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ABSTRACT
Presently, a combination of chemotherapy, radiotherapy, thermotherapy, and other treatments has
become a hot topic of research for the treatment of cancer, especially lung cancer. In this study, novel
hollow gold nanoparticles (HGNPs) were used as drug carriers, and in order to improve the targeting
ability of HGNPs to a lung tumor site, polyoxyethylene sorbitol oleate (PSO) was chosen here as a tar-
get ligand since it can be specifically recognized by the low-density lipoprotein (LDL) receptor which
is usually over expressed on A549 lung cancer cells. In this way, a PSO-modified doxorubicin-loaded
HGNP drug delivery system (PSO-HGNPs-DOX) was constructed and its physicochemical properties,
photothermal conversion ability, and drug release of PSO-HGNPs-DOX was investigated. Further, the
effects of triple combination therapy, the intracellular uptake, and the ability to escape macrophage
phagocytosis of PSO-HGNPs-DOX were also studied using A549 cells in vitro. In addition, an in vivo
mouse model was also used to study the targeting of PSO-HGNPs-DOX to lung cancer. PSO-HGNPs-
DOX demonstrated a good triple therapeutic effect for lung cancer (A549 cell viability was only 10%
at 500lM) by LDL receptor mediated endocytosis and was able to escape macrophage phagocytosis
to enhance its accumulation at the target site. Therefore, PSO-HGNPs-DOX is a novel, safe, promising,
and targeted drug carrier designed for triple combination lung cancer therapy which should be further
studied for such applications.
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1. Introduction

Lung cancer is a malignant tumor with high morbidity and
mortality, which is a serious threat to human life and health
(Chen et al., 2016). At present, the main methods for treating
lung tumors include surgical treatment, chemotherapy (Mead
et al., 1980), radiotherapy (Mcmahon et al., 2008), and ther-
motherapy. As with all cancers, early lung cancer has a
higher five-year survival rate by surgical treatment.
Chemotherapy and radiotherapy can improve the survival
rate of advanced tumors, inhibit blood vessel growth, and
impair the migration of tumor cells (Wong et al., 2012).
Further, thermotherapy can improve the specific killing on
tumor tissue, reduce systemic toxicity, and enhance the
body’s secondary immunity to improve a patient’s quality of
life (Huang et al., 2011; Jihyoun et al., 2014; Liu et al., 2017).
However, there are many disadvantages to the current con-
ventional single lung cancer treatment. For example, local
recurrence and distant metastases usually occur after surgical
treatment and chemotherapy (Vigan�o et al., 2013; Leger

et al., 2017) and radiotherapy by itself has large side effects.
A single thermotherapy may cause an uneven photothermal
effect to the tumor site, leading to local overheating or insuf-
ficient local heating, which will not only cause tumor recur-
rence but also damage surrounding normal tissue (You et al.,
2010). Nowadays, the use of a single lung cancer treatment
strategy is inadequate to meet the growing needs for suc-
cessful lung cancer treatment. To solve these problems, a
combination of multiple treatment methods (such as chemo-
therapy, radiotherapy, and thermotherapy) into one has
become a hot research topic in clinical medicine. While this
smart combination strategy has demonstrated effective
tumor treatment with reduced normal tissue damage,
the optimal synergy of chemotherapy, thermotherapy and
radiotherapy needs to be further studied for managing
chemo- and radioresistant tumors. Additionally, a combin-
ation treatment of heat, drugs, and radiation will lead to
reduced antitumor agent dosage and a reduction in X-rays
to improve clinical therapeutic outcomes.
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Gold nanoparticles (AuNPs) are promising drug delivery
carriers which can also provide such a combination lung can-
cer therapy (Tao et al., 2008). They have many desirable
properties as drug carriers, such as chemical inertness, better
biocompatibility compared to other carriers, easier control of
dispersion size, and so forth. Moreover, AuNPs have a high
specific surface area which facilitates dense loading of tar-
geted functional groups with therapeutic functional groups
(Rana et al., 2012). Further, local surface plasmon resonance
(LSPR) is a unique property of noble metal nanoparticles.
When the frequency of incident light is equivalent to the
vibration frequency of AuNPs, they can strongly absorb pho-
ton energy (Li et al., 2018; Wang et al., 2019). Because tissue
and blood have low absorption and scattering of near-infra-
red light (NIR) in the 650–900 nm range, NIR in this range
can penetrate nearly 10 cm without damaging healthy tissue
(Pastrana, 2012); this is the depth of most lung tumors.
Studies have shown that the LSPR of AuNPs has a clear rela-
tionship with the shape, size, and dispersion medium of the
particles (Troutman et al., 2008). Therefore, by adjusting the
LSPR of AuNPs in the near-infrared region of 650–900 nm,
the absorbed light energy can be converted into heat more
efficiently for photothermography or photothermal therapy
(PTT). For example, when gold-nanoparticle-mediated photo-
thermal action causes cancer cell temperatures to be higher
than 42 �C, they can cause protein denaturation and rupture
cancer cell membranes, which in turn causes irreversible
damage to the cells (Natasha et al., 2013).

Of all of the possible AuNPs geometries, hollow gold
nanoparticles (HGNPs) are the most attractive for lung cancer
combination therapies since their hollow structure can form
a larger absorption cross section and the LSPR can be
between 650 and 900 nm by simply adjusting the thickness
and size of the outer shell. HGNPs can have a higher photo-
thermal conversion effect and are widely used for their pho-
tothermal properties for effective tumor treatment (Li et al.,
2018). HGNPs can also be used as radiosensitizers and can
produce strong photoelectric absorption and secondary elec-
trons after irradiation, thus, accelerating cancer cell DNA
strand breakage (Rahman et al., 2014). However, in order to
obtain highly effective combination thermotherapy and
radiotherapy materials that enable deep penetration into
biological tissues and avoid nonspecific heating and radi-
ation damage to normal healthy tissues, desirable photother-
mal agents should exhibit high specific accumulation at the
tumor site and be selectively taken up by tumor cells.
Therefore, the functional modification of AuNPs can increase
their uptake into cancer cells to improve the heating and
radiosensitization effect.

For example, Huang et al. described that a multifunctional
nano-probe surface modification of folic acid (GNR-SiO2-FA)
with silica-coated gold nanorods not only highly targets can-
cer cells, but also enhances radiation therapy for cancer cells
(RT) and PTT effects (Huang et al., 2011). Mohamed et al.
(2014) constructed a dual-targeted AuNPs system modified
by folic acid and transferrin antibodies and showed that the
system can effectively deliver anti-cancer drugs and com-
bined with the photothermal ablation of AuNPs, kill tumor

cells. However, there are still unresolved issues regarding the
use of HGNPs as a chemotherapeutic carrier material. As a
new type of inorganic nanomaterial, unmodified HGNPs can
only reach tumor cells through the enhanced permeability
and retention (EPR) effect because they are not targeted,
which may cause certain accumulated toxicity to normal cells
in the body. Presently, in most studies monoclonal antibod-
ies are usually attached to the drug carrier so that they can
react with the antigen to achieve effective targeting.
Vascular endothelial factor inhibitors [such as bevacizumab
and ramozumab (Gera et al., 1999)], epidermal growth factor
inhibitors [such as trastuzumab and cetuximab (Paez et al.,
2004)], and immune checkpoint inhibitors [such as nivolu-
mab and pembrolizumab (Corsello et al., 2013)] are usually
investigated. But, if the antibody is connected to the HGNPs
by a chemical bond, the spatial structure of the antibodies
changes during the reaction process and the activity of the
monoclonal antibody is easily destroyed affected its stability
and targeting efficiency (Yu et al., 2016). Moreover, high-
strength chemical bonds also hinder the recognition process
between the receptor and ligands, and the subsequent
release of drugs. This treatment method is prone to drug
resistance and adverse reactions. Therefore, an important
question is how to improve the targeting of HGNPs to lung
cancer cells in order to promote a better therapeutic effect.

A low-density lipoprotein receptor (LDL-R) is a cell surface
receptor that recognizes apolipoprotein B100 and apolipo-
protein E (Apo E) present in the outer phospholipid layer of
LDL. Studies have shown that LDL receptors are overex-
pressed in some malignant tumor cells (Hu et al., 2011),
especially in acute myeloid leukemia, rectal cancer, adrenal
cancer, liver cancer, brain cancer, metastatic prostate cancer
cells, and most importantly for here, lung cancer. These can-
cer cells require LDL to transport large amounts of choles-
terol for cell membrane synthesis. Polysorbate 80, as a
nonionic surfactant, enhances drug delivery through its coat-
ing on the surface of nanoparticles (Schwartzberg & Navari,
2018). Polysorbate 80 modified on the surface of the carrier
can adsorb Apo E and Apo B to form a complex similar to
LDL which is then endocytosized through the LDL receptor
(Gao & Jiang, 2006; Kreuter, 2012). Previous studies in our
laboratory have found that polyoxyethylene sorbitol oleate
(PSO) with sorbitol as the parent structure, has better clinical
safety than polysorbate 80 and that PSO can improve allergic
reactions (including shock, dyspnea, hypotension, angioe-
dema, rubella and other allergic reaction symptoms) caused
by polysorbate 80 when used in injections (Li et al., 2014;
Schwartzberg & Navari, 2018). It not only has the physical
and chemical properties of polysorbate 80 but it also has
extremely low hemolytic and sensitizing properties to be a
safe and effective drug carrier with tumor targeting and
obvious inhibitory effect on tumors. Therefore, PSO is a new
type of nanoparticle coating that can target LDL-R and has
great promise for clinical applications (Tony et al., 2007;
Dreaden et al., 2012).

