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A B S T R A C T

Gold nanoparticles (AuNPs)-mediated Photothermal Therapy (PTT) is a minimally-invasive therapeutic approach 
that uses AuNPs to convert light into heat, leading to the thermal ablation of tumors. Thus, the efficacy of this 
strategy strongly relies on the photothermal conversion potential of AuNPs. The ability to convert light into heat 
can be enhanced by tuning the physicochemical and optical properties of AuNPs. This can be achieved by 
changing the conditions of AuNP’s synthesis, such as the order of addition of reagents. The present work entails 
to explore how varying the order of reagents addition modulates the properties of AuNPs, particularly enhancing 
the photothermal conversion potential of the resulting AuNPs and consequently, improving PTT efficacy. For 
this, eleven different AuNPs’ nanoformulations were synthetized following different sequences of addition of 
reagents. These nanoformulations were characterized regarding their physicochemical properties namely size, 
surface charge, gold concentration, surface morphology and maximum absorbance wavelength. In addition, their 
thermal activation profiles were determined in vitro. Furthermore, the biocompatibility of different nano
formulations was also assessed. Three nanoformulations, with the most favorable photothermal activation pro
files (AuNPs 2, 3 and 7), were then selected for preliminary in vitro safety and efficacy assays using a panel of cell 
lines. These three nanoformulations were deemed safe in vitro at the tested concentrations. At 250 μM of gold 
content, and after an incubation period of 4 h, followed by 5 min irradiation with a laser emitting at 808 nm 
(7.96 W/cm2), AuNPs 7 significantly reduced the cell viability of all cancer cell lines tested (MCF-7, HCT-116 and 
A375) by ≥ 45 %. However, such cytotoxic effect was not observed for the human keratinocyte cell line (HaCat), 
thus demonstrating its specificity towards cancer cells. Overall, the results herein presented reinforce that the 
order of reagents addition is highly important for achieving adequate AuNPs for PTT.

1. Introduction

Photothermal therapy (PTT) entails using a light source to increase 
the temperature of tissues. It offers a high spatiotemporal control with 
reduced side effects [1–5]. However, to efficiently increase the tem
perature to the point in which cancer cells undergo 
hyperthermia-mediated cell death, light-absorbing gold nanoparticles 
(AuNPs) can be used [6–15]. Upon administration and accumulation in 

the tumour, AuNPs will absorb irradiated light and convert it into heat at 
the accumulation site. Out of the light spectrum, near-infrared (NIR) 
wavelengths (780–3000 nm, according to ISO 20473:2007) present 
advantages for PTT application, i.e., higher tissue penetration capacity, 
less photodamage due to being less energetic, and lower absorption and 
scattering before reaching the AuNPs [16–18]. The efficacy of 
AuNPs-mediated PTT is dependent on different factors such as tumour 
depth and photothermal conversion efficacy of the AuNPs. Furthermore, 
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to promote high photothermal conversion, the wavelength in which the 
AuNPs absorb must ideally be the wavelength at which the laser emits 
[2,19]. This is due to the Surface Plasmon Resonance (SPR) effect: upon 
AuNPs being irradiated by a light source in the characteristic SPR 
wavelength of that AuNPs, free electrons will resonate at the AuNPs’ 
surface until the maximum amplitude of oscillation, SPR, is reached. 
When the nonradiative decay of this oscillation occurs, light energy is 
converted into thermal energy (photothermal conversion) [17].

The optical properties of AuNPs can be tuned to manipulate their SPR 
wavelength by changing AuNPs’ physicochemical properties (i.e., size, 
shape, etc.) and/or by modifying their surfaces. This surface modifica
tion can include the addition of surface coatings, as is the case of keratin 
and hyaluronic and oleic acids mixture [20–22]. Furthermore, ligands 
can be added to the surface of AuNPs in order to increase their targeting 
to cancer cells, which can also change the optical properties of the final 
AuNPs [23,24]. Moreover, the reduction of the gold salt depends on the 
type of the reducing and stabilizing agents used [25].

The most commonly used method for the synthesis of AuNPs is the 
Turkevich method, in which gold (III) chloride trihydride 
(HAuCl4.3H2O) is reduced by sodium citrate. The effects of varying the 
order of addition of reagents used in this method (direct method, sodium 
citrate added to a HAuCl4.3H2O solution; or indirect method, 
HAuCl4.3H2O added to a sodium citrate solution) have been previously 
studied [26]. By inverting the order of reagent addition, the SPR peak of 
the resultant AuNPs suffered a strong blue shift and presented smaller 
mean sizes compared to when AuNPs were produced with the standard 
order of reagent addition [26], indicating that varying the order of re
agents addition during the synthesis of AuNPs might change the prop
erties of the resulting AuNPs.

To the best of our knowledge, the changes resulting from varying the 
sequence of reagent addition have only been studied in the most com
mon methods of AuNPs synthesis (i.e., Turkevich method). In our case, 
two different reducing agents (ascorbic acid and rosmarinic acid) were 
used to reduce the HAuCl4.3H2O in the presence of silver nitrate 
(AgNO3). The standard method includes the following order: AgNO3; 
ascorbic acid; and finally rosmarinic acid. Thus, this work aims to 
explore how solely changing the order of the reagents addition (used in 
previous work to synthetize AuNPs [8]) tunes the optical and physico
chemical properties and, consequently, photothermal conversion effi
ciency, safety and efficacy of AuNPs. Herein, different sequences of 
reagents addition were studied, with and without the presence of 
AgNO3. Eleven different sequences were tested, and compared with the 
original AuNPs (AuNPs 1). All nanoformulations were fully character
ized in terms of their physicochemical and optical properties. The AuNPs 
with the most promising characteristics with emphasis on SPR peak, 
absorbance at 808 nm, and thermal activation as well as biocompati
bility, were selected for in vitro safety and efficacy studies.

2. Materials and methods

2.1. Materials

2.1.1. Reagents
Gold (III) chloride trihydrate (HAuCl4.3H2O), L-Ascorbic Acid 

(ascorbic acid), Silver Nitrate (AgNO3), Rosmarinic Acid and 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 
acquired from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified 
Eagle’s medium (DMEM), foetal bovine serum (FBS), penicillin and 
streptomycin were supplied from Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA). Artificial seawater salt and Artemia salina eggs 
were provided from JBL GmbH & Co. (Neuhofen, Germany). Water 
Milli-Q was provided by Merck Millipore System (Burlington, MA, USA). 
All other chemicals were of analytical grade.

2.1.2. Cell lines and cell culture
All cells were grown in accordance with the supplier’s (ATCC) 

instructions. The commercialized human cell lines of breast cancer 
(MCF-7), colon cancer (HCT-116), melanoma (A375) and keratinocytes 
(HaCat) were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM), completed with 10 % foetal bovine serum (FBS), 100 IU/mL of 
penicillin and 100 μg/mL of streptomycin. The cell lines were kept in a 
humidified chamber at a temperature of 37 ◦C and an atmosphere of 5 % 
CO2. The cells in culture were maintained every 2–3 days, and when a 
confluence of 80 % was attained, the medium was changed.

2.2. Methods

2.2.1. Preparation of AuNPs
Eleven nanoformulations of AuNPs were prepared by modifying a 

method previously published [6–8,11]. The mentioned method is based 
on using ascorbic acid and rosmarinic acid, to reduce the HAuCl4.3H2O 
in the presence of AgNO3. The eleven different nanoformulations 
developed in this work were prepared by changing the order in which 
the mentioned reagents were added (Fig. 1), but maintaining the con
centrations and volumes used. Besides varying the reagents order, in 
some of the nanoformulations AgNO3 was not added (i.e., AuNPs 2, 4, 8, 
9, 10 and 11).

After addition of the aqueous solutions in the respective order, the 
mixture was continuously stirred in a magnetic stirrer (Heidolph mag
netic stirrer hotplate MR3001, Heidolph Instruments, Schwabach, Ger
many) at 800 rpm, for 15 min. After being synthesized, the AuNPs were 
recovered by centrifuging the suspension at 1520×g, for 20 min (Beck
man Instruments Centrifuge, Inc., Brea, CA, USA). The supernatant was 
discarded and the pellet containing the AuNPs was suspended in Milli-Q 
water.

