25 °C to dry,
and gold was sprayed in vacuum for 2 minutes, followed by
observations under a scanning electron microscope.

2.4 UV-vis spectroscopy

Scanning tests were conducted using a microplate reader at
wavelengths between 400 and 900 nm to determine the absorption
changes of the nanoparticle-loaded drugs from UV-vis spectra.

2.5 Photothermal performance

Different concentrations (0, 0.0625 mg mL−1, 0.125 mg mL−1,
0.25 mg mL−1, 0.5 mg mL−1, and 1.00 mg mL−1) of NPs were
deposited into quartz tubes and then subjected to an 808 nm
continuous-wave laser at a power density of 1.0 W cm−2 for
5 min. A thermocouple probe with an accuracy of ±0.1 °C was
inserted into the aqueous solution to measure the temperature
change. The photothermal stability of NPs was also examined
for 5 cycles. The photothermal conversion efficiency (h) was
calculated using the following formula:

h ¼ hSDTmax �QS

I
�
1� 10�A

� ¼ hSðDTmax � DTmaxsÞ
I
�
1� 10�A

� (3)
RSC Adv., 2024, 14, 21292–21299 | 21293
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Fig. 1 Size distribution of PLA @DOX/GA/ICG nano-particles: (a) 0.5%
PVA, ultrasonic dispersion for 30 s; (b) 1% PVA, ultrasonic dispersion for
30 s; (c) 1% PVA, ultrasonic dispersion for 3 min; (d) 2% PVA, ultrasonic
dispersion for 3 min.
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hS ¼ msCS

s
(4)

where DTmax represents the temperature change of the sample
at the maximum steady-state temperature; DTmaxs represents
the temperature change of the solvent at the maximum steady-
state temperature; I is NIR laser power density; A represents the
808 nm absorbance of sample; Cs and ms are the heat capacity
and mass of solvent, respectively; s is the sample system time
constant, which can be determined by the linear curve tting of

temperature cooling time vs. its ln
DT

DTmax
Fig. 2 (a and b) UV-vis absorption spectrum of medicine and nanopartic
properties of nanodrugs.

21294 | RSC Adv., 2024, 14, 21292–21299
2.6 In vitro stimuli-responsive release from the PLA@DOX/
GA/ICG

PBS with different pH values (5.0 and 7.4) were selected as the
release medium to study the pH-responsive release behavior of
PLA@ DOX/GA/ICG. Briey, 10 mL of PBS containing
PLA@DOX/GA/ICG was added to a dialysis tube [molecular
weight cut-off (MWCO) = 14 kD] immersed in 100 mL of release
medium under gentle stirring at 37 °C or 45 °C. Release
medium (2 mL) was collected at the given time intervals and
2 mL of fresh medium was added to the solution. The collected
solution was used to measure the concentration of DOX using
a UV-vis spectrophotometer at 480 nm.
2.7 In vitro cytotoxicity assays

The cytotoxicity was studied by MTT assay using 4T1 cells by
taking the logarithmic growth stage cells and digesting themwith
trypsin to suspend them in the culture medium. The cells were
seeded into a 96-well cell culture plate at 1 × 105 per well under
100% humidity and were cultured at 37 °C and 5% CO2. Aer the
cells adhered to the wall, they were cultured in media containing
different nal concentrations of the drugs. Each concentration
was set with 6 wells and a blank control group (without cells, only
the same volume of media was added) was also set. Cultivation
was continued in an incubator at a temperature of 37 °C and
a CO2 concentration of 5% for 24 hours. MTT 100 mL was added
to each well (concentration 0.5 mgmL−1), further cultivating it in
an incubator at 37 °C with a CO2 concentration of 5% for 4 hours.
The supernatant was carefully removed and 150 mL of DMSO was
added per well. The mixer was shaken for 10 minutes and the
light absorption value (i.e. OD value) was detected for each well
les; (c) SEM image of PLA@DOX/GA/ICG nanoparticles; (d) DOX release

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cell at 570 nm using a Microplate reader. The cell survival rate
was calculated using the following formula:

