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ARTICLE INFO ABSTRACT

Keywords: Both doxorubicin and gold nanoparticles (GNPs) exhibit sonosensitising properties, significantly increasing the

Gold “a“OPaftideS production of cytotoxic reactive oxygen species (ROS) when exposed to ultrasound (US). Ultrasound-responsive,

FDOIate tba.rg_etmg targeted GNPs decorated with a pH-releasable doxorubicin prodrug (FDGNPs) have been developed to exploit
oxXorubicin

this synergistic effect, enabling highly selective and effective anticancer activity. The GNPs were produced using
the Turkevich method and functionalised with folate-PEG3 5xp,-SH as the targeting agent (FGNPs). These were
then decorated with doxorubicin derivatised with lipoic acid via a pH-sensitive linker and stabilised with a
mPEG; kpa-SH coating. The FDGNPs’ cell targeting, uptake and anticancer effects were evaluated in an epider-
moid carcinoma cell line expressing a high level of folate receptor (KB-hFR), which was cultured as monolayers
and three-dimensional spheroids. The anticancer effects of the US-exposed FDGNPs were evaluated in terms of
cell viability, ROS production and cell death. FDGNPs selectively associated to KB cells in a folate-dependent
manner. Ultrasound-exposed FDGNPs resulted in a significant decrease in KB-hFR cell viability of up to 70 %,
increased ROS of up to 50 %, and increased necrotic cells of up to 45 %, compared to untreated cells. Further-
more, switching from a custom-built US device to a standardised US scanning device confirmed that US exposure
effectively elicits the anticancer activity of FDGNPs in KB-hFR spheroids, resulting in a 45 % decrease in cell
viability. GNPs have been engineered to provide active targeting and controlled drug release while exploiting
their sonosensitising properties; therefore, this platform shows promise in improving the selectivity and efficacy
of cancer therapy.

Ultrasound
Sonodynamic therapy
Cancer

1. Introduction Doxorubicin, for instance, is a photosensitive anthracycline used in
clinical protocols to treat a variety of cancers, including carcinomas,

Delivering therapeutic concentrations of drugs to tumour tissue sarcomas and hematological cancers. Doxorubicin’s non-selective cyto-
without causing systemic toxicity is a key issue in cancer therapy. toxicity is primarily exerted by inhibiting topoisomerase II activity and
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by inducing the generation of free radicals. Consequently, doxorubicin
exhibits several adverse effects, including haematological toxicity and
progressive cardiac damage [1].

Nanotechnology provides innovative solutions to this challenge in
the form of a wide variety of drug delivery systems (DDSs). These
include liposomes, polymeric nanoparticles, micelles, dendrimers,
inorganic nanoparticles, quantum dots and gold or metal oxide struc-
tures [2], which exploit the enhanced permeability and retention (EPR)
effect to control the pharmacokinetics and biodistribution of the loaded
drug. Promising results have been achieved in preclinical in vivo
models, with some of these DDSs progressing to the clinical stage [3].

The surface functionalisation of drug nanocarriers is a widely used
technique to improve the biopharmaceutical properties of these systems,
including in vitro and in vivo colloidal stability and cell targeting.
Polyethylene glycol (PEG) has been used to increase the colloidal sta-
bility of nanoparticles and prevent in vivo opsonisation, resulting in
prolonged systemic circulation [4]. Surface functionalisation with tar-
geting agents in the form of small molecules or macromolecules, such as
proteins, antibody derivatives and polysaccharides, selectively binds to
receptors on the surface of cancer cells, increasing drug delivery to
cancer cells while reducing off-target toxicity [5]. The folate receptor
(FR) is overexpressed on the surface of several types of cancer cells, thus
representing a suitable target for the selective delivery of anticancer
drugs [6]. The efficacy of FR targeting is supported by the recent FDA
approval of the antibody-drug conjugate  mirvetuximab
soravtansine-gynx (MIRV) for the treatment of fallopian tube cancer,
ovarian cancer and peritoneal cancer [7]. Folic acid is a small molecule
with high biocompatibility and non-immunogenic properties that can
easily be activated for conjugation to nanocarriers using well-defined
chemistry [8].

Folate-functionalised nanocarriers (e.g., liposomes, micelles, poly-
meric, inorganic and lipid nanoparticles) have been investigated for
doxorubicin drug delivery [5]. However, despite doxorubicin delivered
through folate-functionalised nanocarriers showing enhanced cellular
uptake and cytotoxicity compared to the free drug in tumour cells,
formulations with a suitable clinical outcome have not yet been ob-
tained. One of the major limitations with these products is the lack of
precise control over doxorubicin release. Stimuli-sensitive systems that
exploit biocompatible components capable of undergoing chemical or
conformational changes in response to a local stimulus (i.e., the tumour
microenvironment) or external physical activation may overcome this
hurdle [9].

Gold nanoparticles (GNPs) have a variety of applications in fields
such as material science, bioanalytical chemistry, industrial catalysis
and medicine. This is due to their high electron density, dielectric and
catalytic properties, and their ability to bind various biomolecules
without affecting their biological activity [10]. GNPs that are chemically
or physically coated with anticancer drugs, including doxorubicin, can
be used in cancer treatment [11-15]. For example, Wang et al. [14]
conjugated doxorubicin to 30 nm non-targeted GNPs via a pH-sensitive
linker, yielding controlled drug release at the acidic pH typical of the
tumour microenvironment and tumour cell availability [16,17]. How-
ever, inaccurate pH-controlled release may result in off-target drug
release with potential systemic toxicity, or conversely, incomplete
release of payloads in the tumour cells [18]. Although off-target drug
release may be mitigated by passive and active delivery, incomplete
drug release results in a poor clinical outcome [18,19].

Exploiting external physical triggering can enable precise control of
on-demand drug release. Sonodynamic therapy (SDT) consists of
exposing a stimulus-sensitive compound to ultrasound (US), which can
induce oxidative damage leading to cancer cell death [20,21]. For
example, GNPs stimulated with US have been found to induce reactive
oxygen species (ROS)-mediated cancer cell death [19,22]. Compared to
other external triggers such as light, which is used for on-demand drug
delivery in photodynamic or photothermal therapy with doxorubicin
loaded GNPs [22,23], US is a more practical and cost-effective externally
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applicable stimulus penetrating deeper into tissue than other strategies,
such as using long-wavelength light or two-photon strategies (e.g., a
near-infrared laser).

Our aim in this scenario is to develop US-responsive, folate-targeted
GNPs loaded with doxorubicin via a pH-responsive linker. This will
create a nanosystem that can be activated on-demand and kill FR-
overexpressing cancer cells. Doxorubicin is conjugated to the GNPs to
enable drug release at the acidic pH of cancer cells, thereby exploiting
selective US activation to significantly increase ROS-mediated
cytotoxicity.

