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There is growing empirical evidence that certain types of chemotherapy and phototherapy 

trigger immunogenic cell death and enhance the therapeutic anticancer efficacy of genetic 

immunotherapy. However, the main challenge is spatiotemporally co-delivering different 

drugs to maximize the therapeutic index of the combination therapy. In this study, a drug 

delivery system (HTCP-Au/shPD-L1/DOX) was designed with a polysaccharide-wrapped 

shell and a condensed DNA core. To construct the HTCP-Au vector, dodecyl side chains 

with a polyethylenimine (PEI) head were grafted onto hyaluronic acid, and AuNPs were 

grafted via Au-S bonds. During drug loading, PEI arrested shRNA plasmid DNA targeting 

programmed cell death ligand 1 (shPD-L1) via electrostatic interactions. It also formed a 

PEI-DNA core that was automatically enclosed when aliphatic hydrocarbons pulled the 

hyaluronic acid backbone. A hydrophobic interlayer consisting of dodecyl bridge chains 

between the PEI-DNA core and the hyaluronic acid shell was required to accommodate 

hydrophobic doxorubicin. In vitro and in vivo assays demonstrated that this core-shell drug 

delivery system could efficiently load and transport three different drugs and effectively 

target tumors. Moreover, it could activate the immune system, thereby providing promising 

therapeutic efficacy against tumor growth and metastasis. 

© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Cancer is a major culprit affecting human health, and
the imperative in the development of cancer treatment is
improving efficacy while reducing toxicity. Over the past
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decades, genetic immunotherapy, which intervenes in host
immunity by using genetic technology to recognize and
eradicate cancer cells, has attracted widespread research
attention [1–3] . However, the dismal objective response rates
of immune system targeted therapies are less than ideal,
which may be attributed partly to the heterogeneity of
rsity. 
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Scheme 1 – Schematic diagram of drug delivery and 

anti-tumor mechanism of HTCP-Au/shPD-L1/DOX 

nanoparticles. 
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ancer and the incomplete activation of immune system [4–6] .
ecently, it has been discovered that some specific treatments,
uch as chemotherapy and phototherapy, can enhance the 
urative effect of genetic immunotherapy by triggering a 
pecial cell death called immunogenic cell death (ICD) or 
ctivating the adaptive immune response system [7–10] .
herefore, combining different localized treatments and 

enetic immunotherapy can achieve a promising therapeutic 
ffect against cancer [11] . Nevertheless, the therapeutic 
gents used in immunogenetic therapy, chemotherapy, and 

hototherapy differ vastly in terms of their molecular 
tructures and/or physicochemical properties. Hence, it is 
rucial to spatiotemporally co-deliver these distinct agents 
o maximize the therapeutic index and elicit responses that 
annot be achieved with any of the agents alone. 

Hyaluronic acid (HA) is a natural linear polysaccharide 
epresented by alternating D -glucuronic acid and N-acetyl 
lucosamine units. In last decades, HA-based nanoparticles 
ave attracted great attention in drug- and gene-delivery due 

o its excellent biocompatibility, biodegradability, wonderful 
odification, and tumor-targeting ability [12–14] . In general,
A has poor capacity for loading nucleic acid because 
f its electro-negativities. To overcome this obstacle, HA 

sually be modified with highly positively charged functional 
roups, such as polyethylenimine (PEI) [ 15 ,16 ]. The cationic 
odification can improve the capacity for nucleic acid 

oading but shorten in vivo circulation because of nonspecific 
nteractions between particles and serum proteins. More 
oncerning, the compressed structure of the complexes 
ill be detrimental to foreign drug loading when cationic 
A interact with nucleic acid. To highlight strengths and 

ircumvent weaknesses, an HA-based nanoparticle with core- 
hell structure was designed and constructed to achieve 
ynergistic spatiotemporal drug delivery in this study. A 

hown in Scheme 1 , PEI was hung off the HA main structure 
hrough a carbon bridge chain instead of directly linking to 
A in this study. When loaded with nucleic acid-based drugs 

or genetic immunotherapy, PEI arrested DNA by forming 
he PEI/DNA kernel through electrostatic interaction. HA 

as simultaneously driven by dodecyl chains and PEI and 

utomatically wrapped around PEI/DNA to form a shell. In 

ddition, there was a hydrophobic intermediate layer formed 

y the long alkyl chain between the PEI/DNA core and the HA 

hell, which provided the space necessary to accommodate 
ther drugs. This core-shell nano-drug delivery system uses 
he electronegativity of the HA shell to avoid clearance by the 
eticuloendothelial system, prolongs in vivo circulation, and 

tilizes the effects of HA and CD44 on tumor cell surfaces to 
chieve synergistic, targeted drug delivery. 

As a major target of antitumor genetic immunotherapy,
rogrammed cell death ligand 1 (PD-L1) is expressed 

n the surfaces of various tumor cells and plays a key 
ole in tumor immune evasion [17] . It has been shown 

hat silencing PD-L1 expression by RNA interference 
RNAi) can reactivate the T-cell based immune response,
esulting in the detection and elimination of tumor cells 
 18 ,19 ]. Doxorubicin (DOX), an inhibitor of DNA and RNA 

iosynthesis, is commonly used as a chemotherapeutic 
rug for clinical tumor treatment. In particular, DOX can 

rigger ICD and enhance the immunomodulation effects of 
D-L1-based immunotherapy [ 5 ,20–23 ]. Equally attractive is 
hat apart from the immunomodulatory effects of DOX, gold 

anoparticles (AuNPs), widely used in photodynamic therapy,
ave been found to stimulate the immune system [ 10 ,24 ].
herefore, a combination of RNAi silencing PD-L1 (shPD-L1),
OX, and AuNPs may be an effective strategy to improve 

mmunogenetic antitumor efficacy and can be used as a 
odel drug combination to clarify the effect of a core-shell,
ulti-drugs co-delivery system. 
In this study, we first grafted AuNPs on HTCP to construct 

TCP-Au. Then, the shPD-L1 and DOX were loaded in turn 

o form the antitumor drug delivery system, HTCP-Au/shPD- 
1/DOX, with a core-shell structure. Moreover, we explored 

nd validated the antitumor effectiveness and safety of this 
ovel drug delivery system (HTCP-Au/shPD-L1/DOX), both in 
itro and in vivo . Based on this study, we expect to achieve 
he convergence of different localized treatments and genetic 
mmunotherapy and provide more effective interventions in 

ancer therapy. 

