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Abstract: Albumin-based nanoparticles (NPs) as a drug delivery system have attracted much 

attention owing to their nontoxicity, non-immunogenicity, great stability and ability to bind 

to many therapeutic drugs. Herein, bovine serum albumin (BSA) was utilized as a template 

to prepare Au–BSA core/shell NPs. The outer layer BSA was subsequently conjugated with 

cis-aconityl doxorubicin (DOX) and folic acid (FA) to create Au–BSA–DOX–FA nanocom-

posites. A list of characterizations was undertaken to identify the successful conjugation of drug 

molecules and targeted agents. In vitro cytotoxicity using a cell counting kit-8 (CCK-8) assay 

indicated that Au–BSA NPs did not display obvious cytotoxicity to MGC-803 and GES-1 cells 

in the concentration range of 0–100 μg/mL, which can therefore be used as a safe drug delivery 

carrier. Furthermore, compared with free DOX, Au–BSA–DOX–FA nanocomposites exhibited 

a pH-sensitive drug release ability and superior antitumor activity in a drug concentration-

dependent manner. In vivo computed tomography (CT) imaging experiments showed that 

Au–BSA–DOX–FA nanocomposites could be used as an efficient and durable CT contrast agent 

for targeted CT imaging of the folate receptor (FR) overexpressed in cancer tissues. In vivo 

antitumor experiments demonstrated that Au–BSA–DOX–FA nanocomposites have selective 

antitumor activity effects on FR-overexpressing tumors and no adverse effects on normal 

tissues and organs. In conclusion, the Au–BSA–DOX–FA nanocomposite exhibits selective 

targeting activity, X-ray attenuation activity and pH-sensitive drug release activity. Therefore, 

it can enhance CT imaging and improve the targeting therapeutic efficacy of FR-overexpressing 

gastric cancers. Our findings suggest that Au–BSA–DOX–FA nanocomposite is a novel drug 

delivery carrier and a promising candidate for cancer theranostic applications.

Keywords: gold nanoparticles, bovine serum albumin, CT imaging, drug delivery, 

theranostics

Introduction
Nanomedicine provides an unprecedented opportunity to improve significantly the 

way in which many diseases are treated,1 in part because of the rapid development of 

nanomaterials. Among well-known nanomaterials, gold nanoparticles (GNPs) have 

gained considerable attention owing to their excellent biocompatibility,2 inert reactiv-

ity, good photostability, facile synthesis, non-cytotoxicity3 and solubility.2,4 To date, 

GNPs have been widely studied in various biomedical applications, including bioimag-

ing, single molecule tracking, biosensing, drug delivery5–9 and as contrast-enhancing 

agents in X-ray and computed tomography (CT) applications.10–14 Cancer is considered 

to be a worldwide mortal disease, which has become a major public concern. Early 

findings and treatments are still the focus of research efforts to overcome cancer. 
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Thus, it is highly desirable to develop novel functionalized 

GNPs, which could not only detect cancer cells but also 

deliver the drugs within the cancerous targets.

Inspired by biomineralization, protein-based synthesis 

was explored for the production of nanoparticles (NPs) in 

an eco-friendly manner.15 The resulting products are often 

coated by a layer of protein molecules and are beneficial 

for biomedical applications. Bovine serum albumin (BSA) 

is often used as a template to synthesize nanocomposites, 

including Au–BSA NPs/clusters, which has been further 

explored for tumor imaging applications and targeted 

cancer therapy.

For example, Chen et al used BSA as a template to 

synthesize ultra-small Au nanoclusters. To further form 

Au–FA–MPA nanocomposites, folic acid (FA) and MPA 

(a near-infrared fluorescent dye) were adhered to the surface 

of BSA. The nanoprobe displayed low toxicity against tumor 

cells in vivo and in vitro, a bright fluorescence signal and 

an outstanding tumor targeting ability due to folate receptor 

(FR)-mediated uptake.16 In another research, Murawala et al 

synthesized Au NPs capped with BSA molecules in situ. 

The Au–BSA NPs had superior stability against different 

mediums and were used as an effective anticancer drug car-

rier to load methotrexate into MCF-7 breast cancer cells as 

a chemotherapy treatment.17 Ding and Tian18 used BSA as a 

substrate to fabricate FA–fluorescein isothiocyanate@AuNC 

as a ratiometric fluorescence biosensor for specific bioimag-

ing and biosensing in cancer cells. Therefore, BSA-based 

GNPs represent an attractive strategy to fabricate a drug 

delivery carrier. Compared with other types of substrates, 

BSA had the ability to bind many drug moieties at a high 

capacity due to the high number of potential drug binding 

sites present in this protein.19,20

Tumor tissue is usually reported to be acidic because 

of the deprivation of nutrients and an insufficient removal 

of metabolic waste products, mainly lactic acid. A useful 

method to facilitate drug delivery is the incorporation of 

acid-sensitive bonds between the polymer and drug, ensuring 

the successful release of encapsulated drug in the tumor.9,21 

Among the most useful acid-labile linkers, cis-aconityl 

acid is frequently used when trying to design an ideal drug 

delivery system.22 Compared with a nonconjugated system, 

a drug in this delivery system shows enhanced antitumor 

activity and a relative reduction in nonspecific toxicity to 

normal tissue.22 As conventional anticancer drugs usually 

have severe toxicity, low selectivity and many adverse 

effects, it is necessary to combine them with some candidate 

ligands to deliver selectively anticancer drugs to tumor cells. 