2. Materials and methods
2.1. Materials

Folic acid (FA), sodium citrate tribasic dihydrate, tetrachloroauric
(III) acid trihydrate, iodine, potassium iodide, barium chloride, N-
hydroxysuccinimide (NHS), N, N’-dicyclohexylcarbodiimide (DCC),
triethylamine, o-lipoic acid, dimethylsulfoxide anhydrous (DMSO),
chloroform, dichloromethane (DCM), diethyl ether (Et20), Sephadex G-
25 superfine and Sephadex LH 20 gel filtration resins were purchased
Merck (Darmstadt, Germany). Doxorubicin hydrochloride was pur-
chased from LC Laboratories (Woburn, MA, USA). BDP 630/650 X NHS
ester was obtained from Lumiprobe (Hannover, Germany). NHo-
PEG2kpa-SH and NHy-PEG35kpa-SH were purchased from JenKem-
Technology (Plano, TX, USA) and mPEG; \p,-SH was acquired from Iris
Biotech GmbH (Marktredwitz, Germany). All the chemical reagents for
cell culture, Dulbecco’s modified Eagle’s medium (DMEM) and folic
acid-free DMEM, L-glutamine solution, D-(+)-glucose solution, sodium
bicarbonate solution, foetal bovine serum (FBS), penicillin-streptomycin
solution and trypsin-EDTA solution were supplied by Merck (Darmstadt,
Germany).

2.2. Synthesis and physicochemical characterization of folate receptor-
targeted doxorubicin-loaded gold nanoparticles

Synthesis and characterization of functional components. The synthesis
and characterization of the targeting agent FA-PEGs 5 kpa-SH (FA-PEG-
SH) and the fluorescent probe BDP-PEG;kp,-SH (BDP-PEG-SH) were
performed according to the literature [24,25].

N-hydroxy succinimidyl ester activated folate was reacted with NH-
PEG35kpa-SH in DMSO in the presence of triethylamine to yield the
conjugate FA-PEGj3 5 kpa-SH which was purified by size exclusion chro-
matography using Sephadex G-25 superfine resin eluted with water. The
FA-PEG-SH was characterized by UV-Vis spectroscopy at 363 nm to
assess folate and by iodine assay to quantify the PEG [26]. The chemical
identity of the product was confirmed by MALDI mass spectroscopy (m/z
[M-H'] = 4117) and by 'H NMR.

BDP 630/650 X NHS was reacted with NHy-PEGskp,-SH in anhy-
drous DMSO added of triethylamine yielding BDP-PEGg2kpa-SH which
was purified by size exclusion chromatography using LH20 resin run
with ethanol. BDP-PEG kp,-SH (BDP-PEG-SH) was characterized by UV-
Vis spectroscopy at 628 nm to assess BDP concentration, and by iodine
assay to determine PEG concentration. The chemical identity of the
product was confirmed by MALDI spectrometry (m/z [M-H'] = 2448)
and by 'H NMR spectroscopy.

Doxorubicin (Doxo) was converted into an acid pH releasable di-
sulfide terminated prodrug (lipoyl-hydrazone-Doxo) by multistep pro-
cedure. o-Lipoic acid (10.0 mmol) was dispersed in 50 mL methanol, the
mixture was added of thionyl chloride (15.0 mmol) and refluxed for
18 h. Methanol was removed by rotary evaporation and residue redis-
solved in ethyl acetate was washed with saturated NaHCOs; the solvent
was removed under vacuum resulting in quantitative conversion yield.
Lipoyl methyl ester (10.0 mmol) was dissolved in hydrazine mono-
hydrate (100.0 mmol) and refluxed. After quenching with saturated
NH.4Cl, the mixture was extracted with CHCls and solvent removed
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under vacuum. The crude product was purified by flash chromatography
(90:10 v/v CHCls/MeOH + 0.1 % aq. NHas) and fractions identified by
TLC run; yield was 98 %. Lipoyl-hydrazide was conjugated to the ketone
of Doxo (0.1 M) in methanol using a 2.5:1 lipoyl-hydrazide/ Doxo molar
ratio in the presence of TFA as catalyst. The crude product was purified
under reflux in methanol/diethyl ether.

The conjugates were analysed by 'H-NMR, mass and UV/vis spec-
trometry to assess chemical identity and purity.

Solutions of lipoyl-hydrazone-Doxo in 10 mM ammonium acetate at
pH 5 or in 10 mM ammonium bicarbonate at pH 7.4 were incubated at
37 °C and analysed by mass spectrometry (Micromass Q-TOF micro™
ESI-TOF; Waters, Milford, MA-USA) to quantify Doxo released by lipoyl-
hydrazone-Doxo over time under the two pH conditions.

Synthesis, decoration, characterization of GNPs. GNPs were prepared
by reducing HAuCl. with trisodium citrate following a slightly modified
Turkevich protocol [27,28]. The concentration of the GNPs in the
colloidal dispersions was quantified according to combined DLS and
UV-Vis spectroscopy data as reported in the literature and our previous
studies [25,29]. The particle surface was functionalized with the
thiol/disulfide-terminating components using the procedure described
in our previous works [24,30] to obtain the folate receptor-targeted
Doxo-loaded PEG stabilized gold nanoparticles (FDGNPs). Briefly, a
volume of 10 nM GNPs in milliQ water was sequentially added of each
thiol bearing reagent dissolved in mQ water to achieve the following
molar ratios: 1) 50:5:1 FA-PEGs3 5 xpa-SH:mPEGzkp,-SH_GNP; 2) 20:80:1
BDP-PEG-SH:mPEG2p,-SH:GNP  (where applicable); 3) 1000:1
lipoyl-hydrazone-Doxo:GNP; 4) 1000:1 mPEGzkp,-SH:GNP. After the
addition of each reagent, mixture was kept under mild agitation for 3 h.
Folate free control nanoparticles (DGNPs) were generated adding
mPEG3 5kpa-SH in place of FA-PEG3s5kpa-SH and drug-free folate-r-
eceptor targeted nanoparticles (FGNPs) were obtained by omitting the
proDoxo [24].

After each conjugation step, particles were centrifuged at 13,500 rcf
for 30 min at 4 °C, and unbound ligands in the supernatant were
quantified by spectroscopic (FA-PEGs3 5 kpa-SH at 363 nm, mPEGzip,-SH
via iodine assay) and spectrofluorimetric (BDP-PEG-SH, Aex 628 nm/ Ae
642 nm; lipoyl-hydrazone-Doxo, Aex 488 nm/ Aey 590 nm) analyses.

Lyophilized particles were obtained by mixing equal volumes of
functionalised particles with 1% w/v mixture of PVP 40 kDa (Merck,
Darmstadt, Germany)/ Tween 20 (Croda International PLC, Snaith, UK)
(1:1) in Milli-Q water (0.5 % w/v final). The mixtures were frozen in
liquid nitrogen for 2 min and lyophilized overnight (Hetossic lyophi-
lizer, HETO Lab Equipment, Birkerod, Denmark). The dried particle
reconstitution was carried out by redispersion in Ca®/Mg**-free DPBS.
The dispersion was centrifuged twice (13,500 rcf, 30 min, 4 °C) with
supernatant replacement to remove residual cryoprotectants [24].

