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An eﬀective nanoparticle-based drug delivery platform holds great promise for non-invasive cancer therapy. This
study explores the breast tumor regression in vivo by synergistic photothermal-chemotherapy based on liposomal
nanocomplex (folic acid-gold nanorods-anticancer drug-liposome). The proposed liposomal nanocomplex can
enhance the tumor targeting by functionalizing folic acid (FA) molecules on the surface of liposome that encapsulates both gold nanorods (AuNRs) and the doxorubicin (DOX) to combine the photothermal therapy and
the chemotherapy, respectively. Herein, 7-nm gold nanorods were fabricated and co-encapsulated with DOX into
nanoliposomes functionalized with FA, with an average diameter of 154 nm, for active targeting to the cancer
cells. The experimental results showed that the FA targeting liposomes had better cellular uptake than the nontargeting liposomes (AuNRs-DOX-LPs). Especially, upon 5 min exposure to near infrared (NIR) irradiation
(808 nm) triggered DOX release could be achieved to 46.38% in 60 min at pH 5.5. In addition, in vitro cell
proliferation assays indicated that, with synergistic photothermal-chemotherapy, the targeting liposomes could
signiﬁcantly enhance the toxicity towards the cancer cells with the IC50 value of 1.90 ± 0.12 μg mL−1.
Furthermore, in vivo experiments on the breast tumor-bearing mice showed that the targeting liposomes could
eﬀectively inhibit the growth of the tumors using the combined strategy.

1. Introduction
Over the past 30 years, drug delivery systems using drug-loaded
nanoparticles (NPs) have attracted great attentions with the aim to
improve the pharmacological properties of conventional or “free”
drugs. They are designed to alter the pharmacokinetics and biodistribution of the associated drugs as well as to function as the drug reservoirs [1]. With nanoscale in sizes, the NPs can passively penetrate
into tumors via enhanced permeability and retention (EPR) eﬀect [2].
Moreover, they can be functionalized to actively target the tumors using
ligands functionalized onto the NP surfaces that allows highly speciﬁc
aﬃnity with receptors overexpressed on the targeted cells, enabling an
enhanced the number of NPs up-taken to the cells by receptor-mediated
endocytosis (RME) mechanism [3,4].
Currently, liposomes stand as one of the most investigated nanocarriers for delivering anticancer drugs or other therapeutic agents [5].
They are lipid vesicles that can encapsulate both hydrophobic and hydrophilic anticancer drug, and also can trigger drug release when
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accommodated with low phase transition lipid components [6]. In addition, it is readily to alter surfaces of liposomes with targeting ligands
to allow targeted drug delivery to cancer cells. Whereas, gold nanorods
(AuNRs) have unique longitudinal surface plasmon resonance peak in
near infrared (NIR) window [7]. Therefore, they can eﬃciently converse NIR light into heat when exposed to NIR stimulus system [8].
With the above-mentioned properties, liposomes and AuNRs can be
considered smart nanotherapeutics. Consequently, it is expected that
the combination of these NPs into a single platform will critically enhance the therapeutic outcomes of the system in comparison with the
separate uses of each individual particle.
Considered as a minimally invasive method for the treatment of
solid tumors, photothermal therapy involves the conversion of NIR light
absorbed to induce local heating for ablation of the cancer cells. The
used of NIR light can provide soft tissue penetration of as deep as 10 cm
due to minimal attenuation by hemoglobin and water [9]. In addition,
with the use of NIR light, high spatial precision can be achieved without
damaging normal tissues because of minimal energy absorption of the
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AuNRs encapsulation eﬃciency. Next, we irradiate the synthesized liposomes with NIR laser (808 nm wavelength) and study the photothermal eﬀects and drug releasing behavior. Subsequently, we investigate the cellular uptake of the liposomes using confocal
microscopy and ﬂow cytometry. Afterwards, we evaluate the eﬀect of
the combined photothermal-chemotherapy of the liposomes against the
breast cancer cells through in vitro cytotoxicity (MTT) assays. Finally,
we use animal study to conﬁrm the in vivo performance of our developed nanoplatform using 4T1 breast cancer tumor bearing mice.

light by these tissues [10]. However, the main advantage of photothermal therapy is that due to the irregular distribution of the used NPs,
heterogeneous heat distribution in the tumors usually occurs, complete
ablation of the tumors is diﬃcult to achieve [11]. Therefore, to improve
the eﬀectiveness of the anticancer therapy, combination of photothermal-chemotherapy strategies is proposed, by accommodating NIR
laser responsive agents with anticancer therapeutics to provide a synergistic method to kill cancers with high eﬃcacy [12–15].
Folic acid (FA) is a necessary precursor for the synthesis of nuclear
acids as well as a lot of amino acids and is not produced endogenously
by mammalian cells [16]. In nanoparticle drug delivery for anticancer
therapy, FA is an attractive ligand for tumor targeting agent because it
can bind speciﬁcally to the folate receptor (FR), which is overexpressed
on tumor cells in various organs, including the breast, brain, kidney,
lung, and ovary, enabling RME mechanism of NP uptake into the cells
[17–19]. The high aﬃnity between FA and FR (Kd ∼ 0.1 nM) will
consequently result in increased cellular uptake by FR overexpressing
cancer cells, even at low FA loading on the therapeutic carriers [20]. In
addition, it is reported that the FR density also seems to enhance when
the stage of the cancer increases [21]. Therefore, selectively targeting
to the folate overexpressing cancers can be critically improved by
modifying NPs with FA moieties on their surfaces.
In this study, in combining all merits of these above mentioned
materials, we develop a unique therapeutic nanosystem that enhances
tumor targeting by functionalizing FA molecules on the surface of liposome that is co-loaded with both small size AuNRs and the anticancer
drug (DOX) to synergistically combine photothermal therapy with
chemotherapy and evaluate its therapeutic eﬃcacy using a murine
mammary carcinoma cell line (4T1), which overexpresses FRs that
speciﬁcally bind with FA ligands [18,19], both in vitro and in vivo
(Fig. 1). Therefore, ﬁrst, we prepare and characterize the AuNRs, which
are coated with bovine serum albumin (BSA). Then, we synthesize and
characterize the AuNRs and DOX encapsulated liposomes with and
without FA targeting moieties on the liposomal surfaces, namely
FA@AuNRs-DOX-LPs (targeting liposomes) and AuNRs-DOX-LPs (nontargeting liposomes), respectively, in terms of size, shape, DOX and

