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Among the unique characteristics associated to gold nanoparticles (AuNPs) in biomedicine, their ability to
convert light energy into heat opens ventures for improved cancer therapeutic options, such as photothermal
therapy (PTT). PTT relies on the local hyperthermia of tumor cells upon irradiation with light beams, and the
association of AuNPs with radiation within the near infrared (NIR) range constitutes an advantageous strategy to
potentially improve PTT efficacy. Herein, it was explored the effect of the gold salt on the AuNPs’ physico-
chemical and optical properties. Mostly spherical-like negatively charged AuNPs with variable sizes and
absorbance spectra were obtained. In addition, photothermal features were assessed using in vitro phantom
models. The best formulation showed the ability to increase their temperature in aqueous solution up to 19 °C
when irradiated with a NIR laser for 20 min. Moreover, scanning transmission electron microscopy confirmed the
rearrangement of the gold atoms in a face-centered cubic structure, which further allowed to calculate the
photothermal conversion efficiency upon combination of theoretical and experimental data. AuNPs also showed
local retention after being locally administered in in vivo models. These last results obtained by computerized
tomography allow to consider these AuNPs as promising elements for a PTT system. Moreover, AuNPs showed
high potential for PTT by resulting in in vitro cancer cells’ viability reductions superior to 70 % once combine
with 5 min of NIR irradiation.

1. Introduction light, they are also widely used in glass staining (X. Yang et al., 2015).

Despite the undeniable economical and industrial value of gold-based

Since ancient history, gold-based materials have been widely
explored in several fields, namely jewelry, exchange trade systems (such
as coins), gilding and technology (Habashi, 2016; Savage, 2013).
Moreover, due to its ability to exhibit different colors depending on its
mixture with other elements or on the way how they interact with the
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materials, they also present high potential for biomedical and pharma-
ceutical applications (Sztandera et al., 2019; X. Yang et al., 2015). The
oldest and long-lasting application of gold-based materials at macro-
scale in biomedicine relies on its integration in dentures, with the first
know use dating back to the XXI century (Savage, 2013). When,
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transitioning to the nanoscale, the first report elaborated by Michael
Faraday dates back to 1857 (Faraday, 1857), and it unveils the
distinctive and unique properties of gold at nanoscale from gold at
macroscale, bulk, and molecular forms, aspects further reported in many
other studies (Faraday, 1857; Jeevanandam et al., 2018; X. Yang et al.,
2015). Gold-based materials at nanoscale, from here forward called gold
nanoparticles (AuNPs), are known by their low toxicity, exquisite elec-
trical and optical properties, and their relatively easy synthesis and
surface functionalization (Sztandera et al., 2019; Venditti, 2019; X. Yang
et al., 2015). Moreover, AuNPs also present phenomenal photothermal
properties, once they have the ability of converting light energy into
heat (Amendola et al., 2017; Bai et al., 2020). This happens when the
AuNPs are irradiated with light beams of a certain wavelength and
irradiance and leds to a surface plasmon resonance (SPR) effect
(Amendola et al., 2017). Altogether, these properties make AuNPs
highly attractive for biomedical applications (Ferreira-Gongcalves et al.,
2021). Over time, there has been an increasing research on AuNPs which
has led to top edge applications for up to date daily challenges, as it was
the case of their application in Covid 19 massive testing (Wang et al.,
2022; Yano et al., 2022). Further applications include sensing (Jiang
et al., 2018; “Luminex®,” n.d.), imaging (Bouché et al., 2020; Daems
et al., 2021), drug delivery (Ferreira-Goncalves et al., 2021; Venditti,
2019; X. Yang et al., 2015), radiotherapy (Luo et al., 2019; Shrestha
et al., 2016), photodynamic therapy (Niculescu and Grumezescu, 2021;
Y. Yang et al., 2015) and photothermal therapy (PTT) (Nardine S Aba-
deer and Murphy, 2016; Amaral et al., 2021; Costa et al., 2020; Lopes
et al., 2021; Riley and Day, 2017). Additionally, attending the bivalent
features of AuNPs, they have also been proposed in combinatorial
therapeutic systems, combining PTT for instance with chemotherapy
(Park et al., 2008; Sheth et al., 2020; Urries et al., 2014), radiotherapy
(X. Xu et al., 2019) and PDT (Arellano et al., 2023; Wang et al., 2019).

Properties such as size, shape, surface charge and light interaction (e.
g., absorbance, scattering or reflection) of AuNPs depend greatly on the
synthetic method used (Jiang et al., 2012; Venditti, 2019), and thus it
must be selected in an early stage depending on the application intended
for the AuNPs, as well as on the access to required equipment. AuNPs
can be produced through physical (Lee et al., 2012; Naharuddin et al.,
2020; Ngo et al., 2016; Shen et al., 2011), electrochemical (Huang et al.,
2006; Nguyen et al., 2019; Paramasivam et al., 2017), and chemical
methods (De Souza et al., 2019), among which chemical methods are the
simplest and require no major technical equipment in contrast with
other synthetic approaches (Ferreira-Gongalves et al., 2021; Jiang et al.,
2012). Several chemical approaches have already been reported, being
the more renowned the Turkevich method (Turkevich et al., 1951), the
Frens method (Frens, 1973), the Brust method (Brust et al., 1994) and
seed-mediated growth method (Jana et al., 2001; Sztandera et al., 2019;
Yang et al., 2015a). These methods have been widely used and adapted
and result mostly in spherical-like AuNPs, except for the seed-mediated
growth which allows the preparation of other shapes (Ferreira-Gon-
calves et al., 2021; Yang et al., 2015a). Despite quite optimized, such
methods include the use of toxic and environment harmful reagents such
as citrate and cetyltrimethylammonium bromide (CTAB) (Alkilany and
Murphy, 2010; Jiang et al., 2012), which has encouraged the search for
more environmentally friendly approaches (Ferreira-Goncalves et al.,
2021; Ortiz-Castillo et al., 2020; Sengani et al., 2017; Slepicka et al.,
2020; Sztandera et al., 2019). Some of those approaches take advantage
of plant extracts (Fazal et al., 2014), live organisms (Reddy et al., 2010)
or even buffers (Habib et al., 2005), among others (Lee et al., 2020).
Among the library of plant extracts already proposed for bio-based
synthesis of AuNPs, our group proposed the use of Plectranthus sacca-
tus Benth which resulted in a combination of spherical and rod-shaped
AuNPs with sizes around 200 nm and preferential absorbance of radia-
tion within the near infrared (NIR) range (Silva et al., 2016b). The
proposed method arose, however, some concerns regarding the AuNP
shape uniformity, apprehensions often observed for other bio-based
synthetic alternative approaches (Ortiz-Castillo et al., 2020; Shankar
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et al.,, 2004). Some of the reasons possibly linked to the variability
observed for plant-based alternatives can be related to possible syner-
getic effects of multiple constituents of plant extracts (Ortiz-Castillo
et al., 2020). Thus, in order to surpass the main limitations associated to
previously published methods, our group has been working on the
optimization of a synthetic method in which the plant extract was
replaced by its main constituent: rosmarinic acid (RA) (Rijo et al., 2012;
Silva et al., 2016b). The updated method uses a combination of reducing
agents of the gold salt, among which L-ascorbic and rosmarinic acids
(Amaral et al., 2021; Costa et al., 2020; Ferreira-Goncalves et al., 2022;
Lopes et al., 2021). Previous results of this method report the production
of mostly spherical-like negatively charged AuNPs (Amaral et al., 2021;
Costa et al., 2020; Ferreira-Gongalves et al., 2022; Lopes et al., 2021). To
the best of authors knowledge, no other groups proposed the combina-
tion of such reducing agents, even though others have already proposed
the independent use of RA (Lim and Park, 2018; Sarkar et al., 2010) or
ascorbic acid (AA) (Larm et al., 2018; Malassis et al., 2016) as reducing
agents. Groups using RA or AA for AuNPs syntheses reported the prep-
aration of small-sized (<80 nm) AuNPs with preferential absorption of
the radiation within the visible range, clearly distinguishing from the
particles herein obtained.

Among the multiple biomedical applications in which AuNPs have
been attracting particular attention it is photothermal therapy (Nardine
S Abadeer and Murphy, 2016; Riley and Day, 2017). PTT is recognized
as a minimally invasive therapy relying on the local induction of cellular
hyperthermia (temperatures between 41 °C and 47 °C (Huang et al.,
2008; Kumari et al., 2021)) upon irradiation with light beams (Liu et al.,
2017; Zou et al., 2016), which might result in preferential death of
tumor cells rather than healthy cells once they present poorer ability to
dissipate heat (Pérez-Hernandez, 2018). Attending the definition of PTT,
it is possible to infer that its efficacy will greatly depend on two factors:
1. how deep can the light penetrate into the tissues/tumor; and 2. how
much heat can be generated, once it must be high enough to damage
tumor cells without affecting healthy cells, but simultaneously not too
high to avoid thermal resistance of the cells (Deng et al., 2021; Yi et al.,
2021). Attending the first point, light interacts differently with biolog-
ical tissues depending on its wavelength (Jacques, 2013), and it was
defined a therapeutic window (wavelengths between 600 and 1200 nm)
(Salehpour et al., 2019; Yun and Kwok, 2017) belonging to the visible
and near infrared (NIR) range, in which radiation is less absorbed and
scattered by the tissues (Bashkatov et al., 2005; Park et al., 2021; Zhang
et al., 2021) and thus, allows to reach deeper areas. For this reason, the
use of NIR radiation allows to improve PTT potential for deeper tumors,
even though it is still limited to superficial tumors (up to a few centi-
meters deep) (Sheng et al., 2017). As for the second point, the use of
photothermal enhancers such as AuNPs has been explored and trans-
lated into promising results (Moustaoui et al., 2019; Riley and Day,
2017). As aforementioned, AuNPs have the unique ability to convert
light energy into heat which is in line with the mechanism of action of
PTT. With this application in mind, AuNPs were synthesized and char-
acterized in order to present optimized features to be applied as part of a
PTT system combining in situ administration of local particles with
external irradiation with a NIR laser for breast cancer treatment.