Xiao et al8 reported cyclic arginine–glycine–aspartic acid 

(cRGD) peptide-conjugated gold nanorods (GNRs) for 

targeted anticancer drug delivery and imaging of tumors. 

As one of the targeting agents, cRGD peptide actually 

reduced the tumor accumulation of the GNRs two- to three-

fold, which may reduce antitumor efficiency. Among target-

ing agents, FA has been extensively used as a selective drug 

target. Indeed, recent reports suggest that folate-conjugated 

NPs can decrease the toxicity of anticancer drugs and sig-

nificantly improve the antitumor effects.16,22

CT is a molecular imaging technology23,24 that is often used 

to diagnose cancer.25,26 X-ray contrast agents are often utilized 

to improve the sensitivity and specificity of CT in detecting 

cancer.11,13,27 Conventionally used small molecular iodinated 

CT contrast agents have a number of drawbacks, including 

potential renal toxicity, a brief time spent in the circulation 

and poor target specificity.28,29 It is likely that the shortcom-

ings mentioned earlier can be overcome by developing 

new types of non-iodinated CT contrast agents. For higher 

atomic numbers and electron densities greater than iodine, 

gold can be usefully incorporated into a new generation of 

contrast agents. One useful property of gold in this role is 

its ability strongly to attenuate X-rays, making gold an ideal 

component for incorporation into contrast agents.30–32 Further-

more, surfaces of Au NPs functionalized with tumor-specific 

biomarkers can also be used to target specifically cancerous 

cells in vitro or tumors in vivo.33–37 Recently, Du et al22 

demonstrated that FA–BSA–CAD prodrug selectively tar-

geted tumor cells and tissues, with associated reduction 

in nonspecific toxicity to the normal cells. Based on these 

reports, we designed and synthesized Au–BSA–doxorubicin 

(DOX)–FA nanocomposites. Au–BSA–DOX–FA nanocom-

posites can serve as CT contrast agent for FA-positive tumors 

compared to FA–BSA–CAD prodrug.

In the present study, crystalline Au was initially trapped 

within BSA and then successively conjugated with cis-

aconitic anhydride-doxorubicin (cis-DOX) and FA to create 

Au–BSA–DOX–FA nanocomposites (Figure 1).

In these nanocomposites, Au offered its brilliant X-ray 

attenuation property, while BSA offered a template and free 

amino groups to couple DOX as chemotherapeutic agents and 

FA that can specifically bind to the aberrantly overexpressed 

FR in malignant tumor cells.38–40 After loading identification 

of FA and DOX, validation of the control release of DOX and 

its characterization, the as-synthesized nanocomposites, were 

submitted to explore their potential in CT diagnostics and 

targeting therapy of FR-overexpressing gastric cancer. The 

findings suggested that Au–BSA–DOX–FA nanocomposite 
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can act as a novel drug delivery carrier, with promising uses 

in cancer theranostic applications.

Materials and methods
characterization and fabrication of 
au–Bsa–DOX–Fa nanocomposites
Fabrication of au–Bsa NPs
Freshly prepared aqua regia solution was used to thoroughly 

clean glassware, followed by extensive rinsing in distilled water 

before use. A stock of 10 mL of 5 mg/mL BSA was prepared 

by dissolving BSA in Millipore water. A total of 1 mL of chlo-

roauric acid solution (10 mM) was prepared by adding HAuCl
4
 

to Millipore water. Then, the HAuCl
4
 solution was mixed with 

BSA followed by the addition of 20 mg ascorbic acid during 

magnetic stirring at room temperature for 30 min. The previ-

ously formed yellow solution became colorless and finally was 

converted to purple blue, indicating the formation of Au NPs. It 

was established that the aqueous solution of Au–BSA NPs was 

stable for .1 month when stored at room temperature.

conjugation of DOX with an au–Bsa NP  
(au–Bsa–DOX)
In order to conjugate DOX with Au–BSA, a cis-aconityl 