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP- 
OES, Ultima, Horiba Jobin-Yvon, Longjumeau, France) was used to 
determine the experimental concentration of elemental gold (Au) pre
sent in each nanoformulations. Prior to analysis, each nanoformulation 
was digested using nitric acid (HNO3, 69 % for trace metal analysis, 
PanReac AppliChem, Barcelona, Spain).

2.2.2. Physicochemical characterization

2.2.2.1. Mean size and polydispersity index (PdI). All nanoformulations 
were characterized regarding their mean size, polydispersity index 
(PdI), and surface charge. For these characterizations, the different 
nanoformulations (at 125 μM of gold) were diluted in Milli-Q water 
(1:10, v/v, Milli-Q water:AuNPs), to analyze mean size and PdI, and 
diluted in PBS (1:10, v/v, PBS) to determine zeta potential. Mean size 
and PdI were analyzed by Dynamic Light Scattering (DLS), using a 
Zetasizer Nano S (Malvern Instruments, Malvern, UK), and surface 
charge was characterized by determining zeta potential, through Elec
trophoretic Mobility Assay, using a Zetasizer Nano Z (Malvern In
struments, Malvern, UK). All measurements were performed ≥3 times.

2.2.2.2. Morphology assessment. Morphology of the different nano
formulations (1-11) was assessed using Scanning Electron Microscopy 
(SEM). For SEM observations, small droplets (20 μL) of aqueous sus
pensions of AuNPs were placed on silicon substrates and left to dry at 
room temperature, and SEM images were acquired using a Hitachi 
Regulus 8220 Scanning Electron Microscope (Hitachi, Mito, Japan). The 
images were digitally recorded.

2.2.2.3. Determination of absorbance spectra. The maximum absorbance 
peak (Absmax) and absorbance at 808 nm (Abs808nm) for the AuNPs were 
determined by scanning the absorbance spectrum (between 400 and 
1000 nm) of all nanoformulations using a UV–Vis spectrophotometer 
(Shimadzu UV-1280, Shimadzu, Corp., Kyoto, Japan). All measurements 
were performed in triplicate.

The molar extinction coefficient, ε(λ), of the different AuNP 
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nanoformulations (1-11) was determined using the Lambert-Beer Law, 
following Equation (1) [27]: 

A(λ)= ε(λ)LCAuNPs, (1) 

where A(λ) is the optical density at a certain wavelength, ε(λ) is the 
molar extinction coefficient for the same wavelength, L is the path 
length crossed by the incident light passing through the suspension, in 
cm, and CAuNPs is the concentration of AuNPs in each suspension, in 
molar (M). CAuNPs can be determined following Equation (2) [27]: 

CAuNPs =
CAu×NA

NAu
, (2) 

in which CAu is the concentration of gold atoms present in each AuNPs’ 
suspension, as determined by ICP-OES, NA is the Avogadro constant, 
and NAu is the number of gold atoms per AuNP. In turn, taking into 
account that Au (III) prefers a coordination number of 4, NAu can be 
estimated following Equation (3) [27]: 

NAu =4 × Nunit cells, (3) 

where Nunit cells of Au represents the number of unit cells in each AuNP 
and can be calculated following Equation (4) [27]: 

Nunit cells =
VAuNPs

Vunit cells
, (4) 

Vunit cells signifies the volume of a Face-Centered Cubic (FCC) unit 
cell of Au, of 67.42 Å3, and VAuNPs denotes the volume of each AuNP. As 
shown by the morphological analysis, the different AuNPs mostly pre
sent spherical-like morphologies, and thus VAuNPs of each nano
formulation were determined by calculating the volume of spheres using 
the mean diameter of AuNPs determined by DLS [27].

2.2.3. In vitro thermal activation
To test the thermal activation of the nanoformulations upon NIR 

laser irradiation, the AuNPs were incorporated in agar phantoms at a 
concentration of 125 μM of gold. To prepare the phantoms (Fig. S1), an 
agar aquous solution was prepared at 1 % (w/v) under magnetic 

agitation and heat, to promote agar solubilization. After this, 1 mL of the 
prepared solution was poured into each polystyrene cuvette and left to 
jellify. To incorporate the nanoformulations in the gelled agar, a 
centered well was poked in the center gelled agar of the different cu
vettes, to which 20 μL of each nanoformulation was added (test phan
toms). A black plasticine sphere was added to the well of the positive 
control phantom, and the well of the negative control phantom was left 
empty. After the preparation of the wells, another 1 mL of the agar so
lution was added on top of the wells, and left to jellify, concluding the 
phantom preparation. Subsequently, a thermocouple (Fluke 52 K/J 
thermometer, Everett, WA, USA) was immersed in the agar phantoms, 
approximately at the same distance from the well in each phantom, as 
shown by Ferreira-Gonçalves et al. [9] allowing to measure the tem
perature in the agar surrounding the test and control wells. A 
FC-808-2W Fiber Coupled Laser System (Frankfurt Laser Company, 
Friedrichsdorf, Hessen Germany) coupled to an FPYL-COL-X collimator 
(Frankfurt Laser Company, Friedrichsdorf, Hessen Germany) emitting at 
a wavelength of 808 nm, was used to activate the AuNPs. The different 
phantoms were irradiated for 10 min each, at an irradiance of 7.96 
W/cm2, and the temperature of the phantoms was assessed every 30 s, 
and the temperature increment was determined.

2.2.4. Safety Assessment

2.2.4.1. Saccharomyces kudriavzevii model. As a preliminary safety 
assay, the Saccharomyces kudriavzevii (ATCC® 2601) model was used 
[11,28]. The yeast cells were cultured in yeast extract peptone dextrose 
medium, with 1 % yeast extract, 0.5 % peptone and 2 % glucose, 
respectively. Disposable cuvettes containing 2 mL of Saccharomyces 
kudriavzevii at a concentration of 1.0 × 107 yeast cells/mL were pre
pared. Cuvettes containing untreated yeast were used as negative con
trol. The AuNPs’ nanoformulations (200 μL) were added to the 
respective yeast-containing cuvettes at a concentration of 125 μM in 
terms of gold. After, the cuvettes, kept at 30 ◦C, were gently mixed and 
the absorbance was read at 525 nm, using a UV–Vis spectrophotometer 
(Shimadzu UV-1280, Shimadzu, Corp., Kyoto, Japan) at 0, 1, 2, 4 and 6 
h. The concentration of yeast cells was calculated following Equation (5)

Fig. 1. Order in which the reagents were added for the preparation of different eleven AuNPs’ nanoformulations.
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in order to plot the growth curve against time: 

Abs525nm =6.8219 × 10− 8x + 0.0327, (5) 

in which Abs525nm is sample absorbance at 525 nm and x is yeast cell 
concentration (yeast cell/mL). For each sample, growth inhibition was 
calculated from the linear slope of the logarithmic growth curve. All 
nanoformulations were tested independently thrice, in triplicates each 
time.

2.2.4.2. Artemia salina model. Artemia salina, also known as brine 
shrimp, was used to assess the safety in a preliminary in vivo model. 
Firstly, artificial seawater was prepared by mixing regular tap water 
with commercial seawater salt, according to supplier instructions. The 
dry A. salina cysts were added to the artificial seawater and were left to 
hatch under aeration and artificial light, for 48 h, at 25–30 ◦C. After this, 
900 μL of artificial seawater, containing 10–15 nauplii, and 100 μL of 
each of the nanoformulations: all different eleven AuNPs formulations, 
at 125 μM of gold; 10 % dimethyl sulfoxide (DMSO) as positive control; 
and artificial seawater as negative control were added to 24-well plates 
and incubated for 24 h, at 25–30 ◦C. After that, the dead nauplii were 
counted. To kill the remaining nauplii, 100 % DMSO was added to all the 
wells and left to incubate for 2 h, at 25–30 ◦C. After the total A. salina 
was counted, the mortality (%) was calculated following Equation (6)
[4,18]: 

Mortality (%)=
Dead24 h

DeadTotal
× 100, (6) 

in which Dead24 h represents the number of dead A. salina nauplii 24 h 
after incubation, and DeadTotal represents the total of nauplii present in 
each well. All nanoformulations were tested independently thrice, with 
four replicates each time.

