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In this work, the use of gold nanoparticles (AuNPs), synthesised using Curcuma mangga (CM) extract in photothermal killing of breast cancer
(MCF-7) cells is demonstrated. CM-AuNPs showed higher photothermal heating efficiency compared to citrate-AuNPs upon irradiation with a
532 nm laser. In addition, treatment of MCF-7 cells with CM-AuNPs coupled with laser irradiation for 120 s was found to significantly reduce
(72%) the cell viability compared to about 13%, obtained with citrate-AuNPs. Results from flow cytometry showed that the CM-AuNP-
dependent photothermal-induced MCF-7 cells death was triggered mainly by apoptosis mechanism. All these results suggested the
potential use of CM-AuNPs as therapeutic agents in cancer therapy.
1. Introduction: Cancer remains as one of the major causes of
death despite recent advancement in cancer treatment [1].
Photothermal therapy has emerged as an alternative approach for
non-invasive cancer therapy, which employs heat generated from
the conversion of photon energy, for localised destruction of
cancer cells. Heating sources such as near-infrared (NIR) or
visible lights are commonly used in conjunction with a photo-
thermal agent to increase the temperature at the targeted site for
the killing of cancer cells [2]. Cancer cells are usually found to
be more sensitive to heat than normal cells due to the more
hypoxic, acidic and nutrient-deficient microenvironment of the
tumour [3, 4]. Photothermal therapy allows selective thermal
ablation of cancer cells while producing a minimal effect on the
normal cells in the vicinity of the tumour.

Among the various photothermal agents, gold nanoparticles
(AuNPs) have been extensively employed in photothermal
therapy due to their unique physicochemical properties including
surface plasmon resonance (SPR). SPR of AuNPs is responsible
for the strong light absorption in the visible wavelengths, which
is four to five times greater than the conventional photoabsorbing
dyes [5]. Therefore, effective photothermal therapy can be per-
formed with relatively lower laser energies [6], thus minimising
damage to the normal tissues in the vicinity. In addition, AuNPs
are photostable and therefore, alleviate the problems encountered
when using conventional photoabsorbing dyes, which are
susceptible to photobleaching [7].

Although NIR laser of wavelength 808 nm has also been
employed for photothermal therapy, this treatment always involves
the use of gold nanorods [8, 9], which have been found more toxic
to cells compared to spherical AuNPs [10, 11]. Despite much pro-
gress over the years in this field, development of stable and bio-
compatible AuNPs for clinical applications has remained a
challenge. Aggregation of chemically synthesised AuNPs, includ-
ing citrate-AuNPs in the buffer has been reported in an earlier
study [12], which can limit their use for in vivo human applications.
In addition, a commonly used stabilising agent for gold nanorods,
cetyltrimethylammonium bromide has been found to be highly
toxic to cells. As such, it becomes a pre-requisite to overcoat
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these AuNPs with selected polymers to reduce their toxicity [13].
On the other hand, smaller spherical AuNPs are found to be
easier to synthesise, less toxic and possess high photoconversion
capability, which enables them to be heated using standard surgical
green lasers. In our previous report, we have successfully
synthesised highly stable and biocompatible Curcuma mangga
(CM)-AuNPs using CM extract [14]. The interaction of
CM-AuNPs with human serum albumin has also been characterised
[15]. This Letter employed these CM-AuNPs as photothermal
agent and interrogated their photothermal heating efficiency as
well as photothermal effects on breast cancer (MCF-7) cells.
Furthermore, the mechanism of photothermal induced-cell death
of MCF-7 cells treated with CM-AuNPs was also investigated.

2. Materials and methods
2.1. Materials: Gold (III) chloride trihydrate (HAuCl4·3H2O),
AuNPs (20 nm, stabilised in citrate buffer) and 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich Co., USA. Human breast cancer cell line
(MCF-7) was obtained from American Type Culture Collection,
USA. Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s
medium (DMEM) with and without phenol red were procured
from Nacalai, Japan. Fluorescein isothiocyanate-Annexin V
(FITC-AV) apoptosis detection kit was supplied by BD
Biosciences, USA. CM rhizome powder was obtained from
Yogjakarta, Indonesia.

