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Abstract: The aim of the work reported here was to develop lipid-coated multifunctional nano-

composites composed of drugs and nanoparticles for use in cancer therapy. We incorporated 

thermosensitive phospholipids onto the surface of anisotropic gold nanoparticles (AuNPs) to 

further enhance drug delivery, with possible additional applications for in vivo imaging and 

photothermal cancer therapy. Lipid-coated nanohybrids loaded with the drug docetaxel (DTX) 

were prepared by a thin-film formation, hydration, and sonication method. Nanoparticles and 

their composites were characterized using particle-size analysis, zeta potential measurements, 

transmission electron microscopy, UV-visible spectroscopy, and reverse-phase high-performance 

liquid chromatography, demonstrating successful loading of DTX into the lipid bilayer on the 

surface of the gold nanoparticles. Initial in vitro studies using breast-cancer (MCF-7) and mela-

noma (B16F10) cell lines demonstrated that the drug-containing nanocomposites at equivalent 

drug concentrations caused significant cytotoxicity compared to free DTX. Differential flow 

cytometry analysis confirmed the improved cellular uptake of lipid-coated nanocomposites. Our 

preliminary results show that DTX-loaded anionic lipid-coated gold nanorod (AL_AuNR_DTX) 

and cationic lipid-coated gold nanoparticle (CL_AuNP_DTX) possess effective tumor cell-

suppression abilities and can therefore be considered promising chemotherapeutic agents. Further 

evaluation of the therapeutic efficacy of these hybrid nanoparticles combined with external 

near-infrared photothermal treatment is warranted to assess their synergistic anticancer actions 

and potential bioimaging applications.

Keywords: thermosensitive lipids, gold nanorods, docetaxel, drug-containing nanocomposites, 
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Introduction
There is a vital need for less invasive but more efficient cancer treatments to reduce 

the severe adverse effects caused by the currently available therapies, driving the 

development of alternative drug-delivery systems.1 In particular, nanotechnology-

based platforms, such as micelles, polymers, liposomes, solid lipid nanoparticles, and 

metal nanoparticle-conjugated biodegradable systems, have been proposed for use in 

improved cancer chemotherapy. Liposomes are the simplest artificial biological cells, 

with potential uses in drug delivery, molecular imaging, and gene therapy, as well as 

for applications such as artificial blood and cell membranes.2 Liposomal nanoparticles 

are made up of natural lipids, usually phospholipids and cholesterol, which encapsu-

late water-soluble or water-insoluble drugs in their hydrophilic or hydrophobic core, 

respectively. They are designed for the controlled delivery of imaging and therapeu-

tic agents, thereby enhancing pharmacokinetic processes to maximize therapeutic 

efficacy and minimize side effects. Active and passive targeting of liposomes are 

extensively utilized for the enhanced permeability and retention (EPR) effect and 

ligand conjugation.3–5 Thermosensitive liposomes are commonly used as drug carriers, 
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and function through externally thermo-stimulated content 

release. Photosensitive liposomes are commonly triggered to 

release loaded drugs after reaching a lower critical solution 

temperature. However, the mechanism employed to release 

the drug in a controlled manner is of utmost importance for 

this nanoparticle drug-delivery system.

In recent decades, the use of anisotropic gold in the 

form of nano-sized particles has attracted much attention 

among researchers because of the particles’ unique optical, 

electronic, size- and shape-dependent, and chemical proper-

ties, which are completely different from those in bulk and 

elemental form.6–8 In particular, gold nanoparticles (AuNPs) 

strongly absorb light energy, and the gold crystal lattice 

converts it into homogenous heat energy, which dissipates 

to the surrounding medium in a picosecond time scale via 

phonon–phonon relaxation, making nanogold a promising 

photothermal agent.9–12 For these reasons, AuNPs are cur-

rently the subject of intense research for potential clinical 

applications.13

Encapsulation or coating of metallic nanoparticles 

with lipids is a useful non-covalent approach to stabilizing 

surface chemistry and increasing biocompatibility, which 

is determined by the structural components present in the 

cellular membrane.14–19 In the study reported here, we aimed 

to enhance the therapeutic effects of docetaxel (DTX) and 

reduce its side effects by formulating it in a lipid bilayer 

on the nanoparticles. Initially, gold nanorods (AuNRs) and 

AuNPs were prepared by seed-mediated and citrate-stabilized 

methods, respectively.20–24 A thermosensitive lipid was 

coated with DTX by a thin-film formation, hydration, and 

sonication method. The nanoparticles were then characterized 

using different analytical techniques to evaluate their size, 

size distribution index, surface charge, surface morphology, 

drug encapsulation efficiency, and drug-release profile. In 

vitro cytotoxicity and quantitative and qualitative cellular 

uptake in different cancer cells were assessed to evaluate the 

feasibility of using the two types of DTX-loaded systems for 

cancer therapy. Additionally, cell-cycle arrest response to the 

DTX released from the nanocomposites was monitored and 

visualized using microscopy.

