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Abstract. Utility of glycol-chitosan-coated gold nanoparticles (GC-AuNPs) as a photoacoustic contrast agent for
cancer cell imaging was demonstrated. Through the synergistic effect of glycol chitosan and gold nanoparticles,
GC-AuNPs showed cellular uptake in breast cancer cells and resulted in strong photoacoustic signals in
tissue-mimicking cell phantoms. The performance of GC-AuNPs as contrast agents was established with photo-
acoustic imaging and confirmed with dark-field microscopy. The cell phantoms displayed strong photoacoustic
signals if cells were incubated more than 3 h with GC-AuNPs, compared with PEG-AuNPs that showed no
photoacoustic signal increase. The enhanced photoacoustic signals originated from the plasmon coupling
effect of GC-AuNPs after the cellular uptake in cancer cells. Importantly, photoacoustic imaging of cancer cells
was achieved with GC-AuNPs—contrast agents that did not require antibodies or complex surface modification.
The endocytosis of GC-AuNPs was also confirmed with dark-field microscopy. The results show that GC-AuNPs
have potential as a photoacoustic contrast agent for cellular imaging including tumor tissue imaging.© The Authors.
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1 Introduction

Ultrasound imaging is a safe and cost-effective imaging modal-

ity capable of high spatial and temporal resolutions, and penetra-

tion depth. Nonetheless, applications of ultrasound imaging are

often limited by low contrast because the difference of acoustic

impedance between healthy and diseased tissues is often small.1

Consequently, there are several approaches to improve contrast

in ultrasound imaging, for example, imaging using ultrasound

contrast agents,2 ultrasound elasticity imaging,3 or a combina-

tion of ultrasound imaging with other synergistic imaging

modalities, such as photoacoustic imaging.4

Photoacoustic imaging provides high-contrast images by

using endogenous or exogenous chromophores with distinct

optical absorption property.5–7 If the exogenous contrast agent

is designed to absorb pulsed laser light of specific wavelengths

that is away from the optical absorption of endogenous tissue

chromophores, then generated photoacoustic signals have min-

imal overlap with background tissue signals.8

Among various contrast agents, gold nanoparticles (AuNPs) are

promising exogenous contrast agents because they have unique

optical properties that are desirable for photoacoustic imaging.8

Upon exposure to laser irradiation, AuNPs absorb light through

a surface plasmon resonance (SPR) phenomenon. Specifically,

the absorption of AuNPs is the highest if the frequency of incident

light is similar to the resonance frequency of surface plasmon.

This resonance phenomenon is called SPR, which results in

the high absorption peak of AuNPs in the UV-vis-NIR spectrum.