Hydrodynamic diameters and zeta potential were assessed by dy-
namic light scattering (DLS) (Zetasizer Nano ZS; Malvern Instruments
Co., Malvern, Worcestershire, UK). The results were expressed in In-
tensity distribution for the functionalized particles. UV-vis spectra were
acquired on a Thermo Scientific™ Evolution™ 201 UV-visible spec-
trophotometer (Thermofisher, Rockford, IL, USA) or a Nanodrop 2000c
spectrophotometer (Thermofisher, Rockford, IL, USA). Analyses were
performed with 6-fold dilutions of samples in mQ water. GNPs imaging
was performed by applying particles to EM grids, negatively stained, and
imaged by transmission electron microscopy (TEM; Tecnai G2 micro-
scope FEI - FEI Tecnai, OR-USA). The stability of 2 yM FDGNP, DGNP
and FGNP in folic acid free DMEM supplemented of 10% FBS and
incubated at 37 °C was assessed over time by DLS.

2.3. Cell culture

The epidermoid carcinoma (KB) cells were purchased from the Eu-
ropean Collection of Cell Cultures, (ECACC, Salisbury, UK) and the
human breast adenocarcinoma (MCF7) cells from the Interlab Cell Line
Collection (ICLC, Genova, Italy). The KB cells were cultured as a
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monolayer in DMEM medium (Merck, Darmstadt, Germany), supple-
mented with 10 % FBS, 2 mM L-glutamine, and 1 % antibiotics (Merck,
Darmstadt, Germany). To induce a high level of FR expression (KB-hFR
cells), the KB cells were cultured in a specific medium containing sterile
water, 10 % DMEM low glucose medium without L-glutamine, sodium
bicarbonate, and folic acid (Merck, Darmstadt, Germany), 15 % FBS,
2mM L-glutamine, 1% antibiotics, 0.2% D-glucose and 5% sodium
bicarbonate (Merck, Darmstadt, Germany) for 10 days. The MCF7 cells
were grown in RPMI-1640 medium (Merck, Darmstadt, Germany) sup-
plemented with 10 % FBS, 2 mM L-glutamine, and 1 % antibiotics.

All the cell lines were maintained at 37 °C with 5% CO» in a dark,
humid atmosphere (Thermo Fisher Scientific, USA). The cultures were
passaged at regular intervals using a 0.05 % trypsin-0.02 % EDTA so-
lution (Merck, Darmstadt, Germany).

2.4. Cell proliferation assay

KB-hFR cells were incubated with increasing concentrations of free
Doxo or FDGNP in order to assess their cytotoxicity. Briefly, 1.2 x 102
KB-hFR cells were seeded in 96-well culture plates in 100 pL of culture
medium in replicates (n=8) and incubated with Doxo or FDGNPs
(0.001, 0.01, 0.1, 1, 10uM) after two days. Cell proliferation was
assessed using the WST-1 assay (Roche Applied Science, Basel,
Switzerland) by adding the WST-1 reagent (10 pL) at two time points (24
and 72 h after treatment), followed by an incubation period of 3 h at 37
°C. The absorbance (abs) of each well was measured at 450 nm with a
microplate reader (NeoBiotech, Nanterre, France), using 620 nm as the
reference wavelength. The cytotoxicity of free Doxo or FR-targeted
Doxo-loaded gold nanoparticles (FDGNPs) was displayed as a percent-
age according to the following equation: % cytotoxicity =100 x (abs
control - abs sample). The WST-1 assay was also performed to evaluate
the effect of the US-based treatments on cell proliferation (24, 48 and
72 h after treatment).

2.5. US treatment and characterisation of the US field

For the US experiments, the US field was generated by two different
US devices, depending on the cell culture type: monolayer-derived cell
suspensions as two-dimensional (2D) cultures and spheroids as three-
dimensional (3D) cultures.

To treat the 2D cell cultures, the US field was generated by a plane
wave transducer (INRIM, Torino, Italy), connected to a broadband
power amplifier (type 350L; Electronics & Innovation Ltd., Rochester,
USA) and a function generator (type 33250, Agilent Technologies, USA).
It worked in pulse mode at a frequency of 1.5 MHz with a spatial peak
temporal average intensity (ISPTA) of 0.11 W/cm? and a duty cycle of
50 %, for 3 min. Sample tubes containing 5 x 10° KB-hFR cells in 2.7 mL
of PBS were placed in a custom-built mechanical adaptor 2 cm from the
transducer surface. The adaptor was filled with cold deionized water,
which was replaced for each treatment to avoid possible temperature
increase due to US exposure.

In order to treat the 3D cell cultures, the MyLab OMEGA US scanner
equipped with a phase array mod. P1-5 (Esaote, Firenze, Italy) was
selected, as its features best replicate those of the previous custom-built
device. It should be noted that using this type of US device results in a
ISPTA and a medical index (MI) that comply with regulatory specifica-
tions. This ensure that dangerous US bioeffects are strictly avoided, and
the contribution of thermal mechanisms to biological effects is elimi-
nated. The transducer operated in pulse mode at a frequency of 1.7 MHz
with a ISPTA of 0.26 W/cm? and a duty cycle of 50 %, for 5min. The
spheroids were treated in a 96-well culture plate filled with PBS. The
plate was hermetically sealed in a custom-built mechanical adaptor
(Prensilia, Pisa, Italy) and positioned 4 cm from the transducer surface.
This adaptor is a tank lined with sound-absorbing material in which the
culture plate can be positioned and anchored at a controlled location on
the tank’s base. The tank was filled with deionised water, which was
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replaced for each treatment. The tank contains a mechanism that can
hold the US probe and position the US beam with repeatable precision
over the selected wells. This is made possible by a micrometric adjust-
ment system that moves the transducer along the X, Y and Z axes.
Furthermore, US scanner B-mode imaging can be used to precisely po-
sition the focal area relative to the cells, ensuring they are treated ac-
cording to the selected parameters (e.g., peak positive pressure, ISPTA
and MI). Following US treatment, the cells and spheroids are processed
according to the desired analysis type.

Complete characterisation of the US field generated by the two US
devices in their respective operating modes (i.e., peak positive pressure,
ISPTA and MI) was obtained using an ONDA type AIMS III scanning tank
system with an ONDA type HNA-0400 needle hydrophone and an ONDA
type AH-2020 preamplifier (HI GAIN configuration).

2.6. Flow cytometry

Flow cytometry assays were carried out using a C6 flow cytometer
(Accuri Cytometers, Milan, Italy). All samples were analysed by at a
medium flow rate with 1 x 10* events considered, and all debris with
low forward scatter (FSC) and low side scatter (SSC) was removed from
the analysis.

2.6.1. Folate receptor expression on cancer cells

The presence of FRs was investigated by flow cytometry in MCF7, KB
and KB-hFR cells. MCF7 cells were used as a negative control, as they
exhibit low FR expression. In brief, 7.0 x 10* MCF7, KB and KB-hFR cells
were cultured in 6-well culture plates in 2 mL of their respective medium
for 3 days. The cells were then incubated for 2 h at 37 °C with 10 ug/mL
folate receptor a monoclonal antibody (Enzo Life Sciences, NY, USA).
After incubation, the cells were washed with PBS and then incubated
with 0.5 pg/mL rabbit F(ab) 2 polyclonal secondary antibody conju-
gated with Alexa Fluor® 488 nm (Abcam, Cambridge, UK) for 1h at
37°C. After the incubation period, the cells were detached using trypsin
and the resulting pellet was resuspend and analysed by flow cytometry
(Aex 499 nm, Aemy 520 nm). The results are expressed as integrated mean
fluorescence intensity (iMFI), i.e. the product of the frequency of posi-
tive cells and the mean fluorescence intensity of the cells.