2. Materials and methods
2.1. Materials, cell lines and cell culture

Gold (III) chloride trihydrate solution (HAuCly-3H20), L-ascorbic
acid (L-AA), silver nitrate (AgNO3), rosmarinic acid (RA), phosphate-
buffered saline (pH 7.4, PBS), dimethyl sulfoxide (DMSO), trypsin,
fetal bovine serum (FBS) and 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphe-
nyltetrazolium Bromide (MTT) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco’s modified Eagle medium (DMEM) and
Roswell Park Memorial Institute (RPMI) medium were supplied by
Biowest (Nuaillé, France), and penicillin and streptomycin were
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obtained from Invitrogen (Waltham, MA, USA). By its turn, Artemia
salina eggs and artificial sea water salt for artemia growth were pur-
chased from JBL GmbH and Co., KG (Neuhofen, Germany). Commer-
cialized formulations of ketamine, medetomidine and atipamezole were
supplied by B. Braun (Barcelona, Spain). All other reagents and solvents
were of analytical purity grade. Milli-Q water was purified through a
Millipore system (Millipore, Burlington, MA, USA).

In vitro efficacy of the combination of AuNPs with laser irradiation
was assessed in 2D cultures of commercialized cell lines: 4T1 (murine
triple-negative breast cancer cells (Schrors et al., 2020; Yuan et al.,
2016), CRL-2539™, ATCC®, Manassas, VA, USA), MCF-7 (human es-
trogen receptor (ER) and progesterone receptor (PR) positive and HER2
negative breast cancer cells (Ciccone et al., 2018), HTB-22™, ATCC®,
Manassas, VA, USA) and HaCaT (human skin keratinocytes, HEKa PCS-
200-011™, ATCC®, Manassas, VA, USA). MCF-7 and HaCaT cells were
cultured in DMEM with high glucose (4500 mg.L’l) enriched with 10 %
FBS (v/v), 100 IU.mL! penicillin and 100 pg.mL~! streptomycin
(henceforward, complete medium), whereas 4T1 cells were cultured in
RPMI with the same enrichment than DMEM. Cells were kept at 37 °C
and 5 % CO5 atmosphere in an incubator (NuAire NU-5500E, NuAire,
Plymouth, MN, USA). Until a confluence of 80 % was reached the me-
dium was changed every two days.

2.2. Methods

2.2.1. AuNPs syntheses

The AuNPs were synthesized using an adaptation of a method pre-
viously reported (Amaral et al., 2021; Ferreira-Goncalves et al., 2022;
Lopes et al., 2020; Silva et al., 2016b). In a previous publication the
effect of the RA concentration over the AuNPs main features for a fixed
concentration of HAuCly-3H20 was tested. For the analyzed parameters
it was found that the concentration of RA leading to best results was 3.5
mM (Ferreira-Gongalves et al., 2022). Herein the concentration of RA
was kept, and the HAuCl4-3H20 concentration was changed (0.1 up to
1.0 mM). The different concentrations tested, as well as the nomencla-
ture adopted are summarized in Table 1. In the first part of the work,
syntheses of 20 mL were prepared, and later, 100 mL syntheses were
explored by scaling up the volumes of the reagents used. Briefly, the
AuNPs were prepared based on the subsequent mixture of HAuCly-3H20
with reducing agents (AgNOs3 (1 mM), L-AA (2 mM) and RA (3.5 mM),
added in this respective order) at room temperature (RT), under mag-
netic stirring (800 rpm) (Heidolph MR3001, Heidolph Instruments,
Schwabach, Germany) carried out for 15 min. Then, the AuNPs were
protected from light and stored for 24 h at 2 °C. In order to remove
unreacted reagents, AuNPs suspensions were centrifuged at 1520 x g
and RT for 20 min (eppendorf 5804 R, Eppendorf, Hamburg, Germany),
the supernatants were discarded, and the pellets were resuspended in
Milli-Q water. At last, the colloidal AuNPs were protected from light and
stored at 2 °C until being used.

2.2.2. Physicochemical characterization of AuNPs

The prepared AuNPs were primarily characterized in regards of size,
polydispersity index (PdI), surface charge and maximum absorbance
peak. Size, determined as hydrodynamic diameter, and polydispersity
index (PdI) of AuNPs aqueous solutions (dilutions 1:10 v/v in Milli-Q
water) were assessed by dynamic light scattering, DLS (Zetasizer Nano

Table 1
Nomenclature used to identify the AuNPs depending on the HAuCl4-3H,O
concentration used for the syntheses.

Nomenclature HAuCl,-3H,0 Concentration (mM)
Core 1 AuNPs (standard protocol) 1.00
Core 2 AuNPs 0.50
Core 3 AuNPs 0.25
Core 4 AuNPs 0.10
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S, Malvern Instruments, Malvern, UK) applying a constant scattering
angle of 173° and temperature of 25 °C. Data from each sample includes
3 series of 11 measurements each. Surface charge was assessed based on
the zeta-potential by electrophoretic mobility (Zetasizer Nano Z, Mal-
vern Instruments, Malvern, UK) upon dilution (1:10, v/v) of the samples
into PBS 1x (pH 7.4, USP32). Measurements were carried out at 25 °C in
3 series of 10 measurements each. Lastly, absorbance spectra of AuNPs
were obtained by spectrophotometry (Shimadzu UV-1280 Multipurpose
UV-Visible Spectrophotometer, Shimadzu Europe GmbH, Duisburg,
Germany) within a wavelength range from 400 nm up to 1000 nm.

In addition to the previous characterization, AuNPs solutions from
scaled up syntheses were also analyzed by Inductively Coupled Plasma
by Optical Emission Spectrometry (ICP-OES, Jobin Yvon Activa M ICP-
OES, HORIBA Jobin Yvon, Kyoto, Japan) to assess the molar concen-
tration of the syntheses in regards of Au element content. Prior analysis,
each sample was digested in a closed perfluoroalkoxy (PFA) tube con-
taining 3 mL of HCl and 1 mL of HNOs, by subjecting the tubes to mi-
crowave radiation at 180 °C for 10 min. Next, the sample was collected,
mixed with 10 mL of ultrapure water, and analyzed. Attending ICP-OES
results, the Recovery Yield based on the Au content (Recovery Yielda,)
was determined in accordance with Equation (1),

C u atoms
Recovery Yieldy, (%) = A aons o 100 (€8]

Au salt

where, Cay atoms iS the molar concentration of Au found in the AuNPs
suspension quantified by ICP-OES, and Cay sat is the molar concentra-
tion of Au found in the HAuCl4-3H20 solution used on the AuNPs syn-
theses (also quantified by ICP-OES).

Once the Au concentration (Cay atoms Py ICP-OES) and the diameter
of the AuNPs were known, the number of Au atoms per AuNPs was
estimated. Firstly, based on the predominant spherical morphology of
the AuNPs, their volume (Vaynps) was determined based on Equation
(2):

\% = i71'r3 (nm3) 2)
AuNPs 3

where, r is the AuNPs’ radius. It is described in the literature that Au (III)
ions have a preferred coordination number of 4 (Roy et al., 2022),
resulting in a face-centered cubic (FCC) crystal structure (Pu et al.,
2018). Moreover, attending data from Crystallography Open Database a
FCC unit cell of Au has a volume (Vypit ce1) of 67.42 A3 (“Information
card for entry 1100138, n.d.). Thus, following the reported by Pu et al.
(Puetal., 2018), the number of unit cells in a single AUNP (Nypjt cells) can
be calculated as:

VAL(NP.S
Nunit cents = Vi o 3
By its turn, once Au (III) presents a preferred coordination number of 4,
the number of Au atoms per AuNP (Nay atoms) can be calculated by:

NA/( atoms — 4 x Num’x cells (4)
Subsequently, the molar concentration of AuNPs (Caunps) can be esti-

mated for a certain concentration of Au (Cay atoms by ICP-OES)(Pu et al.,
2018):

C u atoms
Counps = 222 (M) 6))

NAu atoms

and the concentration of AuNPs per volume can also be estimated:

Chu atoms % (6.022 x 107
Counps = —2" ( ) (AuNPs/L) 6)

NAu atoms

At last, attending the Beer-Lambert law, and combining data from the
AuNPs absorption at a certain wavelength (A;), the path length (L,
corresponding to the cuvette’ width) and the molar concentration of
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AuNPs (Caunps), the molar extinction coefficient (&) can be determined
as:

A;

E)=———FF"
L x CAUNPS

(M’lcm") 7

2.2.3. Morphological and elemental characterization of AuNPs

Scanning electron microscopy (SEM) images of AuNPs were acquired
with a Hitachi Regulus 8220 Scanning Electron Microscope (Hitachi,
Mito, Japan) equipped with an Oxford energy dispersive X-ray spec-
troscopy (EDS) detector (Oxford Instruments, Abingdon, Oxfordshire,
England). For the analyses, 20 pL droplets of AuNPs aqueous suspen-
sions were added to silicon substrates and allowed to attach and dry at
RT.

Scanning transmission electron microscopy (STEM) observations,
including high-angle annular dark-field (HAADF) imaging, were carried
out with a Hitachi HF5000 field-emission transmission electron micro-
scope operated at 200 kV (Hitachi, Mito, Japan). This is a cold field
emission gun (FEG) TEM/STEM with a spherical aberration-corrector
for the probe and it is equipped with one 100 mm? EDS detector from
Oxford Instruments (Oxford Instruments, Abingdon, Oxfordshire, En-
gland). A drop of the sonicated dispersion was deposited onto lacey-
carbon copper grids and allowed to dry before observation.