2.2.4.3. Immortalized human cell lines. Human keratinocyte cell line 
(HaCat) and different human cancer cell lines (breast, MCF-7; colon 
cancer, HCT-116; and melanoma, A375) were used to assess the safety of 
the three most promising nanoformulations (AuNPs 2, AuNPs 3 and 
AuNPs 7). Different concentrations of gold (125, 250 and 375 μM) were 
tested. The day before the incubation of the nanoformulations, each cell 
line was seeded in 96-well plates at a concentration of 5 × 104 cells/mL, 
and left to adhere overnight in an atmosphere of 37 ◦C, 5 % CO2. The 
next day, medium was removed, and cells were incubated with all 
AuNPs, at the above-mentioned concentrations, or with complete me
dium (negative control), corresponding to 100 % of cell viability, for 24 
h. The viability of the different cell lines was evaluated using the 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [4,
6–10,27,29]. For this, the medium was removed and the cells were 
washed twice with PBS (pH 7.4, USP32). Subsequently, 50 μL of the MTT 
(0.5 mg/mL in incomplete DMEM) (Sigma-Aldrich, St. Louis, MO, USA) 
was added and left to incubate until formazan crystals were formed (2–3 
h, at 37 ◦C, 5 % CO2). Then, crystals were solubilized using DMSO, and 
absorbances were measured at 570 nm using a BioTekTM EL × 800TM 
Absorbance Microplate Reader (Fisher Scientific, NH, USA). The 
absorbance of the control, cells in the presence of complete medium, 
represent 100 % cell viability. Results were determined following 
Equation (7): 

Cell Viability (%)=
Abstest group

AbsControl
× 100 (7) 

2.2.5. Efficacy assessment
The same human keratinocytes (HaCat) and cancer (HCT-116, A375 

and MCF-7) were used to assess the efficacy of these three promising 
nanoformulations at 250 μM, upon activation (i.e., irradiation) by laser. 
Each cell line was seeded in 96-well plates at a concentration of 5 × 104 

cells/mL, and allowed to adhere overnight in an atmosphere of 37 ◦C, 5 

% CO2. Wells intended to be irradiated were separated by one empty 
well in all directions to avoid eventual collateral scattering or reflection 
of light from irradiated wells [27]. The next day, medium was removed, 
and cells were incubated with the different AuNPs, or with complete 
medium (corresponding to 100 % cell viability) for 4 h [6–10,12,27]. 
After this incubation period, the AuNP-containing medium was removed 
and replaced with fresh medium, and the treatment (AuNPs 2, 3 and 7) 
and laser (without AuNPs) control wells were irradiated at an irradiance 
of 7.96 W/cm2 for 5 min [27]. To irradiate, and thus activate the AuNPs, 
an FC-808-2W Fiber Coupled Laser System (Frankfurt Laser Company, 
Friedrichsdorf, Hessen Germany) coupled to an FPYL-COL-X collimator 
(Frankfurt Laser Company, Friedrichsdorf, Hessen Germany) emitting at 
a wavelength of 808 nm, was used. As for the safety assessment, the 
viability of the different cell lines was assessed 24 h after irradiation 
using MTT assay. As in the previous assay, medium was removed from 
the wells, and cells were washed twice with PBS (pH 7.4), and 50 μL of 
MTT at a concentration of 0.5 mg/mL in incomplete DMEM was added 
to all wells. After hydrophobic formazan crystals formation, DMSO was 
added for solubilization, and absorbances were read at 570 nm using a 
BioTekTM EL × 800TM Absorbance Microplate Reader (Fisher Scienti
fic, NH, USA). Again, the absorbance of control cells, left untreated, 
represented 100 % viability. Results are shown as percentage of cell 
viability, and were calculated following Equation (7), as previously 
mentioned.

2.2.6. Morphological and elemental characterization of best-performing 
AuNPs

X-Ray Diffaction (XRD) was performed using a Aeris Benchtop XRD 
System (Malvern Instruments, Malvern, UK), equipped with a PIXcel1D 
detector, and using CuKα radiation (λ = 1.540598 Å). XRD data was 
recorded from 20◦ to 80◦ 2θ range, with a step of 0.02◦ in the Bragg–
Brentano configuration. Simulated AuNPs was indexed considering the 
JCPDS file No. 04–0784.

The best-performing AuNPs were selected for further characteriza
tion. For this, AuNPs 7 were sonicated and a drop of the sample was 
placed on a lacey-carbon copper grid and left to dry. The scanning 
transmission electron microscopy (STEM) observations were performed 
using a Hitachi HF5000 field-emission transmission electron microscope 
(Hitachi, Mito, Japan), at 200 kV, and included high-angle annular dark 
field (HAADF) imaging. Hitachi HF5000 field-emission transmission 
electron microscope is a cold field emission gun TEM/STEM, with a 
spherical aberration-corrector for the probe, and is equipped with one 
100 mm2 EDS detector from Oxford Instruments (Oxford Instruments, 
Abingdon, Oxfordshire, UK) [27].

2.2.7. Statistical analysis
All data is presented as mean ± standard deviation (SD), for the 

referred n. Comparisons of one factor among groups were analyzed 
using Student’s t-test (for two groups) or using one-way or two-way 
ANOVA (for three or more groups). GraphPad Prism 10® (GraphPad 
Software, San Diego, CA, USA) was used to carry out all analyses, and 
differences were deemed significant for p < 0.05.

3. Results

3.1. Characterization of mean size, polydispersity index (PdI), and 
surface charge

The resulting eleven AuNPs were characterized regarding their mean 
size, PdI, surface charge, and concentration of gold (Au) at the end of 
synthesis concentration, and the results are presented in Table 1. The 
mean size of the different nanoformulations varied from 121.3 nm, for 
AuNPs 8, to 215.8 nm, for AuNPs 5, while PdI varied between 0.254 and 
0.357, for AuNPs 8 and AuNPs 6, respectively. All eleven AuNP for
mulations presented a negative surface charge, with zeta potential 
values ranging from − 23 to − 30 mV. The concentration of gold salt for 
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the different eleven AuNPs was quite similar ranging from 0.43, for 
AuNPs 1 to 0.64 mM observed for AuNPs 9.

3.2. Morphological analysis

Scanning electron microscopy (SEM) was used to assess the 
morphology of the eleven AuNP formulations, and representative im
ages of populations (A, C, E, G, I, K, M, O, Q, S and U) and of close-ups of 
AuNPs (B, D, F, H, J, L, N, P, R, T and V) are presented in Fig. 2. Firstly, it 
is to note that, although from a general analysis, all AuNPs’ formulations 
exhibited a uniform shape among their populations, nanoformulations 
1, 2, 4 and 10 presented a nanoflower-like morphology. When ascorbic 
acid and rosmarinic acid were sequentially added as the two last re
agents, in the presence (AuNPs 1) and absence (AuNPs 2) of AgNO3, the 
resulting nanoformulations presented a mixed population of small 
nanoparticles with three subpopulations: AuNPs of larger size, exhibited 
a nanoflower morphology and a size ~400 nm; planar AuNPs sized 
~150 nm; and quasi-spherical AuNPs of smaller size, <50 nm. Planar 
structures were more prevalent when AgNO3 was included in nano
formulations syntheses (AuNPs 1). The morphology of AuNPs 3, 5, 6 and 
7 resembled the nanoflowers with nanosheet aggregations, which can be 
seen in their isolated non-aggregated form in AuNPs 1 and 2. When the 
reducing agents were added first, prior to the gold solution, the resulting 
AuNPs (AuNPs 8–11) presented a more compact and less branched 
nanoflower morphology, similar to AuNPs 4. This morphology re
sembles a quasi-spherical shape, presenting short and irregular 
branches, less pronounced than the branches seen in the other AuNPs 
nanoflowers.

