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Introduction
Previous investigations, in nanomedicine and nanotechnology 

have established the progress of different nanomaterials with 
interesting physico-chemical properties for biomedical applications 
[1,2]. Nanoparticles (NPs) can provide many opportunities for the 
environment and human diseases [3,4]. Toxicological studies showed 
that small-sized gold NPs (AuNPs) have deleterious effects on the 
health of humans and living species in the environment [5-7]. In 
various events, the elevated cytotoxicity of nanoparticles limits their use 
for medicinal applications [8]. Previously, the grafting of polymers onto 
gold nanoparticles have led to new and exciting development with a 
great potential in many fields from chemistry [9,10] to biology [11] and 
medicine [12]. 

Recently bio-polymers and phosphonates have applied in 
nanomedicine [13], thanks to their high chemical stability and low 
toxicity [14]. Several flavonoids and/or extract plants have been reported 
in order to conjugate gold nanoparticle surfaces by chemisorption or 
physisorption [15,16]. 

AL Morel et al. have reported a green chemistry approach to 
synthesize AuNPs by the bio-reduction of the AuCl4

- ions using endemic 
and plants originated from Reunion Island and registered in the 
french pharmacopeia Hubertia ambavilla and Hypericum lanceolatum 
extracts, in two different methods in substitution to citrate mostly used 
in common methodology [17]. One of this patented methods is reverse 
synthesis leading to biocompatible & stable, 20 nm-sized spherical shape 
nanoparticles. As we are limited by the depth penetration of the laser, 
we use apply this technology to treat skin cancer. To date, few studies 
explain the formation of gold nanoparticles before or concomitantly 
to the nucleation step. Some authors have studied the mechanism of 
hybrid nanoparticles and chelation process with drugs on the growth 
process [9,18].

Thus the grafting of bio-ligands to the nanoparticle surface drew a lot 
of attention for the development of highly functional hybrid materials 

Abstract
In the present study, gold nanoparticles (AuNPs) were successfully developed by green synthesis using a strong 

antioxidant Quercetin (Q) known as a bioreducing agent, in the presence of Hubertia ambavilla extract plant (G) in 
order to form hybrid green gold nanoparticles (GQAuNPs). GQAuNPs were characterized by several Spectroscopic 
techniques (TEM, Raman and UV-Vis spectroscopies) to understand their physicochemical and biological properties. 
The average particle size was found to be around 20 nm, and corresponding average zeta potential value is −19 mV 
suggesting a high stability of GQAuNPs. The large negative potential value could be due to the capping of polyphenolic 
constituents present in the plant extract. For therapeutic intentions, we propose the important part of GQAuNPs in 
the hyperthermia treatment of pancreatic cancer through preliminary study based on temperature effect onto colloidal 
solutions under specific experimental conditions. This study, bringing a green chemical approach, will take up a 
meaningful, position in the field of nanomedicine, with innovative views for the development of complex- drugs and 
active targeting in cancer therapy.

[19]. More recently, flavonoids have been successfully investigated in 
photothermal therapy (PTT) [20].

PTT, clinically termed as hyperthermia, is a minimal-invasive 
therapeutic strategy for the destruction of cancerous cells as well as 
bacteria. It is based on the conversion of photon energy into cytotoxic 
heat upon near infrared (NIR) laser irradiation [21,22]. 

Quercetin (3,30,40,5,7-pentahydroxyflavone) Figure S1 is a 
plant-derived aglycone flavonoid which has shown one of the highest 
antioxidative potential among flavonoids and different biological 
effects [23]. Due to this high antioxidative property, quercetin imparts 
many crucial biological properties like antitumor, anti-inflammatory 
and antimicrobial activities alone [23,24] and can be encapsulated in 
nanoparticles as PLGA [25]. We report herein an original method to 
obtain controlled small nanoparticles coated with an antioxidative 
flavonoids. This study shows the role of flavonoids as reducing and 
capping agents. Thus, we presents an innovative manner to screen 
new PTT agents using green chemistry, considering two main criteria: 
the size and the in vitro photothermal activity. The aim of this article 
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is twofold: first, we implemented a previous chemical protocol to 
realize novel green nanoparticles (GQAuNPs) by a one-step procedure 
from gold-extract plant complex. Second, we investigated the PTT 
activity of GQAuNPs, before and after internalization in pancreatic 
adenocarcinoma cells (MIA PaCa-2) in order to evaluate their capacity 
for ablation of cancer cells. As PTT uses laser irradiation, even if it is a 
near infrared laser the thickness of tissue that can be treated is limited, 
so this treatment is particularly well adapted to superficial cancers like 
melanoma or basal cell carcinoma. So we performed a first in vivo study 
on a murine melanoma model.

