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Abstract
For the synthesis of biocompatible photothermal agents, gold nanorod-embedded polymeric
nanoparticles (GPNs) were synthesized using a nanoprecipitation method. Uniform gold
nanorods (GNRs), which are sensitive to a photothermal effect by near-infrared (NIR) light,
with an aspect ratio of 4.0 were synthesized by a seed-mediated growth method. The hydroxyl
groups of polycaprolactone diol (PCL diOH) were modified by esterification with
mercaptopropionic acid to give a dithiol (polycaprolactone dithiol, PCL diSH) as a phase
transfer and capping agent. Subsequently, hexadecyltrimethylammonium bromide (CTAB), a
stabilizer of GNRs, was exchanged and/or removed by PCL diSH. PCL diSH-coated GNRs
were further wrapped in a hydrophilic polymer, Pluronic F127, as a stabilizer. These newly
formulated GPNs exhibit excellent stability in water and a maximum absorbance in the NIR
region indicating a highly efficient surface plasmon resonance effect, phenomena useful for
photothermal agents.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Due to their remarkable physicochemical properties, the
use of nanoparticles has led to advances in biomedical
applications including in vitro and in vivo molecular imaging,
drug delivery systems, and diagnostics [1–5]. In particular,
the use of hyperthermia using near-infrared (NIR) light
irradiation of photothermal nanoparticles has recently received
attention as a non-invasive alternative to existing surgical
procedures for some diseases. Because NIR light deeply
penetrates through biological tissue without damage to
normal tissue, the use of NIR has mitigated some patient
compliance issues [6]. Recently, carbon nanotubes, gold
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nanoshells, and gold nanorods (GNRs) have been extensively
studied as photothermal agent candidates [7–14]. These
nanoplatforms convert absorbed NIR light into localized heat
capable of cancer cell ablation [8, 11, 14]. In particular,
GNRs have attracted interest because they possess a tunable
surface plasmon resonance band that is adjustable from the
visible to NIR range by modification of the aspect ratio
(length/width) [15–17], and their method of synthesis is
simple and well established [18–20]. Nevertheless, the
clinical application of GNRs has been limited, as the
hexadecyltrimethylammonium bromide (CTAB) that envelops
the surface of GNRs, and is necessary for their stabilization,
is not biocompatible due to a cytotoxic effect caused by
disruption and solubilization of cell membranes by the cationic
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Figure 1. Schematic illustration of gold nanorod-embedded polymeric nanoparticles (GPNs) prepared by the nanoprecipitation method:
(a) GNRs coated with CTAB were dispersed in water. (b) After a ligand exchange process using PCL diSH, GNRs were transferred from
water to acetone. (c) GPNs prepared using Pluronic F127 were dispersed in water.

head group [21, 22]. Therefore, it is essential to replace the
GNR stabilizer with biocompatible capping ligands. Modified
ligands should also provide stability for GNRs in the aqueous
phase [23]. The stabilization of GNRs in an aqueous phase
with amphiphilic block copolymers can be achieved by either
(i) a nanoemulsion method using water-immiscible non-polar
solvents such as chloroform under intensive mixing (i.e. strong
agitation, ultrasonication) or (ii) a nanoprecipitation method
using water-miscible polar solvents such as acetone under
moderate stirring [24–26]. The nanoprecipitation method is
preferred because high shear mixing, as with an ultrasonication
process, may cause detachment of ligands from the GNR
surface inducing instability of colloidal nanoparticles [26].

Here, we describe a method to fabricate biocompatible
gold nanorod-embedded polymeric nanoparticles (GPNs) for
use as photothermal agents, which absorb strong NIR light.
First, uniform GNRs were synthesized in an aqueous CTAB
solution, and then the surface ligand, CTAB, was exchanged
by dithiol-modified polycaprolactone (PCL diSH) as the GNR
capping ligand. Since a reversible bonding between the
thiol group and the GNR surface is facilitated by proteins
under physiological conditions, making the GNR unstable,
the surface of the GNR was fully covered with PCL diSH.
PCL diSH can be biodegraded by hydrolysis and is soluble
in various non-polar and polar aprotic solvents enabling the
elimination of CTAB from GNRs and the formulation of
a water-stable nanoplatform. After the formation of the
hydrophobic PCL diSH-coated GNRs, the surface was further
enveloped with Pluronic F127 by the nanoprecipitation method
to produce a water soluble GNR. Figure 1 shows the conceptual
scheme for the preparation of GPNs. To assess their potential
as photothermal agents, we evaluated their physicochemical
properties as well as thermal capability under NIR light
irradiation.

