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Endometriosis is a chronic gynecologic disease that needs newer and safer treatments. The proposed

work aims to develop a hanosystem based on gold nanoparticles (AuNPs) to actively target human endo-

metriosis CD44(+) cells and significantly reduce their viability by photothermal therapy (PTT). AuNPs

stabilized by lipoic acid-Poly(ethylene glycol)-Maleimide (LA-PEG-Mal) (Au@P) were decorated with

antiCD44 antibodies (Au@P_AbCD44) through maleimide chemistry. The physicochemical and biochemi-

cal approaches revealed the presence of the antibody on Au@P_AbCD44. The in vitro studies were con-

ducted against overexpressing CD44 cells (127), low-expressing CD44 cells (HESC), and the normal fibro-

blast cell line (NIH-3T3). Following the internalization through the clathrin-mediated endocytosis, the PTT

of the cell-internalized Au@P_AbCD44 was investigated using two distinct laser types, due to the differing
Au@P's LSPR properties. Au@P_AbCD44 exhibited significant PTT efficacy against 12Z cells; however,
GNS@P_AbCD44 required lower energy input compared to GNP@P_AbCD44. This enhanced perform-
ance is attributed to the LSPR-mediated photothermal conversion efficiency of GNS over GNPs.In both
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1. Introduction

Endometriosis is an estrogen-sensitive disorder that leads to
pelvic pain and infertility, impacting women and girls of repro-
ductive age, with an occurrence rate between 6% and 10%.
However, it may also be diagnosed during menopause."?
Currently, the etiology of the disease remains unclear®* as
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cases, the apoptotic pathway was selected by dying cells over necrotic cells. The results revealed a better
photothermal ability of GNS@P_AbCD44 compared to GNP@P_AbCD44. Our findings highlight the clini-
cal potential of gold nanostars as advanced photosensitizers for targeted photothermal therapy, offering
a promising strategy for more effective and less invasive treatment of endometriosis.

several molecular pathways are involved in the development of
endometriosis: hormonal signaling, microenvironmental
changes and abnormal immunological activity.” The evidence
indicates that CD44 expression was observed in epithelial and
stromal menstrual endometrial cells in women with endome-
triosis. It was postulated that this could be responsible for the
increased binding capacity to peritoneal cells.*” CD44 is a
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transmembrane glycoprotein involved in cellular adhesion,
leukocyte activation, and cell migration.® It is also involved in
the interaction between other extracellular matrix components
such as collagens, fibronectin, cytokines, chemokines, growth
factors and metalloproteinases.® Due to the variability in the
location and appearance of endometriotic lesions, diagnostic
methods such as laparoscopy, transvaginal ultrasound (TVUS),
and magnetic resonance imaging (MRI)°® are insufficient, often
resulting in diagnostic delays or misdiagnosis.'® Furthermore,
current treatment options, including pharmacological and sur-
gical interventions, may alleviate symptoms but do not provide
a permanent cure.'"' Drug therapy is symptomatic, while
surgery is associated with high recurrence rates.'” In addition,
in the case of ovarian endometriomas, there is concern about
the risk of damage to the ovarian reserve."?

In light of the limited therapeutic approaches currently avail-
able, research has been directed towards the potential of nano-
technology. Engineered delivery systems based on gold nano-
particles (AuNPs) demonstrate a high degree of versatility and
potential for a wide range of applications including drug deliv-
ery and photothermal therapy (PTT).!* PTT is a non-invasive
methodology with significant potential to improve the treat-
ment of a range of diseases. It offers numerous advantages,
including reduced costs, fewer adverse effects and a wavelength
suitable for biological applications. The effectiveness of the
therapy has been enhanced by combining nanotechnology with
PTT."™'® Nanomaterials have been used as photosynthetic
agents,'” capable of converting light into heat and consequently
increasing the local temperature (up to 40 °C) to decrease cell
viability.'”'® In clinical practice, PTT is employed in a variety of
applications, contingent upon the specific location, depth, and
stage of the disease.'® AuNPs have emerged as the most preva-
lent nanomaterial utilized in PTT over the past few decades.>™>

The use of AuNPs is largely influenced by their size and
shape, which can be regulated through different fabrication
techniques.**°

The tunable gold properties facilitate the synthesis of nano-
particles with the desired shape and specific size, which results
in a shift in plasmonic resonance from 520 to 800-1200 nm."”
Spherical AuNPs (GNP) have received the greatest interest due to
the ease with which such structures can be synthesized,** while
nanostars, which originate from a spherical core, have recently
gained much more attention due to their circular structure with
protruding, pointed branches. Gold nanostars (GNS) have per-
mitted advances in imaging and treatment due to their aniso-
tropic architecture, which allows them to be used as contrast
agents with significant signal enhancement and as photother-
mal agents with increased conversion of light to heat.*"*?
Despite these promising applications, they failed to progress
into the clinic due to the significant accumulation in organs
such as the spleen and liver, which may lead to cytotoxic
effects.>® Unfortunately, to date, several mechanisms involved
in mononuclear phagocytic system (MPS) organ uptake, long-
term toxicity and in vivo clearance are still unknown.>*

One of the key aspects of AuNPs is the optical phenomenon
produced by the oscillation of free charges on the surface of
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them affected by specific light incident on the gold surface,
called Localized Surface Plasmon Resonance (LSPR).'® The
LSPR effect depends on the size and shape of AuNPs, thus
giving the nanostructures a unique optical tuning and high
photothermal conversion efficiency.>>” It is essential that the
use of lasers with varying wavelengths be contingent upon the
specific LSPR properties of the nanoparticles employed. More
specifically, the use of nanostars is enhanced by the employ-
ment of an 800 nm wavelength laser, which is able to penetrate
into the deepest regions of the tissue,®*° while nanospheres
require a laser at 532 nm, a limiting factor for penetration.
Indeed, the absorption coefficient of blood at 532 nm is
exceedingly high, which precludes the use of lasers to irradiate
deep tissue.>**"*?> To overcome this limitation, other
approaches must be exploited, such as the in situ irradiation
through optical fiber.**

The objective of the presented study is to develop a novel
nanosystem based on gold nanoparticles to actively target
human CD44(+) endometriosis cells and significantly reduce
their viability by photothermal therapy (PTT).

To this end, a biocompatible LA-PEG-Mal was employed to
stabilize AuNPs of two different shapes (spheres and stars),
decorated with an antiCD44 antibody (Au@P_AbCD44), whose
hydrodynamic diameter was suitable for cellular uptake. In
this study, the impact of Au@P_AbCD44 on interactions with
three distinct cell lines was subjected to a comprehensive
examination.

The cell lines included 12Z cells***® with CD44 over-
expression, HESC*"*® with low CD44 expression, and
NIH-3T3"” as an internal control. The viability of cells, receptor
recognition, uptake mechanisms, and internal localization of
all nanoparticles were examined, respectively. The PTT effect
of cell-internalized Au@P_AbCD44 was finally investigated and
compared using specific laser types in all three cell lines, with
an evaluation of the rate of apoptotic and necrotic cells.

