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ABSTRACT

Gold nanostars (GNS) show great potential for cancer therapy due to their photothermal effect under near-infrared excitation. Here
we propose to combine photothermia with chemotherapy to make the treatment more efficient. GNS were prepared by a seeded-
growth method involving silver nitrate in a 1-min process. The optimal conditions were 15 nm seeds, 3 mM of silver nitrate and a
seeds to gold chloride ratio of 0.004 to obtain plasmonic resonance at 807 nm. These optimized GNS showed an increase of 4°C
upon 808 nm excitation. Photothermal properties were similar to those of commercial gold nanorods (GNR) with a plasmon band
centered at 813 nm. Then GNS and GNR were modified with PEG-SH molecules in order to incubate them with HT29 cancer cell
spheroids prepared in hydrogel microwells. Spheroids were submitted to various treatments, in addition to incubation with GNS
and GNR. They were also incubated with gemcitabine, a chemo-therapeutic agent, and irradiated at 808 nm, with the objective to
combine chemotherapy with photothermal therapy. The dead/live cell evaluation after treatment was performed by fluorescence
microscopy. The optimal combination of GNS, gemcitabine, and laser irradiation was found to induce the highest percentage of
dead cells and a decrease of spheroids size.

1 | Introduction in deep tissues, and thus can cause damages to surrounding

organs, iii) chemotherapy, whose efficiency may be limited
Cancer is one of the leading causes of death worldwide, due to a dense tumor microenvironment with a heterogeneous
accounting for nearly 10 million deaths in 2022 [1]. The con-  composition (fibroblasts, macrophages, lymphocytes, etc.) and
ventional therapeutic protocols for cancer include: i) surgery, abnormal vascular structures, making drug penetration difficult

which is efficient but only at the earliest cancer stages, ii) [2]. Immunotherapy can also be planned, but some cancers are
radiotherapy, which requires high doses if the tumor is located known to be resistant to this approach for the same reason.
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With typical dimensions on the same order of magnitude as
biomolecules, nanoparticles are attractive for biomedicine. In
oncology, nanoparticles are used both for diagnosis and therapy
purposes. In particular, gold nanoparticles have been recog-
nized for the past two decades as good candidates to generate
a photothermal therapeutic effect [3]. This comes from their
plasmonic properties and in particular, from their non-radiative
relaxation causing electron-electron collisions, which lead to a
rapid increase in temperature on the metal surface. Gold nanopar-
ticles also offer the possibility to tune their extinction spectrum to
the near-infrared (NIR) spectral region, which is also referred to
as the first biological transparency window (700-950 nm) because
the absorption and scattering of biological tissues are minimized
[4]. Nanostar, nanoshell, and nanorod morphologies are among
the most efficient nanostructures to induce the photothermal
effect [5]. In particular, due to their sharp needles whose extrem-
ities are electromagnetic field ‘hot spots’, gold nanostars (GNS)
show intense local electron densities leading to high photother-
mal conversion efficiency. In a recent study, GNS showed the
highest photothermal conversion efficiency (46.2%) compared to
nanospheres (21.6%) and nanorods (20.4%) [6]. It is also possible
to finely tune their localized plasmon resonance in the NIR
spectral region while maintaining a small nanoparticle size in the
25-75 nm range, which is not possible for nanoshells for instance
for which the typical size to reach this region is over 150 nm [7]. In
addition, they also exhibit interesting biological properties, such
as low cytotoxicity and high cellular uptake [8]. Concerning gold
nanorods (GNR), despite their lower photothermal conversion
efficiency, they provide superior absorption and scattering cross-
sections compared to gold nanospheres and nanoshells of the
same size [9]. For instance, they heat at least 6 times faster than
gold-silica nanoshell for the same gold mass [10]. Finally, like
GNS, their localized surface plasmon resonance can be precisely
tuned depending on their aspect ratio [11].