2. Materials and methods

2.1. Materials

Gold (III) chloride trihydrate, hexadecyltrimethylammo-
nium bromide (CTAB), sodium borohydride, silver ni-
trate, L-ascorbic acid, polycaprolactone diol (PCL diOH,
Mn : 2000 Da), 3-mercaptopropionic acid (MPA), triethy-
lamine, Pluronic F127, and dichloromethane were purchased

from Sigma-Aldrich. Acetone and chloroform were obtained
from Duksan Pure Incorporated. All other chemicals and
reagents were of analytical grade. Ultrapure deionized (DI)
water was used for all solutions in the gold nanorod synthesis.

2.2. Synthesis of gold nanorods (GNRs)

Monodispersed gold nanorods (GNRs) were synthesized by a
seed-mediated growth method in aqueous CTAB solution [19].
For the preparation of the gold seed solution, 0.25 ml of gold
(III) chloride trihydrate solution (100 mM) and 7.5 ml of
CTAB solution (95 mM) were mixed, and then 0.06 ml of ice-
cold sodium borohydride solution (100 mM) was added under
vigorous stirring for 2 min, and the product solution was stored
at room temperature for at least 3 h. To synthesize GNRs, a
growth solution containing 0.08 ml of silver nitrate solution
(100 mM), 0.5 ml of gold (III) chloride trihydrate solution
(100 mM), and 9.5 ml of CTAB solution (95 mM) was prepared
under vigorous stirring. Addition of 0.055 ml of ascorbic acid
solution (100 mM) to the growth solution caused the yellow
solution to become colorless. Subsequently, 0.012 ml of gold
seed solution was added to the growth solution, and the mixture
was stirred for 10 s. The product solution was kept for a day
at room temperature without stirring, and a color change from
colorless to reddish-brown was observed. To remove excess
CTAB, the GNR solution was purified twice by centrifugation
at 15 000 rpm for 30 min and re-dispersed in 5 ml of DI water.

2.3. Synthesis of polycaprolactone dithiol (PCL diSH)

A schematic illustrating the synthesis of polycaprolactone
dithiol (PCL diSH) is presented in figure 2. PCL
diOH (1.5 mM), mercaptopropionic acid (6.0 mM), N,N ′-
dicyclohexylcarbodiimide (6.0 mM), triethylamine (6.0 mM)
and 4-(dimethylamino)pyridine (6.0 mM) were dissolved in
anhydrous dichloromethane (120 ml), and the reaction was
carried out for 24 h at room temperature under nitrogen. After
evaporation of the solvent, the reactants were dissolved in
dichloromethane and the urea by-product was removed by
filtration. Excess cold diethyl ether was added dropwise to
the transparent solution to induce precipitation. The purified
precipitates were isolated by filtration, lyophilized, and stored
under vacuum for later use.
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Figure 2. Synthetic scheme for modification of PCL diOH as a GNR
phase transfer agent.

2.4. Preparation of gold nanorod-embedded polymeric
nanoparticles (GPNs)

Gold nanorod-embedded polymeric nanoparticles (GPNs)
were prepared by a nanoprecipitation method using PCL diSH.
First, 1, 5, or 10 mg of PCL diSH dissolved in 2 ml of
chloroform were added to 1 ml of GNR solution (47.23 µg
of gold ml−1). The mixture was vigorously stirred at 50 ◦C
for 24 h in a glass vial. After the reaction, GNRs dissolved
in chloroform were separated from the mixture, and then the
chloroform was evaporated. Dried, hydrophobic GNRs were
dissolved in 1 ml of acetone for fabrication of water soluble
GPNs by the nanoprecipitation method. A solution of GNRs
dissolved in acetone was rapidly added to 20 ml of DI water
containing 1 wt% Pluronic F127 under moderate stirring at
room temperature. After solvent evaporation, the water soluble
GPNs were obtained after centrifugation at 15 000 rpm for
30 min.

2.5. Photothermal effect of GPNs by NIR laser irradiation

For photothermal studies with NIR laser irradiation, 1 ml of
GPN solution (11.8 µg of gold ml−1) and water, without GNRs

as a control, were prepared in glass vials, respectively. The
solutions were irradiated with 808 nm coherent diode laser
light at a power density of 2.45 W cm−2 for 5 min, and
the elevation of the solution temperature was measured by a
thermocouple.

2.6. Characterizations

The chemical structures of PCL diSH and GPNs were
analyzed by a 1H-NMR spectrometer (JUM-ECP300, JEOL
Ltd, Japan) with chloroform-d and deuterium oxide as the
solvents, respectively. The characteristic bands of PCL
diSH and GPNs were confirmed by Fourier-transform infrared
spectroscopy (FT-IR, Varian, Excalibur™, USA) and the
molecular weight of PCL diSH was measured using a gel
permeation chromatography column (Acme 9200 GPC, Young
Lin Instrument Co., Ltd). The absorbance of GNRs and
GPNs was measured using an UV–vis spectrometer (Optizen
2120UV, MECASYS Co.) and their size distributions were
measured by laser scattering (ELS-Z, Otsuka electronics,
Japan). The morphologies of GNRs and GPNs were evaluated
using a high resolution transmission electron microscope
(HR-TEM, JEM-2100 LAB6, JEOL Ltd). The quantity of
gold encapsulated in GPNs was determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES).