In this study, DOX was used as a model anti-cancer drug
to prepare DOX-loaded HGNPs. PSO was chosen as a ligand
and modified on the AuNPs here to target lung tumors for
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treatment via LDL receptor (Wang et al., 2020). In this way, a
AuNP drug delivery system with LDL receptor targeting
designed for the triple combination therapy of thermother-
apy, radiotherapy, and chemotherapy was constructed in this
article (Scheme 1).

2. Materials and methods

2.1. Materials and animals

PSO was purchased from Nanjing Well Chemical Co., Ltd
(Nanjing, China). Doxorubicin (DOX) was obtained from
Huafeng United Technology (Beijing, China). Sodium citrate
(>99%), cobalt chloride hexahydrate (99.99%), sodium boro-
hydride (99%), and chloroauric acid trihydrate (American
Chemical Society reagent grade) were from Sigma Chemical
Co, Ltd. (Saint Louis, MO) and were used as received. 3(4,5-
dimethyl-thiazol-2-yl)-2,5-Diphenyl-tetrazolium bromide
(MTT), a BCA protein concentration determination kit, a SDS-
PAGE gel preparation kit and a 40,6-diamidino-2-phenylindole
(DAPI) staining kit were purchased from Jiangsu KeyGEN
BioTECH Corp., Ltd (Nanjing, China). Low density lipoprotein
(LDL) was bought from Aladdin (Shanghai, China) and SH-
PEG-Cy7 were obtained from Xi’an Ruiqi Biotechnology Co.,
Ltd (Xi’an, China). All the reagents were of analytical grade
and used without further purification.

A549 cells (human lung adenocarcinoma cells), L02 cells
(human normal liver cells), and NR8383 cells (rat alveolar
macrophage cells) were purchased from the Chinese
Academy of Sciences Shanghai Cell Bank (Shanghai, China).

The cells were maintained in 1640 medium containing 10%
fetal calf serum purchased from Jiangsu KeyGEN BioTECH
Corp., Ltd (Nanjing, China) at 37 �C in a humidified atmos-
phere containing 5% CO2. Balb/c nude mice weighing
20 ± 2 g were purchased from the Experimental Animal
Center of Nanjing Qinglongshan. All animal experiments
were conducted in accordance with the Guide for Laboratory
Animal Facilities and Care and were approved by the Animal
Ethics Committee of China Pharmaceutical University.

2.2. Synthesis and characterization of polyoxyethylene
sorbitol oleate-lipoic acid (PSO-LA)

The synthesis procedure of PAO-LA is shown in Figure 1. The
reaction was carried out at a molar ratio of lipoic acid (LA) to
PSO of 2:1: 157mg (MW 206, 0.764mmol) of LA, 175mg of
EDC � HCl and 100mg of 4-dimethylaminopyridine (DMAP)
were weighed and dissolved in 30mL of dimethyl sulfoxide
(DMSO) for half an hour. PSO of 500mg (Mw 1310,
0.382mmol) was protected from light for 36 h under nitro-
gen. The mixture was double diluted with ultrapure water,
centrifuged by a high speed refrigerated centrifuge (KDC-
140HR, China) at 4000 rpm for 15min, and the supernatant
was passed through a 0.45lm filter, dialyzed using a 1 KD
dialysis bag (Shanghai yuanye Bio-Technology Co., Ltd,
China), and lyophilized to obtain the product PSO-LA. The
mass of the product was weighed and to provide the yield.

Oleate-LA, PSO, and PSO-LA were weighed separately, and
the infrared spectrum was recorded by the KBr tablet
method. The infrared spectra of LA, PSO, and PSO-LA were

Scheme 1. Schematic design of the present tri-therapy of a PSO modified hollow gold nanoparticles system for lung cancer targeting and treatment.
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analyzed. DMSO-D6 was used as a solvent, the 1H-NMR spec-
tra were recorded (300MHz, 25 �C), and the characteristic
hydrogen chemical shifts of LA, PSO, and PSO-LA were ana-
lyzed respectively.

2.3. Determination of LA substitution ratio on PSO-LA

The detailed information was described in the Supporting
Information section.

2.4. Preparation and characterization of PSO-
HGNPs-DOX

2.4.1. Preparation of PSO-HGNPs-DOX
HGNPs and HGNPs-DOX were prepared as previously
described (Li et al., 2018) and is summarized in the
Supporting Information section. An appropriate amount of
PSO-LA was added to the prepared HGNP-DOX solution and
incubated at 37 �C for 8 h. The PSO-HGNPs-DOX solution pre-
pared above was centrifuged at 10,000 rpm for 15min, the
unreacted PSO-LA in the supernatant was discarded, and the
precipitate was re-dissolved in ultrapure water to obtain
PSO-HGNPs- DOX.

2.4.2. Characterization of PSO-HGNPs-DOX
The size and zeta potential of HGNP, HGNPs-DOX, PSO-
HGNPs-DOX solutions were measured with particle size and
zeta analyzers by Malvern Zetasizer Nano-ZS90 (Malvern
instruments, UK), respectively. The morphology of HGNP,
HGNPs-DOX, and PSO-HGNPs-DOX solutions were imaged
using a transmission electron microscope (TEM, H-600,
Hitachi, Japan) at an acceleration voltage of 200 kV. In add-
ition, the ultra-pure water was used as the blank solution,
and the plasmon resonance absorption peak and absorption
spectrum of samples were determined by a UV1800 UV-Vis
spectrophotometer (Shimadzu, Japan) in the wavelength
range of 400 to 1000 nm.

Although the ultraviolet spectrum of PSO has only ter-
minal absorption, the polyethoxy group in its structure can
react with cobalt thiocyanate to form a blue complex. The
blue complex can have a maximum absorption wavelength
at 620 nm after being extracted by an organic solvent (Chun-
Li et al., 2012). Therefore, in this experiment, the absorbance
of PSO-HGNPs-DOX at a wavelength of 620 nm was meas-
ured by spectrophotometry, and then, the standard curve

method was used to calculate the content of PSO to exam-
ine the loading of PSO on HGNPs.

At the same time, in this article, a fluorescence spectro-
photometer was used to scan the DOX solution to determine
the excitation wavelength and emission wavelength of the
maximum absorption of DOX. Then the DOX content in the
PSO-HGNPs-DOX solution was determined at DOX excitation
wavelength kex ¼ 480 nm and emission wavelength kem ¼
557 nm. The absorption efficiency was calculated as the fol-
lowing formula:

Absorption efficiency %ð Þ ¼ m0�mr

m0
� 100% (1)

where m0 is the weight of DOX reacted with PSO-HGNPs, mr

is the weight of DOX was not absorbed onto PSO-HGNPs

2.5. Photothermal transformation ability of PSO-
HGNPs-DOX

To verify the photothermal transduction ability of different
sample solutions, HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX
solutions were respectively prepared at 0.075mM, 0.15mM,
and 0.30mM. One milliliter of each of these samples were
placed in a quartz cuvette, and irradiated with a laser at
808 nm (LSR808FC, Lasever Inc, China) for 10min at 5 W/cm2,
and the temperature change was measured by a digital
thermometer (Germany, PCETC3). The PBS solution was used
as the negative control. In order to compare and optimize
the photothermal effect of these samples, 0.3mM (calculated
as Au) of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX solutions
were prepared and irradiated with a laser of 808 nm at 1 W/
cm2 for 2.5min. After the solution was cooled to room tem-
perature, the above operation was repeated 10 times, and
each temperature was recorded.

The photothermal conversion efficiency (g) of PSO-HGNPs-
DOX samples was investigated under 808 nm laser irradi-
ation. For thus, a PSO-HGNPs-DOX solution was diluted to
1mg/mL, and the appropriate amount of the above solution
was placed in a cuvette, the mass (m) of the sample was
weighed, and the ultraviolet absorbance value (A) was then
measured. Then, the solution was irradiated with an 808 nm
laser at a power of 3W/cm2 for 600 s and cooled naturally
for 600 s. The change of temperature during the heating and
cooling of PSO-HGNPs-DOX was recorded with an infrared
thermal imager every 30 s. At the same time, the tempera-
ture change of ultrapure water was tested as a blank control
under the same experimental conditions. The photothermal

Figure 1. Synthesis of PSO-LA.
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conversion efficiency (g) of PSO-HGNPs-DOX under 808 nm
laser irradiation was calculated using formula (Abdel-Fattah,
2002; 2–6):

h ¼ T�Tsurr
Tmax � Tsurr

(2)

ss ¼ �lnh
t

(3)

hs ¼ mcwater
ss

(4)

Qdis ¼
mcwater Tmax waterð Þ � Tsurr

� �

swater
(5)

g ¼ hs Tmax � Tsurrð Þ�Qdis

Ið1� 10�AÞ (6)

where h is the heat transfer coefficient and s is the surface
area of the container. In order to calculate hs, h was intro-
duced to define ss. That is, ss is the slope of –lnh as the
abscissa and the time of NIR irradiation as the ordinate. Tmax

is the highest temperature of the test sample solution, Tsurr
is the temperature of the surrounding environment when
the sample was tested, I is the power density of the laser
used, and A is the absorption intensity of the sample at
808 nm. m is the mass of the heated sample solution, and
Cwater is the specific heat capacity of water. The Qdis in the
formula is the measured value of the blank sample, where
Tmax (water) is the highest temperature of water heating after
irradiation with NIR and swater is the slope between –lnh of
water and irradiation time.

