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Abstract: In this study, AuNRs (AuNRs) were firstly stabilized by 

hexadecyltrimethylammonium bromide (CTAB) and then coated by two kinds of 

polyelectrolytes (PE) and BSA to obtain multi-layered AuNRs (AuNRs-PE-BSA). 

Furthermore, anti-cancer drug doxorubicin (DOX) was encapsulated into 

AuNRs-PE-BSA by electrostatic force and the nanocomposites formed were named as 

AuNRs/DOX-PE-BSA. The success of coating was verified by transmission electron 

microscopy (TEM), zeta potential, gel-electrophoresis and thermogravimetic analysis 

(TGA). MTT assay indicated that the cytotoxicity of AuNRs decreased dramatically 

after multi-layers capping. The time-dependent nucleus-targeting capability of 

AuNRs/DOX-PE-BSA was confirmed in cell affinity evaluations. The in vitro and in 

vivo experiments demonstrated that AuNRs/DOX-PE-BSA, which combined the 

photothermal and chemo-therapy for tumor therapy, bears markedly improved 

curative effect and holds promising prospect in the field of nanomedicine.  

Key words: gold nanorod; near infrared; Doxorubicin; thermotherapy; chemotherapy; 

tumor 
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1. Introduction 

Hyperthermia or thermotherapy, applying heat to selectively eradicate tumor cells, 

is a kind of non-invasive and widely acknowledged treating method in tumor therapy.
1, 

2 
In hyperthermia, a variety of sources, such as laser, electromagnetic wave, 

ultrasound and infrared lamp could induce the increase of localized temperature.
3, 4

 

Near infrared (NIR) light is poorly absorbed by endogenous chromophores including 

water, melanin and hemoglobin. Thus, NIR light-activated tumor therapies have 

attracted extensively attentions
5, 6

 Conceivably, the employment of NIR irradiation 

holds great potential to propel the development of hyperthermia and non-invasive 

diagnostic techniques. 

Gold nanorods (AuNRs) are promising optical contrast agents and NIR 

photothermal transducers, which is contributed by their well biocompatibility and 

favorable optical properties.
7, 8

 AuNRs have two surface plasmon resonance bands. 

One is the transverse extinction band (usually around 520 nm), and the other is the 

longitudinal extinction band (tunable from 600 to 900 nm),
9
 which can be adjusted to 

a desired region by controlling their effective size and aspect ratio (ratio of length to 

diameter).
10

 The excellent surface plasma resonances of AuNRs endow them with the 

capability of converting light energy to heat with high efficiency when excited by NIR 

laser. The deep tissue penetration and reduced photo-damage could be simultaneously 

achieved when NIR laser irradiation is carried out.  

Current techniques based on chemical and electrochemical methods have been 

employed for the synthesis of AuNRs. The most convenient and popular synthesizing 
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strategy is hexadecyltrimethylammonium bromide (CTAB)-templated growth for 

AuNRs in aqueous dispersion media.
11, 12

 However, CTAB is a well-known toxic 

cationic surfactant. Therefore, it is essential to develop AuNRs with safe surface 

coatings. Although PEGylated AuNRs have been reported to perform well in both of 

in vitro and in vivo tests for their biocompatibility and photothermal effect, their 

further development was obstructed by the short circulating time in vivo (half-life 1 

h).
13

 Meanwhile, the facile surface modification of AuNRs by alternately introducing 

anionic and cationic polyelectrolyte (PE) multilayers
14 

could significantly lower the 

cellular toxicity of AuNRs.
15

 Alkilany et al. reported that bovine serum albumin (BSA) 

from biological media could be adsorbed onto AuNRs, which effectively mediated the 

receptor-mediated endocytosis due to the cellular recognition of BSA.
16

 

Attracted by the lower toxicity of AuNRs in comparison with other inorganic 

nanomaterials, a lot of researches have been carried out with a focus on the 

biomedical applications of AuNRs including diagnosis,
17 

imaging
18

 and photothermal 

therapy,
19

 as well as developing AuNRs as new releasing systems for photoactivated 

release of biomolecules.
20

 These studies revealed the potential to construct a new 

tumor therapeutic system based on drug-loading AuNRs with simultaneous functions 

of hyperthermia and chemotherapy. Hence, we are aiming to develop a 

multifunctional tumor therapeutic system, which utilizes the therapeutic efficacy of 

AuNRs functioning as photothermal transducers and antitumor drugs that could be 

released from the system under the excitation of NIR light. Herein, as an attractive 

and alternative approach to achieve a uniform coating and decrease the bio-toxicity of 
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CATB-capped AuNRs, the surface of AuNRs was modified with the layer-by-layer 

coating of PE and BSA. Doxorubicin (DOX) was subsequently encapsulated into 

multilayered  AuNRs by electrostatic force. The in vitro and in vivo therapy effect 

was comprehensively evaluated among free DOX, AuNRs/DOX-PE-BSA with or 

without NIR light irradiation to demonstrate the improved curative effect of 

DOX-loading multilayered AuNRs led by the combination of hyperthermia and 

chemotherapy. 

2. Materials and Methods 

2.1 Materials 

Chloroauric acid (HAuCl4·3H2O, ≥99.9% purity), CTAB, sodium borohydride 

(NaBH4), L-ascorbic acid (L-AA), and silver nitrate (AgNO3) were all purchased 

from Shanghai Chemicals Co. Ltd (Shanghai, China). Sodium poly (styrene sulfonate) 

(PSS, Mw: 70 kDa), and poly (diallyldimethylammonium chloride) (PDDA, Mw: 15 

kDa) were obtained from Sigma-Aldrich (Tianjing China). DOX was purchased from 

Jiangsu Research Institute (Wuxi, China). 3-(4, 5-diMethylthialzol-2-yl)-2, 

5-diphe-nyltetrazolium bromide (MTT), RPMI 1640, fetal bovine serum (FBS), 

streptomycin, penicillin and trypsin-EDTA were purchased from commercial sources. 

