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Gold/chitosan nanocomposites were synthesized and evaluated as a therapeutic agent for the photothermal therapy. Gold
nanoparticles (Au NPs) with controllable optical absorption in the near infrared (NIR) region were prepared by the reaction
of chloroauric acid and sodium thiosulfate. To apply these particles to cancer therapy, the bare Au NPs were coated with chitosan
(CS), O-carboxymethyl chitosan (CMCS), and a blend of CS and CMCS for utilizations in physiologic conditions. The surface
properties, optical stability, and photothermal ablation efficiency on hepatocellular carcinoma cells (HepG2) and human dermal
fibroblast cells (HDF) demonstrate that these gold nanocomposites have great potential as a therapeutic agent in in vitro tests. The
CS-coated nanocomposites show the highest efficiency for the photo-ablation on the HepG2 cells, and the CS and CMCS blended
coated particles show the best discrimination between the cancer cell and normal cells. The well-controlled NIR absorption and
the biocompatible surface of these nanocomposites allow low-power NIR laser activation and low-dosage particle injection for the
cancer cell treatment.

1. Introduction

The use of nanoparticles (NPs) in biomedical field is one of
the most important branches of nanobiotechnology. Many
biomedical applications require nanoparticles with low tox-
icity, biocompatibility, and stability with high preferential
accumulation in the target tissue or organ [1]. Polymer-
nanoparticle composites may possess the unique property
superior to that of either the polymer or nanoparticles. Metal
nanoparticles with polymer coatings or dispersed in poly-
meric matrices display the increased stability, improved pro-
cessability, recyclability, and solubility in a variety of solvents
[2].

Gold nanoparticles (Au NPs) are attracting enormous
attentions in applications for immunoassay [3, 4], drug
delivery [5], contrast enhancement, and thermal therapy for
tumor treatment [6–8], due to their nanoscale size, oxide-
free components, bioconjugation property, biocompatibility,
and unique optical properties.

Thermal therapy, also termed as hyperthermia, has thou-
sands years history as one of most important methods for the

tumor treatment [9]. In this technique, moderate heating is
generated in the target region, resulting in tumors selectively
destroyed, due to their reduced heat tolerance compared to
normal tissue [10]. In the past decades, because many new
heating sources such as radiofrequency [11], microwave [12],
magnetic field [13], and laser [9] were employed, there were
remarkable progresses achieved in this area. Photothermal
therapy (PT) is a promising field within thermal therapy,
incorporating laser techniques and photoabsorbing agents.
Light absorbing dyes, chemical photosensitizers, and solid
optically responsive nanomaterials have been applied as
the photoabsorbing agents in PT [9]. For small metal
nanoparticles, their optical properties are dominated by
collective oscillation of conduction electrons. An absorp-
tion band results when the incident photon frequency is
resonant with the collective oscillation of the conduction
band electrons, and this is known as the surface plasmon
resonance (SPR) [14]. Au NPs possess strongly enhanced
visible and near infrared light absorption, which is several
orders of magnitude more intense compared to conventional
chromophores. Various gold-based nanostructures with NIR
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absorption have been developed. Gold nanospheres [15],
gold nanoshells [7], gold nanorods [16], and gold nanocages
[17] are the popular nanostructures that have been demon-
strated in photothermal therapeutics due to their strongly
enhanced absorption in the visible and NIR regions on
account of their SPR effects.

In our work, Au NPs with NIR absorption were prepared
by the one step reaction of chloroauric acid and sodium
thiosulfate. Their NIR absorption wavelengths were well
controlled by adjusting molar ratio of HAuCl4/Na2S2O3