. Materials and methods 

.1. Materials 

yaluronic acid (HA; MW = 200–400 kDa) was purchased from 

loomage Freda Biopharm Corporation (Shandong, China).
he 1-(3-(dimethylamino)propyl) −3-ethylcarbodiimide 
ydrochloride (EDC), N-hydroxysuccinimide (NHS), and 

olyethylenimine (PEI; MW = 600 Da) were purchased from 

laddin Bio-Chem Technology Co. (Shanghai, China). The 
2-aminododecanoic acid was purchased from Yuanye 
io-Technology Corporation (Shanghai, China). L -Cys- 
as purchased from Macklin Biochemical Corporation 
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(Shanghai, China). Chloroauric acid was purchased from
Zhanyun Chemical Corporation (Shanghai, China). DOX
was purchased from Aladdin Bio-Chem Technology Co.
(Shanghai, China). The 3-(4,5-dimethyl-2-thiazolyl) −2,5-
diphenyl-2-H-tetrazolium bromide (MTT) was purchased
from Solarbio Science and Technology Corporation (Beijing,
China). Fluorescein isothiocyanate (FITC) fluorescent probe
was purchased from Sigma-Aldrich Corp. (St. Louis, MO,
USA). LysoRed lysosome probe, and cell apoptosis and
cycle testing kits were purchased from KeyGen Biotech
Corporation (Nanjing, China). TRIzol reagent was purchased
from CoWin Bioscience (Jiangsu, China). The enzyme-linked
immunosorbent assay (ELISA) kit was purchased from Winter
Song Boye Biotechnology Corporation (Beijing, China). The
RNAi negative control plasmid (shNC), and PD-L1 targeting
RNAi plasmid (shPD-L1) were purchased from GenePharma
Pharmaceutical Technology Co. Ltd. (Shanghai, China). The
target sequence against PD-L1 was 5 ́-GAG ACG TAA GCA
GTG TTG AA-3 ́. The 4T1 mouse breast cancer cells were
purchased from the Cell Bank of the Chinese Academy of
Science (Shanghai, China). 

2.2. Preparation of HTCP-Au 

2.2.1. HTCP preparation 

HA was activated by the classical EDC 

–NHS method
[25–27] . In short, 0.1500 g HA, 0.0690 g EDC, and 0.0420 g
NHS were dissolved in 15 ml formamide solution and stirred
at 20–25 °C under nitrogen protection for 4 h. Then, 0.1800 g
of 12-aminododecanoic acid was added to the above mixture
and stirred in the dark at room temperature for 48 h to
generate HA-C 12 . Then 0.1510 g L -Cys-was activated by a
similar EDC 

–NHS approach and reacted with 0.2500 g HA-C 12

under nitrogen protection for 5 h to generate HA-C-Cys. After
being dialyzed and lyophilized, 0.1500 g HA-C-Cys-dissolved
in 15 ml boric acid buffer (pH 9.11) was mixed with 0.5000 g
PEI in 400 μl HCl (3.7%, v/v) to generate HTCP. The mixture
was stirred at room temperature in the dark under nitrogen
protection for 48 h. The final product (HTCP) was dialyzed
against ultrapure water for 2 d and obtained by lyophilization
at 43.67% yield. 

2.2.2. AuNP preparation 

AuNPs were prepared by the citric acid reduction method
[28–31] . In short, 5 ml fresh trisodium citrate solution (1%, w/v)
was added to 95 ml boiled auric acid solution (0.01%, w/v).
The mixture was rapidly stirred until the color of the reaction
system changed from light yellow to wine red and remained
stable for 5 min. The AuNP solution was obtained by stirring
the mixture until it naturally cooled to room temperature. The
yield was 81.76%. 

2.2.3. HTCP-Au preparation and characterization 

As previously reported [31–33] , HTCP (0.5000 g) was dissolved
in 90 mL ultrapure water, and 90 ml AuNP solution was added
dropwise under nitrogen protection. The mixture was stirred
in the dark for 24 h and then centrifuged at 1.2 × 10 4 r/min for
20 min. The supernatant was discarded, and the precipitate
was washed thrice in ultrapure water to obtain the target
product, HTCP-Au. 
The chemical structure of the final product (HTCP-Au)
was characterized by nuclear magnetic resonance imaging
( 1 H NMR; Avance III-400, Bruker GmbH, Karlsruhe, Germany).
Elemental analysis was conducted by X-ray energy dispersive
spectroscopy (EDS; AXIS Supra X, Shimadzu Corp., Kyoto,
Japan). Photothermal conversion activity was evaluated with
a thermal imager (Ti25; Fluke Corp., Everett USA). Particle
size and zeta potential were determined by dynamic light
scattering (DLS; Nano-ZS90, Malvern Instruments, Malvern,
UK). 

2.3. Preparation and characterization of nano drug 
delivery system for combination therapy 
(HTCP-Au/shPD-L1/DOX) 

To form HTCP-Au/shPD-L1, the shPD-L1 solution was added
to the nanoparticle HTCP-Au aqueous solutions at a mass
ratio of 1:3, and the mixture was vortexed for 30 s and
then incubated at room temperature for 30 min. Then,
DOX was added to the above mixture at different mass
ratios (W HTCP-Au : W DOX = 0.2:1, 0.5:1, 1:1, 2.5:1, 5:1), and was
incubated at room temperature for 30 min to generate HTCP-
Au/shPD-L1/DOX. After centrifugation at 1.2 × 10 4 r/min
for 15 min, the supernatant was taken to determine the
DOX content by fluorescence spectrophotometry. The drug-
loading rate (DL% = C 1 /(C 1 + C 2 ) × 100) and encapsulation
efficiency (EE% = C 1 /C 3 × 100) were calculated. C 1 is the mass
of encapsulated drug, C 2 is the mass of HTCP-Au and shPD-L1,
C 3 is the mass of added drug. 

