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Abstract: Personalized and precise nanomedicines are highly demanded for today’s medical 

needs. Liposomes are ideal candidates for the construction of multifunctional drug delivery 

systems. In this study, a liposome was used to improve the clinical issues of docetaxel (Doc), a 

potent antimitotic chemotherapy for prostate cancer (PC). RLT, a low-density lipoprotein recep-

tor (LDLR)-binding peptide, and PEG were conjugated to the liposomes, and gold nanorods 

(GNRs) were also incorporated into the liposomes. The GNRs/Doc-liposome-RLT (GNRs/

DocL-R) was tested in PC-3 cells and in PC-3 tumor-bearing nude mice. Results showed 

that GNRs/DocL-R possessed a diameter approximately 163.15±1.83 nm and a zeta poten-

tial approximately −32.8±2.16 mV. GNRs/DocL-R showed enhanced intracellular entrance, 

increased accumulation in the implanted tumor region, and the highest tumor inhibition in vitro 

and in vivo. Therefore, the multifunctional GNRs/DocL-R was a potential cancer treatment via 

combined chemo- and thermotherapy.

Keywords: gold nanorods, docetaxel, liposomes, prostate cancer, LDL receptor targeting

Introduction
Cancers are still unmet medical issues with increasing incidence and high mortality. 

Cancer cells are difficult to control because of their fast proliferation, invasive migra-

tion, poor drug permeability, adaptive drug resistance, and multiple self-protective 

mechanisms. A combined therapy of two or more anticancer agents is an ideal strategy 

for enhanced efficacy. The combined therapy should possess minimum toxicity to 

healthy tissues and organs. Gold nanorods (GNRs) have been explored as anticancer 

agents1–3 for photothermal therapy (PTT). GNRs possess a transverse absorption at 

the wavelength of 520 nm and a longitudinal peak at the near-infrared (NIR) region.4,5 

GNRs have the maximum absorption and the highest heating efficiency around 800 nm.6 

NIR light has deep tissue penetration and causes minimum damage to normal tissues.7 

By applying NIR light, absorbed light by GNRs was converted into local heating8 that 

would cause cell injury/death via cell necrosis and/or apoptosis.2,9 Docetaxel (Doc) 

is a potent and broad-spectrum anticancer drug that acts on the synthesis, migration, 

and division of microtubules to inhibit the growth of cancer cells.10 However, GNRs 

possessed poor stability in biological environment and reduced cellular uptake.11 Doc 

is a lipophilic compound that has poor specificity and high toxicity in vivo.10 These 

disadvantages limit the applications and anticancer efficacy of GNRs and Doc.

Liposomes have been the earliest and most well-developed drug delivery systems 

since 1965. Over the past 5 decades, many efforts have been performed to prolong 
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the in vivo circulation of liposomes, control the release rate 

of drugs from liposomes, and improve the tumor targeting 

of liposomes; therefore, some liposomal formulations have 

entered the market.12 The natural merits of liposomes make 

them to be ideal candidates for the construction of multi-

functional drug delivery systems and advantageous tools to 

apply combined therapies.

Low-density lipoprotein receptors (LDLRs) were over-

expressed on the membrane of cancer cells to take extra 

essential fatty acids for cell proliferation.13 Hayavi and 

Halbert14 first synthesized an LDLR-binding peptide RLT 

(CEKLKEAFRLTRKRGLKLA, underlined sequence rep-

resented the binding region to LDLR) that preserved the 

binding sequence of native low-density lipoprotein (LDL). 

Lysine (Lys) and Arginine (Arg) are amino acids with posi-

tive charges and were added to RLT to assist endo-lysosome 

escape. Later studies proved that RLT could bind to LDLR 

and be taken up via LDLR-mediated endocytosis. RLT could 

also facilitate the delivery of paclitaxel to glioblastoma 

multiforme cells and improve the efficacy of paclitaxel.15,16 

RLT-modified DNA nanocomplexes showed enhanced intra-

cellular delivery of doxorubicin (Dox) and higher tumor cell 

inhibition.17 In addition, in vivo studies confirmed that RLT 

increased the tumor accumulation of submicron emulsion and 

GNRs in mice.3,18 In this study, liposomes are used to improve 

the application of GNRs and Doc by encapsulating lipophilic 

Doc into the bilayer of liposomes and loading GNRs into the 

hydrophilic core of liposomes. Polyethylenes glycol (PEG) 

and RLT were conjugated to the liposomes to increase the 

stability and tumor targeting of liposomes. The PEG- and 

RLT-modified liposomes, and GNRs and Doc-loaded lipo-

somes (GNRs/Doc-liposome-RLT, GNRs/DocL-R), were 

then characterized and investigated for in vitro and in vivo 

antitumor efficacy and safety.

Materials and methods
Materials
Sodium borohydride (NaBH

4
), chloroauric acid trihydrate 

(HAuCl
4
⋅3H

2
O), cetyltrimethyl-ammonium bromide (CTAB), 

silver nitrate (AgNO
3
), sodium sulfate (Na

2
SO

4
), and 

l-ascorbic acid (AA) were purchased from Alfa chemicals 

(Berkshire, UK). Ultrapure Milli-Q water (18 MΩ cm; Mil-

lipore-Q; EMD Millipore, Billerica, MA, USA) was used for 

all solution preparations. Sangon Biotech (Shanghai, China) 

provided cholesterol (chol). Aladdin (Shanghai, China) sup-

plied soy phosphatidylcholine (SPC) and hydrogenated SPC 

(HSPC). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-

conjugated polyethylene glycol (DSPE-PEG (2000)-Mal) was 

obtained from Nanocs (NY, USA). RLT(-SH) and fluorescein 

isothiocyanate (FITC)-labeled RLT(-SH) were synthesized by 

AC Scientific (Xi’an, China). Doc and Dox were purchased 

from Hisun (Zhejiang, China). HyClone (Logan, UT, USA) 

supplied penicillin–streptomycin solution (100×) and 0.25% 

trypsin. MTT kit was purchased from Sigma-Aldrich Co. 

