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Introduction: In today’s world, cancer remains a major public health problem. 
Consequently, there has been a focused investigation of alternative therapeutic 
approaches to address this ongoing health concern. In this study, PLGA-gold 
nanomaterials were produced through various processes to determine whether 
these variations affected their structural integrity and, consequently, their 
physicochemical properties.
Methods: The PLGA-gold nanomaterials were produced through an oil-in-water 
(O/W) process (Formulation A) or a water-in-oil-in-water (W1/O/W2) process 
(Formulation B). The nanomaterials’ physiscochemical properties were 
characterized by electron microscopy, dynamic light scattering, and UV-vis. 
Photothermal studies were performed using a 808 nm NIR laser and the 
PLGA-gold nanomaterials cytocompatibility was evaluated using resazurin.
Results: Both methods originated particles with similar size and charge, 276.8 
and –19.6 mV for formulation A and 317.5 nm and –18.6 mV for formulation B. 
Nevertheless, the TEM images revealed structural differences, with formulation 
A presenting the gold spheres clustered in the particle nucleus, whereas 
in formulation B the gold spheres were found in the outer PLGA shell. 
Moreover, upon irradiation with a NIR laser (808 nm, 1.7 W cm–2, 10 min), 
the particles showed a concentration dependent photothermal effect, 
promoting a temperature increase of 21 °C and 13.9 °C for formulation A and B 
at 400 μg/mL, respectively. Additionally, preliminary cellular assays demonstrated 
that the PLGA-gold nanoparticles are cytocompatible, with both FibH and HeLa 
cells exhibiting a cellular viability of approximately 100%. 
Conclusion: Thus, these results underline the potential the PLGA-gold 
nanoparticles, particularly formulation A, for advanced applications in 
nanomedicine. In the future the encapsulation of drugs will be evaluated in 
order to characterise both the uptake and the cytotoxic capacity of this 
multifunctional nanomaterial. Additionally, the utilization of more complex in 
vitro models, such as tumor spheroids and animal models, will then be essential to 
determine the therapeutic potential of PLGA/gold nanoparticles.
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1 Introduction

Cancer continues to pose a major global health challenge, 
despite considerable advances in detection and treatment in 
recent years (Kiri and Ryba, 2024; Bray et al., 2024). According 
to the World Health Organization, cancer is second leading cause of 
death worldwide, underscoring the urgent need for innovative 
therapeutic strategies (Bray et al., 2024). In response to this 
pressing challenge, research has increasingly focused on the 
development of nanoparticle-based therapies, such as 
hyperthermia induced by electromagnetic fields, radio 
frequencies, ultrasounds, and light (Ghaffarlou et al., 2024; 
Fernandes et al., 2020; Rodrigues et al., 2019a). These approaches 
represent potential alternatives to conventional anticancer 
treatments, offering more targeted and effective options. 
Particularly, light-activated hyperthermia mediated by 
nanoparticles has emerged as a highly promising cancer 
treatment strategy due to its non-invasive nature, high precision 
in tumor targeting, and minimal damage to surrounding healthy 
tissues (Fernandes et al., 2020; Salimi et al., 2022).

Metallic nanoparticles, such as silver nanoparticles (AgNPs) and 
gold nanoparticles (AuNPs), have been extensively investigated for 
use in cancer photothermal therapy (PTT) (Fernandes et al., 2020; 
Gonçalves et al., 2022; Alamdari et al., 2022; Kadkhoda et al., 2022). 
Among these, AuNPs are known for their low toxicity and 
nonimmunogenic nature. Additionally, AuNPs’ surface plasmon 
resonance (SPR) endows them with unique optical properties, 
including the ability to absorb light and convert it into heat 
(Moreira et al., 2025; Gupta and Malviya, 2021). Laser light in 
the near-infrared (NIR) region is typically used to activate AuNPs, as 
it exhibits reduced interaction with biological tissues, allowing for 
deeper tissue penetration and minimal damage to surrounding 
healthy cells (Hemmer et al., 2016). In this context, the SPR 
absorption peak of AuNPs can be tuned to the NIR region by 
optimizing various physicochemical parameters, such as the size, 
shape, and structural organization (Gonçalves, 2020). Accordingly, a 
variety of AuNPs morphologies have been engineered, such as 
nanospheres, nanorods, nanostars, and nanocages as gold cores 
(Fernandes et al., 2021; Yang et al., 2021; D et al., 2025; Pal et al., 
2022). Moreover, the surface functionalization of AuNPs plays also a 
crucial role in modulating their photothermal performance and 
biological interactions, influencing factors such as cancer cells, 
cellular uptake, biodistribution, and toxicity (Rodrigues et al., 
2019a; Nicol et al., 2015).