2.2. Preparation of AuNPs: CM-AuNPs were synthesised using
CM extract according to the previously published protocol, utilising
HAuCl4 as the precursor and CM extract as a reducing agent [14].
These CM-AuNPs were suspended in FBS-supplemented DMEM
medium (without phenol red) for photothermal studies to avoid
optical interference from phenol red due to the overlap of their
absorption bands. Citrate-AuNPs were also suspended in the
same way.

2.3. Photothermal heating curves: Photothermal heat generation
with CM-AuNPs was studied using a Spectra-Physics Millennia
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Prime continuous wave diode-pumped solid-state laser with a laser
wavelength of 532 nm. The temperature change of the samples dur-
ing laser irradiation was monitored using an Omega type T thermo-
couple. The thermocouple microprobe was submerged in 100 µl of
the sample, placed in a 96-well plate, followed by irradiation with a
laser intensity of 3 W/cm2. Each well in the 96-well plate contained
either CM-AuNPs at different concentrations (5, 10 and 20 µg/ml)
or 20 µg/ml of citrate-AuNPs or DMEMmedium without AuNPs as
a negative control. The temperature increase in the medium was
recorded for 300 s with 30 s intervals. In a separate experiment,
the temperature increase of the medium with 100 µl of the sample
(20 µg/ml CM-AuNPs) upon laser irradiation with different inten-
sities (1, 2 and 3 W/cm2) was also recorded.

2.4. Cell culture and photothermal treatment: MCF-7 cells were
maintained in an FBS-supplemented DMEM medium at 37°C in
a CO2 incubator. To find a suitable irradiation time for photo-
thermal treatment, MCF-7 cells were seeded into 96-well plate at
8000 cells/well and incubated overnight for cell adherence. The
medium in each well was then removed and replaced with
DMEM medium (without phenol red) and irradiated with a laser
intensity of 3 W/cm2 for different time periods (60, 120, 180, 240
and 300 s). The cell viability was determined by MTT assay [16]
after incubating the treated cells at 37°C for 24 h.
Cytotoxicity of CM-AuNPs to MCF-7 cells without laser

irradiation was examined using the MTT assay. MCF-7 cells
were seeded under similar conditions as described above and
treated with CM-AuNPs of different concentrations (5, 10, 15, 20
and 25 µg/ml), followed by incubation at 37°C for 24 h before
being assessed by MTT assay.
For photothermal treatment, MCF-7 cells were seeded and

treated with CM-AuNPs or citrate-AuNPs in the same way as
described above. The treated cells were incubated at 37°C for 3 h,
followed by irradiation with a laser intensity of 3 W/cm2 for
120 s. Finally, the cells were incubated at 37°C for another 24 h
prior to MTT assay.
For AV/propidium iodide (PI) apoptosis assay, MCF-7 cells in

FBS-supplemented DMEM medium were seeded into a 24-well
plate at 50,000 cells/well and incubated overnight for cell
adherence. The medium in each well was then replaced with
DMEM medium (without phenol red) containing CM-AuNPs
(20 µg/ml) or citrate-AuNPs (20 µg/ml). The treated cells were
incubated and irradiated in the same way as described above
before assessed by AV/PI apoptosis assay. Untreated cells and
cells treated with doxorubicin (1.5 µg/ml) were also included as
negative and positive controls, respectively.

2.5. AV/PI apoptosis assay: AV/ PI staining of MCF-7 cells was
performed following the protocol provided by the manufacturer
(BD Biosciences). Briefly, the cells were harvested, washed
with cold phosphate-buffered saline and then resuspended in
1 × binding buffer. This was followed by staining with AV and
PI for 15 min at room temperature in the dark. The samples were
analysed by flow cytometry (BD FACS Canto II cytometer)
within 1 h. Quadrant statistical analysis was employed to determine
the percentage of the cell population in each quadrant.