2.6. In vitro NIR-triggered release of PSO-HGNPs-DOX

The prepared HGNPs-DOX and PSO-HGNPs-DOX solutions
were centrifuged at 1000 rpm for 10min, and the precipitate
was reconstituted with ultrapure water to prepare a solution
containing a DOX concentration of 8 lg/mL. Then, 2mL of
free DOX, HGNPs-DOX, PSO-HGNPs-DOX solutions were
placed in separated dialysis bags (14KD) and immersed into
20mL of release medium (PBS 6.8, PBS 7.4, PBS 6.8þ 10mM
GSH, PBS 7.4þ 10mM GSH, respectively). One milliliter of the
samples from the release medium were taken at predeter-
mined time intervals (0.5, 1, 2, 4, 6, 8, 12, and 24 h), and the
same volume of isothermal release medium was added. Also,
in order to evaluate the feasibility of triggering DOX release
under NIR illumination, the DOX release by 808 nm NIR irradi-
ation was carried out at 5W/cm2 for 5min before sampling
at each point. According to the fluorescence spectrophotom-
eter, the fluorescence intensity of DOX in the sample solu-
tion at each time point was measured at the excitation
wavelength kex ¼ 480 nm and the emission wavelength kem
¼ 557 nm, respectively, and the concentration of DOX was
calculated using a standard curve (y¼ 167.8xþ 13.43, R2 ¼
0.9968). Finally, the cumulative release percentage (CRP) of
the drug was calculated from the ratio of the concentration
of DOX released in the supernatant before and after light
irradiation to the total concentration. The CRP (%) of HGNPs-
DOX and PSO-HGNPs-DOX under 808 nm laser irradiation

was calculated using formula (7):

CRP ¼ Cn � V0 þ C1 þ C2 þ C3 þ . . .þ Cn�1ð Þ � V
Q

� 100% (7)

where Cn: concentration at the nth sampling point; V0: vol-
ume of release medium; and V: each sampling volume.

2.7. Triple combination therapy evaluation in vitro

2.7.1. Cell viability after chemotherapy, thermotherapy,
and radiotherapy alone on A549 cells

Cell viability after chemotherapy, thermotherapy, and radio-
therapy of A549 cells were evaluated using the 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
colorimetric test by calculating the cell viability (%). The
A549 cells in a logarithmic growth phase were seeded in a
96-well plate at a density of 5000 cells per well and were
placed in a 37 �C, 5% CO2 cell culture incubator (Thermo
Fisher Scientific, USA) for 24 h.

The detailed information of A549 cells treated with
chemotherapy, thermotherapy and radiotherapy alone was
described in the Supporting Information section, and the cell
viability was calculated by the following formula (8):

Cell viability ¼ Asample � Ablankð Þ= Acontrol � Ablankð Þ � 100%

(8)

where A sample is the absorbance of cells incubated with the
nanoparticle sample, A blank is the absorbance of the PBS
without cells and A control is the absorbance of the medium
with cells. The toxicity of the samples is expressed as the
inhibitory concentration at which 50% of cell growth inhib-
ition was obtained (the IC50 value).

2.7.2. Triple combination therapy on A549 cells
A549 cells were seeded identically on 96-well plates as stated
previously. HGNPs of 0–2000 lM, HGNPs-DOX, PSO-HGNPs,
PSO-HGNPs-DOX solutions (calculated as Au) were prepared.
Among them, the concentration of DOX added to HGNPs-
DOX and PSO-HGNPs-DOX was 8.355 lg/mL. HGNPs,
HGNPsþ IR, HGNPsþNIR, HGNPs-DOXþ IRþNIR groups and
PSO-HGNPs, PSO-HGNPsþ IR, PSO-HGNPsþNIR, and PSO-
HGNPs-DOXþ IRþNIR groups were set, respectively. The
experimental method for the group without thermotherapy
and radiotherapy and the group for thermotherapy or radio-
therapy alone are consistent with the method described in
Supporting Information section. For the HGNPs-
DOXþ IRþNIR and PSO-HGNPs-DOXþ IRþNIR groups, after
12 h of culture, the old medium was discarded, 100 lL of PBS
was added, and irradiated with an X-ray irradiation dose of
20Gy. After IR, PBS was replaced with fresh medium and the
cells were cultured for an additional 2 h. Then, irradiation
was carried out with a NIR laser (5 W/cm2, 5min). When
completed, the cells were cultured for 4 h, and irradiated
with an NIR laser again. After irradiation, the cells were fur-
ther cultured for 6 h (for 24 h in total). After the end of the
cell culture, the absorbance at 570 nm of the cells after the
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triple combination therapy was measured by the MTT
method described in 2.7.1, and the cytotoxicity was calcu-
lated according to formula (8).

2.7.3. The mechanism of radiotherapy and hyperthermia
The phosphorylatedc-H2AX (Sigma, USA) foci is a biomarker
of a DNA double-strand break. Two milliliter of different con-
centration of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX in
PBS were added to the 6-well plate, and the X-ray irradiation
dose was 20Gy. After the irradiation, additional culturing for
4 h, the amount of hydroxyl radicals produced in the solution
was determined using a hydroxyl radical test kit (A018,
Nanjing Jiancheng Bioengineering Institute). The unit of
hydroxyl-radical-generating ability is defined as moles of
H2O2 decreased per liter in the reaction system. The ability
of each sample to generate hydroxyl radicals was calculated
according to formula (9).

abilityhrg ¼ ODm�ODr

ODs � ODb
� 8:824mmol=L� 1mL

VS
� D (9)

the abilityhrg was hydroxyl-radical-generating ability, the
ODm, ODr, ODs, and ODb were the absorbances of the meas-
ured samples, controls, standards, and blanks, respectively.
The concentration of the standard is 8.824mmol/l. Vs repre-
sents the amount of sampling. D is the dilution factor.

In order to verify the effect of thermotherapy on the
expression of HSP70 in A549 cells, A549 cells were seeded
identically on 96-well plates as that stated previously and dif-
ferent concentrations of HGNP, HGNPs-DOX, and PSO-
HGNPs-DOX solutions were added to the cells and cultured
for 12 h, then the cells were irradiated with a NIR laser (as
described in the 2.7.1 experimental method section), cultur-
ing for an additional 24 h, the whole protein was extracted
from the cells, and the protein concentration was deter-
mined via the BCA kit method. The expression of heat shock
protein HSP70 in each well was determined by Western-Blot
(Bio-Rad, Power Supplies Basic, USA) while GAPDH was
selected as an internal reference. The Western-Blot method
used was described in our previously published article (Wang
et al., 2019).

2.7.4. Intracellular DOX, HGNPs-DOX, and PSO-HGNPs-
DOX uptake

In order to verify the cellular uptake in different LDL-R
expressed cells, A549 cells and L02 cells, the respective cells
were separately seeded in 6-well plates as stated previously
while different concentrations of DOX, HGNPs-DOX, and PSO-
HGNPs-DOX solutions containing the same DOX concentra-
tion were added to the cells and cultured for 2, 4, and 6 h.
Then, the cells were digested with trypsin, the cells were
mixed evenly, centrifuged at 1000 rpm for 5min, the super-
natant discarded, an appropriate amount of PBS was added
and mixed, and then analyzed by flow cytometry (Ex ¼
488 nm; Em ¼ 570 nm).

In order to further investigate the cellular uptake of the
HGNPs solution, the HGNPs-DOX solution and the PSO-
HGNPs-DOX solution by A549 cells and L02 cells, A549 cells

with a high expression of LDL-R and L02 cells with a low
expression of LDL-R were used; detailed information for such
procedure is described in the Supporting Information sec-
tion. The A549 cells and L02 cells were cultured in 6-well
plates at 1� 105 cells per well, and once grown to ca. 80%
confluence, the cells were exposed to the HGNPs solution,
the HGNPs-DOX solution, and the PSO-HGNPs-DOX solution
with 0.375mM of an Au concentration and then were incu-
bated for 2, 4, and 6 h, respectively. Later, the cell-filled plate
was placed on ice, the medium removed, and the cells were
washed three times with pre-cooled PBS buffer to remove
any excessive or unbound drug or nanoparticles. Five hun-
dred microliter of the RIPA cell lysate was added to a 6-well
plate, and the lysate and the cells were brought into full
contact, and then repeatedly thawed at �20 �C and 4 �C.
Twenty microliter of the mixture was used to detected the
protein content by the BCA reagent while 1mL of aqua regia
was added to the remaining solution, digested for 2 h by a
microwave digestion apparatus, and the Au content was
determined using AAS (ICE-3300, Thermo Fisher
Scientific, USA).

Then, the uptake ability of A549 human lung cancer cells
with a high expression of LDL receptors to DOX, HGNPs-
DOX, PSO-HGNPs-DOX was analyzed by laser confocal
microscopy (AiryScan LSM800, Carl Zeiss AG, Germany). The
A549 cells were cultured in 6-well plates and given free DOX,
HGNPs-DOX, PSO-HGNPs-DOX, and then incubated for 2, 4
and 6 h, respectively. Later, the medium was removed and
the cells were washed three times with PBS buffer. The cells
were then stained by DAPI for 15min, fixed with 4% parafor-
maldehyde, and subsequently washed twice with PBS.
Finally, the A549 cells were observed under an inverted
fluorescence microscope (DSZ2000, China).