bond was initially introduced onto DOX according to a 

method reported in the literature.22 In brief, 5 mg of cis-

aconitic anhydride was dissolved in 200 μL of 1,4-dioxane 

and slowly pipetted into a cooled DOX solution (7 mg 

DOX in 4 mL of ultrapure water) during vigorous stirring, 

and subsequently, the pH was rapidly adjusted to pH 9.0 

by the addition of 0.5 M NaOH solution. Then, the reac-

tion vessel was placed in a water bath containing ice for 

20 min. Then, the pH was adjusted to pH 7.0 by the addi-

tion of HCl (1.0 M) under stirring for another 30 min until 

a precipitate of cis-DOX was produced. The mixture was 

centrifuged at 8,000 rpm for 10 min, and then, the precipitate 

was isolated. Pellet structure was determined using liquid 

chromatography–mass spectrometry (LC-MS) before being 

dissolved in 3 mL of ultrapure water containing 7 mg of 

1- Ethyl-3-(3-dimethylaminopropyl) carbodiimide and 3 mg 

of N-Hydroxysuccinimide (NHS). The solution was stirred 

for 4 h in light-free conditions at the ambient room tempera-

ture. Then, Au–BSA NPs (2 mL, 50 mg/mL) in ultrapure 

water was added, and the solution was stirred for 16 h under 

the same conditions described earlier (vide supra). Free BSA 

and DOX were separated from the product Au–BSA–DOX, 

after filtration through a Sephadex G-25 column.

coupling of Fa with au–Bsa–DOX
Conjugation of FA with Au–BSA–DOX (through amide bond 

formation) was carried out according to the method reported 

in the literature.22 Briefly, 2 mg of NHS and 3 mg of EDCl 

were added to the FA/dimethyl sulfoxide (DMSO; 5 mg/mL) 

solution, which was then mechanically stirred for 4 h at 

ambient room temperature under light-free conditions. Then, 

the mixture was slowly merged with the Au–BSA–DOX solu-

tion containing 3 mL of 50 mg/mL in ultrapure water and the 

solution agitated at ambient room temperature under light-

free conditions for 10 h. Subsequently, the mixture solution 

was separated from the free FA and purified using a Sephadex 

G-25 filtration system (defined as Au–BSA–DOX–FA).

characterization of the au–Bsa–DOX–Fa 
nanocomposite
The as-prepared Au–BSA–DOX–FA nanocomposites’ 

morphology and sizes were determined using transmission 

electron microscopy (TEM; Tecnai G2 spirit Biotwin, [FEI, 

Figure 1 schematic diagram of an au–Bsa–DOX–Fa nanocomposite model and multifunction in cT imaging and targeting therapy in Fr-overexpressing gastric cancer 
xenografted mice.
Abbreviations: Bsa, bovine serum albumin; DOX, doxorubicin; Fa, folic acid; cT, computed tomography; Fr, folate receptor.
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Hillsboro, Oregon, USA]) and high-resolution transmis-

sion electron microscopy at accelerating voltages of 10 

and 200 kV, respectively. The hydrodynamic diameter and 

size distribution of the GNPs were determined by dynamic 

light scattering (DLS) using a standard laboratory-built 

light scattering spectrometer (Nicomp 380 ZLS; Particle 

Sizing Systems, Port Richey, FL, USA). X-ray diffraction 

measurements were made using a AXD D8 instrument 

(40 kV, 40 mA; Bruker, Karlsruhe, Germany) with Cu-K 

alpha radiation (λ =1.5406 Å). A spectrometer (Equinox 

55 FTIR, wavelength range: 500–4,000 cm−1; Bruker) 

was employed to record Fourier transform infrared spec-

trophotometer measurements. The absorption spectrum of 

Au–BSA–DOX–FA nanocomposites was detected using a 

DU-640 UV–vis spectrophotometer (Beckman Coulter, Brea, 

CA, USA) operated in the range of 200–800 nm at different 

time intervals to determine the different conjugators in the 

as-prepared products.

Validation of controlled release of DOX from  
au–Bsa–DOX–Fa
In vitro release profiles of DOX from Au–BSA–DOX–FA 

nanocomposites were carried out by changing the pH of the 

nanocomposites. Briefly, Au–BSA–DOX–FA nanocompos-

ites (1 mL) with DOX (30 μg) attached were first placed in a 

dialysis tube. Subsequently, they were placed in plastic tubes 

containing 10 mL of saline-sodium citrate (SSC) and NaOH 

solution at different pH values (pH 5.0, 6.0, 7.0, 8.0, 9.0 and 

10.0). Then, the tubes were shaken horizontally (50 rpm 

at 37°C). The medium was replaced with fresh medium at 

predetermined time intervals and then analyzed using ultra-

violet (UV)–vis spectrometry. The amount of released DOX 

was quantified by reference to a standard curve.

In vitro cell studies
cell culture
Human gastric mucosa cells (GES-1) and a gastric cancer 

cell line (MGC-803) were obtained from the Cell Bank, 

Chinese Academy of Sciences, and cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) medium containing 

1% antibiotics (streptomycin and penicillin) and 10% fetal 

bovine serum (FBS) at 37°C in a humid environment gassed 

with 5% CO
2
.

expression of Fr in Mgc-803 and ges-1 cells
Expression levels of FR in MGC-803 and GES-1 cells were 

assessed by quantitative reverse transcription polymerase 

chain reaction (qRT-PCR). RNA was extracted from freshly 

isolated cells using an RNeasy Mini Kit and transformed 

into cDNA using Superscript III Reverse Transcriptase. 