The survival rate of the cell = (OD value of experimental group

cell − OD value of blank control group)/(OD value of control

group cell − OD value of blank control group) × 100%

2.8 Cellular uptake

Mouse breast cancer 4 T1 cells were cultured in normal DMEM
culture medium with 10% FBS and 1% penicillin/streptomycin
in 5% CO2 and 95% air at 37 °C in a humidied incubator. The
cellular uptake of PLA@DOX/GA/ICG nanodrugs was investi-
gated using a uorescence microscope. The tumor cells were
seeded at a density of 1 × 105 cells per well into a 35 mm Petri
dish and incubated at 37 °C for 12 h. Then, PLA@DOX/GA/ICG
solutions were diluted to a nal concentration of 100 mg mL−1

and cells were incubated for 3 h at 37 °C with DMEM as the
control group. The cell monolayers were washed three times
with phosphate-buffered saline (PBS, pH 7.4) and xed with 4%
paraformaldehyde for 30 min. Nucleus staining was performed
with DAPI. Aer washing with PBS, cells were observed using
a uorescence microscope.

2.9 Apoptosis assay

4T1 cells in a 6-well plate were cultivated for 12 h, then
PLA@Dox, PLA@Dox/GA, PLA@GA, PLA@ICG, PLA@GA/ICG
2 mL (content Dox 5 mg mL−1, GA 5 mg mL−1) were placed
into the cell wells. Aer culturing for 4 h, the cells were irradi-
ated with or without a NIR laser (1 W cm−2) for 5 min and
washed with PBS several times. AnnexinV-FITC and 7-AAD
staining solution were added to the cell wells. They were then
stained for 15 min under avoiding light. The apoptosis/necrosis
status of the cells was then analyzed using ow cytometry.
Fig. 3 Photothermal performance of PLA@DOX/GA/ICG; (a) and (b)
real-time temperature measurement of PLA@DOX/GA/ICG suspen-
sions (500 mg mL−1, PLA@ DOX/GA/ICG1mL) under cycle laser irradi-
ation (1 W cm−2) for four cycles. Each cycle consisted of 5 min
irradiation, followed by a cooling phase; (c) temperature elevation
curves of PLA@DOX/GA/ICG suspensions at a concentration of 500 mg
mL−1, exposed to an 808 nm laser at various power densities; (d)
temperature elevation curves of PLA@DOX/GA/ICG suspensions at
various concentrations exposed to 1 W cm−2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.10 Statistical analysis

The signicance of experimental results was analyzed by a one-
way variance (ANOVA) test and two-tailed Student's t-test using
the Prism 5.0 soware. Probabilities p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***) were marked in each gure, and 0.05 was
chosen as the signicance level.
3 Results and discussion
3.1 Preparation and characterization of nanodrugs