3. Results and discussion
3.1. Photothermal properties of CM-AuNPs: The effect of
CM-AuNP concentrations on their photothermal heating curves
upon laser irradiation (λ= 532 nm, I= 3 W/cm2) for 300 s is
shown in Fig. 1a. As can be seen from the figure, increasing the
irradiation time led to a progressive increase in the temperature of
the medium, which sloped off at a longer irradiation time. The
temperature increase was large during the first 120 s of irradiation
but progressively became smaller beyond this time. Furthermore,
the temperature increase was found directly correlated with the
CM-AuNPs concentrations, being higher with higher CM-AuNP
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concentrations. Time course of the temperature increase followed
the first order kinetics as depicted in the inset of Fig. 1a, where
the rate of the temperature increase showed a linear correlation
with CM-AuNP concentration. At a fixed laser irradiation duration
of 300 s, the temperature of the medium increased from the initial
temperature of ∼28°C to ∼42, ∼47 and ∼54°C for samples with
5, 10 and 20 µg/ml of CM-AuNP concentrations, respectively.
This concentration-dependent temperature increase was in accord-
ance with a previous report, where the gold nanoflower structures
were used as photothermal agents [17]. However, the reported
value of the temperature increase was lower (∼3°C) even with a
two-fold concentration of gold nanoflowers, irradiated with higher
laser intensity (5 W/cm2) [17]. On the other hand, irradiation of
the medium alone (without AuNPs) under similar conditions only
increased the temperature up to 38°C. Thus, the presence of
CM-AuNPs in the medium resulted in the generation of more
heat upon laser irradiation. On a comparative note, citrate-AuNPs
(20 µg/ml) were found to increase the temperature of the medium
up to 48°C compared to ∼54°C, achieved with CM-AuNPs under
similar conditions. These results clearly showed that CM-AuNPs
were more efficient in converting photon energy to localised heat
compared to citrate-AuNPs. Therefore, CM-AuNPs possessed a
better photothermal property compared to citrate-AuNPs. Lower
photothermal efficiency of citrate-AuNPs can be ascribed to their
lower stability in DMEM medium due to aggregation [10], which
may lead to the increase in their size, thus reducing their photo-
thermal conversion efficiency [18]. On the other hand, no such
aggregation was noticed with CM-AuNPs, which explains their
higher photothermal efficiency compared to citrate-AuNPs. Since
the largest temperature increase was achieved with 20 µg/ml
CM-AuNPs, this CM-AuNPs concentration was selected for
subsequent photothermal experiments.

In order to determine the suitable laser intensity for photothermal
therapy, CM-AuNPs were treated with different laser intensities
for a fixed duration of 300 s. Fig. 1b depicts the effect of laser
intensity on the heat generation characteristic of CM-AuNPs. The
heating curves, obtained with CM-AuNPs (20 µg/ml) upon irradi-
ation with different laser intensities (1, 2 and 3 W/cm2) showed a
similar trend of temperature increase with irradiation time as
noted in Fig. 1a. Furthermore, this effect was also found to positi-
vely correlate with the laser intensity, as higher temperature in-
crease was noticed with higher laser intensity at all times. This
was in agreement with previously published reports [17, 19].
Irradiation with a laser intensity of 1 W/cm2 increased the tempera-
ture of the medium by ∼13°C to a final value of 40°C. Increase in
the medium temperature became more pronounced when the
samples were irradiated with higher laser intensities (2 and 3 W/
cm2). The temperature increase was found to be 20 and 27°C
when irradiated with laser intensities of 2 and 3 W/cm2,
respectively. Therefore, the laser intensity of 3 W/cm2 was
chosen for subsequent studies.

3.2. Photothermal therapy of MCF-7 cells: Before examining the
photothermal killing of MCF-7 cells by CM-AuNP-coupled irradi-
ation, laser irradiation time was optimised to ensure its safety as to
produce minimal effects on the cells in the absence of CM-AuNPs.
The effect of irradiation time with a laser intensity of 3 W/cm2 on
MCF-7 cell viability in the absence of CM-AuNPs can be seen
from Fig. 2a. Since cancer cells have been shown to be more
susceptible to high temperature compared to normal cells [4], it is
assumed that normal cells remain unaffected by this treatment.
As evident from the figure, cell viability of MCF-7 cells remained
at ∼100% upon laser irradiation up to 180 s, beyond which the cell
viability decreased and a ∼20% loss in cell viability was noticed
upon 300 s irradiation. Therefore, irradiation time up to 180 s
with 3 W/cm2 laser intensity seems to be the ‘safety threshold’
for photothermal therapy. However, irradiation for 180 s led to a
temperature increase up to ∼51°C (Fig. 1b), which is not desirable
471
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Fig. 1 Photothermal heating curves of AuNPs upon 532 nm laser irradiation for 300 s
a Heating curves of CM-AuNPs at different concentrations, suspended in DMEM medium, upon irradiation with laser intensity of 3 W/cm2. Concentrations of
CM-AuNPs were: 5 µg/ml (filled circle); 10 µg/ml (filled triangle) and 20 µg/ml (filled down-pointing triangle). Heating curves obtained with DMEM medium
alone without CM-AuNPs (filled square) and citrate-AuNPs (black diamond suit) are also included for comparison. Inset shows the plot between rate of
temperature increase and CM-AuNPs concentration
b Heating curves of CM-AuNPs (20 µg/ml), suspended in DMEMmedium, upon irradiation with different laser intensities. Laser intensities used were: 1 W/cm2