2. Results and discussion

2.1. Physicochemical and biochemical characterization of
Au@P and Au@P_AbCD44

Endometriosis is a chronic gynecological condition with no
definitive or fully effective therapy currently available. In this
work, a new therapeutic strategy was developed for endome-
triosis treatment using photothermal effects mediated by
different laser irradiation conditions.

First, the synthesis of spherical and star-shaped nano-
particles (GNP@P_AbCD44, and GNS@P_AbCD44) was con-
ducted in accordance with the synthetic strategy depicted in
Scheme 1. This approach enabled the generation of highly
stable and fully reproducible nanoparticles through the use of
maleimide chemistry.*®

Following the pegylation procedure, transmission electron
microscopy (TEM) observations of the GNP@P and GNS@P
complexes revealed the presence of monodispersed nano-
particles, displaying a spherical or star-shaped morphology

Biomater. Sci, 2025, 13, 5164-5183 | 5165
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Scheme 1 Schematic representation of Au@P_AbCD44 synthesis. (A) Enrichment of the antiCD44 Ab with thiol group through Traut reagent; (B)
Maleimide (Mal) Pegilated (PEG) GNP@P and GNS@P functionalized with the thiolated antiCD44 Ab to produce GNP@P_AbD44 and GNS@P_AbD44,

respectively.

with a core dimension of approximately 30 nm and 35 nm,
respectively (Fig. S1A and B). The pegylation process consists
in the addition of PEG ie. hydrophilic polymers on nano-
particles surfaces. It is crucial in protecting them from various
dynamic degradation mechanisms. The presence of PEG
allows the nanoparticles to remain in circulation for a longer
time, avoiding cellular opsonization due to the repulsion of
plasma proteins.**™>"

As illustrated in Fig. 1A and B, the UV-vis absorption
spectra of GNP@P and GNS@P exhibited a broad LSPR with a
maximum at approximately 520 nm and 808 nm, respectively.
This phenomenon can be attributed to the distinct spatial
structures of GNPs and GNSs.”> >

In order to improve antibody conjugation, reactions invol-
ving a 25-fold excess of Traut’s reagent, conducted for a period
of 16 hours, yielded a mean concentration of 0.67 + 0.08 mM
thiol groups on the antiCD44 antibody. This resulted in the
presence of 2 sulfhydryl groups per antibody. As evidenced by
many authors in the literature, the use of this reagent leads to
the addition of SH groups on a whole antibody and favors
interaction with the maleimide groups.’®>® The addition of
the sulfhydryl groups on the antibody depends on the use of
different incubation times and different amounts of Traut’s
reagent.”® For the antibody conjugation, one to two thiol
groups would be ideal, since it ensures an efficient reaction
while preserving the immunoreactivity of the antibody.®>°*

The proposed data were therefore in agreement with the
work reported by Etienne van Bracht et al.,>® where they show

5166 | Biomater. Sci,, 2025, 13, 5164-5183

that using the 25-fold excess concentration of the reagent, the
ideal number of thiol groups can be obtained.

While numerous articles in the literature have employed
surface modification of gold nanoparticles with hyaluronic
acid (HA),*>"®” antibodies represent an intriguing platform.
This choice was primarily driven by the advantages offered by
antibodies, which represent a promising platform due to their
ability to enhance therapeutic efficacy at the target site, mini-
mize off-target effects, facilitate cellular internalization, and
improve delivery to specific tissues.®®®® These features contrib-
ute to increased selectivity, reduced toxicity, and improved sen-
sitivity. Furthermore, the antibody-based approach enables
more controlled and consistent surface functionalization and
facilitates the quantification of receptor-mediated interactions,
which is crucial for mechanistic studies.®®® Although HA also
binds to CD44, as a natural ligand it exhibits lower binding
specificity and is more prone to enzymatic degradation. These
limitations could compromise both the targeting efficiency
and the stability of the nanoparticle system. For these reasons,
we selected the antibody-based strategy as a more robust and
precise approach for our targeted delivery platform.®®®°

Before conjugating the nanoparticles, the best AuNPs/anti-
body ratio was studied, considering the GNP@P and GNS@P
(Fig. S3).

Three different ratios of AuNPs and antibody (1:1, 1:2 and
1:3) were analyzed and the results were evaluated by DLS, zeta
potential, UV-vis, dot blot and BCA assay (Fig. S3). Ata 1:1
ratio (AuNP : Ab), no significant changes in hydrodynamic size,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Physicochemical characterization of Au@P_AbCD44. Absorbance spectrum of (A) GNP@P; GNP@P_AbCD44 and (B) GNS@P,

GNS@P_AbCD44 by UV-Vis spectrophotometer. The inset indicates the peak magnification. DLS and Zeta potential of (C) GNP@P; GNP@P_AbCD44
and (D) GNS@P, GNS@P_AbCD44, respectively. (E) CD of free AbCD44 and GNP@P_AbCD44 and (F) SERS of free AbCD44 and GNS@P_AbCD44.

surface charge, or localized surface plasmon resonance (LSPR)
were observed compared to Au@P. Additionally, the dot blot
did not reveal the presence of antibody, and the BCA assay
confirmed negligible protein binding, indicating inefficient
conjugation.

In contrast, in the ratio 1:3 the conjugates exhibited a
markedly increased size and surface charge, along with an
exceptionally high conjugation efficiency (>85%) as measured
by BCA assay with the absence of a significant redshift in the
plasmonic peak. Together this data suggests that the anti-
bodies may be densely packed and randomly oriented on the
nanoparticle surface, potentially reducing the accessibility of
their antigen-binding sites. This indicates that excessive
surface coverage may compromise the functional orientation
and targeting efficiency of the conjugates.”®”*

An optimal balance was achieved at a 1:2 ratio, which pro-
vided moderate size increase, stable surface charge, and con-
sistent antibody detection by both dot blot and BCA assay.
This conjugation protocol was therefore selected for further

This journal is © The Royal Society of Chemistry 2025

experiments and applied to both gold nanospheres (GNPs)
and gold nanostars (GNS).

Following the conjugation of antibodies to the GNP@P and
GNS@P, a red shift was observed in the respective bands, with
wavelengths of 522 nm and 818 nm being recorded (Fig. 1A
and B). The slight transition between unconjugated and conju-
gated nanoparticles has been previously documented in the
scientific literature. For spherical nanoparticles, the shift
between unconjugated and conjugated with different anti-

53,72 Whereas in the case of star-

bodies is normally 2-3 nm.
a greater discrepancy in the shifts
between unconjugated and conjugated can be observed, prob-
ably attributable to shape differences.’*”> To confirm the suc-
cessful conjugation of the antibody onto the GNP@P and
GNS@P surfaces, the size and charge of the nanosystem were
evaluated using dynamic light scattering (DLS) and zeta poten-
tial techniques. In Fig. 1C and D are reported the mean hydro-
dynamic diameter and zeta potential for all samples. The size

shaped nanoparticles,

of the particles and the zeta potential are essential parameters

Biomater. Sci, 2025, 13, 5164-5183 | 5167


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm00701a

Open Access Article. Published on 28 2568. Downloaded on 30/1/2569 15:47:35.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

for evaluating whether the conjugated antibody is present or
absent.”?> The DLS analysis revealed that the resulting
GNP@P_AbCD44 and GNS@P_AbCD44 exhibited an increased
hydrodynamic diameter of 16.6 nm and 19 nm, respectively, in
comparison to the GNP@P and GNS@P alone (Fig. 1C and D).
The findings align with the existing literature, substantiating
the binding between both types of nanoparticles and the CD44
antibody.>>7>77>