Gold nanospheres represent the most common and structurally 
stable shape form of AuNPs. Nevertheless, these nanomaterials 
primarily absorb light in the visible range, limiting their 
effectiveness for NIR-triggered PTT (Demers et al., 2017). 
Nonetheless, organizing gold nanospheres into clusters or shell- 
like assemblies can induce a redshift of the SPR absorption peak, 
thereby enhancing their applicability in NIR-triggered PTT (Iodice 
et al., 2016; Fernandes et al., 2025). Specifically, the clustering of gold 
nanospheres can be achieved through the encapsulation within 
polymer matrices, capsules, or lipidic-based vesicles (Iodice et al., 
2016; Jang et al., 2022; Moreira et al., 2017; Tatykhanova et al., 2025). 
In particular, polymers have been shown to function as stabilizing, 
structuring, and reducing agents, playing a key role in the synthesis 
of gold nanoparticles with various structures and organizational 

arrangements (Tatykhanova et al., 2025; Das et al., 2023; Tabesh 
et al., 2024; Vazirieh Lenjani et al., 2022; Yao et al., 2023).

Poly (D, L-lactic-co-glycolic acid) (PLGA) is a biodegradable 
and biocompatible copolymer composed of two monomers: D, 
L-lactic acid and glycolic acid, which are linked together to form 
a chain-like structure (Tonbul and Çapan, 2023; Swider et al., 2018). 
The versatility and promising properties of PLGA have led to the 
approval of several PLGA-based drug delivery systems and medical 
devices by the Food and Drug Administration (FDA) and the 
European Medicines Agency for clinical application (Danhier 
et al., 2012). Among its various applications, PLGA can be 
employed to produce nanoparticles and nanocapsules through 
water-in-oil emulsification methods, followed by the organic 
solvent removal via evaporation (Soppimath et al., 2001). Several 
studies have demonstrated the use of PLGA nanoparticles for gene 
and drug delivery, highlighting their ability to provide a controlled 
and sustained drug release (Gaspar et al., 2015; López-Royo et al., 
2021; Wang et al., 2010). Moreover, PLGA nanoparticles have 
shown the capacity to cross biological barriers, such as the 
blood–brain barrier, and to be efficiently internalized by cells, 
underscoring their potential as a versatile platform for advanced 
therapeutic strategies (Zhi et al., 2021; Chang et al., 2012; Zhang 
et al., 2021). PVA is a widely used, non-toxic, and water-soluble 
polymer that enhances colloidal stability and reduces nonspecific 
protein adsorption, mitigating undesired cellular interactions 
(Barrett et al., 2001).

The present study aimed to explore the development of gold 
nanoparticles stabilized by PLGA and PVA for application in 
photothermal therapy. Our approach was based on previous 
experience in creating PLGA microcapsules for transporting and 
delivering drugs and chemotherapeutics (Moreira et al., 2017; 
Gaspar et al., 2015). For that purpose, two distinct emulsion- 
based fabrication methods were evaluated to mediate the 
clustering and stabilization of gold nanospheres. We 
hypothesized that by using an oil-in-water (O/W) or water-in- 
oil–in-water (W/O/W) methodology we could modulate the gold 
nanospheres accumulation in the core or polymeric capsule of the 
resulting nanoparticles. Additionally, the two different 
methodologies can also impact on the AuNPs entrapment 
efficiency, as well as on the nanomaterials’ physicochemical 
properties and photothermal performance. Therefore, the 
development of PLGA and PVA stabilized gold nanoparticles can 
result novel therapeutics with favorable biological interactions as 
well as photothermal and bioimaging potential that can contribute 
to a novel generation of antitumoral therapies.