(St Louis, MO, USA). Solarbio® Life Sciences (Beijing, 

China) provided dimethyl sulfoxide (DMSO), RPMI-1640 cell 

culture medium, apoptosis assay kit, cell cycle kit, and reactive 

oxygen species (ROS) probe (dichloro-dihydro-fluorescein 

diacetate [DCFH-DA]). 1,1-Dioctadecyl-3,3,3,3-tetrameth-

ylindotricarbocyanine iodide (DiR iodide) was purchased 

from AAT Bioquest (Sunnyvale, CA, USA). Prostate cancer 

cell line (PC-3) was obtained from Chinese Academy of Sci-

ence Cell Bank for Type Culture Collection (Shanghai, China).

Preparation and characterization of  
gNrs/Docl-r
GNRs were synthesized using a modified seed-mediated 

growth method in aqueous solution as described previously 

(Supplementary materials).19–21 GNRs/DocL-R was prepared 

by using lipid-film hydration method.22 Briefly, chol (10 mg, 

25.9 nM), SPC (150 mg, 193.4 nM), HSPC (5 mg, 6.4 nM), Doc 

(5.5 mg, 6.8 nM), and DSPE-PEG (2000)-Mal (2.5 mg, 0.88 

nM) were dissolved in chloroform using bath sonication. Chlo-

roform was then removed by rota-evaporation, and the lipid 

solution was dried to a thin and transparent film at the bottom 

of flask. GNR solution (0.4 nM, 4 mL) was then added to the 

flask to hydrate the film. The flask was sonicated in ice bath 

for 40 times (200 W) (every sonication lasted for 3 s; every 

sonication contained two 3 s sonication), and the obtained 

solution was centrifuged at 8,000 rpm for 10 min. Supernatant 

was obtained and mixed with RLT (1.2 µg, 0.44 nM) solution 

(24 µL). The mixture was vortexed for 1 min and shaken for 

12 h at room temperature to obtain GNRs/DocL-R.

Size and zeta potential of GNRs/DocL-R were analyzed 

by Zetasizer Nano ZS90. The morphology of GNRs/DocL-R 

was observed under transmission electron microscopy (TEM; 

TecnaiG20; FEI, Hillsboro, OR, USA). Briefly, fresh samples 

were diluted in Millipore water and mixed well. Before visu-

alization, the fresh samples were placed on copper grids with 

film and settled for 1 min. Excess liquid was absorbed by paper, 

and the samples were air dried before TEM examination.

loading and release of Doc and thermal 
responses of gNrs/Docl-r
Loading efficiency (LE) and loading capacity (LC) were 

analyzed by high-performance liquid chromatography 
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(HPLC; Agilent 1100 [Beijing, China]; flow rate: 1.0 mL/

min; mobile phase: acetonitrile/water 53/47; column: Dia-

monsil™ C18, 4.6×200 mm, 5 µm; detection wavelength: 

230 nm, and temperature: 25°C). The in vitro release of Doc 

was carried out using a dialysis unit (molecular weight cutoff 

[MWCO] 20,000 Da; Thermo Fisher Scientific, Waltham, 

MA, USA) at 37°C. Briefly, 1 mL of GNRs/DocL-R (con-

centration of GNRs 0.4 nM) was sealed to a dialysis unit. 

The dialysis unit was submerged into 50 mL PBS that 

contained 0.5% (w/w) Tween 80 (pH 7.4 or pH 5.0). The 

dialysis unit with GNRs/DocL-R (concentration of GNRs 

0.4 nM) + laser was exposed to laser radiation (808 nm) for 

10 min. At set time points (0.5, 1, 2, 4, 8, 12, 24, 48, 72, 96, 

and 120 h), 1 mL of release media was withdrawn and 1 mL 

of fresh 0.5% (w/w) Tween 80 PBS solution was refilled. The 

obtained release samples were centrifuged at 10,000 rpm for 

10 min. Supernatants were analyzed by HPLC to calculate 

the cumulative release (%) of Doc.

To test thermal response, GNRs/DocL-R was exposed to 

laser radiation at 808 nm for 10 min. Temperature increase 

was recorded at set time points. Curves of thermal response 

to laser radiation were plotted.

In vitro cell inhibition
PC-3 cells were in an exponential growth phase and cultured 

in RPMI-1640 medium supplemented with 10% (v/v) fetal 

bovine serum (FBS; 5% CO
2
, 37°C) unless otherwise speci-

fied. Cells were incubated for 24 h prior to the experiment. 

Cell inhibition was evaluated by the standard MTT assay. 

Briefly, a serial dilutions of GNRs, GNRs + laser, Doc, 

GNRs/DocL, GNRs/DocL + laser, GNRs/DocL-R, and 

GNRs/DocL-R + laser (corresponding Doc concentrations 

1, 10, 20, 40, 60, 80, 100, and 120 µg/mL) were added to 

cells in 96-well plates (cell density 1×105 cells/well) and 

incubated for 12, 24, 48, and 72 h to determine cell viability. 

Groups with laser radiation (808 nm) were exposed to laser 

for 5 min after 4 h of treatment. Standard MTT assay was 

conducted after these treatments. The absorbance of samples 

was measured at 490 nm using a Synergy H1 plate reader 

(BioTek, Vinooski, VT, USA). The cell inhibition rate was 

calculated, and the time- and concentration-dependent cell 

inhibition curves were plotted.

Intracellular uptake
PC-3 cells were seeded at a density of 2×105 cells/well in 

six-well plates over glass cover slips. Dox was selected 

as the fluorescent probe, and RLT was labeled with green 

FITC. Cells were incubated with Dox (1 µg/mL), GNRs/

DoxL (Dox concentration of 1 µg/mL), and GNRs/DoxL-R 

(Dox concentration of 1 µg/mL) for 1, 2, or 4 h at 37°C in 

the dark. Subsequently, the culture medium was removed, 

and the cells were washed thrice with PBS (pH 7.4). About 

70% cold ethanol was used to fix the cell samples for 15 min 

at room temperature and gently washed twice with PBS. 

The prepared samples were observed using confocal laser 

scanning microscopy (Olympus FV1000; Olympus Corpo-

ration, Tokyo, Japan). Intracellular uptake was quantified 

using flow cytometry. After incubation with treatments for 

1, 2, or 4 h at 37°C, trypsin was added to PC-3 cells, and 

the detached cells were collected into centrifuge tubes. The 

cells were washed with PBS thrice. The purified cell samples 

were collected into fluorescence activated cell sorting tubes 

to quantify fluorescence signals.