To validate the successfully conjugation, the zeta potentials
(in Fig. 1C and D) indicated a slight but non-significant vari-
ation for both GNP@P and GNP@P_AbCD44, as well as for
GNS@P and GNS@P_AbCD44.”* In addition to assessing the
physicochemical properties of all nanoparticle formulations
tested, the effectiveness of the conjugation reaction was also
evaluated. The antiCD44 antibody was conjugated to the
GNP@P at an efficiency of 68.75% =+ 3.78. In contrast, the con-
jugation efficiency to the GNS@P was found to be 58.53% =
8.63 These results, obtained by BCA assay, indicated that the
two different shape of gold nanoparticles involved in the work
significantly influences their interaction with targeting mole-
cules. To date, size and shape of the AuNPs play an important
role in conjugation efficiency as previously reported.’” The
presence of the antibody was additionally verified through
SDS-electrophoresis and as spots on the nitrocellulose mem-
brane with dot blot assay (Fig. S2A and B). Furthermore, circu-
lar dichroism substantiates the presence of the antibody and
additionally confirms that the antibody structure remained
intact following binding (Fig. 1E), with o-helices displaying
prominent positive bands in the range of 191-193 nm and
negative peaks around 208-222 nm, while p-sheets show a
strong positive band between 195-200 nm and a broad nega-
tive trough at 216-218 nm.”® It was not feasible to corroborate
this finding with GNS@P_AbCD44, given that the star-shaped
configuration of GNS@P hinders the interpretation of the data
by the instrument (data not shown). In fact, one of the chal-
lenges in characterizing GNS regards their asymmetry and irre-
gular shape.””””®

To further investigate the binding between the antibody
and GNS@P, surface-enhanced Raman scattering (SERS) was
exploited (Fig. 1F). The huge enhancement of the Raman scat-
tered light occurs upon the excitation of the localized surface
plasmon resonances (LSPR), which are typically generated in
noble metals nanostructures. Gold nanostars are among the
most efficient plasmonic materials for SERS applications,
enabling even single-particle detection.”®®° To gain insight on
the interaction involving the antibody and the gold nanostars,
Raman and SERS measurements were performed on the solid
Ab extracted, and the solid GNS@P_AbCD44. It is well known
that Raman responses of antibodies are highly heterogeneous
due to different interfering signals with overlapping peaks,
leading to a not trivial interpretation of the data.® Fig. 1F
shows the most recurrent Raman spectrum of Ab, which is
dominated by two intense Raman bands at 871 and 986 cm™,
the latter with a broadened shoulder at the higher energies. In
this energy region some Raman modes from the secondary
structure of the antibody and the hydrogen bonding state of

5168 | Biomater. Sci, 2025, 13, 5164-5183
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d. Other weaker features are
~1, attributed to di-
~1ie.,

tyrosine have been observe
observed, particularly between 500-550 cm
sulfide conformations and in the region above 1400 cm
the amide I region.

The Raman heterogeneity typical of antibodies is further
enhanced by intrinsic fluctuations due to the SERS effect.®?
But it has been possible to isolate the SERS spectrum from
GNS@P_AbCD44 with similar Raman signature with respect to
those observed in AbCD44. The spectrum is reported in
Fig. 1F, in the inset the region where the most intense Raman
modes fall is enlarged. It is very important to focus on the
peak energies in this region; Indeed, the observed modes at
871 and 986 cm™' in the Ab sample, in the GNS@P_AbCD44
are now centered at 886 and 960 cm™', respectively. This
clearly indicates that the vibrations responsible for these
signals are strongly perturbed by the enhanced electromag-
netic fields acting during the SERS effect. This is in turn evi-
dence of the interaction between antibodies and gold
nanostructures.

Ultimately, both GNP@P_AbCD44 and GNS@P_AbCD44
exhibited stability in bidistillated H,O for up to 28 days (ana-
lysis performed every 7 days) at 4 °C (Fig. S3), as well as in
complete medium following measurements taken at 0 and
4 hours of incubation at 37 °C (data not shown). The results of
the UV-vis analysis, DLS, and zeta potential measurements
confirmed the stability of the samples, as indicated by the
maintenance of a constant LSPR, hydrodynamic diameter, and
charge.

2.2. Invitro Au@P_AbCD44 targeting and uptake evaluation
in endometriotic cells

In order to conduct the experimental procedures with both
shape of antibody-conjugated nanosystems, Au@P_AbCD44, it
was essential to select an appropriate cell model and evaluate
the CD44 expression. To assess the expression of CD44 in 127,
HESC and NIH-3T3, confocal laser scanning microscopy
(CLSM), dot blot, and flow cytometry were employed (Fig. S5).
As a result, the 12Z cell line,***> which is derived from human
endometriotic epithelial tissue, exhibited a significantly heigh-
tened expression of CD44 compared to the HESC and NIH-3T3
cell types. HESC,"**® a human cell line derived from stromal
endometrial tissue with myomas, expresses a low level of
CD44, and NIH-3T3," a murine fibroblast cell line is com-
monly used as a health cell model. To substantiate the hypoth-
esis that Au@P_AbCD44 exhibits a selective effect toward the
CD44 receptor, 12Z cell line was selected as the target cell
model for further investigation, in addition to HESC and
NIH-3T3 were included for comparative analysis. Thereafter, to
assess cell viability, a dose-dependence experiment was con-
ducted, in which Au@P (Fig. S5A) or Au@P_AbCD44 (Fig. 2A
and B) were added to each cell type and incubated for 24 h
and 72 h, respectively. The 24 pg mL™" (both for Au@P and
Au@P_AbCD44) concentration was identified as the highest
concentration that was biocompatible for use in the sub-
sequent experiment. In detail, the dose-dependence data of
Au@P_AbCD44 indicate a slight reduction in viability in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Dose-dependent effects of Au@P_AbCD44 on cells viability. 12Z, HESC and NIH-3T3 cells were incubated with different concentrations of
(A) GNP@P_AbCD44 and (B) GNS@P_AbCD44 (0-24 pg mL™) respectively. Cell viability was performed at two time points: 24 h and 72 h, respect-
ively. Test groups were compared to untreated cells (CTRL). Data are represented as mean + standard deviation. *p < 0.05; **p < 0.01, ***p < 0.001

(n = 3).