Experimental
Reagents and chemicals

Analytical grade tetrachloroaurate salt (HAuCl4, 99.98%), 
Quercetin (Q), D-Glucose (G), folic acid (F), Phosphate buffer solution 
(PBS), were purchased from Sigma-Aldrich, USA. 

The methodology used was described previously [17].

Synthesis of green gold nanoparticles (GQAuNPs)
5 mL of HAuCl4*3H2O (0.94 mM) was heated to 50°C. 1 mL of 

TSK1 (0.96 mg/mL) and 20 µL quercetin (Q) (0.5 mg/mL) were 
rapidly introduced into the flask with drastic stirring, respectively. The 
mixtures were continuously heated for a 5 min till a ruby-red color 
appeared. The flask was cooled for two minutes in an ice bath to stop 
the reaction. 

Characterization of synthesized GQAuNPs
After synthesis, the nanoparticles were subjected to characterization 

as described previously [17].

Stability of GQAuNPs 
For stability studies, GAuNPs were dispersed in PBS (0.1 M; pH 

5.5), and absorption spectra collected over 3 months (Figure S2). 

Photothermal property
To evaluate whether the fabricated AuNPs were able to absorb 

the 808-nm NIR laser and generate heat for photothermal therapy, 
the concentration was adjusted to OD (plasmon) = 1 in water. After a 
session of NIR laser irradiation (3W, 808 nm), the temperature curve 
of the 1 mL AuNPs was measured using the thermocouple every 30 s 
for 10 min.

In vitro biological activity of GQAuNPs
Cell culture: MIA PaCa-2 cells, a human pancreatic carcinoma 

cell line, were obtained from the AmericanTissue Culture Collection 
(ATCC) and were cultured as described previously [14]. 

Evaluation of GQAuNPs cytotoxicity: The toxicity was measured 
by comparing the cell proliferation rates with and without AuNP for 24 
h. Cells were seeded at a density of 0.25 × 106 cells/mL in 48-well plates 
to make the cells adherent and proliferating. After 24 h of incubation, 
125 µL of the culture medium was replaced with AuNPs (Q1, Q2, Q3, 
Q4 and QTSK1) or free Quercetin at the same final concentration in 
AuNPs, and the cells were further incubated for 24 h. Control cells 
were used without AuNPs/Quercetin treatment. The number of cells 
was determined by counting with a Coulter Counter Z2 (Beckman) and 
each experiment was performed in triplets for each sample. The average 
of all of the experiments has been shown as cell-viability percentage in 
comparison with the control experiment, while gold untreated controls 
were considered as 100% viable.

Cell internalization procedure: To facilitate the uptake of 
nanoparticles into the cells, and to enhance their biocompatibility, the 
synthetized gold nanoparticles were conjugated to folic acid (F) and 
glucose (G). First, the synthesized gold nanoparticles were centrifuged 
for 30 min at a speed of 11,000 rpm. The precipitate was resuspended 
in an aqueous solution containing G. The solution was then incubated 
at room temperature with continuous stirring. After 1 h, the solution 
was centrifuged and the precipitate was collected and resuspended in 
an aqueous solution containing F and left for 1 h. The mixture was 
then centrifuged and redispersed in water containing 9% NaCl. The 
obtained AuNPs are called GQAuNPs@G@F.

MIA PaCa-2 cells were seeded into a Lab-Tek®II Chamber 
Slide™ System and maintained in DMEM supplemented with 10% FBS 
for 24 h, then washed three times with PBS and incubated with the gold 
nanoparticles solution. After 24 h, the cells were rinsed with PBS and 
fixed with 4% paraformaldehyde at room temperature for 15 minutes 
and washed with PBS.

Optical imaging: The optical images of the cells have been made 
with the optical microscope of an Xplora Raman microspectrometer 
(Horiba Scientifics) in bright and dark fields. 20x and 80x objectives 
have been used with numerical apertures of 0.25 and 0.75 respectively.

Photothermia experiments: A 660 nm laser diode is focused on 
the cells and the gold nanoparticles using a 80x objective (Numerical 
aperture=0.75) using the optical microscope of an Xplora Raman 
microspectrometer (Horiba Scientifics) with a laser irradiation of 2.2 
mW/μm2.