2.6.2. Doxorubicin uptake in cancer cells

The cellular uptake of Doxo as FDGNPs was evaluated by measuring
the cellular fluorescence attributed to the Doxo associated cells using
flow cytometry. MCF7, KB and KB-hFR cells were incubated with
FDGNPs and analysed by flow cytometry (Aex 488 nm, Aey > 670 nm) at
different time points (2, 6 and 24 h). The results are expressed as an
integrated mean fluorescence intensity (iMFI) ratio to provide infor-
mation on ratiometric variations in fluorescence at each time point
relative to the control cells (i.e., the untreated cells). In brief, 3 x 10*
cells were seeded in 6-well culture plates in 2.0 mL of culture medium
and allowed to grow for 2 days. The cells were then incubated with
FDGNPs at an equivalent Doxo concentration of 2.0 uM. At the end of
each incubation period, the cells were detached, and each pellet was
resuspended in 200 pL of PBS for flow cytometry analysis.

2.6.3. Intracellular ROS generation

The CellROX® Green Assay (Life Technologies, Milano, Italy) was
used to detect ROS production by flow cytometry. This assay measures
the fluorescence of the CellROX® green reagent (Aex 545nm, Aem
565 nm). KB-hFR cells were incubated with drug-free FGNPs and 2.0 uM
Doxo-loaded FGNPs (FDGNPs) for 24 h, after which the cells were
exposed to US (1.5 MHz, 0.11 W/cmz, 50 %, 3 min). Then, 5 x 10° cells
for each treatment condition were resuspended in 2.7 mL of PBS and
centrifuged at 1500 rpm for 5 min and the supernatant was discharged.
Finally, 1 mL of CellROX® green intermediate solution (2 uL CellROX®
green stock + 1000 pL KB-hFR medium without FBS) was added. Since
the CellROX® solution is highly photosensitive, the samples were
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covered from light and incubated at 37 °C for 30 min. The tubes were
then centrifuged, and the pellet was resuspended in 2.7 mL of PBS. The
samples were then analysed by flow cytometry at the following time
points: 1, 5, 15, 30, 60, 90 and 120 min from the start of the various
treatments (untreated cells, cells exposed to FGNPs or FDGNPs only,
cells exposed to US only and cells exposed to FGNPs and US or FDGNPs
and US).

2.6.4. Cell death analysis

A cell death assay was performed 36 h after the various treatments
using the Annexin-V-APC & SYTOX® Green Assay (Life Technologies,
Milano, Italy). Briefly, after the various treatments (untreated cells, cells
exposed to FGNPs or FDGNPs only, cells exposed to US only and cells
exposed to FGNPs and US or FDGNPs and US), 1.2 x 10° cells per con-
dition were seeded in 1 mL of culture medium. The cells were then
incubated in 5 % CO; at 37 °C for 24 h, after which they were collected
by trypsinisation, washed twice with PBS and the pellet was resus-
pended in 1 mL of PBS. Finally, 100 uL of the cell suspension were mixed
with 5 pL of 1x annexin V binding buffer and 1 uL of 1 M SYTOX® green
solution. The mixture was then incubated for 15 min at 37 °C and then
mixed gently with 400 uL of 1x annexin binding buffer. Flow cytometry
analysis was then performed to detect annexin-V-APC (Aex 650 nm, Aey
660 nm) and SYTOX® green (Aex 503 nm, Aepyy 554 nm).

2.7. Intracellular localisation of FDGNPs by fluorescence and confocal
microscopy

Fluorescence and confocal microscopy analyses were performed to
detect the intracellular access of FDGNPs and Doxo in KB-hFR cells.
Briefly, the cells were incubated with FDGNPs at an equivalent Doxo
concentration of 2.0 uM for 24 h. When required, 5 x 10° cells were
suspended in 2.7 mL of PBS and underwent US exposure, as previously
described. Following each treatment, 1.2 x 10* cells were seeded onto a
glass slide in a well of a 24-well culture plate containing 1 mL of culture
medium. Twenty-four hours after the treatment, each slide was incu-
bated with 200 pL of a DAPI solution (1 pg/mL) at 37 °C for 15 min to
stain the cell nuclei. The DAPI solution was then removed by washing
with PBS and each slide was fixed with 200 uL of 4 % paraformaldehyde
(PAF) for 15min. The PAF was then removed, and the slides were
washed with PBS before being mounted on coverslips using 5uL of
Fluoroshield® (Merck, Darmstadt, Germany). Fluorescence microscopy
images were acquired using a Leica DM4000I (Leica, Milano Italy) at
63x magnification and confocal microscopy images using a LSM 900
(Zeiss, Milano, Italy) at 40x magnification. All the images were then
processed using ImageJ software (version 1.54, Fiji, Bristol, UK) and
analysed in the middle section.

2.8. Evaluation of spheroid growth

KB-hFR spheroids were generated by seeding 10000 cells per well
into 96-U well plates that had been coated with 1.5% agarose. The
growth of the spheroids was monitored over time. Four days after
seeding, selected spheroids were incubated with drug-free FGNPs and
4.0 uM Doxo-loaded FGNPs (FDGNPs) for 24 h, during which time they
were kept in a dark incubator. After incubation, the spheroids were
washed 3 times with PBS, after which 300 pL of PBS were added to each
well prior to US exposure. The following experimental conditions were
considered: i) untreated spheroids (Ctrl), ii) spheroids pre-incubated
with FGNPs or FDGNPs for 24 h, iii) spheroids treated with US only
and iv) spheroids pre-incubated with FGNPs or FDGNPs and then treated
with US. A different US device was used to treat the spheroids directly in
the plate with respect to the device used for 2D cell culture experiments.
This approach eliminated the need to collect the spheroids in tubes,
helping to maintain their structural stability on the agarose coating. The
US field was generated at a frequency of 1.7 MHz, 0.26 W/cm?, 50 %, for
5 min.
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Forty-eight hours after the treatment, the CellTiter-Glo 3D Lumi-
nescent Cell Viability Assay (Promega, United States) was used to
evaluate the spheroid cell viability. This assay quantifies intracellular
ATP, which is an indirect indicator of cellular metabolism and, conse-
quently, of the presence of viable cells. The spheroids were collected and
transferred into a special optics 96-well plate before the assay was
performed according to the manufacturer’s instructions. Luminescence
was measured using a Glomax luminometer (Promega, Milano, Italy).
Data are presented as the average of luminescence signal in relative light
units (RLU).

2.9. Statistical analysis

Data are shown as the mean value =+ standard deviation from three
separate experiments. Statistical analyses were performed using
GraphPad Prism 5.0 software (San Diego, California, USA). According to
the experimental design, multiple t-tests, one-way ANOVA and two-way
ANOVA, followed by Bonferroni’s post-hoc test, were used to calculate
the significance threshold. The statistical significance threshold was set
at p<0.05.