Flow cytometric analysis
cell apoptosis analysis
Doc (50 µg/mL), GNRs + laser, and GNRs/DocL-R (+laser) 

(Doc concentration of 50 µg/mL) were added to PC-3 cells 

(cell density of 2.5×105 cells/well) in six-well plates and 

incubated with the cells for 24 h. Subsequently, the cells 

were washed with PBS three times and incubated with 

trypsin (no EDTA). The obtained cell suspensions were 

centrifuged at 1,000 rpm for 10 min, and the cell pellets were 

suspended with 1 mL of cold PBS. The cells were washed 

twice using centrifugation. The purified cell pellets were 

suspended in 200 µL of binding buffer and then mixed 

with Annexin V–FITC (10 µL) and propidium iodide (PI; 

10 µL). The cell solutions were incubated for 15 min in the 

dark. The additional 300 µL of binding buffer was gently 

added. The prepared samples were tested immediately using 

flow cytometry.

cell cycle analysis
Doc (50 µg/mL), GNRs/DocL-R (Doc concentration of 

50 µg/mL), and GNRs/DocL-R (+laser) (Doc concentra-

tion of 50 µg/mL) were added to PC-3 cells (cell density 

of 2.5×105 cells/well) in six-well plates and incubated with 

the cells for 24 h. Subsequently, the cells were washed with 

PBS three times and incubated with trypsin (no EDTA). The 

cell suspensions were centrifuged at 1,000 rpm for 10 min. 

The cell pellets were suspended with 500 µL of cold ethanol 

and kept at 4°C overnight in the dark. The cell samples were 

washed with PBS before staining. RNase A (100 µL) was 

used to suspend the cells, and the cell suspensions were 

incubated for 30 min at 37°C. About 400 µL of PI was then 

added, and the cell samples were incubated at 4°C for 30 min 
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in the dark. The prepared samples were examined using a 

flow cytometer and analyzed by FlowJo software.

rOs analysis
Doc (50 µg/mL), GNRs, GNRs + laser, GNRs/DocL-R (Doc 

concentration of 50 µg/mL), and GNRs/DocL-R (+laser) 

(Doc concentration of 50 µg/mL) were added to PC-3 cells 

(cell density of 2.5×105 cells/well) in six-well plates and 

incubated with the cells for 24 h. Subsequently, cells were 

subsequently washed with PBS three times and incubated 

with trypsin (no EDTA). The cell suspensions were cen-

trifuged at 1,000 rpm for 10 min. ROS probe (DCFH-DA) 

was diluted with culture medium (no serum) to 10 µM, and 

1 mL of DCFH-DA solution was mixed with cells. The cell 

suspensions were incubated for 20 min at 37°C with gentle 

mixing every 5 min. Next, the cells were washed with culture 

medium (no serum) three times and suspended with 500 µL 

of culture medium (no serum) for ROS quantification using 

flow cytometry.

In vivo studies
BALB/c-nu male nude mice were purchased from the HuNan 

Experimental Animal Center of the Chinese Academy of 

Science. Animal care and experiments were performed with 

the approval of the animal ethical committee of Zhengzhou 

University (Zhengzhou, China), according to the requirements 

of the National Act on the Use of Experimental Animals 

(China). All animals were kept in a favorable environment 

and were acclimated at 25°C and 55% of humidity under 

natural light/dark conditions, with free access to a rodent diet 

and water. The experimental animals were acclimated for 

1 week before the beginning of the study. The in vivo studies 

were conducted on 5-week-old nude mice with body weight 

around 18–20 g. PC-3 cells were collected from cell culture 

by trypsinization and subcutaneously implanted (1×107 cells 

in 200 µL of culture medium) in the upper-right flank of anes-

thetized nude mice. When PC-3 xenograft volume reached 

100 mm3, the prostate cancer (PC) models were established 

successfully, and the nude mice were randomly divided into 

experimental groups. All procedures followed the guidelines 

of the institutional animal ethical committee of Zhengzhou 

University (Zhengzhou, China).

In vivo biodistribution
DiR iodide emits weak fluorescence in water but strong 

fluorescence in cell membrane or lipophilic biomacromol-

ecules. The dark red fluorescence from DiR iodide can effi-

ciently penetrate cells and tissues, which makes DiR iodide 

an ideal fluorescent dye for in vivo imaging. GNRs/DiR 

liposomes and GNRs/DiR-RLT liposomes were prepared as 

described in Supplementary materials. The PC-3 xenograft-

implanted nude mice were divided into three groups. DiR 

solution (100 µg/mL; dose 1 mg DiR/kg mice), GNRs/DiR 

liposomes (dose 1 mg DiR/kg mice), and GNRs/DiR-RLT 

liposomes (dose 1 mg DiR/kg mice) were given to the nude 

mice via tail vein injection. At set time points (1, 2, 4, 8, 12, 

24, 48), the nude mice were anesthetized, and the dynamic 

fluorescent distribution in the nude mice was recorded by 

In Vivo FX PRO (excitation wavelength 748 nm, emission 

wavelength 780 nm, X-ray exposure time 30 s) (Bruker; 

Billerica, MA, USA).

Antitumor efficacy
The nude mice were randomly assigned into six treatment 

groups: saline, Doc solution (concentration 10 mg/kg 

mice/3 days), GNRs/DocL (concentration of Doc: 10 mg/kg 

mice/3 days), GNRs/DocL (+laser) (concentration of Doc: 

10 mg/kg mice/3 days), GNRs/DocL-R (concentration of Doc 

10 mg/kg mice/3 days), and GNRs/DocL-R (+laser) (concen-

tration of Doc 10 mg/kg mice/3 days). The treatments were 

given to nude mice via tail vein injection at set days (day 1, 

day 4, day 7, day 10, day 13). The PC xenograft size and body 

weights of the mice were measured the day before injections. 

At day 15, the mice were sacrificed, and the PC xenografts 

were excised and weighed after euthanizing the mice.

statistical analysis
All experiments in this study were conducted at least in trip-

licate. Statistical analyses were performed using SPSS 18.0 

(SPSS Inc., Chicago, IL, USA), Origin 8.0, and GraphPad 

Prism 6 software (GraphPad Software, Inc., La Jolla, CA, 

USA). Quantified data were presented as mean ± SD. 

Student’s t-test was applied to compare between two groups, 

and one-way analysis of variance (ANOVA) was performed 

to compare three or more groups (p-values 0.05 indicated 

statistical significance).