To detect the release of DOX, HTCP-Au/shPD-L1/DOX was
dispersed in phosphate-buffered saline (PBS, pH 6.5 or pH 6.0)
or hydrochloric acid (pH 5.0, with 1% SDS) and placed in a
constant temperature rocker rotator at 37 °C, 50 r/min. As for
the NIR irradiation group, the samples were irradiated with
an 808 nm laser (1.5 W/cm 

2 ) for about 30 s. At 0.5, 1, 2, 4, 8,
12, 24, 36 and 48 h, samples were removed from the system
to be tested, and an equal volume of solvent was added.
Fluorescence intensity was detected and cumulative release
was calculated. 

Agarose gel electrophoresis was used to detect the
interaction between HTCP-Au and nucleic acid shPD-L1.
DLS was used to determine the particle size and zeta
potential of HTCP-Au/shPD-L1/DOX and transmission
electron microscopy (TEM; TecnaiF20, FEI, Hillsboro, OR,
USA) was used for its morphological characterization. 

2.4. Cellular uptake 

Firstly, HTCP-Au was labeled by FITC. In short, 0.0100 g FITC
and 0.0042 g N, N’-Carbonyldiimidazole were dissolved in
10 ml DMSO, and stirred under nitrogen protection for 4 h.
0.0050 g HTCP-Au was added to the above mixture and stirred
under nitrogen protection for 24 h to generate HTCP-Au-
FITC. Then, HTCP-Au-FITC was used to generate HTCP-Au-
FITC/shNC in a method similar to the preparation of HTCP-
Au/shNC. 

The 4T1 mouse breast cancer cells in logarithmic growth
phase were seeded in 12-well plates at a density of
1.5 × 10 5 cells/well and incubated overnight. The medium was
removed and replaced with medium containing FITC-labeled
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TCP-Au/shNC (HTCP-Au-FITC/shNC, 100 μg/ml). After 2, 4 
nd 6 h continuous culture, the medium was discarded,
he cells were washed twice with PBS, and cell uptake 
fficiency was detected by flow cytometry (FCM; Accuri C6, BD 

iosciences, Franklin Lakes, NJ, USA). 
HTCP-Au-FITC and HTCP-Au-FITC/shNC were added to 

T1 cells in logarithmic growth phase. After 6 h continuous 
ulture, the medium was discarded, the cells were washed 

hrice with PBS, and medium containing lysosome fluorescent 
robe was added. After 40 min, the cells were washed thrice 
ith PBS and 1 ml 4% paraformaldehyde was added. After 

5 min fixation, cells were washed thrice with PBS and 

 ml medium containing DAPI was added. After 15 min, the 
edium was discarded, the cells were washed thrice with 

BS and observed by fluorescence microscopy (IX53, Olympus 
orp., Tokyo, Japan). 

.5. Cell proliferation 

he 4T1 cells were seeded in a 96-well plate at a density 
f 3.0 × 10 3 cells/well and cultured conventionally for 16 h.
he old medium was removed and replaced with new 

edia containing various drug administration systems.
fter 48 h incubation, the cell proliferation rate was detected 

y MTT assay ( n = 5). For laser irradiation groups, cells 
ere irradiated by 808 nm laser after 6 h administration.
he treatment groups were the PBS negative control 
roup (NC), the phototherapy group with 808 nm laser 
rradiation (HTCP-Au/shNC-808), the chemotherapy group 

HTCP-Au/shNC/DOX), the genetic immunotherapy group 

HTCP-Au/shPD-L1), and the combination treatment group 

ith 808 nm laser irradiation (HTCP-Au/shPD-L1/DOX-808).
he dealing dose was composed of 10 μg/ml HTCP-Au, with 

r without shPD-L1 (3.3 μg/ml), DOX (4 μg/ml), and infrared 

08-nm laser irradiation (1.5 W/cm 

2 , 60 s). 

.6. Cell cycle and apoptosis 

he cell cycle of the 4T1 cells induced by HTCP-Au/shPD- 
1/DOX-808 was analyzed by FCM after the cells were stained 

ith propidium iodide (PI), according to the manufacturer’s 
rotocol for the cell cycle detection kit. Apoptosis of the 
reated cells was detected using the Annexin V-FITC/PI double 
taining apoptosis kit as standard operational procedure.
he cells received either PBS, HTCP-Au/shNC-808, HTCP- 
u/shNC/DOX, or HTCP-Au/shPD-L1 (the same mass ratio of 
 HTCP-Au : W DNA : W DOX to be 15:5:6) as the control groups. 

.7. Xenograft tumor mouse model 

emale BALB/c mice (16–20 g, 4 weeks old) were provided 

y the Henan Laboratory Animal Center (Henan, China).
ll animal experiments were conducted in accordance with 

he National Regulation on the Management of Laboratory 
nimals and approved by the Ethics Committee of Zhengzhou 

niversity. The 4T1 tumor cells were absorbed into a 
ingle-cell suspension and subcutaneously injected into the 
ight forelimb of mice at 10 6 cells/0.2 ml. When the tumor 
olumes reached ∼100 mm 

3 , the mice were used for further 
xperiments. 
.8. In vivo biodistribution and photothermal conversion 

R783 or IR783-labeled HTCP-Au/shNC was injected into the 
ail veins of 4T1 tumor-bearing mice and in vivo imaging was 
erformed at predetermined times (1, 3, 5, 7, 12 and 24 h).
inally, the mice were sacrificed, and the major organs (heart,
iver, spleen, lung, and kidney) and tumors were excised and 

xamined by fluorescence imaging (In-Vivo FX PRO; Bruker 
mbH, Karlsruhe, Germany). 