2.2.4. Invitro thermal activation studies using phantoms

Thermal activation studies were carried out after irradiation of agar
phantoms containing AuNPs concentrated in a small well with a NIR
laser, in similarity of what was previously reported (Ferreira-Goncalves
et al., 2022). Briefly, agar phantoms were prepared starting with the
aqueous dissolution of agar (1 %, w/v) under magnetic agitation and
heating until water ebullition (100 °C). Then, 1 mL of such solution was
poured into polystyrene cuvettes. After gelation of the agar solution at
2 °C, small wells were made in the center of the agar and 20 uL of each
AuNPs solution to test were added to the wells of testing phantoms. In
addition, positive control phantoms were prepared by incorporation of
small black plasticine spheres (diameter of 0.40 + 0.05 cm) in the wells,
and negative controls were prepared by leaving the wells empty and
further filling them with agar. Next, one more milliliter of agar solution
was added to each phantom, in order to completely fill the wells and
approximately place the AuNPs solutions in the center of the phantoms.
Once the phantoms were prepared, they were assembled in the experi-
mental setup previously reported (Ferreira-Goncalves et al., 2022). A
thermocouple (Fluke 52 K/J thermometer, Everett, WA, USA) was added
to the phantoms to measure the temperature of the agar surrounding the
wells before, during and after irradiation with a FC-808-2 W Fiber
Coupled Laser System (Frankfurt Laser Company, Friedrichsdorf, Hessen
Germany) coupled to a FPYL-COL-X collimator (Frankfurt Laser Com-
pany, Friedrichsdorf, Hessen Germany) emitting at a wavelength of 808
nm (within the NIR range). For irradiation, the laser beam was centered
and aligned to irradiate the testing samples. The irradiation was main-
tained up until 10 min and an irradiance of 7.96 W/cm? was applied.

2.2.5. Photothermal conversion efficiency studies

It was important to have knowledge on the photothermal conversion
efficiency of the produced AuNPs. Roper and co-workers firstly reported
in 2007 (Roper et al., 2007) a collective heating model widely adapted
to study the temperature profile of AuNPs once irradiated with a light
beam (Ayala-Orozco et al., 2014; Jiang et al., 2013; Pu et al., 2018).
Such studies, allow the determination of the AuNPs photothermal con-
version efficiency (n) based on the energy balance of the system, which
can be described as:

dT
Zmici U s Onunes + Opis — Qext (W) (8

where: m; and ¢; are the mass and specific heat capacity of each
component from the system (in this case, AuNPs, polystyrene cuvette
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and water); T is the system temperature; t is the time; Qaunps is the heat
generated by the AuNPs upon irradiation with a light source; Qpjs is the
heat dissipated in consequence of the light absorption caused by the
cuvette filled with water (water, as the solvent used in these experi-
ments); and Qey; is the external heat flux, the heat conducted away from
the system by air. External heat flux can be described as:

Qe = hA(T = Tamp) (W) 9

with, h the heat transfer coefficient, A the surface area coefficient, and
Tamb the temperature of the air surrounding the system. By its turn,
Qaunps can be calculated based on:

Onunes = P(l - 107&)’] W) ao

where P is the power of the light source applied, A; the AuNPs absor-
bance at such wavelength (A), and n the photothermal conversion effi-
ciency of the light incident on the AuNPs into thermal energy.

When the system reaches a maximum temperature (Tp,x), an equi-
librium is attained, and the heat generated due to AuNPs and cuvette
absorption of the light equals the heat losses by external heat flux:

QAuNPs + QDiS = Qext = hA(Tmax - Tamb) (W) (11)

Thus, at this point, the photothermal conversion efficiency (1) of the
AuNPs can be expressed as:

hA(Tmnx - Tamh) - QD[.s
P(1—10)

n= (%) 12)

In order to assess 1, 2 mL of aqueous solutions of Core AuNPs at a
concentration of 125 uM of Au were transferred to polystyrene cuvettes
and irradiated with a FC-808-2 W Fiber Coupled Laser System emitting
at a wavelength of 808 nm (Frankfurt Laser Company, Friedrichsdorf,
Hessen Germany) coupled to a FPYL-COL-X collimator (Frankfurt Laser
Company, Friedrichsdorf, Hessen Germany). A power of 1.44 W was
applied and the absorbance of the AuNPs at the irradiation wavelength
have been previously assessed. The temperature of the solution was
measured during heating (laser ON) and cooling (laser OFF) phases by
immersing a thermocouple (Fluke 52 K/J thermometer, Everett, WA,
USA) into the testing solutions, ensuring that the laser beam wouldn’t
directly irradiate the thermocouple. Attending the temperature
measured over time a dimensionless driving force, 6, can be introduced
and scaled using the maximum system temperature, to allow to find hA
to input on the equation to determine n. The dimensionless driving force,
0, can be defined as:
Towr — T

=" 13
Tamb - Tmax ( )

Furthermore, an additional time constant, 7 is introduced and described
as:

_ Zim[ci
== a4
allowing later to find hA. When the laser is switched OFF, the system
starts to cool down and the sum of the heat generated by AuNPs, and the
heat generated by the cuvette filled with the solvent equals zero. Thus,
by rearranging the previous equations it is found that:
do 1%
= _Z 15
dt T, as)
In addition, once the laser is switched OFF (t = 0 s), the temperature
of the system corresponds to the maximum temperature (Tp,x), allowing
to obtain 7, from the slope of the plot of t as function of In (0):

t = 7,(—In(0)) (16)

Hence, hA can be further calculated by:



T. Ferreira-Gongalves et al.

pA — 2mic a7
TS

As previously referred, our system includes the polystyrene cuvette
(the container), water (the solvent) and the AuNPs. According to the
literature, the specific heat capacity of Au, water and polystyrene are
0.129 J g"lK’l (Jiang et al., 2013; The Engineering ToolBox, 2003),
4.18J g'lK’1 (Ayala-Orozco et al., 2014; Jiang et al., 2013; The Engi-
neering ToolBox, 2003), and 1.4 J g''K™! (The Engineering ToolBox,
2003), respectively. As cay is much smaller than cy20 and cpolystyrene, the
participation of the AuNPs will be neglectable in similarity to what was
done by others (Roper et al., 2007). The value of Qpjs was estimated
using the methodology described before for a cuvette simply filled with
water (with no AuNPs). In this case, once the laser is OFF, Qpis = Qext,
and so, after finding hA and replacing it into Equation (11), Qpjs can be
found.

2.2.6. Preliminary in vivo safety assays using Artemia salina model

AuNPs’ preliminary in vivo safety was assessed using Artemia salina, a
widely used lethality assay to check the toxicity of materials like
nanoparticles (Ferreira-Goncalves et al., 2022; Rajabi et al., 2015). The
methodology followed was published before (Ferreira-Gongcalves et al.,
2022). Briefly, Artemia salina eggs were hatched in commercial sea
water for 48 h, under aeration and continuous illumination, and at
temperatures ranging from 25 to 30 °C. For incubation with the test
solutions, 900 uL of artificial sea water containing 10-15 nauplii were
transferred to each well of a 24-well plate. Next, 100 pL of each test
solution was added to the wells: artificial sea water (as mortality
negative control); AuNPs from both Cores at different Au concentrations
(625 uM up to 5000 uM of Au in artificial sea water); and 100 % DMSO
(as mortality positive control). The nauplii were left exposed to test
solutions for 24 h under the same growth conditions, with exception to
the aeration. The number of dead nauplii after 24 h of exposure to the
test solutions (Deads4p) was counted and 100 pL of 100 % of DMSO were
added to each well to kill the remaining artemia. The total artemia per
well was counted (Deadrot,) and the mortality (%) was determined as
follows:

Deadyuy,

M()rtality (%) = W x 100 (18)
Total

As a note, all samples were tested three times with 3 replicates each.

2.2.7. Preliminary in vivo safety of AuNPs using healthy mice

For this study healthy BALB/c female mice supplied by Charles River
(Barcelona, Spain) were fed standard diet and water ad libitum and
housed in polypropylene cages at ambient temperature (20-24 °C),
relative humidity (55 + 5 %) and 12 h light/dark cycle. All experiments
involving animals were approved by the competent national authority
(Direcao Geral de Alimentacao e Veterinaria, DGAV), carried out in
compliance with the 3R’s principles, the accepted principles for labo-
ratory animals, and in accordance with the Animal Welfare Organ
(ORBEA) of the Faculty of Pharmacy, University of Lisbon. Moreover,
national (DL 113/2013, 2880/2015, 260/2016 and 1/2019) and inter-
national (Directive 2010/63/EU) legislation including guidelines for the
Care and Use of Laboratory Animals were respected.

The animals were randomly distributed into seven groups (n = 3,
except for control, i.e., animals not receiving any AuNPs administration
with n = 2): Control, and animals exposed to Core 1 and Core 2 AuNPs,
both 4 h, 24 h and 48 h.

Prior AuNPs injection animals were shaved at the injection region
using an electric shaver. The animals were daily weighted before and
after injection of the AuNPs, and the animals’ welfare was also moni-
tored. All animals under study received a suspension of AuNPs at a dose
of 3.1 mg/kg of body weight in terms of Au content (AuNPs suspended in
PBS 1x, pH 7.4). The selected dose was based in previous work already
published, from the group, reporting the administration of hyaluronic
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and oleic acids-coated AuNPs (HAOA-AuNPs) (Lopes et al., 2021). A
subcutaneous injection of the AuNPs into the animals’ right flank was
chosen as it will be the local of administration of the AuNPs in the breast
cancer model to be used in future efficacy studies. Such studies will be
carried out in MCF-7-induced xenograft models, in which tumors will be
grown in the animals flank, in similarity to what was reported by others
(Ciccone et al., 2018; Zhang et al., 2020), and the AuNPs will be
administered locally (intra tumor).