All chemicals were of analytical reagent grade and used as received without further 

purification. Deionized water (18.2MΩ.cm
-1

) was used in all experiments, 

2.2 Synthesis of AuNRs capping with PSS, PDDA and BSA 

AuNRs were synthesized by an improved seed-mediated growth method.
21 

Firstly, 

CTAB solution (5.0 ml, 0.1 M) was mixed with HAuCl4 (5.0 mL, 0.0005 M). Then, 
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ice-cold NaBH4 (0.6 mL, 0.1 M) was added under stirring, while the resulting seed 

solution turned to brownish yellow color. The seed solution was kept at room 

temperature (25 °C) and used within 5 h. Secondly, the growth solution was prepared 

as follows: CTAB (100.0 mL, 0.1 M), HAuCl4 (100.0 mL, 0.1 M) and AgNO3 (5.0 ml, 

10.0 mM) were gently mixed at 25 °C. Ascorbic acid (1.4 mL, 0.0788 M) was added 

to the solution, and the solution color changed from dark yellow to colorless. Thirdly, 

0.24 mL of the seed solution was added to the growth solution. As-grown AuNRs 

were further subjected to overgrowth, and the AuNRs with enhanced absorption peak 

around 765 nm were obtained. After 1 h, the reaction was stopped by centrifugation 

(12000 rpm, 10 min). The precipitates were collected and re-dispersed in deionized 

water. Finally, the suspension of AuNRs with the aspect ratio of 3.9 was obtained. 

A positively charged CTAB bilayer on the surface of the as-prepared AuNRs served 

as the basis for layer by layer (LbL) deposition of PE (PSS and PDDA) and BSA. The 

PSS and PDDA stock solutions were prepared in 1.0 mM NaCl (3.0 mg / mL). 200 µL 

of PSS stock solution was added into 1.0 mL of the as-prepared AuNRs solution. 

After gently mixing for 30 min, the excess polymer in the supernatant fraction was 

removed by centrifugation (14500 rpm, 10 min), and the precipitate was re-dispersed 

in 1.0 mL of 1.0 mM NaCl solution. PSS-coated rods were incubated with 200 µL of 

PDDA stock solution for 20 min at room temperature. The rods were then washed by 

centrifugation (14500 rpm, 10 min) and resuspended in 1.0 mL of NaCl (1.0 mM) 

solution. The PSS and PDDA adsorption process was repeated once again, and then 

PE coated multilayered AuNRs (AuNRs-PE) was obtained. Subsequently, the pH of 
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the resulting rods solution was adjusted to 4.0. Before further coating AuNRs-PE with 

BSA, the PSS layer was adsorbed onto surface of AuNRs-PE firstly according to the 

method as mentioned above. 200 µL of BSA aqueous solution (2.0 mg / mL) was then 

mixed with AuNRs-PE solution and incubated together for 20 min. The rods were 

then washed by centrifugation (14500 rpm, 10 min) and re-suspended in 1.0 mL of 

NaCl (1.0 mM) solution. The PSS and BSA absorption process was repeated for 

another two times. Finally, PE and BSA multilayered AuNRs (AuNRs-PE-BSA) were 

obtained. 

2.3 Preparation of DOX Loaded AuNRs-PE-BSA 

For DOX loading, AuNRs-PE-BSA were firstly suspended in PBS solution (pH = 

7.4). DOX was then added into AuNRs-PE-BSA solution (2.0 mL) with a final 

concentration of 50 µg/ml and then stirred for 24 h at 37 °C. During the incubation 

course, DOX was self-absorbed into the multilayers of AuNRs-PE-BSA by 

electrostatic interaction. Subsequently, the DOX-loaded AuNRs-PE-BSA 

(AuNRs/DOX-PE-BSA) was washed by centrifugation (14000 rpm, 10 min) and the 

surfactant was suspended in PBS solution. The process was repeated for four times. 

The obtained product was lyophilized and weighted.  

2.4 Characterization  

2.4.1 Size and Morphology 

Transmission electron microscopy (TEM) images of the AuNRs were taken by a 

JEM-2000 EX II transmission scanning electron microscope (JEOL Company, USA) 

using an accelerating voltage of 160 kV. The size distribution analysis was performed 
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by manually measuring the length and width of each rod (at least 200 AuNRs for each 

sample), and the aspect ratio was also calculated. 

2.4.2 Optical properties  

The images of rods solution obtained from different synthesis condition were 

collected by a digital camera at white light. The absorbance spectra of AuNRs, 

AuNRs-PE and AuNRs-PE-BSA were also acquired by UV-Vis spectrophotometer. 

AuNRs/DOX-PE-BSA were dispersed in PBS solution with different concentrations 

(6.0 - 80 µg / mL) and measured by UV-Vis spectrometer at a wavelength of 481.5 

nm. 

2.4.3 Zeta Potential (ζ) 

Zeta Potential of the nanorods was measured using a Zetasizer (Brookhaven 

Instruments Corporation, US)) at a temperature of 25 °C. All the samples were 

dispersed in deionized water and the surface charge of the products was investigated 

by a potential analyzer.  

2.4.4 Characterization of BSA Binding  

BSA binding was assayed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Each solution containing AuNRs (1.0 mM) was mixed 

with loading buffer containing 10 % SDS, 50 % glycerol, 5 % β-mercaptoethanol, 

0.5% bromophenol blue and 250 mM Tris-HCl (pH 6.8) and then heated to 95 °C for 

5 min. The adsorbed BSA was then identified by electrophoresis with separating gel 

containing 12 % polyacrylamide. 

Thermogravimetric analysis (TGA) of AuNRs-PE-BSA was detected by TG209C 
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thermogravimetry Analyzer (NETZSCH, Germany). Samples were heated at the 

scanning rate of 10 K/min over a temperature range from 30 °C to 400 °C. 

2.5 Cell studies 

2.5.1 Cell culture 

The human cell line MCF-7 (breast cancer) was purchased from ATCC. The cell 

line was cultured at 37 °C in a humidified atmosphere containing 5 % CO2 in DMEM 

and RPMI1640 medium supplemented with 10 % fetal bovine serum, 100 U mL
-1

 

penicillin, and 100 mg mL
-1

 streptomycin.  