2 Materials and methods

2.1 Materials

Hydrogen tetrachloroaurate (III) hydrate (HAuCl4) was purchased 
from Alfa Aesar (Karlsruhe, Germany). Dulbecco’s Modified Eagle 
medium-high glucose (DMEM-HG), Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM-F12), phosphate-buffered 
saline solution, ethanol (EtOH), trisodium citrate (NaCt), trypsin, 
resazurin were purchased from Sigma-Aldrich (Sintra, 
Portugal). Human negroid cervix epithelioidcarcinoma (HeLa cells) 
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(ATCCs CCL-2TM) were acquired from ATCC (Middlesex, 
United Kingdom). Primary normal human dermal fibroblast 
(FibH) cells were bought from Promocell (Heidelberg, 
Germany). Cell culture t-flasks were obtained from Orange 
Scientific (Braine-l’Alleud, Belgium). Double deionized and 
filtered water (ultrapure water) was obtained by using a Milli-Q 
Advantage A10 Ultrapure Water Purification System (0.22 μm 
filtered; 18.2 MΩ/cm at 25 °C). Poly (D, L-lactic-co-glycolic 
acid) (PLGA, 75:25, MW: 76,000 g/mol) and Polyvinyl Alcohol 
(PVA; MW: 31,000 g/mol) were obtained from Sigma-Aldrich 
(Sintra, Portugal). Tri-sodium citrate anhydrous was acquired 
from MERK (Darmstadt, Germany).

2.2 Methods

2.2.1 Synthesis of nanospheres
Gold nanospheres were synthesised by adapting a previously 

described method (Dong et al., 2020). In this reaction, 250 µL of 
HAuCl4 (0.05 M) were added to 49.75 mL of ultrapure water 

(resistivity 18.2 mΩ/cm) under vigorous stirring at 100 °C. After 
15 min, 1.053 mL of NaCt aqueous solution (10 mg/mL ultrapure 
water) was added to the solution and left to react for 10 min. The 
resulting gold nanospheres were then recovered and stored at 
4 °C until use.

2.2.2 Synthesis of PLGA–Gold nanoparticles
PLGA-Gold nanoparticles were prepared by carrying out an 

Emulsification-Evaporation method (Moreira et al., 2017; Danhier 
et al., 2012). For formulation A, 5 mL of the pre-prepared gold 
nanospheres were added to the water phase, which consisted of 
0.25 mL of PVA (40 mg/mL). The mixture was stirred for 15 min. 
Following this, an oil phase containing 2 mL of PLGA (5 mg/mL) 
was added. The solution was then emulsified through sonication in a 
cold bath for a period of 30 min. Thereafter, a further 6 mL of PVA 
(20 mg/mL) was added to the primary emulsion and sonicated for a 
period of 30 min, producing an Oil-in-water (O/W1) emulsion. In 
order to assess the effect of these alterations on the resultant 
emulsion, a second formulation (B) was prepared and subjected 
to the same process as formulation A. To this end, 3 mL of the gold 

FIGURE 1 
TEM images of formulation A (A,B) and formulation B (C,D).
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nanospheres, were added to the water phase, which comprised 
0.25 mL of PVA (40 mg/mL). The mixture was stirred for 
15 min. Thereafter, an oil phase containing 6.5 mL of PLGA 
(1.5 mg/mL) was added, after which the solution was emulsified 
through sonication in a cold bath for 30 min to obtain the primary 
water-in-oil (W1/O) emulsion. Subsequently, an additional 6 mL of 
PVA (20 mg/mL) was introduced into the primary emulsion and 
sonicated for a duration of 30 min, thereby yielding the secondary 
emulsion, water-in-oil-in-water (W1/O/W2).

The resulting nanoparticles were recovered by centrifuging 
(20 min, at 10,000g and 25 °C) and resuspended in water.

2.3 Characterization of nanocarriers’ 
physicochemical properties

2.3.1 Morphological characterization
The structural and morphological properties of the PLGA-Gold 

nanoparticles were studied in detail using transmission electron 
microscopy (TEM−Hitachi−HT7700, Tokyo, Japan) at an 
accelerating voltage of 80 kV. For that purpose, a drop of the 
sample was placed on the TEM grid and allowed to dry at room 
temperature before analysis in the TEM microscope. Additionally, 
the Scanning Electron Microscopy (SEM) was used to analyse the 
surface and morphology of the PLGA-Gold nanoparticles. The 
samples were placed on a circular glass coverslip, dried at room 
temperature, and coated with gold using a Quorum Q150R ES 

sputter coater (Quorum Technologies, Ltd., Laughton, East Sussex, 
UK). Then, the circular glass coverslip was mounted on aluminium 
stubs using araldite tape. The SEM images, at different 
magnifications, were then obtained using a Hitachi S-3400 N 
Scanning Electron Microscope (Hitachi, Tokyo, Japan) operated 
at 20 kV.