Despite these advantages, according to a recent review [12],
clinical studies involving gold nanostructures for photothermal
cancer therapy are still rare. The reason can be attributed to the
complexity of the developed gold nanostructures that typically
involve multiple steps for synthesis and functionalization and
therefore cannot directly meet the needs of hospital settings. The
most conclusive study was conducted with 150 nm gold-silica
nanoshells (AuroShell nanoparticles) in 16 patients diagnosed
with low- or intermediate-risk localized prostate cancer [13].
The photothermal treatment led to successful tumor ablation
in 94% of the cases. However, for tumor ablation, temperature
increase must be higher than 6°C and this may lead to cell
necrosis. Thus, even with gold nanoparticles functionalized with
targeting agents, the photothermal approach based on direct
tumor ablation could also lead to unwanted side effects and to
the death of surrounding healthy cells.

Mild hyperthermia requires lower temperature increase, in the
4°C-6°C range. It provides several advantages compared to
ablative hyperthermia. In addition to limit the inflammatory
responses and surrounding tissue damages, this approach can
enhance the therapeutic synergy between photothermal treat-
ment and other anti-cancer agents [14]. Indeed mild hyperther-
mia can increase both vascular, cell membrane, and extracellular
matrix permeability, allowing for a better penetration of drugs
[15]. This effect has already been investigated in several preclinical

studies involving gold nanoparticles. For instance, gold nanorods
were used to deliver gene editing proteins that reduce the thermal
resistance of cancer cells, allowing mild hyperthermia to induce
tumor apoptosis without causing deleterious effects on surround-
ing tissues in mice model [16]. Gold nanorods were also combined
with si-RNA in order to down-regulate the heat shock protein
expression and enhance apoptosis in tumor xenografts model [17].
In another example, the mild hyperthermia properties of gold
nanocages coupled to hyaluronic acid were employed to increase
the vascular permeability of tumor tissues in order to facilitate the
deep penetration of immune cells and immunotherapeutic agents
[18].

In our work, we aim to improve the efficacy of a chemotherapy
drug, gemcitabine, through mild hyperthermia. Gemcitabine
was selected among other chemotherapeutic agents because it
is a widely used anticancer drug with demonstrated activity
against a broad spectrum of solid tumors [19, 20], including
colorectal cancer [21]. However, its clinical efficacy is limited by
several pharmokinetic drawbacks, including poor tumor delivery
and a short plasma half-life resulting from rapid enzymatic
degradation [22]. We expect that hyperthermia in combination
to gemcitabine could facilitate the accessibility of the drug to
the tumor and reduce its toxicity by decreasing the administered
dose. A previous paper reports a similar approach involving
liposomal nanocarriers containing gemcitabine in combination
with PEGylated gold nanorods [23]. The mild hyperthermia
generated by gold nanorods led to an increased intratumor
gemcitabine concentration, and a reduction of pancreatic tumor
size in mice.

In the present study, we propose to compare two different gold
nanostructures that were selected to reach a plasmon band in
the NIR spectral region (around 800 nm): gold nanostars (GNS)
and gold nanorods (GNR). In particular, GNS present a very
simple synthesis protocol (in a 1 min process) and both GNS and
GNR can be easily functionalized with polyethylene(glycol) to
make them biocompatible. After optimization of GNS synthesis
conditions, their photothermal properties were compared to
those of GNR. They were both chemically modified with a
thiol-terminated polyethylene(glycol) and finally incubated with
multi-cellular 3D HT29 cell spheroids to mimic the interaction
between gold nanoparticles and tumors in the presence of gemc-
itabine, and of NIR light irradiation to induce mild hyperthermia.
The efficiency of this combined treatment was evaluated by
fluorescence microscopy after labelling of dead cells and living
cells.

2 | Experimental Section

A detailed list of materials and methods is given in the Supporting
Information. Briefly, GNS were synthesized using a surfactant-
free protocol [24] consisting first in the synthesis of spherical
gold nanoparticles that are used as seeds for the growth of GNS
branches in the presence of ascorbic acid and silver nitrate,
as a shape-directing agent and catalyzer to induce branching
onto gold nanoparticle active sites. The whole scheme of the
synthesis process is given in Figure S1. GNR were obtained from
NanoPartz company (Loveland, USA) at a gold concentration of
42 mg/L.
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3 | Results and Discussion