The low thermal diffusivity of AuNPs is also an important factor

that is a prerequisite for photoacoustic imaging.9,10

We introduce glycol-chitosan-coated gold nanoparticles

(GC-AuNPs) as a photoacoustic contrast agent for cancer cell

imaging. GC is a derivative of chitosan with ethylene glycol

moieties, substituting hydroxyl groups of some polysaccharide

repeating units for improved hydrophilicity.11 GC has the poten-

tial to serve as a multipurpose imaging and therapeutic agent

because amine groups in the repeating unit provide sites for

chemical modification. Moreover, GC nanoparticles exhibit

enhanced tumor accumulation.12,13 Due to enhanced stability

in the body and for its tumor-targeting property, GC has been

used as a coating material of AuNPs.14–16 Previously, GC-

AuNPs have been developed as contrast agents for several

biomedical imaging modalities. For example, GC-AuNPs and

fluorescent dyes were conjugated to visualize the activity of the

matrix metalloproteinase enzyme in cancer.15 GC-AuNPs were

also exploited as a computed tomography contrast agent for

tumor imaging because of x-ray absorption properties of gold.16

Furthermore, the enhanced tumor-targeting of GC-AuNPs com-

pared with the cells of the immune system such as macrophages

was shown.16

In this paper, we report an application of GC-AuNPs as

a photoacoustic agent for cancer cell imaging. Previously, the

feasibility of AuNPs as a photoacoustic contrast agent was

reported for adipose-derived stem-cell tracking.17 The aggrega-

tion of AuNPs inside stem cells after incubation induced a

significant local temperature rise upon pulsed laser irradiation,

which resulted in enhanced photoacoustic signals in stem

cells.18 Similarly, antibody-targeted AuNPs were used to detect

primary tumor19 or metastatic cancer cells in lymph nodes.20*Address all correspondence to Stanislav Emelianov, E-mail: stas@gatech.edu
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We hypothesize that GC-AuNPs accumulate in cancer cells by
the surface property of GC and produce strong photoacoustic
signals after endocytosis. The characterization of GC-AuNPs
and photoacoustic imaging of cancer cell phantoms prove
the potential of GC-AuNPs as a contrast agent for cancer cell
imaging.

2 Methods

GC-AuNPs were synthesized as previously reported.15 Briefly,
GC (1 mg/ml, degree of polymerization ≥400, Sigma-Aldrich
Corp., St. Louis, Missouri) solution was boiled to 70°C and
mixed with HAuCl4 · 3H2O solution (1 mM, 100 ml) under
stirring for 24 h until the solution turned red. Afterward, the
GC-AuNP colloid was washed twice through centrifugation
(10,000 rpm for 50 min) with distilled water and sonicated for
less than 1 min before use. As a control, PEGylated AuNPs
(PEG-AuNPs) were synthesized. First, citrate-reduced AuNPs
were synthesized by adding 0.05 wt.% of sodium citrate in the
boiling HAuCl4 · 3H2O solution (1 mM, 100 ml) under stirring.
After 30 min, citrate-reduced AuNPs colloid was cooled down
to room temperature and washed twice with a centrifuge
(10,000 rpm for 30 min). For PEGylation of citrate-reduced
AuNPs, 1 wt.% of mPEG-SH (Laysan Bio Inc., Arab, Alabama)
was dissolved in the AuNPs colloid and kept under stirring
for 24 h. Before use, excessive PEG molecules were removed
by centrifuge (10,000 rpm for 30 min) and washed twice with
distilled water.

The absorption spectra of GC-AuNPs, citrate-reduced
AuNPs, and PEG-AuNPs were measured from 350 to 850 nm
in a microplate reader (Synergy™ HT, BioTek Instruments,
Winooski, Vermont). Transmission electron microscopic (TEM)
images of the GC-AuNPs and PEG-AuNPs were taken in JEOL
2010-F TEM operating at 200 kV. TEM samples were prepared
by dropping 10 μl of a nanoparticle colloid onto carbon-coated,
200-mesh copper grids. The particle size distribution was
obtained in Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK), in which the intensity-weighted mean diameter was calcu-
lated by dynamic light scattering (DLS).

MDA-MB-231 breast cancer cells were cultured in
Dulbecco’s modified Eagle medium media containing fetal
bovine serum (10%), penicillin (100 U/ml), and streptomycin
(100 mg/ml) until their confluence reached 70% to 80% in
100-mm culture dishes. The cells were seeded at a density of
2 × 104 cells on a gelatin-coated coverslip in six-well plates. For
cellular uptake, the cells were incubated in the culture medium
containing either PEG-AuNPs or GC-AuNPs (0.05 mg Au/ml)
for 1, 2, 3, and 4 h, then washed twice with PBS (pH 7.4),