2.5.2 Cellular uptake and Cell apoptosis 

The affinity of free DOX, AuNRs/DOX-PE and AuNRs/DOX-PE-BSA to cells  

investigated by laser confocal fluorescence microscopy (LCFM, FV1000, Olympus). 

Briefly, MCF-7 cells were seeded in LCFM culture dishes (diameter: 35 mm; base 

thickness: 0.13 mm - 0.17 mm) with a density of 4×10
4 

cells/cm
2
 and subsequently 

incubated at 37 °C in a humidified atmosphere containing 5 % CO2. After the 

confluency of cells was 75 %, the cells were treated with 50 µL of free DOX, 

AuNRs/DOX-PE and AuNRs/DOX-PE-BSA respectively for 45 min. Subsequently, 

the cells were washed three times with Dulbecco’s phosphate buffered saline (PBS, 

pH 7.0). For Hoechst staining of the nucleus, the cells were incubated with 50 µL of 

Hoechst solution (10 µg / mL) for 30 min and then washed by PBS for three times 

before the subsequent LCFM examination The red fluorescence from DOX was 

collected, and the excitation light (488 nm) and emission filter (570±15 nm) were 

used for the fluorescence detection.  
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In addition, the time-dependent cell uptake study was performed by incubating 

AuNRs/DOX-PE-BSA with MCF-7 cells at different incubation time (15 min, 35 min 

and 1 h). The fluorescence images were collected by the same method mentioned 

above.  

To evaluate the therapeutic efficacy of free DOX, AuNRs/DOX-PE-BSA and 

AuNRs/DOX-PE-BSA (NIR light), the induction of apoptosis in MCF-7 cells was 

studied by determining the cell number and cell morphology. Specifically, cells were 

plated at a density of 4×10
4
 cells/cm

2 
in LCFM culture dish and subsequently 

incubated under the culture condition for 36 h. The cells were treated with 100 µL of  

the sample solution (50 µg mL
-1

) for 20 min. The photothermal treatment was 

performed using a 765 nm high power multimode pump laser (diameter: 2.0 cm, 1.8 

W/cm
2)

. The cells were exposed under the 765 nm laser for 5 min and then washed 

three times with PBS (pH = 7.0). After another 12 h incubation, the residual cells and 

the morphological changes were displayed by the differential interference contrast 

(DIC) mode of LCFM.  

2.5.3 Cytotoxicity assay 

To evaluate the biotoxicity of AuNRs, AuNRs-PE-BSA and AuNRs/DOX-PE-BSA, 

MTT assay was conducted on MCF-7 cell line following standard protocols. Cells 

were plated at a density of 1 ×10
4
 cells per well in 96-well plates. After 24 h 

incubation, the samples of a wide concentration range (0.005 µg mL
-1

 to 1.0 µg mL
-1

) 

were subsequently added into the cells. Each concentration was tested in 6 wells. 

About 24 h after incubation, each well was replaced and the cells were washed three 
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times with Dulbecco’s phosphate buffered saline (PBS, pH 7.0) before addition of 180 

µL of fresh DMEM and 20 µL of MTT solution (5 mg mL
-1

). After incubation for 

another 4 h, the medium containing MTT was carefully removed from each well and 

150 µL of DMSO was added into each well. The optical density (OD) was measured 

by a multi-well plate reader.  

In addition, the anti-tumor effect of free DOX with and without NIR light 

irradiation, AuNRs/DOX-PE-BSA with and without NIR light irradiation was 

estimated and compared following the same procedure mentioned above except that 

the sample incubation time was set as 4 h. Laser exposure experiments were carried 

out after the cells were incubated with the sample solutions of a wide concentration 

range (0.5 µg mL
-1

 to 20.0 µg mL
-1

) for 4 h. The parameters of light irradiation 

condition were set as laser (765 nm), time (5 min / well) and power (1.8 W / cm
2
) and 

the cell medium was heated to about 42 °C. The cell viability was calculated by the 

following equation:  

Viable cells (%) = (ODtreated/ODcontrol) ×100 %, where ODtreated was obtained in the 

presence of the samples; ODcontrol was obtained from the incubation medium.  

2.6 Animal Studies 

2.6.1 Animal subjects and tumor model 

Normal (Kunming) mice were purchased from Charles River Laboratories 

(Shanghai, China) for in vivo imaging investigation. All animal experiments were 

carried out in compliance with the Animal Management Rules of the Ministry of 

Health of the People’s Republic of China (Document NO. 55, 2001) and the 
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guidelines for the Care and Use of Laboratory Animals of China Pharmaceutical 

University. 

The S180 tumor model for therapy evaluation was established by subcutaneously 

inoculating S180 cells (~8 ×10
6
) into the upper left axillary fossa of the mice (n=48). 

The mice were investigated when the tumor grew to a diameter of 5 mm. 

2.6.2 In vivo imaging  

AuNRs/DOX-PE-BSA (0.2 mL, 8 mg/kg) and PBS (0.2 mL) were intratumoral 

injected into each mouse. The mice were then immobilized on a Lucite jig. The 

images of the mice were collected at 15 min post-injection by NIR fluorescence 

imaging system, which is equipped with a 765 nm laser, a high sensitive NIR CCD 

camera, an 800 nm (± 5 nm) band pass filter and a condenser.  

2.6.3 Tissue distribution  

After 16 days of intratumoral injection of DOX and AuNRs/DOX-PE-BSA 

respectively, the mice were sacrificed and the main organs (heart, liver, spleen, lung 

and kidney) and tumor were collected. The tissues were cut into slices (8 µm 

thickness) by a freezing microtome (CM1850, Leica) and observed by LCFM 

immediately. The red fluorescence emitted from DOX was detected. 