Materials and methods
Materials
DTX with purity of 98% was purchased from Tokyo Chemi-

cal Industry Co, Ltd (Tokyo, Japan). Cetyltrimethylammo-

nium bromide (CTAB), sodium borohydride (NaBH
4
), silver 

nitrate (AgNO
3
), ascorbic acid, and hydrogen tetrachloro-

aurate (III) trihydrate (HAuCl
4
⋅3H

2
O) were purchased from 

Sigma-Aldrich Co (St Louis, MO, USA). Bovine serum 

albumin (molecular weight [MW] 66,000 Da) and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) were procured from Sigma-Aldrich Co. Cholesterol, 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-

dihexadecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 

(DPPG), 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP), and 1,2-dimyristoyl-sn-glyero-3-phosphoetha-

nolamine-N-[methoxy (polyethylene glycol)-2000] (PEG2k-

DSPE) were purchased from Avanti Polar Lipids (Alabaster, 

AL, USA). All other chemicals were of reagent grade and 

were used as supplied.

Preparation of auNrs
AuNRs were prepared by a modified seed-mediated method 

described elsewhere.25 Initially, the seed solution was pre-

pared by mixing 250 μL of 0.01 M HAuCl
4
 with 7.5 mL of 

0.1 M CTAB and 600 μL of ice-cold 0.01 M NaBH
4
 under 

vigorous stirring at room temperature. The growth solution 

was prepared by adding 400 μL of 0.01 M HAuCl
4
, 64 μL of 

0.1 M ascorbic acid and 35.6 μL of 0.1 M AgNO
3 
to 9.5 mL 

of 0.1 M CTAB. Finally, 10 μL of 2.5-hour-old seed solu-

tion was added to the solution, and the mixture was left for 

24 hours at ambient temperature.

In this synthesis protocol, AgNO
3
 allowed better control 

of the resulting shapes in the AuNR formation, while ascorbic 

acid functioned as a reducing agent.

Preparation of auNPs
Citrate-capped AuNPs were synthesized according to the 

method developed by Frens with minor modifications.26 

Briefly, 1.214 mL of 0.01 M HAuCl
4
 was added to 50 mL 

of Milli-Q® water, and the solution was heated to boiling. 

Next, 1.7 mL of 0.01 M trisodium citrate trihydrate was added 

to the solution. The solution was subsequently refluxed for  

30 minutes as a color change from dark blue to red was 

observed. After cooling to room temperature, the solution 

was filtered (0.22 μm filter) and stored at 4°C until use.

Preparation of lipid-encapsulated gold 
nanocomposites
For anionic lipid coating, DPPC (18 μmol), DPPG (3 μmol), 

cholesterol (9 μmol), and PEG2K-DSPE (0.9 μmol) lipids 

were dissolved together in chloroform, followed by the 

removal of the chloroform using a rotary evaporator at 50°C. 

CTAB-removed AuNR solution was prepared as previously 

reported27 and then added to the cationic lipid film dried 

overnight under vacuum, and the mixture was incubated at 

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


International Journal of Nanomedicine 2015:10 (Special Issue on diverse applications in Nano-Theranostics) submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

35

lipid-coated gold nanocomposites for enhanced cancer therapy

50°C for 4 hours with intermittent mixing, resulting in a final 

lipid concentration of 30 mM. The suspension was ultra-

sonicated (Vibra Cell™, 130 W, 20 kHz) using a 2-minute 

cycle while maintaining the lipids above the phase-transition 

temperature (T
m
) of 60°C. For cationic lipid coating, DPPC 

(18 μmol), DOTAP (3 μmol), cholesterol (9 μmol), and 

PEG2k-DSPE (0.9 μmol) were used to coat the AuNPs as 

described earlier.

The anionic lipid-coated drug-loaded AuNR formula-

tion is referred to as AL_AuNR_DTX hereafter, while the 

cationic lipid-coated nanoparticle formulation is referred as 

CL_AuNP_DTX.

Particle characterization
The size, polydispersity, and zeta potential of the liposomes 

were measured using dynamic light scattering. The lipid-coated 

formulations were examined after they were suitably diluted 

with distilled water, and particle characteristics were measured 

at 25°C in an ELSZ-1000 Zeta-Potential and Particle-Size 

Analyzer (Otsuka Electronics, Osaka, Japan). The absorbance 

spectra of the uncoated and lipid-coated nanocomposites were 

recorded in the UV-visible (Vis)–near-infrared region using 

a Varian Cary® 50 UV-Vis Spectrophotometer (Varian, Inc, 

Palo Alto, CA, USA) with a quartz cell. Morphologies of the 

two formulations were studied using a Tecnai™ G2 TF 30ST 

high-resolution transmission electron microscope.