A single dose of HTCP-Au/shNC (15 mg/kg HTCP-Au and 

 mg/kg shNC) was injected into tumor-bearing mice via the 
audal vein. Five hours later, the tumor was irradiated with 

n 808 nm laser at 1.5 W for 30 s, and thermal imaging was
ecorded with an infrared thermal imager (Ti200, Fluke Corp.,
verret, WA, USA). 

.9. In vivo antitumor efficacy 

ice harboring 4T1 tumors were randomly divided into six 
roups with five mice per group and were injected through 

he tail vein with saline, HTCP-Au/shNC, HTCP-Au/shNC-808,
TCP-Au/shNC/DOX, HTCP-Au/shPD-L1, and HTCP-Au/shPD- 
1/DOX-808 (15 mg/kg HTCP-Au, 5 mg/kg shPD-L1, or shNC,
 mg/kg DOX) every 6 days. For the mice of the HTCP-Au/shNC- 
08 and HTCP-Au/shPD-L1/DOX-808 groups, the tumor was 
rradiated for 30 s with near-infrared (NIR; 1.5 W/cm 

2 ), 5 h 

fter the first injection, and every 3 d thereafter. The tumor 
olume and body weight were monitored every 2 d On 

ay 13 after injection, the mice were sacrificed, and their 
umor tissues were excised and weighed to calculate tumor 
nhibition rates. In addition, the tumor tissues were dewaxed,
tained, dehydrated, rendered transparent, and sealed for 
istopathological and immunohistochemical analyses. The 

evel of interferon gamma (IFN- γ ) secretion was assayed using 
n enzyme-linked immunosorbent assay (ELISA) kit. 

.10. In vivo safety evaluation 

ouse weight changes, organ weight index, and routine 
lood tests were assessed to evaluate the safety profile 
f HTCP-Au/shPD-L1/DOX-808. Moreover, after the 
xperiments, blood was collected from the retro-orbital 
inus for the spectrophotometric measurement of aspartate 
minotransferase (AST), lactate dehydrogenase (LDH), and 

reatine kinase (CK). The major organs including hearts, livers,
pleens, lungs, and kidneys were excised for histopathological 
xamination. 

.11. Real time quantitative polymerase chain reaction 

qPCR) 

otal RNA from tumor cells or tumor tissues was extracted 

sing the TRIzol method and 2 μl RNA was used in 

everse transcription (RT). qPCR amplification (T100 TM 

hermal Cycler, Bio-Rad Laboratories, Hercules, CA, USA) 
as performed with specific primers. Hypoxanthine 

hosphoribosyltransferase (HPRT) mRNA was the internal 
eference. The PD-L1 primers were 5 ́-CTT TTC CTC TGC TCA 

TG CCG-3 ́ (upstream), and 5 ́-GAC CTC TGT GTT CCC TGC 

TG-3 ́ (downstream). The HPRT primers were 5 ́-CTC CGC 
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Scheme 2 – Preparation process of drug delivery system HTCP-Au/shPD-L1/DOX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – Characterization of synthesized HTCP-Au. (A) 1 H 

NMR spectra of HA (a), HA-C 12 –Cys (b) and HTCP (c);(B) The 
EDS elemental analysis result of HTCP-Au;(C) The 
photothermal conversion effect of HTCP-Au with various 
irradiation (808 nm). (D) Zeta potential distribution of HA (a) 
and HTCP-Au (b). (E) Size of HTCP-Au. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CGG CTT CCT CA-3 ́ (upstream), and 5 ́-ACC TGG TTC ATC
GCT AT-3 ́(downstream). 

2.12. Western blot 

Tumor tissues were digested with radioimmunoprecipitation
assay (RIPA) lysis buffer to extract the proteins. The extracted
proteins were quantitated using the bicinchoninic acid
(BCA) method, and separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were
then transferred onto a nitrocellulose membrane using
the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories,
Hercules, CA, USA), and the transmembrane was conducted
and sealed with 5% skimmed milk powder. Anti-PD-L1
(1:500) or anti- β-actin (1:1000) antibodies were added, and
the transmembranes were incubated at 4 °C overnight. The
transmembranes were washed thrice in Tris buffer plus
polysorbate 20 (TBST), treated with secondary antibody
(1:3000), and incubated at room temperature for 30 min. After
washing thrice with TBST, the target proteins were visualized
using chemiluminescence and analyzed using ImageJ 1.52a
software (NIH, Bethesda, MD, USA). 

2.13. Statistical analysis 

All data were given as mean ± standard deviation (SD).
One way analysis of variance was used to determine the
significance of the difference. The differences were considered
significant for ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗

P < 0.0001. 

3. Results and discussion 

3.1. HTCP-Au synthesis and characterization 

Combined drug deliveries provide a greater possibility for the
complete cure of tumors, but the key is how to deliver drugs
with different structures and physicochemical properties. To
this end, researchers have carried out a lot of work. In recent
years, polysaccharides have shown great advantages in drug
delivery. A modified shell of Ti 3 C 2 nanosheets with mixed
polysaccharides could enhance the tumor accumulation,
biocompatibility, and immune activation of the drug delivery
system, and achieve synergistic treatment with PTT, PDT,
and chemotherapy. In this work, we designed and prepared
a "core-shell" structured nano drug delivery system with
hyaluronan polysaccharide to achieve the simultaneous
delivery of a trio of antitumor drugs. As illustrated in
 

Scheme 2 , to construct a drug delivery carrier of HTCP-Au that
can simultaneously load nucleic acids, chemicals, and gold
nanoparticles, we grafted HA with 12-aminododecanoic acid
and L -cysteine as bridge chains, and grafted small molecular
weight PEI, using the sulfhydryl group of L -cysteine to connect
gold nanoparticles. 