3.3. Absorbance spectra

To be photoactivated and able to efficiently transform NIR light into 
heat, the AuNPs must present a maximum absorbance peak or absorb 
radiation in these wavelengths (NIR, 780–3000 nm). Thus, the absor
bance spectra of each of the eleven AuNPs formulations was determined 
between 400 and 1000 nm (Fig. S2), and the wavelength corresponding 
to the maximum absorbance peak (λAbsmax), of each nanoformulation, 
was also determined, as shown in Table 2. Also, it is very important for 
the PTT formulation to present increased absorbance at the wavelength 
that the NIR laser emits. In this case, the laser used to activate the AuNPs 
emits at 808 nm, and thus the absorbance at 808 nm (Abs808nm) was also 
determined (Table 2). The molar extinction coefficient at a certain 
wavelength, in this case, 808 nm, is a measurement of how strongly the 
different AuNPs formulations absorb light at this wavelength. The molar 
extinction coefficient at 808 nm, number of Au atoms per AuNP, and the 
concentration of AuNPs for each AuNP formulation are also presented in 
Table 2. Looking at the results regarding Absmax, it is to note that AuNPs 
3 and 5 presented significantly different SPR peaks in comparison to the 
standard AuNP formulation (AuNPs 1), with no nanoformulation pre
senting Abs808nm significantly superior to AuNPs 1. Moreover, AuNPs 

5–8 also presented a significantly higher molar extinction coefficient at 
the wavelength of interest, 808 nm, with AuNPs 7 presenting the highest 
molar extinction coefficient at 808 nm amongst all AuNPs.

3.4. In vitro thermal activation

The thermal activation of AuNPs by a NIR laser upon irradiation is a 
crucial step for PTT, as it relies on the thermal heat generated at a 
restricted site. To evaluate the thermal activation of the eleven different 
AuNP formulations, the AuNPs were incorporated into agar phantoms at 
a concentration of 125 μM of gold, and irradiated with a NIR laser for 10 
min, registering the agar’s temperature every 30 s. A black plasticine 
sphere was used as a positive control and an agar phantom, without 
AuNPs, was used as a negative control, and both controls were irradiated 
by a NIR laser (808 nm, 5.6 W/cm2) for 10 min. Results of the tem
perature increment of the eleven irradiated AuNPs and the controls in 
function of time are presented in Fig. 3. All nanoformulations resulted in 
a significant overall temperature increase in comparison to the negative 
control (agar + laser). Looking at the temperature increment curves for 
the eleven nanoformulations, it is to note that AuNPs 2, 3 and 7 resulted 
in the highest increases of temperature in the agar.

To better understand how each AuNP formulation increased the 
agar’s temperature over time (10 min), the temperature increment every 
30 s of each AuNP formulation was plotted individually, with the 
negative control, and is presented in Fig. 4A–K. The AuNP nano
formulation that presented the highest degree of significant temperature 
increase over the larger number of time points was AuNPs 7, followed by 
AuNPs 2 and AuNPs 3, underlining the conclusions drawn from Fig. 3. 
AuNPs 6 and 11 were the ones that resulted in the least statistically 
significant temperature increase, with AuNPs 11 presenting no statisti
cally significant temperature increases when compared to the negative 
control for all time points.

3.5. Safety assessment

3.5.1. Saccharomyces kudriavzevii model
Safety was preliminarily evaluated in the Saccharomyces kudriavzevii 

model, a versatile eukaryotic in vivo system, by analyzing the growth 
inhibition of this microorganism when in the presence of the eleven 
AuNP formulations. For this, S. kudriavzevii was incubated with each of 
the eleven AuNPs for 6 h, and the growth curve was calculated and 
compared to the growth curve of the negative control, S. kudriavzevii in 
the presence of yeast extract peptone dextrose medium The determined 
growth inhibition for the eleven AuNPs is presented in Fig. 5. None of 
the AuNPs formulations inhibited growth when compared to the nega
tive control.

3.5.2. Artemia salina model
Safety of the eleven nanoformulations was also preliminarily 

assessed in vivo using Artemia salina, an in vivo model commonly used to 
assess the toxicity of heavy metals and nanoparticles, among others 
[30]. The nauplii were incubated with the eleven AuNPs at 125 μM of 
gold, for 24 h, as well as with the negative control (artificial seawater) 
and positive control (10 % DMSO), and the results are presented in 
Fig. 6. It is to note that, although nauplii incubated with AuNPs 2 pre
sented mortality, it is still very low (<10 %). Thus, all nanoformulations 
were considered safe according to the preliminary in vivo A. salina 
mortality assessment.

3.5.3. Immortalized human cell lines
Considering all previous results and particularly the thermal con

version profiles, the safety of the three best nanoformulations (AuNPs 2, 
3 and 7) was assessed in vitro using the human keratinocyte cell line, 
HaCat, and the human cancer cell lines MCF-7, HCT-116 and A375. The 
different cell lines were independently incubated with the three AuNPs 
formulations for 24 h, at three different concentrations in terms of gold 

Table 1 
Characterization of size (nm), polydispersity index (PdI), surface charge (zeta 
potential, mV) and gold (Au) concentration (mM) at the end of synthesis of the 
eleven different nanoformulations. Mean ± SD, n > 3.

AuNPs Mean size (nm) PdI Zeta potential (mV) [Au] (mM)

1 144.5 ± 52.3 0.330 ± 0.084 − 29 ± 3 0.43 ± 0.06
2 184.3 ± 71.1 0.283 ± 0.077 − 27 ± 7 0.55 ± 0.02
3 162.7 ± 64.4 0.313 ± 0.073 − 26 ± 11 0.49 ± 0.10
4 164.9 ± 45.5 0.285 ± 0.092 − 30 ± 2 0.56 ± 0.08
5 215.8 ± 84.9 0.343 ± 0.067 − 30 ± 2 0.55 ± 0.09
6 204.6 ± 74.0 0.357 ± 0.147 − 23 ± 2 0.63 ± 0.09
7 164.2 ± 39.4 0.354 ± 0.082 − 30 ± 2 0.50 ± 0.05
8 121.3 ± 38.8 0.254 ± 0.101 − 27 ± 3 0.60 ± 0.04
9 167.0 ± 84.6 0.255 ± 0.143 − 29 ± 4 0.64 ± 0.09
10 158.9 ± 57.0 0.317 ± 0.101 − 28 ± 3 0.56 ± 0.08
11 143.9 ± 47.7 0.256 ± 0.146 − 29 ± 3 0.54 ± 0.15
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content (125, 250 and 375 μM). Results are presented in Fig. 7. Gener
ally, it is to note that although all nanoformulations slightly induced cell 
viability changes, this effect was dependent on gold concentration. 
Nevertheless, cell viability was always above 70 % for all tested con
centrations of the three nanoformulations thus demonstrating its safety 

according to ISO 10993–5:2009(E) [8].

3.6. Preliminary in vitro efficacy assessment

As was for safety, efficacy of the three different nanoformulations 

Fig. 2. SEM micrographs of AuNPs 1 (A,B), AuNPs 2 (C,D), AuNPs 3 (E,F), AuNPs 4 (G,H), AuNPs 5 (I,J), AuNPs 6 (K,L), AuNPs 7 (M,N), AuNPs 8 (O,P), AuNPs 9 
(Q,R), AuNPs 10 (S,T) and AuNPs 11 (U,V). Scale bars = 2 μm (A, C, E, G, I, K, M, O, Q, S and U), and 1 μm (B, D, F, H, J, L, N, P, R, T and V).
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(AuNPs 2, 3 and 7) was assessed in vitro using the same cell lines (HaCat, 
MCF-7, HCT-116 and A375). Based on the results from the preliminary 
in vitro safety assessment, 250 μM of gold was the selected concentration 
for the in vitro efficacy assessment. For this, the four cell lines were 
independently incubated with AuNPs 2, 3 and 7 at 250 μM of gold for 4 h 
and after this period, the AuNPs-containing medium was replaced with 
fresh medium and the cells were irradiated, for 5 min, at an irradiance of 

7.96 W/cm2, with a laser emitting at 808 mm. Results are presented in 
Fig. 8. All nanoformulations except for AuNPs 2 in MCF-7 cells signifi
cantly reduced cell viability upon being activated by laser, when 
compared to the viability of cells incubated with the respective non- 
activated AuNP formulation. For the same cancer cell lines, only 
AuNPs 7 reduced cell viability below 70 % in all cell lines upon laser 
activation: 58.6 % ± 6.6, for MCF-7; 38.5 % ± 7.8, for HCT-116; and 
50.6 % ± 9.2, for A375. So, taking these results into account, AuNPs 7 
were considered the most effective in reducing the viability of cancer 
cell lines at 250 μM of gold, upon laser activation.