2.3.2 Size and zeta potential analysis
The hydrodynamic mean size, size distribution, and zeta 

potential of the PLGA-Gold nanoparticles were determined using 
a Zetasizer Nano ZS instrument (Malvern Instruments, 
Worcestershire, UK) at 25 °C. For all measurements, the 
nanoparticles were resuspended in ultrapure water, and the data 
was collected in a disposable capillary cell.

2.3.3 Ultraviolet-visible spectroscopy analysis
The ultraviolet–visible (UV-vis) spectra of the nanoparticles 

were recorded at a scanning rate of 300 nm per minute, 1 nm 
step, and wavelength range of 300–1000 nm using a UV-vis 
spectrophotometer (Thermo Scientific Evolution™ 201 Bio UV- 
vis Spectrophotometer, Thermo Fisher Scientific Inc., USA), to 
evaluate the success of the nanoparticles synthesis.

2.3.4 In vitro photothermal measurements
The evaluation of the PLGA-Gold nanoparticles’ in vitro 

photothermal capacity was performed as previously described in 
the literature (Rodrigues et al., 2019b). Briefly, nanoparticles at a 

FIGURE 2 
Physicochemical characterization of the PLGA/Gold nanoparticles. Size distribution analysis of formulation A (A) and formulation B (B). UV-vis 
absorption spectra of the PLGA/Gold nanoparticles (C). Analysis of the PLGA/Gold nanoparticles’ zeta potential, data presented as mean ± s.d., n = 3 (D).
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concentration of 200 μg/mL and 400 μg/mL were irradiated with a 
NIR laser (808 nm, 1.7 W cm-2 for 10 min). Then, the variation of the 
temperature was measured at different time points (from 1 to 
10 min) using a thermocouple sensor with an accuracy of 0.1 °C.

Photothermal conversion efficiency was calculated using the 
following Equation 1 (Fernandes et al., 2025): 

η �
h x S Tmax−Tamb( )−Qdis

I 1 − 10−A808( )
(1)

hS �
m × C

τs
(2)

Tmax refers to the peak temperature reached during laser 
irradiation, while Tamb corresponds to the room temperature. 
Qdis accounts for the heat dissipated due to absorption by the 
surrounding medium and container. I represent the NIR laser 
power density (1.7 W/cm2), and A808 corresponds to the 
particles’ optical absorbance at 808 nm. The term hS was 
obtained from Equation 2, where S is the surface area of the 
container and h the heat transfer coefficient. C is the specific heat 
capacity of water (4.2 J/g°C), m is the mass of water used (0.2 g), 
and τ s is the time constant of the thermal system, calculated 
following Equation 3: 

τs � −
t

ln Ɵ( )
(3)

Ɵ � T−Tamb
Tmax−Tamb

(4)

t is the irradiation duration (600 s) and θ is a dimensionless 
temperature parameter derived from Equation 4. The ambient 
temperature was set at ~20 °C throughout the experiments.

2.4 In vitro cell studies

The cytocompatibility of the PLGA/Gold nanoparticles was 
evaluated using a resazurin-based assay. For this assay, HeLa or 
FibH cells were seeded in 96-well flat-bottom culture plates at a 
density of 10,000 cells per well and cultured with 200 μL of culture 
medium (DMEM-HG and DMEM-F12, respectively) for 24 h at 
37 °C in a humidified atmosphere containing 5% CO2. Then, the 
media was removed, and the cells were incubated with different 
concentrations (50–400 μg/mL) of the PLGA-Gold nanoparticles 
formulations. At 24, 48, and 72 h of incubation, the medium was 
replaced by 110 μL of 10% (v/v) resazurin solution and incubated 
for 4 h. The resulting resorufin fluorescence was then quantified 
using a spectrofluorometer (Spectramax Gemini XS, Molecular 
Devices LLC, USA) at an excitation/emission wavelength of λex = 
560 nm and λem = 590 nm. Cells incubated with absolute EtOH 
were defined as the positive control (K+), whereas cells cultured 
without nanoparticles’ exposure were used as the negative 
control (K−).