2.6.4 Therapeutic efficacy 

The mice were randomly divided into six groups and then treated with different 

injections, as follows: (1) PBS (the control group, n = 8); (2) PBS with NIR light 

excitation (n = 8); (3) DOX (n = 8); (4) DOX with NIR light irradiation (n = 8); (5) 

AuNRs with NIR light irradiation (n = 8); (6) AuNRs/DOX-PE-BSA with NIR light 
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irradiation (n = 8). Each mouse underwent 4 intratumorally injection once every three 

days in 12 days. The tumors were irradiated 1 h post-injection with a 765 nm laser 

(1.8 W / cm
2
) for 5 min in each time. The localized temperature increased to ~ 43 °C. 

The tumor volume was calculated as length × (width)
2
 × 1/2. 

  To further investigate the therapeutic effects of AuNRs/DOX-PE-BSA on S180 

tumor bearing mice and its possible toxicity on other organs, the tumors and the 

organs (heart, liver, spleen, lung and kidney) of the control group and the group 

treated with PBS, AuNRs-PE-BSA, DOX and AuNRs/DOX-PE-BSA were excised 

for pathological analysis at 16 day post-injection. The tissues were dissected from the 

mice, fixed with 10% neutral buffered formalin and embedded in paraffin. The sliced 

tissues (8 mm) were then stained with Hematoxylin and Eosin (H&E) and examined 

by Olympus optical microscope. 

2.7 Statically Analysis 

  Significant differences were determined using the Student’s t-test where differences 

were considered significant (p < 0.05). All data are expressed as mean ±standard 

error of the mean. 

3. Results and discussion 

3.1 Structure, morphology and size  

  A highlighted feature of plasmonic nanoparticles (Au, Ag, Cu) is their 

structural-depending optical properties, which facilitates tailoring the longitudinal 

surface plasmon resonance (LSPR) of AuNRs to a desirable wavelength with optimal 

light penetration for in vivo applications. Meanwhile, anti-cancer drugs could be 
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loaded into the multi-layers of AuNRs. Thus, drug loaded AuNRs were favorable 

nanocomposites for combinational photo-thermal therapy and chemotherapy of 

tumors.  

The synthesis routine of DOX loaded multilayered AuNRs is illustrated in Fig. 1. 

AuNRs were firstly coated with PE (PSS and PDAC) through LbL assembly method. 

BSA was selected to further capping AuNRs-PE to form AuNRs-PE-BSA. 

Anti-cancer drug, DOX, was finally loaded to AuNRs-PE-BSA by self-absorption 

process.  

  The white light images of AuNRs solutions are shown in Fig. 2A, where a is the 

seed solution; b is Au nanoparticels solution; c to e are the solutions of AuNRs with 

different aspect ratios. Fig. 2B is the white light images of AuNRs with LSPR bands 

at 765 nm (a) and 808 nm (b), respectively. The as-prepared AuNRs before and after 

centrifugation were also characterized by TEM (Fig. 2C): (a) there are a lot of 

spherical Au nanoparticles contained in the sample of AuNRs before post-synthesis 

centrifugation; (b-d) the post-processing AuNRs with different magnification time (× 

50000, × 75000 and × 100000) are in unifrom size and morphology. The average 

aspect ratio of AuNRs is about 4 (length/diameter = ~49/12 in nm). 

  The absorbance spectra of AuNRs change as a function of AgNO3 volume, aspect 

ratio, and reaction time (Figure S1 and Figure S2). these results verified previously 

published literature 
22-25

. The experimental conditions for the synthesis of 

well-defined AuNRs are often difficult to control. Thus, the post-synthesis separation 

is necessary for the preparation of nanoparticles with monodispersity and uniform size. 

Page 14 of 43Biomaterials Science



 

Based on their shape-dependent sedimentation behavior, Sharma et al utilized 

theoretical analysis and experiments to demonstrate the viability of using 

centrifugation to separate colloidal AuNRs from a mixture of nanorods and 

nanospheres.
26

 Xiong et al reported that relatively heavier but longer and thinner rods 

could precipitate slower than certain size of lighter spheres, and AuNRs with diverse 

aspect ratios can be separated using density-gradient centrifugation.
27

 

Correspondingly, the post-synthesis centrifugation method was adopted in our 

experiments to purify the as-prepared AuNRs and the effectiveness of the reported 

means was validated.  

Due to the toxicity of surfactants such as CTAB, SDS and so on, much effort has 

been devoted to decreasing the toxicity and improving the biocompatability of AuNRs. 

CTAB molecules on the surface of the gold nanorods are exchangeable with similar 

surfactants that have a positively charged headgroup and surfactant polymerization on 

the surface of the gold nanorods enhances both the stability and biocompatibility of 

these nanomaterials.
28

 Ye et al.
29

 proposed an improved method for the synthesis of 

colloidal AuNRs by using aromatic additives (5-bromosalicylic acid or 

2,6-dihydroxybenzoic acid). Thus, the concentration of CTAB surfactant decreased to 

~0.05 M. Choi et al.
30

 validated that the use of heat or acid could completely remove 

CTAB from the synthesized Au nanorods while their stability was still maintained by 

pluronic F-127. Therefore, the well-established synthetic protocols of CTAB 

stabilized AuNRs could be further improved by replacing CTAB with lower toxic or 

non-toxic surface stabilizer. 
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3.2 The multi-layers coating on the surface of AuNRs 

Direct visualization of the layers coating on AuNRs can be achieved by TEM 

observation. Fig. 3A shows the high-resolution TEM micrographs of the AuNRs 

coated by different layers. After four layers of polymer coating 

(PSS+PDDA+PSS+PDDA), the thickness of layers was approximate to 2 nm. The 

layer thickness increased to ～6 nm for AuNRs-PE-BSA. The UV-Vis-IR absorbance 

spectra of the AuNRs coated by different layers are shown in Fig. 3B. The absorption 

peak around 520 nm is ascribed to the transverse surface plasmon band of the 

nanorods, and the absorption peak around 765 nm is attributed to the LSPR band. The 

LSPR peak was slightly blue-shifted as the nanorods were coated with the first four 

layers of polymer. However, the LSPR maximum reverted to the original position 

(765 nm) when AuNRs-PE-BSA was formed.  

