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Abstract: The combination of photothermal therapy and chemotherapy (photothermal–

chemotherapy) is a promising strategy for cancer therapy. Gold nanocages (AuNCs), with hollow 

and porous structures and unique optical properties, have become a rising star in the field of 

drug delivery. Here, we designed a novel targeted drug delivery system based on functionalized 

AuNCs and evaluated their therapeutic effects in vitro and in vivo. We then loaded doxorubicin 

into this promising system, designated as DHTPAuNCs consisting of hyaluronic acid-grafted and 

A54 peptide-targeted PEGylated AuNCs. Its formation was corroborated by ultraviolet–visible 

spectroscopy, transmission electron microscopy and dynamic light scattering. This delivery 

platform needed hyaluronidase to release encapsulated drugs, meanwhile the acidic pH and 

near-infrared irradiation could accelerate the release. In addition, the results of cellular uptake 

demonstrate that this system could bind specifically with BEL-7402 cells. In vitro, we evaluated 

therapeutic effects of the DHTPAuNCs in BEL-7402 cells by 3-(4, 5-dimethylthiazol-2-yl)-2, 

5-diphenyl-tetrazolium bromide assay. Moreover, in BEL-7402 tumor-bearing nude mice, its 

therapy effect in vivo was also evaluated. As expected, DHTPAuNCs exhibited excellent thera-

peutic effect by photothermal–chemotherapy, both in vitro and in vivo. In short, DHTPAuNCs 

with low toxicity showed great potential as a drug delivery system for cancer therapy.

Keywords: hepatocellular carcinoma, nanocarriers, targeted delivery, chemotherapy, 

photothermal therapy

Introduction
Hepatocellular carcinoma (HCC) is the second most common global cause of 

cancer-related deaths, and its increasing occurrence worldwide has been reported.1 

Generally, the 5-year survival of patients with HCC is 15%.2 Despite potentially 

curative treatments such as liver transplantation, radiofrequency ablation, and surgical 

excision, prospects for successful treatment remain poor.3 Thus, more efficient thera-

peutic approaches are still urgently needed.

Photothermal therapy (PTT), a minimally invasive local treatment, has attracted 

much attention in recent years because of its remote controllability, easy applicability, 

and low systemic toxicity and side effects.4,5 PTT utilizes heat generated from photo-

thermal agents under near-infrared (NIR, λ=700−1,100 nm) light irradiation,6,7 where 

the absorption of tissues is quite limited, to cause irreversible cellular damage and 

subsequent tumor destruction because cancer cells are more heat-sensitive than normal 

ones.8 In PTT, photothermal agents are delivered to tumors either intravenously or 
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intratumorally. The introduced photothermal agents can 

finally ablate the tumor through the raised localized tem-

perature at the tumor site, which depends on absorbing and 

converting the penetrated NIR laser into heat. For efficient 

photothermal therapies for cancer treatment, researchers 

have widely explored various photothermal agents, includ-

ing a variety of metallic nanostructures (such as Au-, Ag-, 

and Cu-based nanoparticles),9–12 carbon nanomaterials (such 

as graphene and carbon nanotubes),13,14 transition metal 

chalcogenides,15 conjugated polymers,16 and small organic 

dyes.17 Among them, Au-based nanoparticles have been 

regarded as the most prominent candidates for biomedical 

applications owing to their merits such as precise control 

over their size and shape, facile surface functionalization, 

good biocompatibility, tunable localized surface plasmon 

resonance (LSPR), and high photothermal conversion 

efficiency.18 In addition to these properties, gold nanocages 

(AuNCs) bear a unique hollow and porous structure,19 and 

thus have become a new promising platform for biomedical 

applications correspondingly. However, there still remains 

a great challenge to realize their functions successfully in 

complex biological systems.

Hyaluronic acid (HA), a hydrophilic and linear nega-

tively charged polysaccharide, is one of the extracellular 

matrix components and has been widely used as a superior 

biomaterial in some medical field as it is nonimmunogenic, 

ubiquitous, biocompatible, biodegradable and easily modi-

fied with other functional groups.20,21 High–molecular weight 

(MW) HA can be specifically degraded by intracellular 

hyaluronidases (Hyals) to produce lower  MW fragments 

and oligosaccharides, so that it has been widely applied in 

controlled-release drug delivery systems.22,23 Moreover, HA 

can bind with cluster determinant 44 receptor overexpressed 

in various malignant cancers and several other receptors 

on the surfaces of cells, including Toll-like receptors 2 

and 4, receptor for hyaluronate-mediated motility, and 

HA receptor for endocytosis (HARE).24–26 Among them, 

HARE is expressed in the sinusoidal endothelial cells of 

lymph nodes, liver, and spleen.27 On the other hand, the 

half-life of intravenously administered HA is no more  

than 10 min because HA can be cleared rapidly in humans 

and a variety of animal species.21 However, a prerequisite 

of targeted delivery system is the long circulation period of 

nanoparticles in the blood, which is favorable for selective 

accumulation of nanoparticles in the tumor site. To conquer 

this limit, poly(ethylene glycol) (PEG) is commonly conju-

gated onto the nanoparticles. The PEG on the surface of the 

nanoparticles can improve the stability of the nanoparticles 

in blood and effectively reduce reticuloendothelial system 

uptake by preventing protein adsorption, which can increase 

their circulation time in blood.28

Higher specificity and better targeting efficiency can 

be achieved by modification of homing peptides. Homing 

peptides have been considered as the most promising target-

ing agents for human tumors owing to their several merits, 

including their relatively small molecular weights, ease of 

synthesis, low immunogenicity, good biocompatibility, and 

biodegradable characteristics in vivo.29 It has been reported 

that A54 peptide (sequence AGKGTPSLETTP) is the most 

specific and effective targeting agent to the BEL-7402 

human hepatoma carcinoma cell line via cell surface marker-

mediated endocytosis.30

In this work, we developed a novel tumor cell-specific 

targeted AuNCs-based drug delivery system (doxorubicin 

[DOX]-loaded, HA-grafted, and A54 peptide-targeted 

PEGylated AuNCs, abbreviated as DHTPAuNCs) and 

then investigated their therapeutic effects for the first time 

(Scheme 1). This system consists of a DOX-loaded AuNCs 

core surrounded by a HA shell, and functional groups on the 

surface of the DHTPAuNCs, including a hydrophilic poly-

mer (PEG) and a promising targeting ligand (A54 peptide). 