2.5 Statistical analysis

Statistical analysis of the obtained results was performed using 
GraphPad Prism v.8.0 software (Trial version, GraphPad 
Software, CA, USA). Data are presented as the mean ± 
standard deviation (s.d.). One-way analysis of variance 
(ANOVA) with the Student–Newman–Keuls post-test was used 
to compare different groups. A value of p < 0.05 was considered 
statistically significant.

FIGURE 3 
FTIR spectra of PVA, PLGA, and PLGA/Gold formulations A and B.
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3 Results and discussion

3.1 Characterization of the PLGA/Gold 
nanoparticles

PLGA/Gold nanoparticles were produced through an O/W 
(formulation A) or W/O/W (formulation B) emulsion methods 
to study the impact in their structural integrity and physicochemical 
properties. During the emulsification, gold nanospheres (19 nm in 
size) were added to the water phase and the nanoparticles 
formation was finalized by evaporating the organic solvent 
(i.e., dichloromethane) under magnetic agitation.

The analysis of transmission electron microscopy (TEM) images 
indicates significant disparities between both formulations (Figure 1). 

It is evident that Formulation A, produced via O/W emulsion, features 
gold nanoparticles within the capsule’s core. In contrast, Formulation 
B, prepared using a water-in-oil (W/O/W) approach, exhibits gold 
nanostructures encircling the core, embedded within the polymeric 
matrix resembling a nanocapsule. Nevertheless, both methodologies 
indicate the successful formation of the PLGA/Gold nanoparticles. 
During the emulsion process, PVA acts as a surfactant in the interface 
between the water and oil phases, stabilizing the PLGA and minimizing 
the oil coalescence (Gaspar et al., 2015).

In consideration of these findings, UV-Vis-NIR spectra were 
also obtained to ascertain whether the location of gold nanoparticles 
within the capsule had any impact on the absorption spectra and, by 
extension, the photothermal potential. The absorption spectra of 
gold nanospheres show the characteristic absorption peak at 535 nm 

FIGURE 4 
Characterization of the PTT capacity of PLGA/Gold nanoparticles. Temperature variation curves of aqueous solutions containing PLGA/Gold 
nanoparticles at a concentration of 200 µg/mL for formulations A (A) and B (B), under NIR laser irradiation (808 nm, 1.7 W cm-2). Temperature response of 
PLGA/Gold nanoparticles at 400 µg/mL under NIR laser irradiation (808 nm, 1.7 W cm-2) for 10 min, for formulation A (C) and formulation B (D). Thermal 
stability and reproducibility of the photothermal effect over three NIR cycles (808 nm, 1.7 W cm-2, 10 min) for formulation A (E) and formulation B (F). 
Data presented as mean ± s.d., n = 3.
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(Supplementary Figure S1). Nevertheless, no peak in this region can 
be identified in the A and B formulations (Figure 2). The results 
obtained demonstrated an enhancement in the red region of the 
spectra of the PLGA nanoparticles with the incorporation of gold 
nanospheres. This finding is consistent with the coupling of the 
plasmonic resonance of different gold nanospheres in proximity, i.e., 
entrapped in the nanomaterials (Yang et al., 2023; Husni et al., 2023; 
Zhuo, 2022). The augmented absorption in the red region of the 
spectra, including the NIR region, is pivotal for the utilisation of 
PLGA/gold nanoparticles in photothermal therapy, due to the 
selective activation of the nanomaterials with minimised off- 
target interactions, specifically with major biological constituents 
such as blood, proteins, and water (Hossain et al., 2022; Zhang 
et al., 2025).

The differences between the formulations were also assessed by 
measuring the mean size and particle distribution using the 
Dynamic Light Scattering (DLS). The resulting data demonstrate 
that formulations A and B have a mean size of 276,8 and 317,5nm, 
respectively. Moreover, the measured PDI values, 0.197 and 0.340, 
indicate that the PLGA/Gold nanoparticles have a homogeneous 
distribution.