Determination of drug encapsulation 
efficiency
The drug-loading and encapsulation efficiency of the pre-

pared formulations were determined by high-performance 

liquid chromatography (HPLC) after ultrafiltration using an 

Amicon® centrifugal filter device (molecular weight cut off 

[MWCO] 10,000 Da; EMD Millipore, Billerica, MA, USA). 

Filtered samples (20 μL) were injected onto a C18 column 

(Sepax BR-C18; 5 μm 120 Å 4.6×150.0 mm). The mobile 

phase was composed of acetonitrile and water (50:50, v/v) 

with a flow rate of 1.0 mL/min. The amount of DTX in the 

filtrate was determined using HPLC with a UV-Vis detector 

at 230 nm. The calibration curve was linear in the range of 

5–500 μg/mL with a correlation coefficient of R2=0.999. The 

drug encapsulation efficiency was calculated from the ratio 

of the amount of DTX encapsulated in the lipid layer of the 

formulations to the total amount added in the formulation.

In vitro drug-release measurement
The dialysis-bag diffusion method was used to study the in 

vitro drug release from the lipid-coated nanocomposites. 

Drug-loaded samples equivalent to 200 μg of DTX were 

placed in the dialysis bag (cellulose membrane, MWCO 

1,000 Da), sealed tightly, and immersed into 20 mL of 

phosphate-buffered saline (PBS; pH 7.4). The entire system 

was kept at ambient temperature with continuous shaking 

at 100 rpm/min. At predetermined time intervals, samples 

were collected and the withdrawn volume replaced with fresh 

medium. Sink conditions were maintained throughout the 

release studies by adding 0.1% (w/v) Tween® 80 to the release 

medium because the drug DTX has low solubility in PBS 

(pH 7.4). Collected samples were filtered through a 0.45 μm  

syringe filter and transferred into a HPLC vial.

The concentration of DTX in each sample was mea-

sured by liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) using an Agilent 1260 series HPLC system 

(Agilent Technologies Inc, Santa Clara, CA, USA) connected 

to an Agilent 6490 Triple Quadrupole mass spectrometer 

equipped with an electrospray ionization Agilent Jet Stream 

ion source. The mobile phase, consisting of 0.1% formic 

acid:acetonitrile (1:1), was run at a flow rate of 0.2 mL/min. 

Paclitaxel was used as an internal standard. The following 

mass spectrometry ionization parameters were used: posi-

tive electrospray ionization mode, argon collision gas, 5 kV 

capillary voltage, 225°C gas temperature, 15.1 L/min gas 

flow, 22 eV collision energy for DTX, 30 eV collision energy 

for paclitaxel, and 40°C source temperature. Analytes were 

quantified using multiple reaction monitoring to monitor 

the ion transitions of m/z 830.3→303.9 for DTX and m/z of 

876.3→308.0 for paclitaxel. The range of linear response 

was 5–500 ng/mL with R2=0.9991.

cellular uptake of nanocomposites
The cellular uptake of nanoparticles and their corresponding 

formulations was evaluated in B16F10 mouse-melanoma and 

MCF-7 breast-cancer cell lines.

Qualitative analysis by flow cytometry
A BD FACSCalibur™ (BD Biosciences, San Jose, CA) flow 

cytometer consisting of a 488 nm laser, forward scatter (FSC) 

diode detector, and a photomultiplier tube side-scatter (SSC) 

detector was used for the qualitative study. The basic concept 

of this experiment is that morphologically altered cells will 

scatter the laser light differently in the FSC and SSC direc-

tions. Therefore, we report here that cells with internalized 

nanoparticles increased the scatter of 488 nm laser light in the 

90° direction. Initially, B16F10 and MCF-7 cells were seeded 

to achieve a confluency of 3×105 cells under tissue-culture con-

ditions. They were incubated with uncoated and lipid-coated 
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nanocomposite formulations for 1 hour at 37°C and washed 

twice with PBS to remove unbound nanocomposites. The cells 

were then detached using 0.25% trypsin/ethylenediaminetet-

raacetic acid (EDTA) and centrifuged twice at 1,500 rpm for 

3 minutes, after which the pellet was resuspended in 500 μL 

of PBS. Suspended cells were directly introduced into the BD 

FACSCalibur flow cytometer. The cytometer was set up to 

measure SSC logarithmically and FSC linearly.

Additionally, for comparison, we evaluated the scatter 

pattern of the same cell samples following incubation with 

nanocomposite formulations attached to a fluorescence probe 

(rhodamine) using log amplifiers. The dynamic ranges of the 

photomultiplier tubes were optimized to obtain the highest 

sensitivity to changes with the uncoated and coated nano-

composites used. Untreated cells were used as an internal 

control.

confocal laser scanning microscopy 
(clSM) observation
Cells were grown on sterile coverslips and allowed to reach 

50% confluence. The cell medium was then replaced with 

fresh medium containing the lipid-coated gold nanocompos-

ites. Cellular binding and uptake of nanocomposites were 

imaged with a confocal laser scanning microscope (A1+, 

Nikon Corporation, Tokyo, Japan) with attached digital 

camera and software to capture and store images.