Fig. 1 shows the structural characterization of HTCP-Au
and its representative intermediates. The 1 H NMR results
are shown in Fig. 1 A. Compared with the raw material
HA, the peaks at 1.0–1.6 ppm in the HA-C-Cys-and HTCP
spectra correspond to adipose chain methylenes. The peak
at 2.8 ppm in the HA-C-Cys-spectrum was inferred to be
the cysteine sulfhydryl peak. Hence, C 12 and L -Cys-were
successfully coupled. The peak in the 2.5–3.0 ppm region of
the HTCP spectrum corresponded to the PEI methylene. To
elucidate HTCP-Au composition and structure, we conducted
an elemental analysis by EDS ( Fig. 1 B). In the carrier HTCP-
Au, the mass fractions of HA, PEI, and AuNPs were 53%, 21%,
and 15%, respectively. The 808 nm laser irradiation increased
the temperature of the HTCP-Au aqueous solution in a time-,
dose-, and intensity-dependent relationship, which indicated
that the HTCP-Au had good photothermal conversion activity
( Fig. 1 C). DLS was used to investigate the zeta potential
changes and particle sizes of HTCP-Au. Fig. 1 D and 1 E
show that the zeta potential of HA was −37.3 ± 1.37 mV,
while that for HTCP-Au was 10.54 ± 0.41 mV. Therefore, the
electropositive functional group PEI was successfully grafted.
The HTCP-Au particle size was 232.3 ± 23.1 nm, and it provided



658 Asian Journal of Pharmaceutical Sciences 16 (2021) 653–664 

Fig. 2 – Characterization of synthesized 

HTCP-Au/shPD-L1/DOX. (A) Gel retardation assay of 
HTCP-Au/shNC at various mass ratios (lane 1–9: the 
HTCP-Au: shNC mass ratios of 0:1, 0.05:1, 0.1:1, 0.2:1, 0.5:1, 
1:1, 2:1, 3:1, and 4:1 respectively); (B) Serum nuclease 
protection assay of HTCP-Au/shNC (lane 1: HTCP-Au/shNC; 
lane 2: shNC;lane 3: HTCP-Au/shNC treated with heparin; 
lane 4: HTCP-Au/shNC treated with heparin and serum; 
lane 5: shNC treated with serum); (C) Size and zeta 
potential of HTCP-Au/shNC at various mass ratios; (D) 
Drug-loading efficacy and encapsulation efficiency of 
HTCP-Au/shNC to DOX at different mass ratios; (E) Size 
distribution of HTCP-Au/shPD-L1/DOX; (F) Zeta potential 
distribution of HTCP-Au/shPD-L1/DOX; (G) TEM image of 
HTCP-Au/shPD-L1/DOX at a mass ratio of 15:5:6. 
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 structural basis for the formation of a nano drug delivery 
ystem. 

.2. HTCP-Au/shPD-L1/DOX preparation and 

haracterization 

or the drug delivery system HTCP-Au/shPD-L1/DOX with 

ore-shell structure, the most noteworthy feature was that 
he redundant positive charges of PEI-DNA were cunningly 
overed in negative surface charges of HA, which reconciled 

ith loading DNA and long in vivo circulation. We firstly 
etected the HTCP-Au nucleic acid loading capacity by agarose 
el electrophoresis. With an increasing HTCP-Au:shNC mass 
atio, the shNC migration rate gradually declined and the 
ensity of shNC bands slowly decreased ( Fig. 2 A). At a 1:1 
ass ratio, shNC was completely blocked in the sampling 

ole, suggesting that HTCP-Au loaded the shNC completely at 
TCP-Au:shNC mass ratios of up to 1:1. The protective effect 
f HTCP-Au on DNA is shown in Fig. 2 B. No DNA band was 
ound in the HTCP-Au/shNC group (lane 1), while shNC could 
e released from HTCP-Au/shNC by heparin addition (lane 3),
nd its mobility was consistent with that of free shNC (lane 2).
he shNC band disappeared (lane 5) due to the degradation 

f nucleic acid by serum. Taking a different approach, the 
resence of HTCP-Au deactivated shNC degradation by serum 

nd the shNC band was visible (lane 4). The results of the 
garose gel test demonstrate that HTCP-Au can not only 
ffectively load DNA but also protect DNA from degradation 

n serum. 
As reported, when cationic PEI-modified polysaccharides,

uch as PEI-modified laminarin [34] , interacted with nucleic 
cid to produce nanoparticles, the zeta potential of the 
omplexes changed regularly. When cationic carriers were 
recisely and completely loaded with anionic DNA, the 
ositive and negative charges were balanced and the zeta 
otential of carriers/DNA nanoparticles was approximately 
ero. When the carrier content was increased, and exceeded,
he zeta potential of the nanoparticles became positive 
ue to the redundant positive charges of cationic carriers.

n this study, the zeta potential of HTCP-Au alone was 
ositive (10.54 ± 0.41 mV). However, the zeta potential of 
TCP-Au/shNC remained negative, not positive, even when 

TCP-Au was in excess and the HTCP-Au/shNC mass ratio 
as up to 4:1 ( Fig. 2 C). These results were consistent with our
ypothesis that shNC is condensed by PEI and the redundant 
ositive charges of PEI-shNC was cunningly covered in an 

nionic HA coating. In addition, Fig. 2 C shows that the free 
hNC particle size was 871.5 ± 54.8 nm, and the particle sizes 
f HTCP-Au/shNC shrank and stabilized at 222.4 ± 11.9 nm 

ith the increase of HTCP-Au concentration. Based on the 
oregoing results, the HTCP-Au:DNA mass ratio was set to 3:1 
or the following experiments. 