3.1 | Optimization of the Synthesis of
Surfactant-Free GNS

The surfactant-free gold nanostars synthesis protocol was opti-
mized to obtain GNS with a plasmon band located around
800 nm, in order to match the first biological transparency win-
dow and the laser wavelength used for photothermal irradiation.
The studied parameters were the size and the quantity of gold
seeds as well as the quantity of added silver counter-ions. Two
gold seeds diameters, 2 and 15 nm were prepared (Figure S2)
and used for the synthesis of GNS starting from fixed quantities
of AgNO; (3 mM, 100 pL), ascorbic acid (100 mM, 50 pL), and
HAuCl, (0.25 mM, 10 mL). The extinction spectra of the obtained
GNS compared to the extinction spectra of initial gold seeds of
2 and 15 nm are displayed in Figures S3a,b, respectively. For
both seed diameters, a redshift of the plasmon band is observed
by UV-vis absorption spectroscopy, which is consistent with a
change in size or morphology of gold seeds. A larger redshift
is obtained for GNS synthesized from 15 nm seeds from 520
to 702 nm, with the possibility to extend the plasmon band
toward the NIR region. Thus, this seed diameter was selected
for the following optimization studies. Silver ions allowed the
formation of nucleation sites for the growth of gold branches
around seeds. Their quantity is directly related to the number and
thickness of gold branches [25]. However, as shown in previous
studies, when the quantity of dissolved Au** is too low compared
to the seeds quantity, GNS branches are short for any AgNO,
concentration [24]. Consequently, to increase the NIR shift of
GNS plasmon band, the molar ratio between gold seeds and
HAuCl,, defined as AuSeeds : HAuCl,, was optimized. This
ratio was varied from 0.001 to 0.1 using 15 nm gold seeds and
a AgNO; concentration of 3 mM. An increase in the seeds to
HAuCl, molar ratio leads to a blueshift of the GNS plasmon band
(Figure S4). The relation between this ratio and the plasmon
band maximum can be fitted by a linear curve (Figure S4b).
Thus, this parameter seems to be the most relevant to precisely
monitor the plasmonic properties of GNS. This effect could be
explained by the growth of longer branches around gold seeds
when the seeds amount decreases. Hydrodynamic diameters and
zeta potential values of GNS grown for these different AuSeeds
to HAuCl, molar ratios are presented in Table S1. Although zeta
potential values are similar (around —30 mV) for every GNS,
hydrodynamic diameters are directly correlated to the plasmon
band evolution, as an increase of diameter is observed when
the plasmon band is redshifted toward the infrared region. This
finding is in agreement with the increase of nanostar branches
length [24]. Additionally, a AuSeeds : HAuCl, molar ratio of
0.004 allows obtaining GNS with a plasmon band at 807 nm
(Figure 1a) and a hydrodynamic diameter of 128 + 1 nm, as
measured by Dynamic Light Scattering (DLS). Their diameter was
also measured by Transmission Electron Microscpopy (TEM) as
shown in Figure 1b,c.

As expected, the observed GNS have a nanostar morphology.
Their diameter was measured according to the procedure detailed
in Figure S5. An average diameter of 172 + 35 nm was measured
over 100 GNS, which is higher than the measured hydrodynamic
diameter. This result might be surprising as hydrodynamic

diameter is generally higher than TEM-measured diameter due
to the fact that DLS takes into account the solvating sphere
around nanoparticles, but it may be explained by the anisotropic
shape of GNS. Indeed, DLS is based on nanoparticles Brownian
motion, thus the measured diameter is equal to the one of an
equivalent sphere with some translational diffusion coefficient
[26]. As shown in Figure 1b, some GNS cannot be assimilated to
a sphere as the lengths of their branches are very heterogeneous.
Additionally, in agreement with the DLS measurement, no aggre-
gates were observed on TEM images. The gold concentration
in the as-synthesized GNS was 26.3 mg/L as measured by
ICP-AES.

3.2 | Initial GNR

Commercial GNR used in this study had a diameter of 13 + 1 nm
and a length of 49 + 6 nm (measured by TEM) and were initially
coated with cetyltrimethylammonium bromide (CTAB). Their
plasmon band is centered at 813 nm (Figure 2a). TEM image and
corresponding histogram are shown in Figure 2b,c, respectively.