In vivo evaluation of GQAuNPs 

Cell culture: B16F10 (ATCC® CCL-6475TM) is a murine 
melanoma cell line from a C57Bl/6J mouse. Cell line was cultured in 
MEM medium supplemented with FBS (10%) and L-glutamine (2 
mM). Cells are maintained in an incubator at 37°C with 5% CO2.

Animals and tumors: BALB/c nude male mice, 5 weeks old 
were used. Animals were housed in plastic cages inside a controlled 
ventilated rack with free access to water and food. All experiments 
were performed in accordance with national animal care guidelines 
(EC directive 86/609/CEE, French decree n°87-848). Tumor xenografts 
were achieved by subcutaneous injection of tumor cells suspension 
(2.5 x 105 cells in 200 μl PBS) into the right flank. To follow tumor 
growth, tumor volume (V in mm3) was measured with a cliper and was 
calculated as V= (length x width x thickness)/2.

Photothermia treatment: When tumors reached a volume of 200 
± 50 mm3 (D0), mice were randomly assigned into 3 groups (5 mice 
per group). In the CTRL group, mice were not treated; in the Laser 
group, PBS (100 µL) was injected into the tumor then the mice received 
photothermia treatment; in the AuNPs group, GQAuNPs@G@F (100 
µL) was injected into the tumor then the mice received photothermia 
treatment. Tumor treatment was performed only 1 hour after 
injection of PBS or AuNPs. During all treatment procedure mice were 
anesthetized and a 808 nm laser diode was positioned above the tumor. 
Each tumor was irradiated 20 min with a power density of 1.5 W/cm². 

Evaluation of antitumor activity: Treatment efficacy was assessed 
in terms of the compound’s effects on tumor volume for PTT-treated 
mice relative to control vehicle-treated mice. Two evaluation criteria 
were used in parallel: (i) Growth inhibition, calculated as the ratio of 
the median tumor volume of NP-treated versus control groups : T/C, % 
= (median tumor volume of NP-treated group on day X / median tumor 
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(2) Initial reduction of TSK1-metal that adsorbs onto Au III to 
form Au II: 

(3) Staking process of quercetin (Hybrid complex 2): 

(4) Final reduction of metal ions to form gold particles stabilized by 
molecules of plant extract.

In the first step, a mixture of extract plants (TSK1) were added 
in HAuCl4 aqueous solution to complex with it. Thus, the positively 
charged of flavonoid in the water solutions shows strong electrostatic 
interaction with negatively charged AuCl4

- ions and they form a 
complex flavonoid- AuCl4

- called Hybrid Complex 1 (Scheme 1). The 
addition of quercetin (Q) on the hybrid complex 1, stabilizes it through 
electrostatic interaction between carbonyl and amino groups (Hybrid 
complex 2) improving the kinetics of reduction by complexation of Au 
ions [35], controlling the growth process of final green nanoparticles 
(GQAuNPs) under control of temperature. All products were 
extensively characterized by UV-Vis absorption spectroscopy, TEM 
and Raman Spectroscopy.

Drug design of GQAuNPs and comparative physico-chemical 
characterizations 

We test the efficiency of quercetin, a well-known naturally 
occurring hydroxyflavone for the synthesis of gold nanoparticles and 
compared the results with the performance of the plant extracts. In 
order to evaluate the quercetin (Q) as a reducing agent to form gold 
nanoparticles (AuNPs), different concentrations of Q were added to 
the chloroauric acid (HAuCl4·3H2O) following the same synthesis 
conditions as QTSK1.

Table 1 presents the different samples with the corresponding Q 
concentrations.

Q is sparingly soluble in water and soluble in organic solvents such 
as ethanol, DMSO, and DMF which are forbidden for green synthesis 
of NPs. At the chosen concentrations, quercetin remains in suspension 
which must be passed to the sonicator before addition to the gold salt 
solution. 

The appearance of a purple color following mixing of Q with 
HAuCl4  solution indicated the formation of AuNPs (Figures S3 and 
S4). The resulting colloidal solutions were examined by UV-vis 

volume of control group on day X) x 100, the optimal value, being the 
minimal T/C ratio which reflects the maximal tumor growth inhibition 
achieved; (ii) Relative area under the tumor growth curve, rAUC (%), 
representative of the tumor growth curve as a whole, reflects the overall 
effect of a test compound over time. rAUC =[(area under the tumor 
volume growth curve of the treated group / median area under the 
tumor volume growth curve of the control group) x 100]. The more 
active the compound, the lower the rAUC value. 