2. Materials and methods
2.1. Materials
Dipalmitoyl – sn – glycerol – 3 – phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy (polyethylene
glycol)-2000] (DSPE-PEG2000), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [folate (polyethylene glycol)-2000] (DSPEPEG2000-Folate) were supplied by Avanti Polar Lipids Inc. (Alabaster,
AL, USA). Chloroauric acid (HAuCl4.3H2O), silver nitrate (AgNO3), Lascorbic acid, sodium oleate, hydrochloric acid (HCl), sodium borohydride (NaBH4), hexadecyltrimethylammonium bromide (CTAB), ammonium sulfate, HEPES, doxorubicin (DOX), cholesterol, and thiazolyl
blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Dulbecco’s modiﬁed Eagle’s medium (DMEM),
fetal bovine serum (FBS), antibiotics, and all other cell culture-related
supplies were obtained from Gibco (Carlsbad, CA, USA). 4′,6Diamidino-2-phenylindole dihydrochloride (DAPI) was supplied by
Thermo Fisher Scientiﬁc (Waltham, MA, USA). All other solvents and
reagents were of analytical grade and provided by Sigma-Aldrich.
2.2. Synthesis of AuNRs
The small size AuNRs were synthesized by a seedless technique as
previously reported with minor modiﬁcations [7,22]. Brieﬂy, 5 mL of
5 mM HAuCl4, 25 mL of 0.2 M CTAB, and 25 mL of DI water were mixed

Fig. 1. Schematic diagram of synergistic photothermal-chemotherapy for breast cancer using novel folate targeting liposomes co-encapsulated with AuNRs and DOX.
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in a glass ﬂask. To the mixture, 2.5 mL of 0.1 M sodium oleate and
1.25 mL of 4 mM AgNO3 were then added. After that, 40 μL of concentrated HCl (37%) were added to adjust the pH of the solution to
1–1.1, which was followed by adding 350 μL of 0.78 M ascorbic acid
under gentle mixing until the solution changed from dark orange to
colorless. Immediately, 75 μL of ice-cold 10 mM of NaBH4 were injected
with mild mixing. The solution was left in an oven at 35 °C for the
reaction in 3 h. The resulting AuNRs solution was centrifuged at
17,000 rpm for 15 min to stop the reaction. After several more washes,
the AuNRs precipitate was obtained and was re-dispersed in DI water.
After that, the AuNRs were conjugated with bovine serum albumin
(BSA). Brieﬂy, 0.5 mL of 0.25 mM BSA in PBS (pH 7.4) was added to
5 mL of the AuNRs solution, followed by vigorous stirring overnight at
room temperature. Then, the reaction was terminated using centrifugation at 6000 rpm for 5 min and the excess BSA in the supernatant
was removed. Finally, the resulting AuNRs precipitate was re-suspended DI water and stored at 4 °C for further use.

ranged from 0 to 1000 eV to determine carbon, nitrogen, and oxygen
contents.

2.3. Preparation of liposomes

The photothermal eﬀects of the liposomes with diﬀerent Au concentrations were evaluated using NIR equipment at an irradiation wavelength of 808 nm. Brieﬂy, 1 mL of aqueous suspensions of the samples
were prepared in cuvettes and then exposed to the NIR laser light for
5 min (808 nm, power of 1.5 W). Temperature changes in each cuvette
throughout the experiment were recorded using a FLIR thermal imaging
camera (E64501, FLIR Systems, Wilsonville, OR, USA) to get a video
ﬁle, from which temperature change proﬁles of the samples were
generated.