2.7.5. LDL-R mediated endocytosis
In order to study the mechanism of endocytosis in A549
cells, the effect of the antibody solution on the targeting
activity of LDL-R was first investigated by using LDL-R satur-
ation inhibition experiments to initially prove whether
PSO-HGNPs-DOX entered cells through LDL-R-mediated
endocytosis. The expression of LDL-R in different cells is
mentioned in the Supporting Information. A549 cells with a
high expression of the LDL receptor were used to investigate
the LDL-R competition inhibition. For this, A549 cells were
seeded on 6-well plates as stated previously. Solutions of
HGNPs-DOX and PSO-HGNPs-DOX containing high concentra-
tions of LDL (300 lg/mL) and low concentrations of LDL
(30 lg/mL) were prepared and added to the cells separately
and were cultured in a CO2 incubator for 4 h. Five hundred
microliter of RIPA cell lysates were added to a 6-well plate
and the subsequent treatment method used was as
described in section 2.8.6; the protein content was measured
with the BCA reagent, and the Au content per unit cell pro-
tein was determined using AAS.
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2.7.6. Lung macrophage escape assay in vitro
Macrophages (NR8383 cells) in a logarithmic growth phase
were seeded in a 6- well plate at a density of 5� 105 cells/
well and placed in a 37 �C cell culture incubator for 24 h.
DOX, HGNPs-DOX, and PSO-HGNPs-DOX containing the same
concentration (calculated as DOX) were added to the cell cul-
tures and cultured for 0.5, 2, 4, 6, and 8 h, respectively. The
cells were collected, centrifuged, washed three times with
PBS and the adsorption was recorded. The fluorescent dye
on the cell surface was assayed by flow cytometry
(Ex¼ 488 nm, Em¼ 530 nm). The samples cultured in a cell
culture incubator for 4 h were centrifuged, washed with PBS,
resuspended in 4% paraformaldehyde, allowed to stand at
room temperature for 20min, centrifuged and washed with
PBS. The nuclei were then stained with DAPI, resuspended in
50lL PBS, mounted with a sealer and observed under laser
confocal microscopy.

2.8. In vivo targeting

Animal protocols were performed under the guidelines for
the Human and Responsible Use of Animals in Research set
by China Pharmaceutical University. Balb/c nude mice
(20 ± 2 g) about 3–4weeks old were purchased from
Qinglongshan Farms (Nanjing, China). The animals were pro-
vided with food and water and maintained at 25 �C at a rela-
tive humidity of 55%. The tumor-bearing mice were
randomly divided into three groups (n¼ 3), Balb/c nude mice
were inoculated with 0.2mL of A549 cells at a concentration
of 1� 105 cells/mL under the armpit of the right upper limb,
and the tumor was administered until the tumor was about
150mm3. Tumor size was measured, and tumor volume was
calculated as V ¼ AB2/2, where A and B are the maximum
and minimum diameters of the tumor, respectively. PSO-
HGNPs and HGNPs (0.15mg/mL, 20mL) were separately incu-
bated with SH-PEG-Cy7 (5mg/mL, 200 lL) for 24 h at room
temperature and then centrifuged at 10,000 rpm for 15min,
and the supernatant was removed to obtain Cy7-HGNPs and
Cy7-HGNPs-PSO. Nude mice were injected intravenously (IV)
with free Cy7, Cy7-HGNPs, and Cy7-HGNPs-PSO through the
tail vein with an equivalent dose of 2mg/kg Cy7, respect-
ively. The in vivo distribution of the preparations was
recorded by an IVIS Spectrum In vivo Imaging System (USA,
PerkinElmer) equipped with an excitation band pass filter at
743 nm and an emission at 767 nm at 2, 4, and 8 h after
administration.

2.9. Data analysis

All data are reported as mean± SD. The results were ana-
lyzed by student’s t-tests (SPSS 17.0, China) with �p< .05
considered significant and ��p< .01 and ���p< .001 highly
significant compared to corresponding controls.

3. Results and discussion

3.1. Synthesis and characterization of PSO-LA

The structure of PSO contains active hydroxyl groups which
can be esterified with the carboxyl group of LA under the

action of catalysts (EDC, DMAP), thereby introducing disulfide
bonds to obtain PSO-LA. The resulting product was a pale
yellow viscous semi-solid soluble in water and DMSO with a
yield of 86.74%.

The infrared spectra of LA, PSO, and PSO-LA are shown in
Figure 2(a–c). For LA, the OH– signal peak was at
2927.4 cm�1 and the C¼O stretching vibration peak was at
1691.3 cm�1. For PSO, the stretching vibration peak of C–H
was at 2874.7 cm�1, the bending vibration peak of methy-
lene CH2 was at 1457.3 cm�1, and the antisymmetric stretch-
ing vibration of the C–O–C bond was at 1104.2 cm�1. It can
be seen from the IR spectrum for PSO-LA that PSO–LA has
the characteristic peak of PSO (CH stretching vibration peak
at 2873.5 cm�1, bending vibration peak of methylene CH2 at
1459.7 cm�1, and the antisymmetric stretching vibration of
C–O–C bond at 1104.2 cm�1). In addition, PSO-LA showed a
new peak at 1733.2 cm�1, which is the stretching vibration
peak of –O–C¼O, indicating that the product contained an
ester bond. The above results are consistent with the struc-
ture of LA, PSO, and PSO-LA.

The 1H NMR spectra of LA, PSO, and PSO-LA are shown in
Figure 2(d–f). It can be seen that the characteristic peak of
LA appears at 1.5–4.0 ppm [(a) �CH2�S, 3.5 ppm; (b) and (g)
�CH2�, 2.5 ppm; (c) �CH–S–, 3.80 ppm]. The characteristic
peaks of PSO were evident [(a) �CH�, 3.71 ppm; (b)
�CH¼CH�, 4.80 ppm]. Compared with LA and PSO, PSO-LA
showed both characteristic peaks of LA and characteristic
peaks of PSO at 1.5–5.0 ppm, as indicated by 1H NMR.
Characteristic peaks also appeared at 4.8, 3.7, 3.5, 3.29, and
2.5 ppm, respectively, which proved that the synthesis of
PSO-LA was successful. The above results were consistent
with the structure of LA, PSO, and PSO-LA.

3.2. Determination of the degree of LA substitution

The mass percentages of C, H, and S in PSO and PSO-LA at
different molar ratios were obtained. The results from elem-
ental analysis showed that PSO did not contain S, which was
consistent with its structural formula. When the molar ratio
of LA to PSO was 1.5:1, the degree of substitution of LA in
PSO-LA was 1.30 (1.30 LAs per PSO on average). When the
molar ratio of LA to PSO was 2:1, the calculated degree of
substitution of LA in PSO-LA was 2.04. In addition, when the
molar ratio of LA and PSO was 5:1, the obtained product
was a solid substance with extremely poor water solubility.

The Ellman’s reagent method was used to determine the
degree of substitution of LA in PSO-LA. The thiol concentra-
tion showed a good linear relationship with the absorbance
value within 0–2mM. In this experiment, the S-S of LA was
broken by DTT to expose the -SH, and the content of -SH
was measured by the Ellman reagent. When the molar ratio
of LA to PSO was 1.5:1 and 2:1, the degree of substitution of
LA in PSO-LA was 1.04 and 1.64, respectively. The degree of
substitution of LA measured by the Ellman reagent method
was smaller than that determined by elemental analysis. It
was speculated that the S-S in PSO-LA cannot be completely
disconnected under the DTT condition. In addition, the newly
disconnected S-S can also be oxidized to form S-S again, so
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the results obtained by elemental analysis are considered
more accurate.

In summary, a molar ratio of LA to PSO of 2:1 was
selected for the subsequent experiments. This product had
good water solubility and a high degree of substitution
(2.04) and was easy to form PSO-HGNPs by connecting
HGNPs and PSO-LA via Au-S bonds.

3.3. Characterization of PSO-HGNPs-DOX

PSO-HGNPs-DOX was prepared by binding PSO to the sur-
face of HGNPs-DOX via Au-S covalent bonds. The prepared
PSO-HGNPs-DOX solution was transparent and clear gray-
green with a uniform appearance.

As shown in Figure 3(a–c), the particle size of HGNPs was
53.00 ± 0.196 nm, and the zeta potential was
�55.44 ± 3.88mV. Compared with HGNPs, the particle size of
HGNPs-DOX increased to 72.60 ± 0.121 nm, and the zeta

potential was �39.51 ± 3.62mV. While the particle size of
PSO-HGNPs-DOX increased significantly to 99.39 ± 0.169 nm,
and the zeta potential was �20.24 ± 3.72mV. The morpho-
logical images of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX
under TEM are shown in Figure 3(d–f). It can be seen that
the prepared HGNPs were spherical and had a cavity struc-
ture with a particle size of about 50 nm and a shell thickness
of 4–6 nm, which was consistent with the measured particle
size. Compared with HGNPs, HGNPs-DOX, and PSO-HGNPs-
DOX still had a spherical structure, but HGNPs-DOX and PSO-
HGNPs-DOX had a gray-black membranous substance with a
shell thickness of about 5 nm, which was presumed to be a
hydration layer of PSO as marked by a red arrow in Figure
3(f). The TEM results confirmed that the synthesized AuNPs
were spherical with a hollow structure, and it was confirmed
that other substances were modified on the outside, which
should be DOX and PSO. As shown in Figure 3(g–i), the max-
imum absorption wavelengths of the plasmon resonance

Figure 2. IR spectrum of LA (a), PSO (b), and PSO-LA (c). The 1H NMR of LA (d), PSO (e), and PSO-LA (f).

DRUG DELIVERY 1349



absorption (SPR) peaks of the prepared HGNPs, HGNPs-DOX,
and PSO-HGNPs-DOX were 785 nm, 800 nm, and 830 nm,
respectively. The experimental results showed that the max-
imum absorption wavelengths of the SPR absorption peaks
of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX were red-
shifted, which were often related to changes in the introduc-
tion of chromophores, solvent polarity, or steric hindrance.
When a conjugate system was introduced into the structure,
the absorption band will be redshifted. As the steric hin-
drance of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX
increased in sequence, the ultraviolet absorption wave-
lengths were sequentially red-shifted.