Besides being effective in reducing the cell viability of cancer cell 
lines, it is important to mention that the AuNPs, upon activation, did not 
reduce the viability of human keratinocyte cell line below 70 %. Looking 
at the results in Fig. 8 for HaCat cells, none of the nanoformulations 
under study reduced viability below the defined threshold upon acti
vation: 100.9 % ± 6.9 for AuNPs 2 (AuNPs 2 + Laser); 97.5 % ± 6.6 for 
AuNPs 3 (AuNPs 3 + Laser); and 70.5 % ± 8.3 for AuNPs 7 (AuNPs 7 +
Laser), the most effective nanoformulation in the cancer cell lines tested.

3.7. Morphological and elemental characterization of best-performing 
AuNPs

The best-performing AuNPs (2, 3 and 7) were selected for further 
analysis, and in order to confirm their AuNP their purity, XRD was 
performed. The resulting diffractograms are shown in Fig. 9, and it is to 
note in the diffractograms of AuNPs 2, 3 and 7 the presence of Bragg 
reflections with 38, 44, 64 and 77 2θ values, correspondent to the (111), 
(200), (220) and (311) of face center cubic (fcc) lattice for gold [31,32] 
Moreover, the AuNPs 2, 3 and 7’ diffractograms match the simulated 
AuNPs, and as no other 2θ values were seen, these diffractograms 
indicate that these are infact AuNPs, of pure nature.

Amongst the three best-performing AuNPs, AuNPs 7 was the most 
promising, and thus selected for further morphological characterization 
by STEM, and results are shown in Fig. 10. As observed by the SEM 
images, AuNPs 7 morphology resemble a nanoflower-like shape.

EDS analysis was also carried out (Fig. 10C), in which it has been 
detected majority Au, as expected for this pure nanomaterial. Carbon 
and oxygen were residually detected by EDS, and both elements come 
from the formvar carbon grid or residuals from the chemical synthesis 

Table 2 
Wavelength corresponding to the maximum absorbance peak (λAbsmax, nm), 
absorbance at 808 nm (Abs808nm), number of Au atoms per AuNP, concentration 
of AuNPs (mM) and molar extinction coefficient at 808 nm (M− 1 cm− 1) of the 
eleven different AuNPs at a concentration of 125 μM of gold. Results presented 
as mean ± SD, n > 3 (*p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001 
vs AuNPs 1).

AuNPs λAbsmax 

(nm)
Abs808nm 

(a.u.)
Number 
of Au 
Atoms 
per AuNP 
(x 108)

Concentration 
of AuNPs (x 
10− 9, mM)

Molar 
Extinction 
Coefficient at 
808 nm (x 
1010, M− 1. 
cm− 1)

1 550.9 ±
13.5

0.070 ±
0.019

0.94 4.62 1.72 ± 0.26

2 693.3 ±
52.8

0.063 ±
0.006

1.94 2.82 2.23 ± 0.22

3 806.9 ±
142.3 
***

0.086 ±
0.021

1.34 3.69 2.33 ± 0.57

4 645.2 ±
67.1

0.070 ±
0.007

1.39 4.03 1.75 ± 0.17

5 748.1 ±
107.2 **

0.091 ±
0.013

3.12 1.77 5.24 ±
0.92****

6 708.3 ±
120.4

0.088 ±
0.013

2.66 2.35 3.72 ±
0.57****

7 642.4 ±
90.6

0.087 ±
0.029

2.80 1.18 5.91 ±
0.36****

8 603.3 ±
29.6

0.081 ±
0.020

0.55 10.8 0.81 ± 1.88*

9 596.3 ±
17.5

0.081 ±
0.007

1.45 4.39 1.98 ± 0.29

10 626.8 ±
66.2

0.072 ±
0.014

1.25 5.10 1.41 ± 0.29

11 614.4 ±
79.1

0.100 ±
0.022

0.93 6.06 1.66 ± 0.35

Fig. 3. Temperature increment (◦C) of the eleven (1-11) irradiated AuNP formulations as a function of irradiation time by a NIR laser (808 nm, 5.6 W/cm2), every 30 
s up to 10 min. The nanoformulations were incorporated into agar phantoms at 125 μM of gold. The negative control (C-) is agar irradiated by the NIR laser and the 
positive control (C+) is black plasticine sphere irradiated by the NIR laser. Results are presented as mean ± SD, n = 3 (****p < 0.0001 vs C-). (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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[33,34]. No further impurities were detected. Atomic resolution high 
angle annular dark-field imaging (HAADF-STEM) was used to investi
gate an individual particle, and in Fig. 10D, it is clear the presence of 
structural defects, i.e., twin boundaries, which is a common defect found 
in Au nanocrystals [35–37]. In Fig. 10E, it can be observed atomic col
umns, with the visible spots corresponding to Au atoms. No differences 
in contrast (atomic number differences between Au (Z = 79) and Ag (Z 
= 47)) were observed within the atoms observed, proving that even at 

the atomic level, no Ag could be detected. The lattice spacings were also 
measured and the value of 2.35 Å perfectly matches to the {111} lattice 
planes of the face-centered cubic (FCC) structure of Au. A lattice spacing 
of 4.08 Å was also measured, corresponding to the (100) plane of Au. 
Observed along the [101] zone axis, it is clear from the Fast Fourier 
Transformation (FFT) pattern in Fig. 10F that the angle between (111) 
and (111) is ~70.5◦, and between the (111) and (100) is ~125◦ both 
consistent with the theoretical value for FCC-Au (JCPDS No. 65–2870).

Fig. 4. Temperature increment (◦C) of the different irradiated AuNPs’ formulations (1–6, A-F, respectively) in function of irradiation time by a NIR laser (808 nm, 
5.6 W/cm2), every 30 s up to 10 min. The nanoformulations were incorporated into agar phantoms at 125 μM of gold. Negative control (C-) is agar irradiated by NIR 
laser. Results are presented as mean ± SD, (not significative, ns, *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001 vs C-). 
Fig. 4 (cont.). Temperature increment (◦C) of the different irradiated AuNPs’ formulations (7–11, G-K, respectively) in function of irradiation time by a NIR laser 
(808 nm, 5.6 W/cm2), every 30 s up to 10 min. The nanoformulations were incorporated into agar phantoms at 125 μM of gold. Negative control (C-) is agar 
irradiated by NIR laser. Results are presented as mean ± SD, n = 3 (not significative, ns, *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001 vs C-). (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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4. Discussion

This work focuses on developing an optimized AuNP nano
formulation to be administered in situ for PTT, using a NIR laser to 
activate the AuNPs. A previously developed nanoformulation [8] was 
used as a starting point (AuNPs 1) and for comparison purposes. The 
previous AuNPs 1, was formulated using a combination of four solutions, 
added in the following order: gold (III) chloride trihydride 
(HAuCl4.3H2O); silver nitrate (AgNO3); and reducing agents (ascorbic 
acid and rosmarinic acid). AgNO3 was the first solution to be added to 
the HAuCl4.3H2O solution, and will control the structural growth of the 
AuNPs, by capping certain facets of the gold seeds and leaving others 
free for the Au(0) ions to bind. The following agent to be added, ascorbic 
acid, will reduce the Au(III) present in solution to Au(0), binding 
together to originate gold seeds. Rosmarinic acid, the last solution to be 

added in the original order of reagents addition, will reduce the Au(III) 
left, that were not reduced by ascorbic acid, and the resulting Au(0) ions 
will bind to the uncapped facets of the gold seeds, originating AuNPs. By 
changing the addition order of the solutions, and or by removing the 
AgNO3 solution from the nanoformulations, ten different and new 
AuNPs’ formulations were produced (i.e., AuNPs 2–11). AgNO3 was 
omitted from formulations AuNPs 2, 4, 8, 9, 10 and 11 as very low 
volume of AgNO3 solution is used in AuNPs 1, 3, 5, 6 and 7 (≤10 μL). A 
set of characteristics, that will be discussed below, were defined as target 
for the selection of the final AuNPs: non-toxic negatively charged AuNPs 
with an average mean size of around 200 nm and PdI <0.4; Absmax in the 
NIR (780–3000 nm); homogeneous morphology amongst the nano
formulation; thermal activation with a temperature increase of 6 ◦C 
following 3 min of irradiation with the NIR laser. Thus, by changing the 
order of solution addition, eleven AuNPs’ formulations were produced, 