The DHTPAuNCs can bind specifically with BEL-7402 

cells, and then the coated HA polymer can be degraded in 

lysosomes, leading to an instantaneous release of encapsu-

lated anticancer drugs into the tumor when activated by the 

Hyal in the presence of NIR laser and acidic pH. In addition, 

the nanoparticles can selectively accumulate in the tumor site 

as the PEG prolonged their circulation time and A54 peptide 

enhanced their targeting ability. Our results demonstrated 

that DHTPAuNCs showed a synergistic effect in vitro and 

in vivo. It can be utilized as a powerful and promising 

photothermal-chemotherapy agent for treatment of HCC.

Material and methods
Materials
N-hydroxysuccinimide (NHS, 98%), ethylene glycol (99.5%), 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-

ride (EDC⋅HCl, 98%), and sodium hydrosulfide (NaHS⋅xH
2
O) 

were all obtained from Aladdin (Shanghai, People’s Republic 

of China). Poly (vinyl pyrrolidone) (PVP, average, MW 

55,000), silver trifluoroacetate (CF
3
COOAg, more than 

99.99%), chloroauric acid (HAuCl
4
⋅4H

2
O, 99.99%), propid-

ium iodide, and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-

tetrazolium bromide (MTT) were purchased from Sigma 

Aldrich (Boston, MA, USA). Fetal bovine serum (FBS)  

and Roswell Park Memorial Institute medium (RPMI 1640) 
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were obtained from Biological Industries (Kibbutz Beit 

Haemek, Israel). Orthopyridyl disulfide polyethylene glycol 

succinimidyl valerate (OPSS-PEG-SVA, MW 2,000) was 

synthesized by Laysan Bio (Arab, AL, USA). Antimycotic 

solution and trypsin–ethylenediaminetetraacetic acid were 

purchased from Solarbio (Beijing, People’s Republic of 

China). A54 peptide (sequence AGKGTPSLETTP) was 

obtained from ChinaPeptides Co., Ltd. (Shanghai, People’s 

Republic of China). Throughout the experiment, ultrapure 

water (18.2 MΩ; Millpore Co., USA) was used.

Synthesis of AuNCs and HA-cysteine
Synthesis of the AuNCs was performed as described in 

Xia’s previous reports.31 In brief, Ag nanocubes (AgNCs) 

were synthesized using a rapid, sulfide-mediated polyol 

process with PVP serving as a capping agent. AuNCs were 

prepared through a galvanic replacement reaction between 

HAuCl
4
 and AgNCs. When the LSPR peak at 760–800 nm  

was detected, we could confirm formation of the AuNCs. The 

resulting AuNCs were suspended in ultrapure water.

Synthesis of HA-cysteine (HA-cys): NHS (34.5 mg), HA 

(MW 100 kDa, 100.0 mg), and 1-(3-dimethylaminopropyl)- 

3-ethylcarbodiimide hydrochloride (EDC⋅HCl, 53.9 mg) 

were dissolved in 50 mL of degassed phosphate-buffered 

saline (PBS) at the molar ratio of 1.2:1:1.2. After the addi-

tion of 15.2 mg of cysteine, we stirred the mixture for 9 h 

with the pH value maintained from 4 to 6. The purification 

process was realized by dialysis (MWCO =14,000) for 12 h, 

repeating 4 times to remove unreacted cysteine against PBS 

(20 mM, pH 7.4), followed by the storage in small vials under 

the protection of argon.

Preparation of functionalized AuNCs
To obtain DOX-loaded AuNCs (DAuNCs), the solution of 

DOX (0.2 mM) dissolved in PBS buffer (10 mM, pH 7.4) 

was mixed with AuNCs. After incubation for 12 h under stir-

ring at room temperature, HA-cys was added to the mixture 

and the solution kept stirring for another 12 h. Thereafter, 

the sample was centrifuged and washed three times with 

the aforementioned PBS until the superfluous DOX was 

Scheme 1 Schematic representation for (A) the preparation of DHTPAuNCs and (B) hypothetical subcellular drug release behaviors and cellular uptake pathways.
Abbreviations: AuNCs, gold nanocages; DAuNC, DOX-loaded AuNC; DHAuNC, DOX-loaded and HA-grafted AuNC; DHTPAuNCs, DOX-loaded, HA-grafted, and A54 
peptide-targeted PEGylated AuNCs; DOX, doxorubicin; HA, hyaluronic acid; NIR, near-infrared irradiation.
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removed, and thus we obtained DOX-loaded and HA-grafted 

AuNCs (DHAuNCs).