3. Results

The novel targeted multifunctional gold nanoparticulate system
FDGNP was designed to combine the tumor-selective doxorubicin de-
livery with ultrasounds treatment. FDGNPs were obtained by the inte-
gration of five distinct materials: i) gold nanoparticles (GNPs), as
colloidal scaffold for multivalent surface modification and sono-
sensitizer; ii) folate-PEG3 5kpa-SH (F), acting as a targeting ligand; iii)
Bodipy X-PEG3kp,-SH, incorporated as a fluorescent probe for trace-
ability; iv) a pH-sensitive doxorubicin prodrug, lipoyl-hydrazone-
doxorubicin (D), enabling stimuli-responsive drug release; (v)
mPEG; kp,-SH, providing colloidal stabilization and stealth properties.
The lipoyl and thyol functions ensure stable conjugation of the drug and
the polymer derivatives to gold nanoparticles. Control doxorubicin
decorated non-targeted particles and doxorubicin-free targeted nano-
particles were also generated by omitting the folate-PEGs3 5kpa-SH
(DGNPs) or doxorubicin (FGNPs), respectively.

3.1. Folate receptor-targeted doxorubicin-loaded gold nanoparticles

Synthesis of functional components for GNP decoration. The folate-
containing targeting moiety, folate-PEGsskp,-SH, was synthesized
following a protocol previously established by our group [25,30]. The
PEG backbone, with a molecular weight of 3.5kDa, was selected to
ensure adequate extension of the folate moiety from the nanoparticle
surface, thereby facilitating recognition by folate receptors. Chemical
identity was confirmed by mass spectrometry, which exhibited m/z
centered at 4117 m/z while RP-HPLC purity exceeding 98 %.

A Bodipy (BDP)-tagged derivative as fluorescent label was generated
through conjugation of BDP to the amino terminus of a thiol-terminated
2kDa PEG chain. The shorter PEG spacer, relative to that applied for
folate conjugation, was intended to minimize steric interference with
folate—receptor interactions. The 'H NMR analysis showed integral ratio
of diagnostic signals indicating a conjugation efficiency above 90 %. The
mass spectrum displayed a signal centered at 2448 m/z, while RP-HPLC
analysis confirmed a purity > 99 %.

The pH-labile doxorubicin prodrug, lipoyl-hydrazone-Doxo (Scheme
1), was obtained through conjugation of Doxo to the heterobifunctional
linker lipoyl hydrazide in order to yield a pH cleavable hydrazone bond
for drug release under acid intracellular environment. The synthetic
procedure resulted in lipoyl-hydrazone-Doxo derivative in a yield of
82 % and a final purity > 98 %, as determined by NMR. ESI-TOF mass
spectrometry displayed a signal at m/z 746.24, consistent with the
theoretical [M-H*] molecular mass of the prodrug and the chemical
identity was further confirmed by 'H NMR.
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Scheme 1. Chemical structure of prodrug lipoyl-hydrazone-doxorubicin.

GNP production and characterization. TEM imaging showed that the
GNPs prepared using a modified Turkevich method [27,28] had a size of
~16-17 nm and a near-spherical shape (Figure S1). FDGNPs were obtained by
coating the GNPs with the functional components FA-PEGgss kpa-SH,
BDP-PEG; kpa-SH, lipoyl-hydrazone-Doxo and mPEG: yp,-SH, which were used
for targeting, tracking, intracellular pH-controlled drug release, and colloidal
stability, —respectively using a 50:20:1000:1000:1 FA-PEG3s kpa-SH/
BDP-PEG; xpa-SH/ lipoyl-hydrazone-Doxo/ mPEG: xps-SH /GNPs molar ratios.
The ratio of components was selected to achieve colloidal stability, high loading
and targeting efficiency [25]. The conjugation yield of the components was
derived indirectly upon isolation of the particles and assessment of the
non-conjugated fractions in the supernatant according to studies reporting
multifunctional GNP decoration [25,30]. Under the decoration condition set up,
100 % FA-PEGsskpa-SH and BDP-PEGyyp,-SH conjugation, 91 % of
lipoyl-hydrazone-Doxo coupling and 87 % mPEG: yxp,-SH conjugation were
obtained. Non-targeted and targeted Doxo-free nanoparticles were obtained by
omitting FA-PEG3syp,-SH during formulation, yielding DGNPs, or the
lipoyl-hydrazone-Doxo, yielding FGNPs, respectively. Formulations were
lyophilised with combination of cryoprotectants resulting in easy to redisperse
dry products [24]. The UV/visible spectra of the reconstituted FDGNPs, DGNPs
and FGNPs from the lyophilized versions showed an UV-Vis absorbance
maximum at 520 nm, which is consistent with a particle core size of ~20 nm.
There was also slight broadening of the spectra compared to the citrate-capped
GNPs, which confirms the multifunctional coating and the colloidal integrity of
the formulations [24]. DLS analyses revealed hydrodynamic particle sizes of
about 35 nm for FDGNPs, DGNPs, and FGNPs, confirming the decoration of the
particle core and indicating that PEG, the macromolecule common to the three
formulations, is the main component responsible for the increase of hydrody-
namic size compared to the naked GNPs (Fig. 1A). Transmission electron mi-
croscopy (TEM) confirmed the particle size and revealed a light grey corona on
the dark metallic core of GNPs typical of PEG-coated metallic particles [30]
(Fig. 1B).

The particle size and PDI remained unchanged over 48 h incubation
in complete cell culture media, confirming their stability under physi-
ological conditions (Fig. 1A). The pH-controlled release of Doxo from
lipoyl-hydrazone-Doxo was assessed at pH 5.0 and 7.4 to mimic endo-
somal compartments, and blood and extracellular environments,
respectively. At pH 5.0, Doxo was completely released within 48 h,
whereas at pH 7.4, only ~13 % of drug was released (Fig. 1C). This
result corroborates the microenvironmental pH-controlled drug release,
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Fig. 1. Characterisation of the different GNP formulations. Size of FDGNP (orange bars), DGNP (red bars) and FGNP (blue bars) after reconstitution of the
lyophilized versions in mQ water and upon incubation in folate free DMEM supplemented of 10 % FBS over time; PDI (m) refers to the right axis (A). Representative
TEM images of FDGNPs; scale bar 100 nm (B). pH-dependent release of Doxo from lipoyl-hydrazone-Doxo in aqueous solution; Samples were incubated at pH 5

(orange bars) or 7.4 (blue bars) at 37 °C (C).

and the low drug release in blood prevents off-target toxic effects.

3.2. Effect of free doxorubicin and folic acid-targeted doxorubicin-loaded
gold nanoparticles on cell proliferation

Before assessing the effect of FDGNPs on cancer cell proliferation,
different cell lines commonly used to evaluate folate receptor (FR) tar-
geting [31] were characterised for FR expression using a flow cytometric
assay. As expected, the human breast cancer cell line, MCF7, did not
express FR [32], whereas the human epidermoid carcinoma cell line KB
expressed a low level of FR. However, KB cells cultured in a folic
acid-free medium expressed significantly higher level of FR than MCF7
(p <0.0001) and KB cells (p < 0.01). These cells were therefore named
KB-hFR (Fig. 2A).