Results
Preparation and characterization 
of gNrs/Docl-r
Doc is a potent antimitotic drug for PC, but the application 

of Doc is limited by the side effects and high tendency of 

cellular drug resistance of Doc. A multifunctional liposome 

that contained GNRs and Doc was designed and constructed 

in this study to improve Doc for PC treatment. The structure 

and compositions of the liposome are illustrated in Figure 1A. 
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The liposomes were composed of GNRs, Doc, lipoid (chol, 

SPC, and HSPC), PEG, and RLT. The TEM image showed 

a round shape of the multifunctional liposomes and a central 

location of GNRs (Figure 1B). Diameter and zeta potential of 

the liposomes were around 163.2 nm and −32.8 mV, respec-

tively (Figures 1B, C and D). The TEM images of GNRs are 

shown in Figure 1E. The size of GNRs was 40 nm (length) 

×10 nm (diameter). At aspect ratio (L:D) 4, GNRs have strong 

absorbance at a wavelength around 810 nm. Three different 

GNR concentrations were used to prepare liposomes. There 

were no significant differences between the size and poly-

dispersity index (PDI) of the GNRs/DocL-R prepared using 

GNRs with different concentrations (Figure 2A). However, 

negative charge of the liposomes reduced with increased GNR 

concentration (Figure 2B). At a higher concentration of GNRs 

(0.635 nM), the aggregation of GNRs was observed after a 

few days, indicating a low stability (Table S1). Figure 3A 

shows a lower temperature increase after laser radiation using 

low GNR concentration. Therefore, to ensure the heating effi-

ciency and stability of GNRs in vitro and in vivo, 0.4 nM of 

GNRs was selected. Lipoid contained chol, SPC, and HSPC. 

HSPC was reduced from SPC by the addition of hydrogen and 

has significantly increased stability and phase transition tem-

perature compared to SPC. The addition of HSPC can increase 

the stability of the liposomes. Varied ratios between SPC and 

HSPC were used to prepare the liposomes. Results showed 

that at SPC:HSPC (1:30; Table S2), optimized liposomes were 

obtained. Chol can regulate the mobility of the double-layer 

membrane of lipoid and reduce the permeability of the 

liposomes. The addition of Chol could increase the stability 

and reduce the drug leakage of the liposomes. At the ratio of 

(HSPC + SPC):Chol (8:1), the liposomes showed a high stabil-

ity and a proper particle size (Table S3). RLT was conjugated 

to the liposomes via DSPE-PEG (2000)-Mal. DSPE-PEG 

(2000)-Mal was added during the preparation of liposomes. 

Partial DSPE-PEG (2000)-Mal might distribute into the 

inner layer of the double-layer membrane of the liposomes 

and could not react with RLT. HPLC was used to quantify 

conjugated RLT (Supplementary materials). Results showed 

that a higher DSPE-PEG (2000)-Mal:RLT ratio (3:1) resulted 

in a higher conjugation percentage of RLT (%) to DSPE-PEG 

(2000)-Mal (~90%; Table S4, Figure 2C). Because of the low 

concentration of DSPE-PEG (2000)-Mal to maintain a stable 

liposome system, higher DSPE-PEG (2000)-Mal:RLT ratio 

(3:1) led to a lower RLT concentration (0.1125%). Other 

studies reported the trend that nanoparticles with a higher 

percentage of targeting agents showed more internalization 

by the targeted cells.23,24 A low RLT modification rate may 

reduce the targeting ability of the liposomes. Therefore, molar 

ratio of DSPE-PEG (2000)-Mal:RLT (2:1) was selected in 

this study. In sum, the ratio of SPC:HSPC:Chol (1:30:3.75) 

was used to prepare a stable liposome. Molar modification 

rates of DSPE-PEG (2000)-Mal and RLT to the liposomes 

were 0.375% and 0.133%, respectively, and 200 W and 240 s 

were selected as the optimized power and time of sonication, 

respectively (Table S5, Figure 2D).

Figure 1 characterization of gNrs and gNrs/Docl-r.
Notes: (A) The compositions and structure of gNrs/Docl-r. (B) a TeM image of gNrs/Docl-r. (C) Particle size distribution of gNrs/Docl-rby dynamic light scattering. 
(D) Zeta potential distribution of gNrs/Docl-r by Zetasizer. (E) a TeM image of gNrs.
Abbreviations: Doc, docetaxel; gNrs, gold nanorods; gNrs/Docl-r, gNrs/Doc-liposome-rlT; TeM, transmission electron microscopy.
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release of Doc and thermal responses 
of gNrs/Docl-r
The LE and LC of Doc were 98.45%±0.37% and 

1.41±0.11 mg/mL, respectively. About 0.5% (w/w) Tween 80 

was added to PBS to increase the solubility of Doc in PBS. 

The results showed that laser radiation and low pH acceler-

ated Doc release (Figure 3B and C). Temperature increase 

caused by laser radiation possibly reduced the stability of 

liposomes and resulted in Doc release. Figure 3C shows the 

relationship between the concentration of GNRs and laser 

radiation-induced temperature increase. The results indicated 

that a higher GNR concentration could produce a higher 

temperature for thermal therapy.

Pc-3 cell inhibition and intracellular 
uptake by Pc-3 cells
Concentration- and time-dependent PC-3 cell inhibition 

was examined. All the listed treatments showed a higher 

cell inhibition rate than free Doc (Figure 4A). The addi-

tion of GNRs to the liposomes (GNRs/DocL) did not cause 

more cell inhibition, whereas laser radiation induced a 

higher cell inhibition rate. The conjugation of RLT also 

enhanced PC-3 cell inhibition. At Doc of 80 µg/mL, time-

dependent cell inhibition (Figures 4B and S1) showed a 

similar trend with concentration-dependent cell inhibition. 

Free Doc caused a low cell inhibition rate, whereas Doc-

loaded liposomes caused significant cell inhibition. The 

multifunctional liposomes (GNRs/DocL-R with(out) laser 

radiation) result in the cell inhibition rates to around 100%. 