In addition, the analysis of the zeta potential revealed that 
the production methodology exerts minimal influence on the 
surface charge of PLGA/gold nanoparticles. The formulation A 
and B exhibited surface charges of −19.6 and −18.6 mV, 
respectively. The negative surface charge of the PLGA/gold 

nanoparticles is consistent with the anionic nature of PVA and 
PLGA (Kaur et al., 2021; Lee et al., 2024; Robin et al., 2021). 
Furthermore, the surface charge values obtained for PLGA/ 
Gold nanoparticles are close to the ideal values for biological 
applications, i.e., ±10 mV, and can contribute to an extended 
blood circulation time (Ernsting et al., 2013; Li and 
Huang, 2008).

Besides the morphological and optical characterization, the 
composition of the PLGA/Gold nanoparticles was assessed 
through FTIR spectroscopy (Figure 3). The PLGA spectra present 
four characteristic bands, namely, at 2999–2952 cm-1 corresponding 
to the C-H stretching vibration, 1451–1381 cm-1 corresponding to 
C-H bending, and two stretching peaks, at 1747 cm-1 corresponding 
to the ester functional groups of the C=O stretching, and at 1085 cm-1 

corresponding to C-O vibration (Wang et al., 2019; Chen et al., 2018). 
In turn, the PVA has characteristic bands at: 3316 cm-1, which is 
attributed to the O-H stretching vibration from the intermolecular 
and intramolecular hydrogen bonds; 2910 cm-1 that refers to the 
C–H stretching from alkyl groups; 1731 cm-1 due to the C=O 
stretching; and at 1100 cm-1 related with the C-O stretching 
(Mansur et al., 2008; Reis et al., 2006). The analysis of the 
spectra obtained for the A and B formulations reveals the 
presence of characteristic peaks and bands associated with PLGA 
and PVA. Specifically, the C–H stretching at 2910 cm-1 in PVA, the 
C=O stretching at 1747 cm-1, and the C-O vibration at 1100 cm-1 are 
noteworthy (Mir et al., 2016; Ramesan et al., 2024).

FIGURE 5 
DLS analysis of formulation A (A) and formulation B (B), after being subjected to NIR laser irradiation (808 nm, 1.7 W cm-2) for 10 min. SEM images of 
formulation A (C) and formulation B (D), after NIR laser irradiation (808 nm, 1.7 W cm-2) for 10 min, showing the presence of film-like structures and 
degraded particles.
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3.2 Evaluation of the photothermal potential

The UV-Vis-NIR results showed an enhancement in the red 
region of the spectrum for both formulations, thereby suggesting 
that both A and B formulations have the capacity to absorb and 
convert light into heat. This evaluation was conducted by irradiating 
the nanoparticles for 10 min under NIR laser, thereby providing a 
quantitative analysis of their photothermal conversion capabilities.

The obtained results show that the PLGA/Gold nanoparticles could 
mediate a constant increase in the media temperature during the 10 min 
of irradiation (Figure 4). Particularly, formulation A (200 μg/mL), after 
one irradiation, raised 12.5 °C the medium temperature, which reached 
the 21 °C increase, at the concentration of 400 μg/mL. Otherwise, the 
formulation B showed a temperature increase of 12 °C at 200 μg/mL and 
13.9 °C at 400 μg/mL. Moreover, subsequent analyses demonstrated that 
formulation A exhibits a photothermal conversion efficiency of 
approximately 71%, whereas formulation B displays an efficiency of 
53.5%. These photothermal results, particularly for formulation A, are in 
accordance with the photothermal capacity shown by other 
nanomaterials based on gold and PLGA (Hao et al., 2015; Xi et al., 
2018). For example, Hao obtained a temperature increase of 11.8 °C and 
20.2 °C for PLGA nanoparticles with a gold nanoshell at concentrations 
of 100 and 500 μg/mL, respectively. In addition, the photothermal 
capacity of the PLGA/gold nanoparticles was also assessed under 
multiple NIR laser irradiation cycles. As demonstrated in the results 

obtained, it can be observed that the heating profile remained constant 
during the three irradiation cycles.