2.4.4. Determination of encapsulation eﬃciency (EE)
The DOX content entrapped in the liposomes was determined by
measuring the ﬂuorescent intensity of the liposomal suspension after
disrupting the liposomes with a 1% Triton X-100 to obtain liposomal
lysate at the excitation/emission wavelength of 485/590 nm using a
multimode plate reader (Varioskan Flash, Thermo Scientiﬁc, Waltham,
CA). The AuNRs concentrations in the liposomes were measured from
the Au amount obtained by an inductively coupled plasma-atomic
emission spectrometer (ICP-OES, Optima 4300DV, PerkinElmer,
Wellesley, MA) in the lysate of the liposomal solution. In all experiments, the EE (%) was calculated by comparing the encapsulated
amount with the initially added.
2.5. Photothermal eﬀect using NIR laser

Non-targeting (AuNRs-DOX-LPs) and targeting (FA@ AuNRs-DOXLPs) liposomes were prepared using a thin-ﬁlm hydration as previously
reported [23]. In brief, DPPC: Chol: DSPE-PEG2000 (non-targeting) or
DPPC: Chol: DSPE-PEG2000: DSPE-PEG2000-Folate (targeting) with
the molar ratio of 80:20:5 and 80:20:4.5:0.5, respectively, were dissolved in chloroform/methanol solution (9/1, v/v) in a 50-mL pearshaped ﬂask. The solvents were evaporated under vacuum to form a
thin ﬁlm using a rotary evaporator (Büchi R-300, Flawil, Switzerland).
The ﬂask was then left in vacuum condition overnight to completely
remove any track of the solvents. Multiple lamellar vesicles (MLVs)
were obtained after hydrating the thin ﬁlm with 2 mL of 250 mM ammonium sulfate solution containing AuNRs at 50 °C in a water bath for
30 min [23]. Next, the MLVs were downsized by sonication and then
passed through 200 nm polycarbonate membranes (11 times) using a
mini extruder (Avanti Polar Lipids). Subsequently, the preparation was
subjected to gel ﬁltration on Sephadex G25 equilibrated with PBS. DOX
was actively loaded into the liposomes using ammonium sulfate gradient. Brieﬂy, DOX.HCl (2 mg mL−1) were incubated with the liposomal suspension in a water bath at 35 °C for 2 h. The unloaded DOX
were separated using gel ﬁltration as aforementioned. While free
AuNRs were removed by centrifugation as previously described [7].
Finally, the obtained liposomes were stored at 4 °C for further use.

2.6. In vitro drug release
To study the release behavior of DOX from the liposomes, samples
containing 0.5 mL of the liposomal suspensions in PBS (pH 5.5 and 7.4)
at a concentration equivalent to 5 μg/mL free DOX were incubated in
1.5-mL tubes at 37 °C in a water bath for 60 min. For the NIR irradiation
samples, the tubes exposed to the NIR laser for 5 min from the beginning of the experiments. After that, the tubes were immediately placed
back into the water bath and the experiments continued. Cumulative
DOX release from the liposomes was calculated using following equation:

Cumulative release (%) =

f t−f0
f

100−f0

× 100

where ft is the ﬂuorescence at time point t, f0 is the initial ﬂuorescence
of the liposomal suspension at the beginning of the incubation time, and
f100 is the ﬂuorescence of Triton X-100 prepared samples [24].

2.4. Characterization of AuNRs and liposomes
2.4.1. Size distribution and zeta potential
The size of the liposomes and the zeta potential of the AuNRs were
analyzed using a Zeta-PSA platform (ELS-8000, Otsuka Electronics,
Osaka, Japan). Before the measurement, the AuNRs and the liposomes
were diluted with PBS. Each formulation was investigated in triple
measurement with independent samples. For the liposomes, experiments were performed with and without FA coating on the liposomal
surfaces.

2.7. Uptake studies
2.7.1. Cell culture
Mouse breast cancer cells (4T1) and mouse origin ﬁbroblast cells
(NIH3T3) cells were purchased from the American Type Culture
Collection (Manassas, VA, USA). The cells were maintained in DMEM
supplemented with 10% FBS and 1% antibiotic solution and were kept
in a humidiﬁed incubator at 37 °C in 5% CO2.

2.4.2. Transmission electron microscopy (TEM)
The morphologies of AuNRs and liposomes and the encapsulation of
AuNRs into the liposomes were investigated using TEM (TECNAI F20
ST, FEI Company, Hillsboro, OR, USA). Brieﬂy, 10 μL of the diluted
sample were prepared onto a carbon-coated grid, dried at room temperature, and investigated under the TEM system.

2.7.2. Confocal laser scanning microscopy (CLSM)
Cellular uptake of the free DOX and DOX-loaded liposomes
(FA@AuNRs-DOX-LPs and AuNRs-DOX-LPs) was investigated using
CLSM (TCS SP5/AOBS/Tandem, Leica, Wetzlar, Germany). Brieﬂy, 4T1
cells were plated on ∅18-mm coverslips accommodated in a 12-well
plate, which were previously sterilized at 120 °C and completely dried
in an oven at 80 °C and prepared at a density of 1.5 × 105 cells/well
overnight to allow cell attachment. Then, the used media were discarded, and the cells were treated with either AuNRs-DOX-LPs,
FA@AuNRs-DOX-LPs, or FA@AuNRs-DOX-LPs + NIR irradiation in

2.4.3. X-ray Electron Spectroscopy (XPS)
Surface chemistry of prepared liposomal formulations with and
without folate ligand was investigated using XPS (ESCA-2000 Multilab
apparatus, VG Microtech, London, UK) to analyze the chemical compositions on the surfaces of the liposomes with the binding energy
541
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about 100 mm3, the mice were randomly divided into six groups (n = 5
per group) and intravenously injected with either PBS, free DOX,
AuNRs-DOX-LPs, FA@AuNRs-DOX-LPs, FA@AuNRs-LPs + NIR, or
FA@AuNRs-DOX-LPs + NIR (DO X 2.5 mg/kg) via tail vein. For NIR
treatment groups, 48 h after tail vein injections with samples, the tumors were exposed to the NIR laser with the power of 1.5 W, in 5 min.
Tumor sizes were monitored and measured using a digital caliper in
every 2 or 3 days for 2 weeks. The tumor volume was determined using
the following formula: L × W2/2. Where L and W denote the longest
and shortest dimensions of the tumor, respectively [28].