After injection of AuNPs, the animals returned to their housing and
posteriorly were sacrificed at different time points. For the sacrifice,
animals were anesthetized with inhalation of isoflurane and blood was
collected for quantification of the Au that reached blood circulation. The
injection site and some vital organs (liver, spleen, and kidneys) were also
collected. The organs were primarily weighted to calculate the tissue
indexes according with the following equation:

organ weight

tissue index = 100 (19)

body weight

Subsequently, the organs were divided into two portions: one for
histopathological analysis and one for ICP analysis to quantify Au con-
tent. For ICP analysis the tissues were firstly frozen and lyophilized. For
histopathological analysis, tissue samples were fixed in 10 % buffered
formalin, processed for routine Hematoxylin and Eosin staining (H&E
staining) and examined using a conventional light Olympus CX21 mi-
croscope (Olympus Corporation, Tokyo, Japan).

2.2.8. Supportive evidence of local retention of AuNPs in in vivo models
using CT scan

In addition to the aforementioned studies, other mice received once
AuNPs (3.1 mg/kg of body weight, suspended in PBS 1x, pH 7.4) and
were subjected to computerized tomography (CT) weekly up to 1-month
post-injection to track the AuNPs at the site of administration. Prior the
CT exam, the animals were anesthetized with a mixture of ketamine and
medetomidine, and once the exam was over, anesthesia was reversed
with atipamezole. For images acquisition a Toshiba Astelion 16 CT
scanner (Toshiba, Tokyo, Japan) was used, applying the following scan
parameters: 120 kV; 250 mA; rotation time of 0.75 s; 0.5 mm slice
thickness; pitch factor of 0.688; and helical pitch of 11 with 16 rows.
Later, the images were analyzed using RadiAnt DICOM Viewer (Version
2022.1.1 64-bit, Medixant, Poznan, Poland) as DICOM image processing
software.

2.2.9. Preliminary in vitro efficacy using 2D culture of 4T1, MCF-7 and
HaCaT cells

The photothermal efficacy of the combination of AuNPs with NIR
laser irradiation was assessed in 2D culture models of commercial cell
lines using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) cell viability assay. The day before incubation of the
particles, cells at a concentration of 5 x 10* cells/mL were seeded in 96-
well plates. In this assay it was compared the effect of the AuNPs and
laser irradiation alone with the synergistic effect of AuNPs and laser
irradiation. Cells intended to receive laser irradiation (both alone or
combined with AuNPs) were separated by one empty well in all di-
rections in order to avoid collateral undesirable scattered or reflected
light from adjacent wells. AuNPs were tested at a concentration of 250
uM of Au in culture medium and a period of 4 h of incubation was
applied, based on previous incubation periods reported by our group
(Silva et al., 2016a). After the 4 h incubation period, the medium with
unbound AuNPs was substituted by 100 uL of fresh complete medium.
Moreover, in order to subject all the cells to the same handling condi-
tions, the medium from cells not treated with AuNPs was also replaced.
The cells were then irradiated with the same laser system and using the
same irradiance from the in vitro thermal activation studies using
phantoms. The laser beam was centered and aligned with each well and
the irradiation was maintained during 5 min.
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Twenty-four hours after laser irradiation, the culture medium was
removed and the cells washed twice with PBS (PBS 1x, pH 7.4). Then, 50
uL of a MTT solution at 0.5 mg/mL in incomplete medium were added to
the cells and allowed to incubate for 4 h. Later, 200 uL. of DMSO were
added to each well in order to dissolve the formazan crystals produced
by the cells upon MTT reduction. The absorbance was then read at 570
nm using a BioTek ELx800 Absorbance Microplate Reader (BioTek In-
struments, Inc., Winooski, VT, USA) and the cells’ viability (%) calcu-
lated as follows

oD,

Cell viability (%) = oD

x 100 (20)

with OD; being the optical density of the cells from testing groups and
OD, the optical density of control cells (cells only in culture medium
corresponding to 100 % cell viability).

2.2.10. Statistical analysis

All data are represented as mean + standard deviation (SD) for
referred n. Statistical differences were considered when p-value < 0.05
and analyses were carried out in GraphPad Prism 8® (San Diego, Cali-
fornia, USA). The main physicochemical properties of the four types of
AuNPs were compared by applying a one-way ANOVA followed by
Tukey’s multiple comparisons test. The main features of the two core
AuNPs prepared after scaling-up the syntheses were compared using the
t-student test. One-way ANOVA followed by Tukey’s multiple compar-
isons test was also applied to compare the mortality (%) of the two
scaled-up Core AuNPs tested in Artemia salina model. AuNPs sizes
determined by DLS and by SEM were compared using a two-way ANOVA
followed by Sidak’s multiple comparisons test. Differences on the pho-
tothermal activation properties were compared using a two-way ANOVA
followed by Tukey’s multiple comparisons test. Lastly, differences on the
cells’ viability caused by AuNPs and/or laser treatment in comparison to
Control cells were assessed using a one-way ANOVA followed by Dun-
nett’s multiple comparisons test.

3. Results and discussion

The global market of gold nanoparticles has been evaluated in more
than 6600 million USD in 2022, and it is expected to continue growing
(Research, 2023). Its compound annual growth rate is estimated to be
22.3 % from 2023 to 2030 (Research, 2023), which is greatly due to the
increasing use of AuNPs in biomedical, pharmaceutical and dentistry
fields. Despite the increasing attention and high number of publications
on AuNPs’ production methods and biomedical and pharmaceutical
applications (Ortiz-Castillo et al., 2020), only a few cases have made it
until clinical trials phase. To date (October, 2023), 37 clinical trials
involving AuNP-based systems were found (https://clinicaltrials.gov/).
Of those, 31 proposed the use of AuNPs as part of therapeutic systems
and 6 as diagnostic tools. Among the AuNP-based therapeutic systems, 4
have been proposed for the treatment of inflammatory diseases
(NCT05347602, NCT05268718, NCT02219074 and NCT02217228), 2
for vascular diseases (NCT01270139 and NCT01436123), 6 for infec-
tious diseases (NCT05816512, NCT03669224, NCT05113862,
NCT04935801, NCT05633446 and NCT06000514), 1 for metabolic

diseases (NCT02837094), 11 for neurodegenerative diseases
(NCT03815916, NCT03843710, NCT03993171, NCT04098406,
NCT02755870, NCT03536559, NCT04081714, NCT04414345,

NCT04297683, NCT04626921 and NCT05299658), and 7 for cancer
(NCT03020017, NCT00356980, NCT00436410, NCT00848042,
NCT01679470, NCT02680535 and NCT04240639). The gap between
the academic research and the clinical translation of AuNP-based med-
icines is in part related with the unknown long term in vivo AuNP’
toxicity and accumulation (Nguyen and Falagan-Lotsch, 2023; Zhang
et al., 2023). Moreover, the complexity of formulations is also pointed
out as one of the reasons slowing down their clinical translation, making
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it harder to scale up their production process (Zhang et al., 2023).

The use of AuNPs as part of PTT systems is not a new proposal. It is
rather a commonly explored field in constant growth due to the high
potential it presents. In fact, AuNPs were already used in 7 clinical trials
involving PTT (NCT01270139, NCT01436123, NCT05268718,
NCT00848042, NCT01679470, NCT02680535 and NCT04240639).
There is still a broad range of challenges to address and improve until
AuNPs can represent a viable option available in the clinic. Anisotropic
AuNPs are often pointed out as one of the most promising types of
AuNPs for PTT, as they present excellent optical and catalytical prop-
erties (Arellano et al., 2023; Ortiz-Castillo et al., 2020; Zhang et al.,
2023). However, these particles are also associated to some concerns,
namely production reproducibility and the use of certain toxic reagents
(Li et al., 2014). In addition, Wang et al. reported a lower toxicity of
spherical AuNPs of different sizes in human skin cells than gold nano-
rods (Wang et al., 2008), which was associated to the presence of CTAB
on the nanorods’ coating. The use of toxic reagents and stabilizers for the
production of AuNPs have been more frequently replaced by more
environmentally friendly and biocompatible alternatives (Ferreira-
Gongalves et al., 2021; Sengani et al., 2017; Sztandera et al., 2019).
Nevertheless, those alternatives are often associated to AuNPs homo-
geneity concerns (Ortiz-Castillo et al., 2020; Shankar et al., 2004),
which hinders further biomedical and pharmaceutical applications as it
makes it harder to assess and predict the AuNPs’ toxicity and biological
behavior. Thus, herein it was proposed an adaptation of a recently re-
ported bio-based synthetic method by our group, in order to explore a
simpler, more reproducible, and scalable production of AuNPs aimed to
be used as part of a PTT system.

3.1. Characterization of AuNPs from small-volume batches

3.1.1. Physicochemical characterization of AuNPs from small-volume
batches

In similarity and continuation of the work previously published
(Ferreira-Goncalves et al., 2022), AuNPs obtained upon variation of the
HAuCly-3H20 concentration used on their synthesis were physico-
chemically characterized using DLS, electrophoretic mobility and
spectroscopy analysis. In a primary macroscopical analysis it was
noticed a clear difference between the AuNPs suspensions obtained
based on their colors (Figure S1, which can be found as supplementary
data in Appendix A): Core 1 AuNPs presented a red-brownish color; Core
2 AuNPs a blue-greyish color; Core 3 AuNPs a burgundy color; and Core
4 AuNPs a light-pink color.