[18]. These Au NPs were coated with chitosan- (CS)-
based coatings and used as a therapeutic agent for the
photothermal ablation of cancer cells. Chitosan is a biobased
polysaccharide derived from shrimp and crab shells [19]. It
is nontoxic, biodegradable and biocompatible, and has good
processability [20, 21]. The cost associated with chitosan is
much lower than that of other polymer coatings or chemical
compounds, for example, polyethylene glycol (PEG) that
are often used to protect and stabilize the nanoparticles by
many researchers [5]. Hepatocellular carcinoma is the most
common primary malignant tumor of the liver. It affects
greater than half a million patients worldwide. US liver-
related cancer deaths account for 4% of all cancers or about
20,000 deaths annually. Two anchorage-dependent cell lines,
hepatocellular carcinoma cell line (HepG2), and control cell
line of human dermal fibroblast (HDF) were selected for
the estimation of laser ablation efficiency of these novel
gold nanocomposites. The efficacy was evaluated by live/dead
stain images following photothermal ablation. These gold
nanocomposites show great ability for laser ablation, and the
surface coating components plays a very important role for
selectivity to certain cancer cells. In addition, this composite
material offers new and desirable advantages for cancer
treatment. Beside the optically tunable gold nanoparticle for
efficient conversion of light to heat, chitosan-based coatings
provide tunable surface charges for applications in a variety
of physiological pH environments and also allow further
modification with targeting molecules or drug molecules by
chemical reaction or electrostatic interaction.

2. Experimental

2.1. Preparation of Au Nanoparticles. Au NPs were pre-
pared by the method we reported before [18, 22]. In
which, 3 mM sodium thiosulfate (Na2S2O3·5H2O, Aldrich,
99.999%) solution was added into 1.71 mM chloroauric
acid (HAuCl4·3H2O, Alfa Aesar, Au 49.68%) solutions with
desired volume ratio at room temperature and vortexed for
20 seconds for uniform mixing. All the water used in the
experiments was purified by a Thermo Scientific Easypure
II system, with a resistivity of 18.2 MΩ cm.

2.2. Preparation of Carboxymethylated Chitosan. Low mol-
ecule weight chitosan (Sigma-Aldrich, MW 50–190 K) was
used for the surface coating of the Au NPs. Based on this chi-
tosan, O-carboxymethyl chitosan (CMCS) was synthesized as
the reported method [23, 24]. Briefly, 15 g sodium hydroxide
was dissolved in a 20 : 80 mixture of deionized water and
isopropanol (100 mL) in a 500 mL flask. 10 g chitosan was

added to the flask to swell and alkalize at 50◦C for 1 h. 15 g
monochloroacetic acid (ClCH2CO2H, 99%, Acros Organics)
was dissolved in 20 mL isopropanol and added into the
reaction mixture dropwisely in 30 min and reacted under
vigorous agitation for 4 h at 55–60◦C. Adding 200 mL 80%
ethyl alcohol stopped the reaction. The product was filtered
and repeatedly rinsed by 80% ethyl alcohol, to desalt and
dewater, until the pH value of the washing solution was less
than 8.0. Finally, the product was vacuum dried for 1 day at
40◦C.

2.3. Preparation and Purification of Au NPs with Chitosan
Based Coatings. Stock solution of chitosan was prepared
by dispersing chitosan (1 g) in 0.7% acetic acid solution
(100 mL). CMCS solution was prepared by directly dis-
solving CMCS (1 g) in 100 mL DI water. CS and CMCS
solutions were purified by centrifuge at 1000 rpm for 10 min,
to remove the little amount of insoluble residuals, and
then were dialyzed (Spectrum Dialysis Membranes, MWCO
3 KDa) for 2 days. The chitosan-coated Au NPs (Au/CS),
CMCS coated Au NPs (Au/CMCS), and CS and CMCS
blended coated Au NPs (Au/(CS+CMCS)) were prepared
by, respectively, adding CS solution, CMCS solution, or CS
and CMCS blending solution (CS and CMCS solutions were
premixed) dropwisely into the as-synthesized gold particle
suspensions, with vigorous agitation. The ratio between CS
or CMCS to Au NPs was controlled as 0.2 mg CS or CMCS
per OD Au NP suspension and between CS and CMCS
blending to Au NPs is (0.15 mg CS + 0.05 mg CMCS) per
OD Au NP suspension (OD is the optical density). Then
these samples were set on the rocking bed for 1 day. In the
end the gold nanocomposite suspensions were concentrated
and separated from the solution by centrifugation at 1000 g
for 20 min. This step will remove the byproducts in solution
and the extra chitosan. Then the centrifuged pellets were
dispersed in sterilized DI water to a concentration of
25 OD/mL and stored at 4◦C for the subsequent studies.