DMEM at 37 °C and 5% CO2. For the NIR treatment group, after 2 h of
incubation, the cells were rinsed several times with PBS and exposed to
the NIR laser for 5 min. For the negative control group, the cells were
treated with only fresh media. In addition, for competitive inhibition
study, the cells in one group were treated with free folic acid (1 mM) at
2 h prior to the experiments [25]. Upon completion, the supernatants
were discarded, and the cells were rinsed three times with cold PBS.
Subsequently, the cells were ﬁxed with 4% paraformaldehyde (PFA) for
10 min. Then, the cells were washed two times with cold PBS and the
nuclei were stained with DAPI (1 μg mL−1) for 10 min. Finally, the cells
were rinsed three times with PBS and imaged using CLSM [6].

2.9.2. Thermal imaging
Mice bearing 4T1 tumors treated with either PBS, or FA@AuNRsLPs, or FA@AuNRs-DOX-LPs were irradiated with the 808 nm for 5 min
and the temperature changes were observed using the FLIR thermal
imaging camera.

2.7.3. Quantitative ﬂow cytometry analysis of cellular uptake
Quantitative cellular uptake of the liposomes was determined using
ﬂow cytometry (FACS) [26]. In brief, 4T1 cells were inoculated overnight in a 6-well plate (5 × 105 cells mL−1). Next, the cells were treated
with samples as previously indicated. Afterwards, the cells were washed, harvested, ﬁxed with 4% PFA, and re-suspended in 0.5 mL of PBS.
At least 1 × 104 cells in the suspension was analyzed with a MACSQuant VYB ﬂow cytometer (MACS Miltenyl Biotec, Auburn, CA, USA).

2.9.3. H&E examination
For H&E examination, the 4T1 tumor-bearing mice were treated
FA@AuNRs-DOX-LPs. The mice were scariﬁed at the end of the observation period. The main organs were harvested and embedded in
optimal cutting temperature (OCT) compound, followed by storage at
−80 °C before use. The organ tissue sections (10 μm) were mounted
onto slides and then ﬁxed with pre-cooled methanol (80%) for 5 min
and washed two times with PBS. The sections were then stained with H
&E following the standard protocol and examined under an optical
microscopy [29].

2.8. In vitro cytotoxicity
The cytotoxicity of the liposomes against the cancer cells was investigated by MTT assay [6]. Brieﬂy, 1 × 104 4T1 cells were plated in
DMEM in a 96-well plate (SPL Life Sciences). The cells were incubated
in an incubator (37 °C and 5% CO2) for 24 h. Next, the media were
discarded, and the cells were treated with various doses of free DOX,
AuNRs-DOX-LPs, FA@AuNRs-LPs, or FA@AuNRs-DOX-LPs prepared in
DMEM media. For the photothermal treatment groups, namely
FA@AuNRs -LPs + NIR and FA@AuNRs-DOX-LPs + NIR, the cells were
exposed to the NIR laser for 5 min after a 2 h incubation with the targeting liposomes. After 24 h, the media in the wells were aspirated and
the cells were rinsed with PBS. Next, the cells were prepared with MTT
in DMEM (0.5 mg mL−1) and incubated for a further 3.5 h. Subsequently, the medium in each well was replaced with 100 μL of DMSO.
The viability of the cells was measured using an ELISA plate reader
(Varioskan Flash, Thermo Scientiﬁc, Waltham, CA) at 570 nm. IC50
values, the inhibitory concentration, were calculated using regression
of the experimental data. Additionally, the cytotoxicity of the free-drug
AuNRs-LPs and FA@AuNRs-LPs against NIH3T3 and 4T1 cells was
evaluated as aforementioned with predetermined concentrations of liposomes added to the cells. Finally, in all experiments, the viabilities of
the cells were calculated by the below equation:

Viability of cells (%) =

Absorbance

Sample

Absorbance

Control

2.10. Statistics
Data were shown as means with standard deviations of the three
samples. The comparison of data was performed using the Student’s ttest (* represents P < 0.05; ** represents P < 0.01).
3. Results
3.1. Preparation and characterization of AuNRs and liposomes
The AuNRs were synthesized using seedless method, in which nucleation and growth appear in the same solution. The use of this method
will produce the AuNRs with smaller sizes in comparison with seedmediated two-step methods, thereby resulting in easier cellular uptake
and encapsulation into the liposomal carriers. As the results, Fig. 2a
shows the TEM image of the prepared AuNRs with high yield of nanorods and few byproducts. The AuNRs had typical dimensions of
29 nm × 7 nm (aspect ratio of 4.1) as calculated from TEM images
using ImageJ software (NIH). Figure S1 displays the absorbance spectrum of the nanorods in the UV–vis-NIR window of 400–1000 nm,
having the longitudinal surface plasma resonance peak at 798 nm. To
reduce the toxicity of the AuNRs caused by CTAB as an emulsiﬁer, BSA
was coated to the nanorods via electrostatic interaction. By measuring
the zeta potentials of the AuNRs, it is shown that the zeta potentials
changed from highly positive (33.50 ± 1.15 mV) to negative values
(-9.48 ± 0.34 mV) before and after coating with BSA, respectively,
thus verifying the successful BSA coating on the nanorods’ surfaces.
The anticancer drug (DOX.HCl) and fabricated AuNRs were co-incorporated into the aqueous cores of the liposomes. To evaluate the
enhanced cellular uptake ability of the targeting liposomes, we prepared two kinds of vesicles, namely FA@AuNRs-DOX-LPs and AuNRsDOX-LPs. Typically, TEM images showed that the liposomes had
smooth spherical surfaces without any critical cracks and holes
(Fig. 2b). It is also indicated that the AuNRs were successfully encapsulated the liposomes ((Fig. 2b-Inset). The engulfment of the nanorods into the liposome was further conﬁrmed by energy-dispersive Xray Spectroscopic (EDS) pattern of the liposome, which shows the Au
components in the liposomes (Figure S2). In addition, both liposomes