Fig. 4. (continued).
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with different colorings, physicochemical and optical properties, and 
different morphologies. Morphology and physicochemical properties (i. 
e., mean size and PdI) deeply influence optical properties and thus can 
tune SPR band and the activation potential by a NIR laser [38–42]. 
Macroscopically the colloidal solutions of the eleven AuNPs presented 
colours that ranged from burgundies, magentas and blues, which 
differed between them. The observed change in coloration between 
nanoformulations was the first indicator that changing the order of 
addition of solutions had given rise to different AuNPs.

Differences between the colorations of colloidal AuNPs suspensions 
are usually translated by changes in the mean size of the AuNPs. This 
was the case for the eleven AuNPs’ formulations prepared in this work as 
all nanoformulations differed in mean size between them. In fact, all 
nanoformulations, when compared to AuNPs 1, presented higher mean 
sizes, except for AuNPs 8 and 11. In the present work, the nano
formulations developed are intended to be administered to the tumor in 
situ and get retained at the site of injection. For this, the AuNPs should 
present a mean size of around 200 nm, as nanoparticles with smaller 
sizes can reach into blood vessels thus being distributed throughout the 
body, and into healthy organs and tissues [8,9,43,44]. Taking this into 
consideration, AuNPs 2 (184 nm), 3 (163 nm), 4 (165 nm), 5 (216 nm), 6 
(205 nm), 7 (164 nm), and 9 (167 nm) fit this criteria.

Another important characteristic regarding nanoparticles in colloid 
suspensions is the size distribution, represented by the PdI. A colloid 
suspension of AuNPs is desired to present a homogenous distribution of 
particle size, as this allows better predictability of the nanoformulations’ 
optical (i.e., laser absorption and light-to-heat conversion) and biolog
ical (i.e., safety, internalization, biodistribution, etc.) behaviours. 
Moreover, a monodisperse population of AuNPs also promotes physi
cochemical stability and increased biocompatibility [45]. PdI varies 
between 0 (very homogenous and monodisperse) and 1 (very heterog
enous and polydisperse), and according to the literature, colloidal sus
pensions of nanoparticles with PdI’s below 0.4 are still considered 
homogenous [4,9,46–49]. This was the case for all eleven AuNPs and 
thus all nanoformulations were deemed monodisperse and uniform in 
size, according to DLS.

Surface charge, evaluated by the determination of the zeta potential, 
can be positive, neutral or negative. Positively charged nanoparticles are 
usually associated with higher cytotoxicity [50–52]. Neutral and 
negatively-charged AuNPs were preferred, as they are less associated 
with cytotoxicity, agglomeration and reduced organ accumulation in 
clearance and excretion organs (i.e., liver and kidneys), thus presenting 
less harmful effects [51–53]. The eleven AuNPs’ formulations herein 
developed presented negative charge, ranging from − 22.7 mV, for 
AuNPs 6, to − 30.4 mV, for AuNPs 5. Thus, all AuNPs fulfilled the surface 
charge requirement (i.e., negatively charged).

Regarding their morphology, overall all AuNPs presented variations 
of nanoflower-like morphologies depending on the order of addition of 
the reagents. When the reducing reagents were added at the end of the 
synthesis, regardless if AgNO3 was included or not, different nano
particles populations with different mean sizes and morphologies were 
seen. This may be due to the fact that the reducing agent is dispersed 
heterogeneously, even under stirring, in the gold salt solution, reducing 
gold at different strengths throughout the synthesis process, and 
consequently originating different populations. This was the case for 
AuNPs 1 (with AgNO3) and AuNPs 2 (without AgNO3), which presented 
two other populations (planar and quasi-spherical morphologies) of NPs 
besides a population with nanoflower morphology, as previously 
described. It is to note that the AuNPs in which the reducing agents were 
added at the end of the synthesis process (AuNPs 1, 2, 3, 5, 6 and 7), 
AuNPs present a nanoflower morphology with sharper edges, resem
bling nanoflowers formed from the compact agglomeration of the other 
structures seen in AuNP 1 and 2. On the contrary, AuNPs in which the 
reducing agents were added first, before the contact with the gold salt, 
(AuNPs 4, 8, 9, 10 and 11), AuNPs presented more compact nano
flowers, that were less branched and without sharp edges, almost quasi- 
spherical. The difference in the size and sharpness of the branches of the 
nanoflowers observed when the reducing agents were added before or 
after the contact with the gold salt can be explained by the rate of 
dilution of such agents. It has been described that sharper and more 
branched nanoflowers are formed when there is a heavy dilution of the 
reducing agents, promoting the reduction and stabilization atom by 
atom of the nanoflower being formed [54]. This can explain why when 
the reducing agents were added after the gold salt addition (AuNPs 1, 2, 
3, 5, 6 and 7), and thus the reducing agents are highly diluted, the 
originated particles exhibited sharp and very branched nanoflower 
morphologies. When the reducing agents were added prior to the gold 
salt solution (AuNPs 4, 8, 9, 10 and 11), reduction and stabilization 
occurred more abruptly, as the reducing agents were not diluted in the 
beginning of the gold salt addition, and thus more compact and less 
branched nanoflowers were produced. Besides the AuNPs with nano
flower morphology, it is possible to identidy the presence of AuNPs of 
smaller sizes in AuNPs 1 and 2. Interestingly, the nanoflowers that can 
be seen resemble the orderly and controlled agglomeration of these 
smaller AuNPs. This can possibly be explained by the typical formation 
of AuNPs, including the nucleation and growth of the particles [55,56]. 
As previously discussed, the first step in the production of AuNPs is the 
reduction of Au(III) in Au(0), that will stick together and form small gold 

Fig. 5. Growth inhibition (%) of Saccharomyces kudriavzevii over a 6 h incu
bation with the eleven AuNPs’ formulations (1-11) at 125 μM of gold. Mean ±
SD, n = 9 (not significative, ns, vs negative control, C-).

Fig. 6. Mortality (%) of Artemia salina incubated, for 24 h, with artificial 
seawater (negative control, C-), the eleven different AuNPs’ formulations (1-11) 
at 125 μM of gold, and 10 % DMSO (positive control, C+). Mean ± SD, n = 12 
(**p < 0.0021, ****p < 0.0001 vs negative control).
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seeds, comprising AuNPs of smaller sizes, possibly the ones seen in 
AuNPs 1 and 2. After, these gold seeds will agglomerate in a controlled 
and ordain manner, leading to AuNPs growth, forming the AuNPs 
nanoflowers of larger size, such as the ones that can be seen in all mi
crographs, but specially in AuNPs 1–7. The other AuNPs, AuNPs 8–11, 
might be formed through the same nucleation and growth (i.e., aggre
gation) processes; however, these aggregates suffer coalescence, com
pacting the aggregates thus forming more cohesive AuNPs [55,56].