Step-by-Step Emulsication Method (“W/O/W”) was used to
prepare drug loaded nanoparticles. The results indicated that
both the ultrasonic dispersion time and the concentration of
stabilizers attached had an impact on the particle size of
nanoparticles. In 0.5% and 1% PVA solutions, 30% amplitude
of the ultrasound dispersion was performed for 30 seconds,
and dynamic light scattering was used to monitor the
prepared nanoparticles with particle sizes of about 580 nm
and 450 nm, Fig. 1a and b, respectively. This indicated that
increasing the concentration of stabilizers could effectively
increase the dispersion of nanoparticles and reduce their
particle size distribution. Under the same conditions,
extending the ultrasonic dispersion time to 3 minutes resulted
in a reduction in the particle size of nanoparticles to approx-
imately 300 nm and 130 nm (see Fig. 1c). However, as the
concentration of the stabilizer increased and the ultrasound
dispersion time prolonged, the encapsulation efficiency of the
anticancer drug doxorubicin decreased from 91.4% to 70.1%
(Table s1†). Considering the comprehensive factors, 2% PVA
and ultrasonic dispersion for 3 minutes were used to prepare
nanoparticles loaded drug (PLA@GA/DOX/ICG) for photo-
thermal chemo-therapy. The UV-vis absorption curve showed
characteristic absorption peaks of gambogic acid, doxorubicin
and indocyanine green at 360 nm, 480 nm and 800 nm,
respectively (see Fig. 2b), indicating that the prepared nano-
particles could achieve effectively drug encapsulation. The
drug loading rates of gambogic acid, doxorubicin and indoc-
yanine green were calculated using the standard curve method
to be 5.81%, 4.51% and 5.01%, respectively. The UV visible
absorption spectrum indicated that the increase in the
maximum absorption redshi of indocyanine green encap-
sulated in nanoparticles was 20 nm, and shied to 800 nm
(see Fig. 2a), effectively overlapping the spectrum of the widely
used 808 nm laser for photothermal effects,51 which could
further enhance the photothermal conversion efficiency. The
particle size distribution investigated by dynamic light scat-
tering was between 100–300 nm and these size particles could
be engulfed by cells.52 The scanning electron microscopy
image showed that the drug-loaded nanoparticles were
spherical and the particle size was consistent with the
dynamic light scattering results (see Fig. 1d and 2c), but some
aggregation was caused by the evaporation of the dispersed
solvent. The zeta potential value of the PLA@GA/DOX/ICG
aqueous dispersion system was −10.61 mV, indicating that
the prepared drug-loaded nanoparticles could be stably
dispersed in an aqueous medium.53
RSC Adv., 2024, 14, 21292–21299 | 21295

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01611d


Fig. 4 Viability of 4T1 cells incubatedwith the nanoparticles or free DOX/GA/ICG at different concentrations with and without NIR irradiation at 1
W cm−2. (a) Cell viability of 4T1 cells incubated with PLA@DOX and PLA@DOX/GA for 24 hours; (b) cell viability of 4T1 cells incubated with
PLA@DOX/GA and free DOX/GA for 24 hours; (c) cell viability of 4T1 cells incubated with PLA@DOX/GA and free DOX/GA for 24 hours; (d) cell
viability of 4T1 cells incubatedwith PLA@ICG/GA using laser or without laser treatment; (e) cell viability of 4T1 cells incubatedwith PLA@DOX/GA/
ICG and free DOX/GA/ICG for 24 hours; (f) cell viability of 4T1 cells incubatedwith PLA@DOX/GA/ICG using laser or without laser treatment. Data
are mean ± SD（n = 5, *p < 0.05, **p < 0.01, ***p < 0.001).
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The drug release proles of PLA@GA/DOX/ICG were
assessed under the physiological (PBS, pH 7.4) and acidic
conditions (PBS, pH 5.0) to simulate the endo-lysosomal envi-
ronment at 37 °C and 45 °C. As shown in Fig. 2d, there was
Fig. 5 Inverted fluorescence microscopy images of 4 T1 cells after the tr
(c)Dox channel; and (d) overlay.

21296 | RSC Adv., 2024, 14, 21292–21299
a much faster release of DOX at pH 5.0 solutions under 45 °C,
thus achieving a high release content of 71%. The continuous
release of PLA@GA/DOX/ICG occurred for more than seven
days.
eatment with PLA@DOX/GA/ICG and DAPI. (a) Blank; (b) DAPI channel;

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2 Photothermal conversion performance of nanomedicine

Under a laser with a wavelength of 808 nm and an optical density
of 1w/cm2, the temperature variation of PLA@DOX/GA/ICG with
different concentrations differentiated with light exposure time.
Aer 6 minutes of continuous irradiation, the temperature of the
suspension (1 mL of 0.125mgmL−1) increased from 30 °C to 37 °
C, as the concentration increased, the solution temperature
continuously increased. When the concentration reached 1 mg
mL−1, the solution temperature increased to 61 °C, exceeding the
tolerance temperature of cancer cells by 50 °C,54 while the water
temperature only increased by 1 °C (Fig. 3d). The photothermal
conversion efficiency calculated from the single cycle photo-effect
curve was 36.2% (Fig. 3a), which indicated that PLA@DOX/GA/
ICG nanoparticles could be efficiently applied in photothermal
therapy. Photothermal stability experiments were subjected by
taking 0.5 mg mL−1 of the PLA@DOX/GA/ICG nanoparticle
solution, it was found that the photothermal effect began to
decrease due to the photobleaching effect of indocyanine green
aer repeating laser irradiation for 3 cycles55 (Fig. 3b). The higher
the optical density, the faster the temperature rise of the system,
but the stronger the bleaching effect of light on nanodyes
(Fig. 3c). Therefore, the selected illumination time for the
subsequent experiment was 5 minutes and the optical density
was 1 W cm−2.
3.3 The effect of nanodrugs on tumor cells in vitro