× 100

To visualize the live/dead cells after the treatment, we adopted
calcein AM/ethidium homodimer-1 (EthD-1) co-stained assay (Thermo
Fisher Scientiﬁc). In brief, 2 × 104 4T1 cells per well were seeded and
treated with PBS, free DOX, FA@AuNRs-DOX-LPs, or FA@AuNRs-DOXLPs + NIR. The laser (808 nm, 1.5 W) was employed at 2 h in 5 min.
Then, the cells were co-stained with calcein AM (2 μM) and EthD-1 (4
μM) following the manufacturer’s protocol. Finally, the cells were
rinsed with PBS and observed under the CLSM [27].
2.9. In vivo study
2.9.1. Animal models
Balb/c mice were obtained from Orient Bio Inc. (Seoul, Korea) and
were handled in accordance with the guidelines of the Animal Care and
Use Committee of Chonnam National University, Korea. To induce a
solid breast tumor, 4T1 cells (1 × 106) suspended in 100 μL of PBS were
subcutaneously injected into the right ﬂank of each mouse. After approximately 10 days, when the 4T1 tumors were formed and reached
542
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Fig. 2. Characterizations of proposed targeting
liposomes: (a) Transmission electron microscope (TEM) images of AuNRs at low magniﬁcation and high magniﬁcation (inset, scale bar:
20 nm). (b) TEM images of the targeting liposomes (FA@AuNRs-DOX-LPs) at low magniﬁcation, and (inset, scale bar: 50 nm) that of a
single targeting liposome at high magniﬁcation
showing the successful encapsulation of AuNRs
inside. (c) X-ray photoelectron spectroscopy
patterns of the targeting and nontargeting liposomes without AuNRs and DOX. (d)
Temperature change proﬁles of liposomes with
diﬀerent AuNRs concentrations under 808 nm
NIR light irradiation. (e) and (f) drug release
proﬁles of the liposomes without and with NIR
(808 nm) irradiation in 5 min, respectively,
bars represent S.D. (n = 3).

region uncovered an intense peak (398 eV), which was attributable to
the N atoms on the surfaces of the targeting liposomes. This intense
signal was due to the additional N element of the folate presenting onto
the outer surface of the targeting liposomes [4], thereby conﬁrming
that the functionalization of the FA ligands for the active targeting
purpose was successfully achieved. In addition, TEM images and size
distribution of the prepared liposomes without the encapsulation of
DOX and AuNRs also veriﬁed the inclusion of FA onto the targeting
liposomal surfaces (Figure S4 and Figure S5).
The photothermal conversion ability of FA@AuNRs-DOX-LPs with
diﬀerent concentrations for 5 min are shown in Fig. 2d and Figure S6.
Upon exposure to NIR irradiation, the temperatures of the liposomal
solution increased to approximately 75.9 °C (1 nM); meanwhile that of
the PBS solution only ﬂuctuated around room temperature of about
27.3 °C. The results indicate that the nanorod component in the liposomal suspension could eﬀectively and rapidly convert NIR light into
thermal energy, which is necessary to obtain local hyperthermia and
triggered drug (DOX) release from the liposomes using an external NIR
device.
The drug release characteristics of the FA@AuNRs-DOX-LPs were
studied as described above based on the fact that DOX shows the selfquenching characteristics within the liposomes and ﬂuorescent intensity increases when the drug was released into the surrounding
medium [24]. In addition, we performed experiments with the