2.4. Characterization of Au NPs. The optical absorption of
Au NPs was measured by a UV-Visible spectrophotometer
(Cary-50Bio, Varian). A Zetasizer (Nano-ZS90, Malvern)
was used to assess the surface charge of the nanoparticle
suspensions. A FEI Tecnai F30 transmission electron micro-
scope (TEM) operated at 200 KV was used to determine the
morphology of Au NPs. Several Au NPs suspensions that
have different NIR peak wavelength were carefully prepared
for the photo-induced temperature rising measurement.
1 mL of the Au NP suspensions were added into the wells
of tissue culture plate (Multiwell, Primaria 24 Well), with
the concentration of 1 OD/mL. A laser with 817 nm centered
wavelength generated by FAT-System (Coherent, CA) was
shone on the gold suspension. The laser spot has the same
area with the well, and the power of the laser was fixed
as 1 W/cm2. An infrared thermometer (CSmicro, Optris
GmbH, Germany) detecting the temperature of the Au NP
suspension was fixed 10 cm above the media.

2.5. Photothermal Ablation Study. All cell lines were obtained
from ATCC (Manassas, MA). Human dermal fibroblasts cell
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Figure 1: Z-contrast STEM images of the Au NPs synthesized from reaction of HAuCl4 and Na2S2O3 before and after centrifugation process.
(a) As-synthesized Au NPs; (b) Au NPs after purification by centrifugation. The purified product has the NIR absorption peak at 820 nm.
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Figure 2: Heating effect of the gold nanoparticles with NIR absorp-
tion peaks at 820 nm, 880 nm, 980 nm, and 1070 nm, respectively,
under the 817 nm wavelength laser exposures. The laser power is
1 W/cm2, and the Au NPs were dispersed in water at a concentration
of 1 OD/mL. Inset shows the UV-visible-NIR spectra of the four Au
NPs samples.

line (HDF, ATCC: PCS-201-012 male source) and hepatocel-
lular carcinomas cell line (HepG2, ATCC: 59194) were seeded
at monolayer confluence to allow for easier cell counting
following staining (within 15 passages). All the cells were
cultured at 37◦C in a 5% CO2 environment in Dulbecco’s
modified eagle medium (DMEM) supplemented with 4 mM
l-glutamine, 1% penicillin, and 10% fetal bovine serum.
Prior to laser ablation experiments, cells were detached
from culture flash with trypsin (0.25%) and resuspended in
DMEM media and injected into the 24-well tissue culture
plate (Multiwell, Primaria), cultured for 36–48 hours to
achieve confluence. Laser ablation was performed based on

methods described in [7]. Cells were incubated with 1 mL
DMEM media which contains 1 OD Au NPs for 2 h to obtain
the binding of the Au NPs on the cell. For this experiment,
Au NPs and gold/chitosan nanocomposites were prepared
with NIR absorption in the range of 820 nm to 850 nm, close
to the wavelength of the laser source. Media were removed,
and cells were rinsed with 0.5 mL PBS buffer, followed by
addition of 0.5 mL fresh media to the culture wells. Next,
the cells were exposed to 817 nm NIR laser at optimized
conditions (5 W/cm2, 2 min). Well plates were incubated
overnight after photothermal treatment, and a live/dead stain
(Invitrogen, Carlsbad, CA) was performed, and fluorescent
images were obtained and analyzed. Images were taken with
a Nikon D90 camera on an Accu-Scope 3032 Microscope for
green/red fluorescence, respectively, and cell numbers were
counted manually.

3. Results and Discussion

3.1. Preparation of Gold Nanoparticles with Desired Near
Infrared Absorption. In our previous work [18, 25], a
convenient method was developed to synthesize Au NPs with
controllable NIR absorption. Au NPs were synthesized by
one-step reaction of chloroauric acid and sodium thiosulfate,
without assistance of additional templates, capping reagents,
or seeds assembly. The synthesized products consist of
nanoparticles with different shape and size including small
spherical colloid gold particles (<5 nm) and nonspherical
gold crystals. The nonspherical gold crystals are mainly
the truncated octahedron, pentagons, and cuboctahedron,
as well as the triangular-shaped plate structures [18]. Two
absorption peaks due to the surface plasmon resonance are
observed from these samples. The first SPR peak centered
at around 530 nm is the characteristic SPR of the spherical
colloid gold particles, and the second SPR component is
higher at NIR band, which is attributed to the multipolar
SPR band from the nonspherical Au NPs [18, 25]. Since
the NIR absorption wavelengths increase with increasing
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Figure 3: High-resolution TEM images of the Au NPs: (a) Au NPs without coating, (b) Au/CS nanocomposite, (c) Au/CMCS nano-
composite, and (d) Au/(CS+CMCS) nanocomposite.