Then, 1.0 μL aliquots of cDNA were used for qRT-PCR 

amplification using a Power SYBR Green PCR Master 

Mix (Thermo Fisher Scientific, Waltham, MA, USA) in a 

real-time cycler (Stratagene Mx3000 PTM QPCR System; 

Agilent Technologies, Santa Clara, CA, USA). To amplify 

FR, the primers used were 5′-GAA ATC CCT GCC CTG 

TTC A-3′ (sense) and 5′-TGC GGT GTC TGG TTT ATT 

C-3′ (antisense).

cytotoxicity and antitumor activity in vitro
To identify the potential cytotoxicity of Au–BSA in normal 

and cancer cells, a cell counting kit-8 (CCK-8; Dojindo, 

Kumamoto, Japan) was employed. The effects of Au–BSA–

DOX–FA nanocomposites and free DOX on different cell 

lines were also investigated. GES-1 and MGC-803 cells were 

seeded into 96-well plates (5,000 cells/well) and incubated 

overnight. Regarding the cytotoxicity assay, Au–BSA at 

various concentrations (0, 1.56, 3.13, 6.25, 12.5, 25.0, 50.0 

and 100 μg/mL) was added. For effect comparisons, these 

cells were treated with Au–BSA–DOX–FA nanocomposites 

bearing different concentrations of DOX or various doses 

of free DOX (46.9, 93.8, 188, 375, 750 and 1,500 ng/mL). 

After 48 h, the cells were washed three times with phosphate-

buffered saline (PBS) at pH 7.0 and CCK-8 reagent was 

added (10 μL/100 μL medium); the cells were subsequently 

incubated for 2 h at 37°C. The optical density of the cells at 

450 nm was measured and used to evaluate the viability of 

cells. Each experiment was performed in three parallel wells 

and repeated three times.

In vivo studies
animals and gastric cancer xenograft model
The Guidance Suggestions for the Care and Use of 

Laboratory Animals in China were strictly adhered to. Male 

BALB/c-nu nude mice weighing 20–24 g, obtained from 

the Shanghai Chuansha Experimental Animal Raising Farm 

(Shanghai, China), were housed under aseptic conditions in 

a small animal isolator in groups of five in standard cages. 

The animals were exposed to a 12 h light/dark cycle, with ad 

libitum water and chow. All animals were acclimated to the 

animal facility for at least 7 days before experiments com-

menced. The study protocols were approved by the Animal 

Care and Experiment Committee of Shanghai Jiao Tong 

University School of Medicine.

Human gastric cancer MGC-803 cells, in the logarithmic 

phase of division, were harvested and resuspended in PBS. 

Then, cancer cells were subcutaneously implanted into 

athymic nude mice (5×106 cells/mouse). When the tumor 
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nodules grew to a volume of ~0.5×0.5×0.5 cm3, the mice 

were used to investigate histotoxicity and antitumor activity. 

When the tumor nodules in the gastric cancer xenograft 

mice reached a volume of ~0.8×1.0×1.0 cm3, after ~5 weeks 

of postimplantation, mice were submitted to analysis for 

CT imaging.

cT imaging of Fr-overexpressing gastric cancer 
in vivo
The targeting ability of as-synthesized NPs was evaluated 

in vivo using a Brilliance 64-slice CT scanner (Royal Philips, 

Amsterdam, The Netherlands). In brief, a total of 10 gastric 

cancer xenograft mice (27 g) randomly received an intrave-

nous injection (tail vein) with Au–BSA–DOX–FA (10 mg/

mL) or Au–BSA–DOX at a volume dose of 0.27 mL/27 g 

body weight. All mice were anesthetized with 250 μL of 

5% chloral hydrate and then placed in a scanning holder. 

Prior to injection and at different times after the injection, 

CT scanning was carried out (tube voltage 80 kV; tube cur-

rent 234 mA). The images were analyzed using a RadiAnt 

DICOM Viewer (Medixant, Poznan, Poland).

histotoxicity analysis and in vivo antitumor 
activity studies
Histotoxicity analysis and antitumor activity were evaluated 

by histopathological analysis and by determination of the 

animal weight and tumor volume. In all, 30 gastric cancer 

xenograft mice were randomly and equally divided into three 

groups. Animals that received intravenous administration 

of PBS acted as the controls, while another 20 mice were 

injected intravenously with 3.0 mg/kg of free DOX and 

Au–BSA–DOX–FA nanocomposites (3.0 mg DOX/kg). 

The administration was performed once every 2 days until 

the 14th day. The body weight and tumor volumes were 

measured once every 3 days. The following equation was 

used to calculate the tumor volume:

 Tumor volume = length × width2 × 0.5

On the 21st day, animals were sacrificed using overdose 

anesthesia. Samples of the kidney, heart, liver, spleen and 

lung and also tumor tissues were dissected and fixed in 4% 

formalin. The samples were then dissected and embedded in 

paraffin, and 8 μm thick sections were prepared and stained 

with hematoxylin and eosin (H&E).

statistical analysis
All data were given as the mean ± standard deviation of 

independent measurements and analyzed with the aid of 

SPSS software (version 16.0). Normally distributed data were 

considered to be statistically significant at P,0.05.