We conjugated A54 peptide onto the surface of DHAu 

NCs by a two-step protocol. First, A54 peptide (sequence 

AGKGTPSLETTP) and OPSS-PEG-SVA (MW 2,000) were 

dissolved in aqueous solution at a molar ratio of 1:1.5 at a 

total concentration of 0.12 mM and stirred for 24 h at 4°C to 

generate OPSS-PEG-A54. The composition of OPSS-PEG-

A54 was characterized by 1H-NMR. Second, OPSS-PEG 

(2.0 mg) or OPSS-PEG-A54 and OPSS-PEG (the molar 

ratio of OPSS-PEG and OPSS-PEG-A54 was 10:1 and the 

total weight was 2.0 mg) were added to the DHAuNCs solu-

tion or the HA-grafted AuNCs (HAuNCs) solution, and the 

mixture was stirred for 12 h at 4°C. Afterward, the solution 

was centrifuged and washed with PBS three times to remove 

the unattached OPSS-PEG-A54 or OPSS-PEG. The final 

products were separated by dialysis and lyophilized. Thus, we 

obtained the following functionalized AuNCs: DOX-loaded, 

HA-grafted and A54 peptide-targeted PEGylated AuNCs 

(DHTPAuNCs), HA-grafted and A54 peptide-targeted 

PEGylated AuNCs (HTPAuNCs), DOX-loaded and HA-

grafted PEGylated AuNCs (DHPAuNCs), and HA-grafted 

PEGylated AuNCs (HPAuNCs).

Physicochemical characterization 
measurement
1H-NMR spectra were conducted on a Bruker DMX-500 

spectrometer (Bruker, Germany). The optical properties 

were characterized using an ultraviolet–visible (UV-vis) 

spectrometer (Lambda 35, Perkine Elmer, USA). On a 

Malvern Nano ZS90 instrument (Malvern Instruments, UK), 

we determined the mean zeta potential and hydrodynamic 

particle diameter by laser Doppler velocimetry and dynamic 

light scattering. Transmission electron microscopy (TEM, 

FEI Tecnai 20, the Netherlands) was applied to analyze 

morphology of nanocomposites.

Photothermal conversion of HTPAuNCs
The experiment chose three concentrations of HTPAuNCs 

aqueous solution, namely, 1011, 1010, and 109 particles mL-1. 

The process was carried out as follows: 2 mL HTPAuNCs 

aqueous solution in a glass vial was irradiated by NIR laser 

(808 nm, 1.25 W cm-2, 15 min), and a digital thermometer was 

applied to measure and record the changes of temperature.

Drug in vitro release
To assess the DOX release from DHTPAuNC nanoparticles 

with NIR laser irradiation and Hyal at various pH values, 

we dispersed DHTPAuNCs in different buffer solutions 

with the presence or absence of Hyal. One milliliter of the 

DHTPAuNC sample containing about 60 μg of DOX was 

exposed to the NIR laser (808 nm, 1.25 W cm−2, 10 min). 

Then, the samples were transferred to the dialysis bag 

(MWCO =3,500 Da) and submerged into 20 mL of release 

medium (pH 7.4 PBS, pH 4.5, and pH 5.5 acetate buffer) 

with the presence or absence of Hyal (150  U/mL). The 

DHTPAuNC sample without NIR irradiation was used 

as a control. At each predetermined time point, the exter-

nal release medium was replaced with an equal volume 

of fresh release medium, and the concentration of DOX 

was determined.

Cellular uptake
Human hepatoma carcinoma cell line BEL-7402 was pur-

chased from Institute of Biochemistry and Cell Biology, 

CAS (Shanghai, People’s Republic of China) and maintained 

in RPMI 1640 containing 10% FBS and 1% streptomycin-

penicillin at 37°C in an atmosphere of 5% CO
2
. To determine 

cellular uptake, cells were plated in triplicate at a density 

of 3.0×105 cells well-1 in six-well plates. After incubation 

for 24 h, cells were washed with cold PBS three times, and 

treated with HPAuNCs or HTPAuNCs (AuNCs concentra-

tion at 0.625×1010 particles mL-1) in 700 µL serum-free fresh 

medium. After incubation for various times (1, 2, and 4 h), the 

cells were rinsed with PBS three times and fixed for 15 min 

with 4% paraformaldehyde. The cellular uptake was recorded 

by using a nanofluorescence microscopy (Olympus, Japan) 

(magnification: 400×). For quantification of HPAuNCs and 

HTPAuNCs in cells, after various time points (0.5, 1, 2, 4, 

6, 8, and 10 h) incubation, Au content was measured with 

inductively coupled plasma mass spectrometry as described 

in Wang et al’s previous reports.32

Cell viability assays
Bel-7402 cells were plated at a density of 1×104 cells well-1 

in 96-well microplates. The cells were incubated with 

HTPAuNCs, free DOX, DHPAuNCs, or DHTPAuNCs 

with the same AuNCs and DOX concentration (AuNCs at 

the concentration of 0.625×1010, 1.25×1010, 2.5×1010, and 

5.0×1010 particles mL-1, respectively, and the weight ratio of 

DOX/AuNCs was 1/16.3). The cells were exposed to PBS, 

HTPAuNCs, and DHTPAuNCs, and incubated at 37°C for 

24 h. Eight hundred eight nanometer laser (1.25 W cm−2, 

10 min) was used at 6-h incubation to achieve PTT. Cell 

viability was measured using the MTT assay according to 

the manufacturer-suggested procedures.33
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In vivo therapeutic evaluation of 
functionalized AuNCs with laser 
irradiation
Female BALB/c nude mice (4–5 weeks old, 18–22 g) were 

purchased from Hunan SJA Laboratory Animal Co., Ltd 

(Hunan, People’s Republic of China). All animal experiments 

complied with the National Laboratory Animal Management 

Regulations (People’s Republic of China 1988) and Guid-

ance on the Treatment of Experimental Animals (People’s 

Republic of China 2006) and were conducted under a 

license with local ethical approval by the Life Science Ethics 

Committee Review Board of Zhengzhou University.