127 cells when compared to the other two cell types (Fig. 2). In
alignment with these findings, Kumar et al.®* demonstrated
that the viability of cells decreased in proportion to the quan-
tity of gold. Specifically, 25 ug mL™" of gold nanoparticles
demonstrated the capacity to reduce the viability of ovarian
cells by approximately 20% following a 24-hour incubation
period. Additionally, Chueh et al,*> demonstrated that the
reduction of viability is significantly influenced by the gold
content®>®’

The green fluorescent signals obtained by CLSM were
observed exclusively in the 12Z cells, in contrast to the HESC
and NIH-3T3 cells. Subsequent assessments were conducted
using flow cytometry (Fig. 3A and B). The free antibody demon-
strated a higher capacity for recognizing the CD44 cellular
receptor compared to the gold nanoparticle conjugated anti-
body. Additionally, the images obtained by flow cytometry
indicated that the differently shaped Au@P_AbCD44 exhibited
a “spot”-like recognition pattern, unlike the antibody alone,
which displayed a circular pattern. No differences in reco-
gnition between the two shapes were found.

This discrepancy is likely attributed to the reduced binding
efficiency of the gold nanoparticle conjugated antibody. It may
be that the antibody conjugated to the nanoparticles induces a

This journal is © The Royal Society of Chemistry 2025

greater affinity of the receptors at the membrane level and
thus promotes an earlier internalization of the conjugated
antibody.?®%°

In addition to the effective conjugation of antibodies to
gold nanoparticles and cell receptor recognition, ensuring
the efficient uptake of nanovectors by cells®® is of critical
importance for the optimal therapeutic outcomes of the plat-
form for PTT.*®°' In the proposed study, the direct inter-
action between Au@P_AbCD44 and the CD44 receptor over-
expressed by endometriotic cells was compared to unconju-
gated Au@P (Fig. 4 and S6). To illustrate the internalization
of the CD44 receptor-mediated nanocarrier in pathological
cells, 12Z, HESC, and NIH-3T3 cells were treated with uncon-
jugated GNP@P and GNS@P (Fig. S6B and C), and with anti-
bodies conjugated with both types of gold nanoparticles,
GNP@P_AbCD44, and GNS@P_AbCD44, for 24 h at 37 °C
(Fig. 4). The 24 h timepoint was selected based on dose-
dependent viability data, which indicated lower toxicity com-
pared to 72 h. The rapid internalization of nanoparticles in
127 after 24 h cells was selectively achieved with both
GNP@P_AbCD44 and GNS@P_AbCD44 (12 pg mL™"), as evi-
denced by the presence of a yellow scattering signal obtained
by CLSM (Fig. 4A).
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By comparison, GNP@P_AbCD44 and GNS@P_AbCD44
were not internalized by the other two cell types within
24 hours of incubation. These findings suggest that the pres-
ence of a CD44-specific antibody on the surface of both
GNP@P and GNS@P is a prerequisite for cellular internaliz-
ation.”” To corroborate these findings, a quantitative analysis
by ICP-MS was conducted, demonstrating that the uptake and
efficiency were significantly higher in 12Z cells (around 12%)
(Fig. 4B) compared to less than 5% in HESC and NIH-3T3
cells. The same analyses were conducted with both unconju-
gated GNP@P and GNS@P (12 pg mL™') (Fig. S6B and C),
demonstrating minimal internalization by CLSM (yellow
signal) (Fig. S6B) and an uptake efficiency of less than 1% by
ICP MS (Fig. S6C). Following the confirmation that both
shaped types of Au@P_AbCD44 were solely internalized by the
127 cell line, further detailed experiments were conducted to
gain greater insight into the process (Fig. 5A and B). Firstly,
TEM was employed to visualize GNP@P_AbCD44 and
GNS@P_AbCD44 within cellular organelles and intercellular
spaces, taking into account their high electron density
(Fig. 5A). In TEM images, GNP@P_AbCD44 was observed as
small dots, while GNS@P_AbCD44 was seen as small stars
with four peaks. In higher magnification images, the localiz-
ation of GNP@P_AbCD44 and GNS@P_AbCD44 within 12Z
cells could be visualized with clarity. Both GNP@P_AbCD44
and GNS@P_AbCD44 were observed to localize within vesicles,
in line with the results proposed by several groups.”*
(Fig. 5A). Furthermore, the impact of a double concentration
(24 pg mL™") of both GNP@P_AbCD44 and GNS@P_AbCD44
on cell internalization was also assessed (Fig. 5B). The results
indicated that a double concentration of conjugated gold

N /\‘)/,
P@P_AbC

Y

Fig. 5

View Article Online
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nanoparticles could facilitate internalization, suggesting that
this concentration may be biocompatible and enhance uptake
efficiency.

To elucidate the endocytic pathway responsible for the intern-
alization of both GNP@P_AbCD44 and GNS@P_AbCD44 by
target cells 127, three different endocytic pathway inhibitors
were tested (Fig. 6A and B). Amiloride was selected as a macro-
pinocytosis inhibitor,’® while chlorpromazine was utilized as
a clathrin-mediated endocytosis inhibitor (receptor-dependent
mechanism).”” Indomethacin was employed as an inhibitor of
caveolae-mediated endocytosis.”® The efficacy of the inhibitors
was evaluated on an individual basis. The concurrent incubation
of cells with each type of differently shaped Au@P_AbCD44 and
chlorpromazine resulted in a significant inhibition of gold nano-
system uptake in 12Z cells, with an 80% reduction compared to
control cells (cells treated with GNP@P_AbCD44 or
GNS@P_AbCD44 but not with the inhibitors). In contrast, the
concomitant administration of amiloride and indomethacin
resulted in a 35% reduction in the uptake of both types of
GNP@P_AbCD44 and GNS@P_AbCD44, as illustrated in Fig. 6A.
CLSM images (Fig. 6B) corroborated these findings, exhibiting a
pronounced scattering distribution in amiloride and indometha-
cin samples that differed from the ones treated with chlorproma-
zine. In the absence of data regarding endometriosis, a previous
study observed that nanovectors capable of binding to CD44
underwent endocytosis in CD44-overexpressing cells, largely
through a receptor-facilitated mechanism.”®

Our findings supported those of previous studies, indicat-
ing that the delivery of monoclonal antibodies via AuNPs to
their corresponding cell membrane receptors is an efficacy-
enhancing approach.
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Internalization of Au@P_CD44 in endometriotic target cell lines 12Z. (A) TEM images of 127 cell incubated for 24 h with GNP@P_AbCD44

and GNS@P_AbCD44, each respectively at 24 ug mL™™. (N: Nucleus; M: Mitochondria; ER: Endoplasmic reticulum; Black arrows: Vesicles containing
the AuNPs). Scale bars: 1 pm, 1 pm, 200 nm, 200 nm. (B) ICP-MS data of Au@P_AbCD44 cells internalization with two different concentrations (12 pg
mL~* and 24 ug mL™Y). The percentage is calculated as described in materials and methods section. Data are represented as mean + standard devi-

ation. *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001 (n = 3).
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bar: 40 ym (n = 3).