Results and Discussion
Synthesis mechanism of GQAuNPs 

Previously A. Morel et al. have developed a green methodology in 
order to obtain a nano-therapeutic agent based on a gold-plant complex 
[17] (FR 16/50520, PCT/FR2017/050131)). The reverse synthesis 
method is a universal approach to obtain green nanoagents for medical 
applications. This could be considered as nanoplatforms allowing 
diverse functionalizations. Chemico-physical characterizations of 
flavonoids demonstrated their impact on the design (shape and size) on 
the synthesis of gold nanoparticles (data not published). We assume that 
the nature of flavonoids, thus the position of functional groups (-OH) 
and the change of biomolecules conformation during the formation 
of gold-nanostructure by complexation, have a wide influence in its 
plasmonic therapeutic activity. Previous studies reported that the 
nature of the polyphenols used for the bioreduction of gold can affect 
the antioxidant activity [26,27].

Other authors have studied the mechanism of gold-drug-complex 
and competition phenomena with various ligands on the growth 
process [14,28-31].

It was established that natural flavonoids such as quercetin, 
daizeol and puerarin, can act as reductants for the enlargement of gold 
nanoparticles implicated in optical detection [32,33]. In our previous 
work, the plant extract produced in Reunion Island obtained from 
Hubertia ambavilla (TSK1) was composed of flavonoids containing 
hyperoside, the main flavonoid (data not published) and in a small 
contribution, quercetin. 

In this present study, we report a novel chemical protocol 
developed to better understand the chemical mechanism implicated 
in the formation of green gold nanoparticles using well known and 
widely used quercetin. This will bring additional properties to improve 
the therapeutic efficacy of green gold nanoparticles through formation 
of stable complexes of flavonoid plant extract and Au (III) as building 
blocks of gold nanoparticles. 

The major difference with previously reported synthetic procedures 
is that both TSK1 (extract plant) and quercetin (Q) reacts to the 
stabilization of AuNPs via chelation between ketone and hydroxyl 
groups with chloride auric ions. The mechanism of green synthesis 
of gold nanoparticles using catechine has been described [34]. The 
reducing agent seems to require –OH groups present in the catechin 
moieties to reduce gold and chelate Au. Catechin molecules act as 
bidentate ligand. The protonation and deprotonation of the B ring 
plays a crucial role in reducing Au (III) and the radical scavenging 
activity of catechin.

In this report, we suppose a necessary formation of a stable complex 
between Au3+ and flavonoids by chelation before the reduction. In our 
case, the formation of gold NPs from AuCl4

- includes these main steps 
(Scheme 1):

(1) Complexation of plant extract (TSK1)-AuCl4
- and generation of 

gold clusters (Hybrid Complex 1). 

Sample [Quercetin]final (µg/mL) Λmax (nm)
Q1 333.34 µg/mL 558
Q2 166.67 µg/mL 562
Q3 83.34 µg/mL 542
Q4 41.67 µg/mL 570-600
Q5 16.67 µg/mL -

QTSK1 1.67 µg/mL 535

Table 1: Samples characteristics. 

 

Scheme 1: Schematic representation of GQAuNPs synthesis via a 4-step 
process (Please note that drawings are not in scale and are not intended to be 
representative of the full samples composition). 
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spectroscopy.  Figure S5 presents typical spectra that were obtained 
using the 5 concentrations and compared to candidate QTSK1. 
Plasmon resonance peaks for the obtained solutions were recorded as 
an indicator for NPs formation. 

The minimum needed concentration of Q to form NPs is between 
20 and 40 μg/mL. For the synthesis of QTSK1, only 1.67 μg/mL was 
added which confirms that the formation of QTSK1 is mainly due 
to the reduction of the gold salt by the totum of flavonoid. Hubertia 
ambavilla contains mainly hyperoside. Thus, we made the hypothesis 
of a synergetic interaction between hyperoside and quercetin during 
QTSK1 synthesis. This could improve the reduction of Au (III)  in 
Au(0), nucleation, aggregation, growth and stabilization of AuNPs. 
The synthetized NPs (Q1-Q5) were instable compared to QTSK1 
and formed aggregates deposed in the bottom of the tube after only 
5  h cooling at room temperature (Figure S4 B). Therefore, they are 
not suitable candidates for imaging and drug-delivery applications in 
the human body due to the problem of cells internalization. The plant 
extract are more relevant protecting agent than Q. It is hydrosoluble, 
it adsorbs onto the surface of the newly formed nanoparticles (NPs) to 
prevent further growth and particle agglomeration. The heat generation 
property of the obtained NPs was also evaluated in water. Figures 1 
and 2 shows a plot of the temperature rise in the NPs solution versus 
time. QTSK1 shows high thermal properties compared to the sample 
prepared with the only Q (60 Vs 35 °C). 