3. Results and discussion

To demonstrate a sensitive photothermal effect under NIR light
irradiation, uniform GNRs with an aspect ratio (length/width)
of 4.0 were synthesized by the seed-mediated growth
method. Gold (III) chloride ion was reduced with a strong
reducing agent (sodium borohydride) to yield spherical gold
nanoparticles (∼3 nm) as seeds protected with the cationic
surfactant, CTAB. Subsequently, gold seed nanoparticles were
grown using a growth solution containing gold salts, a weak
reducing agent (ascorbic acid) and CTAB. In this process,
CTAB plays an important role in the formation of rod-shaped
gold nanoparticles because CTAB molecules preferentially
bind to the long axis face of the growing GNRs. The
morphology of the GNRs as revealed by TEM is shown in
figure 3(a) and the GNRs have a width of 10 nm and a

Figure 3. (a) TEM image of GNRs and (b) UV–vis absorption spectrum of the GNR solution.
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Figure 4. FT-IR spectra of (a) carbonyl group and (b) thiol group of
(i) PCL diOH, (ii) PCL diSH, and (iii) mercaptopropionic acid,
respectively.

length of 40 nm; these are averages from TEM image (n =
30). To confirm the optical plasmon peak of the GNRs, the
spectrum was analyzed using a UV–vis spectrometer. The
GNRs exhibited a weak transverse plasmon band at 510 nm
and a strong longitudinal plasmon band at 810 nm (figure 3(b))
due to the oscillation and resonance of surface plasmon along
the short and long axes of the GNRs, respectively.

We next removed CTAB from the GNRs and replaced
it with PCL diSH to enhance the biocompatibility of the
GNRs. The hydroxyl group of PCL diOH was modified
by esterification using MPA to produce thiol groups able to
conjugate with the GNR surface. The characteristic bands of
PCL diSH were confirmed from FT-IR spectra (figures 4(a)
and (b)). The carboxyl group (1700 cm−1) of MPA was
coupled with PCL diOH to give the ester (1720 cm−1)
and thiol (2540 cm−1) groups of PCL diSH. The chemical
structure of PCL diSH was also evaluated by 1H-NMR, and
the spectrum is presented in figure 5. The characteristic peaks
of PCL diOH were observed at 1.4 ppm, 1.7 ppm (–CH2–),
2.4 ppm (–COCH2–), and 4.1 ppm (–CH2O–). In addition,
the methylene protons (–CH2CH2–) of MPA were found at 2.8
and 3.2 ppm. The molecular weight (Mw) of PCL diSH was
5000 Da with a low polydispersity index (Mw/Mn = 1.07),
and PCL diSH eluted as a single peak from the gel permeation
column indicating its high purity (figure 6). These results
demonstrate that PCL diSH was successfully synthesized.

To prepare PCL diSH-coated GNRs, the ligand exchange
process between CTAB and PCL diSH was conducted under
vigorous stirring of a mixture containing GNRs (dispersed in
water) and PCL diSH (dissolved in chloroform). PCL exhibits
good solubility in non-polar solvents as well as polar aprotic
solvents and is suitable to use as a substitute for CTAB in
nanoprecipitation. To determine the appropriate amount of
PCL diSH, we varied the concentration of PCL diSH (1, 5
and 10 mg). The reaction temperature was kept at 50 ◦C to
dissociate CTAB from the GNR surfaces. Meanwhile, we
observed that the reddish-brown color gradually disappeared
from the water during the mixing, while at the same time the
initially colorless chloroform layer became dark bluish-purple
(figures 7(a) and (b)), indicating a successful conjugation of

Figure 5. 1H-NMR spectrum of PCL diSH.

Figure 6. Gel permeation chromatogram of (a) PCL diOH and
(b) PCL diSH.

PCL diSH with the GNRs as well as detachment of CTAB
molecules from the GNRs due to their relatively weaker
binding strength compared to PCL diSH. In addition, the
CTAB layers of GNRs were destabilized by heating and the
PCL diSH dissolved in chloroform had an opportunity to meet
GNRs dispersed in water by vigorous mixing, leading to PCL
diSH instead of CTAB binding spontaneously on the surface
of GNRs. The experiment using 1 mg of PCL diSH was not
successful, indicating that an insufficient amount of PCL diSH
bound to the GNR surface and resulted in aggregation of the
GNRs (data not shown).