3.3 | Photothermal Properties of GNS and GNR

GNS and GNR dispersions were irradiated with an 808 nm
continuous wave laser and the temperature increase was followed
with an IR-thermographic camera (Figure 3).

After 30 min, a temperature increment of around 4°C was
observed for both GNS and GNR making them suitable to
generate apoptosis without necrosis, in the ‘mild hyperthermia
range’. As a comparison, water irradiated under the same con-
dition had a temperature increase smaller than 1°C. From these
temperature curves, the specific absorption rate (SAR), i.e. the
power dissipated per mass unit of gold, and the light-to-heat
conversion efficiency can be determined [27]. Calculation details
are provided in Supporting Information. The obtained values are
given in Table 1.

The SAR values obtained are of the same order of magnitude
than those found in the literature under mild hyperthermia. For
instance, Jung et al. [28] measured the photothermal properties
of GNR in similar conditions (laser power per surface unit of
60 mW/cm?, GNR concentration of 48 mg/L) and obtained a
temperature increase of 3.8 K after 10 min of laser irradiation.
The SAR value calculated from this measurement is equal to
551 W g1, a value close to the 408 W g~! obtained here for
GNR. In comparison, SAR values up to 10000 W g~ for GNS
[29] and 24600 W g for GNR [30] were found in previous
studies, but in those cases, the laser power per surface unit was
of 1 W/cm? and 0.8 W/cm?, with temperature increase greater
than 45 K in 20 min and 20 K in 16 min, respectively. These
conditions are characteristic of the ablative hyperthermia regime.
The low SAR values obtained in our work can be attributed to
the low temperature increase of a few K measured with GNS
and GNR in our mild hyperthermia conditions. However, light-
to-heat conversion efficiency reached high values, particularly
for GNS with almost 100%. The higher value found for GNS is
supported by the work of Wang et al. [6] in which a more than
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ratio of 0.004, the other synthesis conditions were : initial gold seeds of 15 nm in diameter and [AgNOs] = 3 mM.

14
_ \ N\
§1f GNR a .'.c- /»
So8 \ \
§0.6 1
£04 - ¢
02 s iu‘\ \\/
0 T
400 600 800 1000 £0 M

Wavelength (nm)

50

b e b Diameter C
0
: Length
\ §30
’ | / i
\ I “ g

»
=

0
0 10 20 30 40 50 60 70

Diameter or Length (nm)

FIGURE 2 | (a)Extinction spectrum, (b) TEM image and (c) corresponding diameter and length histograms of commercial GNR.

5
GNS
4 +| mGNR a's
. Wat g uim
53 - ater - .l.
~ m m"
22' n " '..
"
a:
11 omg®
- |
0 .. T T T T 1

0 5 10 15 20 25 30
Time of irradiation (min)

FIGURE 3 | Temperature variation (AT) as a function of time for
GNS (orange triangles), GNR (blue squares), and water (grey circles)
under irradiation with the 808 nm continuous wave laser.

twice higher photothermal conversion efficiency was found for
GNS compared to GNR.

3.4 | Functionalization of GNS and GNR With
PEG-SH

As GNS were synthesized with a surfactant-free procedure,
they were initially uncoated and thus a thiol-terminated
polyethylene(glyco)  (O-[2-(3-mercaptopropionylamino)ethyl]-

O’-methylpolyethylene glycol), noted PEG-SH, was added right
after the end of the synthesis. Zeta potential increases from —31
+1mV to —27 + 1 mV after PEG-SH coating. The negative charge
observed before PEG coating could be explained by the excess of
some sodium citrate molecules on starting gold seeds. Then the
increase of zeta potential value after PEG-SH coating could be
explained by the replacement of sodium citrate by non-charged
PEG-SH. As shown in Figure S6a, a slight blueshift was evidenced
after PEG coating due to a change in the local refractive index
around GNS, which is consistent with the formation of the
PEG-SH layer. In addition, a 30% decrease in extinction intensity
was also observed probably due to GNS losses. For GNR, they
were initially coated with CTAB, which is known to be highly
toxic for cells [31]. Therefore, the functionalization with PEG
required first the removal of excess CTAB by centrifugation, then
the addition of sodium borohydride to reduce any residual gold
salts in the solution in order to prevent nanorods aggregation
[32]. A decrease in zeta potential value from 45 + 1 mV to 24
+ 1 mV was noticed, in agreement with the replacement of
CTAB by PEG-SH. Similarly to GNS, a blueshift and a 52%
intensity decrease were observed after PEG-SH functionalization
as shown in Figure S6b. PEG-SH coating onto GNS and GNR
was also confirmed by infrared spectroscopy (Figure S7). The
PEG-SH spectrum shows typical stretching vibration peaks of
C=0 and C—O bonds in the 1000-1400 cm™" range, in addition
to N—H and N—C=0 (amide) bending vibration peaks at 1470
and 840 cm™, respectively. The main peaks obtained in this
region can be also found on GNS@PEG and GNR@PEG spectra,