Quantitative analysis by lc-MS/MS
For quantitative study, confluent B16F10 and MCF-7 cells 

were incubated with lipid-coated nanocomposites in the 

Dulbecco’s Modified Eagle’s Medium supplemented with 

10% HyClone™ fetal bovine serum (Thermo Fisher Sci-

entific, Waltham, MA, USA) and 1% Invitrogen Gibco® 

penicillin–streptomycin (Thermo Fisher Scientific) at 37°C 

for 30 minutes, 1 hour, or 3 hours. At designated time points, 

the suspension was removed, and the wells were washed three 

times with cold PBS. The trypsinized and centrifuged pellet 

was subsequently sonicated using 30 cycles of Bioruptor® 

ultrasonic treatment, active every 10 seconds for a 10-second 

duration at 200 W, in an ice bath. The supernatant was col-

lected and extracted for the measurement of drug concentra-

tion using LC-MS/MS as previously reported28 (linear range 

2.5–250.0 ng/mL with R2=0.9972).

cytotoxicity assay
The cytotoxicity of free DTX, blank liposomes, bare nanopar-

ticles, AL_AuNR_DTX, and CL_AuNP_DTX was assessed 

using MTT assay. Briefly, 1×104 B16F10 mouse-melanoma 

cells or MCF-7 breast-cancer cells were seeded in 96-well 

plates at optimal conditions. Following 1 day, the medium 

was removed, and a range of concentrations of free DTX, 

blank liposomes, AuNP, AuNR, and two different nano-

composite formulations were added to the cells. Following 

incubation for 24 hours at 37°C, the cells were washed twice 

with PBS then incubated with MTT solution (in serum-free 

medium) for 2 hours at 37°C in the dark. Following cells 

lysis, formazan crystals were extracted by the addition of 

dimethyl sulfoxide (DMSO), and the absorbance was mea-

sured at 570 nm using a microplate reader.

Cell-cycle analysis by flow cytometry
Both cancer cell lines were seeded into six-well plates at a den-

sity of 1×106 and incubated for 24 hours. The cells were then 

treated with AuNP, AuNR, AL_AuNR_DTX, or CL_AuNP_

DTX. The cells were trypsinized, harvested, and centrifuged 

at 3,000 rpm for 3 minutes at 4°C. The cell pellets were then 

washed with ice-cold PBS, fixed with 70% cold ethanol, and 

incubated on ice for 1 hour. Cell suspension was then treated 

with 10 mg/mL of deoxyribonuclease-free ribonuclease A 

and stained with 1 mg/mL solution of propidium iodide for 

30 minutes in the dark. The cell-cycle pattern was analyzed, 

and the number of cells resident in each phase of the cell cycle 

evaluated using flow cytometry (BD FACSCalibur).

Statistical analysis
Data are expressed as means and standard errors. Statistical 

significance was determined using analysis of variance or 

t-test. P,0.05 was considered statistically significant.

Results and discussion
DTX is a strong antimitotic agent which can inhibit both 

cell proliferation and cell apoptosis in a broad spectrum 

of cancers. However, therapy with DTX alone causes 

unwanted systemic toxicity, including bone-marrow sup-

pression, peripheral neuropathy, hypersensitivity reactions, 

and musculoskeletal disorders. Additionally, multidrug 

resistance greatly affects the therapeutic efficacy of DTX 

and limits the delivery of a therapeutic dose.29,30 Colloidal 

nanoparticle-based drug delivery has been considered as a 

potential tool with remarkable abilities in cancer imaging and 

therapeutics.31–36 Encapsulating nanoparticles in lipid vehicles 

is an alternative approach that has been used in recent years 

to achieve controlled drug delivery and implement combined 

therapy. Therefore, the co-delivery of drug and nanoparticle 

is becoming a standard strategy in cancer therapy, since it 

substantially reduces the necessary DTX dose and improves 
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its therapeutic efficacy by promoting synergistic activity and 

reducing drug resistance.

Here, we present our study of polyethylene glycol- 

containing lipid-coated nanoparticles that offer effective 

tumor cell delivery of drugs and can thereby inhibit cell 

proliferation. Our objective was to enhance the cellular 

uptake of two different therapeutic carriers and to increase 

the synergistic action of the entire delivery system.

Preparation and characterization of 
DTX-loaded lipid-gold nanocomposites
Initially, AuNPs and AuNRs were prepared with an average 

particle size of 35.1 and 39.3 nm, respectively, and a nar-

row size distribution (polydispersity index [PDI] =0.2 and 

0.4, respectively). The gold nanocomposite formulations 

were prepared by a thin-film hydration-sonication technique 

(Figure 1). Lipid film containing the hydrophobic drug DTX 

was hydrated with the nanoparticle dispersions and sonicated. 