2.3. PTT effects on the viability of endometriotic cell-
internalized Au@P_AbCD44 nanoparticles

PTT represents a non-invasive methodology with significant
potential for enhancing recovery times and improving the
treatment of a range of diseases, particularly cancer. It offers
numerous advantages, including reduced costs, fewer adverse
effects, and a wavelength well-suited to biological applications.
The efficacy of the therapy was enhanced by combining nano-
technology with PTT. The nanoparticles were utilized as photo-
synthetic agents, capable of converting light into heat and con-
sequently increasing the local temperature.'”*®°%'°" Degpite
its promising applications, the current literature contains a
limited number of studies investigating the use of PTT in
endometriosis."* %

In this study for the first time, sphere- and star-shaped gold
nanoparticles were employed as photothermal coupling agents
in endometriosis due to their photothermal conversion
efficiency under different laser irradiation conditions.

The initial test conducted on 300 pl of solution was to
quantify the rising temperature of a complete medium dis-
persion of GNP@P and GNS@P under 532 nm and 808 nm
laser irradiation, respectively. The two wavelengths align with
the nanoparticles’ LSPR (Fig. S1C and D). In particular, for
GNP@P exposed to a 532 nm laser, it was necessary to utilize a
complete medium devoid of phenol red, as the medium with

5172 | Biomater. Sci,, 2025, 13, 5164-5183

phenol red alone resulted in a notable elevation in tempera-
ture, due to its absorption peak around 500 nm (Data not
shown). The temperature increase was found to be dependent
on both the concentration of Au@P nanoparticles and the dur-
ation of exposure, reaching a plateau after 15 minutes for both
laser wavelengths.

The objective of this study was to investigate the photother-
mal therapeutic effect of cell-internalized GNP@P_AbCD44 or
GNS@P_ADbCD44 by evaluating the viability of the 12Z, HESC,
and NIH-3T3 cell lines following a laser treatment assay, as
detailed in Fig. 7 and S8. Following the internalization of
CD44-conjugated gold nanoparticles by each cell type, a
specific laser irradiation®*'** was performed at the appropriate
power density (as detailed in the Materials and methods
section) to achieve a maximal reduction in target cells (12Z),
while avoiding interference with control cells (HESC and
NIH-3T3). The laser set-ups were constructed in such a way as
to maintain the environment around the multiwell plate at a
constant temperature of 35 °C-37 °C. This allowed for the
in vitro experiment to be carried out in a manner that simu-
lated an in vivo situation. In general, 12Z cells demonstrated a
significant decline in cell viability following irradiation with
both laser types (Fig. 7B and F). Notably, a lower power is
required to reduce 12Z cell viability using an 808 nm laser
(Fig. 7E) compared to a 532 nm laser (Fig. 7A). Given the
dimensions and configuration of the nanoparticles employed

This journal is © The Royal Society of Chemistry 2025
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GNP@P_AbCD44 and (E, F) GNS@P_AbCD44 and exposed to a 532 nm laser 1 W cm™2 and a laser 808 nm 200 mW cm™3,

respectively. Necrosis/

apoptosis CLSM images of 127 cells treated with (C) GNP@P_AbCD44 and (G) GNS@P_AbCD44 and exposed to a 532 nm laser 1 W cm™2 and a laser
808 nm 200 mW cm™2 (blue: alive; green apoptotic; red necrotic cells). (C and G) Representative quantitative data of the alive, apoptotic and necro-
tic cells in the above images. (D and H) Pie chart representing the percentage of live, apoptotic and necrotic cells treated with (D) GNP@P_AbCD44
and (H) GNS@P_AbCD44 and exposed to a 532 nm laser 1 W cm™2 and a laser 808 nm 200 mW cm™2. Test groups were compared to untreated cells

(CTRL). Data are represented as mean + standard deviation.

in this study, a significant reduction of approximately 50% can
be achieved by irradiating GNP@P_AbCD44 using a 532nm
laser with a power density of 1 W cm™>. In contrast, 200 mW
em~? using an 808 nm laser is sufficient to attain a compar-
able outcome. This result may be explained by considering
that, when the same nanoparticle concentration (expressed as
pg mL™") is used, GNSs light absorption is larger than that of
GNPs, and as a consequence they produce a stronger heating
upon irradiation (Fig. S1). In particular, the results highlight
the need for two different powers, depending on the shapes of
the AuNPs, in order to achieve a temperature increase to
approximately 42-44 °C.

These results collectively indicate that GNP@P_AbCD44
and GNS@P_AbCD44 play a significant role in mediated
photothermal therapy, inducing toxicity to endometriotic cells
while sparing healthy cells (Fig. 7B and F). Moreover, the viabi-
lity of the cells was evaluated at 24- and 48-hours post-laser
exposure to gain insight into their behavior. The data indicate

This journal is © The Royal Society of Chemistry 2025

*p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar: 50 ym (n = 3).

that cell death resulting from laser irradiation occurs over
time, indicating a long-lasting effect (Fig. 7B and F). Following
the demonstration that 12Z cells treated separately with each
type of differently shaped Au@P_AbCD44 exhibited reduced
viability in response to both specific laser treatments, the cell
death pathway was evaluated using a necrosis and apoptosis
kit (Fig. 7C, D, G and H).The observation of 12Z cells incu-
bated with Au@P_AbCD44 but not exposed to laser treatment
revealed that approximately 80% of the cells were viable (in
blue) for both types of differently shaped nanoparticles at the
two designated time points. By incubating 12Z cells with
GNP@P_AbCD44 and GNS@P_AbCD44 and subsequent
exposure to the respective lasers, it was observed that approxi-
mately 30% of the cell population exhibited apoptotic charac-
teristics (visualized in green), while necrotic cells (visualized in
red) accounted for around 7-10% (Fig. 7C, D, G and H). These
findings suggest that cells demonstrate a heightened propen-
sity for undergoing death through apoptosis. The data indicate

Biomater. Sci, 2025, 13, 5164-5183 | 5173
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that the apoptosis rate increases 48 hours after exposure,
which is consistent with the quantitative data presented in
Fig. 7C, D, G and H. As illustrated in Fig. S9, 12Z cells that
were not treated with Au@P_AbCD44 and did not undergo
laser irradiation (untreated) did not exhibit any indications of
cell death. Similarly, 12Z cells that were treated with
Au@P_AbCD44 but not exposed to laser irradiation (laser
treated) did not demonstrate any evidence of cell death.