To prepare the water soluble gold nanorod-embedded
polymeric nanoparticles (GPNs) by a nanoprecipitation
method, dried hydrophobic PCL diSH-coated GNRs were re-
dissolved in acetone, a water-miscible, polar aprotic solvent.
Because PCL diSH is soluble in both non-polar and polar
aprotic solvents, PCL diSH-coated GNRs were well suspended
in acetone without aggregation occurring. Acetone containing
PCL-coated GNRs was rapidly injected into 1 wt% of Pluronic
F127 dissolved in water, and the PCL diSH-coated GNRs
simultaneously diffused into the water phase along with
acetone molecules and the hydrophobically modified GNRs
were then precipitated and entrapped by the Pluronic F127
at the interface of acetone and water to form GPNs. The
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Figure 7. Photographs of glass vials containing GNRs (a) before and (b) 24 h after the ligand exchange process using PCL diSH.
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Figure 8. (a) TEM image, (b) size distribution, and (c) UV–vis absorption spectra of GPNs upon addition of 5 mg of PCL diSH. The inset
image is GPNs dispersed in water.

Figure 9. (a) 1H-NMR spectra of (i) GPNs and (ii) GNRs and (b) FT-IR spectrum of GPNs.

morphology of GPNs negatively stained with phosphotungstic
acid solution (2%) was verified using a TEM (figure 8(a)).
Their narrow size distribution (65.9 ± 2.0 nm) and zeta
potential (−15.9 ± 1.0 mV) were also confirmed by laser
scattering (figure 8(b)). The thickness of the polymeric
coating defined as the shell thickness of spherical core–shell
nanoparticles (the core is a cluster of GNRs and the shell
is organic polymer) was calculated (17.41 nm). The optical
plasmon peak of GPNs using a UV–vis spectrometer confirmed
that the GPNs maintained a strong absorbance of NIR light
even after being coated with Pluronic F127 (figure 8(c)).
Moreover, due to the hydrophobicity between PCL diSH-
coated GNRs, agglomerated GNRs in GPNs are produced, as

shown in the TEM image (figure 8(a)), and this result supported
the enhanced NIR absorption of GPNs [27, 28]. The amount
of gold in the GPNs was 1.2� as determined by ICP-AES
analysis.

The surface functional groups of the GPNs were evaluated
by 1H-NMR spectroscopy (figure 9(a)), and their characteristic
peaks were observed at 1.2 and 3.7 ppm, coming from
the –CH3 and –CH2– of Pluronic F127, respectively. The
peaks at 1.3 and 3.1 ppm corresponding to the –CH2–
and N(CH3)3 of CTAB from the GNRs disappeared after
successful conjugation with PCL diSH. Moreover, in the FT-
IR spectrum, a characteristic peak of PCL diSH was found at
1724 cm−1 from the ester group (figure 9(b)). These results
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Figure 10. Temperature profile for (a) GPNs solution (11.8 µg ml−1)
and (b) water irradiated by NIR laser diode (808 nm) with a power
density of 2.45 W cm−2 from 0 to 5 min. The NIR laser was turned
off at 5 min.

indicated that the GNRs were completely encased by PCL and
the Pluronic F127 matrix from the nanoprecipitation process.

To examine the photothermal effect of GPNs, we next
measured the temperature changes generated by 808 nm laser
irradiation at 2.45 W cm−2 for 5 min (figure 10). We
observed that the temperature of the GPN solution under
NIR irradiation increased by 14.8 ◦C compared to the water
control without GNPs, and this temperature elevation would be
sufficient for the GPNs to induce cell damage and to serve as a
photothermal agent [9, 29]. Consequently, the water soluble
GPNs clearly demonstrate the desired attributes of efficient
plasmon resonance and biocompatibility.

4. Conclusion

We successfully synthesized biocompatible GPNs for use as
photothermal agents using a nanoprecipitation method with
the polar aprotic solvent miscible polymer bearing a thiol
end group, PCL diSH. The GPNs were considerably stable
in the aqueous phase and exhibited a maximum absorbance
at 755 nm indicating a highly efficient surface plasmon
resonance effect suitable for photothermal therapy. Moreover,
CTAB was successfully replaced with polymeric/amphiphilic
coatings (PCL diSH and Pluronic F127) that enhanced the
biocompatibility as well as water solubility of gold nanorods
for better applicability to biomedical fields. Our nanoplatform
could be extended to drug delivery systems due to the presence
of PCL, which is available as a drug delivery vehicle. Our
results suggest that synthesized GNPs are quite feasible
as nontoxic and efficient photothermal agents and, further,
provide an efficient nanoplatform for wider applications of
gold nanoparticles in biomedical imaging, diagnostics and
drug delivery.
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