  Zeta potential is usually used to confirm the surface charge and stability of 

nanoparticles in solution. The sequential absorption of oppositely charged molecules 

onto nanorods’ surfaces reversed the charge of nanorods after each deposition step.  

As shown in Fig. 4A, the zeta potential of AuNRs is ca.+38.2 mV due to the presence 

of a bilayer of CTAB on the nanorods surface. PDDA-coated AuNRs are positively 

charged (step 2, 4) while the PSS-coated AuNRs are negatively charged (step 1, 3, 5, 

7, 9). After incubated with BSA solution in acidic condition, surface charges of all 

AuNRs were found to become positive immediately (step 6, 8 10). It can be clearly 

seen that the charge reversed upon sequential molecular adsorption. SDS-PAGE 

measurement was employed to evaluate the amount of BSA adsorbed by each sample 
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(Fig. 4B). The BSA adsorption was reflected by the bands intensity in the SDS-PAGE 

gel. List 1 to 5 is corresponding to marker, AuNRs-PE, AuNRs, AuNRs-PE-BSA and 

BSA, respectively. Obviously, no BSA bands appeared in AuNRs-PE or AuNRs. The 

bands of gel electrophoresis were semi-quantified using Scion Image software. The 

band area of the BSA control is 46110 (pixel), and the band area of BSA adsorbed on 

AuNRs-PE-BSA is 25476 (pixel). This indicated that AuNRs-PE have strong 

capability to adsorb BSA, which is relative to the easy internalization by cells. TGA 

curve (Fig. 4C) shows a significant weight loss of AuNRs-PE-BSA (25.2 %) from 

30 °C to 400 °C, which could be attributed to the decomposition of the layers as the 

heating temperature increased.  

  AuNRs-PE-BSA was prepared by a versatile LbL ssembly approach. PE coating of 

gold nanoparticles has been studied specifically by Caruso and co-workers,
 31, 32 

who 

validated that the polymers should be flexible with a chain length comparable to the 

dimensions of the nanoparticles. Gittins et al. proved that a low salt concentration (1 

mM) and a polymer of 15-20 kDa are ideal for coating of nanoparticles with a size of 

~30 nm.
33

 As the AuNRs dimension in our case is 50-60 nm in length, we chose the 

polymers with Mw = 15000-70000 g/mol and salt concentration =1 mM). Alkilany et 

al reported that BSA from the growth media were found to adsorb on gold 

nanoparticles and convert the surface charge of nanoparticles to that of BSA, which 

may facilitate the cellular uptake of nanomaterials via receptor-mediated 

endocytosis.
16

 Furthermore, there are at least four known receptors on cell surface that 

can independently bind with BSA alone and then endocytose it into cells.
34

 Therefore, 
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further BSA absorption is favorable to achieve uniform coating and efficient cell 

uptake. 

The as-prepared positively charged AuNRs were firstly coated with a layer of 

anionic polymer (PSS). Multilayers of oppositely charged polymers were formed 

based on LbL assembly (PSS-PDDA-PSS-PDDA). BSA and PSS were then adsorbed 

sequentially onto the nanorods’ surface Caruso et al. utilized analytical 

ultracentrifugation method to characterize the polymer-coating nanorods.
35

 Gole et al 

observed the PE-coated AuNRs by TEM and SEM detection.
36

 Multilayer growth can 

also be monitored by UV-Vis spectroscopy that determines cumulative absorption 

attributed to stepwise deposition of UV-active colloids.
37

 Accordingly, TEM 

measurement and absorbance spectra were also employed in this study to characterize 

AuNRs, AuNRs-PE and AuNRs-PE-BSA. A blue-shift in the gold nanoparticles 

plasmon band resulted from polymer unwrapping was reported by Gittins et al.
38

 

Chen et al also found that the longitudinal plasmon band of CTAB-capped AuNRs 

peak would slightly blue-shift to 790 nm from 800 nm after PSS substitution.
39

 

However, the blue-shift of LSPR maximum did not appear for AuNRs-PE-BSA, 

suggesting that BSA and PE were wrapped on the surface of the AuNRs. In addition, 

zeta potential, SDS-PAGE measurement and TGA analysis further confirmed the 

multi-layer coating on the surface of AuNRs-PE-BSA.  

The LbL self-assembly of multiple layers on nanoparticles resulted in the 

production of multifunctional hybrid carrier systems for probes, drugs, sensors, 

enzymes and other multiple components.
40, 41

 Ma et al. loaded anti-cancer drugs into 
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the mesopores of AuNRs-capped magnetic core/mesoporous silica shell 

nanoellipsoids, demonstrating the advantages of this delivery system in cancer 

therapy over conventional individual thermo-therapeutic system.
42

 Recently, AuNRs  

and Au nanoparticles were successfully conjugated with hydrophilic photosensitizer 

to achieve synergistic therapy by photodynamic therapy (PDT) and photothermal 

therapy (PTT).
43

 In this work, anti-cancer drug (DOX) was self-adsorbed into the 

multi-layers by electrostatic interaction. The loading process was simple, facile and 

transient. Thanks to the BSA layer, the effective charge on the surface of 

AuNRs-PE-BSA was stable in the surrounding environment, which improved the drug 

loading efficiency and cell affinity of the nanorods. 

3.3 The distinct cell nucleus affinity of AuNRs/DOX-PE-BSA  

Fig. 5A shows the LCFM images of MCF-7 cells, which had been incubated with 

DOX, AuNRs/DOX-PE and AuNRs/DOX-PE-BSA for 45 min, and then been marked 

with Hoechst for nuclei staining specifically. In line with the intensity of red 

fluorescence, only a small quantity of free DOX and AuNRs/DOX-PE bound to the 

cell membrane and little drug arrived at the cytoplasm in the short incubation time. By 

contrast, much stronger intensity of red fluorescence on the cell membrane was 

detected among the cells incubated with AuNRs/DOX-PE-BSA. Moreover, it is 

noteworthy that red fluorescence of DOX was abundant not only in cytoplasm but 

also in cell nucleus. BSA is the main protein component in the serum-containing 

media. BSA alone has at least four known cell surface receptors that can 

independently bind and endocytose it into cells.
44

 BSA adsorbed on the surface of 
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AuNRs endows the nanorods with the physiochemical characteristics of biological 

macromolecules. Accordinly, AuNRs/DOX-PE-BSA exhibited much faster 

endocytosis via receptor mediation. The results also suggest that physiochemical 

surface property of nanomaterials is a determinant factor for their behavior in 

biological system. Such changes should be taken into consideration when exploiting 

the biological application of nanoparticles. 