had a narrow size distribution ranging from 100 to 200 nm. However,
the FA@AuNRs-DOX-LPs had a slightly higher in average size of
154.32 ± 1.15 nm, compared to 142.05 ± 2.81 nm of AuNRs-DOXLPs (Figure S3). The results might be contributed to the addition of the
FA coating onto the surfaces of the targeting liposomes. Fluorescent
intensity measurement results revealed that the DOX EE of the nontargeting and targeting liposomes were about 56.11 ± 3.55% and
54.73 ± 2.13%, respectively. Inductively coupled plasma-atomic
emission spectrometer (ICP-OES) showed that 30.25 ± 1.56% and
25.12 ± 3.15% of AuNRs were successfully loaded inside the two liposomes, respectively (Table S1), which could be attributed to the fact
that the prepared AuNRs were well dispersed into the hydration solution. The results were in line with the previously published in literature
where AuNRs could be loaded into nanocarriers with very high eﬃciency [10].
To further conﬁrm the incorporation of FA ligands on the targeting
liposomes, we prepared the nontargeting and targeting liposomes
without encapsulation of DOX and AuNRs. The powder of the lyophilized liposomes was prepared in an X-ray electron spectroscopy (XPS)
device. And the C, N, O elements of the non-targeting and targeting
liposomes were scanned and illustrated in Fig. 2c. As the results, it was
found that in both types of liposomes, XPS scan detected N1s signal at
398 eV; while peaks at 285 eV and 532 eV are corresponding to C1s and
O1s, respectively. In addition, a narrow scan of the N1s binding energy
543
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Fig. 3. In vitro evaluation of synergistic eﬀect of photothermal-chemotherapy on 4T1 cells using targeting liposomes: (a) In vitro cellular uptake analysis of diﬀerent
liposomal samples into 4T1 breast cancer cells using CLSM images: Blue signal is from DAPI and red signal is from DOX (Scale bars: 20 μm). (b) Quantitative cellular
uptake using FACS. And (c) In vitro cytotoxicity test of diﬀerent samples against 4T1 cells at various DOX concentrations after 24 h incubation, **P < 0.01 and
*P < 0.05, bars represent S.D (n=3). (d) CLSM images of calcein AM/EthD-1 stained 4T1 cells treated with PBS, non-targeting, targeting liposomes, and targeting
liposomes with NIR irradiation; green indicates the live cells and red indicates the dead cells (Scale bars: 100 μm) (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article).

liposomes (Fig. 2f). These results conﬁrmed that NIR laser irradiation
could be used to trigger drug release from the liposomes with the pH
value similar to that of the endosomal environments, suggesting an
approach for enabling on-demand drug release only to the target tissues
to avoid damaging nontargeted tissues [11,28].

targeting liposomes and NIR laser irradiation (Fig. 2c-d). For both cases,
we studied the drug release behaviors in two pH environments, i.e. pH
7.4 and 5.5. As the results, without NIR irradiation, the liposomes
showed very low DOX release rate (less than 5%) in both pH values
(Fig. 2e). With NIR irradiation, same release pattern and rate were also
observed when the pH value of the solution was 7.4; however, with the
pH value of 5.5, critical drug amount (46.38%) was liberated from the
544
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Fig. 4. In vivo evaluation of synergistic eﬀect of photothermal-chemotherapy on 4T1 tumor-bearing mice using targeting liposomes: (a) and (b) photothermal graphs
and temperature change proﬁles, respectively, of mice treated with PBS, targeting liposomes without DOX (FA@AuNRs-LPs), or targeting liposomes with DOX
(FA@AuNRs-DOX-LPs). (c) Tumor growth proﬁles of mice after injections of samples; tumor volumes were normalized to their initial sizes, **P < 0.01 (compared
with PBS) and *P < 0.05 (compared with FA@AuNRs-DOX-LPs w/o NIR irradiation), bars represent S.D (n = 5). (d) Typical excised tumor sections of mice treated
with diﬀerent samples. (e) Body weight proﬁles of tumor-bearing mice in 14 days after injection of samples, bars represent S.D (n = 5). (f) H&E staining images of
sliced sections of major organs of the mice treated with FA@AuNRs-DOX-LPs (Scale bars: 50 μm).

with the quantitative analysis using the FACS (Fig. 3b). The liposomes
with FA targeting ligands, with or without NIR irradiation, had much
higher cellular uptake rates than the liposomes without FA. Additionally, in the competitive inhibition study, due to the addition of
free FA, the FRs overexpressed on the surfaces of the cells were blocked
and the interactions between the FA molecules of the targeting liposomes and the receptors were inhibited, therefore the RME pathway to
the cells of the liposomes was prevented, leading to the reduced DOX
signal from this group [11]. These ﬁndings conﬁrmed the role of FA in
enhancing uptake through active targeting via RME. In addition, the
NIR laser exerted a meaningful eﬀect on cellular uptake of the targeting
liposomes.
MTT assays were performed to evaluate the cytotoxicity of the blank
AuNRs-LPs and FA@AuNRs -LPs against NIH3T3 and 4T1 cells. As
depicted in Figure S7, when the liposomal concentration increased to
1 mg mL−1, no signiﬁcant cell death was observed in either cell line.
These results imply that the prepared liposomes exerted no speciﬁc
cytotoxicity on either normal or cancer cells, suggesting that the liposomes were biocompatible and could be used for in vivo applications.
Next, the therapeutic eﬃcacy of the prepared DOX loaded liposomes
was evaluated using 4T1 cells, which are known to overexpress FRs
[18,19]. As shown in Fig. 3c, cell viabilities following liposomal
treatment were dose-dependent. Free-drug targeting liposomes with
NIR irradiation exerted meaningful cell cytotoxicity. While the

3.2. In vitro cell study
Cellular uptake was investigated using CLSM. DAPI was used to
stain the cellular nuclei to separate with the red signal from DOX. In the
experiments, AuNRs-DOX-LPs and FA@AuNRs-DOX-LPs were added to
the 4T1 cells. For the targeting liposomes with NIR laser treatment
group, cells were irradiated for 5 min after a 2-h incubation. Cellular
uptake ﬁndings are shown in Fig. 3a. It was found that a signiﬁcantly
stronger signal was recorded in the group of the FA@AuNRs-DOX-LPs
LPs treatment group compared to the non-targeting group. These results
could be attributable to the FA molecules on the targeting liposomes
which speciﬁcally bound to the FRs overexpressed on the 4T1 cells,
enabling RME uptake pathway. Therefore, the internalization of the
targeting liposomes into the cells would be due to both pathways,
passive endocytosis and RME. However, AuNRs-DOX-LPs could only
enter the cells by passive targeting, thereby reducing the DOX ﬂuorescent signal in the cells. In the NIR treatment group, the signal was
higher than that in the NIR untreated group, suggesting that NIR irradiation could enhance the cellular uptake of the liposomes. The result
may be attributed to the membrane permeability of the cells upon laser
irradiation as previously reported [28]. In addition, DOX signals were
highly detected in the nuclei of the cells from the NIR treatment group,
suggesting that DOX was released from the liposomes following NIR
irradiation and entered the nuclei. Similar results were also obtained
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regress the tumor growth.