We used BEL-7402 tumor-bearing nude mice model 

to evaluate therapeutic effect of the functionalized AuNCs 

in vivo. This xenograft model was established by implant-

ing 6×106 human BEL-7402 cells at right flank in female 

nude mice (20±2 g). The tumor volume was calculated as 

0.5× (tumor length) × (tumor width)2. When the tumor volume 

had developed to about 150 mm3, the mice were randomly 

divided into eight groups (n=6 per group): 1) normal saline 

(NS, control), 2) NS + NIR, 3) HTPAuNCs, 4) HTPAuNCs + 
NIR, 5) free DOX, 6) DHPAuNCs, 7) DHTPAuNCs, and 

8) DHTPAuNCs + NIR. The dosage of DOX was normalized 

to be 2 mg kg-1 and the dosage of the carrier was normal-

ized to be 32.6 mg kg-1, and at a frequency of every 3 days 

each tumor-bearing nude mouse was given an intravenous 

injection of 200 μL the aforementioned solution for five 

times. For investigation of the PTT of the functionalized 

AuNCs in vivo, groups of (2), (4), and (8) were specifically 

irradiated for 10 min by a continuous NIR laser (808 nm, 

1.25 W cm-2) at 4 h postinjection. Meanwhile, we applied 

an NIR thermal camera to monitor and record the tumor 

localized temperature changes under laser irradiation. Tumor 

growth was monitored during the following 15 days. The 

relative tumor volume RTV was applied as the index of 

antitumor effect, RTV = V
t
/V

0
, and V

0
 and V

t
 were the tumor 

volumes before and after each treatment. After the final treat-

ments, the mice were killed, and the tumors were harvested 

for histological examination. The tumors were collected and 

numbered for histopathological convention examination. The 

sections stained with hematoxylin–eosin were observed by an 

optical microscope (magnification: tumors samples ×200).

Serum biochemical assay
To assay the effect of HTPAuNCs on kidney function and 

liver function, we carried out serum biochemical analysis 

using a standard protocol. Briefly, after the whole blood was 

centrifuged at 3,000 rpm for 15 min, serum was collected 

from the supernatant, and then analyzed the serum by a 

biochemical autoanalyzer. Serum levels of tumor necrosis 

factor-α (TNF-α), aspartate aminotransferase (AST), and 

alanine aminotransferase (ALT) were applied as indicators 

of liver function. And the indicators of kidney function were 

serum levels of urea (UREA) and creatinine (CREA).

Statistical analysis
Results are presented as mean ± standard deviation (with 

a minimum of three independent experiments). Statistical 

differences between the groups were assessed using the  

unpaired Student’s t-test. P0.05 was considered to be 

statistically significant.

Results
Preparation and characterization of 
AuNCs and functionalized AuNCs
Our design mentioned above was realized by a series of 

experiments. First, AuNCs were prepared by a simple 

galvanic replacement reaction reported previously, and then 

characterized the AuNCs by TEM. As shown in Figure 1A, 

the size of AuNCs was about 45 nm and had a special cage 

structure with hollow interiors and porous (pore size ∼5 nm), 

ultrathin walls. The obtained AuNCs showed good dispers-

ibility and uniformity and its aqueous solution had a negative 

potential of −12.84±1.25 mV. By changing the Au/Ag alloy 

ratio, we prepared the AuNCs with an LSPR peak at about 

770 nm, which was conducive to PTT under laser irradiation 

(Figure 1D).

DOX applied in our research is a cytotoxic, anthracy-

cline, topoisomerase II inhibitor and broad-spectrum anti-

tumor drug. In the second step, DOX was loaded into the 

AuNCs (−12.84±1.25 mV) to form DOX-loaded AuNCs 

(DAuNCs) nanoparticles (−2.15±0.87 mV). In addition, the 

hydrodynamic diameter slightly increased from 98.23±1.25 

(AuNCs) to 99.34±1.91 nm (DAuNCs) after the formation 

of DOX-loaded AuNCs. In addition, UV-vis spectroscopy 

was employed to investigate the changes of optical proper-

ties before and after functionalizaion. The DAuNCs showed 

two characteristic absorption peaks: one in the visible region 

(about 490 nm) from DOX and another in the NIR region 

(a broad plasma absorption band) from AuNCs (Figure 1D). 

The loading content of DOX (w/w%) was 5.78%.

In the third step, we synthesized and grafted HA-cys 

(HA 100 kDa) onto the surface of AuNCs to prevent the 

premature release of drugs. The unbounded HA was removed 

by continuous dialysis. The average number of HA mol-

ecules bound to a single AuNC was ca. 70, which could 
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be determined by hexadecyltrimethyl ammonium bromide 

turbidimetric method as reported before.34 The conjuga-

tion of HA dramatically reduced the surface potential 

to −21.71±1.83 mV and increased the viscosity and stability 

of the particles. In addition, the hydrodynamic diameter 

changed to 117.87±3.17 nm after the conjugation of HA onto 

DAuNCs, which was confirmed from the red shift in the LSPR 

band. The LSPR peak of DAuNCs appeared at 773 nm and 

that of DOX-loaded and HA-grafted AuNCs (DHAuNCs) 

shifted to 798 nm (Figure 1D).

As for application of AuNCs in vivo, it is critical to make 

the systemically administered nanoparticles to remain in 

blood circulation for a long period to achieve an effective 

concentration throughout tumors. Thus, the last step was the 

preparation of functionalized AuNCs by means of surface 

modification with PEG derivatives and liver cancer cell-

specific ligand (A54 peptide) for active tumor targeting to 

enhance their preferable accumulation. PEG has been widely 

used for an improved blood circulation to increase the chance 

of their accumulation in tumors. First, OPSS-PEG-A54 was 

synthesized by the formation of amide bond between –NH
2
 

group of A54 peptide and –COOH group of OPSS-PEG-SVA 

and characterized by 1H-NMR (Figure 2).