To verify the targeting capacity of FDGNPs compared to Doxo-loaded
GNPs (DGNPs), the uptake of both was investigated in MCF7 and KB-hFR
cells using a flow cytometric assay that exploited the Doxo fluorescence
properties. In MCF7 cells, uptake of Doxo delivered as DGNPs or FR-
targeted GNPs (FDGNPs) was very low at a Doxo concentration of
2 pM, with no statistically significant difference observed between
untargeted and targeted GNPs at different incubation times (Fig. 2B).
Interestingly, the highest level of Doxo uptake was observed in KB-hFR
cells after 24h of incubation with FR-targeted GNPs (FDGNPs)
compared to the untargeted GNPs (DGNPs, p < 0.001) at the same Doxo
concentration (2 pM), confirming the efficacy of the cell targeting of the
proposed nanosystem (Fig. 2C). Based on PEG chain density on FDGNPs

surface, PEG chains “brush-like” conformation is expected [33], which
may prevent the folate from collapsing on the particle surface. These
cellular studies therefore confirmed that coating nanoparticles with
multiple components preserves the exposure of targeting ligands for cell
biorecognition throughout the 24 h experimental setup, resulting in
folate-dependent association with KB-hFR cells. Consequently, after 6
and 24 h of incubation, targeted nanoparticles associate with KB-hFR
cells approximately four times more than non-targeted nanoparticles
(Fig. 2Q).

The effect of Doxo-loaded FR targeted GNPs (FDGNPs) on KB-hFR
cell proliferation was compared to the effect of free Doxo. As shown in
Fig. 3, free Doxo drug was able to induce a high level of toxicity in a
dose- and time-dependent manner. Free Doxo exhibited a level of
cytotoxicity greater than 20 % compared to untreated cells at a con-
centration of 1.0 pM after 24 h of incubation (32.55 % =+ 6.23), reaching
the highest level of cytotoxicity at the highest tested concentration of
10 pM after 72 h of incubation (45.58 % + 9.43). In contrast, Doxo
delivered as FDGNPs exhibited lower cytotoxicity, exceeding 20 % only
at the highest tested concentration of 10 pM after 72 h of incubation
(32.13 % + 4.21). These data confirm the nanosystem’s ability to con-
trol drug release. In line with the aforementioned release study, the
system exhibits defined release kinetics, as opposed to the immediate
availability observed with free Doxo [25,30]. This finding is particularly
significant, as it demonstrates that the nanosystem can prevent uncon-
trolled Doxo release, thereby protecting healthy cells from off-target
cytotoxicity and reducing related adverse effects.
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Fig. 2. Evaluation of folate receptor expression and Doxo uptake in various cell lines. Folate receptor (FR) expression was evaluated by flow cytometry in
MCF7, KB and KB-hFR cells (A), and the cellular uptake of Doxo delivered as Doxo-loaded GNPs (DGNPs) or FR-targeted GNPs (FDGNPs) was evaluated using flow
cytometry at different time points (2, 6 and 24 h) in MCF7 (B) and KB-hFR (C) cells. Data are shown as mean + standard deviation (n = 3). Statistical significance

between different conditions: ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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Fig. 3. Doxorubicin cytotoxicity as a free drug and as folate receptor-targeted Doxo-loaded GNPs in KB-hFR cells. KB-hFR cells were incubated at different
Doxo concentrations (0.001, 0.01, 0.1, 1 and 10 pM) both as free drug or FDGNPs, and the WST-1 cell proliferation assay was used to investigate cytotoxicity at 24

and 72 h. Data are shown as mean + standard deviation (n = 3).

To verify the delivery of Doxo by FDGNPs, fluorescence imaging was
performed and compared with cells that had been incubated with free
Doxo. Analysis of the imaging data showed that, after 24 h of incuba-
tion, Doxo added to cells as a free drug was mainly localised at the
nuclear level (Fig. 4A-C), which explains the higher observed cytotox-
icity (Fig. 3). Conversely, after 24 h of incubation, Doxo added to cells
conjugated to FDGNPs was predominantly found in the cytoplasm in the
form of green diffuse fluorescence (Fig. 4E-F). This is due to the slow
sustained drug release by the endocytosed nanocarrier and may explain
the lower observed cytotoxicity with respect to free Doxo (Fig. 3).
Notably, only Doxo released from the particles can be revealed by
confocal analysis, while Doxo conjugated to GNP undergoes florescence
quenching, which prevents its detection [34].

3.3. Effect of US treatment on KB-hFR cells pre-incubated with folate
receptor-targeted doxorubicin-loaded gold nanoparticles

The effect of the combined treatment using FDGNPs and US on KB-
hFR cell proliferation was investigated by exposing FDGNPs, at an
equivalent Doxo concentration of 2 pM, pre-incubated cells for 24 h to a
specific US field. Significant decreases in cell proliferation were only

A B

observed following combined treatment with FGNPs or FDGNPs and US
(Fig. 5A). Specifically, combined treatment with drug-free FGNPs and
US resulted in a significant decrease in cell proliferation after 72 h,
compared to untreated cells, cells treated with FGNPs only, and cells
treated with US only (p < 0.05, Fig. 5A). Furthermore, the combined
treatment with Doxo-loaded GNPs (FDGNPs, at an equivalent Doxo
concentration of 2 pM) and US resulted in a significant decrease in cell
proliferation after both 48 and 72 h, compared to untreated cells, cells
treated with FDGNPs only, and cells treated with US only (p < 0.01 and
p < 0.001, respectively; Fig. 5A). Interestingly, the combined treatment
with FDGNPs and US resulted in a significantly greater decrease in cell
proliferation than the combined treatment with drug-free GNPs (FGNPs)
and US (p < 0.01, Fig. 5A). This suggests that, in the combined treat-
ment with FDGNPs and US, the effect on cell proliferation can be
attributed not only to US-activated GNPs, but also to the action of
released Doxo, or possibly to US-activated Doxo.

As our previous works have shown that Doxo [21] and GNPs [19] can
both be activated by US-mediated energy release to generate ROS, the
ROS production induced by the combined treatment with FDGNPs and
US was investigated. Fig. 5B shows a significant increase in ROS pro-
duction starting at 1 min after treatment with FGNPs or FDGNPs and US,

Cc

Fig. 4. Representative fluorescence microscopy images of doxorubicin disposition in KB-hFR cells exposed to the free drug or FDGNPs. KB-hFR cells were
incubated with 2 pM Doxo (A-C) or FDGNPs at an equivalent concentration of Doxo for 24 h (D-F). The fluorescence images show the cell nuclei stained with DAPI
(blue, A and D), intracellular Doxo (green, B and E) and an overlay of cell nuclei and intracellular Doxo (C and F). Magnification 63x; scale bars 25 pm.
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Fig. 5. Effect of US treatment on FDGNP pre-incubated KB-hFR cells. The cells were pre-incubated with FGNPs and FDGNPs at an equivalent Doxo concentration
of 2 pM for 24 h, and then exposed to US (1.5 MHz, 0.11 W/cm?, 50 % for 3 min). Cell proliferation after the different treatments (i.e., cells exposed to US only, cells
exposed to FGNPs or FDGNPs only, and cells pre-incubated with FGNPs or FDGNPs and then exposed to US) was investigated at 24, 48 and 72 h using a WST-1 assay
(A). ROS production after the different treatments was evaluated by flow cytometry using the CellROX® assay up to 120 min after treatments, as integrated mean
fluorescence intensity (iMFI) ratio (B). Cell death after the different treatments was then investigated in KB-hFR cells 48 h after the treatment using the APC-Annexin
V and Sytox® Green assay for flow cytometry (C) and representative dot plots (D) are shown. Data are shown as mean =+ standard deviation (n = 3). Statistical
significance versus untreated cells (Ctrl) *p < 0.05, **p < 0.01, ***p < 0.001; cells treated with US only °p < 0.05, °°p < 0.01, °°°p < 0.001; cells treated with
FGNPs or FDGNPs only #p < 0.05, ##p <0.01, ###p < 0.001 and cells treated with FGNPs and US $p < 0.05, $$p <0.01.