Results and discussion
synthesis and characterization of  
au–Bsa–DOX–Fa nanocomposites
In this research, Au–BSA NPs were initially prepared by 

reducing HAuCl
4
 using ascorbic acid in the presence of BSA 

for one-pot synthesis, as schematically shown in Figure 2A. 

The whole synthetic process was fast, facile and eco-friendly 

(no toxic agents and organic solvents), which ensures the fol-

lowing compatibility. We previously reported that BSA was 

an excellent foaming and stabilizing agent that had been exten-

sively used in the synthesis of nanomaterials.41 After purifica-

tion, these Au–BSA NPs were characterized in detail. First, 

the size distribution and morphology were validated using 

TEM and high-resolution transmission electron microscopy 

(HRTEM). As shown in Figure 2B, the as-prepared products 

were monodispersed and homogeneous, with a narrow size 

distribution centered around 50 nm, which matched with the 

criterion that NPs with a diameter of 10–200 nm permit long-

term circulation and tumor targeting in vivo.42 The magnified 

TEM image (Figure 2C) provided us with further insights into 

the morphological characteristics of NPs. The nanomaterials 

exhibited flowerlike 3D structures surrounded by many small 

individual NPs. Notably, these flowerlike 3D nanostructures 

displayed dark and bright contrast within the whole region of 

individual particles, revealing that the as-prepared products 

are organic/inorganic composites. It can be deduced that the 

dark component is an Au NP and the bright part is a BSA 

molecule. HRTEM further revealed that individual NPs had 

a single crystalline structure, with a lattice spacing of circa 

0.23 (Figure 2D), which corresponded to the (111) Au facet. 

A thin layer (BSA) wrapped outside the lattice component 

was also observed, which contributes to the good stability 

and biocompatibility. The existence of a surface BSA coating 

was also indirectly confirmed by excellent colloidal stability 

in different solutions and pH values (Figure S1). Figure S2 

shows the size distribution of the synthesized Au–BSA, 

Au–BSA–DOX and Au–BSA–DOX–FA NPs as measured 

by DLS. The mean diameter of Au–BSA, Au–BSA–DOX 

and Au–BSA–DOX–FA NPs was 51.4, 65.8 and 72.9 nm, 

respectively. It is interesting to note that the measured hydro-

dynamic size of the Au–BSA (Figure S2A) is much larger 

than that measured by TEM (48.8 nm, Figure 2C, inset). This 

is likely due to the fact that DLS measures the size of large 

aggregates or clusters of particles in an aqueous solution that 

may consist of many BSA, while TEM just measures single 

metal Au core alone.
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θ

Figure 2 Design, fabrication and characterization of au-Bsa nanoparticles.
Notes: (A) schematic of Bsa-templated synthesis of au–Bsa NPs, (B) TeM images of au–Bsa NPs, (C) the magnified TEM images of Au–BSA NPs, (D) hrTeM images of 
au–Bsa NPs (arrows indicate lattice spacing) and (E) XrD analysis of au–Bsa NPs.
Abbreviations: Bsa, bovine serum albumin; NPs, nanoparticles; TeM, transmission electron microscopy; hrTeM, high-resolution transmission electron microscopy; XrD, 
X-ray powder diffraction; au, gold; Vc, vitamin c.
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X-ray powder diffraction (XRD) analysis (Figure 2E) 

showed five characteristic diffraction peaks at 38.2°, 44.3°, 

64.7°, 77.7° and 82.0° corresponding to Au (111), Au (200), 

Au (220), Au (311) and Au (222) planes of face-centered 

cubic (fcc) Au, respectively, findings in good agreement with 

standards data published by the Joint Committee on Powder 

Diffraction Standards. No peaks corresponding to impurities 

were observed, suggesting that as-synthesized NPs were 

made entirely from pure crystalline gold. Moreover, the peak 

intensity corresponding to the (111) plane was greater than 

the other planes, indicating that (111) was the predominant 

orientation, which correlated with HRTEM measurements 

(Figure 2D). Together, Au was trapped within as-synthesized 

NPs as pure crystalline gold and thus offered a molecular 

basis for nanocomposites to be used as contrast agents.

In order to couple therapeutic agents and targeting 

molecules, it is important to identify functional chemical groups 

(e.g., –COOH or NH
2
) on the surface of as-prepared products. 