detached with trypsin/ethylenediaminetetraacetic acid, and fixed
with paraformaldehyde solution (4%) for 10 min at room tem-
perature. For bright- and dark-field microscopy, the coverslips,
on which the cells were incubated with either PEG-AuNPs
or GC-AuNPs, were mounted on a glass slide and imaged
using a Leica DMI3000B microscope (Leica Microsystems,
Wetzlar, Germany). For photoacoustic imaging of cells, the
phantoms with three-dimensional tissue models were prepared
as reported previously.21 To prepare the phantom base, type-A
300-Bloom gelatin derived from acid-cured porcine skin (15 g,
Sigma-Aldrich Corp.) was mixed with distilled water (250 ml)
containing 0.1% (wt./wt.) formaldehyde solution (37% wt./wt.,
Thermo-Fisher Scientific Inc., Waltham, Massachusetts) under
vigorous stirring. Then, 40-μm silica particles (0.75 g, U.S.
Silica Co., Mill Creek, Oklahoma) were added to the gelatin
solution for enhanced ultrasonic backscattering. The mixture was
slowly heated to 45°C and placed in a vacuum chamber at 21 kPA
pressure for 10 min to remove bubbles entrapped in the mixture.
Afterward, the mixture was poured into a cuvette and cooled
down in a 4°C refrigerator for 12 h, thus creating a phantom
base on which the 3-D tissue models were placed. To prepare
cell inclusions, a second solution of gelatin was prepared. The
cells, previously incubated with nanoparticles for 1, 2, 3, or
4 h, washed twice with PBS and fixed in paraformaldehyde sol-
ution, were mixed with gelatin solution at 40°C and pipetted onto
the phantom base to form approximately 40-μl dome-shaped
semispherical inclusions measuring 4 × 4 × 2 mm

3 (∼15 mm
3)

The cell concentration in each inclusion was 1.8 × 10
4
cell∕μl.

Overall, four phantoms (1, 2, 3, and 4 h incubation) with two
inclusions (GC-AuNPs and PEG-AuNPS) in each phantom were
prepared.

The phantoms were imaged using a Vevo® LAZR imaging
system (VisualSonics, Toronto, Canada) and a 20-MHz US array
transducer interfaced with fiber optic light delivery (LZ250,
VisualSonics). The ultrasound-guided photoacoustic imaging
was performed at 5 frames/s using Q-switched Nd:YAG laser
pumped OPO system (680 to 960 nm wavelength range, 7-ns
laser pulse duration). Data were exported and postprocessed in
MATLAB (MathWorks, Inc. Natick, Massachusetts).

3 Results

GC-AuNPs were characterized based on UV-vis-NIR absorption
spectrum, TEM images, and DLS measurements. The SPR peak
of GC-AuNPs was at 528 nm, while that of citrate-reduced
AuNPs and PEG-AuNPs with similar size was at 520 and
523 nm, respectively [Fig. 1(a)]. The TEM images revealed
the spherical morphology and no aggregation of GC-AuNPs

Fig. 1 (a) UV-vis spectra of citrate-stabilized AuNPs, PEG-AuNPs, and GC-AuNPs show the red-shift of
SPR peak. Specifically, SPR peak of GC-AuNPs is at 528 nmwhile that of AuNPs and PEG-AuNPs are at
520 and 523 nm, respectively. (b) TEM images indicate the spherical morphology of both PEG-AuNPs and
GC-AuNPs. Coating layer can be observed around GC-AuNPs. (c) Hydrodynamic sizes of AuNPs, PEG-
AuNPs, and GC-AuNPS are 17.89� 5.47nm, 27.84� 12.06 nm, and 94.46� 46.45, respectively.
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[Fig. 1(b)]. In particular, a thin coating layer is noticeable around

the GC-AuNP surface. The hydrodynamic size of GC-AuNPs

was 94.46� 46.45 nm while AuNPs and PEG-AuNPs were
17.89�5.47 nm and 27.84�12.06 nm, respectively [Fig. 1(c)].

The size of GC-AuNPs was different from citrate-coated AuNPs

or PEG-AuNPs because of hydrophilicity of GC coating layer.

The GC coating also affected the surface property of GC-AuNPs.