To further examine the cell nucleus affinity of AuNRs/DOX-PE-BSA, the LCFM 

images of MCF-7 cells incubated with AuNRs/DOX-PE-BSA at different time 

intervals (15 min, 35 min and 1 h) were collected (Fig. 5B). A time-dependent 

nucleus-targeting capability of AuNRs/DOX-PE-BSA was demonstrated. The 

strongest red fluorescence in nucleus could be observed among the cells treated with 

AuNRs/DOX-PE-BSA for 60 min. Alkilany et al.
 16

 demonstrated that the amount of 

BSA adsorbed on AuNRs had a positive correlation with the capacity of AuNRs to 

enter cells. The adsorbed BSA (or other serum proteins) may facilitate the uptake of 

nanomaterials via receptor-mediated endocytosis. It is well known that the 

intracellular targeting location of DOX is the nucleus.
45 

Then anti-cancer efficacy of 

DOX can be enhanced by their effective delivery into cancer cells as well as the high 

accumulation in the nucleus. 

3.4 The fine combined therapeutic efficacy of AuNRs/DOX-PE-BSA on cells 

Fig. 6A manifests a slightly dose-dependent reduction in MTT absorbance for the 

cells incubated with AuNRs, AuNRs-PE-BSA and AuNRs/DOX-PE-BSA, 

respectively. The cell viability percentage for AuNRs was 65 % at lower dose (0.1 
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µg/mL), and reduced to 45 % at high dose (1.0 µg/mL). AuNRs-PE-BSA caused a 

minor reduction in cell viability (﹥80%) even at the highest dose (1.0 µg/mL). After 

being loaded with DOX, AuNRs/DOX-PE-BSA led the viability of treated cells to 

decreasing to 52 % at high dose (1.0 µg/mL). A distinction of cell viability exists 

between AuNRs, AuNRs@PE and AuNRs/DOX@PE as the incubation concentration 

is larger than 0.1 µg/mL.  

To compare the combined therapy with each single therapy, the inhibition rates of 

free DOX, AuNRs/DOX-PE without laser irradiation, as well as 

AuNRs/DOX-PE-BSA with laser irradiation were measured by MTT assay (Fig. 6B). 

The viability of the cells treated with AuNRs/DOX-PE-BSA under the excitation of 

NIR is the lowest (26 % at a concentration of 20 µg/mL). Free DOX with or without 

light irradiation shows similar cell viability at different concentrations. For the 

treatment of AuNRs/DOX-PE without NIR light excitation, the cell viability is higher 

than 80 % even at the highest dose (20 µg/mL). The combined chemotherapeutic and 

thermotherapeutic effect of AuNRs/DOX-PE-BSA under NIR light was also observed 

by the DIC mode of LCFM, which was shown in Fig. 6C. After light irradiation, cell 

apoptosis was obviously observed among the cells incubated with 

AuNRs/DOX-PE-BSA. Specifically, most of the cells were washed away by PBS 

buffer solution, and the cells in the field of vision were scanty, comparable to those 

incubated with free DOX. By contrast, while some cells became rounded and were 

detached from the dish, a relatively large number of cells stilled retained in 

AuNRs/DOX-PE-BSA incubated dish (without laser irradiation) after PBS washing. 
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All the results revealed the preferable therapeutic effects of AuNRs/DOX-PE-BSA 

combined with NIR light irradiation. 

The toxicity of CTAB-encapsulated AuNRs was mainly caused by CTAB on the 

surface of AuNRs.
46

 Alkilany et al’ work has demonstrated a shape-independent but 

coating-dependent cytotoxicity of AuNRs,
16

 in which the inhibition rates of AuNRs 

reduced dramatically after being coated with multi-layers of PE and BSA. However, 

the cytotoxicity displayed by AuNRs/DOX-PE-BSA under the excitation of NIR light 

was similar to that of free DOX though the amount of DOX encapsulated in 

AuNRs/DOX-PE-BSA was much lower than that of free DOX. Therefore, the 

meliority of synergistic anti-cancer therapeutic effect of chemo- and thermal therapy 

was demonstrated in AuNRs/DOX-PE-BSA with NIR light irradiation at the cell 

level.  

3.5 The NIR light absorption capability of AuNRs/DOX-PE-BSA in 

tumor-bearing mouse model 

To demonstrate the high LSPR effect of AuNRs/DOX-PE-BSA, the normal mice 

was injected via axillary with 0.2 mL of AuNRs/DOX-PE-BSA and then exposed to 

laser irradiation. The NIR fluorescence images of the mice for control (before 

injection) and the mice treated with AuNRs/DOX-PE-BSA were displayed 

respectively (Fig. 7A). It is easy to notice a deep black circle region in the mouse 

axillary fossa, which was ascribed to the high NIR light absorption of the 

nanocomposites.  

The tissue distribution of DOX and AuNRs/DOX-PE-BSA after 16 days of 
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intratumoral injection is indicated in Fig. 7B. The red fluorescence was absent in liver, 

spleen and kidney, and the fluorescence was only observed from heart and tumor in 

both of the two groups. The red fluorescence observed from heart of DOX treated 

mice was obviously stronger than that of AuNRs/DOX-PE-BSA treated group. The 

result implied that the free DOX was prone to entering into blood circulation even if 

they were located in the interstitial space of the tumor at the initial time. 