compared to treatment with US only (p < 0.01 and p < 0.001, respec-
tively) and FGNPs or FDGNPs only (p < 0.01 and p < 0.001, respec-
tively). A subsequent decrease in ROS production was then observed
over time; however, the ROS levels remained significantly higher than
those observed with US or nanosystems alone until 60 min after for the
combined treatment with FDNPs and US, and until 15 min after the
combined treatment with FGNPs and US (Fig. 5B). Interestingly, the
combined treatment with FDGNPs and US resulted insignificantly higher
ROS production levels than the combined treatment with drug-free
GNPs (FGNPs) and US (p < 0.05, Fig. 5B). This suggests that the ROS
production in the combined treatment with FDGNPs and US can be
attributed not only to US-activated GNPs, but also to US-activated Doxo.

A flow cytometric assay was used to analyse the cell death induced
by the combined treatment with FDGNPs and US. A significant decrease
in the percentage of live cells, as well as a significant increase in the
percentage of necrotic cells compared to untreated cells was observed
48 h after treatment compared to untreated cells (40.32 + 1.51 and
80.86 + 3.27,and 46.23 + 2.22 and 10.12 + 1.28, respectively; Fig. 5C-
D). Notably, the combined treatment with drug-free FGNPs and US
resulted in a lower decrease in the percentage of live cells and a lower
increase in the percentage of necrotic cells than the combined treatment
with FDGNPs and US (73.23 £ 1.32 and 40.32 + 1.51, and 20.57
+ 0.90 and 46.23 + 2.22, respectively; Fig. 5C-D).

Based on the significant necrotic cell death induced by US exposure
in KB-hFR cells pre-incubated with FDGNPs, confocal microscopy

imaging was performed to verify the intracellular disposition of Doxo
after the US exposure. As expected, the intracellular localisation of the
GNPs in KB-hFR cells, labelled with a specific fluorescent probe distin-
guishable from the fluorescent signal of the drug, was at the cytoplasmic
level. This confirmed that the FDGNPs were taken up by the cells and
appeared as red fluorescent dots mainly at the perinuclear level in the
cytoplasm, while Doxo spread throughout the cytosol after 24 h of in-
cubation, confirming its release (Fig. 6A-D). However, after US exposure
of KB-hFR cells pre-incubated with FDGNPs for 24 h, the GNPs were still
localised at the cytoplasmic level, whereas Doxo was not only spread in
the cytosol, but also at the nuclear level compared to the pre-US irra-
diation (Fig. 6E-H). These data suggest that Doxo release from the
FDGNPs may have been enhanced by US exposure, allowing it to diffuse
to the cell nuclei.

3.4. Ultrasound field characterisation

A different device, the Esaote MyLab OMEGA US scanner, was
selected to treat 3D cell cultures, specifically spheroids in their cell
culture plates, without manipulation and with the ultimate goal to
facilitate subsequent in vivo model experiments. To this end, the ultra-
sonic fields produced by the two devices were characterised to deter-
mine the optimal parameters for achieving the desired biological effects
in the presence of significant differences in cell architecture. Table 1
summarises the US field parameters used for the 2D and 3D cell culture
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Fig. 6. Representative confocal images of doxorubicin and GNPs in KB-hFR cells pre-incubated with FDGNPs (at an equivalent Doxo concentration of
2 pM) and then exposed to US. Images of KB-hFR cells incubated with FDGNPs for 24 h (A-D). The images show the cell nuclei stained with DAPI (blue, A), FR-
targeted GNPs labelled with BODIPY (red, B), Doxo (green, C), and an overlay of cell nuclei, FR-targeted GNPs and Doxo (D). Magnification 40x and; scale bars 25
pm. Images of KB-hFR cells pre-incubated with FDGNPs for 24 h, then exposed to US (1.5 MHz, 0.11 W/em?, 50 % for 3 min) (E-H), showing cell nuclei stained with
DAPI (blue, E), FR-targeted GNPs labelled with BODIPY (red, F), Doxo (green, G), and an overlay of cell nuclei, FR-targeted GNPs and Doxo (H). Magnification 40x;

scale bars 25 pm.
experiments.

3.5. Effect of US treatment on the viability of KB-hFR spheroids pre-
incubated with folate receptor-targeted doxorubicin-loaded gold
nanoparticles

KB-hFR spheroids were pre-incubated for 24 h with FGNPs and
FDGNPs at an equivalent Doxo concentration of 4 uM. The spheroids
were then exposed to an US field generated by a standardised US scanner
(Fig. 7B-C). A higher concentration of Doxo and of the equivalent con-
centration of FR-targeted drug-free GNPs was used compared to the
treatment of 2D KB-hFR cell cultures, due to the higher cell density of
the 3D cell spheroids. The combined FDGNPs and US treatment resulted
in a significant decrease in spheroid viability, as determined by ATP-
based metabolic activity, compared to untreated spheroids and spher-
oids treated with US, FGNPs or FDGNPs only (p < 0.01), and the com-
bined treatment with FGNPs and US, 48 h after the treatment (p < 0.05;
Fig. 7C). Moreover, the combined treatment with drug-free FGNPs and
US significantly decreased the cell viability of KB-hFR spheroids
compared to the other treatments, albeit to a lesser extent than the
combined treatment with FDGNPs and US (Fig. 7C).

Notably, the US setup based on a standardised US scanner (Fig. 7B-C)

Table 1
US field parameters.
Device Peak Positive Pressure ISPTA (W/ Mechanical
(MPa) cm?) Index
2D cell 0.26 0.11 0.22
cultures
3D cell 1.33 0.26 0.44
cultures

was able to generate the required amount of energy in 3D cultures to
replicate the results obtained with a custom-built device in 2D cell
cultures (Fig. 5A).

4. Discussion

FDGNPs have been designed to enhance the site-specific anticancer
activity of doxorubicin through a combined approach. This involves
targeting FR-positive cancer cells using folic acid conjugation, as well as
achieving controlled doxorubicin release and ROS production at the
tumour site upon US exposure by combining pH-sensitive and US-
triggerable moieties. FDGNPs display high selectivity for FR-
overexpressing cells and exhibit time-dependent cell uptake (Fig. 2).
This could lead to improved clinical outcomes with reduced off-target
side effects. Conjugation of Doxo to GNPs via a pH-sensitive linker en-
ables drug release under acidic endosomal conditions, thereby pre-
venting systemic toxicity. In contrast, the unformulated drug is
indiscriminately taken up by cells and localises in the cell nucleus
(Figs. 3 and 4). It is worth mentioning that GNPs can be cleared from the
body via the hepatobiliary system, thereby preventing accumulation-
associated toxicity [35-37].