The zeta-potential value of GC-AuNPs was 37.4� 4.4 mV,

while AuNPs and PEG-AuNPs were −29.2� 4.9 mV and

−3.28� 0.75 mV mV, respectively.
Ultrasound and photoacoustic images of tissue-mimicking

cell phantoms are presented in Fig. 2. Cell inclusions showed

strong photoacoustic signals if cells were incubated with GC-

AuNPs more than 3 h [Fig. 2(a)]. The intensity of photoacoustic

signals increased as cellular uptake time increased [Fig. 2(b)].

In contrast, photoacoustic signals from cancer cell incubated

with PEG-AuNPs were inconspicuous even after 4 h of incuba-

tion. Photoacoustic signals detected from the cell phantoms

of PEG-AuNPs were regarded as noise because no specific

spatial patterns of signal changes were observed. The significant

differences between GC-AuNPs and PEG-AuNPs were also

described by an unpaired t-test, in which the p-values of 3 and

4 h of incubation were 0.0139 and 0.0124, respectively [Fig. 2(b)].
The magnitude of photoacoustic signals from cell phantoms

was measured within 680 to 960 nm wavelength range to dem-

onstrate the wavelength-dependent intensity of the photoacous-

tic signal. The photoacoustic response from GC-AuNP cells was

the strongest at 680 nm and then gradually decreased as the

wavelength of the laser irradiation increased (Fig. 3). In contrast,

cancer cells incubated with PEG-AuNPs show low amplitude

and nearly constant photoacoustic signals regardless of the laser

wavelength. These measurements are consistent with previous

in vitro results.22

The endocytosed GC-AuNPs in the cancer cells were visu-

alized using dark-field microscopy. Without cellular uptake of

GC-AuNPs, cancer cells did not show any scattered light from

nanoparticles in the dark-field microscopic images (“control” in

Fig. 4). If the incubation time was not long enough for endocy-

tosis, cells did not present signals either (“1 h” in Fig. 4). By

contrast, images of cells with the 3- and 4-h cellular uptake time

showed strong signals indicating the presence of nanoparticles

(“3 h” and “4 h” in Fig. 4). In particular, more scattered light was

found in the cytosol areas of the cancer cells as cellular uptake

time increased. These aggregations of nanoparticles explain
strong photoacoustic signals from the tissue-mimicking cell phan-

toms in Fig. 2. The endocytosis of GC-AuNPs was also observed

in the bright-field images, where reddish color from aggregated
GC-AuNPs is notably visible. The locations of the aggregated
NPs in the bright-field images are spatially correlated with the
positions of the nanoparticle signals in the dark-field images.
These images suggest that cellular uptake time should be at least
2 h for the effective endocytosis of GC-AuNPs.

4 Discussion

Nanoparticle synthesis and surface modification were achieved
by one-step synthesis method. Because of the electronegative
property, GC acted as a reducing agent for the synthesis of
GC-AuNPs.23 Simultaneously, amine groups in GC interacted
with the surface of AuNPs. This is why the properties of
GC-AuNPs were different from that of citrate-reduced AuNPs.
For example, the red-shift of SPR peak, a discrepancy of particle
size between TEM and DLS, and positive zeta-potentials were
observed as a result of the surface modification of AuNPs
with GC. Through this simple synthesis method, we achieve
a desired formulation of nanoparticles with tumor-targeting
property without complex conjugation steps.

The synergistic effects of GC and AuNPs can enable the
applications of GC-AuNPs in photoacoustic cancer imaging.
The surface coating with GC increased the stability of GC-
AuNPs in physiological conditions.23 Moreover, the GC layer
enhanced tumor accumulation. In the acidic condition of the

Fig. 2 (a) Ultrasound (left column), photoacoustic (middle column), and merged (right column) images of
inclusions containing MDA-MB-231 cells incubated in cell culture media containing AuNPs for 1, 2, 3,
and 4 h, respectively. GC-AuNPs were taken up by cells (right-hand side inclusion in each image);
PEG-AuNPs were used in the (left) phantom as a control. Each cell phantom contained 3.6 × 105 cells.
In photoacoustic images, the laser wavelength was 680 nm. Scale bar is 4 mm. (b) Significant increase in
photoacoustic signal from cells incubated with GC-AuNPs appears after 3 h of cellular uptake, compared
with PEG-AuNPs [t -test, n ¼ 3 for each group, p ¼ 0.01393 (3 h), and p ¼ 0.012384 (4 h)].