(filled square); 2 W/cm2 (filled circle) and 3 W/cm2 (filled triangle)

Fig. 2 Percentage of cell viability of MCF-7 cells in DMEM medium, as analysed by MTT assay
a Percentage of cell viability of MCF-7 cells upon irradiation with laser intensity of 3 W/cm2 for different time periods
b Percentage of cell viability upon treatment with increasing concentrations of CM-AuNPs ( ) and citrate-AuNPs ( ), followed by irradiation with laser
intensity of 3 W/cm2 for 120 s. Percentage of cell viability after treatment with increasing concentrations of CM-AuNPs without laser irradiation ( ) is
also included
for photothermal treatment. It is well-known that increasing the
thermal dose from 52 to 60°C can result in cell necrosis [20],
which may induce inflammation [21]. To avoid this, laser irradi-
ation duration of 120 s was selected for the photothermal treatment
of MCF-7 cells in the presence of CM-AuNPs (20 µg/ml), as such
treatment will increase the temperature to ∼47°C (Fig. 1b), which is
known to effectively destruct cancer cells [22].

The photothermal killing efficiency of the CM-AuNPs against
MCF-7 cells was next evaluated for their potential use as a photo-
thermal agent. Fig. 2b illustrates the percentage of MCF-7 cell
viability after treatment with increasing concentrations of
CM-AuNPs. The laser intensity and irradiation duration used
were 3 W/cm2 and 120 s, respectively. Results obtained with
citrate-AuNPs under similar conditions are also included for
472
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comparison. As can be seen from Fig. 2b, MCF-7 cells treated
with CM-AuNPs showed significantly lower cell viability under
laser irradiation compared to that observed with MCF-7 cells
treated with citrate-AuNPs. Treatment of MCF-7 cells with
CM-AuNPs (20 µg/ml) and laser irradiation markedly reduced the
cell viability to ∼28%, which was significantly lower than that
obtained with citrate-AuNPs treatment (∼87%). In order to investi-
gate the cytotoxicity of CM-AuNPs to MCF-7 cells without irradi-
ation, MCF-7 cells were treated with different concentrations of
CM-AuNPs but without laser irradiation and the results are
included in Fig. 2b. About 67% cell viability was noticed upon
treatment with 20 µg/ml CM-AuNPs, which was much higher
than that obtained with CM-AuNP-coupled irradiation. These
results suggested a greater enhancement in the cytotoxicity of
Micro & Nano Letters, 2019, Vol. 14, Iss. 5, pp. 470–474
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Fig. 4 Bar diagram showing distribution of cell population in each quad-
rant of the dot plots, depicted in Fig. 3
Different cell populations were: viable ( ); early apoptotic ( ); late
apoptotic ( ) and dead cells/debris ( )
CM-AuNPs upon laser irradiation, as this treatment can induce
localised hyperthermia resulting in the killing of MCF-7 cells.
Such an increase in the local temperature might have resulted in
thermal denaturation of proteins, which may be the main factor of
cell injury and cell death [23, 24]. The efficient photothermal
killing of MCF-7 cells by CM-AuNPs can be attributed to their
smaller size. As reported in a previous study, smaller AuNPs
have been shown to be more efficient in the photothermal killing
of cancer cells [25]. A comparison of the results obtained
with the above treatment suggested CM-AuNPs to be a more effi-
cient photothermal agent compared to citrate-AuNPs. Since
CM-AuNPs at a concentration of 20 µg/ml were capable of
reducing the viability of MCF-7 cells to ∼28% and were non-toxic
to normal cells [14], this concentration was chosen for apoptosis
detection in the subsequent experiments.