The experimental results show that PSO successfully binds
to the surface of HGNPs-DOX via Au-S covalent bonds, and
PSO-HGNPs-DOX is obtained. The standard curve of PSO was
y¼ 0.0045xþ 0.0182 (R2 ¼ 0.9978). The loading rate of PSO in
PSO-HGNPs-DOX was 43.29%. In addition, the drug DOX was
also successfully loaded on the surface of HGNPs by physical
adsorption, and PSO-HGNPs-DOX was prepared. According to
the standard curve y¼ 167.8xþ 13.43 (R2 ¼ 0.9968), the
adsorption efficiency of DOX was 82.97%. That is, the mass
ratio of HGNPs (in Au) to DOX in PSO-HGNPs-DOX is 15: 8.
Furthermore, the detailed information of Stability of PSO-
HGNPs-DOX was shown in Supporting Information Figure S1.

3.4. In vitro photothermal transformation ability of
PSO-HGNPs-DOX

With the absorption of near-infrared spectroscopy, HGNPs
can exert a photothermal conversion ability with the

temperature of the cancer area rising rapidly inducing the
release of DOX, killing cancer cells together with thermother-
apy and chemotherapy. In order to investigate the photo-
thermal conversion capabilities of HGNPs, HGNPs-DOX, and
PSO-HGNPs-DOX, continuous laser irradiation (5 W/cm2,
10min) and pulsed laser (5 W/cm2, 5min/cycle, 10 cycles)
were studied.

As shown in Figure 4(a–c), different concentrations of
HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX solutions were
irradiated with NIR laser (5 W/cm2, 10min), and temperature
changes were monitored. Taking the high concentration
(0.3mM) temperature increase curve as an example, the
results showed there was a steep temperature increase over
the first 2min for HGNP, HGNP-DOX, and PSO-HGNP-DOX,
and the temperature reached above 60 �C during 10min. The
temperature increase of HGNPs (DT of ca. 49.5 �C), HGNPs-
DOX (DT of ca. 50 �C), and PSO-HGNPs-DOX (DT of ca.
49.7 �C) solutions during 10min were significantly higher
compared to PBS (DT of ca. 5.2 �C) under the same laser
irradiation conditions. However, there was no significant dif-
ference in temperature increase of HGNP, HGNP-DOX, and
PSO-HGNP-DOX solutions at the same concentration for the
same time, indicating that the photothermal conversion
capabilities of the three are almost comparable, and proving
that drug loading and PSO modification did not have any
significant impact on photothermal conversion ability.
Moreover, an obvious concentration-dependent temperature
increase was observed in Figure 4, where 60 �C was achieved
within 7min at relatively low concentration levels (0.075mM)
and was achieved within 5min at relatively high

Figure 3. The size distribution of HGNPs (a), HGNPs-DOX (b), PSO-HGNPs-DOX (c). The TEM image of HGNPs (d), HGNPs-DOX (e), PSO-HGNPs-DOX (red arrow repre-
sents the hydration layer of PSO) (f), and the absorption spectra of HGNPs (g), HGNPs-DOX (h), and PSO-HGNPs-DOX (i).
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concentration levels (0.3mM), which proved that the concen-
tration of gold was the main factor affecting the photother-
mal conversion ability of HGNPs, HGNPs-DOX, and PSO-
HGNPs-DOX. This can be explained by the large cross section
of absorption attributed to the cavity structure of the HGNPs
(Schwartzberg et al., 2006).

As shown in Figure 4(d), 0.15mM of the HGNPs, HGNPs-
DOX, and PSO-HGNPs-DOX solutions were irradiated with an
NIR laser (5 W/cm2, 5min/cycle, 10cycles) and the tempera-
ture of the samples were recorded. The results showed that
the maximum temperature of the HGNPs, HGNPs-DOX, and
PSO-HGNPs-DOX solutions to around 60 �C was reached
5min after each irradiation, which suggested that the photo-
thermal conversion capacity of AuNPs would not decrease
after multiple irradiations, and the light-to-heat conversion
efficiency did not decrease as well.

As shown in Figure 4(e,f), the ss of the blank control water
was 345.87, and the specific heat capacity of the water was

4.2 J/(kg �C while the ss of the PSO-HGNPs-DOX was 264.31.
According to the formula, the photothermal conversion effi-
ciency (g) of the PSO-HGNPs-DOX sample under the NIR of
808 nm laser (5 W/cm2) can be calculated as 22.43%. As an
inorganic photothermal material, PSO-HGNPs-DOX has high
photothermal conversion efficiency in red light, and it is a
potential photosensitizer with photothermal treatment.

3.5. In vitro release of PSO-HGNPs-DOX

The DOX loading and DOX release from HGNPs-DOX and
PSO-HGNPs-DOX under various conditions were evaluated
next. As can be seen from Figure 5(a), free DOX was com-
pletely released after 6 h and the CRP almost reached 100%.
But in the first 2 h, the CRP of free DOX in the acidic environ-
ment of pH 6.8 was slightly higher than that in the neutral
environment of pH 7.4, which may be due to the greater
solubility of DOX in an acidic environment. Moreover, in

Figure 4. Temperature changes of HGNPs (a), HGNPs-DOX (b), and PSO-HGNPs-DOX (c) at different concentrations after continuous NIR irradiation. Temperature
changes of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX after 10 repeated irradiations (red arrow indicates temperature before illumination and black arrow indicates
temperature after illumination) (d). Photothermal properties of the PSO-HGNPs-DOX solution at 808 nm (5 W/cm2), then the irradiation lasted for 600 s and was
then shut off (e). Plot of the cooling time versus –lnh from the cooling stage (f).
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Figure 5(a), the CRPs of HGNPs-DOX were respectively
52.94% (4 h, pH 6.8) and 47.82% (4 h, pH 7.4), while the CRPs
of HGNPs-DOX þ 10mM glutathione (GSH) were respectively
72.25% (4 h, pH 6.8) and 58.37% (4 h, pH 7.4). It was found
that the cumulative release of DOX in HGNPs-DOX was less
when GSH was not added. It was speculated that DOX was
mainly connected to HGNPs through Au-S bonds and the
chemical bond was relatively stable, as a result, the drug was
not easily released from the medium. However, GSH can pro-
mote the release of DOX due to its free sulfhydryl groups,
which have a stronger affinity with HGNPs and replace the
DOX. Therefore, the DOX cumulative release can be
increased with GSH and the drug can be completely released
within 24 h. From Figure 5(b), it can be seen that the CRP of
PSO-HGNPs-DOX þ 10mM GSH at pH 6.8 and pH 7.4 within
4 h was 72.37% and 60.63%. This was basically consistent
with the CRP of HGNPs-DOX þ 10mM GSH within 4 h in
Figure 5(a) at 72.25% and 58.37% at pH 6.8 and pH 7.4,
respectively. In addition, in the absence of GSH, the CRPs of
PSO-HGNPs-DOX and HGNPs-DOX at pH 6.8 and pH 7.4 at
each time point possessed no significant difference. Thus,
here, it can be proved that the release of the drug would
not be affected by the modification of PSO in AuNPs. The
release behavior of PSO-HGNPs-DOX and HGNPs-DOX was

consistent at different release pH values and in differ-
ent media.

Then, we investigated the release behavior of DOX from
HGNPs under laser irradiation. It can be seen from Figure 5(c),
at pH 7.4 that the CRP of HGNPs-DOX was only 47.82% (4 h)
and 72.75% (12 h) without NIR irradiation. However, after NIR
irradiation, the CRP reached 58.38% (4 h) and 81.03% (12 h).
This showed that the release of DOX after NIR laser irradiation
increased, which may be due to the enhancement of molecu-
lar thermal movement caused by the increase of temperature.
It can also be seen in Figure 5(c) that the CRP of HGNPs-DOX
þ 10mM GSHþNIR at pH 7.4 reached 75.25% (4 h) and
85.25% (12 h) which was higher than that of the HGNPs-DOX
and HGNPs-DOX þ 10mM GSH groups. This indicated that
there was a synergistic effect on promoting drug release with
GSH and NIR. Furthermore, as can be seen from Figure 5(d),
the CRPs from PSO-HGNPs-DOX þ 10mM GSHþNIR at pH 7.4
were 77.36% (4 h) and 87.91% (12 h). There was no significant
difference in the cumulative release of PSO-HGNPs-DOX and
HGNPs-DOX at each point with or without NIR laser irradi-
ation, indicating that PSO did not change some of the basic
properties of the original AuNPs.

In conclusion, these results indicate that the acidic release
medium had a positive effect of accelerating the release of

Figure 5. Drug release of free DOX, HGNPs-DOX, and HGNPs-DOXþGSH at pH 6.8 or pH 7.4 (a); Drug release of PSO-HGNPs-DOX and PSO-HGNPs-DOXþGSH at
pH 6.8 or pH 7.4 (b). The drug release of HGNPs-DOX and PSO-HGNPs-DOX in the presence or absence of laser irradiation or GSH at pH 7.4 (c,d).
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DOX. Furthermore, after the addition of GSH or the irradi-
ation by NIR, the release of the drug accelerated significantly,
and when HGNPs-DOX underwent both a reduction of GSH
and irradiation of NIR, the release of DOX was much faster.
In addition, the release behavior of PSO-modified AuNPs was
basically consistent with HGNPs-DOX, which proved that PSO
did not affect the relevant properties of the AuNPs.

3.6. The cytotoxicity of PSO-HGNPs-DOX for triple
combination therapy

The results of A549 cell viability after chemotherapy are
shown in Figure 6(a). It can be seen that DOX was highly
cytotoxic to A549 cells with an IC50 of 8.355 lg/mL. At the
highest dose concentration (80lg/mL, calculated as DOX),
the survival rate of cells was 26.33% after free DOX acted on
the cells, while the cell survival rates were respectively
64.71% and 67.83% after administration of HGNPs-DOX and
PSO-HGNPs-DOX, and were 2.45 times and 2.57 times that of
free DOX, respectively. This indicated that when DOX was
encapsulated in HGNPs, it effectively reduced the cytotoxicity
of the drug to cells and improved the safety of the carrier.
Although PSO can promote the uptake of HGNPs-DOX in
cells, it can be seen from the results of the stability test in
the Supporting Information (Figure S1 ) that PSO-HGNPs-
DOX has better serum stability than HGNPs-DOX. Therefore,
under the condition of no external stimuli such as NIR or IR,
the drug in PSO-HGNPs-DOX was not easy to leak and was
less cytotoxic than HGNPs-DOX.