Fig. 3 Wavelength-dependent photoacoustic signal from cells incu-
bated with PEG-AuNPs or GC-AuNPs for 4 h. Photoacoustic signals
from the GC-AuNP cells (black line) were the highest at 680 nm while
monotonically decreasing with increased wavelength. By contrast,
PEG-AuNP cells (red line) showed nearly constant photoacoustic
signals regardless of excitation wavelengths. The error bars of each
point indicated the standard deviation from n ¼ 3.
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tumor, the amine groups of GC were decorated with more pos-
itive charges that promoted the cellular uptake of GC-AuNPs.24

These advantages of GC were combined with an optical absorp-
tion property of AuNPs, and GC-AuNP labeled cancer cells
were visualized in photoacoustic imaging.

GC-AuNP cells emitted strong photoacoustic signals as
evident from the photoacoustic images of tissue-mimicking cell
phantoms. These strong signals originated from the accumula-
tion of GC-AuNPs inside the cancer cells. The endocytosed GC-
AuNPs aggregated inside the cell and, upon laser irradiation,
led to local temperature increases due to the thermal coupling
of nanoparticles. This high-temperature transients temporarily
increase thermal expansion coefficient which, in turn, enhanced
photoacoustic signals.18,25 In contrast with GC-AuNPs, the cell
incubated with PEG-AuNPs did not exhibit noticeable photo-
acoustic signal changes regardless of cellular uptake times.
This was due to PEG molecules that impeded the cellular uptake
by the inhibition of protein adsorption.26

The enhanced photoacoustic signals from the endocytosed
GC-AuNPs were examined further by varying the wavelength
of the pulsed laser light. As expected, the maximum photo-
acoustic signal intensity was observed at 680 nm wavelength,
and then the intensity of photoacoustic signal was gradually
decreasing for longer near infrared wavelengths. Such behavior
was due to the aggregation of GC-AuNPs that caused the
slight red-shift of optical absorption and, more importantly,
a gradual decrease of optical absorption of plasmon-coupled
nanoparticles.18,27 This distinct pattern of photoacoustic signal
behavior can be utilized to unmix background tissue signal and
signal from nanoparticles using multispectral photoacoustic
imaging approach.19,20,22,28,29

The high-contrast photoacoustic images provide information
complimentary to ultrasound images. Although ultrasound
images can visualize structure and morphology of the imaged
tissue [Fig. 2(a)], photoacoustic images [Fig. 2(b)] can be used
to identify presence of GC-AuNPs and degree of cellular uptake.
Overall, GC-AuNPs demonstrated their potentials as a contrast
agent for cancer cell detection.

5 Conclusion

We have demonstrated an application of GC-AuNPs as a photo-
acoustic contrast agent for cancer cell imaging. GC-AuNPs
showed enhanced accumulation in the cancer cells compared
with PEG-AuNPs, which resulted in strong photoacoustic

signals in the tissue-mimicking phantoms containing GC-AuNP
labeled cancer cells. The strong photoacoustic signals originated
from the aggregation of GC-AuNPs inside cancer cells con-
firmed by dark-field microscopy, where the scattered light from
GC-AuNPs was observed in the cytosol area of cancer cells
after 2 h of cellular uptake time. These results suggest that GC-
AuNPs has the potential to serve as an effective contrast agent
for cancer imaging because photoacoustic imaging of cancer
cells was accomplished without using antibodies or sophisti-
cated surface modification of nanoparticles.
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