molar ratio of HAuCl4/Na2S2O3, adjusting the molar ratio
of HAuCl4/Na2S2O3 during the reaction controlled the
absorption wavelength of the Au NPs. These products were
further purified by the centrifugation to remove the spherical
colloid gold particles, improving the NIR absorption. Figures
1(a) and 1(b) are the Z-contrast STEM images of the as-
synthesized Au NPs and the same batch sample purified
with centrifugation. The purified product possesses the NIR
absorption wavelength at 820 nm. The temperature of the
NIR absorbing Au NP suspension induced by the NIR laser
radiation is affected by the concentration of nanoparticles,
laser power, exposure time, and the absorbing wavelength
of the Au NPs [26]. Figure 2 compares the heating effect of
the Au NPs suspensions with NIR peak at 820 nm, 880 nm,
980 nm, and 1070 nm, respectively (showing in the insert
figure) under the 817 nm wavelength diode laser (1 W/cm2)
exposures. After 3 minutes, the temperature reaches to 50.8,
48.2, 46.4, and 41.2◦C for the particles from low wavelength
to high wavelength, respectively. The gold sample that has
the NIR peak more close to the wavelength of laser source
shows the best heating effect. The effective control of the
NIR absorption of the gold nanoparticles for matching the

wavelength of the laser source enhances the hyperthermia
treatment. Meanwhile, the NIR wavelength is considered as
the best light source for the photothermal therapy, because it
is minimally absorbed by the normal tissues components of
water and hemoglobin and can transmit deeply in the body.

3.2. Chitosan-Based Coatings on the Gold Nanoparticles.
Chitosan is a cationic polysaccharide of D-glucosamine and
N-acetyl-D-glucosamine and has been shown to be a highly
biocompatible material and have antibiotic properties. To
improve its solubility or achieve new functionality, chemical
modifications of chitosan were conducted and many deriva-
tives have been synthesized. For example, modifications
can be synthesized by carboxylation of the hydroxyl or
amine groups in chitosan structure [20], resulting in the
O-carboxymethyl chitosan or N-carboxymethyl chitosan
respectively. O-carboxymethyl chitosan is achieved by sub-
stituting parts of the –OH at C-6 position of glucosamine
units with –CH2COOH. Therefore, the reactive ligands such
as –COOH and –NH2 groups are amenable to chemical
functions. Others have reported the stabilization of GNPs
with chitosan. As chitosan in solution is protonated and
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Figure 4: Optical stability of the Au NPs with different chitosan coatings in (a) PBS solution and in (b) 1 wt.% NaCl solution.

positively charged, it can be adsorbed onto the surfaces of
gold nanoparticles, stabilizing and protecting the nanopar-
ticles [27–29]. As-synthesized Au NPs present strongly
negative surface charge (around −40 mV) allowing the
positive charged chitosan tightly coated onto gold surface via
electrostatic interaction.

Figures 3(a), 3(b), 3(c), and 3(d) show the high-reso-
lution TEM images of the Au NPs without coating, Au/CS,
Au/CMCS, and Au/(CS+CMCS) nanocomposites, respec-
tively. The as-synthesized bare Au NPs have a 1-2 nm thin
layer on their surface. Comparing to the bare Au NPs, Figures
3(b)–3(d) show the chitosan-based coatings effectively cover
the gold NPs uniformly, forming a 2–5 nm thick layer on the
gold surface.

Table 1 lists the hydrodynamic diameter and the surface
charge of the gold nanoparticles with different chitosan-
based coatings in water. The chitosan-based coating signif-
icantly changed the surface property of the gold nanoparti-
cles. The average particle size of the bare gold nanoparticles
is 36 nm; after being coated with polymer, the hydrodynamic
diameter of Au/CS, Au/CMCS, and Au/(CS+CMCS) reaches
290, 236, and 262 nm, respectively. Meanwhile, their sur-
face charge changes from −43.5 mV to +43.8, +20.2 and
+24.3 mV, respectively.