As seen from the top figure in Figure 2, the typical sig-

nal of –(CH
2
CH

2
O)

n
- on OPSS-PEG-SVA can be observed 

at δ 3.58 ppm. The peaks at δ 7.25, 7.75, and 8.30 ppm 

correspond to the protons at the pyridine ring. The peak 

at δ 2.80 ppm is from the two –CH
2
- on the succinimide 

part. The –CH
3
- of A54 can be observed at δ 0.75–0.81 ppm 

(middle figure). From the 1H-NMR data of OPSS-PEG-

A54 (the bottom figure), we can see the typical signals 

of –(CH
2
CH

2
O)

n
- and the pyridine ring on OPSS-PEG-SVA 

at δ 3.58 ppm, δ 7.25, 7.75, and 8.30 ppm and A54 peptide 

at δ 0.75–0.81 ppm. The peak at δ 2.80 ppm was missing, 

indicating that the succinimide part on OPSS-PEG-SVA was 

replaced by A54 peptide. All these results demonstrated that 

the OPSS-PEG-A54 was successfully obtained. Subsequently, 

the mixture of OPSS-PEG-SVA and OPSS-PEG-A54 (the 

molar ratio of OPSS-PEG and OPSS-PEG-A54 was 10:1) 

was grafted onto the surface of DHAuNCs through the thiol–

disulfide exchange between the thiol group of cysteine conju-

gated with HA on the surface of DHAuNCs and the disulfide 

Figure 1 Characterization of the functionalized AuNCs.
Notes: (A) Transmission electron microscopy images of AuNCs (left) and DHTPAuNCs (right). (B) Zeta potentials of AuNCs, DAuNCs, DHAuNCs, and DHTPAuNCs. 
(C) Sizes of AuNCs, DAuNCs, DHAuNCs, and DHTPAuNCs. (D) Ultraviolet–visible spectra of AuNCs, DAuNCs, DHAuNCs, and DHTPAuNCs.
Abbreviations: AuNCs, gold nanocages; DAuNCs, DOX-loaded AuNCs; DHAuNCs, DOX-loaded and HA-grafted AuNCs; DHTPAuNCs, DOX-loaded, HA-grafted, and 
A54 peptide-targeted PEGylated AuNCs; DOX, doxorubicin.
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of PEG derivatives. The release of 2-pyridinethione could 

be used to monitor the course of the reaction at 343 nm.35 

There were ∼800 PEG chains on each AuNC. Compared with 

DHAuNCs, the LSPR peak of DOX-loaded, HA-grafted, 

A54 peptide-targeted PEGylated AuNCs (DHTPAuNCs) 

red shifted to 810 nm, indicating the successful conjugation. 

The changes of hydrodynamic diameter (131.01±3.78 nm) 

and surface potential (−14.32±2.64 mV) further confirmed 

the formation of DHTPAuNCs (Figure 1B and C).

Photothermal conversion and the release 
profile of DHTPAuNCs
To evaluate the potential application of DHTPAuNCs 

as a photothermal conversion agent for cancer therapy, 

DHTPAuNCs aqueous suspensions at various concentra-

tions (109, 1010, and 1011 particles mL-1) and ultrapure water 

(control sample) were exposed to NIR laser irradiation. 

During this experiment, a thermal camera was used to mea-

sure and image the temperature changes. The laser heating 

Figure 2 1H-NMR spectra of OPSS-PEG-SVA, A54 peptide, and OPSS-PEG-A54 in D2O.
Abbreviations: OPSS, orthopyridyl disulfide; PEG, poly(ethylene glycol); SVA, succinimidyl valerate.
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curves of DHTPAuNCs were recorded (Figure 3A), demon-

strating that the temperature of DHTPAuNCs aqueous solu-

tion could be raised from 25°C to 49.5°C (109 particles mL-1), 

57.0°C (1010 particles mL-1), and 62°C (1011 particles mL-1) 

after NIR irradiation (Figure 3B).