Fourier transform infrared spectroscopy (FTIR) was employed 

as an efficient technique to determine the structure and forma-

tion of the Au NPs. As shown in Figure 3, the FTIR spectra of 

Au–BSA NPs displayed several characteristic peaks. The peak 

at 3,427 cm−1 was attributed to the stretching vibration of the 

O–H bond; the smaller peak at 2,375 cm−1 reflected the S–H 

bond vibration produced by stretching. The peaks that occurred 

at 1,637 and 1,385 cm−1 were attributed to the C=O stretching 

vibration and the –CH
2
 group vibrations, respectively. The 

peaks at 613 cm−1 were ascribed to lysine in BSA. These find-

ings indicated that BSA molecules are incorporated into the Au 

NPs, which is in good agreement with a previous study.43 To 

confirm that the FA and DOX have been successfully immo-

bilized, the FTIR spectra of Au–BSA–DOX and Au–BSA–

DOX–FA were obtained (Figure 3B and C). The presence of 

several characteristic bands between 956 and 1,063 cm−1 was 

associated with the bond of FA. The presence of several bands 

in the range of 1,064–1,270 cm−1 was associated with the bond 

of DOX. These results further support the successful synthesis 

of the Au–BSA–DOX–FA nanocomposites.

Sufficient conjugation of therapeutic drugs and success-

ful coupling of targeting agents plays a key role in building 

nanocomposites. UV–vis measurements were carried out 

to confirm the conjugation of DOX and FA molecules on 

Au–BSA NPs. As shown in Figure 4, the pure FA and DOX 

solution showed the characteristic absorption at 360 and 

495 nm. The purified Au–BSA NPs absorption peak occurred 

at 280 nm, revealing that BSA molecules are involved in 

the formation of nanomaterials. In addition, the peaks at 

580 nm showed a characteristic surface plasmon resonance 

band of Au NPs, which is consistent with the results of 

TEM observation. The characteristic absorption peaks of 

Figure 3 The FTIr spectra of au–Bsa (A), au–Bsa–DOX (B) and au–Bsa–
DOX–Fa (C).
Abbreviations: Bsa, bovine serum albumin; DOX, doxorubicin; Fa, folic acid; Fr, 
folate receptor; FTIr, Fourier transform infrared spectroscopy.

Figure 4 UV–vis spectroscopy of Fa, DOX, au–Bsa, au–Bsa–DOX and au–Bsa–
DOX–Fa in distilled water.
Note: Inset: the UV–vis spectra of au–Bsa NPs at high concentrations.
Abbreviations: UV, ultraviolet; Fa, folic acid; DOX, doxorubicin; Bsa, bovine 
serum albumin; NPs, nanoparticles.
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BSA, FA and DOX at 280, 360 and 495 nm, respectively, 

were detected in Au–BSA–DOX–FA nanocomposites, indi-

cating the successful combination of DOX and FA on the 

surface of Au–BSA NPs.

ph-sensitive drug release ability and 
cytotoxicity
To achieve the pH sensitivity of the functional nanomateri-

als, cis-aconityl linker was introduced to bind DOX onto the 

Au–BSA NPs. The controlled release of DOX from Au–BSA–

DOX–FA nanocomposites was investigated by quantifying 

DOX amounts in the presence of different pH media. The in 

vitro drug release profiles are shown in Figure 5. At pH 7.0 

and 9.0, we found that the amount of DOX released from the 

nanocomposites reached ~20%. In contrast, at pH 5.0, the 

released amount of DOX was .90%, which is ~4.5-fold higher 

than the former. The rapid release of DOX from nanocompos-

ites in acid condition could be attributed to the cis-aconityl link-

age, which is more readily broken at pH ,6. A previous study 

indicated that pH-sensitive release of DOX was dependent on 

the association of free carboxylic groups in an acidic envi-

ronment.22 Cis-transformation is also involved in catalyzing 

intramolecular hydrolysis of amide bonds. Overall, the release 

profiles of DOX from Au–BSA–DOX–FA nanocomposites 

indicate that they will be stable during circulation and drugs 

can be rapidly released in the acid tumor condition.44,45

Prior to identifying the anticancer properties of Au–

BSA–DOX–FA nanocomposites, it was necessary to evalu-

ate the original carrier Au–BSA NP cytotoxicity. Data in 

Figure 6 clearly show that the viability of both GES-1 and 

MGC-803 cells was not statistically influenced by Au–BSA 

NPs at concentrations ranging from 0 to 100 μg/mL. These 

findings suggested that Au–BSA NPs do not affect the pro-

liferation of both malignant and normal cells.

The membrane-bound protein FR, which binds and 

transports folate with high affinity, has been proven to be 

aberrantly overexpressed in various malignant tumors to meet 

the requirements of rapidly dividing cancer cells.46 Thus, the 

expression of FR in human mucosa GES-1 and gastric cancer 

MGC-803 cells was quantified in order to identify whether or 

not these cells could be utilized to validate specific targeting 

and the anticancer properties of Au–BSA–DOX–FA nano-

composites. We found that relative mRNA expressions of FR 

in MGC-803 were statistically higher than those in GES-1 

cells (10±3.10 vs 1±0.27, P=0.011; Figure S3), meaning that 

Figure 5 effect of ph on DOX release from the au–Bsa–DOX–Fa nanocomposites.
Abbreviations: DOX, doxorubicin; Bsa, bovine serum albumin; Fa, folic acid.