In conclusion, the internalization of each type of shaped
Au@P_AbCD44 nanoparticles by cells, followed by specific
laser treatment, resulted in a notable increase in the percentage
of apoptotic cells, as well as a concomitant rise in the pro-
portion of dead cells, when compared to the incidence of necro-
sis. To date, laser irradiation energy can be modified to achieve
this goal.”* More specifically, using high-energy irradiation will
result in rapid heating of the nanoparticles with consequent
activation of the cell necrosis pathway. Although this strategy is
effective for the ablation of established tumors, it can also
induce undesirable effects such as loss of plasma membrane
integrity and subsequent release of intracellular elements into
the extracellular milieu."®® In contrast, low-energy PTT triggers
cell apoptosis, which can lead to beneficial immunogenic
responses.'°*'%” During the process of apoptosis, the cell mem-
brane remains intact and signals, such as phosphatidylserine
(PS), are transported into the extracellular portion of the mem-
brane, marking the cell for phagocytosis. Upon encountering
phagocytes, the apoptotic cells undergo a transformation that
inhibits the inflammatory response.'®

This proposed in vitro study demonstrated the potential of
a PTT application utilizing cell-internalized Au@P_CD44 in a
two-dimensional (2D) endometriosis model. Although GNPs
are easy to obtain and bioconjugate, they have a limitation in
photothermal therapy. They do not have LSPR in the NIR
region, but an absorption peak around 500-600 nm."® To date,
it can still be used for other applications such as cellular
imaging,'°®'% biomarker evaluation,''®***> drug release''® or
cutaneous application.>®*' On the other hand, as widely
demonstrated in the literature,"'”''® GNSs respond to NIR
light and thus can be explored for therapies of deep lesions
such as in endometriosis. The findings of the study indicated
that GNS@P_AbCD44 was more effective than
GNP@P_AbCD44 in reducing the viability of endometriosis
cells, as by using lower laser power a similar reduction in viabi-
lity can be achieved. The clinical translation of photothermal
therapies depends critically on the penetration depth and
efficacy of the applied laser wavelength, especially for deep-
seated lesions. While the proposed study focused on cell-based
experiments to establish proof-of-concept and characterize the
nanoparticle platform, it is important to acknowledge the
importance of in-depth tissue penetration studies. It is inter-
esting to highlight that the use of NIR lasers (in the so called
“therapeutic window” 650-950 nm), instead of visible beam,
allows for reduced absorption and scattering by biological
tissues. Additionally, an optical fiber device, based on biocom-
patible materials, for the treatment of deep tissues is under
study. Future work will include in vivo experiments to evaluate

5174 | Biomater. Sci,, 2025, 13, 5164-5183
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the penetration of 808 nm laser light and assess therapeutic
efficacy in more clinically relevant settings. These additional
studies will be essential to validate the translational potential
of our platform.

3. Conclusions

Endometriosis is a disease with an incidence of between 6%
and 10% whose etiology remains unclear.® As evidenced, a
multitude of molecular pathways are implicated in the patho-
genesis of endometriosis,? such as the overexpression of CD44
in menstrual endometrial cells.>”***'?° In light of the lack of
curative therapies for endometriotic lesions, there is a growing
belief in the potential of nanotechnology to enhance treatment
outcomes. For this reason, the proposed study identifies a new
therapeutic strategy for endometriosis treatment exploiting the
potential of gold nanoparticles as an efficacious approach for
selective and targeted phototherapy in endometriosis.
Presently, a considerable number of initiatives have been
undertaken with the objective of obtaining gold nanoparticles
by means of green and safe methodologies.

In this study, two different shapes of gold nanoparticles,
gold nanospheres and gold nanostars, were synthesized and
conjugated to antiCD44, employing LA-PEG-Mal as a stabiliz-
ing agent. The resulting nanovectors were evaluated in vitro for
their potential use in endometriosis photothermal therapy.

The synthesis methodology employed an innovative proto-
col, offering notable advantages in comparison to existing
approaches. Primarily, the exploitation of the maleimide
chemistry ensured the long-term stability of the hybrid nano-
material, which exhibited no cytotoxicity. This was achieved
through the utilization of Au-S soft-soft interactions.'*"'??
Furthermore, the use of an instant reducing reagent (NaBH,)
ensured the production of homogeneously sized and tailored
“on demand” gold nanoparticles by precisely adjusting the
concentration of cCl,. The proposed protocol yielded a nano-
vector that was characterized using physical and biochemical
techniques. The conjugation efficiency was found to be
68.75% + 3.78 for GNP@P_AbCD44 and 58.53% =+ 8.63 for
GNS@P_AbCD44, respectively. Additionally, the nanovector
demonstrated stability for up to 28 days at 4 °C.

The viability and cellular uptake behaviors were investi-
gated in two non-endometriotic cell lines, HESC and NIH-3T3,
and in one endometriotic cell line, 12Z. The results showed
that both Au@P_AbCD44 were biocompatible at a concen-
tration of 24 pg mL™" for all three cell lines. Furthermore, it
was demonstrated that Au@P_AbCD44 (GNP@P_AbCD44 and
GNS@P_AbCD44) exhibited markedly enhanced cellular
internalization in 12Z cells, irrespective of nanoparticle mor-
phology, following the activation of the classical clathrin-
mediated endocytosis. This finding was also confirmed by
TEM images, which revealed the presence of both types of
Au@P_AbCD44 within intracellular vesicles.

Here, for the first time, sphere and star-shaped gold nano-
particles were used as photothermal agents for endometriosis

This journal is © The Royal Society of Chemistry 2025
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treatment.'”'°>  The PTT effect was assessed on
Au@P_AbCD44 internalized by the 12Z cell line, which is a
model of endometriotic cells. The results of the proposed
investigation demonstrated that variations in the shapes of
AuNPs exert a considerable influence on their PTT effects.'”*?
Although both nanoconjugates demonstrated substantial PTT
efficacy in impairing the viability of 12Z cells, solely the
GNS@P_AbCD44 nanoconjugate enabled a reduced energy
output to be delivered to the cells in comparison to
GNP@P_AbCD44. Due to their LSPR characteristic, GNPs
exhibit a lower heating efficiency than GNS under PTT.'®"23 In
fact, two different lasers powers were required to reach a temp-
erature of 42-44 °C depending on the shape of the AuNPs. In
contrast to GNS@P_AbCD44, GNP@P_AbCD44 may not be
considered as the optimal candidates for PTT due to their
limited absorption in the near infrared (NIR) region, which is
an important requisite for this application.”>*"*> GNP@P may
have the potential to be utilized for the development of nano-
systems for the purpose of endometriosis imaging."*™**> The
development/validation of laser devices such as fiber optic
coupled with lasers will facilitate the application of these light-
responsive nanomaterials in deep-seated areas.

In conclusion, the reported results show the way for the
optimization and employment of our findings in future
studies for diagnostic and/or therapeutic purposes in the clini-
cal management of endometriosis. The nanovector can be
administered with existing pharmacological treatments
without compromising their efficacy or safety. Although
current drugs are ineffective, combining them with this treat-
ment could overcome these limitations and improve overall
therapeutic efficacy. Further studies are therefore needed to
validate them in clinical use, however studies on 3D models
and in vivo testing could implement knowledge and confirm
the efficacy of the proposed nanosystem. It is our firm convic-
tion that there is considerable potential for the development
of synergistic phototherapy nanovectors as novel and effica-
cious endometriosis therapeutics platforms.