The results of A549 cell viability after thermotherapy is
shown in Figure 6(b). It can be seen that for the low concen-
tration administration range (0–250 lM), cell viability of
HGNP and HGNPs-PSO was above 90% in the presence or
absence of NIR laser irradiation, indicating that low concen-
trations of HGNP and HGNPs-PSO are safe under laser irradi-
ation. However, for the high concentration range
(500–2000 lM), there was a significant difference in cell sur-
vival rates between the irradiated and non-irradiated groups
of HGNP and PSO-HGNPs. For example, cell viabilities for the
HGNP and PSO-HGNP groups without NIR illumination were
81.68% and 78.94%, while under NIR illumination were
60.79% and 50.43%, respectively, at 2000 lM. It was con-
cluded that the higher the concentration of HGNPs, the
higher the photothermal conversion efficiency, and the bet-
ter the therapeutic effect on tumor cells. In addition, at the
highest concentration of 2000 lM, PSO-HGNPs had a little bit
of a smaller cell survival rate than that for HGNPs. It was
speculated that HGNPs modified by PSO can promote the
uptake of HGNPs by A549 cells, so the cytotoxicity is greater
and the effect of radiotherapy better.

The results of A549 cells after radiotherapy are shown in
Figure 6(c). It can be seen that in the concentration range of
0-50lM (calculated as Au), there was no significant differ-
ence in cell viability with or without IR irradiation, but in the
concentration range of 100–2000lM, the cell viability was
significantly reduced by IR irradiation. When the concentra-
tion of HGNPs was 1000 lM, cell viability for the HGNPsþ IR
group was only 60%. In addition, HGNPs modified by PSO

can promote the uptake of HGNPs by A549 cells, so the cyto-
toxicity was greater and the effect of radiotherapy better.

Lastly, the cytotoxicity of PSO-HGNPs-DOX for triple com-
bination therapy was investigated. It can be seen from the
Figure 6(d,e) that HGNPs and PSO-HGNPs possessed less tox-
icity to A549 cells in the concentration range of 0–2000 lM,
and cell viability was above 85%. However, in the concentra-
tion range of 100–2000 lM, when triple combination therapy
was used, there was a significant decrease (p< .01) in cell
viability compared with cells treated with a single treatment.
The cell inhibition rate for the PSO-HGNPþDOXþ IRþNIR
treatment was 97.99% at a concentration of 2000 lM.
Compared with the inhibition rate of a single chemotherapy
(18.32%), radiotherapy (39.21%), and thermotherapy
(49.09%), the inhibition rate of the triple therapy (PSO-
HGNPþDOXþ IRþNIR) was 5.34, 2.50, and 1.99 times that
of the other three monotherapies, respectively, suggesting
that they have a good synergistic effect.

Meanwhile, CompuSyn software (ComboSyn, Inc., USA;
Abdel-Fattah, 2002; Chou & Martin, 2007) was used to ana-
lyze the relationship between the synergy index (CI) and
inhibition rate of the triple therapy. When 0.2 < CI < 0.6,
the combination therapy had good synergy; when 0.6 < CI
< 0.9, the combination therapy had moderate synergy; when
0.9 < CI < 1.1, the combination therapy had only a simple
additive effect, but no effective synergy. As shown in the
Figure 6(f) when the inhibition rate reached 20%, the CI
value of PSO-HGNPþDOXþ IRþNIR reached 0.916, indicat-
ing that when the inhibition rate was in the range of 20% to
100%, the efficacy of triple therapy was greater than mono-
therapy. Further, when the DOX concentration in PSO-
HGNPs-DOX reached the IC50 value (8.3 lg/mL), the CIs were
only 0.09, indicating a strengthening of the synergy among
hyperthermia, radiotherapy, and chemotherapy.

In conclusion, the triple therapy had the best anti-tumor
effect and there was a significant synergy between the three
single treatments (��p< .01).

3.7. The mechanism of radiotherapy and hyperthermia

Hydroxyl-radical-generating ability of HGNPs and PSO-HGNPs
at different concentrations was detected in Figure 7(a). The
hydroxyl-radical-generating ability of HGNPs and PSO-HGNPs
rose following an increase in the concentration of HGNPs.
However, there was no significant difference in the hydroxyl-
radical-generating ability of HGNPs and PSO-HGNPs solutions
containing the same gold concentration. It is showed AuNPs
can deposit more ion rays at the local tumor site, which can
generate more hydroxyl radicals, thereby accelerating the
damage of DNA double-strand of tumor cells. It was also
proved that AuNPs have a radiosensitivity effect, and the
ability of radiosensitization is related to the content
of AuNPs.

It can be seen from Figure 7(b) that HSP70 was hardly
expressed when the concentration of HGNPs was 0 lM.
However, with an increase in concentration, the ratio of
HSP70/GAPDH increased, indicating that the HSP70 produced
by NIR irradiation in A549 cells increased. When a high
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Figure 6. (a) Cell viability of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX. (b) Cell viability of HGNPs and PSO-HGNPs with NIR. (c) Cell viability of HGNPs with X-ray
irradiation (�p< .05, ��p< .01). (d) Cell survival of HGNPs and (e) PSO-HGNPs after triple combination therapy (�p< .05, ��p< .01, compared with HGNPs or PSO-
HGNPs). (f) Combination Index Plot of triple combination therapy.

Figure 7. (a) Hydroxylradical-generating ability detection of HGNPs and PSO-HGNPs at different concentrations; (b) Gray analysis of PSO-HGNPs-DOX, HGNPs-DOX,
and HGNPs with NIR.
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concentration of HGNPs (1000lM) was added to A549 cells,
the HSP70/GAPDH ratio was 0.39 after thermotherapy, which
was 13 times higher than that without HGNPs for thermo-
therapy. At the same time, HSP70 produced by a high-con-
centration HGNPs was 3.25 times higher than that of a low-
concentration of HGNPs (10lM). Here, it was proved that
with an increase of HGNPs, HSP70 produced by cells
increased significantly after thermotherapy, and there was a
significant difference (p< .01) between HSP70 produced by
the high-concentration HGNPs and low-concentration HGNPs.

In addition, the HSP70/GAPDH ratio of PSO-HGNPs-DOX
solutions was 0.49, which was higher than that of HGNPs-
DOX (0.4) and HGNPs (0.39; the concentration of Au was
1000lM). It was shown that PSO-HGNPs taken up by A549
cells was greater than that of HGNPs due to LDL-R mediated
endocytosis. Therefore, PSO-HGNPs under NIR irradiation
have a higher efficiency for photothermal conversion, caus-
ing a HSP70/GAPDH ratio of PSO-HGNPs relatively higher
than that of HGNPs-DOX and HGNPs.

3.8. Intracellular uptake assay

Detection of LDL-R gene expression in different cells was
showed in the Supporting Information in Table S1 and
Figure S2, it indicated that the LDL-R gene expression in L02
cells was relatively minimal, while the LDL-R gene expression
in A549 cells was the highest and it can be used as the LDL-
R gene over-expressing cell line.

In Figure 8(a,b), the flow cytometry results of DOX fluores-
cence intensity for each test group is shown and demon-
strated that the fluorescence intensity of PSO-HGNPs-DOX
group was higher than the HGNPs-DOX group for A549 cells
which overexpress LDL-R. The fluorescence intensity of PSO-
HGNP-DOX was 1.48 fold higher for the HGNP-DOX group at
8 h (p< .01). Meanwhile, there was no significant difference
in the fluorescence intensity between the HGNPs-DOX and
PSO-HGNPs-DOX groups for the L02 cells with a low expres-
sion of LDL-R. In addition, it can be seen that the uptake of
free DOX by the two cells was the highest, presumably due
to DOX loading onto the surface of HGNPs, causing the fluor-
escence of a portion of DOX to quench. Thus, the fluores-
cence values measured for the HGNPs-DOX and PSO-HGNPs-
DOX groups were smaller than the amount of DOX taken up
in the actual cells. In view of this situation, it was intended
to measure the content of Au in the carrier taken up in the
cell by AAS, and determine protein content in the cells with
the BCA kit. Then, the Au/protein ratio was calculated to
quantitatively determine the amount of gold in the cells.

Cell uptake kinetics for the HGNPs, HGNPs-DOX, and PSO-
HGNPs-DOX solutions after 2, 4, and 6 h are shown in Figure
8(c,d). The uptake of HGNPs, HGNPs-DOX, and PSO-HGNPs-
DOX in A549 cells and L02 cells was time-dependent, and
the ratio of Au/protein increased with time. For L02 cells, the
uptake rate of PSO-HGNPs was slightly slower than that for
the HGNPs, and there was no significant difference between
them. However, for the A549 cells, the uptake of the PSO-
HGNPs-DOX group was the fastest, and the ratio of Au/pro-
tein was 1.68 fold higher for the HGNP-DOX group at 6 h

(p< .01). Thus, it is indicated that the uptake rate of HGNPs,
HGNPs-DOX, and PSO-HGNPs-DOX in the normal cells was
basically the same, but in the tumor cells, the PSO-HGNPs-
DOX group had a unique advantage of being taken up by
the cells in a large amount. Confirming that HGNPs modified
by PSO had good targeting ability and could efficiently tar-
get overexpressed LDL-R on the surface of A549 cells,
thereby increasing the uptake rate.

