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a b s t r a c t

This research was designed to visualize cellular response – in particular the generation of intracellular
ROS – to stimulation by polycyclic aromatic hydrocarbon (PAH). We used chloroauric acid (HAuCl4) as a
molecular probe for visualizing intracellular ROS generated by the stimulation of benzo[a]pyrene (BaP).
The chloroauric acid undergoes a spontaneous reduction reaction, assisted by the intracellular ROS, into
gold nanoclusters (AuNCs). As a result, we can visualize the ROS via optical imaging technique. According
to MTT assay, the chloroauric acid exhibited good biocompatibility. The AuNCs produced in the cells were
approximately 2–3 nm in diameter with a green fluorescent property. Cellular imaging showed that BaP
induced the formation of AuNCs within the cells, leading to a high relative cellular fluorescent intensity
with a considerable extent of scatter light. Thus, this probe is an efficient molecular imaging probe for
visualizing intracellular ROS.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) can cause cancer,
heritable genetic damage and sensitization by skin contact, among
other health issues. Exposure to PAHs may lead cells, as an early-
stage response, to overproduce intracellular reactive oxygen spe-
cies (ROS), causing oxidative stress [1–3]. Generally, abnormal
overproduction of intracellular ROS is closely associated with
various pathological processes, including cancer, cardiovascular
disease and neurological disorders [4]. Various fluorescent probes
for detecting ROS have been developed, including small molecule-
based and nanoparticle-based probes. However, use of these
probes is limited by their toxicity and they cannot be used for
spontaneous imaging. Moreover, some probes cannot be used to

spontaneously monitor intracellular ROS induced by a highly toxic
reagent [5–11].

To overcome these limitations, we build on the concept that
metal nanoclusters and nanoparticles can be simultaneously
synthesized by using various kinds of reducing agents – such as
a highly toxic agent (NaBH4) [12], biomolecules (RNase A, ovalbu-
min) [13,14] and ROS compounds [15,16] – to form fluorescent
metal nanoclusters in order to visualize intracellular ROS in
hepatocellular carcinoma cells after being stimulated with PAH
compounds (benzo[a]pyrene, BaP). We postulated that BaP mole-
cules enter cells and stimulate them to produce intracellular ROS.
In the presence of chloroauric salt (HAuCl4) within the cell, HAuCl4
can undergo a rapid and efficient spontaneous reduction by
intracellular ROS into fluorescent gold nanoclusters. Thus, we
could spontaneously visualize intracellular ROS, induced by poly-
cyclic aromatic hydrocarbon, via optical imaging technique.

2. Experimental details

Physical characterization: Size of AuNCs, obtained from the cells
by a repetitive freeze–thaw method, was measured with a field-
emission transmission electron microscope (TEM, JEOL JEM-2100).
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Fluorescence and excitation spectra of AuNCs were determined
with an LS55 luminescence spectrometer. UV–vis absorbance was
measured on an Agilent 8453 UV–visible spectrometer.

Cell viability: HepG2 cells (hepatocellular carcinoma cells) or
HepG2.2.15 cells (hepatitis B virus infected hepatocellular carci-
noma cells) were trypsinized and resuspended in DMEM. The cells
were seeded in a 24-well plate at a density of 5"104 cells/mL and
incubated overnight at 37 1C in 5% CO2 atmosphere. After washing,
DMEM containing HAuCl4 was loaded in each well with final
concentrations of 0, 0.1, 1, 10, 100 and 1000 mM. After 48 h
incubation, the culture medium was discarded and the cells were
washed twice with PBS buffer and further incubated with 200 mL
of solution containing 5 mg MTT/mL phosphate-buffered saline at
37 1C for 4 h. The MTT solution was removed and the intracellular
formazan cystals were dissolved with 500 mL DMSO for 15 min at
37 1C. The absorbance of formazan solution was measured through
spectroscopy at 570 nm with DMSO as blank.

Cellular imaging study: The trypsinized cells were seeded at a
density of 5"104 cells/well and incubated in DMEM at 37 1C in 5%
CO2. After 24 h incubation, the cells were washed twice with PBS
buffer and further incubated with the culture medium containing
BaP alone, HAuCl4 alone or co-incubation of BaP and HAuCl4. After
24 h incubation, the cells were washed with PBS and observed
under a Leica DMI 4000B microscope.

3. Results and discussion

TEM and fluorescence analysis were used to confirm the
formation of AuNCs within the cells. Figs. 1a and S1 show,
respectively, the TEM image and EDS spectrum of AuNCs produced
inside HepG2 cells after incubation with the appropriate amount
of HAuCl4 and BaP for 24 h. The AuNCs were measured as
approximately 2–3 nm without any impurity elements. The
HRTEM image (Fig. 1a(inset)) reveals a lattice fringe with a spacing
of #2.4 Å, which is in good agreement with the lattice spacing in
the (111) planes of face centered cubic gold. The AuNCs exhibited
an optimum excitation wavelength of 450 nm and a maximum
emission wavelength of 525 nm (Fig. 1b); the origin of PL band
centered at #530 nm is ascribed to the presence of Au13 species,
which act as main emitters inside the cells [17]. These results
confirmed that cells stimulated with BaP spontaneously produced
intracellular fluorescent AuNCs. The formation of fluorescent
AuNCs inside the cells might be due to a reduction of Au (III) by
competing with reduction of dioxygen and/or the intracellular ROS
e.g., superoxide anion (O2$), and subsequent surface capping by

specific ligands inside the cells [18,19]. However, the formation
mechanism is still unclear, and beyond the scope of this study.