Figure 4 shows the optical stability of the Au NPs with
different coatings in PBS and 1 wt% NaCl solution. Since

the physiologic salinity is near 1%, optical properties of Au
NPs were simulated in these solutions. The optical stabilities
were measured by monitoring the optical absorbance of
the Au NPs at their NIR peak wavelength as function of
time. These nanoparticles have similar behavior in the PBS
and NaCl solution. CMCS-coated particles show the highest
stability, and there is no obvious decrease in its optical
absorption in 3h. The CS and CMCS blended coated particles
also show good stability, with a decrease in its absorbance
less than 10%. The most unstable particles are the bare
Au NPs. Its absorbance decreases more than 70% in saline
environment. The Au/CS nanocomposites are more stable
than the bare particles, but less stable than the Au NPs
with CMCS component in the coating. The decrease of NIR
absorption of the bare Au NPs results from interparticle
coupling effect [30, 31], in which its stabilized surface layer
was disturbed due to the high ion strength, causing the
particle aggregation (irreversible coalescence). This behavior
may greatly decrease the efficiency of photothermal ablation.
Chitosan-based coatings greatly improve the optical stability
of the Au NPs. The instability of the Au/CS NPs mainly
results from the sedimentation of particles caused by the
agglomeration (reversible coalescence) of chitosan coating.
At the pH value above 6, the solubility of chitosan becomes
worse. CMCS has the best solubility in all pH ranges except
its isoelectrical point [23]. The good solubility and the
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Table 1: Surface property of the gold nanoparticles with different chitosan-based coatings. Particles are dispersed in DI water with a
concentration of 1 OD/mL.

Nanoparticles Coating components Hydrodynamic diameter (nm, mean ± STD) Zeta Potential (mV, mean ± STD)

Au Bare None 36.0 ± 1.78 −43.5 ± 2.92

Au/CS CS 290.4 ± 52.7 +43.8 ± 4.36

Au/CMCS CMCS 235.5 ± 9.05 +20.2 ± 0.68

Au/(CS + CMCMS) 75 wt.% CS+
25 wt.% CMCS

262.3 ± 58.9 +24.3 ± 0.80
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Figure 5: Effect of pH on Zeta potential of Au NPs with different
coatings. Square point: Au/CMCS NPs, Triangle point: Au/CS NPs,
Sphere point: Au/(CS+CMCS) NPs.

increased chain flexibility [32] of CMCS may prevent the
coupling effect and the sedimentation of the particles.

By adjusting the surface components, the surface charge
of the Au NPs can be modified. Figure 5 shows the zeta
potential of Au NPs with different chitosan coatings as
function of the pH value. The isoelectric points (IEPs) of
Au/CMCS, Au/(CS+CMCS), and Au/CS nanocomposites are
6.1, 7.1, and 7.7, respectively. IEP of CMCS is close to value
(5.5) reported by Zhao et al. [33]. CMCS presents amine
and carboxylic acid groups in its structure. In solution,
the groups turn to the ion state, −NH3

+ and –COO−,
respectively, which improves the solubility of CMCS. Only
at its IEP, the number of −NH3

+ is equal to that of –COO−,
resulting in the deceasing of solubility. Au/CS particle shows
much higher IEP value than that of the Au/CMCS particles,
since the CS only presents the positively charged groups
(−NH3

+). The IEP of the Au/(CS+CMCS) particle is 7.1,
between the those of Au/CMCS and Au/CS. This shows that
the surface charge of Au NPs can be tuned by the chitosan
components on their surface, since CMCS possesses more
negatively charged characteristic than CS.

3.3. Photothermal Ablation of the HepG2 Cells. Figures 6 and
7 show the live/dead stain images of the HDF and HepG2

cells after being exposed to the 817 nm NIR laser at 5 W/cm2,
2 min. The live/dead stain provides a two-color fluorescence
assay of cell viability based on plasma membrane perme-
ability, for reliably and quantitatively distinguishing live and
dead cells. The live cells show the green color and dead cells
show the red color. The statistical cell death ratio of HDF cells
and HepG2 cells counted from the live/dead stain images are
shown in Figure 8.