With 24 h incubation, the cell inhibition rate caused by Doc 

plus GNRs + laser was approximately equal to that caused 

by GNRs/DocL-R + laser (additive effect); however, the cell 

inhibition rate using GNRs/DocL-R + laser treatment was 

higher than that using Doc plus GNRs + laser (synergistic 

effect) with longer incubation (48 h and 72 h), indicating a 

shift from the additive effect of Doc and GNRs + laser to a 

synergistic effect on PC-3 cell inhibition with longer incuba-

tion time (Figure S1).

Dox is a potent chemotherapy that has similar hydropho-

bicity and molecular weight with Doc. Dox was selected as 

Figure 2 The optimization of compositions and preparation of gNrs/Docl-r.
Notes: (A) Influence of GNR concentration on the size and PDI of GNRs/DocL-R. (B) Influence of GNR concentration on the zeta potential of GNRs/DocL-R. (C) Influence 
of DsPe-Peg-Mal:rlT molar ratio on the conjugation rate of rlT. (D) Influence of power and time of ultrasound on the size and PDI of GNRs/DocL-R.
Abbreviations: Doc, docetaxel; gNrs, gold nanorods; gNrs/Docl-r, gNrs/Doc-liposome-rlT; PDI, polydispersity index.
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°

Figure 3 Doc release and thermal responses of gNrs/Docl-r.
Notes: (A) Thermal responses of gNrs/Docl-r to laser radiation (concentrations represented the gNr concentration in gNrs/Docl-r). (B) Doc release from the listed 
formulation with(out) laser radiation in ph7.4 PBs plus 0.5% Tween 80. (C) Doc release from gNrs/Docl-rin ph5.0 PBs plus 0.5% Tween 80 and ph7.4 PBs plus 0.5% 
Tween 80.
Abbreviations: Doc, docetaxel; gNrs, gold nanorods; gNrs/Docl-r, gNrs/Doc-liposome-rlT.

Figure 4 (Continued)
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Figure 4 evaluation of Pc-3 cell inhibition by Doc and intracellular uptake of Dox.
Notes: (A) Pc-3 cell inhibition rate by the listed treatments with increasing Doc concentration. (B) Pc-3 cell inhibition rate by the listed treatments with increasing 
incubation period (the concentration of Doc for all treatments was 80 µg/ml). (C) Flow cytometric histograms of intracellular uptake of Dox by Pc-3 cells. (D) confocal 
microscopy images of PC-3 cell after 4 h incubation with GNRs/DoxL and GNRs/DoxL-R. Red fluorescence and green fluorescence represented the location of Dox and 
GNRs/L-R, respectively. Orange fluorescence indicated the colocation of Dox and GNRs/L-R.
Abbreviations: Doc, docetaxel; Dox, doxorubicin; FITC, fluorescein isothiocyanate; GNRs, gold nanorods; PC-3, prostate cancer cell line.

fluorescent agent to investigate the intracellular uptake of 

the liposomes. Figure S2 shows that GNRs/DoxL-R-treated 

cells had a much stronger intracellular red fluorescence than 

free Dox and GNRs/DoxL, indicating a higher concentration 

of intracellular Dox using GNRs/DoxL-R. Flow cytom-

etry was used to quantify the intracellular uptake of Dox. 

The results showed that intracellular uptake rates of Dox 

using free Dox, GNRs/DoxL, and GNRs/DoxL-R were 2.5%, 

9.9%, and 50.6%, respectively, with 1 h incubation. After 

4 h incubation, intracellular uptake rates of Dox using free 

Dox, GNRs/Dox liposomes, and GNRs/Dox-RLT liposomes 

were increased to 14.3%, 61.1%, and 96.2%, respectively 
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Figure 5 Flow cytometric analysis of anticancer mechanisms of listed treatments in vitro.
Notes: (A) apoptotic statistics of Pc-3 cells by the listed treatments. (B) Flow cytometry histograms of Pc-3 cell cycle by the listed treatments. (C) Quantification of ROS 
in Pc-3 cells that incubated with the listed treatments. (D) cell cycle analysis of Pc-3 cells after the listed treatments. Data are presented as mean ± sD (N=3). *Doc vs 
gNrs/Docl-r vs gNrs/Docl-r + laser, p0.05.
Abbreviations: Doc, docetaxel; gNrs, gold nanorods; gNrs/Docl-r, gNrs/Doc-liposome-rlT; Pc-3, prostate cancer cell line; rOs, reactive oxygen species.

(Figure 4C). RLT was labeled with FITC, and thus the loca-

tion of GNRs/DoxL-R in cells could be tracked by green 

fluorescence. As shown in Figure 4D, red fluorescence was 

observed in both cytoplasm and nucleus area of the cells, 

whereas green fluorescence was observed in the cytoplasm 

area of the cells. The overlapped cell image demonstrated 

the red nucleus and the yellowish cytoplasm.

Flow cytometry analysis
After 24 h of incubation with Doc, GNRs + laser, and 

GNRs/DocL-R + laser, cell apoptosis was analyzed by flow 

cytometry. As shown in Figure 5A, Doc caused 0.2% cell 

necrosis, 16.8% early apoptosis, and 6.4% late apoptosis; 

GNRs + laser induced 19.0% cell necrosis, 1.0% early 

apoptosis, and 8.7% late apoptosis; GNRs/DocL-R + laser 

resulted in 0.1% cell necrosis, 50.2% early apoptosis, and 

2.7% late apoptosis. GNRs/DocL-R + laser was significantly 

more potent to PC-3 cells than Doc plus GNRs + laser. The 

results of cell cycle analysis showed that blank PC-3 cells 

had around the half of cells in G
0
/G

1
 phase, preparing for 

DNA duplication and subsequent cell division. The PC-3 

cells in G
2
/M phase were around 11.3%±0.6%. Incubation 

of the cells with Doc resulted in an increase in the cells in 

G
2
/M phase to 34.2%±1.2%. GNRs/DocL-R increased G

2
/M 

phase arrest to 67.4%±1.8%, whereas G
0
/G

1
 phase arrest and 

S phase arrest of PC-3 cells reduced to 20.0%±0.9% and 
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10.8%±0.7%, respectively. GNRs/DocL-R + laser reduced 

G
0
/G

1
 phase arrest to 5.7%±0.4% and increased G

2
/M phase 

arrest to 76.8%±1.6% (Figure 5B and D). Doc is a potent 

antimitotic chemotherapy and inhibits cell growth by G
2
/M 

phase arrest as shown in this study. GNRs/DocL-R + laser 

significantly enhanced the G
2
/M phase arrest of PC-3 cells 

compared to Doc. The existence of ROS is necessary to 

maintain the characteristics of cells. However, excess ROS 

will cause damage to intracellular macromolecules and lead 

to cell apoptosis. Doc could cause increased intracellular 

ROS. GNRs/DocL-R caused a much higher intracellular 

ROS because of its higher intracellular delivery of Doc. 