The LSPR band of AuNRs is around 765 nm. This NIR absorption peak enabled 

AuNRs to have strong absorption under 765 nm laser irradiation, which was indicated 

by the in vivo optical images of the mice treated by AuNRs/DOX-PE-BSA via 

intratumoral injection. Owing to the enhanced permeability and retention (EPR) effect 

of tumors, nanoparticles have longer retention time in tumors than that in normal 

tissues. Moreover, the EPR effect has been proved to strongly associate with the 

biophysicochemical properties of the nanoparticles 
47

 meaning that non-targeted 

nanoparticles can be engineered to accumulate specifically in tumor sites by 

optimizing their biophysicochemical properties. In this study, BSA layer may 

contibuted to the long retention time of AuNRs/DOX-PE-BSA in the tumor. In 

comparison with the biodistribution of DOX in S180 tumor-bearing mice, weaker 

fluorescence in the heart and stronger fluorescence in the tumor were the characters of 

mice treated by AuNRs/DOX-PE-BSA, which could be distinctly expounded by the 

nonspecifically tumor targeting efficacy of AuNRs/DOX-PE-BSA. 

3.6 The preferable therapeutic efficacy of AuNRs/DOX-PE-BSA in 

tumor-bearing mice 
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The synergistic thermo- and chemo-therapy effect on S180 tumor-bearing mice was 

investigated. As shown in Fig. 8A, the tumor volume of the mice treated with 

AuNRs/DOX-PE-BSA coupled with NIR light irradiation increased much more 

slowly than that of other groups (PBS, PBS with light excitation, free DOX with or 

without light irradiation and AuNRs-PE-BSA with laser excitation) within 16 days.  

In comparison, the tumor volume of the mice treated with free DOX increased faster 

than that of the synergistic therapy group but slower than that of the thermotherapy 

group. And there is no significant tumor volume difference between the mice treated 

with free DOX with or without NIR light irradiation. 

Tumor sections stained by H&E at 16 day post-injection were histological 

examined as shown in Fig. 8B. Significant necrosis appeared in groups treated by 

DOX and AuNRs/DOX-PE-BSA (NIR light irradiation), while only little necrosis was 

observed in the tumor tissues belonging to the mice treated by AuNRs-PE-BSA (NIR 

light irradiation). Almost no damage appeared in the group treated by PBS. Moreover, 

larger necrosis region with pathological calcification could be observed in the tumors 

of synergistic treatment group in comparison with the DOX group, further confirming 

the superiority of the synergistic therapeutic effect of AuNRs/DOX-PE-BSA 

combined with NIR light. In addition, there were no signs of degenerative and 

necrotic changes of the parenchymatous cells, interstitial proliferation or 

inflammatory reaction in the organs (heart, liver, spleen, lung and kidney) for the mice 

treated with AuNRs/DOX-PE-BSA and PBS (Fig. 8C).  

An enhanced anti-cancer efficacy was exhibited by the combination of chemo- and 
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thermotherapy in recent clinic therapy investigations. Some researchers utilized 

mesoporous silica as a carrier for the co-delivery of gold nanoparticles and drugs to 

the targeted tumor, resulting in an apparently enhanced therapeutic efficacy compared 

with the therapeutic effect of single treatment.
48

 Herein, the multi-layered AuNRs 

were non-covalently conjugated with anti-cancer drug, and a superior therapeutic 

effect was achieved under NIR light irradiation. The dosage of DOX could be 

substantially lowered by simply heating the tumor up to ~ 43°C, which was 

contributed by the synergistic therapeutic effect of AuNRs/DOX-PE-BSA combined 

with NIR light, and in this way both the dosage-limiting toxicity of the drug and tissue 

damage by single thermal therapy could be effectively avoided. 

4. Conclusion 

In summary, multi-layer coated and DOX-loaded AuNRs-PE-BSA, as 

multifunctional nanomaterials for in vivo combined thermo- and chemotherapy, were 

prepared via a facile approach mainly based on electrostatic adsorption. Surface 

modification with BSA improved the biocompatibility, promoted the endocytosis of 

nanocomposites and provided desirable layers to carry anti-caner drugs. As the cell 

internalization of nanoparticles was proved to be surface-chemistry-dependent, 

AuNRs/DOX-PE-BSA showed a facilitated cellular uptake，which was favorable to 

enhance its anti-tumor effect at cell levels. Furthermore, due to the deep tissue 

penetration of NIR light and the high LSPR absorbance of AuNRs, the in vivo 

synergistic thermotherapy and chemotherapy effect of AuNRs/DOX-PE-BSA was 

perfectly embodied on S180 tumor-bearing mouse model. Such a multifunctional drug 
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delivery system showed apparent superiority in cancer therapy over conventional 

individual themo- or chemo-therapeutic system, demonstrating a promising prospect 

for combined anti-cancer therapeutic techniques.  
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Figure Legends 

Figure 1: Illustration of AuNRs-PE-BSA formation, DOX encapsulation and release 

study. 

Figure 2: A) The solution colors and morphologies of gold nanomaterials (a: Seed 

solution; b: aqueous solution of Au nanoparticels; c to e: AuNRs with different aspect 

ratios); B) AuNRs with the longitudinal surface plasmon resonance bands at 765 nm 

(a) and 808 nm (b); C) The TEM photo of as prepared AuNRs before centrifugation 

(a); (b) The TEM photos (× 50000) of as prepared AuNRs after centrifugation; (c) The 

TEM photos (× 75000) of as prepared AuNRs after centrifugation; (d) The TEM 

photos (× 100000) of as prepared AuNRs after centrifugation. 

Figure 3: A) the high resolution TEM micrographs of the AuNRs coated by different 

layers (CTAB, PSS+PDDA+PSS+PDDA, PE); B) The UV-Vis-IR absorbance spectra 

of the AuNRs of different layers (CTAB, PSS+PDDA+PSS+PDDA, PE). 

Figure 4: A) Zeta potentials of as-prepared AuNRs dispersed in aqueous solution; B) 

SDS-PAGE measurement of BSA adsorbed by various samples (1: marker; 2: 

AuNRs-PE; 3: AuNRs; 4: AuNRs-PE-BSA; 5: BSA); C) TGA curve of 

AuNRs-PE-BSA in the temperature range of 30 °C to 400 °C.  