FA@AuNRs-DOX-LPs induced signiﬁcantly higher toxicity than the
AuNRs-DOX-LPs. The results could be explained by the higher cellular
uptake following speciﬁc binding of FA from the liposomal surfaces of
the targeting liposomes to FRs, thereby releasing higher amounts of the
drug inside the cells. The IC50 values AuNRs-DOX-LPs and FA@AuNRsDOX-LPs were 4.92 ± 0.57 μg mL−1 and 3.15 ± 0.26 μg mL−1, respectively (Table S2). A remarkable ﬁnding was that with the addition
of NIR irradiation, cell viability drastically reduced. The IC50 value for
the irradiation targeting group was 1.90 ± 0.12 μg mL−1, which was
quite close with the value of free DOX (1.71 ± 0.30 μg mL−1) (Table
S2). This result could be attributable to the local hyperthermia and the
triggered drug release from the liposomes upon NIR irradiation, leading
to the combined killing eﬀects towards the cancer cells.
In addition, calcein AM/EthD-1 co-staining assay was performed to
intuitively evaluate the eﬃciency of the cancer cell treated with PBS,
AuNRs-DOX-LPs, FA@AuNRs-DOX-LPs, or FA@AuNRs-DOX-LPs + NIR
(Fig. 3d). Green and red signals indicate live and dead cells, respectively. It was obvious to note that the formulation FA@AuNRs-DOXLPs + NIR with the synergistic therapy showed the best antitumor effects on 4T1 cells. The results were analogous with those in the cellular
uptake and MTT assays, and also were in line with the results reported
recently in literature [27].

4. Discussion
In cancer treatment, it is well known that the photothermal monotherapy induces heterogeneous distribution of heat, resulting in insuﬃcient tumor damage especially at the boundary of the tumor tissues
[32]. Meanwhile, chemotherapy suﬀers from serious adverse side effects and drug resistance [33]. Therefore, the combination is considered
as a potentially promising strategy for the treatment of cancers [11]. In
our recently published works, we have prepared and proved in vitro the
feasibility of using various ligands conjugated NPs, namely hybrid HAconjugated nanoliposomes and nanostructured lipids carriers, and FAconjugated polydopamine nanoparticles, to tackle the breast cancers
[11,31,34]. In these NP systems, the conjugations of the targeting ligands were shown to signiﬁcantly increase cellular uptake of the NPs to
cancer cells. In addition, it was proven that the encapsulation of NIR
light sensitive agents into the NPs could markedly trigger the drug
liberation from the carriers.
Furthermore, lately, there are numbers of studies on FR targeting
utilizing multicomponent liposomes composing of FA-conjugated lipids
[24,35]. In these works, the liposomes were co-encapsulated with DOX
and superparamagnetic nanoparticles (SPIONs). The functionalization
of the FA ligand was shown to critically enhance the cellular uptake of
the targeting liposomes in various cell lines, including human cervical
cancer cells (HeLa) and/or KB cells, in comparison with their nontargeting counterparts. With the encapsulation of SPIONs into the liposomes, the release of DOX was controlled with the application of
alternative magnetic ﬁelds. Although, the studies pioneered the ﬁeld
and showed encouraging results, only in vitro evaluation was conducted
to assess the therapeutic performance of these NP-platforms. Therefore,
in this study, we have designed and performed in vitro characterization
and in vivo evaluation of a unique FA-targeting multifunctional liposomal system on a mouse origin breast cancer cell line. With the
emerging application of an alternative external stimulating system
(NIR-based system), the use of small size AuNRs may oﬀer more advantages in thermal conversion ability than that of the SPIONs since
they possess typical LSPR peak in the NIR window [7,36].
The synthesized liposomes were functionalized with FA to enable
active targeting to cancer cells, thereby enhancing the cellular uptake of
the liposomes. The functionalization of the FA ligands was conﬁrmed
by the changes in size as well as XPS patterns in comparison with the
non-targeting liposomes. The average sizes of the liposomes were adjusted to be around 150 nm, allowing the passive penetration of the
systems via EPR eﬀect in combination with active targeting using FA
ligand via receptor mediated endocytosis [1,2,4]. In addition, with the
encapsulated small size AuNRs, which had high energy absorbance at
808 nm NIR light, the liposomes could be readily heated up, thereby
triggering the release of accompanying DOX. Therefore, the prepared
systems could allow targeted delivery and on-demand drug liberation to
possibly avoid adverse side eﬀects. In vitro photothermal experiments
showed that it took only 5 min for the liposomal solution to reach the
hyperthermia temperature of more than 43 °C. Meanwhile, PBS solutions displayed only minimal temperature increase.
Through the ﬂuorescent imaging, ﬂow cytometry, and in vitro cytotoxicity tests, it was found that the targeting liposomes displayed the
superior uptake by the 4T1 cells compared to the nontargeting liposomes, and showed higher cell cytotoxicity in NIR treatment group,
thus it indicates that critically higher drug amount was released and
entered the cell nuclei with the IC50 value of 1.90 ± 0.12 μg/mL,
which was relatively close with that of the free DOX. The encouraging
results were further validated using 4T1 tumor bearing BALB/C mice.
The in vivo experiments showed that synergistic application of dual
therapy with the FA targeting liposomes could eﬀectively inhibit the
tumor growth after the treatment. Meanwhile, the remaining monotherapies could only slow down the tumor development process.