The resulting nanocomposites consisted of a polyethylene 

glycol-grafted phospholipid layer surrounding AuNPs, in 

which the lipid acted as a non-associated surface-coating 

layer. On the other hand, phospholipids formed a stable lipid 

bilayer on the surface of AuNRs after exchange with a CTAB 

layer.27,37 Lipid coating with DTX on nanoparticles was per-

formed to achieve higher drug encapsulation, controlled drug 

release, and improved stability of the formulations.

The UV-Vis–near-infrared spectra of AuNPs and AuNRs 

were characterized by their intense plasmon resonance peaks at 

520 and 600 nm, respectively (Figure 2Aa and b). Additionally, 

the optical properties of both AuNPs were altered with surface 

modifications. Bathochromic shifts were observed for nanopar-

ticles along with the DTX peak approximately 230 nm. This 

observation confirms the successful passivation of a drug-loaded 

lipid bilayer on the surface of the nanoparticles (Figure 2Ac).

Dynamic light scattering showed that the average particle 

sizes of CL_AuNP_DTX and AL_ AuNR_DTX were 70±0.36 

and 49.9±0.25 nm (Table 1), with a PDI of 0.21 and 0.47, 

respectively. Moreover, the loading of DTX within the lipid 

layer slightly increased the size of the nanocomposites, with a 

uniform size distribution compared to their uncoated form. The 

zeta potential of the uncoated AuNPs was approximately -27 

mV, with the negative surface charge most likely reflecting 

citrate stabilization on the Au core. AuNRs, on the other hand, 

exhibited a surface charge of approximately 54 mV, because of 

the presence of a bilayer CTAB structure as a surfactant. The 

zeta potential of blank cationic liposomes (CL_B) and anionic 

liposomes (AL_B) was 13.78 and -19.2 mV, respectively.

Compared to the uncoated nanoparticles and blank lipo-

somes, the nanocomposite formulations exhibited charge 

reversals of -9.78 mV for CL_AuNP_DTX and 27.41 mV  

for AL_AuNR_DTX, which could be attributed to the suc-

cessful surface passivation of the lipid layer around the 

nanoparticles.

Morphology analysis
Morphologies of two differently shaped nanoparticles 

before and after lipid coating were evaluated by transmis-

sion electron microscopy imaging in the dried state after 

Figure 1 The gold nanocomposite formulations were prepared by a thin-film hydration-sonication technique.
Abbreviations: auNr, gold nanorod; auNP, spherical gold nanoparticle.
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staining with 2% phosphotungstic acid (Figure 2B). As 

can be seen, the spherically shaped nanoparticles and rod-

shaped nanoparticles were distinct and uniformly dispersed 

(Figure 2Ba and c). The lipid layer acted as a template as 

well as a stabilizer, which retained the in situ reduced AuNPs 

without undergoing any aggregation. After lipid coating, the 

AuNPs showed a discrete arrangement, whereas the AuNRs 

formed aggregates. The observed aggregation was most 

likely a result of the rapid removal of water during the drying 

process (Figure 2Bb and d). While there was no clear distinc-

tion between the lipid layer and the AuNP surface – which 

could possibly be due to the close/longitudinal attachment 

of the lipid layer – monodispersity was maintained. In the 

evaluation of nanorods, a thin lipid layer was observed around 

each particle, covering the entire particle. This observation 

further confirmed that the attachment of a lipid layer around 

the nanoparticle surface did not alter the existing morphol-

ogy, thereby maintaining its intact shape.

Hobbs et al reported that tumor tissues exhibit impaired 

lymphatic drainage and interstitial spaces.38 Nanoparticles 

with smaller sizes (,200 nm) therefore have preferential 

access and can accumulate in the tumor region via the EPR 

effect. The nanocomposites evaluated in the present study 

are thus capable of permeating through the EPR effect to 

reach cancer cells.38,39

Determination of drug-loading efficiency
Drug encapsulation efficiencies of the formulations, as deter-

mined by HPLC analysis, were found to be 95.700%±0.011% 

Table 1 Physicochemical characteristics of different shaped gold nanoparticles, blank liposomes, and drug-loaded lipid-coated gold 
nanocomposites

Sample Size (nm) Polydispersity index Zeta potential (mV) Encapsulation efficiency (%) Loading capacity (%)

auNr 35.10±11.20 0.400±0.050 54.10±14.20 – –
al_B 127.20±2.71 0.083±0.021 -19.20±0.43 – –
al_auNr_DTX 49.90±0.25 0.470±0.010 27.40±1.52 81.670±0.013 8.06±0.21
auNP 39.30±9.30 0.210±0.070 -27.33±10.50 – –
cl_B 112.60±11.20 0.031±0.020 13.78±11.12 – –
cl_auNP_DTX 70.0±7.36 0.210±0.021 -9.78±0.68 95.700±0.011 9.12±0.13

Note: Data are expressed as mean ± standard deviation (n=3).
Abbreviations: al_auNr_DTX, DTX-loaded anionic lipid-coated gold nanorod; al_B, anionic liposome; auNP, spherical gold nanoparticle; auNr, gold nanorod; 
cl_auNP_DTX, cationic lipid-coated gold nanoparticles; cl_B, cationic liposomes.