Further physicochemical characterization of the obtained AuNPs is
shown in Table 2. DLS size frequency distribution graphs can further be
found in Figure S2 from the supplementary material in Appendix A.
Attending the AuNPs size, Core 3 AuNPs seemed to be the smallest and
Core 2 AuNPs the largest. No tendency between the Au salt concentra-
tion and the size of the obtained AuNPs was, however, noticed. More-
over, Core 4 AuNPs presented a wide variation in terms of size, which
hindered the perception of any tendency. As for the polydispersity of
AuNPs, Core 2 and Core 4 AuNPs presented lower polydispersity, when
comparing with the other two cores. Yet, just like in terms of size, no
tendency between the Au salt concentration and the PdI value was
observed. In a first analysis, size and PdI results from Core 4 AuNPs seem
contradictory, as they present the highest size variation and the lowest
PdI average value. Nonetheless, it must be noticed that despite both
parameters represent average values from different batches, the wide
variation in size represents a higher variability between batches,
whereas the PdI represents the formulation homogeneity within batch.
Thus, the size and PdI values observed for Core 4 AuNPs unveil limited
synthesis reproducibility, even though the synthesis homogeneity is
good. Similar values of surface charge were observed for all the AuNPs,
however, Core 4 AuNPs presented more positive surface charges than
the other AuNPs. Moreover, it might seem that by reducing the Au salt
concentration the surface charge was increased. Considering then the
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Table 2
Physicochemical characterization of AuNPs at syntheses concentration
depending on the Au salt content used for the syntheses.

Core 1 Core 2 Core 3 Core 4
AuNPs AuNPs AuNPs AuNPs
Hydrodynamic 97.4 + 146.0 + 422+23™ 905+
Diameter (nm) 21.9 20.0"" iadas 42.0%*
PdI 0.355 + 0.148 + 0.388 + 0.158 +
0.103 0.048"" 0.0327## 0.049""*
Zeta-Potential (mV) -23.5 + —24.9 + —20.5+1.8 -12.8 +
7.0 3.2 1.5%##
Maximum 601 +42 666 + 42 540 + 3*##* 526 + 2###
Absorbance Peak
(nm)
Absorbance at 808 0.68 + 0.69 + 0.05 + 0.02 +
nm’ (a.u.) 0.04 0.05 0.017"" 0.01""""#H##E

#HH#H

For spectroscopy and DLS analyses, AuNPs were suspended in Milli-Q water. For
electrophoretic mobility analyses, AuNPs were suspended in PBS 1x (pH 7.4,
USP32). ! Solution at syntheses concentration with no uniformization in terms of
Au content. Data represented as mean + SD, n > 3. Statistical significance is
represented as * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001
comparing with Core 1 AuNPs; ## p < 0.01, ### p < 0.001 and #### p <
0.0001 comparing with Core 2 AuNPs; ++ p < 0.01 comparing with Core 3
AuNPs.

absorbance spectra of the different AuNPs (Fig. 1), it is clear that when
Au salt concentration was reduced, the spectra presented a narrower
maximum absorbance peak with low intensity (<0.5 a.u.) within the
visible range (~ 530 nm). Furthermore, both Cores 3 and 4 AuNPs
showed very low absorbance within the NIR range. By its turn, Core 1
AuNPs despite presenting a characteristic spectrum (relatively narrow
peak of maximum absorbance within the visible range), exhibited var-
iable maximum absorbance peaks. Nevertheless, the absorbance of the
AuNPs within the NIR range was still high (>0.5 a.u.). Lastly, Core 2
AuNPs presented a distinct spectrum with a broader absorbance band
centered within the NIR range. In similarity with Core 1 AuNPs, Core 2
AuNPs also presented high absorbance (>0.5 a.u.) through all NIR
range, nevertheless, when approaching far NIR range (A > 900 nm), Core
1 AuNPs showed enhanced absorbance than Core 2 AuNPs. As a note,
the here so called “Core 1 AuNPs” were already described in a previously
published work (AuNPs called “Ratio 3 AuNPs”) (Ferreira-Goncalves
et al., 2022) and the characterization herein shown agrees with what
was previously reported, which shows the AuNPs syntheses
reproducibility.

The main goal of the presented work was to obtain AuNPs with high
potential to be used as part of a PTT system combining in situ injection of
AuNPs with laser irradiation (within the NIR range, 780 — 3000 nm,
defined in accordance with ISO 20473:2007 Optics and photonics -

/

=
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1
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800
Wavelength (nm)
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Spectral bands). Thus, considering the future application intended for
the AuNPs, it was possible to triage the AuNPs prepared.

As a start point of decision, thinking on the intended type of
administration, size is a relevant feature to consider. For the envisioned
application, AuNPs are needed to be retained at the injection site,
minimizing their migration to non-target tissues, and retarding their
removal by elements from the immune system. According with the
literature (Schleh et al., 2012; Sonavane et al., 2008), larger AuNPs
(>200 nm) present more difficulties to widely distribute, as well as to
cross barriers such as the haemato-intestinal and the skin, than smaller
AuNPs. In contrast, small AuNPs (<20 nm) can not only widely diffuse
throughout the body, as they already proved to be able to cross both
placenta and blood-brain barriers (Hillyer and Albrecht, 2001; Schleh
et al., 2012; Semmler-Behnke et al., 2014). Thus, AuNPs with sizes
around 200 nm seem to be preferential to achieve the goals proposed
(Van Haute and Berlin, 2017). With this in mind, Core 2 AuNPs seem to
be the most adequate.

Surface charge is other parameter influencing the AuNPs behavior in
vivo. Positively charged nanoparticles are associated to higher toxicity
and poorer stability than their negatively charged counterparts
(Frohlich, 2012; Lin et al., 2010). Moreover, negatively charged nano-
particles already showed enhanced accumulation at tumors (Honary and
Zahir, 2013). Thus, negatively charged AuNPs are preferable over
positively charged ones for the intended application. As all AuNPs ob-
tained presented negative surface charge, surface charge cannot act as
decision factor.

Another parameter possible to use as decisive factor is Pdl. Poly-
dispersity index is suggestive of the nanoparticle’s homogeneity and,
according to the ISO 22412:2017, 2017, a PdI < 0.7 is indicative of a
monodisperse population of spherical particles. Other sources state that
samples with PdI < 0.4 are considered to be homogeneous (Eissa, 2019).
This limit can even be lower (<0.3) (Danaei et al., 2018). Thus,
attending the values herein observed, all prepared AuNPs were homo-
geneous, with Core 2 and Core 4 AuNPs seeming to be more homoge-
neous than the remaining AuNPs.

At last, another crucial factor for selecting the most promising
formulation for the intended application is the AuNPs’ absorbance. As
mentioned above, the proposed system relies on the combination of
AuNPs injection with external irradiation with a NIR laser (A = 808 nm),
which emphasizes the need of the AuNPs to absorb as much as possible
at wavelengths close to the wavelength of the light source used. Thus,
Core 2 AuNPs were the most promising followed by Core 1 AuNPs, not
only because they presented maximum absorbance peaks at longer
wavelengths (approximately at 665 nm and 600 nm, respectively), but
also because they showed higher absorbance at the laser wavelength. As
aforementioned, the laser wavelength was selected within the NIR range
as it is known as a spectral region where biological tissues present lower

— Core 1 AuNPs
— Core 2 AuNPs
— Core 3 AuNPs
Core 4 AuNPs

1000

Fig. 1. Absorption spectra of different AuNPs’ suspensions. Data represented as mean + SD, n > 3.
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absorbance of the radiation, and thus makes possible to reach deeper
tissues (Bashkatov et al., 2005; Jacques, 2013).

3.1.2. Morphological characterization of AuNPs from small-volume batches

The morphological aspect of the four types of Core AuNPs was
observed by SEM and it is shown in Fig. 2. All Core AuNPs showed a
predominant spherical-like shape, however, there were clear morpho-
logical differences between Core AuNPs. Core 1 and Core 2 AuNPs both
presented significative surface roughness, in contrast with Core 3 and
Core 4 AuNPs, which showed very smooth surfaces. When comparing
Core 1 AuNPs and Core 2 AuNPs in terms of surface roughness, Core 1
AuNPs revealed accentuated roughness with edgy contours, whereas
Core 2 AuNPs showed high roughness with softer contours instead.
Nanoparticles’ surface roughness is known to affect the protein corona
formation and, consequently, to affect the particles’ internalization (Kim
et al., 2021; Singh et al., 2021). Some studies report that higher surface
roughness leds to enhanced protein adsorption in comparison with
smoother surfaces (Rechendorff et al., 2006; Singh et al., 2018). More-
over, studies also showed that silica-based nanoparticles with smooth
surfaces present faster and more pronounced internalization in HeLa
cells than rougher counterparts (Schrade et al., 2012). In addition,
protein-coated smooth nanoparticles also showed higher cellular uptake
than rougher counterparts (Piloni et al., 2019). Yet, there are also works
showing that rougher nanoparticles present lower protein absorption
than smother particles (Piloni et al., 2019). Thus, despite recognized the
importance of the surface roughness of a material in pharmaceutical and
biomedical applications, its effect over protein absorption and cellular
uptake is still not consensual and requires further studies (Piloni et al.,
2019). Nonetheless, in this work the prepared AuNPs vary more than
one property between Cores, which hinders to acknowledge the isolated
role of the surface roughness on the overall photothermal and biological
behavior.

Attending AuNPs size, Core 2, Core 3, and Core 4 AuNPs present sizes
slightly smaller (110.4 + 20.9 nm, 31.5 + 5.6 nm and 21.6 + 5.8 nm,
respectively) than the ones observed by DLS, which agrees with the
literature (Bootz et al., 2004). In contrast, Core 1 AuNPs appeared much
larger (362.0 + 44.8 nm) by SEM than by DLS (p > 0.0001). Once this
considerable size-difference was not observed for no other particles and
that it is not typically described in the literature, it is hypothesized that it
might be a consequence of the edgy roughness of the Core 1 AuNPs
surface.