It has been demonstrated that DOX could inhibit cell 
roliferation by inserting into DNA double strands [35] .
herefore, DOX loading was performed after HTCP-Au/shNC 

reparation, which was beneficial to restrict DOX in the 
elf-assembled hydrophobic interlayer composed of alkane 
ridge chains between the HA shell and the PEI/shNC core.
ig. 2 D shows that the drug encapsulation efficiency of HTCP- 
u/shNC/DOX gradually increased and reached a maximum 

alue of 51.07% ± 4.23% with a fixed DOX concentration and an 

TCP-Au:DOX mass ratio up to 2.5:1. At that point, the DOX- 
oading rate reached 16.96% ± 1.17%. The particle size and 

eta potential of HTCP-Au/shPD-L1/DOX were 243.2 ± 32.8 nm 

nd −19.9 ± 0.8 mV, respectively ( Fig. 2 E and 2 F). Furthermore,
EM images clearly demonstrated that HTCP-Au/shNC/DOX 

anoparticles were roughly spherical ( Fig. 2 G). 
The DOX release profile was investigated with simulated 

onditions of tumor microenvironment (pH 6.5), tumor cell 
pH 6.0), and lysosome (pH 5.0). Results showed that the 
elease of DOX was fastest at pH 5.0, which may be due 
o the proton sponge effect induced by cationic PEI. It has 
een reported [36] that a photo-responsive drug delivery 
ystem has the potential to promote drug release under 
aser irradiation; therefore, we set a group with 808 nm laser 
rradiation. However, results showed little effect of laser 
rradiation on DOX release, which might be due to the small 
ose of irradiation (Fig. S1). 
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Fig. 3 – Toxicity and cellular uptake of HTCP-Au. (A) Cell viability of 4T1 cells after treatment with HTCP-Au and 

HTCP-Au/shNC for 48 h; (B) The cellular uptake efficacy of HTCP-Au and HTCP-Au/shNC detected by FCM after incubation at 
the indicated time points; (C) The cellular distribution images of HTCP-Au and HTCP-Au/shNC assayed by CLSM after 
incubation for 6 h. The scale bar is 50 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. HTCP-Au cytotoxicity and cellular uptake 

The MTT assay was performed to evaluate HTCP-
Au cytotoxicity in breast cancer 4T1 cells. The cell
proliferation rate somewhat decreased with increasing
HTCP-Au concentration, but it was over 90% at the highest
concentration of 100 μg/ml, and similar trends were also
found with HTCP-Au/shNC ( Fig. 3 A). The HTCP-Au vector had
no significant cytotoxicity. Next, we investigated the cellular
uptake of HTCP-Au on 4T1 cells by using a fluorescent probe,
FITC. The cellular uptake efficiency of HTCP-Au and HTCP-
Au/shNC increased with time and both exceeded 90%, which
indicated that HTCP-Au had a strong cell uptake capacity,
with or without DNA loading ( Fig. 3 B). The subcellular
distribution of HTCP-Au was measured by staining lysosomes
and nuclei with LysoRed and DAPI, respectively. The HTCP-Au
and HTCP-Au/shNC were localized mainly in the cytoplasm
( Fig. 3 C). 

3.4. In vitro HTCP-Au/SHPD-L1/DOX antitumor activity 

Many studies have shown that AuNPs can be used as
a direct anti-tumor weapon, which is due to its good
photothermal conversion activity. For example, a hybrid
nanostructure with AuNPs layer showed excellent near
infrared absorbance and strong temperature elevation, which
caused a significant growth inhibitory effect in vitro [37] .
As for HTCP-Au/shPD-L1/DOX nanoparticles in this study,
the 808 nm laser irradiation could induce an increase in
cell temperature and showed a time-, dose-, and intensity-
dependence, which was consistent with previous report.
Based on an overall analysis of photothermal conversion
efficiency, economic cost, and clinical demand, we decided
that the concentration of HTCP-Au/shPD-L1/DOX at 25 μg/mL
and 808 nm laser irradiation for 60 s at 1.5 W/cm 

2 was
most appropriate for further in vitro experiments on 4T1
cells. The inhibitory rate of HTCP-Au/shPD-L1/DOX with
irradiation on 4T1 cells was 89.37% ± 3.64%, far higher
than that of HTCP-Au/shPD-L1 (26.87% ± 0.77%), HTCP-
Au/shNC/DOX (44.87% ± 2.36%), and HTCP-Au/shNC with
irradiation (26.07% ± 5.58%) ( Fig. 4 B). 

The silencing efficiency of the PD-L1-targeted RNAi was
evaluated by qPCR at 48 h post transfection. The cellular
expression of PD-L1 mRNA decreased to 23.18% ± 12.74% in
the combined treatment group, which was similar to that
of the genetic immunotherapy, but significantly lower than
that of the chemotherapy and phototherapy groups ( Fig. 4 C).
Therefore, the combination therapy significantly improved in
vitro antitumor efficacy and inhibited cellular PD-L1 mRNA
expression. We detected the influence of HTCP-Au/shPD-
L1/DOX on cell cycle and apoptosis by FCM ( Fig. 4 D). For HTCP-
Au/shPD-L1/DOX with irradiation, the cell cycle was arrested
in the S phase, and the percentage of apoptotic cells was
far higher than the other groups. Therefore, the results of
the in vitro experiment indicated that HTCP-Au/shPD-L1/DOX
with 808 nm laser irradiation has good antitumor activity on
4T1 cells in vitro , benefitting from knockdown of PD-L1, and
apoptosis-associated cell death. 

3.5. In vivo biodistribution and photothermal effect 

We used IR783 as a fluorescence marker to clarify HTCP-
Au/shNC distribution in 4T1 tumor-bearing mice. The
fluorescence intensity in mice increased first and then
decreased over time ( Fig. 5 A). Twenty-four hours after tail
vein injection, the significant fluorescence signals of HTCP-
Au/shNC-IR783 were concentrated in the tumor tissues, while
no obvious fluorescent signals were observed in the IR783
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Fig. 4 – Anti-tumor activity on 4T1 cells in vitro . (A) The temperature changes of 4T1 cells treated with different 
concentrations of HTCP-Au/shPD-L1/DOX after irradiation by 808 nm laser (1.5 W) for various time durations; (B) The 
cytotoxicity, (C) the PD-L1 mRNA expression and (D) cell cycle and cell apoptosis of 4T1 cells after various treatments for 48 h 

at the equivalent dose of 25 μg HTCP-Au/ml, 8.33 μg shPD-L1/ml, and 10 μg DOX/ml. Results are shown as mean ± SD ( n = 5; 
∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001). 
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ontrol group. The results demonstrated that HTCP-Au/shNC- 
R783 travelled in the blood vessels to the tumor rather than to 
he other organs, and the clearance of HTCP-Au/shNC-IR783 
as delayed, compared to IR783 alone. Elevated fluorescence 

ignals aggregated in the tumor tissues of the HTCP-Au/shNC- 
R783 group in ex vivo imaging, which was consistent with 

he results of in vivo imaging and also confirmed the long 
irculation and tumor targeting ability of HTCP-Au/shNC 