3.3. In vivo evaluation on breast tumor bearing mice
Based on the excellent in vitro performance of the developed nanoplatform, we further evaluated the performance in vivo using 4T1
tumor bearing mice. First, 1 × 106 cancer cells were subcutaneously
injected to the right ﬂank of each mouse, and the tumors with the volumes around 100 mm3 were formed in approximately 10 days. Fig. 4a
and Fig. 4b represent the typical thermal photographs and thermal
changing proﬁles of the mice treated with either PBS, or FA@AuNRsLPs, or FA@AuNRs-DOX-LPs. Under NIR laser irradiation, the temperature of the tumors injected with PBS (control) could slightly increase to around 39 °C, whereas those of the tumors treated with the
liposomal therapeutics could rapidly approach to more than 43 °C for
both type of samples, which is suﬃcient for tumor ablation [28,30].
The in vivo anti-cancer therapeutic eﬃcacy the prepared liposomes
were evaluated by examination of the tumor growth. In this experiment, the tumor size of each mouse was normalized to its initial size
and was indicated as relative tumor growth in volume (%). As shown in
Fig. 4c and Fig. 4d, mice treated with all samples showed signiﬁcant
delay in tumor growth in comparison with the control group (PBS
treated); even when the mice treated with FA@AuNRs-LPs + NIR (with
no DOX), indicating the ability of killing cancer cells of the AuNRs
encapsulated liposomes using photothermal therapy. It is worth mentioning that the group treated with FA targeting liposomes
(FA@AuNRs-DOX-LPs) displayed signiﬁcant suppression on tumor
growth compared to the group treated with non-targeting liposomes
(AuNRs-DOX-LPs). The results could be attributed to the role of FA ligands that bound speciﬁcally to FA receptors expressed on 4T1 tumor
cells, as indicated in many current studies [31], thereby enhancing the
cellular uptake of the targeting liposomes, to the cancer cells via RME
pathway after the liposomes had penetrated into tumor utilizing EPR
eﬀect. An important ﬁnding was that when the group treated with
targeting liposomes and irradiated with NIR laser in 5 min, the tumor
growth was signiﬁcantly regressed compared to the initial tumor.
Fig. 4e shows the body weight proﬁles of tumor-bearing mice in 14 days
after injection of samples, indicating no signiﬁcant systemic toxicity of
the injected samples to the mice during the examined time [32]. In
addition, H&E examinations of the major organs, including heart,
kidney, liver, spleen, lung, from the mice treated with the targeting
liposomes showed no severe toxicity, thus further conﬁrming the safety
of the developed formulation (Fig. 4f). After all, the experimental results conﬁrmed the initial scenario about the synergistic eﬀects of
photothermal chemotherapy with the targeting liposomes to eﬀectively
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Therefore, the present study proposed a potentially eﬀective platform
for the treatment of breast cancer. However, in order to make our
system closer to clinical trials, our future study will focus on: (i) optimizing the composition parameters such as drug and gold nanoparticles
encapsulation eﬃciency, drug loading, average size as well as the
power and irradiation duration of the NIR system; and (ii) enhancing
the targetability of the constructed systems; one possible approach can
be the combination of diﬀerent ligands, for instance, hyaluronic acid,
FA, and/or antibodies into a single platform; another approach shall be
the use additional magnetic elements in the liposomes and utilize external magnetic actuating system to guide the nanoparticles to the
targeted area [6,37,38].
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5. Conclusion
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In summary, we have reported in this study the synthesis and evaluation of a novel drug delivery system for targeted drug delivery to FR
overexpressing mouse origin breast cancer cells. The targeting liposomes, composed of DPPC, DSPE-PEG2000, DSPE-PEG2000-Folate,
cholesterol, AuNRs, and DOX, were prepared and evaluated in-vitro and
in-vivo. The average diameter of liposomes with an FA targeting ligand
was smaller than 200 nm, enabling the delivery of DOX to cancer cells
by both passive and active targeting pathways. The FA moiety grafted
on the liposomal surfaces could signiﬁcantly augment the cellular uptake of liposomes. Moreover, through the entrapment of AuNRs in the
cores of the liposomes, DOX release could be enhanced when the liposomes were exposed to an 880-nm NIR laser. In addition, MTT results
also suggested that NIR irradiation increased the cytotoxicity of the
targeting liposomes. Finally, the results were further conﬁrmed by in
vivo test on 4T1 tumor-bearing mice, which showed that the developed
nanosystems could eﬀectively regress the tumor development. It,
therefore, appears that the use of FA ligand-conjugated liposomes with
synergistic application of photothermal-chemotherapy may oﬀer an
eﬀective strategy to tackle the FR overexpressing cancers.
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