It can be seen from Figure 8(d) that the fluorescence
intensity of the free DOX, HGNPs-DOX, and PSO-HGNPs-DOX
group increased with time for 2–6 h, and reached a peak at
6 h. The fluorescence intensity of PSO-HGNPs-DOX was stron-
ger than that of HGNPs-DOX, indicating that the uptake of
PSO-HGNPs-DOX by A549 cells was the highest. It has also
been qualitatively proven that the HGNPs modified by PSO
have good targeting ability. PSO does not affect the photo-
thermal conversion effect, stability, in vitro release, and cyto-
toxicity of HGNPs, but it has a highly effective immune
targeting effect, reflecting the superiority of the designed
drug carrier (PSO-HGNPs). The fluorescence results were con-
sistent with the results of the cell uptake kinet-
ics experiment.

3.9. LDL-R-mediated endocytosis

It can be seen from Figure 9(a,b) that when LDL was used as
a competitive inhibitor, the Au content of the PSO-HGNPs-
DOX group was significantly reduced, while the Au content
of the HGNPs-DOX group did not significantly change.
Moreover, when a high concentration of LDL (300lg/mL)
was used as a competitive inhibitor, the Au content was sig-
nificantly (��p< .01) lower than that of using a low concen-
tration of LDL (30 lg/mL). It can be inferred that when the
LDL concentration was high, there were many receptors
bound to LDL on the cells and the amount of HGNPs taken
into the cells was reduced, resulting in a lower Au content.
Conversely, when a low concentration of LDL was used as a
competitive inhibitor, the receptors bound to LDL on the cell
was reduced, and the uptake of HGNPs into the cell
increases, resulting in an increase in the Au content. The tar-
get of PSO-HGNPs-DOX entry into A549 cells is LDL-R on the
surface of A549 cells.

3.10. Escape macrophage phagocytosis

Drugs themselves are exogenous substances for the body
which macrophages may recognize and phagocytose, result-
ing in a decrease in the efficacy of the drug. The ability of
PSO modified HGNPs to escape from lung macrophages was
verified by measuring the uptake of rat alveolar macrophage
NR8383 cells at different time points. The uptake of different
preparations by NR8383 at different time points was meas-
ured by flow cytometry (Figure 9(c)), while at the same time,
confocal microscopy was used to observe the fluorescence
distribution of PSO-HGNPs-DOX (Figure 9(d)).

The results from flow cytometry showed that the amount
of DOX uptake was greater than that for the HGNPs and
PSO-HGNPs-DOX groups. The uptake of the free DOX and
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HGNPs-DOX groups increased with time, reaching a max-
imum after 6 h. However, the fluorescence intensity of PSO-
HGNPs-DOX did not change at different times, and the fluor-
escence intensity of PSO-HGNPs-DOX was one third of that
for HGNPs-DOX, and there was a significant difference in
uptake for them (��p< .01), which fully illustrated that PSO-
HGNPs-DOX has the ability to escape macrophages com-
pared to HGNPs-DOX. In addition, in Figure 9(d), the fluores-
cence intensity of DOX, HGNPs-DOX, PSO-HGNPs-DOX, and
the control group (PBS) entering the cell after 4 h was deter-
mined. It can be seen that free DOX had a strong red fluor-
escence, and the fluorescence intensity merged to the
nucleus was also the highest, indicating that free DOX can
be taken up into NR8383 cells during 4 h, and had no ability
to escape macrophages. The red fluorescence of HGNPs-DOX
was slightly weakened compared with the red fluorescence
of free DOX, but the content of HGNPs-DOX taken up by
macrophages within 4 h was still high due to the absence of
their ability to escape macrophages.

Compared with HGNPs-DOX, only a weak red fluorescence
of the PSO-HGNPs-DOX group was observed, indicating that
the content of PSO-HGNPs-DOX taken up into macrophages
was the lowest, proving that PSO-HGNPs-DOX had a good
ability to escape macrophages. The above results showed

that PSO-HGNPs-DOX was not easily taken up by NR8383
cells, indicating that the modification of PSO increased
macrophage escape of HGNPs indeed. It is known that insol-
uble particles are more easily taken up by macrophages, pos-
sibly because they can be enveloped by the lung surfactant
protein (SP), which leads to recognition by macrophage anti-
gens (Arredouani et al., 2005, 2006). PSO had greater water
solubility, and the modification of PSO could increase the
water solubility of AuNPs and prevent them from being
endocytosed by macrophages. Therefore, PSO-modified
HGNPs can exhibit a better macrophage escape ability and
higher drug accumulation in lung tumor to improve a triple
combination therapy.

3.11. In vivo targeting

In this study, tumor-bearing mice were injected with free
Cy7, Cy7-HGNPs, and Cy7-HGNPs-PSO through the tail vein,
respectively. The in vivo distribution of the preparations in
A549 tumor-bearing mice was investigated by an IVIS
Spectrum In vivo Imaging System at 2, 4, and 8 h after
administration. As can be seen from Figure 9(e), the free Cy7
group showed no obvious tumor targeting distribution
within 8 h after administration. While HGNPs exhibit a tumor-

Figure 8. (a) Mean fluorescence intensity of DOX, HGNPs-DOX, and PSO-HGNPs-DOX in A549 and (b) L02 cells. (c)The ratio of Au/protein(ng/lg) of HGNPs, HGNPs-
DOX, and PSO-HGNPs-DOX in A549 and (d) L02 cells in intracellular uptake experiments (�p< .05, ��p< .01). (e) A549 cell uptake of HGNPs, HGNPs-DOX, and PSO-
HGNPs-DOX. Cells were stained with DAPI as red represents the fluorescence of DOX and the white arrows indicate fusion of the drug and cells. (Scale bar
¼ 10 lm).
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targeted fluorescence distribution, and the fluorescence of
the tumor site increased with time, suggesting that HGNPs
accumulated in the tumor site. In the PSO-HGNPs group, due
to the targeting effect of PSO on the LDL receptors at the
tumor site after adsorption of related proteins, the fluores-
cence intensity at the tumor site after the administration of
the preparation was stronger than that of the HGNPs group,
and the fluorescence intensity reached its maximum at 4 h.
At 8 h, the fluorescence of the PSO-HGNPs group weakened
and it is hypothesized that the formulation had a limited
residence time at the tumor site, which also provided a refer-
ence for the optimal time of PTT.

4. Conclusions

This study aimed to construct a PSO modified HGNPs drug
delivery system that can target LDL receptors which are
overexpressed on the surface of lung cancer cells for a novel
triple combination therapy to also escape macrophage
phagocytosis. In this work, PSO-HGNPs-DOX was constructed

and the suitable particle sizes a desired NIR wavelength
(especially 800 nm) was obtained. Then, the photothermal
conduction efficiencies of PSO-HGNPs-DOX under NIR were
investigated. The result showed that the temperature was
significantly increased within 10min, and PSO-HGNPs-DOX
had good photothermal properties. Furthermore, we studied
the in vitro release of the preparations, in which the cumula-
tive release rate of DOX in pH 6.8 was greater than that in
pH 7.4. Furthermore, after the addition of GSH or irradiation
by NIR, the release of the drug was accelerated significantly
and the modification of PSO did not affect DOS release.

In addition, in this experiment, in vitro cytotoxicity, the
synergistic effect of triple combination therapy, cellular
uptake and macrophage escape behavior of PSO-HGNPs-DOX
were systematically studied. The results from cytotoxicity
experiments showed that tumor cells treated with thermo-
therapy and radiotherapy alone only showed good cytostatic
rates at higher concentrations, while cells treated with a tri-
ple combination therapy had a good synergistic effect at
almost all concentrations. When the inhibition rate was in

Figure 9. (a) The ratio of Au/protein (ng/lg) of DOX-HGNPs and PSO-HGNPs-DOX in A549 cells. (b) L02 cells in competitive inhibition of LDL-R experiments. (c)
Mean fluorescence intensity of HGNPs, HGNPs-DOX, and PSO-HGNPs-DOX (��p< .01). (d) Confocal image of NR8383 cell uptake of HGNPs, HGNPs-DOX, and PSO-
HGNPs-DOX at 4 h. Red represents the fluorescence of DOX and blue is the fluorescence of DAPI. White arrows indicate fusion of the drug and cell. (Scale bar ¼
10lm). (e) In vivo imaging of tumor-bearing mice after administration of Cy7, Cy7-HGNPs, and Cy7-HGNPs-PSO.
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the range of 20% to 100%, the CI of the triple therapy was
0.916 (<1.0), indicating that the efficacy of the triple therapy
was greater than monotherapy. Moreover, the expression of
LDL-R in different cells was determined in this experiment.
The results showed that LDL-R was more highly expressed in
A549 cells compared with L02 cells. From the cellular uptake
kinetic experiments, the uptake of the preparations by A549
cells gradually increased with time, and the uptake of PSO-
HGNPs-DOX was significantly higher than that of HGNPs-
DOX. The LDL-R competitive inhibition assay confirmed that
LDL-R was the target of PSO-HGNPs-DOX entry into A549
cells. Macrophage escape experiments showed that PSO-
HGNPs-DOX significantly escaped macrophage determine to
improve a therapeutic effect.

Finally, the targeting of PSO-HGNPs-DOX was investigated
in animals by small animal live imaging. Results showed that
PSO-HGNPs had better targeting than HGNPs and free cy7
in vivo. This provides a basis for future research on the
pharmacodynamics and pharmacokinetics of the novel nano
preparations in animals.

In summary, PSO-modified HGNPs not only involve simple
preparation methods and good stability but they also exhibit
excellent antitumor effects by achieving synergetic efficacy
of chemotherapy and PTT under NIR laser irradiation. This
study also shows a good triple therapeutic effect with LDL
receptor targeting function and macrophage escape function.
This study introduces a new type of drug carrier with triple
combination therapy via LDL-R mediated endocytosis for
improved lung cancer treatment.