 Fig. 5 B and S2). These results further confirmed the advantage 
f long circulation in vivo of core-shell nanoparticles, which 

ay be mainly due to the exposed HA shell. 
To further investigate the photothermal conversion 

ctivity in vivo , we irradiated the tumors with a 1.5 W, 808 nm
aser. Considering the appropriate accumulation point based 

n the results of in vivo biodistribution, laser irradiation 

as performed at 5 h post injection of HTCP-Au/shNC. The 
emperature of the tumor sites increased significantly with 

he increase in laser irradiation time, regardless of in situ 
umor injection or tail vein injection (Fig. S3). Considering 
he temperature requirement of clinical phototherapy, the 
ppropriate laser irradiation time was set to 30 s for HTCP-Au 

ediated photothermal antitumor therapy. The maximum 

umor temperature was 41.4 °C after 30 s irradiation ( Fig. 5 C). 

.6. In vivo HTCP-Au/SHPD-L1/DOX antitumor activity 

n recent years, localized treatments have been used 

o enhance PD-L1 blockade therapy, with good results.
anomicelles loaded with DOX and immune adjuvants 
an induce ICD and significantly enhance the anti-tumor 
nd metastasis inhibitory effects of PD-L1-based therapy 
22] . Combined genome editing of PD-L1 and photothermal 
herapy mediated by AuNPs could reprogram the tumor 
icroenvironment, and show excellent tumor-suppressive 

ffects against primary and metastatic tumors. In this 
tudy, we realized the combination therapy of phototherapy,
hemotherapy and immune gene therapy through a combined 

rug delivery system, and investigated the anti-tumor activity 
f HTCP-Au/shPD-L1/DOX. During the drug administration 

eriod, tumor volumes visibly increased over time and 

iffered substantially among groups ( Fig. 6 A). The mice 
ere sacrificed, and their tumor tissues were excised to 

alculate the inhibition rates ( Fig. 6 B and 6 C). Compared with
he normal saline group (NC), the genetic immunotherapy 
HTCP-Au/shPD-L1), chemotherapy (HTCP-Au/shNC/DOX),
nd phototherapy groups (HTCP-Au/shNC-808) displayed a 
oderate tumor growth inhibitory rate of 27.75% ± 6.17%,

5.74% ± 3.11%, and 30.84% ± 10.43%, respectively. The 
umor inhibition rates were further increased by combining 
wo methods (Fig. S4). As expected, a marked increase of 
9.29% ± 2.80% in tumor growth inhibition was found in 

he combined treatment group (HTCP-Au/shPD-L1/DOX-808).
hese results indicate that HTCP-Au is an outstanding drug 
arrier and HTCP-Au/shPD-L1/DOX can induce a satisfactory 
ntitumor effect. 

Next, hematoxylin-eosin (HE) staining of pathological 
ections was used to delineate the effect of the drug 
dministration systems on mouse tumor cells. The tumor 
ells in the NC and vector (HTCP-Au/shNC) groups had normal 
hapes and a compact distribution while the tumor cells in 

he treatment groups underwent varying degrees of cavitation 

nd nuclear shrinkage ( Fig. 6 D and S5). In contrast, the most
erious damage to the breast tumor tissue was found in 

he HTCP-Au/shPD-L1/DOX-808 group, which was provided 
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Fig. 5 – Biodistribution and thermal imaging in vivo . (A) In vivo imaging of 4T1 tumor-bearing BALB/c mice at indicated time 
points after tail vein injection; (B) The major organs imaging after treatment for 24 h; (C) The thermal imaging in vivo . Black 

circled area is the site of tumor. 

Fig. 6 – Anti-tumor activity on 4T1 tumor-bearing BALB/c 
mice after various treatments for 12 d (a: normal saline, b: 
HTCP-Au/shNC, c: HTCP-Au/shNC with 808 nm laser 
irradiation, d: HTCP-Au/shPD-L1, e: HTCP-Au/shNC/DOX, f: 
HTCP-Au/shPD-L1/DOX with 808 nm laser irradiation). (A) 
Relative tumor volume change curves; (B) Representative 
photographs of tumor tissues; (C) The tumor growth 

inhibitory rate; (D) HE-stained tumor tissues. The scale bar 
is 100 μm; (E) The tumor nodules in lungs. Results are 
shown as mean ± SD ( n = 5; ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗

P < 0.001; ∗∗∗∗ P < 0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

synergistic immunotherapy, chemotherapy, and phototherapy
under 808 nm laser irradiation, which significantly enhanced
antitumor activity in vivo . We also evaluated metastasis
inhibition by counting the lung metastases ( Fig. 6 E and
S6). The HTCP-Au/shPD-L1/DOX group with NIR showed
the lowest number of tumor nodes, with a fold decrease
compared with the NC group, indicating the inhibition of
tumor metastasis, which embodied the unique advantages of
enhanced immunotherapy. 

Subsequently, we further detected the expression of PD-L1
in tumor tissues by qPCR and western blot ( Fig. 7 A and 7 B). In
the case of the HTCP-Au/shNC/DOX group, a marked increase
in PD-L1 mRNA and protein expression were observed. It has
been reported that DOX can enhance the anti-tumor efficiency
and activate the expression of PD-L1 by means of increasing
the expression level of IFN- γ [38] . In contrast, in the HTCP-
Au/shPD-L1 group, PD-L1 mRNA and protein expression levels
decreased significantly by 63.39% ± 0.76% and 85.48% ± 2.18%,
respectively. Similar results were also observed in the HTCP-
Au/shPD-L1/DOX group with 808 nm laser irradiation, and
the inhibition rates were 62.61% ± 8.02% in mRNA level and
77.05% ± 0.33% in protein level. 