Based on the overall physicochemical features and the very low
absorbance within the NIR range, Core 3 and Core 4 AuNPs were at this
point abandoned, and further scaled up syntheses and a more thorough
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characterization was carried out for Core 1 and Core 2 AuNPs.

3.2. Comprehensive characterization of AuNPs from scaled-up syntheses

3.2.1. Physicochemical characterization of AuNPs from scaled-up syntheses

A summary of the main features of the prepared AuNPs after scaling
up the syntheses from 20 mL to 100 mL is shown in Table 3. As com-
plement, DLS size frequency distribution graphs can further be found in
Figure S3 from the supplementary material in Appendix A. Comparing
with smaller volume syntheses, Core 1 AuNPs presented overall similar
physicochemical properties, even though it was noticed lower variation
on the physicochemical parameters accessed (lower SD). Furthermore, a
significant difference (p < 0.01) was seen over Core 1 AuNPs spectra
from bigger syntheses, being a narrower maximum absorbance peak
observed around 560 nm in contrast with the more variable peak
centered around 601 nm observed for lower volume syntheses (Figs. 1
and 3). By its turn, Core 2 AuNPs from larger syntheses slightly differed
from small volume syntheses counterparts in terms of size and spectra.

Table 3
Physicochemical characterization of Core 1 and Core 2 AuNPs resulting from
scaled-up syntheses.

Core 1 AuNPs Core 2 AuNPs

Hydrodynamic Diameter (nm) 111.3 + 27.7 192.1 +57.4
PdI 0.272 + 0.080 0.223 + 0.064
Zeta-Potential (mV) —29.0 + 2.0 —25.8 + 2.1
Maximum Absorbance Peak (nm) 561 + 17 751 + 637
Absorbance at % = 808 nm’ (a.u.) 0.14 + 0.01 0.22 + 0.05
Recovery yield (% (n/n))? 80+8 98 +6"
Number of Au atoms per NP (5.05 £+ 3.91) (2.78 £ 2.24) x
x 107 10®
Molar concentration of AuNPs' (M) (3.69 £ 1.63) (9.93 +£9.30) x
x 10712 103"
Concentration of AuNPs' (AuNPs.mL~") (222 +£0.98)  (5.98 + 5.60) x
x10° 108"
Molar absorption coefficient at Max. (7.08 £ 4.70) (4.25 + 2.36) x
absorption peak (M~ '.cm™!) x10° 101"
Molar absorption coefficient at A = 808 nm  (5.41 + 4.11) (4.11 + 2.50) x
M t.em™) x10%° 10"

For spectroscopy and DLS analyses, AuNPs were suspended in Milli-Q water. For
electrophoretic mobility analyses, AuNPs were suspended in PBS 1x (pH 7.4,
USP32). Data represented as mean + SD, with n > 3. Statistical significance is
represented as * p < 0.05 and ** p < 0.01 comparing with Core 1 AuNPs. !
Solution at the same Au concentration: 125 pM. 2 Quantification considering
only the Au element based on ICP-OES analysis.

Core 2 AuNPs

Core 3 AuNPs Core 4 AuNPs

200 nm

200 nm

Fig. 2. Morphological characterization of Core 1, Core 2, Core 3 and Core 4 AuNPs by SEM.
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Fig. 3. Absorption spectra of different AuNPs’ suspensions after scale up. Data represented as mean + SD, n > 3.

Core 2 AuNPs from 100 mL syntheses were slightly larger (p < 0.001)
than Core 2 AuNPs from 20 mL syntheses. Moreover, the spectra of Core
2 AuNPs from larger syntheses also presented a broader absorption band
with maximum absorbance peak shifted towards the NIR range (p <
0.0001) than their counterparts from lower volume syntheses (Figs. 1
and 3). Regardless, the main differences on the physicochemical features
between Core 1 and Core 2 AuNPs were retained: Core 2 AuNPs were
larger and presented a broader absorbance band with maximum
absorbance peak at longer wavelength than Core 1 AuNPs (Fig. 3).
Attending then the additional characterization of the AuNPs carried out,
Core 2 AuNPs presented a much superior recovery yield than Core 1
AuNPs. In addition, it was also found that Core 2 AuNPs had more atoms
of Au per AuNP and, consequently, had less AuNPs per milliliter than
Core 1 AuNPs for an equal concentration of Au. Moreover, Core 2 AuNPs
presented higher molar absorption coefficient, both at the maximum
absorbance peak and at A = 808 nm, than Core 1 AuNPs, which means
that lower concentrations of Core 2 AuNPs are needed to absorb the
same amount of radiation. Thus, overall, Core 2 AuNPs presented more
promising features to be better photothermal therapy enhancers.

The stability of the particles is also a major concern when aiming for
biomedical and pharmaceutical applications. Thus, basic characteriza-
tion of AuNPs was repeated 11 months after their synthesis upon being
stored at 4 °C in aqueous suspension in glass flasks. Results are shown in
Table 4 and Fig. 4. As observed, no significative changes were notice-
able, thus demonstrating the AuNPs stability in the storage conditions.

Table 4

Physicochemical characterization of Core 1 and Core 2 AuNPs resulting from
scaled-up syntheses, at the date of synthesis and 11 months later, upon storage at
4 °C in aqueous suspension.

Core 1 AuNPs Core 2 AuNPs

At 11 months At 11 months
synthesis after synthesis after
synthesis synthesis
Hydrodynamic 96.4 + 9.4 102.8 + 16.1 195.7 + 186.3 + 73.8
Diameter (nm) 80.8
PdI 0.287 + 0.273 + 0.221 + 0.198 +
0.087 0.086 0.087 0.091
Zeta-Potential —29.2 + -30.1+1.2 —26.7 + —28.8 + 2.0
(mV) 2.1 2.3
Maximum 564 + 18 565 + 20 727 + 50 735+ 5
Absorbance Peak
(nm)

For spectroscopy and DLS analyses, AuNPs were suspended in Milli-Q water. For
electrophoretic mobility analyses, AuNPs were suspended in PBS 1x (pH 7.4,
USP32). Data represented as mean + SD, with n > 2.

3.2.2. Morphological characterization of AuNPs from scaled-up syntheses

The morphology of Core 1 and Core 2 AuNPs obtained after scaling
up the syntheses was also assessed by SEM (Fig. 5) and the main
morphological features observed for AuNPs from small-volume synthe-
ses were retained.

In addition to the AuNPs’ morphology, the elemental constitution of
the particles was assessed by combined SEM-EDS analysis (Fig. 6). Re-
sults showed gold as the most abundant element on the AuNPs (in
green), without any other impurities present.

Core 2 AuNPs were also investigated using STEM analysis. As
observed from the SEM images, it is evident that the AuNPs are nearly
spherical and reveal a hierarchical rough surface, forming a peak-like
structure (Fig. 7 (a) to (f)). Moreover, from the atomic resolution BF-
STEM and HAADF-STEM images (Fig. 7 (g) and (h)), it is clear the
atomic columns, where the visible spots correspond to Au atoms. The
lattice fringe spacing marked with 0.235 nm corresponds to the {111}
lattice planes of face-centered cubic (FCC) structure of Au. The inset
presented in Fig. 7 (h) represents the Fast Fourier Transformation (FFT)
image carried out in the area considered within the white squares in
Fig. 7 (g) and (h), images obtained simultaneously. Observed through
the [101] zone axis, it is evident from the FFT pattern that the angle
between (111) and (111) is ~ 109°, in accordance with the theoretical
value reported for FCC-Au (JCPDS No. 65-2870).

3.2.3. In vitro thermal activation studies using phantom models

Thermal activation of AuNPs in a concentration-dependent way was
studied by incorporation of AuNPs into agar phantoms and measuring
the agar temperature increment over time upon irradiation with a NIR
laser using a constant power. Results are shown in Fig. 8. In order to
discard the effect of room temperature fluctuations over the results, only
agar phantoms were analyzed without any irradiation and no significant
temperature fluctuations were observed. Moreover, the influence of the
laser irradiation over the thermocouple through direct heating of its
material, was assessed by irradiating agar phantoms. No significant
temperature increase was observed (maximum increment of 3.2 °C after
10 min of irradiation). A sphere of black plasticine was used as positive
control of heating once it works as a strong absorber and thus potenti-
ates a high temperature rise. Typical photothermal heating curves were
observed, showing a faster temperature increase at initial times followed
by an approximation to a stationary-like temperature increment state
(Alrahili et al., 2020; Ferreira-Goncalves et al., 2022). Overall, Core 2
AuNPs led to higher temperature increments for similar irradiation
times at the same concentration than Core 1 AuNPs, nevertheless no
significant statistical differences (p < 0.05) were observed between
formulations regardless the concentration. Moreover, when at a gold
concentration of 500 uM, Core 2 AuNPs presented an average temper-
ature increment even higher than the one observed for the plasticine,
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Fig. 4. Comparative absorption spectra of different AuNPs’ suspensions after scale up, immediately after synthesis and up to 11 months later, upon storage at 4 °C in

aqueous suspension. Data represented as mean + SD, n > 3.

Core 1 AuNPs

Core 2 AuNPs

Fig. 5. Morphological characterization of Core 1 and Core 2 AuNPs after scale up by SEM.

which was not observed for Core 1 AuNPs.