Physico-chemical characterization of selected GQAuNPs

Phenols are analogs in the chemical structure and present an 
aromatic ring bearing one or more -OH groups [36]. 

Polyphenols, in particular flavonoids are considered to be 
ubiquitous in plants. Flavonoids are the largest group of phenolic plants. 
They consist in two aromatic rings A and B joined by a three carbon 
bridge (ring C) as seen in Figure S1. Hydroxyl functions and ketone 
groups play a key role during complexation and reduction of gold 
ions. The appearance of a red color following mixing of the Hubertia 
ambavilla extract with HAuCl4  solution indicated the formation of 
GQAuNPs. The gold nanoparticles were found to be stable even after 
repeated centrifugation and washing. Thus, phytochemicals substances 
presents in plant extract are presumably responsible for the creation 
of coating on gold nanoparticles and thus, rendering the nanoparticles 
stable against agglomeration. Plant extract possessed the dual role of 
reducing gold ions and providing stabilization effects to the formed 
nanoparticles. Gold nanoparticles produced by this green synthesis 
did not require any external chemicals agents for the reduction and 
stabilization of the nanoparticle. 

UV-vis spectroscopy is one of the most important techniques 
to determine and evaluate the formation and stability of metal 
nanoparticles in aqueous solution. 

Figure 3A shows a typical spectrum that were obtained after 
centrifugation. The absorbance was observed around λmax = 536 nm due 
to the excitation of the surface plasmon vibrations in the GQAuNPs. 
This demonstrates the complex formation by chelation of Au(III) 
and quercetine. It is further confirmed by other characterizations that 
this peak indicates the formation of monodispersed spherical shape 
GQAuNPs. 

The morphology and size of the synthesized nanoparticles were 
determined by TEM images showed in Figure 3B. Images reveal that 
the GQAuNPs are predominantly spherical in shape and are not in 
physical contact with each other. Lower magnification image reveals 

Figure 1: Bright field (A,C,E) and dark field (B,D,F) images (20x, 0.25 NA 
objective) of MIA PaCa-2 cell lines untreated (A,B) and treated with initial 
concentration (C,D) et 5 time diluted concentration (E,F) of GQAuNPs@G@F. 
The same sample region is monitored above and below.

 
Figure 2: Time-dependent temperature elevation of GQAuNPs before (black 
line) and after (red line) centrifugation in aqueous solution under 808 nm laser 
(1 W.cm-2).

that the nanoparticles are embedded in a dense matrix which may 
be the organic stabilizing components of Hubertia ambavilla extract. 
We proceeded to further sequential centrifugation steps to reduce the 
density of the matrix leading individual nanoparticles. The average 
diameter of these AuNPs is 20 ± 3.8 nm, which is determined by 
selecting 20 particles randomly from a TEM photograph as shown in 
Figure 3B.

The zeta potential of AuNPs is commonly used to characterize 
the surface charge property of nanoparticles. It reflects the electrical 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hyperoside
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potential of particles and is influenced by the composition of the 
particle and the medium in which it is dispersed. This is a very 
important indicator in the evaluation of the stability of colloidal 
systems and their renal clearance for biological application. Hak Soo 
Choi and al [37] demonstrated that the charge of the coating had a huge 
effect on the adsorption of serum proteins as well as the hydrodynamic 
diameter. Zwitterionic or neutral coatings prevented adsorption of 
serum proteins, which otherwise was associated with an increase in 
hydrodynamic diameter >15 nm and prevented renal excretion. The 
biosynthesized AuNPs was further demonstrated and confirmed by 
the characteristic peaks observed in Size distribution and zeta potential 
curve  (Figure S3), which indicate that the average of the diameter 
was in the range is 35 nm and corresponding average zeta potential 
value is −19 mV suggesting a high stability of GQAuNPs. The large 
negative potential value could be due to the capping of polyphenolic 
constituents present in the plant extract. The difference in size of 
particles observed by DLS when compared to TEM is the fact that the 
measured size also includes the bio-organic compounds enveloping the 
core of the GQAuNPs as seen in TEM. Thestability of GQAuNPs in 
solution was monitored by the Localized Surface Plasmon (LSP) band 
at 536 nm. Analysis was carried out at and electrolytic conditions (pH 
5.5). The synthesized GQAuNPs did show an almost negligible change 
in the LSP band position over a period of three months (Figure S2). 