3.3. Apoptosis detection in photothermal-induced cell death: In
general, cell death mainly occurs via two mechanisms: apoptosis
and necrosis [26]. Apoptosis is defined as programmed cell death,
which is more advantageous compared to necrosis mainly
because necrosis evokes inflammatory responses and may
promote the destruction of surrounding healthy tissues [27].
Therefore, newer strategies promoting apoptosis instead of necrosis
are required for cancer treatment.
In order to determine, whether CM-AuNP-coupled photother-

mal-induced killing of MCF-7 cells occurred mainly through
apoptosis, AV/PI apoptosis assay was performed using flow cyto-
metry. AV binds with high affinity to phosphatidylserine (PS),
which is normally present in the inner leaflet of the plasma
membrane. During early apoptosis, membrane asymmetry is lost,
exposing PS to the outer leaflet of the plasma membrane, while
retaining the membrane integrity. On the contrary, necrotic cells
lose membrane integrity, thus are permeable to vital dye such as
PI. Therefore, measurement of FITC-AV coupled with a dye exclu-
sion test (PI staining) can be used to distinguish early apoptotic
cells from necrotic cells, as early apoptotic cells are impermeable
to PI [28].
Fig. 3a demonstrates dot plot of untreated MCF-7 cells (negative

control), while the dot plot of MCF-7 cells taken 24 h after photo-
thermal treatment in the presence of CM-AuNPs (20 µg/ml) is
shown in Fig. 3b. Cell population in each quadrant represents
viable cells (AV–/PI–), early apoptotic cells (AV+/PI–), late
apoptotic cells (AV+/PI+) and dead cells (AV–/PI+), respectively.
As evident from Fig. 3a, untreated cells remained viable and
were populated in the lower left quadrant (AV–/PI–). On the con-
trary, the majority of the cells after photothermal treatment were
Fig. 3 Dot plots showing flow cytometry results of AV-PI apoptosis assay
for MCF-7 cells upon photothermal treatment
Results were obtained after 24 h incubation
a Untreated MCF-7 cells (negative control)
b MCF-7 cells treated with 20 µg/ml CM-AuNPs, followed by laser
irradiation (3 W/cm2) for 120 s
The cell populations are categorised based on the four quadrants on the dot
plot as viable (lower left), early apoptotic (lower right), late apoptotic (upper
right) and dead cells (upper left).
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populated in the lower right quadrant (AV+/PI–), characterising
early apoptotic cells. In order to get a more quantitative picture,
analysis of the percentage of cells in each quadrant was made and
the results are shown in Fig. 4. As can be seen from the figure,
the percentage of viable MCF-7 cells decreased from 77% (negative
control) to 5% upon photothermal treatment with CM-AuNP.
Furthermore, most of the photothermally-treated MCF-7 cells
(69%) were found to be AV+/PI–, indicating the early phase of
apoptosis, while 25% of the MCF-7 cells were noticed to be in
the late apoptotic phase. The presence of late apoptotic cells in
CM-AuNPs-treated MCF-7 cells can be attributed to the absence
of phagocytes, which are responsible for removing the apoptotic
cells [29]. In view of this, photothermal treatment with
CM-AuNPs using a laser (3 W/cm2, 120 s) triggered cell death of
MCF-7 cells predominantly through apoptosis mechanism.
Therefore, it could be deduced that CM-AuNPs possess great
potential to be used as a photothermal agent in photothermal
therapy of cancer.

4. Conclusions: This Letter has demonstrated a relatively higher
photothermal heating efficiency of CM-AuNPs compared to
citrate-AuNPs. Furthermore, CM-AuNPs also exhibited a remark-
able photothermal therapeutic effect on MCF-7 cells upon irradi-
ation using laser intensity of 3 W/cm2 for 120 s. The mechanism
of photothermal-induced MCF-7 cell death was found to occur
mainly through apoptosis, which was preferred over necrosis cell
death that commonly occurs in current photothermal treatments.
Thus, the CM-AuNPs have been shown to demonstrate great
potential as the photothermal agent for cancer therapy.
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