40f10

Particle & Particle Systems Characterization, 2026

85UB0|7 SUOWIWIOD BAIER.D 3|qeot[dde aup Aq peussnob are sajoe VO ‘8sn Jo Ss|n. 1oy Areiqi 8UlUQ AB|I UO (SUOIPUOD-PLI-SLLLBY/LLI0D" A3 1M Ae1q 18U [UO//:SANY) SUONIPUOD Pue SWie 18U} 89S *[9202/70/2T] Uo ARiqiTauljuo A8|IM * UOAT 8p 8lueD 81003 - eIuUo|N 8IuiBIIA Aq 0T2Z005202 95dd/200T 0T/10p/w0d A8 M Areiq 1 jpuljuo//Sdny Wwoly pepeolumoa ‘v ‘920z ‘LTTYTZST



TABLE 1 | SAR and light-to-heat conversion efficiency calculated for GNS and GNR.

Sample SAR (W.g™) Light-to-heat conversion efficiency (%)
GNS 350 99
GNR 408 68

—
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HT29 HT29
-

+

GNR@PEG GNR@CTAB

FIGURE 4 | Fluorescence intensity of IP (label of dead cells)
obtained for HT29 spheroids in cell medium, treated with PEG-coated
GNR and treated with CTAB-coated GNR (initial GNR).

with the C—H stretching vibration peak in the 2800-3000 cm™
range. On the contrary, the GNS spectrum does not present any
significant vibration peak while the GNR spectrum only shows
vibration peaks corresponding to CTAB, i.e. C—H stretching
vibration peak at 2800-2900 cm™ and C—N stretching vibration
peak at 915 cm™ [32]. A zoom was made on the 800-1000 cm™!
spectral region (Figure S8). The spectrum of initial GNR (Figure
S8d) shows only one peak at 915 cm™ corresponding to C—N
stretching vibration, whereas the spectra of PEG-SH (Figure S8a)
and PEG-SH coated GNR (Figure S8e) present similar profiles,
with peaks around 840 and 960 cm™! corresponding to N—C=0
(amide) bending vibration and C—O—C symmetrical stretching
vibration, respectively [33]. It is clearly noticeable that the peak
at 915 cm™! is absent from the spectrum of PEG-SH coated GNR,
proving that CTAB was not detectable anymore by infrared
spectroscopy. The biocompatibility of PEG-coated GNR was then
evaluated in the presence of HT29 spheroids and compared to
the one of initial GNR (Figure 4).

The fluorescence intensity coming from dead cells is significantly
higher for initial CTAB-coated GNR while PEG-coated GNR had
a moderate increase in fluorescence compared to HT29 spheroids
alone, suggesting that the PEG-SH functionalization may reduce
the cytotoxicity of GNR.

3.5 | Incubation of GNS and GNR With Spheroids
and Therapeutic Effect

GNS and GNR were finally incubated with HT29 spheroids in
presence/absence of NIR light and/or gemcitabine to evaluate
the efficiency of combined photothermal therapy and chemother-
apy. Spheroids were chosen over conventional 2D cell cultures
because their 3D structure better mimics patient tumors in terms

of cellular layer organization, cell-to-cell communication, and
spatial variation in nutrients and oxygen supply depending on
the position of the cells within the tumor [34]. The HT29 cell line
was selected due to its known resistance to anticancer therapies,
making it a relevant model for evaluating treatment efficacy [35].
In addition, HT29 cells readily form compact and structured
spheroids, with homogenous size and high reproducibility [36].
Finally, these cells exhibit rapid growth, with spheroids occu-
pying approximately 80% of the 200 um microwells withing 3
days of culture, thereby enabling timely and reliable evaluation
of therapeutic responses. Living cells were label with fluorescein
diacetate (FDA, green signal) and dead cells with IP (propidium
iodide, red signal), as shown in Figure 5.