Figure 2 characterization data of gold nanocomposites as determined by transmission electron microscopy (TeM) and UV-visible spectrophotometry.
Notes: (A) UV-visible spectroscopy of (a) auNr, (b) auNP, and (c) cl_auNP_DTX and al_auNr_DTX. (B) TeM images of (a) auNP, (b) cl_auNP_DTX, (c) auNr, 
and (d) al_auNr_DTX.
Abbreviations: al_auNr_DTX, docetaxel-loaded anionic lipid-coated gold nanorod; auNP, spherical gold nanoparticle; auNr, gold nanorod; cl_auNP_DTX, cationic 
lipid-coated gold nanoparticle.
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and 81.670%±0.013% for CL_AuNP_DTX and AL_ AuNR_ 

DTX, respectively (Table 1). Inclusion of cholesterol 

increased the amount of DTX loading in the formulation, 

because the added cholesterol reduced the fluidity and 

increased the stability of the bilayer membranes formed 

by DPPC lipids.40 Lipid-encapsulated AuNP formulations 

showed increased drug encapsulation compared with the for-

mulations containing AuNRs. This difference may be due to 

disparities in surface morphology and the size of the particles 

used. The encapsulation efficiency of the AuNRs was lower 

with AL_AuNR_DTX formulations, possibly because the 

bilayer microstructures present in the lipids were changed by 

the addition of AuNRs and the AuNRs occupied additional 

space in the lipids. Therefore, AuNRs were embedded in the 

spaces of the lipids because of their elongated shape, lead-

ing to decreased DTX encapsulation. Considering the drug 

encapsulation efficiency, spherical-shaped AuNPs appear to 

be the optimal nanoparticles for the encapsulation of drugs 

through lipid encapsulation.

In vitro drug-release study
Figure 3 shows the accumulated percentage release of DTX 

from the nanocomposite formulations in the PBS medium 

containing 0.1% w/v Tween 80. Both formulations showed a 

controlled release of DTX for longer than 24 hours, compared 

to the burst release observed with free DTX. After 1 day, 

~70% and ~41% of the loaded DTX was released from the 

CL_AuNP_DTX and AL_AuNR_DTX formulations, respec-

tively. Finally, a total of approximately 75% and 45% of DTX 

was released from CL_AuNP_DTX and AL_AuNR_DTX, 

respectively, at the end of the 48-hour study period, which 

is comparable to various other formulations for DTX deliv-

ery, as approximately 70% of DTX is released from these 

within 48 hours.41,42 The CL_AuNP_DTX system showed 

significantly higher in vitro release than the AL_AuNR_DTX 

system (P,0.05). The higher percentage of drug release 

obtained from the CL_AuNP_DTX system may be explained 

by the influence of the surface area of the AuNPs used. The 

monodispersed AuNP formulation (CL_AuNP_DTX) could 

interact with the release media because of its large surface 

area, which could enhance the release of DTX, compared to 

the AuNR formulation (AL_AuNR_DTX).

Cellular uptake (qualitative and 
quantitative measurements)
The cellular internalization of bare nanoparticles and the 

nanocomposite formulations into B16F10 and MCF-7 cells 

was assessed qualitatively by flow cytometry and CLSM. The 

cellular uptake of the bare nanoparticles and nanocomposite 

formulations was measurable by flow cytometry using the 

FSC and SSC parameters without the attachment of a fluo-

rescence dye.43–46 After treatment, histograms of both cell 

lines showed overlapping distributions in FSC signals (data 

not shown). However, a monotonic shift in SSC intensities 

was observed compared to the control cells because of the 

intracellular uptake of nanoparticles (Figure 4). The histo-

gram plot indicated that the uptake of uncoated versus lipid-

coated nanocomposite formulations significantly differed in 

terms of particle size and distribution. On the other hand, 

rhodamine-conjugated lipid-coated gold nanocomposites 

showed significantly higher fluorescence intensity than the 

control and bare nanoparticles, confirming nanoparticle 

uptake. These results indicate that the lipid microenvironment 

around the nanocomposite formulation could interact with 

cell membranes to cause cellular uptake. Our result clearly 

shows the improved cellular uptake of nanoparticles and 

increased possibility of cellular uptake detection by side-

scattering flow cytometry technique of without the addition 

of fluorescent materials.

We analyzed the cellular uptake of labeled nanocompos-

ite formulations into B16F10 cancer cells by using the live 

cell imaging abilities of CLSM. Washed cells were incubated 

with formulations and imaged over time. Figure 5 (A and B) 

shows the strongest uptake of the rhodamine-attached lipid-

coated gold nanocomposites by the cells in red color. 