In comparison, the temperature of the ultrapure water only 

increased by 6.5°C. The strong LSPR of the DHTPAuNCs 

in the NIR region led to excellent photothermal properties, 

which was beneficial for the following PTT effect in vitro 

and in vivo. Moreover, the elevated temperature may accel-

erate the release of the encapsulated drugs. In addition, HA 

polymer grafted on the surface of DHTPAuNCs could be 

degraded in the absence of the intracellular enzyme Hyal, 

which could also be advantageous for drug release. First, 

we investigated the changes of hydrodynamic diameter and 

zeta potential of DHTPAuNCs and unmodified AuNCs in 

the presence of Hyal in pH 4.5 acetate buffer. We found 

that the hydrodynamic diameter of DHTPAuNCs apparently 

decreased from 131.01±3.78 to 101.23±1.82 nm, which was 

close to that of unmodified AuNCs, and the zeta potential 

of DHTPAuNCs  decreased slightly from  −8.32±2.64 

to −7.23±2.82 mV; however, no significant changes were 

found in the hydrodynamic diameter and zeta potential 

of unmodified AuNCs. We ascribed this to the degradation 

of the HA on the surfaces of DHTPAuNCs in the presence of 

Hyal. Subsequently, we conducted a series of experiments 

under various conditions at the predesignated time points to 

further evaluate whether acidic pH and NIR laser irradiation 

°

∆
°

Figure 3 Photothermal conversion and the release profile of DHTPAuNCs.
Notes: (A and B) Temperature changes of DHTPAuNC suspensions (AuNCs concentration at 109, 1010, and 1011 particles/mL) after 15 min of 808 nm laser irradiation 
at 1.25 W cm-2 (n=3), ***P0.005, significant difference in comparison with the ultrapure water group. (C) Release profiles of DOX from DHTPAuNCs in acetate buffer 
(pH 5.5) and in the phosphate-buffered saline buffer (pH 7.4) with or without NIR laser irradiation. (D) Release profiles of DOX from DHTPAuNCs in pH 4.5 acetate buffer 
with and without Hyal (150 U mL-1) or NIR laser irradiation.
Abbreviations: AuNCs, gold nanocages; DHTPAuNCs, DOX-loaded, HA-grafted, and A54 peptide-targeted PEGylated AuNCs; DOX, doxorubicin; Hyal, hyaluronidase; 
NIR, near-infrared irradiation.
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could facilitate the release of encapsulated drug. The amount 

of encapsulated DOX in the DHTPAuNCs was quantitated 

to be 1.0 mg DOX/16.3 mg AuNCs as previously calculated. 

As shown in Figure 3C, within 12 h, in PBS buffer (pH 7.4), 

the DHTPAuNCs have almost no drug release. Even under 

NIR laser irradiation or in an acidic environment (pH 5.5), 

only negligible drug release from the DHTPAuNCs was 

measured. These results demonstrated that DHTPAuNCs 

had a good encapsulation ability and were very stable in 

acidic tumor microenvironment (pH 5.5) and normal physi-

ological conditions (pH 7.4) even with NIR laser irradiation. 

Then, we investigated whether the presence of Hyal had a 

significant effect on the drug release behavior at pH 4.5 

(Figure 3D). In comparison, an obvious burst release of DOX 

was assessed. This was attributed to the detachment and frag-

mentation of the HA on the surfaces of DHTPAuNCs in the 

presence of Hyal. On this basis, with NIR laser irradiation, 

the release of DOX was dramatically enhanced, which dem-

onstrated the exceptional photothermal conversion efficacy 

of DHTPAuNCs. When DHTPAuNCs were irradiated with 

NIR laser, the temperature of the solution was elevated, and 

viscosity of the solution was reduced, which facilitated the 

release of DOX from the DHTPAuNCs. It has been demon-

strated that the elevated temperature after NIR irrationality 

could accelerate the drug release.36,37 To sum up, only when 

HA was degraded by Hyal, such a result could be generated, 

during which the encapsulated drugs were released from 

DHTPAuNCs and the release of DOX could be accelerated 

by acidic pH and NIR. We speculated that this system was 

stable and could prevent any premature leakage after the 

particles were internalized, and make it possible to achieve 

controlled drug release, which would reduce unwanted 

adverse side effects and significantly improve the therapeutic 

efficacy in vitro and in vivo.

Cellular uptake
A54 peptide was reported as one of the most effective and 

specific peptides to liver cancer cells, especially the human 

HCC cell line BEL-7402.30 Herein, we examined the targeting 

ability of this system toward BEL-7402 cells. It was worth 

noting that gold nanoparticles could lead to a significant 

fluorescence quenching of DOX.38 So, we investigated the 

uptake of non-drug-loaded AuNCs. The BEL-7402 cells 

were treated with HPAuNCs or HTPAuNCs (AuNCs con-

centration at 0.625×1010 particles mL-1) for different times 

(1, 2, and 4 h). As illustrated in Figure 4A, the cells treated 

with HTPAuNCs exhibited stronger fluorescence intensity 

than those treated with HPAuNCs, indicating that the smart 

delivery system could efficiently enhance the cellular uptake 

of AuNCs. In addition, the amount of HTPAuNCs uptaken 

by cells is 2.919±0.111 ng/106 cells after incubation for 

10 h, which is 1.5-fold higher than that of the HPAuNCs 

Figure 4 Cellular uptake of AuNCs, HPAuNCs, and HTPAuNCs in BEL-7402 cells.
Notes: (A) Fluorescence microscopy images of BEL-7402 cells incubated with AuNCs, HPAuNCs, or HTPAuNCs for different times (1, 2, and 4 h) (400×). (B) The amount 
of gold per 106 cells (ng/106 cells) determined by cell counting and inductively coupled plasma mass spectrometry, reflecting the cellular uptake. The cells were treated with 
HPAuNCs or HTPAuNCs for different times (0.5, 1, 2, 4, 6, 8, and 10 h). Each bar was presented as the mean ± SD (n=3). *P0.05, significant difference between AuNCs 
group and HPAuNCs group, HPAuNCs group and HTPAuNCs group. ***P0.005, significant difference between AuNCs group and HTPAuNCs group.
Abbreviations: AuNCs, gold nanocages; HPAuNCs, HA-grafted PEGylated AuNCs; HTPAuNCs, HA-grafted and A54 peptide-targeted PEGylated AuNCs; SD, standard 
deviation.
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(1.528±0.059 ng/106 cells) (Figure 4B). This result confirmed 

that the HTPAuNCs were more internalized to BEL-7402 

cells than HPAuNCs. The specific endocytosis mediated by 

A54 peptide enhanced cellular uptake of HTPAuNCs.

Cell viability assessment
The targeting ability of cancer cells and the excellent pho-

tothermal conversion efficiency of this system prompt our 

interest to explore its therapeutic efficacy in vitro. MTT assay 

was performed to detect the inhibition rate of cancer cells. 

First, the cytotoxicity of the vehicles at various concentra-

tions of AuNCs was assayed. In this experiment, unmodified 

AuNCs, HAuNCs, and HTPAuNCs are called vehicles. 