As expected HT29 spheroids without any treatment (Figure 5a)
were exclusively composed of living cells. Laser irradiation for
20 min did not lead to the death of cells as shown in Figure 5b.
The introduction of gemcitabine, the chemotherapeutic agent,
was associated with the apparition of dead cells mainly located
at the surface of spheroids (Figure 5¢) without a noticeable effect
of the laser (Figure 5d), as expected in the absence of gold
nanoparticles. When GNS were added to HT29, the presence
of dead cells was more obvious (Figure 5e) but no additional
cell death was observed in the presence of laser irradiation
(Figure 5f). The simultaneous addition of GNS and gemcitabine
was associated to approximately the same amount of dead cells,
but still located on the surface of spheroids (Figure 5g), while
under laser irradiation almost 50% of the spheroids were totally
composed of dead cells in their volume as shown in Figure 5h.
GNR addition onto spheroids produced similar effects, whereas
contrary to GNS they did not produce the death of cells without
(Figure 5i) or with laser irradiation (Figure 5j). The lower toxicity
of GNR compared to GNS when the laser is turned off could
be attributed to the purification steps achieved to perform the
PEG-SH functionalization procedure. Finally, in the presence of
gemcitabine and GNR, some dead cells could be seen on the
surface of spheroids (Figure 5k) while under laser irradiation,
similarly to GNS, spheroids fully composed of dead cells were
observed but to a lesser extent, only for 8% of the spheroids
(Figure 51). A statistical analysis was then performed on 50-200
spheroids to evaluate the fluorescence intensity emitted by dead
cells in each condition. Results are displayed in Figure 6.

As shown in Figure 6, HT29 spheroids were affected by laser
irradiation, the presence of gemcitabine, and GNS/GNR. In
particular, the combination of gemcitabine addition and laser
irradiation led to a high dispersion of the IP fluorescence values.
However, for HT29 spheroids non-treated with GNS or GNR,
the difference between HT29 alone and HT29 treated with
gemcitabine and laser was not significant. Concerning GNS, the
average intensity emitted by dead cells was higher when GNS,
gemcitabine, and laser irradiation were present simultaneously.
In addition, the difference between HT29 with only GNS and
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FIGURE 5 | Typical fluorescence images taken on 3 spheroids under different incubation conditions, without (a,c,e,g,i,k) or with laser irradiation

at 808 nm during 20 min (b,d,f,h,j,1), in absence (a,b,e,f,i,j) or in presence of gemcitabine 10 nM (c,d,g,h,k,1) and in absence (a-d) or in presence of GNS

(e-h) or GNR (i-1) at 7.8 ug/mL. Living cells were label with FDA (green signal, excitation at 488 nm) and dead cells with IP (red signal, excitation at

535 nm). All scale bars represent a distance of 200 um.

HT29 with GNS, gemcitabine, and laser irradiation was found to
be significant with a p value lower than 0.00005 in the Student’s
t test. The effect of the laser irradiation was also significant
with a p value lower than 0.0005 for HT29 with GNS and
gemcitabine compared to HT29 with GNS, gemcitabine, and
laser irradiation. For GNR, the average intensity was similar
for spheroids in the presence of GNR and gemcitabine without
or with laser irradiation. However, the intensity values were
significantly more dispersed, with very intense values leading to a
large standard deviation. Nevertheless, the combination of GNR,
gemcitabine, and laser irradiation seems to be to some extent
effective thanks to the photothermal effect and chemotherapy
compared to HT29 with GNR, with a p value below 0.00005.
However, for GNR, the benefit of laser irradiation was not
significant when comparing HT29 with GNR and gemcitabine,
and HT29 with GNR, gemcitabine, and laser irradiation. The
dual photothermal-chemotherapeutic effect was also evidenced
by its impact on spheroid size. This was evaluated by measuring
the average area of living cells (FDA label) in each spheroid
(Figure 7).