Laser radiation to cells also produced more intracellular ROS 

because of the heat generation by GNRs (Figure 5C).

In vivo study
RLT-modified lipid submicron emulsion increased the 

delivery of Doc to the tumor site of mice.18 To elucidate the 

dynamic distribution of the liposomes and the RLT-modified 

liposomes, DiR liposomes and DiR-RLT liposomes were 

tracked after tail vein injection to mice using In Vivo FX 

PRO. The fluorescence signal indicated the location of DiR-

encapsulated liposomes in vivo. DiR liposomes showed strong 

fluorescence in the liver and kidney and no fluorescence in 

PC-3 tumor-implanted site. RLT-modified DiR liposomes 

demonstrated strong fluorescence in PC-3 tumor-implanted 

site within 12 h, and the fluorescent signal was maintained 

until 48 h (Figure 6). The results indicated that RLT-modified 

DiR liposomes could penetrate and accumulate in tumor 

sites. In vivo antitumor efficacy was evaluated by measuring 

the volume and weight of PC-3 tumor and calculating the 

inhibition rate of PC-3 tumor. As shown in Figure 7A–C, all 

the listed treatments showed the reduced volume and weight 

of PC-3 tumor, and the increased inhibition rate of PC-3 

tumor compared with Doc treatment. GNRs/DocL-R + laser 

resulted in the lowest volume and weight of PC-3 tumor, 

and the highest inhibition rate of PC-3 tumor. Body weight 

can be an indicator of mice health. As shown in Figure 7D, 

mice treated with Doc lost the most body weight at the end 

of treatment, whereas GNRs/Doc-RLT liposomes + laser 

treatment maintained the highest body weight of mice.

Discussion
Personalized and precise medicines are potential solutions 

for unmet medical needs. Nanomedicines that employ the 

latest drug delivery technologies are ideal candidates for 

personalized and precise medicines. The nanomedicines 

should be well designed and precisely constructed. The com-

bination of gold nanoparticles and chemotherapy has been 

previously reported. For example, Yu et al have injected the 

physical mixture of a high thermosensitive liposome with 

GNRs to nude mice, and the results showed that GNRs not 

only facilitated co-accumulation of liposomes into tumor site 

but also triggered drug release from the liposomes.39 How-

ever, in Yu et al’s work, the interaction between GNRs and 

liposomes was not clear. GNRs possibly interacted with the 

liposomes to achieve co-accumulation in tumor. Factors that 

affected the integrity of the physical mixture of GNRs and 

Figure 6 In vivo distribution of gNrs/Dirl-r and gNrs/Dirl after tail vein injection to nude mice.
Notes: Observed fluorescence indicated the location of DiR-encapsulated liposomes. The ellipses indicated the location of implanted PC-3 tumors.
Abbreviations: Dir iodide, 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide; Dirl, Dir liposomes; Dirl-r, Dir-rlT liposomes; gNrs, gold nanorods; 
Pc-3, prostate cancer cell line.
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Figure 7 In vivo evaluation of the antitumor efficacy of the listed treatments.
Notes: (A) Tumor volume data during 15 days of treatment with the listed formulations. (B) Tumor weight and calculated tumor inhibition rate after 15 days of treatment 
with the listed formulations. (C) Tumor images after 15 days of treatment with the listed formulations (1–6: saline; Doc solution; gNrs/Docl; gNrs/Docl + laser; gNrs/
Docl-r; gNrs/Docl-r + laser, respectively). (D) Body weight data during 15 days of treatment with the listed formulations. Data are presented as mean ± sD (N=5). +gNrs/
Docl-r vs gNrs/Docl-r + laser, p0.05. *gNrs/Docl + laser vs gNrs/Docl-r + laser, p0.01. #gNrs/Docl vs gNrs/Docl + laser, p0.05.
Abbreviations: Doc, docetaxel; gNrs, gold nanorods; gNrs/Docl-r, gNrs/Doc-liposome-rlT.

liposomes might reduce antitumor efficacy. Kang and Ko26 

also developed lipid-covered gold nanoparticles and GNRs 

that contained Doc in the lipids. Compared to liposomes, 

monolayered lipids had limited drug LC. Both studies showed 

enhanced tumor inhibition via the combined use of gold nano-

particles and chemotherapy. However, drug release from the 

two systems was too fast for clinical application. In sum, the 

composition and interaction of a precise nanomedicine should 

be well characterized. Precise nanomedicines should be stable 

and reliable, can load sufficient drugs, can achieve sustained/

controlled release based on the treatment demands, etc.

In this study, Doc was loaded into the lipophilic bilayer of 

the liposomes, and GNRs were encapsulated into the core of 

the liposomes. Compared with the physical mixture of GNRs/

gold nanoparticles and liposomes,25,27 and the liposome–GNR 

hybrids,28–30 GNRs/DocL-R could protect GNRs and Doc from 

physical environment, ensure simultaneous in vivo behavior 

of the liposomes and GNRs, and enhance GNR-triggered Doc 

release from the liposomes. The issue of drug leakage from 

the liposomes was improved compared to previous studies. 

Around 15% of drug was released within 12 h, at which sig-

nificant accumulation of DiRL-R had been observed at tumor 
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site (Figure 6). Once GNRs/DocL-R arrived tumor site, drugs 

needed to be released to kill tumor. Therefore, the drug release 

profile could meet the need for this study. For the long-term 

storage, GNRs/DocL-R can be lyophilized and stored in dry 

place. Laser radiation increased local temperature and might 

trigger Doc release. Mathiyazhakan et al31 proposed that gold 

nanoparticles triggered drug release by inducing phase transi-

tion of the liposomes as well as the generation of microbubble 

cavitation. The phase transition temperature of HSPC and SPC 

were 50°C and below 41°C, respectively.32 In this study, laser 

radiation to GNRs generated a local temperature higher than 

50°C (Figure 3C), which might increase membrane fluidity 

of the liposomes and accelerate Doc release. Increased Doc 

release induced the enhanced in vitro and in vivo anticancer 

efficacy (Figures 4, 5, and 7).