Concerning the concentration-dependence, higher concentrations
led to higher temperature increments, even though not all concentra-
tions resulted in significant variations (p < 0.05). Regardless the con-
centration and type of AuNPs, no significant temperature increments
were seen between 3 min and 5 min of irradiation, except for the case of
Core 2 AuNPs at 500 uM of gold and the plasticine, in which after 5 min
of irradiation the temperature increment was significantly higher than
the one seen after 3 min of irradiation (p < 0.05). Core 1 AuNPs pre-
sented significant temperature increments after 10 min of irradiation in
comparison with 3 min of irradiation for gold concentrations superior to
125 pM. Moreover, when Core 1 AuNPs were tested at gold concentra-
tions higher than 250 pM, the temperature increments observed after 10
min of irradiation were even higher than the ones observed after 5 min
of irradiation. By its turn, Core 2 AuNPs, regardless the gold concen-
tration, showed significant increases of temperature after 10 min of
irradiation when compared to the increments observed after 3 min and
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5 min of irradiation (p < 0.05). Moreover, Core 2 AuNPs at 500 uM, after
5 min of irradiation already have heated up significantly more than after
3 min of irradiation (p < 0.05). Such observations were also seen for the
plasticine.

According with the literature, humans’ average basal temperature is
around 37 °C (Geneva et al., 2019), and cell hyperthermia typically
happens at approximate temperatures ranging from 41 °C up to 47 °C
(Huang et al., 2008; Kumari et al., 2021). Thus, in order to have an
enhanced PTT efficacy, temperature increments from 4 °C up to 10 °C
are needed. Overall, Core 2 AuNPs allowed to reach higher temperature
increments at lower concentrations and shorter irradiation periods. As a
consequence, Core 2 AuNPs presented enhanced potential to be used in
PTT system in comparison to Core 1 AuNPs, as they make it possible to
use lower Au concentrations. Moreover, the fact that Core 2 AuNPs
required shorter irradiation periods to reach higher temperature in-
crements render the expectation for future in vivo applications.



T. Ferreira-Gongalves et al. International Journal of Pharmaceutics 650 (2024) 123659
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Fig. 6. Elemental characterization of Core 1 (a, c, e, g i) and Core 2 (b, d, f, h, j) AuNPs by EDS. (a) and (b) represent merged images of individual element
identification images: (c) and (d) gold; (e) and (f) oxygen; (g) and (h) nitrogen; (i) and (j) carbon.
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Fig. 7. (a) Secondary electron (SE) STEM image of an individual Core 2 AuNP, (b) Bright-field (BF) STEM image of the same area of (a), and (c) HAADF-STEM image
of the area in (a) (images obtained simultaneously). (d) to (f) Magnified SE-STEM, BF-STEM and HAADF-STEM images of the area analyzed in (a), respectively. (g)
Atomic-resolution BF-STEM and (h) HAADF-STEM images of the AuNP. (i) FFT image of the area indicated by the white squares in (g) and (h).

3.2.4. Photothermal conversion efficiency studies

The photothermal conversion efficiency of the AuNPs was deter-
mined upon direct irradiation of AuNPs aqueous suspensions with a NIR
laser and direct measure of the solution temperature during and after
irradiation, during heating and cooling phases, respectively. To mini-
mize the interference of convection phenomena on the obtained results,
the solutions were kept under mechanical stirring. Moreover, to mini-
mize the temperature dissipation through air, the cuvettes containing
the solutions were covered with parafilm. When at the same concen-
tration and using the exact same irradiation parameters and setup, Core
2 AuNPs present a photothermal conversion efficiency of ~ 58 %
(Fig. 9), which is significantly higher than the ~ 37 % observed for Core
1 AuNPs (p < 0.05). Even though, higher photothermal conversion ef-
ficiency not always means generation of more heat (Qin et al., 2016;
Yang et al., 2021), this was the case for the tested AuNPs, as Core 2
AuNPs revealed a temperature increase of 19.7 + 4.8 °C after 20 min of
irradiation, in contrast with 7.0 & 2.0 °C observed for Core 1 AuNPs.

The photothermal conversion efficiency of Core 1 and Core 2 AuNPs,
in particular Core 2 AuNPs, are quite interesting when comparing with
data from the literature as these values are among some of the higher
already reported (Nardine S Abadeer and Murphy, 2016; Malekzadeh
et al., 2023). Core 2 AuNPs showed higher photothermal conversion
efficiency than ~ 150 nm-sized gold nanoshells irradiated with a laser
with comparable wavelength, having Pattani et al. reported 25 % pho-
tothermal conversion efficiency (Pattani and Tunnell, 2012) and Ayala-
Orozco et al. 39 % (Ayala-Orozco et al., 2014). In addition, when
compared with biodegradable gold vesicles (BGV) ~ 200 nm-sized re-
ported by Huang et al., Core 2 AuNPs also showed superior photothermal
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conversion efficiency for the same wavelength radiation (=~ 58 % for
Core 2 AuNPs compared with =~ 37 % for BGV) (Huang et al., 2013).
Moreover, Xu et al., reported a photothermal conversion efficiency of ~
42 % for gold nanocages coated with hyaluronic acid with ~ 190 nm
irradiated with a 808 nm laser (X. Xu et al., 2019), which is also lower
than the value herein observed for Core 2 AuNPs. It must however be
noticed that this parameter strongly depends on the AuNPs features
(such as size and shape), on their concentration, and on the irradiation
parameters (e.g. wavelength, exposure time and irradiance). Thus, it is
difficult to rigorously compare the results herein reported with data
from the literature.

3.2.5. Preliminary in vivo safety assays using artemia salina model

The safety of the AuNPs was primarily assessed in a concentration-
dependent way using a simple and commonly used in vivo model for
toxicity evaluations: Artemia salina (Figure S4 from supplementary
material in Appendix A). For the concentration range studied none of the
Core AuNPs showed any toxicity over the artemia model in contrast with
what was observed in the case of 10 % DMSO, which showed high
toxicity.

3.2.6. Preliminary in vivo safety of AuNPs using healthy mice

The weight of the animals was monitored since the day of injection of
the AuNPs until the time of sacrifice. No statistically significant weight
losses were observed over time for none of the test groups. Animals
injected with Core 1 AuNPs showed a weight loss of 2.1 + 1.1 % and 3.6
+ 0.9 %, 24 h and 48 h post-injection, respectively. By its turn, animals
injected with Core 2 AuNPs showed a weight loss of 1.5 + 2.0 % and 3.0
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Fig. 8. Evolution of the temperature increment of phantoms containing Core 1 (a) and Core 2 (c) AuNPs and temperature increment after 3 min, 5 min and 10 min of
irradiation of phantoms with Core 1 (b) and Core 2 (d) AuNPs. Tests carried out with AuNPs at different Au concentrations: 62.5 uM (orange), 125 uM (purple), 200
uM (red), 250 puM (green) and 500 um (blue); and using as controls phantoms of only agar (beige), agar + laser (light brown) and agar + black plasticine + laser
(black). Data represented as mean + SD, n > 3. Statistical significance is represented as * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 comparing with
only agar; # p < 0.05, ## p < 0.01, ### p < 0.001 and #### p < 0.0001 comparing with Agar + laser; + p < 0.05, ++ p < 0.01 and ++++ p < 0.0001 comparing
with AuNPs at a concentration of 62.5 uM; - p < 0.05, - - p < 0.01 and - - - - p < 0.0001 comparing with AuNPs at a concentration of 125 uM; / p < 0.05 comparing
with AuNPs at a concentration of 200 uM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Photothermal conversion efficiency of Core 1 and Core 2 AuNPs upon
irradiation with a NIR laser (A = 808 nm). Data represented as mean + SD, n =
3. Statistical significance is represented as * p < 0.05 comparing with Core
1 AuNPs.
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+ 2.3 %, 24 h and 48 h post-injection, respectively.

At the end of the study, when excising the organs, no macroscopical
abnormalities were observed in any organ for the animals under study.
No further differences were either observed when analyzing the tissue
index (%) of animals injected with AuNPs and Control animals (Table 5).
Moreover, the particles seemed to be retained at the injection site
(Fig. 10). Comparing the distribution of the two Cores, Core 1 AuNPs
seemed to be distributed in a more disperse way, whereas Core 2 AuNPs
appeared to have a “vessel-like” shape distribution. The reason behind
this different distribution is not fully understood, however it is hy-
pothesized that it might be a consequence of the overall AuNP features
and how they interact with biological entities. Size can be pointed out as
one of the reasons possibly behind such observations, as typically
smaller particles can diffuse easily and are less opsonized than larger
counterparts (Lin et al., 2015), agreeing with what was here observed, as
Core 1 AuNPs are smaller than Core 2 AuNPs.

Histopathological analyses supported the macroscopical observa-
tions: no signs of lesion in any of the analyzed organs were observed
(Figure S5 from supplementary material in Appendix A).

Table 5
Tissue indexes of healthy female BALB/c mice from each test group.
Test Group Organ
Time after injection  Liver Spleen Kidneys
Control 23.3+0.1 6.5+ 0.1 124+ 0.4
Core 1 AuNPs 4h 22,9+ 0.7 6.2+ 0.1 11.7 £ 0.1
24h 239+03 5.8+0.3 12.2+0.2
48 h 22.7 £0.3 6.4 +£0.2 12.0 £ 0.2
Core 2 AuNPs 4h 23.3+0.6 6.1 +0.1 124+ 0.1
24 h 22.8+0.1 5.9+0.3 11.8 £ 0.3
48 h 21.9+03 5.6 £0.2 11.0 £ 0.5

Data represented as mean + SD, n > 2.
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Fig. 10. Representative photographs of the local of injection of Core 1 and Core 2 AuNPs at different time points after injection.