As expected, non-treated HT29 spheroids have the highest area
covered by living cells, proving their healthy nature (Figure 7).
All the treatments have a significant impact on their area and
thus on the size of spheroids. The following treatments, i.e. laser,
gemcitabine, gemcitabine + laser, GNS, GNS + laser, GNS +
gemcitabine, GNR, and GNR + laser show comparable effects,

with a decrease by approximately 30% in size compared to the
non-treated spheroids. However, the combined therapy (laser +
gemcitabine) on GNS produces a higher effect with a decrease
of around 50% in size compared to the non-treated spheroids.
Although this was also observed with GNR in combination with
gemcitabine, the beneficial effect of the laser was not significant.
To better assess the influence of the different treatments on
spheroids size, the equivalent diameter of spheroids was cal-
culated from the projected area and then from this equivalent
diameter, the equivalent volume of spheroids was also evaluated
(Figure 8).

As shown in Figure 8, equivalent diameter and volume of

spheroids follow the same trend as the projected area. Given that
a HT29 single cell has an average size of 10-15 pm, the decrease
in diameter obtained for HT29 spheroids after laser, gemcitabine
gemcitabine + laser treatments can be attributed to the removal
of 1 cell layer in spheroids. Similar effects were obtained after
addition of GNS, GNS + laser, GNS + gemcitabine, GNR, and
GNR + laser. However, GNS + gemcitabine + laser, GNR + gemc-
itabine, and GNR + gemcitabine + laser induced a larger decrease
in diameter, that can assigned to the removal of 2 cell layers in
spheroids. Differences obtained for equivalent volumes are even
more significant with almost 70% of spheroids volume decrease
after GNS + gemcitabine + laser, GNR + gemcitabine, and GNR
+ gemcitabine + laser treatments compared to non-treated HT29
spheroids.
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FIGURE 6 | IP fluorescence intensity (label of dead cells) obtained for 1) non treated HT29 spheroids, 2) HT29 treated by 808 nm laser, 3) by
gemcitabine, 4) in presence of gemcitabine and treated by 808 nm laser, 5) in presence of GNS, 6) in presence of GNS and treated by 808 nm laser,
7) in presence of GNS + gemcitabine, 8) in presence of GNS + gemcitabine and treated by 808 nm laser, 9) in presence of GNR, 10) in presence of GNR
and treated by 808 nm laser, 11) in presence of GNR + gemcitabine, 12) in presence of GNR + gemcitabine and treated by 808 nm laser. Student’s ¢ test:
*rEE: p < 0.00005, ***: p < 0.0005, ns : non significant.
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FIGURE 7 | Average projected area of living cells (FDA label) by spheroid at day 6 of growth for 1) non treated HT29 spheroids, 2) HT29 treated by
808 nm laser, 3) by gemcitabine, 4) in presence of gemcitabine and treated by 808 nm laser, 5) in presence of GNS, 6) in presence of GNS and treated
by 808 nm laser, 7) in presence of GNS + gemcitabine, 8) in presence of GNS + gemcitabine and treated by 808 nm laser, 9) in presence of GNR, 10) in
presence of GNR and treated by 808 nm laser, 11) in presence of GNR + gemcitabine, 12) in presence of GNR + gemcitabine and treated by 808 nm laser.

According to these results, it seems that GNS outperform GNR
for combined chemotherapy/photothermal therapy. The multiple
sharp spikes exhibited by GNS can be considered as plasmonic
‘hot spots’ on which there is a very intense local electromagnetic

field. It leads to an enhanced heat generation per particle which is
supported by the higher light-to-heat conversion efficiency found
for GNS compared to GNR as shown in Table 1 and in a previous
work [6]. Due to their bigger size, it is also associated to a higher
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FIGURE 8 | Average equivalent diameter (left axis, non-hatched bars) and average equivalent volume (right axis, hatched bars) of spheroids

calculated from the average projected area of living cells at day 6 of growth for 1) non treated HT29 spheroids, 2) HT29 treated by 808 nm laser, 3)
by gemcitabine, 4) in presence of gemcitabine and treated by 808 nm laser, 5) in presence of GNS, 6) in presence of GNS and treated by 808 nm laser, 7)
in presence of GNS + gemcitabine, 8) in presence of GNS + gemcitabine and treated by 808 nm laser, 9) in presence of GNR, 10) in presence of GNR and
treated by 808 nm laser, 11) in presence of GNR + gemcitabine, 12) in presence of GNR + gemcitabine and treated by 808 nm laser.