Chol is an essential component for the synthesis of new 

cell membrane. LDLRs that response for the transportation 

of chol are thus highly active in tumor cells. Liposomes are 

generally believed to be taken via two steps: adsorption onto 

the cell surface and endocytosis. Schaefer et al33 reported a 

clathrin-dependent internalization of unmodified liposome–

polyethyleneimine complexes by SKOV-3 cells. In this study, 

DSPE-PEG (2000)-Mal was modified at a molar ratio of 

0.375% of total lipids in the liposomes. The low modifica-

tion rate was consistent with the previous report from Li and 

Takeoka.34 The purpose was to maintain an original physical 

characteristics, such as size, lipid compositions, drug-to-

lipid ratio, drug encapsulation efficiency, stability, and zeta 

potential, of the liposomes. Li and Takeoka35 showed the 

enhanced cellular uptake of liposomes via thiol-mediated 

transport with the addition of low concentrated DSPE-PEG 

(2000)-Mal, which was consistent with our results that the 

low-level modification of RLT to the liposomes increased 

intracellular uptake. PEGylation prolongs the in vivo circula-

tion of liposomes but attenuates their endocytosis by cells.36 

RLT was used to enhance LDLR-mediated endocytosis and 

assist endo-lysosomal escape in cells.14–16

Doc is an anti-microtubule agent that induces cell 

apoptosis and cell cycle arrest via the disorganization of 

microtubule structure.37 Cell responses to PTT are mainly 

cell injury/death via necrosis.38 In this study, Doc mainly 

caused PC-3 cell apoptosis, whereas GNRs + laser resulted 

in necrosis (Figure 5A). However, only significant apoptosis 

was observed using GNRs/DocL-R + laser. The result was 

different from our previous study that the addition of laser 

radiation to Dox/DNA complexed GNR system (Dox/DNA-

GNRs-PEG/R) mainly led to enhanced cell necrosis.3 The 

contrary results might be caused by the different structures of 

the two drug delivery systems. Because of the central location 

of GNRs, heating generated by GNRs/DocL-R + laser might 

induce the disruption of liposomes and the release of Doc, 

whereas laser-radiated Dox/DNA-GNRs-PEG/R released 

the heating directly to the environment. Doc increased M 

phage arrest by destroying microtubules that were essential 

for cell division. GNRs/DocL-R could significantly increase 

M phage arrest of PC-3 cells due to the enhanced and sus-

tained intracellular delivery of Doc. The cell apoptosis and 

cell cycle arrest results explained the significantly reduced 

in vivo tumor weight and volume (Figure 7C).

The current study developed a promising therapy for com-

bating PC. To elucidate in vivo behavior of GNRs/DocL-R, 

pharmacokinetic (PK) study was under investigation in our 

laboratory. Preliminary data were consistent with in vivo distri-

bution of GNRs/DocL-R (Figure 6). Mice treated with GNRs/

DocL-R showed a significantly higher concentration and longer 

circulation of Doc in the blood plasma compared with Doc 

and GNRs/DocL (data unpublished). Despite high targeting to 

tumor, significant liver accumulation of DiRL-R was observed 

within 0–2 h after injection. Most liposomes have the issue of 

high accumulation in the liver, which may disrupt the liposomes 

and cause drug leakage from the liposomes. Further PK study 

will quantify Doc concentration in the liver, and the liposomes 

will be modified to avoid the metabolism by liver.

Conclusion
In this study, a multifunctional liposome was developed for 

improved anticancer therapy. Doc and GNRs were loaded 

into the liposomes as chemotherapy and thermotherapy 

agents. The liposomes achieved a prolonged and sustained 

release of Doc. Laser radiation to GNRs led to Doc release 

from the liposomes in vitro and in vivo. Tumor targeting 

was increased by modifying the liposomes with RLT. The 

developed GNRs/DocL-R showed a promising anticancer 

efficacy and low toxicity in in vitro and in vivo evaluation. 

The results suggested that the stable and easily prepared 

GNRs/DocL-R could be an efficient and sustained therapy for 

PC. Thermal therapy using laser radiation further enhanced 

anticancer efficacy via increased release and intracellular 

delivery of Doc to PC-3 cells. Future work will focus on 

the PK study of GNRs/DocL-R to quantify the distribution 

and elimination of Doc and confirm the potential of GNRs/

DocL-R for clinical use.
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Supplementary materials
Materials and methods
synthesis and characterization of gold 
nanorods (gNrs)
GNRs were synthesized by using a modified seed-mediated 

growth method in aqueous solution. The solutions were 

prepared and stored in the dark. To prepare “gold seed 

solution,” 5 mL of 5×10−4 M HAuCl
4
 was added to 5 mL 

0.2 M cetyltrimethyl-ammonium bromide (CTAB) at 25°C 

and mixed rapidly until the color of the solution turned golden 

brown. About 600 µL of ice-cold 0.01 M NaBH
4
 was added 

to the golden brown solution under vigorous stirring for at 

least 2 min. The color of the solution turned dark brown, 

and the seed solution was kept at 28°C for 3 h before later 

usage. To prepare “gold growth solution,” 200 µL of freshly 

prepared AgNO
3
 solution (4 mM) was added to 5 mL 0.2 M 

CTAB at 25°C. About 5 mL of 1×10−3 M HAuCl
4
 was then 

added to the mixture, and the solution changed to golden 

brown after mixing, and 70 µL of 0.0788 M ascorbic acid was 

added under vigorous stirring until the color of the solution 

became transparent. Gold seed solution (1.1 mL) was added 

and mixed well with the gold growth solution (10.27 mL). 

The mixture was settled for 5 min, and the solution color 

turned dark red. GNRs were synthesized by incubating the 

mixture at 30°C overnight. GNR mixture was then processed 

with centrifugation at 7,000 rpm for 15 min. Supernatant was 

collected and centrifuged at 14,000 rpm for 15 min. GNR 

pellet was obtained and suspended with purified water. One 

more centrifugation was conducted (14,000 rpm for 15 min), 

and the final gold pellet was collected for later studies.

Size and zeta potential of GNRs were analyzed by 

Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK). 

Morphology of GNRs was observed by transmission electron 

microscopy (TEM; TecnaiG20; FEI, Hillsboro, OR, USA). 