Figure 6 cell viabilities of normal cells and cancer cells incubated with au–Bsa NPs.
Notes: (A) human gastric mucosa ges-1 cells. (B) human gastric cancer Mgc-803 cells.
Abbreviations: Bsa, bovine serum albumin; NPs, nanoparticles.
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MGC-803 cells preferred to bind FA or Au–BSA–DOX–FA 

nanocomposites.16

In vitro anticancer activity
Taking into account the abovementioned promising results, 

we next explored the potential of Au–BSA–DOX–FA nano-

composites as anticancer agents and compared the effects 

with free DOX. DOX is an efficient DNA-interacting drug 

widely used in chemotherapy for the treatment of various 

cancers. Figure 7 summarizes the results obtained with 

free DOX and Au–BSA–DOX–FA nanocomposites. It is 

important to note that we ensured that the drug amount in 

free DOX is similar to that present in Au–BSA–DOX–FA 

nanocomposites. Regardless of whether MGC-803 or GES-1 

was the system tested, the viability of cells showed a DOX 

concentration-dependent decrease. Compared with free 

DOX, the Au–BSA–DOX–FA nanocomposites exhibited a 

higher cell-inhibition rate to MGC-803 cells at various con-

centrations (Figure 7B). In contrast, the Au–BSA–DOX–FA 

nanocomposites did not exhibit a superior inhibition rate to 

GES-1 cells compared with free DOX; indeed, the inhibition 

rate was lower at various concentrations (Figure 7A). This 

means that the Au–BSA–DOX–FA nanocomposites possess 

selective therapeutic efficacy to FR-overexpressing tumor 

cells and a low cytotoxicity to normal cells.

In vivo targeting ability and cT imaging
As is well known, Au nanomaterials can be used as a type 

of novel CT contrast agents in tumor imaging, owing to 

their brilliant X-ray attenuation properties. To test the CT 

imaging and targeting ability of Au–BSA–DOX–FA, we 

chose human gastric cancer xenografted mice as the animal 

model. Figure 8A shows CT tumor images (dotted portion) 

before and after the intravenous administration of Au–BSA–

DOX–FA nanocomposites or Au–BSA–DOX NPs.

Owing to the fine distinction of brightness, it was dif-

ficult to analyze the CT images of tumor sites by the naked 

eye. Therefore, we resorted to the manufacturer’s standard 

display program. As shown in Figure 8B, the tumor CT 

imaging enhancements were further quantified by measur-

ing the Hounsfield units (HUs) at different times. In general, 

the CT values of tumor tissues gradually increased after 

injection of Au–BSA–DOX–FA nanocomposites (targeted 

group) or Au–BSA–DOX NPs (non-targeted group). The 

CT values of tumor tissue increased significantly after 

injection compared to before injection in the non-targeted 

group. This enhancement may be ascribed to the enhanced 

permeability and retention (EPR) phenomenon, which allows 

for the passive accumulation of Au–BSA–DOX NPs in 

tumor tissues. Therefore, our results suggest that Au–BSA–

DOX NPs will be very useful as contrast agents in X-ray 

CT imaging in vivo. It is noteworthy that the CT values of 

tumors in the target group injected with Au–BSA–DOX–FA 

nanocomposites were much greater than those of the non-

targeted group 30 min after injection. This result indicated 

that Au–BSA–DOX–FA nanocomposites can target FR-

overexpressing tumor tissue and result in the enhancement 

of CT attenuation.

Figure 7 cell viabilities of cancer and normal cells incubated with free DOX and au–Bsa–DOX–Fa nanocomposites.
Notes: (A) human gastric mucosa ges-1 cells. (B) human gastric cancer Mgc-803 cells.
Abbreviations: DOX, doxorubicin; Bsa, bovine serum albumin; Fa, folic acid.
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The highest CT value in tumor arose at 30 min 

postinjection, which was maintained for 60 min and then fol-

lowed by a slight decrease at 120 min in the targeted group. 

Au–BSA–DOX–FA nanocomposites are durable X-ray 

contrast agents compared to the currently used iodine-based 

compounds.10 Compared with iodine-based CT contrast 

agents, Au–BSA–DOX–FA nanocomposites are able to 

target specifically tumors and notably are retained for longer 

time periods.

histotoxicity
To identify further whether Au–BSA–DOX–FA nanocom-

posites have histotoxicity, histopathological analysis was 

carried out. Free DOX caused obvious pathological changes 

in mice, including myocardial cell granular degeneration 

and the breakdown of hyaline casts in the tubules of the 

kidneys. Coupled DOX resulted in decreased histotoxicity 

and exhibited histostructures similar to those treated with 

PBS. Histopathological images of cancer tissues from mice 

treated with PBS were overgrown with malignant tumor cells. 

Free DOX led to a significant decrease in cancer cells, which 

was still higher than those treated with Au–BSA–DOX–FA 

nanocomposites bearing same DOX (Figure 9). The results 

indicated that Au–BSA–DOX–FA nanocomposites did not 

cause apparent toxicity in major organs, whereas free DOX 

produced severe toxicity in the heart and kidney. More 

importantly, Au–BSA–DOX–FA nanocomposites have 

stronger antitumor activity than free DOX. The results of 

in vivo experiments were consistent with those obtained 

in vitro (Figure 7). These advantages can in all probability 

be attributed to the Au–BSA–DOX–FA nanocomposites’ 

target activity.