We have also recorded the Raman spectrum of the synthesized 
GQAuNPs and compared it with the Hubertia ambavilla extract 
(TSK1) and quercetin (Q) as control (1). The main goal was to identify 
similarity between extract and colloidal solution that indicated that 
the same compounds existed in both media. Raman spectral peak 
intensities from the  plant extract were observed signifying that the 
Raman-reporter molecules from the extract were retained on the 

AuNPs during the synthesis process. The SERS spectrum in Figure 3C 
demonstrates the low wavenumber region (i.e. at 483, 438/431, 526 cm-

1) which are related to a possible oligomerization of quercetin (Q) [38]. 
This confirms the third step of staking process of quercetin (hybrid 
complex) in the synthesis of GQAuNPs.

As previously described [17], the overlapping peak of the 
functional group of  the Hubertia ambavilla and quercetin present 
on the AuNPs corroborates also results in that chemical compounds 
from the plant extract had been coated on the surface of AuNPs and 
formed chemical bond with AuNPs. Concerning the photothermal 
effect studied of GQAuNPs, we says that the phenomenon occurs when 
a metallic nanoparticles converts the absorbed photon onto heat [39] 
depending on nanoparticle nature, shape and size, the treated cancer 
cells [40], drug delivery and photodynamic therapy for their ability to 
select drive temperature-sensitive chemical reactions [41]. In order to 
realize a good PTT nanovector, a large number of conditions should be 
accomplished, including size and shape for a NIR region illumination, 
but also a low cytotoxicity to healthy tissues [42]. Recently, drug-
gold nanovectors have demonstrated excellent properties that can be 
applied to areas such as drug delivery, cell separation and hyperthermia 
[29,43]. 

In our study, the heat generation property of the synthesized 
GQAuNPs was first determined in water solution. Figure 2 shows a 
plot of the temperature rise (∆T) in the GQAuNPs solution versus 
time. ∆T reached almost 45°C after 5 min of laser irradiation before 
the centrifugation of nanoparticles which consisted in eliminating the 
excess of polyphenolic compounds at the surface of nanoparticles. 
After centrifugation, the hydrodynamic diameter of the GQAuNPs is 
reduced, confirming the release of an excessive coating probably bound 
by H bonds, pi-pi stacking interactions through aromatic phenols 

B)

D)

Figure 3: (A) Normalized UV-Vis absorption, (B) TEM and High TEM magnification (D) images, (C) normalized Raman spectra of the selected 
GQAuNPs (QTSK1) compared to TSK1 extract plant and free Quercetin (Q) as control. (B, D) Scale bars:  100 nm and 20 nm. (C) Experimental 
conditions: λexc = 785 nm; laser power 22 mW; accumulation time 100 s.
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rings. The temperature change in the control medium was less than 
2°C during NIR irradiation. These demonstrated that the 808 nm NIR 
laser can induce SPR on the NPs and generate heat, increasing the 
temperature of the solutions. The results show a decrease of 10°C after 
centrifugation compared to the initial NP.

The thermal destruction only requires an increase of about 7°C 
provoking the irreversible destruction of malignant cells. New and 
further results will later highlight the biological mechanism of cell 
destruction (necrosis vs. apoptosis) during PTT. 

In vitro biological activity of GQAuNPs 

The aim of this study is to confirm the green-nanoparticle candidates 
for the in vitro and in vivo tests. The cell viability (%) following 24 h 
exposure to the prepared GQAuNPs compared to free quercetin at 
the same concentration (Table 1) was evaluated (Figures S6 and S7). 
It was found that free Q and GQAuNPs decreased the cell viability. 
GQAuNPs were more cytotoxic than free quercetin, suggesting that the 
degree of cytotoxicity for quercetin was increased by conjugation of 
quercetin to the GQAuNPs. Kumar et al. [44] have previously showed 
the significant induction of cytotoxicity of quercetin conjugated Fe3O4 
nanoparticles in MCF‐7 cells when compared with free quercetin. The 
results showed that the QTSK1 is less toxic compared to the other 
prepared nanoparticles (Q1-Q4). It is necessary to remember that in 
this study the purpose is to induce cells death by a photothermal effect. 
Moreover, the functionnalisation of QTSK1 with glucose (QTSK1@G) 
and folic acid (QTSK1@G@F) shows better biocompatibility compared 
to the initial QTSK1. Cell internalization of the synthesized colloids 
(GQAuNPs@G@F) was checked with a confocal microscope under 
bright and dark field illumination. For comparison purpose, the glass 

slide contained regions with identically grown cells which were not 
exposed to the colloid solution. The images reported in Figures 1 and 4 
are from the treated and untreated MIA PaCa-2 cells, the same sample 
region is seen in bright and dark field conditions. The dark field image 
(3-D) shows a high density of bright, small scattering centers dispersed 
all over the glass slide. 