4. Materials and methods

4.1. Synthesis and pegylation of gold nanoparticles (AuNPs)

AuNPs, sphere and star-shaped, were synthesized by the
Turkevich method as previously described.'**™'?° Briefly, gold
nanospheres (GNPs) were prepared using the citrate reduction
method by adding tetrachloroauric acid trihydrate (HAuCl,)
solution to bidistillated H,O under magnetic stirring. After
boiling, trisodium citrate dihydrate was added. Magnetic stir-
ring was continued under ambient conditions for 2.5 hours at
room temperature (RT). Gold nanostars (GNSs) were prepared
from the GNPs using the seed growth method, which involves
the use of lauryl sulfobetaine (LSB) and GNPs as seed.'”’
Briefly, seed solution was prepared first by addition of HAuCl,
solution to LSB solution. Then, ice cooled sodium borohydride
(NaBH,) solution was added. The mixture was gently hand
shaked and kept in an ice bath. Simultaneously, the growth
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solution was prepared by mixing LSB solution, silver nitrate
(AgNO3), HAuCl, solution and ascorbic acid (AA) solution. The
seed solution was added to the growth solution and gently
hand shaked for a few seconds. Finally, the seed solution was
added, during which the suspension could be observed
turning from pink to purple, blue and grey-blue colloid sus-
pension. At this point, the mixing was stopped. The GNSs and
GNPs were stabilized by grafting a thiolated polyethylene
glycol (HS-PEG) of a high molecular weight on their surface. In
particular, it was employed a lipoic acid-Poly (ethylene glycol)-
Maleimide (LA-PEG-Mal) (MW 5000) (Biopharma PEG, USA),
with a thiol at one end and a maleimide structure on the other
end of the chain. The pegylation process involved the addition
of the thiol PEG (0.1 mg mL™") overnight. Synthesis impurities
and excess of LA-PEG-Mal after coating were removed with
three cycles of ultracentrifugation for 40 min at 10 000g. After
the third centrifugation phase, the pellets were resuspended in
bidistillated H,O, centrifuged again, and then finally resus-
pended in 100 mL bidistillated H,O and stored at 2-8 °C. The
actual Au molar concentration of both colloidal solutions was
measured by oxidizing a small volume with aqua regia and
with inductively coupled plasma optical emission spectroscopy
(ICP-OES) (OPTIMA 3000 PerkinElmer instrument, Italy).
Transmission electron microscopy (TEM) analysis was per-
formed by using a TEM JEM 1200 EX II (JEOL, Peabody, MA,
USA) electron microscope operating at 100 kV. Briefly, 10 pL of
gold GNP@P, GNS@P in bidistillated H,O (20 pg mL™") was
deposed on Parlodion membranes (Fig. S1A and B).

4.2. Antibody conjugation to Au@P

In order to conjugate antibodies to the two different shaped
GNP@P and GNS@P, a sulfhydryl group was introduced on the
antibody that can react with maleimide-modified GNP@P and
GNS@P (Scheme 1). The quantification was performed
immediately after modifying the antibodies to prevent dimeri-
zation by oxidative disulfide bridge formation. The conju-
gation of GNP@P and GNS@P was performed with murine
antiCD44 monoclonal antibody that specifically targets human
tissue (Abcam, UK) and were obtained allowing Maleimide
chemistry coupling techniques.'*® GNP@P and GNS@P were
conjugated to antiCD44 antibodies to act selectively with cells
that overexpress CD44 receptors. Three different ratios of
AuNPs and antibody (1:1, 1:2 and 1: 3) were analyzed though
DLS, zeta potential, UV-vis, dot blot and BCA assay (Fig. S3) to
find out which was the best AuNPs/Ab ratio.

Briefly, 2 mg mL™' of 2-Iminothiolane hydrochloride
(Traut’s reagent-Sigma Aldrich, USA) was dissolved in 2 mM
Ethylenediaminetetraacetic acid (EDTA) phosphate buffered
saline (PBS) 1x pH 8.0 and then diluted 1:10. After, the
desired concentration of Traut’s was added to 50 pg of anti-
body. The solution was brought to a final volume of 500 pl
with 2mM EDTA PBS 1x pH 8.0. Then it was kept in rotation
for 1 h. When the reaction of thiol group’s addition is fin-
ished, the antibody was purified on Amicon Ultra centrifugal
filter devices (Millipore, USA) and then concentrated. To
analyze the effectiveness of the Traut’s Reagent, the amount of
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sulfhydryl (SH) groups added on the antibody was evaluated
with 5,5-Dithiobis(2-nitrobenzoic acid) (Ellman’s reagent-
Sigma Aldrich). The absorbance was measured at 412 nm with
Clariostar™ microplate reader (BMG-Labtech, DE) and it was
transformed into the amount of sulfhydryl (SH) groups based
on the calibration curve of r-cysteine (Sigma-Aldrich).'?'3°
80 pg mL™'of thiolated antibodies were immediately used for
the conjugation reaction to 40 pug mL~' of GNP@P and
GNS@P, previously centrifuged for 40 min at 10 000g at 4 °C.
Conjugation occurred for 16 h in an end-over-end at 4 °C. At
the end of the incubation, the samples were centrifuged for
40 min at 10 000g at 4 °C, the supernatant that contains free
antibody was applied for Bicinchoninic Acid (BCA) assay. The
pellet was resuspended with bidistillated H,O, and two washes
were performed to completely remove the unconjugated anti-
body by centrifuging for 40 min at 10 000g at 4 °C. The super-
natant was removed, and the pellet was resuspended with
bidistillated H,O for further analyses. Hence, as previously
reported by Bloise et al.,”” the theoretical number of anti-
bodies bound to gold nanoparticle ratio (AbCD44/AuNP) could
be determined for GNP@P_AbCD44. Accordingly, AbCD44/
AuNP = 0.67.

4.3. Physicochemical characterization of Au@P and
Au@P_AbCD44

The different shape of Au@P_AbCD44 obtained was character-
ized by UV-Vis spectroscopy (UV-Vis); Dynamic Light Scattering
(DLS); Circular dichroism (CD); and surface-enhanced Raman
scattering (SERS) (Fig. 1).

UV-Vis. UV-Vis absorption spectra were measured using
HJ1908003 (Aurogene, Italy) in the wavelength range of 1
~200-1100 nm at the resolution of 1 nm, using quartz cuv-
ettes. The analyses were carried out using 40 pg mL™" in bidis-
tillated H,O suspension.

DLS. The mean hydrodynamic diameter (Z-average size), and
zeta-potential of Au@P and Au@P_AbCD44 were measured
using a Zetasizer Nano ZS90 Malvern instrument at 25 °C
(Malvern Instruments Ltd, Malvern, UK). The nanoparticle
charges were determined using the same instrument for the
zeta potential measurements. The analyses were carried out as
reported using 40 pg mL ™" nanoparticles aqueous suspensions
prepared using MilliQ H,O. The measurements were con-
ducted in three different times, and the reported values rep-
resent the mean of 10 analysis.

CD. The secondary structure of the AntiCD44 Ab free (20 pg
mL™") and AntiCD44-conjugated gold nanoparticles (20 ug
mL™") were evaluated with CD using the same parameters
adopted by Bloise et al.®”> Briefly, the instrument used was
Jasco J710 spectropolarimeter (Jasco Corp., Japan) at 25 °C
with a 1 cm path-length quartz cell under the following con-
ditions: 300-190 nm spectral range, 2 nm of bandwidth,
200 nm min~" of scan speed and 3 accumulations Data was
processed using 10-point smoothing in Origin 6.0 (OriginLab
Corporation, MA).