As mentioned, the nanoformulations developed in this work are 
intended for PTT of localized tumors (i.e., melanoma, breast, head and 
neck cancer), through the activation by a NIR laser, emitting at 808 nm. 
Upon being irradiated, the conduction band electrons of the AuNP 
oscillate in a synchronized manner, resulting in light’s scattering or 
absorption, and when the latter occurs, light is converted into heat [57,
58]. The oscillation of the electrons, and thus the rate of light-to-heat 
conversion, reaches its maximum potential at a specific frequency 
(SPR) which usually coincides with the maximum absorbance peak 
(λAbsmax) [58–60]. Although, as mentioned, conversion of light into 
heat is maximized at the λAbsmax, corresponding to the peak of SPR, 
AuNPs are able to convert radiation outside of their λAbsmax into heat, as 
long as the AuNPs absorb radiation in those wavelengths as part of their 
SPR band. Ideally, as the laser used in this work to photoactivate the 
AuNPs emits at 808 nm, the SPR band of the AuNPs formulations should 
be at or very close to 808 nm. Taking into account the λAbsmax of the 
eleven AuNPs prepared in this work, AuNPs 2, 3, 4, 5, 6, and 7 presented 
SPRs in the NIR wavelengths (780–3000 nm), and AuNPs 3 presented 
SPR peak close to 808 nm. When comparing to AuNPs 1, the standard 
nanoformulation, AuNPs 3 and 5 presented significantly higher SPR 
peaks. Considering Abs at 808 nm (Abs808nm), AuNPs 2 and AuNPs 11 
presented the lowest and highest absorption, respectively. Nevertheless 
among all AuNPs no statistically significant differences in terms of 
Abs808nm were observed when compared to AuNPs 1.

The efficacy of PTT is dependent on the light-to-heat conversion. To 
evaluate the in vitro thermal activation of the eleven AuNP formulations, 
agar phantoms containing the AuNPs in a centered well, at a 

concentration of 125 μM of gold, were prepared and irradiated with the 
NIR laser for 10 min. Temperature was recorded every 30 s and the 
temperature differentials were plotted as function of time. All nano
formulations were similar in terms of trace over time, with similar 
temperature differentials, and all eleven AuNP formulations presented a 
significant overall higher temperature differential in comparison to the 
negative control (agar + laser). As previously mentioned the AuNPs 11 
formulation was the one that presented the highest absorption value at 
808 nm, but this was not translated into a higher degree of significance 
of temperature increase when compared to the negative control. In fact, 
this nanoformulation (AuNPs 11) was the one that presented the lowest 
number of time points with significantly different temperature differ
entials compared to AuNPs 1, with zero time points with significantly 
different temperature differentials, while AuNPs 2, 3 and 7 were the 
nanoformulations that presented the highest number of time points with 
statistical significantly different temperature differentials. This result is 
of great interest as AuNPs 3 was the nanoformulation that presented the 
SPR peak closest to the wavelength at which the laser emits, at 808 nm, 
and as mentioned, the SPR peak represents the wavelength at which the 
light into heat conversion is more efficient. Thus, AuNP 2, 3 and 7 
satisfied the defined optical properties requirements: presenting SPR 
peak in the NIR and being able to efficiently convert light into heat by 
originating a significant temperature increase throughout the 10 min of 
laser irradiation, increasing ≥ 6 ◦C following a 3 min of irradiation.

Green synthesis of AuNPs using secondary metabolites, such as ros
marinic and L-ascorbic acids, have attracted attention in order to replace 
the toxic reagents used in the conventional methods for AuNPs prepa
rations, that are considered hazardous to human health and enviroment 
[61]. Due to this, many several plant secondary metabolites are explored 
for their possible application in the green synthesis of metallic nano
particles (i.e., AuNPs and silver nanoparticles, AgNPs), such as apigenin, 
curcumin, gallic acid, rosmarinic acid and L-ascorbic acid [62–66]. Still, 
and the same for the synthetic compounds, it is always important to 
ensure that AuNPs prepared by green synthesis methods are safe, both in 
vitro and in vivo.

Fig. 7. Cell viability of HaCat, MCF-7, HCT-116 and A375 cell lines after an incubation period of 24 h with the three different AuNPs’formulations (AuNPs 2, AuNPs 
3 and AuNPs 7) at three different concentrations of gold: untreated, white columns; 125 μM, black columns; 250 μM, dark grey columns; and 375 μM, light grey 
columns. Results are presented as mean ± SD, n = 6, (*p < 0.0332, **p < 0.0021, ****p < 0.0001 vs untreated cells, C-).
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Saccharomyces spp., especially Saccharomyces cerevisiae and Saccha
romyces kudriavzevii, are unicellular eukaryotic organisms commonly 
used in biological studies, including safety and cytotoxicity assessments 
of drugs and nanoparticles [7,28,67–70]. Some species of Saccharomyces 
spp. present similar cellular and metabolic pathways to the ones found 
in mammal cells, with some genes and processes being conserved, or 
presenting orthologues, in humans [67–69]. With this in mind, safety of 
the eleven AuNPs was evaluated by analyzing the growth curves of 
S. kudriavzevii in the presence of the nanoformulations. None of the 
eleven AuNPs presented toxicity in the S. kudriavzevii model. Next, 
Artemia salina model was selected to preliminarily assess the safety of 
the eleven nanoformulations in a multicellular invertebrate method, as 
this model allows for a quick toxicity determination at a low cost, and 
has been previously used for the evaluation of potential toxicity of heavy 
metals and nanoparticles [4,9,70]. For this in vivo model, no toxicity was 
observed for the eleven AuNP formulations except for AuNPs 2 when 
compared to AuNPs 1. However, the toxicity of AuNPs 2 was still very 

low (8.6 %, <10 %) when compared to the positive control.
As none of the tested AuNPs raised toxicity concerns in the 

S. kudriavevii and A. salina models, the decision of what formulations 
would be further tested in in vitro assessments was based on the results of 
the in vitro thermal activation. As the AuNP that more efficiently con
verted light into heat were AuNPs 2, 3 and 7, these were the three 
nanoformulations selected for further testing.

In vitro safety assessments were also performed using a variety of cell 
lines that included human keratinocytes (HaCat) and cancerous (MCF-7, 
breast cancer; HCT-116, colon cancer; and A375, melanoma) commer
cial cell lines. The optimized nanoformulation is intended to preserve 
cell viability of healthy or cancer cells when not activated by laser 
irradiation, as was proven by the obtained results. Indeed, after a 24 h 
incubation period, cell viability of all cell lines remained above 85 % for 
AuNPs 2, 3 and 7 and at three different gold concentrations (125, 250 
and 375 μM).

Although safety is one key concern during the optimization of the 

Fig. 8. Cell viability of HaCat, MCF-7, HCT-116 and A375 cell lines after an incubation period of 4 h with the three different AuNPs (AuNPs 2, AuNPs 3 and AuNPs 7) 
at 250 μM of gold, activated by laser (7.96 W/cm2, 5 min) (striped columns) or not activated by laser (full columns). Dotted red line represents a cell viability of 70 %. 
Results are presented as mean ± SD, n = 6, (***p < 0.0002, ****p < 0.0001 vs untreated cells, not shown; $$$$p < 0.0001 vs respective non-activated AuNPs 
formulation). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

M.N. Amaral et al.                                                                                                                                                                                                                             Journal of Drug Delivery Science and Technology 101 (2024) 106215 

12 



AuNPs for PTT, it is also important to maximize the photothermal 
conversion potential of the nanoformulation.

The efficacy of the most promising AuNPs was performed by testing 
the same cell lines as the ones used in the safety in vitro studies. After an 

incubation period of 4 h, cells in the presence or absence of AuNPs were 
submitted to a laser activation period of 5 min, by laser irradiation at 
808 nm 7.96 W/cm3. The concentration used was 250 μM since the cell 
viability was above 90 % for all cell lines. Activated AuNPs 2 was the 
least effective nanoformulation, resulting in the lowest reduction of 
cellular viability in all cell lines upon laser activation. This nano
formulation, upon laser irradiation, significantly reduced cell viability 
in HCT-116 (86 %) and A375 (96 %) cell lines, but not in MCF-7 (92 %), 
in comparison to non-laser activated AuNPs 2 (108 % for HCT-116, 108 
% for A375, and 98 % for MCF-7), while activated AuNPs 3 and 7 
significantly reduced cell viability in all cancer cell lines in comparison 
to the respective non-laser activated AuNPs 3 (80 % vs 96 % for MCF-7, 
80 % vs 108 % for HCT-116, and 96 % vs 106 % for A375; activated vs 
non-laser activated AuNPs 3) and 7 (59 % vs 100 % for MCF-7, 39 % vs 
121 % for HCT-116, and 51 % vs 116 % for A375; activated vs non-laser 
activated AuNPs 7). AuNPs 7 was the only nanoformulation that 
significantly reduced cell viability below 70 % in all cancer cell lines 
tested, indicating that this is the most promising one for PTT. Further
more, none of the AuNP formulations reduced HaCat cell viability upon 
laser irradiation, indicating that the activated AuNPs 2, 3 and 7 are safe 
for healthy cells (i.e., HaCat).