Activation of the system using US was found to significantly enhance
its cytotoxicity, reducing cancer cell viability by approximately 70 %
72 h after treatment (Fig. 5A). As previously reported [19], ROS pro-
duction due to GNP US triggering exploits the unique property of GNPs
to absorb US energy, resulting in local heating [38] and/or inducing
ROS production in the so-called sonodynamic effect [19,39]. This
effectively results in cell destruction in the targeted areas, with the
induced cytotoxicity primarily correlating to an increase in necrotic
cancer cell death (Fig. 5C-D). Notably, when the data are analysed
collectively, it should be noted that the decrease in cancer cell
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Fig. 7. Effect of US treatment on the viability of FDGNP pre-incubated KB-hFR spheroids. The spheroids were pre-incubated with FDGNPs equivalent to a 4 pM
concentration of Doxo for 24 h, and then exposed to US (1.7 MHz, 0.26 W/cmz, 50 %, for 5 min). A simplified scheme of the US setup (A) and a representative US
scanning image of a well containing a KB-hFR spheroid during US exposure (B). Cell viability was investigated 48 h after the treatment using an ATP assay (C). Data
are shown as mean + standard deviation (n = 3). Statistical significance versus untreated cells (Ctrl) *p < 0.05, **p < 0.01; cells treated with US only °p < 0.05,
°°p < 0.01; cells treated with FGNPs or FDGNPs only #p < 0.05, ##p < 0.01, and cells treated with FGNPs and US $p < 0.05.

proliferation was attributed to US-induced ROS production by both
GNPs and Doxo, which confirms previous results that highlight the US
responsiveness of doxorubicin [21]. Additionally, the intracellular
localisation of the different US-responsive agents, i.e. GNPs and Doxo,
revealed that, surprisingly, enhanced Doxo release from the GNPs
cannot be excluded after US exposure, as demonstrated by imaging
analysis showing increased drug accumulation in the cell nuclei
compared to the cells not exposed to US (Fig. 6).

Recently, Hornsby et al. developed a kinetic model to study the
release of doxorubicin adsorbed onto GNPs through non-covalent elec-
trostatic and hydrophobic interactions upon US exposure. This model
highlights the significant effect of US on drug dissociation from the GNP
surface, primarily driven by acoustic radiation force [40]. Moreover, a
multiphysics model was developed and validated using an ex vivo model
to predict the threshold for doxorubicin release from GNPs when
exposed to US [41]. However, the doxorubicin-loaded GNPs used by
Hornsby et al. [40,41], exhibited limited cancer selectivity and quite
rapid uncontrolled drug release, even in the absence of external stimuli,
in contrast to the system reported in the present work.

The novelty of FDGNPs described in the present study lies in the
integration of targeting agents with a pH- and US-controlled release
mechanism of anticancer drugs chemically conjugated to GNPs and ROS
production, whose interplay results in a uniquely enhanced therapeutic
effect while ensuring low off-target drug release. Consequently, the risk
of cytotoxic drug leakage from the nanocarrier and the damage to
healthy tissues are minimised by the controlled-release mechanism of
the FDGNPs, which is inactive at physiological pH. In the literature,
another interesting US triggerable drug-free GNP hybrid system has
been reported. In this formulation, GNPs were combined with per-
fluorohexane and cetuximab, a chimeric monoclonal antibody that
selectively inhibits the epidermal growth factor receptor (EGFR), as
targeting moiety [42]. It is worth noting that the FDGNP formulation
described in the present work uses folic acid conjugation to overcome
the potential drawbacks associated with monoclonal antibodies, such as
their high cost and possible immunogenicity, while also incorporating a
chemically conjugated anticancer drug designed for acid pH- and US
triggered release.

Moreover, it cannot be ruled out that the increased US-mediated
cytotoxicity observed following exposure to US after FDGNP treatment
is due to the combined effect of the significant increase in ROS caused by
GNPs and Doxo activation by US exposure (Fig. 5), as well as enhanced
intracellular Doxo release (Fig. 6). This means that the localised US-
induced ROS generation could have an additive effect to the cytotoxic
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activity of the chemotherapeutic drug, making it a powerful combina-
tion for treating solid tumours. The observed US-mediated cytotoxicity
of FDGNPs, together with the greater increase in US-mediated ROS
generation, confirms the ability of FDGNPs to act as a nano-
sonosensitiser, eliciting sonodynamic activity [19,43]. In a previous
work [19], we observed that folate-PEG-decorated GNPs could induce
significant ROS production under US exposure, in the same in vitro cell
model. In that study, ROS production depended on the US energy used
and the density of particles present in the cells. Furthermore, a different
probe was used to quantify ROS generation compared to in this study,
thereby reinforcing the US-mediated ROS generation highlighted
herein.

These results were confirmed by using a standardised US scanner on
KB-hFR spheroids to obtain an US field capable of translating in 3D cell
cultures the biological effects obtained in 2D cell cultures (Fig. 7).
Indeed, the treatment with the standardised US scanner significantly
reduced the viability of FDGNP-treated spheroids by around 45 %. It is
worth emphasising that the standardised US scanner can localise the
target through imaging and trigger a sonodynamic effect in a more
complex in vitro cancer model that more closely mimics cancer tissue (i.
e., spheroids). These findings validate the design of our nanoplatform
and provide robust proof-of-concept that properly standardised US
systems have the potential to activate responsive agents (i.e., sono-
sensitisers) in more realistic in vivo tumour models. This can be ach-
ieved by selecting specific US modalities that are already available and
adopted for diagnostic purpose (i.e., US imaging). This overcomes a
long-standing limitation in the field: variability in acoustic exposure and
lack of comparability between studies.

Finally, while this study primarily focused on the therapeutic effects,
the theranostic potential of GNPs is also noteworthy. Their strong op-
tical and acoustic properties make them suitable for real-time imaging
techniques, such as photoacoustic imaging or surface-enhanced Raman
spectroscopy (SERS), which enable simultaneous treatment monitoring
[44,45]. Future work should explore how commercial US platforms may
facilitate such theranostic applications.

5. Conclusion

Gold nanoparticles can be engineered to exploit active targeting,
stimuli-responsive drug delivery, and sonosensitising properties
enabling precise, US-guided cancer treatment. Our results demonstrate
that FDGNPs: i) selectively target FR-overexpressing cancer cells, ii)
efficiently deliver doxorubicin with spatial control in both 2D and 3D



F. Foglietta et al.

cancer cell models, depending on the pH environment and US exposure,
and iii) significantly increase the cytotoxicity of doxorubicin through the
generation of ROS by US exposure. Moreover, we show that a stand-
ardised US scanner can be used to effectively activate a sonodynamic
nanoplatform in 3D cancer spheroids.

This significant advancement bridges the gap between preclinical
research and in vivo applicability, offering a translatable, reproducible,
and scalable approach to US-based cancer therapy. Indeed, by inte-
grating a standardised US device into the experimental pipeline, our
work sets the foundation for future in vivo studies, bringing us closer to a
new generation of US-guided, non-invasive, and highly selective cancer
treatments.
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