Briefly, fresh samples were diluted in Millipore water and 

mixed well. The samples were then transferred into cuvette 

for GNR size and zeta potential measurements. To visual-

ize GNR morphology, a fresh sample was placed on copper 

grids with film and settled for 1 min. Excess liquid was 

absorbed by paper, and the sample was air dried for TEM 

examination.

Preparation of 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine (Dir) solution
DiR (2 mg) was weighed and placed in 1.5 mL enpendoff  

tube. Ethanol (600 µL) was added to the EP tube. DiR solu-

tion was vortexed before usage.

Preparation of gNrs/Dir liposomes and  
gNrs/Dir-rlT liposomes
Cholesterol (chol; 20 mg), soy phosphatidylcholine (SPC; 

150 mg), hydrogenated SPC (HSPC; 5 mg), and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-conjugated 

polyethylene glycol (DSPE-PEG (2000)-Mal; 2.5 mg) 

were dissolved in 15 mL chloroform. DiR ethanol solution 

(120 µL) was added to the mixture under sonication. Sonica-

tion was continued for 15 min in the dark. Chloroform was 

then removed by rota-evaporation, and the lipid solution was 

dried to a thin and transparent film at the bottom of the flask. 

GNR solution (0.4 nM, 4 mL) was then added to the flask to 

hydrate and dissolve the film by sonication. The flask was 

then sonicated in ice bath for 40 times (200 W) (3 s, 3 s) 

and centrifuged at 8,000 rpm for 10 min. Supernatant was 

obtained as GNRs/DiR liposomes and kept at 4°C. To pre-

pare GNRs/DiR-RLT liposomes, the supernatant was mixed 

with RLT solution. The mixture was vortexed for 1 min and 

shaken for 12 h at room temperature. The obtained GNRs/

DiR-RLT liposomes were kept at 4°C.

high-performance liquid chromatography (hPlc) 
for the quantification of reacted RLT
Liposomes prepared with different DSPE-PEG (2000)-

Mal:RLT ratios were injected to and analyzed by HPLC 

(Agilent 1100, flow rate: 1.0 mL/min, mobile phase: ace-

tonitrile: water 20.8%: 79.2% (0.05% trifluoroacetic acid), 

column: Diamonsil™ C18, 4.6×200 mm, 5 µm, detection 

wavelength: 215 nm and temperature: 25°C). Unreacted RLT 

was calculated based on the area under the peak.
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Table S1 The influence of GNR concentration on particle size, PDI, zeta potential, and appearance (N=3)

GNRs (nM) Particle size (nm) PDI Zeta potential (mV) Appearance 

0.635 158.2±1.29 0.26±0.08 −20.5±4.92 aggregation of gNrs after a few days
0.4 163.1±1.47 0.29±0.05 −26.1±3.86 little aggregation of gNrs after a few days
0.2 161.6±1.9 0.27±0.13 −32.3±3.61 No aggregation

Abbreviations: gNrs, gold nanorods; PDI, polydispersity index.

Table S2 The influence of SPC:HSPC on particle size, PDI, zeta potential, densification of film, and stability of liposomes (N=3) 

SPC:HSPC (mol/mol) Particle size (nm) PDI Zeta potential (mV) Densification of film Stability

50:1 136.1±2.72 0.78±0.10 −21.5±1.64 loose Unstable
40:1 140±1.73 0.49±0.08 −26.1±0.97 loose semi-stable
1:30 169.4±1.62 0.250±0.05 −32.8±1.04 compact stable
1:40 204±2.18 0.28±0.09 −31.4±2.09 compact stable
1:50 214±1.83 0.41±0.13 −24.8±0.57 compact semi-stable

Abbreviations: hsPc, hydrogenated sPc; PDI, polydispersity index; sPc, soy phosphatidylcholine.

Table S3 The influence of chol addition on particle size, PDI, zeta potential, and stability of liposomes (N=3)

(H)SPC:chol (mol/mol) Particle size (nm) PDI Zeta potential (mV) Stability

10:1 145.1±2.06 0.37±0.09 −37.2±0.69 Unstable
8:1 152.8±1.47 0.21±0.07 −34.0±1.19 stable
6:1 190.4±1.62 0.32±0.05 −30.8±1.03 semi-stable

Note: (h)sPc = sPc + hsPc.
Abbreviations: chol, cholesterol; hsPc, hydrogenated sPc; PDI, polydispersity index; sPc, soy phosphatidylcholine.

Table S4 The influence of molar ratio between DSPE-PEG (2000)-Mal and RLT on the reaction rate of RLT (N=3)

DSPE-PEG (2000)-Mal:RLT Conjugation percentage of RLT (%) 
to DSPE-PEG (2000)-Mal

1:1 29
2:1 71
3:1 90

Note: DsPe-Peg (2000)-Mal, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-conjugated polyethylene glycol.

Table S5 The influence of ultrasonic condition on particle size, PDI, zeta potential, and appearance (N=3)

Power and time  
of sonication

Particle  
size (nm)

PDI Zeta  
potential (mV)

Appearance

No sonication 237.2±2.15 0.68±0.14 −30.2±2.61 Translucent viscous liquid 
100 W, 120 s 210.5±1.93 0.59±0.15 −29.6±1.94 good transparence and dispersity
200 W, 120 s 203.8±2.37 0.37±0.09 −30.9±2.08 good transparence and dispersity
300 W, 120 s 179.2±2.09 0.26±0.12 −32.1±3.07 generation of bubbles during sonication
100 W, 240 s 181.9±1.72 0.31±0.07 −31.7±1.82 good transparence and dispersity
200 W, 240 s 164.2±1.80 0.25±0.1 −34.9±2.15 good transparence and dispersity

Abbreviation: PDI, polydispersity index.
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Figure S1 Pc-3 cell inhibition caused by the listed treatments.
Notes: Data are presented as mean ± sD (n=3). concentration of Doc, 80 µg/ml; concentration of gNrs, 0.023 nM.
Abbreviations: Doc, docetaxel; gNrs, gold nanorods; gNrs/Docl-r, gNrs/Doc-liposome-rlT; Pc-3, prostate cancer cell line.

Figure S2 cellular uptake of Dox by Pc-3 cells.
Abbreviations: Dox, doxorubicin; Pc-3, prostate cancer cell line.
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