The smallest black spots observed bright field may correspond to 
the aggregates of a size of about 200 nm. Individual nanoparticles are 
not seen under bright field due to their very small, submicrometric 
dimensions. Such a background of bright dots is not seen when 
observing the non-treated cell. Furthermore, the density of these bright 
spots clearly increases if the original concentration of the incubated 
colloids is increased. It appears that the colloids have a tendency to 
accumulate inside the cells: most of them present a central bright region. 
In the bright field image, dark patches, indicating lower transmission of 
the incident white light are seen at the corresponding positions for the 
larger aggregates of nanoparticles. 

The internalized metallic nanoparticles may act as nano-sources 
of heat when irradiated by light of frequency matching their localized 
surface plasmon resonance. This thermo-plasmonic effect leads to an 
increase of the local temperature near the irradiated nanoparticle(s) 
sufficiently high to alter any surrounding biological structures and 
ultimately provoking cell death. Modification of the cell morphology 
following absorption of laser light (at 660 nm) by the loaded 
nanoparticles was inspected by comparing microscope images of 
region before and after laser irradiation. Individual cells were observed 
with a higher magnification objective (80X) to gain a better insight into 
the distribution of the colloidal particles. Considering the numerical 

Figure 4: Bright field (A) and dark field (B) images (20x, 0.25 NA objective) of MIA PaCa-2 cells treated with the GQAuNPs@G@F. Bright field (C,D) 
of the surrounded zone in red at higher magnification images (80x, 0.75 NA) of MIAPaCa-2 cells before (left) and after (right) laser irradiation (2.2 
mW/cm2 for 6 min).  The laser was focused at the position marked with a red dot.
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Figure 5: Raman spectra of AuNPs internalized into MIA PaCa-2 cells. The 
Raman spectra before and after irradiation were acquired with 80x objective, 
10% laser power, 3s.

Figure 6: Effects of GQAuNPs administered into the tumor coupled with laser 
irradiation on the tumor volume of mice bearing subcutaneous B16F10 murine 
melanoma xenograft.

aperture of the objective used for laser irradiation (80X, 0.75 NA), the 
diffraction limited laser spot should have a diameter of roughly one 
micron.

A first bright field image is recorded with the laser off (4-C). Then 
the laser is turned on and focused at the desired location onto the cell 
(red dot). The position of the colloids can be relatively easily guessed 
by observing the contrast in the bright field image: darker patches 
indicate the accumulation of the absorbing particles. Once the laser 
spot (exc = 660 nm) is at the desired position, laser power is increased 
(by removing filters) for a fixed time then again turned off. A second 
optical image is then recorded after switching off the laser light (4-
D). By comparing the two images, before and after the irradiation, we 
notice the appearance of a hole due to the cell membrane damage after 
an exposure of 6 min and an irradiation of 2.2 mW/μm2. It means that 
photon energy is converted to heat sufficient to induce cellular damage 
via thermal effects. Despite that the laser irradiated area is only about 
one micron in diameter (diameter of the focal spot), the effects of the 
plasmonic heating extend over a larger portion of the immobilized cell. 
Negative tests were also carried out: during the focusing of the laser 
light away from one nanoparticle aggregate, no damage is formed.

The excitation of the localized surface plasmon resonances upon 
laser irradiation brings also an enhancement of the Raman signal of 
molecules located in the close proximity of the colloids surface. SERS 
signal was detected when illuminating the internalized colloid and 
analyzing the back scattered radiation (Figure 5). A stable Raman signal 
can be detected from the NP aggregates using 2 mW/μm2 for 3 sec. 
This spectrum is relative to the cell/AuNP system; when focusing away 
from the colloids but still inside the cell, no Raman signal is detected 
even for longer acquisition times. The characteristics peaks in the range 
500-1200 cm-1 corresponding to amino groups of proteins and others 
biomolecules in the cells is more evident before irradiation (Figure 5 
red line). After laser excitation, we observed a strong disparition of 
principal peaks corresponding to functional biomolecule in the cell 
with apparition of amorphous carbon (wide strips 1300 - 1550 cm-1) 
that confirms the success of photothermal effect inside the MIA PaCa-
2 cells.