The CL_AuNP_DTX formulation containing AuNPs in 

particular was taken up by cells in a significantly greater 

quantity than the AL_AuNR_DTX formulation containing 

Figure 3 In vitro release profiles of DTX from AL_AuNR_DTX, CL_AuNP_DTX, 
and free DTX in phosphate-buffered saline (ph 7.4, 0.14 M Nacl) at 37°c.
Abbreviations: al_auNr_DTX, docetaxel-loaded anionic lipid-coated gold 
nanorod; cl_auNP_DTX, cationic lipid-coated gold nanoparticle; DTX, docetaxel.
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AuNRs. After the maximal CL_AuNP_DTX uptake, the 

B16F10 cells underwent morphological changes, followed 

by apoptosis. In the assessment of AL_AuNR_DTX, less 

cellular uptake was observed. The nanocomposite formula-

tions entered the cells through endocytosis and accumulated 

homogeneously in the cytoplasm. Inside the cells, nanopar-

ticles were visualized by the red color. The difference in 

nanoparticle distribution patterns inside the cells may reflect 

the differences in nanoparticle surface chemistry and cell 

differentiation.

The intracellular uptake of DTX in B16F10 and MCF-7 

cell lines was compared quantitatively using LC-MS/

MS after exposure to the nanocomposite formulations 

CL_AuNP_DTX and AL_AuNR_DTX. The cellular uptake 

of DTX over time from the nanocomposite formulations 

is presented in Figure 6. The maximum DTX concentra-

tions measured after treatment were ~40 and ~22 ng/mL 

in B16F10 and MCF-7 cells, respectively. There was sig-

nificantly higher DTX uptake from CL_AuNP_DTX than 

AL_AuNR_DTX in both cell lines. Different mechanisms 

could be responsible for the cellular uptake of nanoparticle-

loaded DTX from both formulations. DTX uptake in B16F10 

cells in particular was higher than the uptake from the same 

formulation group in MCF-7 cells, possibly because of high 

cluster of differentiation (CD) 44 expression.47

Taken together, our data show higher DTX concentrations 

after 3 hours than when the formulations were introduced into 

the cells. This could be because most of the cells internalized 

the formulation initially, and thus further cellular uptake 

could not occur.

Figure 4 Quantitative cellular uptake analysis by B16F10 and McF-7 cells. In vitro cellular uptake of gold nanoparticles and nanocomposite formulations into B16F10 (A and B)  
and McF-7 cells (C and D), assessed using fluorescence-activated cell sorting analysis.
Notes: Unlabeled and fluorescently labeled histograms of (A) cl_auNP_DTX and (B) al_auNr_DTX for B16F10 cells, and (C) cl_auNP_DTX and (D) al_auNr_
DTX for McF-7 cells. control, gray; nanoparticles, green; formulations, pink.
Abbreviations: AL_AuNR_DTX, docetaxel-loaded anionic lipid-coated gold nanorod; CL_AuNP_DTX, cationic lipid-coated gold nanoparticle; FL2-H, fluorescence2-
height; SSc-h, side-scattered light-height.
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Figure 5 Qualitative study of gold nanocomposites uptake in B16F10 cells.
Notes: confocal laser scanning microscopy analysis of live cell imaging of B16F10 cells after treatment with cl_auNP_DTX (A) and al_auNr_DTX (B). Blue, DaPI; red, 
gold nanocomposites. The scale bars indicate 10 μM.
Abbreviations: al_auNr_DTX, docetaxel-loaded anionic lipid-coated gold nanorods; cl_auNP_DTX, cationic lipid-coated gold nanoparticles; DaPI, 4′,6-diamidino-2-
phenylindole.

Figure 6 Quantitative cellular uptake measured by liquid chromatography–tandem mass spectrometry (LC-MS/MS).
Abbreviations: al_auNr_DTX, docetaxel-loaded anionic lipid-coated gold nanorod; cl_auNP_DTX, cationic lipid-coated gold nanoparticle.
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Figure 7 Dose effects study of gold nanocomposites on the cytotoxicity by MTT assay.
Notes: In vitro cytotoxicity of uncoated and lipid-coated drug-containing gold nanocomposites in B16F10 and McF-7 cells after 24 hours. each value represents the mean ± 
standard error (n=8). Statistical significance was determined using two-way analysis of variance with Bonferroni post-tests using free DTX as control (*P,0.05; **P,0.01; 
***P,0.001).
Abbreviations: al_auNr_DTX, docetaxel-loaded anionic lipid-coated gold nanorod; al_B, anionic liposomes; auNP, spherical gold nanoparticle; auNr, gold nanorod; 
cl_auNP_DTX, cationic lipid-coated gold nanoparticle; cl_B, cationic liposomes; DTX, docetaxel; MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2h-tetrazolium bromide.

cytotoxicity (MTT) assay
The in vitro cytotoxicity of blank liposomes, free DTX, and 

the DTX-loaded nanocomposite formulations was evaluated 

in cancer cells by MTT assay after incubation for 24 hours 

in concentrations ranging from 0.001 to 0.050 nM.