In BEL-7402 and L02 cells, AuNCs did not have significant 

toxicity (data were not shown). Next, we quantified the anti-

cancer effect of the combined PTT and chemotherapy against 

BEL-7402 cells at various concentrations of DOX. The cells 

were treated with free DOX, DHAuNCs, HTPAuNCs, and 

DHTPAuNCs at various concentrations (AuNCs concentra-

tion at 0.625, 1.25, 2.5, and 5.0×1010 particles mL-1, 1 mg 

DOX/16.3 mg AuNCs). In groups without NIR irradiation, 

the cell inhibition rate of DHTPAuNCs was 48.18%±2.16%, 

higher than that of DHPAuNCs (39.68%±1.86%) and similar 

to that of free DOX (52.01%±1.13%) with the concentra-

tion of AuNCs at 2.5×1010 particles mL-1 (Figure 5A). This 

result further confirmed the targeting ability. As illustrated 

in Figure 5B, the cancer cells irradiated by NIR without the 

presence of AuNCs exhibited a high cell viability compared 

with the control group, which demonstrated that only NIR 

laser irradiation did not affect the growth of the cancer cells. 

However, the cells cultured with HTPAuNCs (AuNCs at 

2.5×1010 particles mL-1) upon NIR laser irradiation showed 

a cell mortality rate of 30.49%±2.91%, which was attributed 

to the localized heat generated by HTPAuNCs. Meanwhile, 

Figure 5 Cytotoxicity of BEL-7402 cells.
Notes: (A) The cell viability of BEL-7402 cells treated with DHPAuNCs, DHTPAuNCs, and DOX (AuNCs at the concentration of 0.625×1010 particles/mL, 1.25×1010 
particles/mL, 2.5×1010 particles/mL, and 5.0×1010 particles/mL, respectively, and the weight ratio of DOX/AuNCs was 1/16.3) for 24 h. (B) Cell viability of BEL-7402 
cells exposed to phosphate-buffered saline, HTPAuNCs, and DHTPAuNCs for 24 h. After 6 h incubation, NIR laser (808 nm, 1.25 W cm−2, 10 min) was used to achieve 
photothermal therapy. Each bar was presented as the mean ± SD (n=4). ***P0.005, significant difference between irradiated groups and unirradiated groups. ###P0.005, 
significant difference between HTPAuNCs + NIR group and DHTPAuNCs + NIR group.
Abbreviations: AuNCs, gold nanocages; DHTPAuNCs, DOX-loaded, HA-grafted, and A54 peptide-targeted PEGylated AuNCs; DOX, doxorubicin; NIR, near-infrared 
irradiation; HTPAuNCs, HA-grafted and A54 peptide-targeted PEGylated AuNCs; SD, standard deviation.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5173

Combined photothermal–chemotherapy for liver cancer

when the cells were incubated with DHTPAuNCs (AuNCs 

at 2.5×1010 particles mL-1) upon NIR laser irradiation, the 

cell inhibition rate significantly increased to 77.63%±1.63%, 

much higher than that of the sole PTT and single chemo-

therapy (Figure 5B). The experiment results proved that more 

drugs could be delivered into tumor cells by DHTPAuNCs, 

and this novel delivery system could show synergistic effect 

of photothermal–chemotherapy in vitro.

Antitumor effect in vivo
To explore whether DHTPAuNCs could significantly 

improve the antitumor effect in vivo, the tumor growth 

inhibition ability of the AuNCs-based nanocomposites with 

or without NIR laser irradiation was compared in BEL-7402 

tumor-bearing nude mice (∼150 mm3). Meanwhile, free DOX 

was used as positive control and NS was applied as negative 

control. An adequate concentration of the nanocomposites 

localized within tumor, which is treated as exogenous energy 

absorbers that convert laser energy into heat, is a prerequisite 

for the following PTT. First, the photothermal conversion 

efficiency of the AuNCs-based nanocomposites in vivo was 

evaluated by the temperature changes of the tumor site. 

Localized heating was observed in the tumor regions of 

the mice, which were treated with the AuNCs-based nano-

composites and NIR irradiation. Temperature in the tumor 

region increased rapidly from about 36.2°C (Figure 6A-a–d) 

to 40.0°C (AuNCs group, Figure 6A-f), 45.0°C (HPAuNCs 

group, Figure 6A-g), and 49.0°C (HTPAuNCs group, 

Figure 6A-h) because of the exceptional photothermal con-

version efficacy of AuNCs selectively accumulated in the 

tumor region. However, the temperature in the tumor site of 

NS group still remained under 40.0°C after NIR laser irra-

diation for 10 min (Figure 6A-e). It has been reported that 

cancer cells, with lower heat tolerance, could be killed by a 

high temperature over 43°C.39 Hence, DHTPAuNCs could be 

applied as photothermal agents for cancer therapy. In addi-

tion, the differences in the elevated temperature in the tumor 

regions of AuNCs group, HPAuNCs group, and HTPAuNCs 

group suggested the targeting ability. Subsequently, the 

changes in relative tumor volume (RTV, V/V
0
) were applied 

to assess the antitumor effect of DHTPAuNCs-mediated 

photothermal–chemotherapy in vivo (Figure 6C). After 

five treatments, the control groups (NS, NS + NIR group, 

and HTPAuNCs group) resulted in RTV of 368%±22%, 

365%±45%, and 359%±29%, respectively. DHTPAuNCs 

group showed RTV of 214%±39%, slightly higher than that 

Figure 6 (Continued)
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of free DOX (291%±29%) because of its targeting ability. 