To investigate the sensitization effect of gambogic acid on
chemotherapy drugs and photothermal reagents, doxorubicin
and indocyanine green were selected as models. PLA@DOX,
PLA@DOX/GA, PLA@/ICG and PLA@ICG/GA were prepared
according to the above procedure under the same conditions.
Fig. 6 (a) Flow cytometry analysis of 4T1 cell apoptosis induced by differe
AAD staining. (1) Control group; (2)PLA@ICG + laser; (3)PLA@GA; (4)PLA@
early apoptosis; top right quadrant: late apoptosis. (b) Flow cytometry fo

© 2024 The Author(s). Published by the Royal Society of Chemistry
When the concentration of doxorubicin of nanoparticles disper-
sion loaded with gambogic acid was 0.5 mgmL−1, the survival rate
of 4T1 cells decreased to 50% aer cultured for 24 hours, while
the cell activity of the nanoparticles without gambogic acid
loading remained at nearly 100%. As the concentration
increased, the cell activity gradually decreased to 18% (see
Fig. 4a), indicating that gambogic acid could effectively enhance
the killing effect of doxorubicin on tumor cells. Under the same
conditions, the activity of cells incubating with PLA@DOX/GA
nanoparticles was signicantly lower than that of free DOX/GA
mixed drugs (Fig. 4b), indicating that nanoparticles could more
effectively increase the inhibitory effect of the drugs on cells.56

PLA@ICG/GA nanoparticles with an indocyanine green concen-
tration of 0.625 mgmL−1 were applied to the culture with 4T1 cells
and incubated for 24 hours aer treatment with 808 nm near-
infrared light at a power density of 1 W cm−2 for 5 minutes.
The survival rate of 4T1cells was about 40%, while the survival
rate of cells without illumination remained above 90% (see
Fig. 4d). Under the same conditions, PLA@/ICG nanoparticles
were incubated with 4T1 breast cancer cells with the photo-
thermal treatment, and the cell survival rate did not decrease (see
Fig. 4c). The activity of the 4T1 cells incubated with PLA@ICG/GA
was signicantly reduced. Considering the cytotoxic effect of
gambogic acid on cells, 4T1 cells were cultured with PLA@ICG/
GA, followed by treatment with 1 W cm−2 near-infrared light.
The results showed that as the concentration increased, the cell
activity of the light-treated group decreased to 18%, which was
lower than that of the control group cells without light treatment
(see Fig. 4d). The above results indicated that gambogic acid
could effectively sensitize photothermal therapy, reduce the
thermal tolerance of tumor cells and achieve effective killing of
tumor cells by hyperthermia.57
nt nanoparticles with or without irradiation through Annexin V-FITC/7-
GA/ICG+ laser; (5)PLA@DOX; (6)PLA@DOX/GA. Bottom right quadrant:
r the investigation of cellular uptake to PLA@DOX/GA/ICG.

RSC Adv., 2024, 14, 21292–21299 | 21297

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01611d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:2

5:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
PLA@DOX/GA/ICG nanoparticles with different concentrations
were used to culture with 4T1 cells, the results are shown in Fig. 4.
When the DOX content was 0.5 mg mL−1, the cell survival rate was
59%, while the cell activity of the DOX/GA/ICG mixture group was
above 95%, indicating that the nanoparticles had a stronger
killing effect on 4TI cells due to the transport of nanoparticles (see
Fig. 4e). When the concentration of DOX in the dispersion of
PLA@DOX/GA/ICG nanoparticles was 0.5 mgmL−1, the cell activity
decreased to 42% aer the light treatment at 808 nm. As the
concentration increased, the cell survival rate decreased to 9.4%,
signicantly lower than that with the no-light treatment group (see
Fig. 4f). Based on the above experimental results, it could be
inferred that gambogic acid, as an HSP90 inhibitor, could inhibit
the binding of HSP90 chaperone proteins to many customer
proteins, and thereby increased the sensitivity of tumor cells to
chemotherapy and photothermal therapy, achieving efficient
chemotherapy combination photothermal therapy.58,59

3.4 Cellular uptake

The cellular uptake behaviors of PLA@DOX/GA/ICG in 4T1 cells
were investigated by uorescence microscope. As shown in
Fig. 5c, red uorescence was observed at the cytoplasm within
the cells treated with PLA@DOX/GA/ICG for 3 h, while blue
uorescence in DAPI mode can be observed (Fig. 5b), the overlay
single indicated that PLA@DOX/GA/ICG was taken up by the 4T1
cells (Fig. 5d). To further conrm the PLA@DOX/GA/ICG inter-
nalization in cells, 4T1 cells were incubated with free DOX and
PLA@DOX/GA/ICG at different contents, then owcytometry was
carried out, the results are shown in Fig. 6b and they indicated
that DOX can enter the 4T1cells, while PLA@DOX/GA/ICG could
be more efficiently transported into cells to inhibit the cell
growth by photothermal/chemotherapy.

3.5 In vitro antitumor mechanism

For the purpose of evaluating the in vitro antitumor mechanism
of the nanoparticles against 4T1 cells, ow cytometry analysis
was performed to investigate the 4 T1 cell apoptosis induced by
various materials with irradiation. As shown in Fig. 6a, the
PLA@ICG group exhibited no obvious cell apoptosis ratio in the
presence of laser irradiation, PLA@GA exhibited amoderate cell
apoptosis ratio of 37.7% (Fig. 6(1)). While the PLA@ICG/GA
group aer irradiation caused the most remarkable cell
apoptosis, the cell apoptosis ratio reached 59.8%, indicating
a result of the sensitization photothermal therapy of GA
(Fig. 6(4)). The PLA@DOX group exhibited no obvious cell
apoptosis ratio (Fig. 6(5)), as a result of the sensitization
chemotherapy of GA, the apoptosis ratio of the PLA@DOX/GA
group increased to 57.7% (Fig. 6(6)). The above results indi-
cated that GA simultaneously increased cell sensitivity to the
chemotherapy drugs and reduced cell heat resistance.

4 Conclusions

Reducing the tolerance of tumors to heat and the toxicity of
chemotherapy drugs to the body, as well as increasing the
sensitivity of tumors to photothermal therapy and chemotherapy
21298 | RSC Adv., 2024, 14, 21292–21299
drugs, are key issues that urgently need to be addressed in
current cancer treatment. This study used a step-by-step emul-
sication method to prepare a three-component and dual-
sensitized tumor cell ablation agent consisting of polylactic
acid-loaded anticancer drug doxorubicin, photothermal reagent
indocyanine green and chemotherapy photothermal sensitizer
gambogic acid. The research results indicated that the nano-
particles not only had excellent photothermal conversion prop-
erties but also efficiently loaded the anticancer drugs
doxorubicin and gambogic acid. While gambogic acid entrapped
in PLA@DOX/GA/ICG nanoparticles could achieve bidirectional
sensitization to chemotherapy and photothermal therapy under
808 nm laser irradiation for the rst time, effectively ablating
cancer cells with photothermal chemotherapy, this could also
reduce the drug and thermal tolerance of tumor cells, effectively
reducing the tumor cell ablation dose of the tumor drug doxo-
rubicin. These are expected to be applied in the efficient ablation
and photothermal chemotherapy synergistic treatment of solid
tumors. As an HSP90 inhibitor, gambogic acid could inhibit its
binding to many customer proteins, and does not affect the
immune-related HSP70 function, it could be expected to achieve
immunotherapy for distant metastatic tumors.60
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