Acknowledgments

The authors thank China Pharmaceutical University and Northeastern
University for providing facilities.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The authors would like to thank China Pharmaceutical University and
Northeastern University for providing funding. This work was supported
by the Ministry of Science and Technology of China [Grant No.
2017ZX09101001-005-003], the National Natural Science Foundation of
China [Grant Nos. 81972892, 81673364, and 81760760], the Priority
Academic Program Development of Jiangsu Higher Education
Institutions and the Postgraduate Research & Practice Innovation
Program of Jiangsu Province [Grant No. KYCX17_0674], and the Applied
Technology Research and Development Project of the Inner Mongolia
Autonomous Region [Grant No. 2019GG035].

References

Abdel-Fattah YR. (2002). Optimization of thermostable lipase production
from a thermophilic Geobacillus sp. using Box-Behnken experimental
design. Biotechnol Lett 24:1217–22.

Arredouani MS, Palecanda A, Koziel H, et al. (2005). MARCO is the major
binding receptor for unopsonized particles and bacteria on human
alveolar macrophages. J Immunol 175:6058–64.

Arredouani MS, Yang Z, Imrich A, et al. (2006). The macrophage scaven-
ger receptor SR-AI/II and lung defense against pneumococci and par-
ticles. Am J Respir Cell Mol Biol 35:474–8.

Chen W, Zheng R, Baade PD, et al. (2016). Cancer statistics in China,
2015. CA Cancer J Clin 66:115–32.

Chou TC, Martin N. (2007). The mass-action law-based new computer
software, CompuSyn, for automated simulation of synergism and
antagonism in drug combination studies. Cancer Res 67.

Chun-Li WU, Ai-Xing LI, Jie-Ming LI, et al. (2012). Content determination
of polysorbate 80 in yuxingcao injection by UV-visible spectropho-
tometry. China Pharmacy 40:3823–25.

Corsello SM, Barnabei A, Marchetti P, et al. (2013). Endocrine side effects
induced by immune checkpoint inhibitors. J Clin Endocrinol Metab
98:1361–75.

Dreaden EC, Alkilany AM, Huang X, et al. (2012). ChemInform abstract:
the golden age: gold nanoparticles for biomedicine. Cheminform 41:
2740–79.

Gao K, Jiang X. (2006). Influence of particle size on transport of metho-
trexate across blood brain barrier by polysorbate 80-coated polybutyl-
cyanoacrylate nanoparticles. Int J Pharm 310:213–19.

Gera N, Tzafra C, Stela G, et al. (1999). Vascular endothelial growth factor
(VEGF) and its receptors. FASEB J 13:9–22.

Hu ZH, Liu Y, Liang Z, et al. (2011). Preparation of a novel liver-targeting
nanoparticle of norcantharidin derivative and evaluation of its anti-
tumour activity. J Exp Nanosci 6:183–99.

Huang P, Bao L, Zhang C, et al. (2011). Folic acid-conjugated Silica-modi-
fied gold nanorods for X-ray/CT imaging-guided dual-mode radiation
and photo-thermal therapy. Biomaterials 32:9796–809.

Jihyoun L, Dev Kumar C, Hyuk LM, et al. (2014). Gold nanoparticles in
breast cancer treatment: promise and potential pitfalls. Cancer Lett
347:46–53.

Kreuter J. (2012). Nanoparticulate systems for brain delivery of drugs.
Adv Drug Delivery Rev 64:213–22.

Leger P, Limper AH, Maldonado FJ. (2017). Pulmonary toxicities from
conventional chemotherapy. Clin Chest Med 38:209–22.

Li C, Sun C, Li S, et al. (2014). Novel designed polyoxyethylene nonionic
surfactant with improved safety and efficiency for anticancer drug
delivery. Int J Nanomedicine 9:2089–100.

Li Y, He D, Tu J, et al. (2018). The comparative effect of wrapping solid
gold nanoparticles and hollow gold nanoparticles with doxorubicin-
loaded thermosensitive liposomes for cancer thermo-chemotherapy.
Nanoscale 10:8628–41.

Liu X, Zhang X, Zhu M, et al. (2017). PEGylated Au@Pt nanodendrites as
novel theranostic agents for computed tomography imaging and
photothermal/radiation synergistic therapy. ACS Appl Mater Interfaces
9:279–85.

Mcmahon SJ, Mendenhall MH, Jain S, et al. (2008). Radiotherapy in the
presence of contrast agents: a general figure of merit and its applica-
tion to gold nanoparticles. Phys Med Biol 53:5635–51.

Mead GM, Arnold AM, Green JA, et al. (1980). Small-cell lung cancer.
Cancer Chemother Pharmacol 315:252.

Mohamed MS, Veeranarayanan S, Poulose AC, et al. (2014). Type 1 ribo-
toxin-curcin conjugated biogenic gold nanoparticles for a multimodal
therapeutic approach towards brain cancer. Biochim Biophys Acta
1840:1657–69.

Natasha F, Agathi C, Kanaras AG, et al. (2013). Hyperspectral darkfield
microscopy of single hollow gold nanoparticles for biomedical appli-
cations. Phys Chem Chem Phys 15:4163–8.

Paez JG, J€anne PA, Lee JC, et al. (2004). EGFR mutations in lung cancer:
correlation with clinical response to gefitinib therapy. Science 304:
1497–500.

Pastrana E (2012). A handle on neurodegenerative disease complexity.
Nat Methods 9:21.

Rahman WN, Corde S, Yagi NY, et al. (2014). Optimal energy for cell
radiosensitivity enhancement by gold nanoparticles using synchro-
tron-based monoenergetic photon beams. Int J Nanomedicine 9:
2459–67.

Rana S, Bajaj A, Mout R, et al. (2012). Monolayer coated gold nanopar-
ticles for delivery applications. Adv Drug Deliv Rev 64:200–16.

1358 Y. SHEN ET AL.



Schwartzberg AM, Olson TY, Talley CE, et al. (2006). Synthesis, character-
ization, and tunable optical properties of hollow gold nanospheres.
J Phys Chem B 110:19935–44.

Schwartzberg LS, Navari RM. (2018). Safety of polysorbate 80 in the
oncology setting. Adv Ther 35:754–14.

Tao K, Zeng J, Wang X, et al. (2008). Enhancement of radiation cytotox-
icity in breast-cancer cells by localized attachment of gold nanopar-
ticles. Small 4:1537–43.

Tony A, Eisenberg A. (2007). Monolayer-protected gold nanoparticles by
the self-assembly of micellar poly(ethylene oxide)-b-poly(epsilon-cap-
rolactone) block copolymer. Langmuir 23:2126.

Troutman TS, Barton JK, Romanowski M. (2008). Biodegradable plasmon
resonant nanoshells. Adv Mater 20:2604–8.

Vigan�o L, Capussotti L, Rosa GD, et al. (2013). Liver resection for colorec-
tal metastases after chemotherapy: impact of chemotherapy-related
liver injuries, pathological tumor response, and micrometastases on
long-term survival. Ann Surg 258:731–42.

Wang Q, Shen Y, Mi G, et al. (2020). Fumaryl diketopiperazine based
effervescent microparticles to escape macrophage phagocytosis for
enhanced treatment of pneumonia via pulmonary delivery.
Biomaterials 228:119575.

Wang R, Deng J, He D, et al. (2019). PEGylated hollow gold nanoparticles
for combined X-ray radiation and photothermal therapy in vitro and
enhanced CT imaging in vivo. Nanomed Nanotechnol Biol Med 16:
195–205.

Wong HL, Xiao YW, Bendayan R. (2012). Nanotechnological advances for
the delivery of CNS therapeutics. Adv Drug Deliv Rev 64:686–700.

You J, Zhang G, Li C. (2010). Exceptionally high payload of doxorubicin
in hollow gold nanospheres for near-infrared light-triggered drug
release. ACS Nano 4:1033–41.

Yu K, Zhao J, Zhang Z, et al. (2016). Enhanced delivery of Paclitaxel using
electrostatically-conjugated Herceptin-bearing PEI/PLGA nanoparticles
against HER-positive breast cancer cells. Int J Pharm 497:78–87.

DRUG DELIVERY 1359


	Abstract
	Introduction
	Materials and methods
	Materials and animals
	Synthesis and characterization of polyoxyethylene sorbitol oleate-lipoic acid (PSO-LA)
	Determination of LA substitution ratio on PSO-LA
	Preparation and characterization of PSO-HGNPs-DOX
	Preparation of PSO-HGNPs-DOX
	Characterization of PSO-HGNPs-DOX

	Photothermal transformation ability of PSO-HGNPs-DOX
	In vitro NIR-triggered release of PSO-HGNPs-DOX
	Triple combination therapy evaluation in vitro
	Cell viability after chemotherapy, thermotherapy, and radiotherapy alone on A549 cells
	Triple combination therapy on A549 cells
	The mechanism of radiotherapy and hyperthermia
	Intracellular DOX, HGNPs-DOX, and PSO-HGNPs-DOX uptake
	LDL-R mediated endocytosis
	Lung macrophage escape assay in vitro

	In vivo targeting
	Data analysis

	Results and discussion
	Synthesis and characterization of PSO-LA
	Determination of the degree of LA substitution
	Characterization of PSO-HGNPs-DOX
	In vitro photothermal transformation ability of PSO-HGNPs-DOX
	In vitro release of PSO-HGNPs-DOX
	The cytotoxicity of PSO-HGNPs-DOX for triple combination therapy
	The mechanism of radiotherapy and hyperthermia
	Intracellular uptake assay
	LDL-R-mediated endocytosis
	Escape macrophage phagocytosis
	In vivo targeting

	Conclusions
	Acknowledgments
	Disclosure statement
	Funding
	References