The findings indicate that both formulations are capable of 
converting light into heat, and the obtained temperature variations 
are within therapeutic values, mainly to sensitize the cancer cells to 
the action of other therapeutics (Fernandes et al., 2020; Xi et al., 
2018). Subsequently, the PLGA/gold nanoparticles’ size was assessed 
after the irradiation with the NIR laser, showing a slight overall 
increase in the nanoparticles’ diameter (Figures 5A,B). This is 
indicative of the temperature-mediated degradation of the 
nanoparticles. Additionally, SEM analysis of the PLGA/gold 
nanoparticles (Supplementary Figure S2) and post-irradiation 
(Figures 5C,D) revealed an apparent structural damage to the 
polymeric capsule, along with the appearance of polymer-like 
films or degraded particles, which can be attributed to the 
polymers’ melting in response to the heat generated.

3.3 In vitro cell studies

3.3.1 Biocompatibility of PLGA-Gold nanoparticles
The biocompatibility of the PLGA-Gold nanoparticles was 

evaluated both on FibH and HeLa cells. Therefore, the A and B 
formulations of PLGA-Gold nanoparticles were incubated for 24, 
48, and 72 h, at concentrations ranging from 50 to 400 μg/mL, and 

FIGURE 6 
Cytocompatibility evaluation of PLGA/Gold nanoparticles on HeLa (A,C) and FibH cells (B,D) at 24, 48, and 72 h. Data are presented as mean ± s.d., 
n = 5.
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the cellular viability was measured using the resazurin assay 
(Figure 6). According to the ISO 10993–5 “Biological evaluation 
of medical devices -Part 5: Tests for in vitro cytotoxicity”, a material 
has a cytotoxic effect when the cell viability is reduced by more than 
30%. The obtained results show that both FibH and HeLa cells 
maintained the cell viability within the range considered 
biocompatible after 24, 48, and 72 h of incubation, even at the 
highest tested nanoparticle concentration (400 μg/mL). The minor, 
non-significant variations in cell viability observed, especially at 
increasing nanoparticle concentrations, may reflect subtle metabolic 
alterations and then be potentially indicative of low-level cellular 
stress. Nevertheless, these data are in accordance with the 
biocompatibility profile of PVA and PLGA polymers, which have 
FDA approval for applications in food packaging, biomedicine, and 
pharmaceutics (Danhier et al., 2012; Bobo et al., 2016; Sharma, 
2016). PLGA undergoes hydrolysis into lactic and glycolic acids, 
which are naturally metabolized through physiological pathways, 
thereby limiting long-term tissue accumulation (Silva, 2015). PVA 
reduces nonspecific protein adsorption, mitigating undesired 
cellular interactions (Barrett et al., 2001). The combined PLGA/ 
PVA stabilization forms a protective interface surrounding the gold 
core, reducing direct metal–cell contact. Additionally, the gold 
nanomaterials are also classified as biocompatible and the least 
toxic metal-based nanoparticles (Kang et al., 2020; Schrand et al., 
2010). Collectively, these characteristics explain the overall 
biocompatibility of PLGA- and PVA-stabilized gold nanomaterials.

4 Conclusion

In this study, PLGA-gold nanoparticles were synthesised 
through two distinct processes. Two formulations were 
evaluated, formulation A (oil-in-water (O/W)) and formulation 
B (water-in-oil-in-water (W1/O/W2)). This study aimed to 
investigate the extent to which these processes might influence 
the structural integrity of the resulting nanoparticles, and 
consequently their physicochemical properties. Considering the 
data presented, it can be discerned that the two processes led to 
comparable outcomes in terms of size and charge, with formulation 
A presenting a superior photothermal capacity, reaching the 
maximum 21 °C increase at concentration of 400 μg/mL. The 
cell studies showed the excellent cytocompatibility of the PLGA- 
gold nanoparticles in both HeLa and FibH cells even at the 
maximum tested concentration (400 μg/mL) for both 
formulations. In summary this work showed that despite the 
different processes used during the production of PLGA-gold 
nanoparticles did not result in significant variations in the 
obtained outcomes. The major difference was related with the 
location of the gold nanospheres on the capsule, showed by the 
TEM images. In the case of formulation A, the nanospheres were 
positioned at the core of the capsule, whereas in sample B, they were 
situated within the capsule’s matrix. Furthermore, in the future the 
encapsulation of drugs will be evaluated in order to characterise 
both the uptake and the cytotoxic capacity of this multifunctional 
nanomaterial. Additionally, the utilization of more complex in vitro 
models, such as tumor spheroids and animal models, will then be 
essential to determine the therapeutic potential of PLGA/gold 
nanoparticles.
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