In vivo antitumor activity
Specific anticancer activity of Au–BSA–DOX–FA nanocom-

posites was also validated by determining the animal weight 

and tumor volume. During the experimental course, mice 

administrated with buffer gradually lost their body weight, 

Figure 8 cT images (A) and values (B) of gastric cancer tissues in nude mice before (−5 min) and at different time points post injection of the au–Bsa–DOX–Fa 
nanocomposites or au–Bsa–DOX NPs (n=5 per group).
Notes: The dotted dash indicates tumor (magnification 1:1). *P0.05.
Abbreviations: CT, computed tomography; BSA, bovine serum albumin; DOX, doxorubicin; FA, folic acid; NPs, nanoparticles; HU, Hounsfield unit; ns, not significant.
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Figure 9 histopathological analysis of main organs and cancer tissues from xenografted mice treated with PBs, au–Bsa–DOX–Fa nanocomposites and free DOX (n=10 
per group, scale bar =200 μm).
Abbreviations: PBs, phosphate-buffered saline; Bsa, bovine serum albumin; DOX, doxorubicin; Fa, folic acid.

ultimately up to 5.89% of their original weight. Similarly, 

body weight loss was also found in the other two groups of 

mice, who received free DOX (lost 12.91% of their original 

weight) or coupled DOX (lost 8.94% of their original weight; 

Figure 10). As a chemotherapeutic agent, DOX always 

produces serious adverse drug reactions such as nausea and 

vomiting, eventually leading to weight lost. By virtue of 

pH-sensitive release, Au–BSA–DOX–FA nanocomposites 

remain stable during circulation, thereby avoiding gastroin-

testinal reactions and weight loss.

As expected, administration of buffer resulted in a rapid 

development of gastric tumors, which exhibited an initial 
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Figure 10 animal weight of xenografted mice treated with PBs, au–Bsa–DOX–Fa 
nanocomposites and free DOX (n=10 per group).
Abbreviations: PBs, phosphate-buffered saline; Bsa, bovine serum albumin; 
DOX, doxorubicin; Fa, folic acid.

Figure 11 Tumor volume in xenografted mice treated with PBs, au–Bsa–DOX–Fa  
nanocomposites and free DOX (n=10 per group).
Abbreviations: PBs, phosphate-buffered saline; Bsa, bovine serum albumin; 
DOX, doxorubicin; Fa, folic acid.

0.11 cm3 to an ultimate 0.99 cm3 increase in tumor volume. 

In contrast, intravenous injection of free and coupled DOX 

showed significant inhibitory effects on cancer development, 

displaying an ultimate 0.37 and 0.25 cm3 increase in tumor 

volumes, respectively. Although having comparable effects 

on tumor volume initially, the usage of coupled DOX caused 

significantly powerful inhibition of tumor volume from day 

15, which was maintained thereafter (Figure 11).

Compared to free DOX, Au–BSA–DOX–FA showed no 

pathological changes, a more profound inhibition of cancer 

cell growth, a more significant decrease in tumor volumes 

and more obvious effects on animal weight. These findings 

suggested that Au–BSA–DOX–FA nanocomposites also 

simultaneously offer targeting therapy with less histotoxicity, 

owing to FA-mediated endocytosis and the intracellular 

release of DOX as a consequence.47

Conclusion
An Au–BSA–DOX–FA nanocomposite has been successfully 

prepared and systematically characterized. It has the advan-

tages of easy synthesis, good stability, convenient surface 

modification and excellent biocompatibility. More impor-

tantly, the multifunctional nanocomposite exhibits selective 

targeting, X-ray attenuation and pH-sensitive drug release 

activity. Therefore, it can enhance CT imaging and improve 

the targeting therapeutic efficacy of FR-overexpressing 

human gastric cancer. Taken together, our findings suggest 

that the Au–BSA–DOX–FA nanocomposite is a novel drug 

delivery carrier and a promising candidate for cancer thera-

nostic applications.
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Supplementary materials

Figure S2 hydrodynamic size distribution of (A) au–Bsa, (B) au–Bsa–DOX and (C) au–Bsa–DOX–Fa.
Abbreviations: Bsa, bovine serum albumin; DOX, doxorubicin; Fa, folic acid.

Figure S1 Photograph of au–Bsa NPs dispersed in different solutions (PBs and 
FBs) at various ph values (from left to right: ph =3, 7, 9 PBs and 7 FBs).
Abbreviations: Bsa, bovine serum albumin; NPs, nanoparticles; PBs, phosphate-
buffered saline; FBs, fetal bovine serum.
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Figure S3 expression of Fr in Mgc-803 and ges-1 cell lines analyzed 
by qrT-Pcr.
Note: each sample was tested in triplicate (n=3 per group). *P0.05.
Abbreviations: Fr, folate receptor; qrT-Pcr, quantitative reverse transcription 
polymerase chain reaction.
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