The group of DHPAuNCs with the EPR effect also showed 

similar RTV of 262%±29%. Meanwhile, HTPAuNCs + 
NIR group achieved RTV of 305%±25%, suggesting that 

the single chemotherapy or the sole PTT could not achieve 

desirable inhibition of tumor growth. The mice treated with 

DHTPAuNCs + NIR showed RTV of 125%±33%, because of 

its synergistic manner. So, antitumor effect in vivo could be 

dramatically improved by the photothermal–chemotherapy, 

which was consistent with the results obtained in vitro. In all 

groups, we did not observe obvious loss of body weights. 

This result further proved that functionalized AuNCs had 

good biocompatibility (Figure 6B). Representative images of 

the tumors harvested from the mice after treatments shown 

in Figure 6D confirmed the enhanced therapeutic effect 

mediated by synergistic therapy. In addition, we performed 

a histopathological examination in tumors. As illustrated in 

Figure 6E, the morphology form of tumor tissue of NS + NIR 

group and HTPAuNCs group was mainly similar to that of 

NS group, and all of them had no obvious damage, which 

indicated that it would not cause cellular damage only with 

NIR laser irradiation, and the non-drug-loaded carrier was 

almost nontoxic to cells. Compared with the DOX group, 

both DHPAuNCs and DHTPAuNCs groups caused more 

tumor cell apoptosis. The reason was that the carrier of 

nanomaterials could target passively to the tumor site, and 

increased the accumulation of the drug in the tumor tissue. 

Most cell death has been observed in the DHTPAuNCs + 
NIR group among all other groups, which indicated that 

the chemo–photothermal therapy exerted a better antitumor 

effect than the single chemotherapy and the sole photothermal 

therapy, respectively.

Serum biochemical analysis
To further test the toxicity of the nanocomposites, we evalu-

ated kidney function and liver function with serum levels of 

CREA, UREA, TNF-α, AST, and ALT (Table 1). When liver 

cells are destroyed or necrosis happens, intracellular enzymes 

can be released into the blood, so the detection of the level of 

liver enzyme in the blood is one of the most common methods 

in research of liver toxicity. In this experiment, we chose 

ALT and AST, which are the most representative indica-

tors to understand the impact of carrier materials on liver.40 

A large number of toxins entered the liver and the product of 

the metabolism of liver cells can be transported to the kidney 

through a long circulation system, and among them, 80% of 

renal blood flow will get to the renal cortex. TNF-α is a kind 

of important cytokines produced by activated mononuclear 

macrophages in the process of acute liver necrosis, which 

is the early reaction of the liver damage. A large number of 

clinical and experimental researches showed that the liver 

of patients with liver damage produced a lot of TNF-α, and 

Figure 6 Antitumor efficacy under NIR irradiation in vivo, and infrared thermal imaging.
Notes: (A) Infrared thermal images of the mice before (a–d) or after 10 min (e–h) of 808 nm NIR laser irradiation at 1.25 W cm-2 and the color bar related the relative 
temperature values. The mice were injected systemically with NS (a, e), AuNCs (b, f), HPAuNCs (c, g), or HTPAuNCs (d, h). (B) Changes in the body weight of the mice 
with the time. (C) The tumor growth curves of eight groups. (D) Representative images of the tumors harvested from the mice after treatments. (E) Histomorphological 
assessments of tumor sections stained with hematoxylin–eosin after the treatment for 15 days. (B), (C), (D), and (E) grouping were as follows: (a) NS group; (b) NS + NIR 
group; (c) HTPAuNCs group; (d) HTPAuNCs + NIR group; (e) free DOX group; (f) DHPAuNCs group; (g) DHTPAuNCs group; (h) DHTPAuNCs + NIR group.
Abbreviations: AuNCs, gold nanocages; DHTPAuNCs, DOX-loaded, HA-grafted, and A54 peptide-targeted PEGylated AuNCs; DOX, doxorubicin; HPAuNCs, HA-grafted 
PEGylated AuNCs; HTPAuNCs, HA-grafted and A54 peptide-targeted PEGylated AuNCs; NIR, near-infrared irradiation; NS, normal saline.
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the occurrence and development of hepatitis, liver cirrho-

sis, and liver cancer were closely related with the TNF-α.41 

Animal experimental results demonstrated that the content of 

TNF-α of the HTPAuNCs group had no significant increase 

compared with the NS group (Table 1). In addition, the dys-

function of the kidney will make the concentration of renal 

tubular solution increased and the renal tubular epithelial 

cells damaged. So the contents of UREA and CREA are the 

most common and economic indicator used to detect kidney 

injury.41,42 Animal experimental results showed that our drug  

carrier HTPAuNCs did not cause obvious inflammatory reac-

tion, liver toxicity, and kidney toxicity within the treatment 

period (Table 1), which were consistent with the experimental 

results in vitro.

Conclusion
In summary, we have successfully developed a liver cancer-

specific targeting drug delivery system based on DOX-

loaded, A54 peptide-targeted, HA-grafted PEGylated AuNCs 

(DHTPAuNCs) for cancer therapy. Our results showed that 

the intracellular enzyme Hyal could trigger DOX release from 

DHTPAuNC, while NIR laser and acidic pH could accelerate 

this process. We evaluated DHTPAuNCs-mediated chemo–

photothermal therapeutic effect both in vitro and in vivo. 

The cellular inhibition rate of integrated therapy mediated 

by the DHTPAuNCs was the highest among all of the groups 

(77.63%±1.63%). Synergistic treatment of chemotherapy 

and PTT remarkably delayed tumor growth by RTV of 

125%±33%. The serum biochemical analysis demonstrated 

good bio-compliance of the DHTPAuNCs in vivo. Therefore, 

this system has great potential for application as a delivery 

system for enhanced therapeutic efficiency with limited 

toxicity for HCC treatment.
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