absorption cross-section for GNS [37]. These optical and thermal
properties have important consequences on tumor penetration.
In particular, Lopez-Mendez et al. have recently shown that
these properties improve the interaction with spheroids [7]. Using
a correlation between nanoscale thermal imaging based on x-
ray absorption spectroscopy and TEM to precisely localize GNS
into spheroids, they show that the photothermal effect of GNS
disrupts actin cell cytoskeleton and influences cellular adhesion
into the spheroids. The GNS roughness may also promote their
interaction with the cell membrane and their diameter above
100 nm may favour tumor retention [38]. On the contrary, it was
recently shown that PEG-coated GNR exhibit low penetration
into spheroids, with an accumulation in the outer cell layers [39].
Therefore, these different behaviours in presence of spheroids
may lead to a greater chemo-sensitization induced by GNS
compared to GNR when photothermal therapy is combined to
chemotherapy.

This preliminary study offers interesting perspectives in the field
of cancer treatment to allow an improved action of chemothera-
peutic drugs using phototherapy particularly when chemother-
apy is lacking in efficiency, for example, in the presence of a
dense tumor micro-environment. Prior to clinical translation,
many important questions are still pending. The first one is
to understand the in vivo fate of gold nanoparticles, i.e. their
blood circulation time, their biodistribution into organs and
finally their excretion. In particular, large gold nanoparticles,
such as GNS, exhibit an increased internalization into solid
tumors as a result from enhanced permeability and retention
(EPR) effect [40]. However, they are also accumulating in liver
and spleen [41], where they are mainly taken up by phagocytose.
As done in our study, PEGylation can improve this, as well
as increase blood circulation time [42], although it is now
debated with the identification of anti-PEG antibodies, leading
to immune reactions, which alter pharmacokinetics [43]. The
second important issue to address is the long-term toxicity of
gold nanoparticles, as a consequence of their slow elimination
and their poor biodegradability. The scale-up of nanoparticles

synthesis will also be a necessary step to obtain reproducible
results during in vivo studies. In this case, the simplicity of our
nanoformulations, particularly for GNS, which are produced in
a 1-min synthesis process, will be a strong advantage. Finally,
the NIR laser penetration depth into biological tissues is limited
to few centimeters. To reach the tumor, an endoscope equipped
with an optical fiber could be used, in addition to the delivery
of gold nanoparticles by an injection channel inserted in the
device.

4 | Conclusion

In summary, GNS were prepared using a surfactant-free method.
The synthesis parameters were optimized to reach a plasmon
band around 800 nm. Their photothermal properties under
808 nm laser excitation were found to be close to those of
GNR with similar plasmonic properties, but a higher light-to-
heat conversion efficiency was calculated for GNS. In addi-
tion, the absence of surfactant on their surface allowed easy
functionalization with PEG-SH molecules and avoided ligand
exchange steps to reduce prior toxicity, contrary to GNR. They
were then incubated with HT29 cells spheroids mimicking
3D tumors, which were submitted to a combined treatment
involving phototherapy under 808 nm light excitation and
chemotherapy with gemcitabine. The combined therapy led
to a noticeable presence of dead cells in the total volume of
spheroids, with a significant decrease in the spheroids’ size, in
particular for GNS. Although these results are encouraging, it
should be emphasized that our work represents a preliminary
study with several stages remaining to be addressed before
potential clinical translation. Future studies will investigate
pancreatic tumor models, combining pancreatic cancer cells
with tumor-associated stomal and immune cells to challenge
our approach in a dense and more complex microenviron-
ment. Subsequently, more complex 3D cellular structures, such
as organoids, will be explored to better recapitulate in vivo
conditions.
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