In vivo evaluation of GQAuNPs

A first in vivo study was performed on a murine melanoma model. 
This model is a superficial tumor that can be easily irradiated. Indeed 
even if infrared radiations are used, the depth of penetration is limited 
to 4-5 mm in the tissue due to optical diffusion [37]. The mechanism 
of action of PTT is not dependent on cell type. If the adequate ligand 
is coated on the AuNPs, this favors the accumulation of GQAuNP and 
induces hyperthermia when irradiated thus provokes the cell death in 
various tumor models. As B16F10 melanoma cells overexpressed folate 
receptors, that was considered as a good candidate to assess GQAuNPs 
conjugated to folic acid. GQAuNPs coupled with laser irradiation 
showed a moderate antitumor activity (T/C ≤ 42% and rAUC ≤ 50%, 
Figure 6) and were not toxic at the administrated dose (no weight loss 
> 20%). 

An inhibition of tumor growth by 46% (in all mice and a partial 
regression in one mouse) were observed. No inhibition of tumor 
growth was observed in the Laser group indicating that the antitumor 
effect observed in the NP group is induced by the association of 
GQAuNPs with laser and not by the laser alone. For a first assay, the 
results are encouraging even if several parameters need to be improved. 
First, the irradiation surface, in this study the tumor volume was not 
fully exposed to the laser but only 40% of the surface. Second, the delay 

between injection of GQAuNPs and irradiation in order to have a 
homogenous distribution of nanoparticles in the tumor volume at the 
time of irradiation. We are considering photoacoustic imaging studies 
to determine the biodistribution of the nanoparticles inside the tumor 
after direct intratumoral delivery. Indeed, due to the optical absorption 
that results from the SPR effects, gold nanoparticles can be used as 
photoacoustic contrast agent [38,39]. The last parameters to improve 
are the concentration of GQAuNPs, the duration and the power of 
the irradiation to get sufficient hyperthermia to induce cell death and 
so a complete tumor regression. It is important to control the rise of 
temperature in order to induce cell death by apoptosis process and not 
by necrosis [40-41]. For that, the temperature have not to exceed 47°C 
and the temperature to reach in vivo is inferior to the temperature we 
need in vitro due to the microenvironment [42,43]. The power density 
of laser we used was 1.5 W/cm², it is less than the majority of power 
density reported in the literature (2 – 22 W/cm²) but the objective is to 
decrease this value up to 0.2 W/cm². This is the maximal permissible 
exposure of skin as per ANSI regulation for 808 nm and continuous 
mode irradiation. Finally, we need to achieve optimal efficiency 
with a single treatment to avoid inducing adaptation to heat stress 
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(thermotolerance) due to the expression of heat shock proteins (HSP) 
[44]. In the case where tumor cells are thermoresistant, it is possible 
to combine the nanoparticles with HSP inhibitor or small interfering 
RNA for HSP silencing. More studies are ongoing on two models: 
melanoma and basal cell carcinoma. Currently, for melanoma and 
basal cell carcinoma, the main treatment is based on surgical excision 
whose the risk to involve the formation of permanent scars depends 
a lot on the localization. Other alternatives are the use of dynamic 
phototherapy and imiquinod or 5-FU creams. These treatments are 
limited to superficial basal cell carcinoma, actinic keratosis, Bowen’s 
disease and condyloma for creams. They can present a pain during 
the application or after the treatment with irritations which can lead 
to an early stop of their use. With our treatment we can hope to treat 
these pathologies with less discomfort for patients thanks to a complete 
regression achieved in one injection. 

Conclusion
This paper reported a green chemistry approach to synthesize 

AuNPs by the reduction of the AuCl4
-ions using Hubertia ambavilla 

and quercetin. The quercetin is a flavonoid presenting antioxidant 
activity that is used both as reducing agent and capping agent. 
The particles morphology formed consists in spherical-shaped 
nanoparticles depending on the nature of the surfactant as reducing 
agent. GQAuNPs are highly soluble under physiological conditions 
and no aggregation was observed even after 3 months storage. The 
possibility to ablate MIA PaCa-2 cell line was evaluated but this study 
confirms the biocompatibility of complex green gold particles and their 
use as nanoplatform for the thermal destruction of several cancers. A 
complete destruction of the tumor cells was achieved with a laser power 
of 2 mW / μm2 for 3 sec at 808 nm. This paper highlights the efficacy of 
GQAuNPs for the photothermal activity (PTT) of MIA PaCa-2 cells in 
order to develop a multitask nanovector with a highly effective cancer 
therapy. The first in vivo study confirms the efficacy of GQAuNPs 
for the PTT and even if some parameters need to be optimized this 
treatment looks promising.
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