Lastly, as supportive evidence of the local retention of the AuNPs at
injection site, the biodistribution of the AuNPs at different timepoints
after injection was assessed by quantification of the Au element by ICP
analysis. Results showed that a neglectable percentage of the injected
dose was capable of surpassing the injection site (Table 6) since the
majority (practically all AuNPs) of the injected dose was found at in-
jection site. Fig. 10 shows representative pictures indicative of that
retention. Such results are quite promising for an intratumoral injection
of the AuNPs, once they might be indicative that AuNPs most likely will
stay at the tumor site, enhancing the therapeutic effect while minimizing
undesirable side effects and systemic toxicity. Moreover, these results
make it possible to consider the hypothesis of applying multiple-
irradiation cycles using a single AuNP injection. Yet, it must be
noticed that moving forward to a multiple-irradiation cycle treatment
following a single intratumor AuNPs injection still lacks the repetition of
the same assay after an intratumor administration of the AuNPs to assess
if tumor vasculature and microenvironment leds to different outcomes.

In order to clearly assess the AuNPs retention at the injection site in
live animals, mice were injected with the two most promising Core
AuNPs and were subjected to CT. Animals showed local retention of the
AuNPs at injection site up to 1 month after administration of the AuNPs
(Fig. 11). None of the animals showed any sign of suffering or lack of
welfare, thus confirming the safety of AuNPs administration. These re-
sults reinforce the previously referred interest in applying multi-
irradiation cycles after a single AuNPs’ administration. Nonetheless,
the importance of studying the AuNPs’ long-term toxicity and clearance
cannot be neglected. State of the art on AuNPs notices the limited
secretion and clearance of AuNPs from in vivo models, with the majority

Table 6

Percentage of the injected dose of gold (based on ICP-OES analysis) at the in-
jection site and blood, 4 h, 24 h and 48 h post-s.c. administration of Core 1 and
Core 2 AuNPs. Results are presented as mean + SD, n = 3.

Test Group Au quantity
(% of injected dose)
Time after injection Injection site Blood
Core 1 AuNPs 4h 1119+ 0.9 0.2+ 0.2
24 h 88.4 + 3.9 0.4 +£0.1
48 h 100.4 + 14.6 0.3+0.1
Core 2 AuNPs 4h 113.4 + 6.9 0.3+0.3
24 h 108.4 + 15.3 0.5+ 0.2
48 h 126.4 + 13.0 0.5+ 0.1
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of the studies reporting liver and spleen accumulation (Adewale et al.,
2019; De Jong et al., 2008; Lin et al., 2015). Nevertheless, AuNPs’ fea-
tures, such as size, shape, coating and functionalization, and the chosen
administration routes are known to play an active role on the AuNPs fate
invivo (Adewale et al., 2019; De Jong et al., 2008; Lin et al., 2015). Small
AuNPs (<6 nm) were proved to be secreted through urine (Semmler-
Behnke et al., 2008; Zhou et al., 2011). However, larger AuNPs cannot
be easily secreted and were already reported to be accumulated in the
liver up to 6 months post-administration, with no mention to any
toxicity (Sadauskas et al., 2009). In addition, in the case of the specific
application herein reported, the AuNPs fate might also depend on the
treatment modality applied. In the case of a combined PTT-surgery
strategy, the particles might be removed from the organism together
with the resected dead tumor cells.

3.2.7. Preliminary in vitro PTT efficacy using 2D culture of 4 T1, MCF-7
and HaCaT cells

The safety and efficacy of the two most promising Core AuNPs were
further assessed in 2D cultures of commercialized cell lines when com-
bined with NIR laser irradiation through MTT assay (Fig. 12). Core 2
AuNPs alone prove to be completely safe in all cell lines tested. By its
turn, Core 1 AuNPs led to a slight reduction of MCF-7 and HaCaT cells’
viability (8 % and 15 %, respectively) even though they did not affect
4T1 cells. Nevertheless, the decrease in viability is not considered toxic
attending the cytotoxicity definition from ISO 10993-5:2009 (E), which
states that a product or formulation is considered cytotoxic when the
cellular viability is reduced in more than 30 %. By its turn laser irradi-
ation per se was also unable to reduce the cells’ viability, regardless the
cell line. In fact, it actually slightly increased the cells’ viability, espe-
cially in the case of HaCaT cells. When assessing the actual photothermal
effect of the AuNPs in vitro the two cores behaved quite differently.
When combining Core 1 AuNPs incubation with posterior NIR laser
irradiation, no significant 4T1 cells’ viability reduction was observed. In
turn, MCF-7 and HaCaT cells showed a minor viability reduction when
comparing to Controls (11 % and 7 %, respectively), but it was not
considered a cytotoxic effect. A different scenario was observed when
Core 2 AuNPs were combined with laser irradiation, as it resulted in
cells’ viability reduction superior to 70 % both in 4T1 and MCF-7 cells.
As for HaCaT, the cell viability reduction caused by the combination of
Core 2 AuNPs with laser irradiation was somewhat lower (44 %).
Overall, these results prove that both AuNPs and laser irradiation alone
are unable to result in a significant cell death. Moreover, Core 1 AuNPs
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Fig. 11. Representative in vivo CT images of mice showing local accumulation of Core 1 and Core 2 AuNPs at injection site at different timepoints after injection
(from 0 h up to 1 month). Red arrows and circles point out the AuNPs accumulations in coronal and axial images, respectively. R indicates the right and L the left
sides of the animals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Cell viability (%) of 4T1, MCF-7 and HaCaT cells non-treated (Control - black columns) and treated with: 5 min of NIR laser irradiation (black and white
stripped columns); Core 1 AuNPs (red full columns); Core 1 AuNPs + 5 min of NIR laser irradiation (red stripped columns); Core 2 AuNPs (blue full columns); Core 2
AuNPs + 5 min of NIR laser irradiation (blue stripped columns). Data represented as mean + SD, n > 4. Statistical significance is represented as * p < 0.05, *** p <

0.001, and **** p < 0.0001 comparing with Control cells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

also prove to be insufficient to result in cell death when combined with
laser irradiation. Contrarily, Core 2 AuNPs proved to be strong photo-
thermal enhancers when combined with NIR laser irradiation, resulting
in high cell death. In addition, the cell death observed for breast cancer
cells, both human and murine, was fairly more pronounced than the
observed for keratinocytes. This last observation is supported by data
from the literature reporting higher sensitivity of cancer cells to heat
than healthy cells (Huang et al., 2008; Pérez-Hernandez, 2018). Alto-
gether, these results proved the high potential of the produced Core 2
AuNPs to be used as strong PTT enhancers.

Comparing the results herein observed with other works from the
literature is quite difficult, as the in vitro photothermal efficacy depends
on multiples variables such as AuNPs concentration, overall AuNPs
features, laser irradiation and exposure time, etc... (Cao et al., 2016; Xu
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et al., 2019b,a). In addition, such results also depend on the cell lines
tested (Kang et al., 2017). As an example, Xu and colleagues showed that
gold nanocages coated with hyaluronic acid with sizes around 190 nm at
a concentration of 50 ug/mL were able to cause a 26 % reduction of 4T1
cell’s viability when irradiated with a 808 nm laser at 0.35 W/cm? for
10 min (X. Xu et al., 2019). For comparison, Core 2 AuNPs present
comparable size to the reported nanocages, and at a similar concentra-
tion (250 uM of Au can be approximated to 49 ug/mL of Au) were able to
cause 4T1 cell’s viability reduction superior to 70 % when an irradiation
with a 808 nm laser at 7.96 W/cm? took place for 5 min. Thus, Core 2
AuNPs showed superior cancer cell killing in the same cell line than
similar sized nanoparticles with a different shape and functionalization
at comparable concentrations, using shorter irradiation periods,
although the irradiance applied here was superior. In another example
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studying the synergistic effect of gold nanorods coated with porphyrin
and trastuzumab (as anti-HER-2 receptor), Kang et al. reported that
concentrations > 100 ug/mL and > 50 pg/mL were needed to cause a
reduction of BT474 cells viability higher than 50 % when exposing the
cells to 5 min irradiation with a 808 nm laser at 6.07 W/cm? and 13.6
W/cmz, respectively (Kang et al., 2017). The same work also tested the
systems’ PTT efficacy in SKBR3 cells and it was observed that for the
same exposure time, when an irradiance of 6.07 W/cm? was used, the
cells viability was still higher than 50 % even when a concentration of
200 pg/mL of gold nanorods was used (Kang et al., 2017). Moreover,
when the laser dose was increased up to 13.6 W/cm? SKBR3 cells’
viability was only reduced more than 50 % for nanorods’ concentrations
> 100 pg/mL (Kang et al., 2017). Thus, the results herein reported for
Core 2 AuNPs seemed to outstand the results observed for the synergistic
effect of the gold nanorods at higher concentrations and laser irradiation
doses. Nevertheless, it must be noticed that this comparison not only
differs in terms of cell lines, but also in terms of particles shape and size,
as Core 2 AuNPs are mostly quasi-spherical with diameter ~ 190 nm and
the gold nanorods presented sizes ~ 40 nm x 10 nm. Thus, overall, the
results herein reported are very encouraging, despite the challenging
comparison with other published works.

4. Conclusions and future work

This work gathers an extensive characterization of Core AuNPs
synthesized in order to optimize their features and maximize their po-
tential as photothermal therapy enhancers when combined with a NIR
laser irradiation. Physicochemical, photothermal and biological profiles
of tested AuNPs unveil their undeniable value as part of a PTT system to
fight superficial and localized tumors, such as breast tumors. Among the
Core AuNPs prepared, Core 2 AuNPs showed the ability to increase
phantoms temperature up to 19 °C when irradiated with a NIR laser. In
addition, after demonstrated the safety of Core 2 AuNPs in vivo, it was
also revealed their ability to be locally retained in the injection site up to
1 month post administration. At last, Core 2 AuNPs evidenced high
photothermal potential when combined with short periods of NIR laser
irradiation (5 min), as they resulted in cell viability reduction superior to
70 % in both murine and human commercialized breast cancer cells.
Further tests are, however, required to evaluate in vivo safety and effi-
cacy of the proposed PTT system.
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