Without incubation with Au NPs, cells do not exhibit
obvious ablation after the laser irradiation at 5 W/cm2,
2 min, as shown in Figures 6(b) and 7(b). The bare Au
NPs do not show significant photo-destruction on either
cell lines (Figures 6(c) and 7(c)), due to the interparticle
coupling effect [31]. The relatively low photothermal abla-
tion efficiency of Au/CMCS NPs is probably due to their
less adsorption on the cell membrane (Figures 6(e) and
7(e)). The highest efficiency of the photothermal ablation is
observed from the cells treated with Au/CS NPs. There are
almost 100% HepG2 cells, and 90% HDF cells were killed
after the laser treatment (Figures 6(d) and 7(d)). The CS
and CMCS blended coated gold NPs present the promising
result: around 96% HepG2 cancer cells were ablated and
less than 30% HDF normal cells died (Figures 6(f) and
7(f)). The differences of the Au NPs in the photothermal
ablation result from the density of the Au NPs adsorbed on
the cell surface. The negatively charged cell surface allows
Au/CS NPs to highly accumulate on the cell surface, and
high density particles generate extraordinary heat, damaging
the HepG2 cells as well as the HDF cells under the laser
radiation. Au/(CS+CMCS) particles bind to the cell surface
uniformly and generate suitable heat, which was high enough
to kill the cancer cells but not enough to damage all the
normal cells. This consists with laser ablation results by
using gold nanorod [16]. It was reported that after exposure
to continuous red laser, malignant cells require about half
the laser energy to be photothermally destroyed than the
nonmalignant cells [16].

4. Conclusions

Gold/chitosan nanocomposites were synthesized for the
photothermal therapy applications. Au NPs were prepared by
the reaction of chloroauric acid with sodium thiosulfate, and
they have specific NIR absorption matching the wavelength
of laser source. These Au NPs were coated with chitosan
or O-carboxymethyl chitosan as well as a blending. These
chitosan coatings protect the gold nanoparticles, avoiding
irreversible coalescence of the bare Au NPs and improving
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Figure 6: Live/dead stain images of the HDF cells treated with different Au NPs after the laser ablation (5 W/cm2, 2 min). (a) control cells
with no laser exposure, (b) cells without NPs, (c) cells treated with bare Au NPs, (d) cells treated with Au/CS NPs, (e) cells treated with
Au/CMCS NPs, and (f) cells treated with Au/(CS+CMCS) NPs.
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Figure 7: Live/dead stain images of the HepG2 cells treated with different Au NPs after the laser ablation (5 W/cm2, 2 min). (a) control cells
with no laser exposure, (b) cells without NPs, (c) cells treated with bare Au NPs, (d) cells treated with Au/CMCS NPs, (e) cells treated with
Au/CS NPs, and (f) cells treated with Au/(CS+CMCS) NPs.



8 Journal of Nanomaterials

HepG2 cells

N
o 

N
Ps

A
u

 b
ar

e

A
u

/C
M

C
S

A
u

/C
S

0

20

40

60

80

100

HDF cells

Nanoparticles and treatment

C
el

l d
ea

th
 r

at
io

 (
%

)

A
u

/(
C

S
+

C
M

C
S)

Figure 8: Death percentage of HDF cell and HepG2 cell cells treated
with different Au NPs after the laser ablation at 5 W/cm2, 2 min.
(Average ± STD, n = 3).

their optical stability, making photothermal ablation possi-
ble. The surface charge of the Au/chitosan nanocomposites
can be modified by adjusting the CS and CMCS components
on the gold surface to achieve suitable binding of the Au
NPs on the cell surface. The Au/CS nanocomposites show
high accumulation on the cell surface and present the
highest laser ablation efficiency. The CS and CMCS blended
coatings allow Au NPs uniformly binding to the cells,
showing higher selectivity between the cancer cells and
normal cells during the photothermal ablation. These novel
gold/polymer nanocomposites have great potential for pho-
tothermal therapy, due to low-dosage particle injection, low-
power NIR laser radiation, and quick ablation. More broad
clinical relevance can be envisioned, such as the breast
cancer treatment, skin cancer treatment, esophageal cancer
treatment, and laryngocarcinoma cancer treatment.
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