To investigate the immune activation of HTCP-Au/shPD-
L1/DOX, the expression of IFN- γ was considered [ 4 ,5 ].
Induction of ICD can increase the secretion of IFN- γ , which
is beneficial for the activation of antigen-presenting cells
and improvement in the tumor therapeutic effect [39] . There
was an increase in the expression of IFN- γ in all treatment
groups to varying degrees ( Fig. 7 C). In particularly, HTCP-
Au/shPD-L1/DOX-808 treatment promoted the expression of
IFN- γ most, indicating stimulation of the immune system. 
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Fig. 7 – Anti-tumor mechanism on 4T1 tumor-bearing 
BALB/c mice after various treatments for 12 d (a: normal 
saline, b: HTCP-Au/shNC, c: HTCP-Au/shNC with 808 nm 

laser irradiation, d: HTCP-Au/shPD-L1, e: 
HTCP-Au/shNC/DOX, f: HTCP-Au/shPD-L1/DOX with 808 nm 

laser irradiation). The PD-L1 expression at (A) mRNA and (B) 
protein levels in tumor tissues; (C) The regulation of IFN- γ
secretion; (D) IHC results of CD8 + T cells in tumor tissues; 
The scale bar is 100 μm. Results are shown as mean ± SD 

( n = 5; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001). 
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The activation of immune response in tumor sites by 
ynergistic therapy will eventually promote the migration 

f CD8 + T cells to tumor sites, thus generating anti-tumor 
mmunity. A recent work show that the degree of CD8 + T cell 
nfiltration is essential for antitumor effect in vivo and is an 

mportant factor affecting the efficacy of immune checkpoint 
lockade therapy [4] . Therefore, the CD8 + T cells infiltration of 
umor tissues was detected by immunohistochemistry (IHC) 
 Fig. 7 D). Just as we expected, HTCP-Au/shPD-L1/DOX-808 
reatment induced a marked accumulation of CD8 + T cells 
ompared to the other groups, indicating the alleviation 

f tumor microenvironment immunosuppression and the 
nhancement of antitumor immunoassay activity. Taken 

ogether, these results demonstrated that HTCP-Au/shPD- 
1/DOX fulfilled the combination of gene-immunotherapy,
hemotherapy, and phototherapy, which effectively activated 

ntitumor immunity, inhibited subcutaneous tumor 
roliferation, and suppressed metastasis. 

.7. HTCP-Au/shPD-L1/DOX biocompatibility 

educing systemic toxicity is one of the main purposes of 
onstructing a drug delivery system, so we evaluated the 
iosafety of the combination therapy of the HTCP-Au/shPD- 
1/DOX nano-system in animal experiments. The average 
ody weight of mice in each group increased over time 
 Fig. 8 A and S7). Compared with the NC group, the weight of

ice in the free drug DOX group was significantly reduced,
howing significant toxicity in vivo , which was consistent with 

eports in the literature [ 35 ,36 ]. In contrast, when DOX was 
oaded by the core-shell nano-vector, HTCP-Au, to construct 
TCP-Au/shNC/DOX and HTCP-Au/shPD-L1/DOX, the body 
eight of mice in both groups was significantly increased and 

losely matched that of the NC group. This proved initially 
hat HTCP-Au-based drug delivery systems are conductive 
o reducing potential systemic toxicity as well as enhancing 
ntitumor activity. 
It is well known that the in vivo toxicity of DOX mainly 
anifests as cardiotoxicity, and the toxicity can be greatly 

educed by a reasonably designed drug delivery system.
herefore, we verified the biosecurity of HTCP-Au/shPD- 
1/DOX by myocardial enzyme spectroscopy ( Fig. 8 B and 

8). Compared with the NC group, the serum aspartate 
minotransferase (AST), lactate dehydrogenase (LDH), and 

reatine kinase (CK) expression levels of the DOX group 

ere significantly increased, while there was no significant 
hange in that of the target group (HTCP-Au/shPD-L1/DOX) 
ith laser irradiation. Similar trends were also found in the 
ouse organ index experiments and histologic assessments 

f major organs. There was no obvious difference in the 
isceral index of other groups except in the heart index 
f the DOX group (Fig. S9). Consistently, some typical 
athological changes, including mild myocardial fiber rupture 
nd renal wall thickening, were obvious in the DOX group,
ut not in HTCP-Au-based groups, and especially not in the 
ombination treatment group of HTCP-Au/shPD-L1/DOX with 

aser irradiation. And in the lung tissue sections, groups that 
nvolved immunotherapy improved significantly compared to 
he other groups with a large number of metastases. ( Fig. 7 C
nd S10). Therefore, we concluded that the multi-drugs co- 
elivery system can effectively reduce chemotherapy drug 
oxicity and provides good biological safety. 

. Conclusion 

n this study, we designed a novel core-shell nano drug 
elivery system based on HTCP-Au/shPD-L1/DOX to 
patiotemporally co-deliver different kinds of drugs, which 

s important in achieving the promising combination of 
umor-targeting genetic immunotherapy, chemotherapy, and 

hototherapy. HTCP-Au/shPD-L1/DOX is characterized by a 
ore of PEI/shPD-L1, a shell of polysaccharide HA for tumor 
argeting, an intermediate layer of self-assembled alkyl 
ridge chains for housing DOX, and an additional ornament 
f AuNPs. HTCP-Au/shPD-L1/DOX had good photothermic 
ctivity and high transfection efficiency. Under 808 nm laser 
rradiation, HTCP-Au/shPD-L1/DOX showed not only high 

nti-tumor activity by stimulation of the immune system,
ut also low toxicity. Therefore, the core-shell drug delivery 
ystem provides a promising combined therapeutic strategy,
et the synergistic effect mechanism will be further studied. 
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Fig. 8 – Toxicity on 4T1 tumor-bearing BALB/c mice with various treatments in vivo . (A) Body weight changes of 4T1 
cells-bearing mice; (B) The regulations of serum myocardial enzyme spectrum in mice; (C) HE stained major organs 
harvested from mice. The scale bar is 100 μm. 
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