To demonstrate a potential use of HAuCl4 as a biocompatible
ROS imaging probe, we initially tested the cytotoxicity of HAuCl4
toward HepG2 and HepG2.2.15 cells by using MTT assay. As shown
in Fig. 2, no toxicity was observed in the cells incubated with
0–100 mM of HAuCl4, indicating this probe's good biocompatibility.
At an even higher concentration of HAuCl4 (1000 mM), the cellular
viability remained approximately 80%. These MTT assays indicated
that HAuCl4 has low cytotoxicity.

To show the feasibility of HAuCl4 as a spontaneous fluorescent
imaging probe for visualizing intracellular ROS produced inside
cancer cells after BaP stimulation, the HepG2 cells were incubated
with the culture medium containing BaP alone, HAuCl4 alone or
co-incubation of BaP and HAuCl4. After 24 h incubation, the cells
were washed with PBS several times and observed under a Leica
DMI 4000B fluorescence microscope. As shown in Fig. 3, a higher
relative cellular green fluorescent intensity was observed in the
HepG2 cells incubated with both HAuCl4 and BaP (Fig. 3e), and
even higher as the concentration of BaP was increased (Figs. 3f and
S2). The higher fluorescent intensity demonstrated that BaP
induced the formation of AuNCs via a spontaneous reduction
reaction assisted by the intracellular ROS. This confirms that
HAuCl4 is an efficient molecular imaging probe for inflammation
induced by a highly toxic compound (e.g., PAHs). Furthermore, we
observed a strong green fluorescence near cell membranes,
indicating an active location for AuNCs formation inside the cells.
This result accords well with previous reports, which indicated

Fig. 1. (a) TEM image of AuNCs obtained from the cells by a repetitive freeze–thaw method (scale bar ¼20 nm), (b) fluorescent spectra of the AuNCs obtained using 400 nm
excitation wavelength (2) and 450 excitation wavelength (3) with their excitation spectra (1).

Fig. 2. Cell viability determined by MTT assay in HepG2 and HepG2.2.15 cells.
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important enzymatic pools near cell membranes [20,21]. While
the probe was suitable for visualizing the ROS pool in cancer cells,
it was not specific to individual ROS. In addition to fluorescence
imaging, dark field imaging is normally used for analyzing biolo-
gical samples containing scattered nanomaterials e.g., gold nano-
particles. Dark field images of HepG2 cells (Fig. 4) showed that a
higher accumulation of AuNCs were observed in the cells treated
with both HAuCl4 and BaP. These results are in good accordance
with those observed in fluorescence imaging. Therefore, we can
simultaneously visualize intracellular ROS via both fluorescence
and dark field imaging techniques by using a biocompatible
HAuCl4 as molecular probe.

The same strategy was also applied for HepG2.2.15 cells. As
shown in Fig. S2, a much higher fluorescent intensity was
observed in both HepG2 and HepG2.2.15 cells co-incubated with
HAuCl4 and BaP, compared to HAuCl4 alone. This is also due to an
over-generated intracellular ROS after BaP stimulation, leading to a
high relative cellular fluorescent intensity. This confirms that our

molecular probe can visualize ROS inside both HepG2 and
HepG2.2.15 cells after being stimulated by BaP.

4. Conclusion

We utilized HAuCl4 as a molecular probe for visualizing ROS
inside cancer cells after stimulation with a highly toxic agent
(benzo[a]pyrene, BaP). The intracellular ROS reduces HAuCl4 into
fluorescent AuNCs. The presence of AuNCs inside the cells can be
confirmed by TEM and fluorescent spectrum. According to cellular
fluorescent and dark field imaging, BaP induced the formation of
AuNCs inside the cancer cells, observed as a high relative cellular
fluorescent intensity and scattered light, respectively. Thus, this
molecular probe can be used to study cellular response (ROS
generation) to stimulation by a highly toxic polycyclic aromatic
hydrocarbon, via optical imaging technique.

Fig. 3. Fluorescence images of untreated HepG2 cells (a), 0.1 mM BaP treated cells (b), 1 mM BaP treated cells (c), 0.5 mM HAuCl4 treated cells (d), 0.5 mM HAuCl4þ0.1 mM BaP
treated cells (e), and 0.5 mM HAuCl4þ1 mM BaP treated cells (f).
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Fig.4. Bright field and dark field images of untreated HepG2 cells (a), 0.5 mM HAuCl4 treated cells (b) and 0.5 mM HAuCl4þ1 mM BaP treated cells (c).
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