Although AuNPs 2, 3 and 7 presented similar thermal activation 
profiles to each other, the in vitro efficacy studies showed some differ
ences that can be explained by the differences in their optical properties. 
For once, although the differences were not significative in comparison 
to AuNPs 1 (standard formulation), AuNPs 7 (0.087) is the AuNP 
formulation with the highest Abs808nm when compared to AuNPs 2 

Fig. 9. XRD diffractograms of AuNPs 2 (red), 3 (dark blue) and 7 (green). A 
diffractogram of simulated AuNPs (light blue) is shown for comparison. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 10. (A) HAADF-STEM image of an individual AuNP from condition 7 together with the secondary electron (SE) image that was obtained simultaneously. (C) EDS 
analysis of the same particle demonstrating that it is Au-rich, without any impurities detected. (D) Magnified HAADF-STEM images of an individual branch, where it 
is visible the presence of a twin boundary (white arrow). (E) Atomic-resolution HAADF-STEM image of the area indicated in (D). (F) FFT image of the area analyzed 
in (E).
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(0.063) and 3 (0.086), at the same concentration of gold. However, 
among these nanoformulations, AuNPs 7 was the one that presented the 
highest molar extinction coefficient at 808 nm, the wavelength at which 
the laser emits to activate the AuNPs. The molar extinction coefficient of 
AuNPs at a certain wavelength represents how strongly AuNPs absorb 
radiation at that specific wavelength, and the molar extinction wave
lengths for AuNPs 2, 3 and 7 were 2.23 × 1010, 2.33 × 1010 and 5.91 ×
1010 M− 1 cm− 1, respectively. Thus, when the AuNPs 7-containing cell 
wells were irradiated at 808 nm during the preliminary in vitro efficacy 
assays, this was the AuNPs formulation that greatly absorbed the laser 
radiation, and consequently, was the utmost activated nanoformulation.

Taking all results into account, the synthesis of AuNPs 7 seems to be 
the best nanoformulation based on the order of reagents addition as 
follows: HAuCl4.3H2O; L-ascorbic acid; AgNO3; and rosmarinic acid. All 
reagents seem to have unique roles in this AuNPs synthesis method. We 
propose that L-ascorbic acid should be the primary reducing agent of 
HAuCl4.3H2O, reducing Au(III) to A(0) ions, that will stick together to 
form the AuNP nuclei, originating gold seeds [71–73]. Furthermore, the 
originated gold seeds are thought to be capped by L-ascorbic acid’s 
oxidized form, dehydroascorbic acid, as previously described for other 
methods of AuNP preparation [74]. Thus, for AuNPs 7, as well as for 
other orders of additions in which L-ascorbic acid was the primary 
reducing agent (i.e., AuNPs 1, 2, 6 and 11), this reducing agent is 
thought to have a double action as reducing and capping agent. The 
third reagent to be added in the preparation of AuNPs 7 is AgNO3. 
Although AgNO3 is present in very low concentrations during the syn
thesis (1 mM, ≤10 μL), it might present an important role for the desired 
characteristics to be attained, as its omission results in different prop
erties (AuNPs 2). One of the main characteristics to change when the 
same order or reagents addition was used but AgNO3 was omitted was 
morphology. By comparing the morphology of AuNPs 2 and AuNPs 7, it 
is to note that the presence of AgNO3 (AuNPs 7) resulted in isolated and 
uniform AuNPs with nanoflower morphology with more pronounced 
and sharper branches, while the omission of AgNO3 originated AuNPs 
with different populations, while nanoflower-like morphologies were 
present. In the last one, these were less branched and the branches were 
more dull. This might indicate that, AgNO3 should preferentially bind to 
certain facets of the gold seeds originated by L-ascorbic acids’ reduction 
of HAuCl4.3H2O [75,76]. This binding will promote the growth of the 
uncovered/unbound surfaces of the nanocrystal, forming the sharp 
nanoflower branches, and thus AgNO3 might act in directing the 
branches’ growth [71,75]. Moreover, AgNO3 can react with the Cl− ions 
from the not-reduced HAuCl4.3H2O still present in the synthesis, making 
it more available to be reduced by the next reducing agent, rosmarinic 
acid. This reducing agent is the last reagent added in AuNPs 7 synthesis, 
and as said, will reduce the leftover HAuCl4.3H2O, again from Au(III) to 
A(0) ions. These sticky ions seem to bind to the surface of the gold seed 
nanocrystal available.

5. Conclusion

The current work explored the methodology of AuNPs synthesis and 
how changing the order of addition of the reducing and stabilizing re
agents used influences the physicochemical and optical properties of the 
product, and consequently the efficacy for a potential application in 
AuNPs-mediated PTT. Results showed that the main differences were in 
terms of surface morphology, especially dependent on when the 
reducing agents were added (if before or after the contact with the gold 
salt), but also presented changes in optical properties, particularly in the 
AuNPs’ molar extinction coefficient and thermal activation profiles. The 
highest molar extinction coefficients at 808 nm, translating how 
strongly AuNPs absorb light at this wavelength, were obtained when one 
reducing agent (regardless of rosmarinic acid or ascorbic acid) was 
added immediately after contact with the gold salt, and followed by the 
addition of AgNO3. Moreover, the strongest thermal activation profiles 
were achieved when the gold salt was the first to be added, followed by 

ascorbic acid or AgNO3. The AuNPs formulations with the strongest 
thermal activation profiles were shown to be safe in vitro, using different 
cell lines, and in vivo, using Saccharomyces kudriavzevii and Artemia 
salina models. Furthermore, the efficacy of these nanoformulations was 
shown in vitro, upon laser activation at 808 nm, with the most efficient 
nanoformulation (AuNPs 7) resulting in a cell viability decrease of ≥45 
% in all cancer cell lines tested.

Additionally, these results also corroborate that the order of reagent 
addition is a crucial step in the optimization of AuNPs synthesis as this 
will affect the overall properties, and consequently change the 
biocompatibility and photothermal conversion ability, further impact
ing the efficacy of AuNPs-mediated PTT.
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R. Słomski, A. Zaleska-Medynska, S. Jurga, Size and shape-dependent cytotoxicity 
profile of gold nanoparticles for biomedical applications, J. Mater. Sci. Mater. Med. 
28 (2017) 92, https://doi.org/10.1007/s10856-017-5902-y.

[55] J. Polte, Fundamental growth principles of colloidal metal nanoparticles – a new 
perspective, CrystEngComm 17 (2015) 6809–6830, https://doi.org/10.1039/ 
C5CE01014D.

[56] J.M. Koehler, N. Visaveliya, A. Knauer, Controlling formation and assembling of 
nanoparticles by control of electrical charging, polarization, and electrochemical 
potential, Nanotechnol. Rev. 3 (2014), https://doi.org/10.1515/ntrev-2014-0006.

[57] R.S. Riley, E.S. Day, Gold nanoparticle-mediated photothermal therapy: 
applications and opportunities for multimodal cancer treatment, WIREs 
Nanomedicine and Nanobiotechnology 9 (2017), https://doi.org/10.1002/ 
wnan.1449.

[58] A.K. Srivastava, R. Yadev, V.N. Rai, T. Ganguly, S.K. Deb, Surface Plasmon 
Resonance in Gold Nanoparticles, 2012, pp. 305–306, https://doi.org/10.1063/ 
1.4710001.

[59] V. Amendola, R. Pilot, M. Frasconi, O.M. Maragò, M.A. Iatì, Surface plasmon 
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