Figure 5: A) LCFM images of MCF-7 cells incubated with DOX, AuNRs/DOX-PE 

and AuNRs/DOX-PE-BSA for 45 min. Hoechst was used for nuclei staining; B) The 

LCFM images of MCF-7 cells incubated with AuNRs/DOX-PE-BSA at different time 

intervals (15 min, 35 min and 1 h). 

Figure 6: A) In vitro cytotoxicity studies of AuNRs, AuNRs-PE-BSA and 
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AuNRs/DOX-PE-BSA performed on MCF-7 cell lines by MTT assays (incubation 

time: 24 h, n=6, p < 0.05); B) The cell inhibition rates of free DOX, free DOX with 

laser excitation, AuNRs/DOX-PE and AuNRs/DOX-PE-BSA with 765 nm laser 

irradiation (incubation time: 4 h, n=6, p < 0.05); C) The single or combined 

chemotherapeutic and thermotherapeutic effect of AuNRs/DOX-PE-BSA under NIR 

light were compared by the cell morphology and amounts, which was shown by the 

DIC mode of LCFM.  

Figure 7: A) The NIR fluorescence images of the mice for control (before injection) 

and the mice treated with AuNRs/DOX-PE-BSA; B) The tissue distribution of DOX 

and AuNRs/DOX-PE-BSA after 16 days of intratumoral injection was demonstrated 

by the red fluorescence signals in heart and tumor.  

Figure 8: Thermo- and chemo-therapeutic efficacy of AuNRs/DOX-PE-BSA in S180 

tumor-bearing mice. A) The tumor volume of S180 tumor-bearing mice treated with 

PBS, PBS (NIR light), free DOX, free DOX (NIR light), AuNRs-PE-BSA (NIR light)  

and AuNRs/DOX-PE-BSA (NIR light), respectively; B) H&E stained tumor tissues of 

control mouse, AuNRs-PE-BSA (NIR light) group, free DOX group, 

AuNRs/DOX-PE-BSA (NIR light) group ; C) H&E stained tissue (heart, liver, spleen, 

lung and kidney) of control mouse and AuNRs/DOX-PE-BSA (NIR light) treated 

mouse, respectively.  
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Figure 1: Illustration of AuNRs-PE-BSA formation, DOX encapsulation and release study.  
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Figure 2: A) The solution colors and morphologies of gold nanomaterials (a: Seed solution; b: aqueous 
solution of Au nanoparticels; c to e: AuNRs with different aspect ratios); B) AuNRs with the longitudinal 

surface plasmon resonance bands at 765 nm (a) and 808 nm (b); C) The TEM photo of as prepared AuNRs 

before centrifugation (a); (b) The TEM photos (× 50000) of as prepared AuNRs after centrifugation; (c) The 
TEM photos (× 75000) of as prepared AuNRs after centrifugation; (d) The TEM photos (× 100000) of as 

prepared AuNRs after centrifugation.  
80x65mm (300 x 300 DPI)  

 

 

Page 36 of 43Biomaterials Science



  

 

 

Figure 3: A) the high resolution TEM micrographs of the AuNRs coated by different layers (CTAB, 
PSS+PDDA+PSS+PDDA, PE); B) The UV-Vis-IR absorbance spectra of the AuNRs of different layers (CTAB, 

PSS+PDDA+PSS+PDDA, PE).  
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Figure 4: A) Zeta potentials of as-prepared AuNRs dispersed in aqueous solution; B) SDS-PAGE 
measurement of BSA adsorbed by various samples (1: marker; 2: AuNRs-PE; 3: AuNRs; 4: AuNRs-PE-BSA; 

5: BSA); C) TGA curve of AuNRs-PE-BSA in the temperature range of 30 °C to 400 °C.  
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Figure 5: A) LCFM images of MCF-7 cells incubated with DOX, AuNRs/DOX-PE and AuNRs/DOX-PE-BSA for 
45 min. Hoechst was used for nuclei staining; B) The LCFM images of MCF-7 cells incubated with 

AuNRs/DOX-PE-BSA at different time intervals (15 min, 35 min and 1 h).  
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Figure 6: A) In vitro cytotoxicity studies of AuNRs, AuNRs-PE-BSA and AuNRs/DOX-PE-BSA performed on 
MCF-7 cell lines by MTT assays (incubation time: 24 h, n=6, p < 0.05); B) The cell inhibition rates of free 
DOX, free DOX with laser excitation, AuNRs/DOX-PE and AuNRs/DOX-PE-BSA with 765 nm laser irradiation 
(incubation time: 4 h, n=6, p < 0.05); C) The single or combined chemotherapeutic and thermotherapeutic 
effect of AuNRs/DOX-PE-BSA under NIR light were compared by the cell morphology and amounts, which 

was shown by the DIC mode of LCFM.  
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Figure 7: A) The NIR fluorescence images of the mice for control (before injection) and the mice treated with 
AuNRs/DOX-PE-BSA; B) The tissue distribution of DOX and AuNRs/DOX-PE-BSA after 16 days of 
intratumoral injection was demonstrated by the red fluorescence signals in heart and tumor.  
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Figure 8: Thermo- and chemo-therapeutic efficacy of AuNRs/DOX-PE-BSA in S180 tumor-bearing mice. A) 
The tumor volume of S180 tumor-bearing mice treated with PBS, PBS (NIR light), free DOX, free DOX (NIR 
light), AuNRs-PE-BSA (NIR light)  and AuNRs/DOX-PE-BSA (NIR light), respectively; B) H&E stained tumor 

tissues of control mouse, AuNRs-PE-BSA (NIR light) group, free DOX group, AuNRs/DOX-PE-BSA (NIR light) 
group ; C) H&E stained tissue (heart, liver, spleen, lung and kidney) of control mouse and AuNRs/DOX-PE-

BSA (NIR light) treated mouse, respectively.  
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Graphic Abstract: Drug loaded multi-layered gold nanorods exhibited synergistic photothermal and 
chemotherapy effect on tumor.  

 
80x32mm (300 x 300 DPI)  

 

 

Page 43 of 43 Biomaterials Science