Figure 7 shows the percentage viability of B16F10 

melanoma cells and MCF-7 breast-cancer cells. Blank 

liposomes (AL_B and CL_B) showed very low toxicity, 

with approximately 80% live cells, thereby providing evi-

dence of the safety and non-toxicity of the lipid coating for 

drug administration. In contrast, free DTX, the AuNPs, the 

AuNRs, CL_AuNP_DTX, and AL_AuNR_DTX elicited 

notable cytotoxicity in both a dose- and time-dependent 

manner. The AuNPs and AuNRs exhibited measurable 

toxicity, with cell viability above 65% observed at all 

tested concentrations, and the results of the MTT assay 

revealing that AuNPs are biologically safe. Specifically, 

the cell-suppression effect of both the CL_AuNP_DTX, 

and AL_AuNR_DTX formulations was significantly higher 

than that of free DTX, with higher suppression observed at 

increasing concentrations of DTX. Our results also show 

the MCF-7 cell line to be less sensitive to DTX compared 

to the B16F10 cancer cell line at the same concentration. 

CL_AuNP_DTX showed comparatively higher toxicity, 

corroborating other results.

B16F10 and MCF-7 cell lines were exposed to CL_

NP_DTX and AL_AuNR_DTX and incubated for 24 hours 

(Figure 8). DTX was found to strongly bind and promote 

microtubule stabilization, leading to mitotic arrest in the 

cancer cells. Additionally, DTX induces typical Gap 2 (G2)/

Mitosis (M) phase arrest by impairing mitosis and causing 

chromosomal damage, which corresponds to apoptosis.48,49 

As seen in our data, most of the control cells were present in 

the Gap 1 phase, with limited population in the G2/M phase. 

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2015:10 (Special Issue on diverse applications in Nano-Theranostics) submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

43

lipid-coated gold nanocomposites for enhanced cancer therapy

The treatment with DTX-loaded nanocomposites, however, 

resulted in significant G2/M phase arrest in both the cell lines. 

Initially, only nanoparticle-treated cells showed minimum 

G2/M phase arrest, with a lower number of apoptotic cells 

than the control. Interestingly, DTX-loaded formulations 

elicited a remarkable increase in G2/M phase arrest in both 

cell lines. B16F10 cells, in particular, elicited a remarkable 

increase in G2/M phase arrest, corresponding to a significant 

apoptotic cell population, which indicates the synergistic 

cytotoxic action of DTX. The corresponding microscopy 

images may explain the fate of cells after treatment. In 

B16F10 cells, the CL_NP_DTX formulation showed a high 

level of cell death as evidenced by reduced cell numbers, 

whereas, in MCF-7 cells, the formulation caused more round 

floating cells, which might due to cell-cycle arrest leading 

to apoptosis. The enhanced cell-cycle arrest followed by 

apoptosis observed with the CL_NP_DTX formulation may 

reflect DTX toxicity. The G2/M phase arrest in MCF-7 cell 

line could be expected to enhance apoptosis with a prolonged 

incubation time beyond 24 hours.

Conclusion
We successfully incorporated DTX in AuNPs using a lipid 

bilayer coating to increase DTX’s intracellular delivery and 

therapeutic efficacy. A conventional thin-film formation, 

hydration, and sonication method was adopted to produce 

two lipid-coated DTX-loaded gold nanocomposite formula-

tions with different nanoparticle shapes. The formulation 

containing spherical-shaped AuNPs (CL_AuNP_DTX) 

showed maximal drug encapsulation and sustained drug 

release in a physiological medium. Both formulations (CL_

AuNP_DTX and AL_AuNR_DTX) exhibited enhanced cel-

lular uptake and cytotoxicity compared to uncoated AuNPs, 

AuNRs, and the free drug. CL_AuNP_DTX in particular 

elicited pronounced cell-cycle arrest of B16F10 and MCF-7 

cells in the G2/M phase, with increased population of sub-

Gap 1 phase apoptotic cells. Overall, our results suggest that 

drug-encapsulated lipid-coated individual anisotropic nano-

particles could be used as a promising nanocarrier system for 

enhanced cancer chemotherapy. We therefore believe that, 

Figure 8 cell-cycle analysis and the corresponding microscopy images of B16F10 and McF-7 cells after control treatments and 24-hour incubations with auNP, cl_auNP_
DTX, auNr, and al_auNr_DTX.
Abbreviations: auNr, gold nanorod; auNP, spherical gold nanoparticle; al_auNr_DTX, docetaxel-loaded anionic lipid-coated gold nanorod; cl_auNP_DTX, cationic 
lipid-coated gold nanoparticle; g1, gap 1; g2/M, gap 2/Mitosis; S, Synthesis; Sub-g1, gap 1.
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with further optimization and development, this approach 

could be used in photothermal chemotherapy.
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