SERS. The binding between AntiCD44 Ab free and gold
nanoparticles was evaluated through SERS. Briefly, 40 pg mL™"
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of AntiCD44 Ab free and AntiCD44-conjugated gold nanostars
was lyophilized and placed on a glass slide. SERS measure-
ments were carried out at room temperature (RT) by using an
XploRA Plus HORIBA Scientific spectrometer, coupled with an
Olympus BX43 microscope. The 638 nm laser wavelength was
used to irradiate the system. The samples, mounted on a
motorized xy stage, were tested with a 50x objective leading to
a laser spot of about 2 pm. The resulting spectral resolution
was ~3 cm . The spectra were collected with an integration
time of 30s and a number of accumulations equal to 10.
Different acquisitions were collected in different areas of each
sample.

4.4. Efficiency of antiCD44 antibody conjugation

The conjugation efficiency was evaluated through direct
(Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis-
SDS-PAGE and dot blot assay) and indirect (Bicinchoninic acid
assay — BCA assay) techniques (Fig. S2A and B).

SDS-PAGE. SDS-PAGE was employed to validate the conju-
gation of antiCD44 antibody with GNP@P and GNS@P, using
as a control the AntiCD44 Ab free and GNP@P and GNS@P.
The samples were initially mixed with loading buffer 1x (0.25
M Tris-HCL pH 6.8; 10% sodium dodecyl sulfate (SDS) (w/v),
0.25% bromophenol blue (w/v); 50% glycerol (v/v)) in a redu-
cing condition using Dithiothreitol (DTT-GeneSpin, Italy) and
boiled for 5 min at +100 °C. Each sample was placed on a 12%
polyacrylamide. To accomplish gel separation, samples were
electrophoresed using Tris—glycine-SDS running buffers.
Subsequently, the protein concentrations were assessed by
treating the gels in a Coomassie Brilliant Blue coloring solu-
tion (1 g L™" Brilliant blue, 50% methanol; 10% acetic acid
and 40% bidistillated H,0) and then soaking them in a
destaining solution (45% methanol and 10% glacial acetic
acid (v/v)). Finally, the gels were then transferred into bidistil-
lated H,O. A 10-245 kDa protein marker (GeneSpin) was used
as the molecular mass standard in the SDS-PAGE
measurements.

Dot blot. The presence of antiCD44 antibody on the surface
of nanoparticles was assessed by dot blot assay. In brief, 5 pl
of pelleted GNP@P_AbCD44 and GNS@P_AbCD44 were
spotted on nitrocellulose membrane Amersham Hybond ECL
(GE Healthcare Life Sciences, US) and air-dried. Unconjugated
GNP@P and GNS@P were used as controls. The non-specific
sites were blocked in 5% Bovine Serum Albumin (BSA) in TBS
containing 0.05% Tween 20 for 1 h at RT. The membrane was
then submerged in goat anti-mouse-HRP-conjugated antibody
(Dako, Italy) (1:1000) for 1 h at RT and after wash, the signal
was developed with enhanced chemiluminescence substrate
(ECL Star, Euroclone, Italy) and ImageQuant LAS4000 Imaging
System (GE Healthcare Life Sciences).

BCA assay. The efficiency of conjugation to nanoparticles
was determined by indirect BCA approaches. In short, both
GNP@P_AbCD44 and GNS@P_AbCD44 (20 pg mL™') were cen-
trifuged for 40 min at 10 000g at 4 °C, then the supernatants
were collected to determine the unbound antiCD44 antibody
concentration by BCA assay (Pierce Biotechnology Inc., USA).
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The quantification of AntiCD44 antibody bound to nano-
particles was determined by subtracting the amount in the
supernatant from the initial quantity. The conjugation
efficiency (CE) percentage was calculated as follows:"*"

total amount of antibody added — unbound antibody

% CE =
’ total amount of antibody added

X 100.

4.5. Stability of Au@P_AbCD44 in bidistillated H,O and
culture media by UV-Vis and DLS

Prior to all biological investigations, each suspension of
Au@P_AbCD44 was centrifuged, resuspended in bidistillated
H,0 and maintained at 4 °C. Every 7 days, it was subjected to
UV absorbance, DLS and zeta potential measurements up to
28 days. The pH was also monitored and demonstrated stabi-
lity over the 28-day period (Fig. S4A-D). Additionally, the pel-
leted Au@P_AbCD44 were re-suspended in the complete cell
culture medium suitable for the specific cell line and incu-
bated at 37 °C in static condition. Size variations were moni-
tored through dynamic light scattering (DLS) measurements at
time 0 (immediately after dispersion in the media) and after
4 hours of incubation (Fig. S4E-H).

4.6. Cell lines and culture conditions

Three different cell lines were used for this study: two cell
lines expressing different level of CD44 receptors: 12Z and
HESC obtained from abm (Canada) and a fibroblastic cell line
with low expression of CD44, NIH-3T3, obtained from ATCC
(USA) and used as negative control. 12Z and HESC cells were
cultured in DMEM F12 medium (Euroclone) supplemented
with 10% fetal bovine serum (FBS, Euroclone), 1% of penicil-
lin-streptomycin (Lonza, CH) and 1% of r-glutamine (Lonza).
NIH-3T3 cells were cultured in DMEM high glucose
(Euroclone) supplemented with 10% of bovine calf serum
(BCS, Euroclone), 1% of penicillin-streptomycin (Lonza) and
1% of r-glutamine (Lonza). All these cell lines were incubated
at 37 °C in a humidified chamber with 5% CO, and cultured
in an exponential growth phase by subcultivation.

4.7. Qualitative and quantitative assessment of CD44
expression in cell lines

To analyze the expression of CD44, Confocal Laser Scanning
Microscopy (CLSM), dot blot and flow cytometry were
conducted.

Qualitative techniques. The qualitative experiments were
carried out via CLSM (Fig. S5A).

CLSM. 12Z, HESC and NIH-3T3 cells were seeded on cover
glasses with a density of 3 x 10* cells in a 24 well culture plate.
At the end of the culture time, the cells were washed with PBS,
fixed with 4% (w/v) paraformaldehyde (PFA) solution for
15 min, and blocked with 3% of BSA in 1x PBS for 1 hour at
RT. Cells were treated with antiCD44 antibody free (10 pg
mL™") overnight (O/N). Lastly, cells were exposed to Alexa-
Fluor-488 conjugated anti-mouse secondary antibodies
(diluted 1 : 1000; Bethyl, USA) for 45 minutes at RT (excitation/
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emission maxima ~495/519 nm). Following the incubation,
cells were rinsed with PBS and Hoechst 33 342 solution (2 pg
mL™" in 1x PBS; excitation/emission maxima ~361/497 nm;
Sigma Aldrich) were used to stain the nuclei. Finally, samples
were observed with a CLSM (Leica TCS SP8 DLS, Leica
Microsystems, German).

Quantitative techniques. The quantitative data were per-
formed by dot blot and flow cytometry (Fig. S5B and C).

Dot blot. Proteins were obtained from the three cell lines by
lysing the cells with 1x RIPA buffer (diluting the 10x RIPA in
sterile bidistillated H,O, EDM Millipore Corporation,
Chemicon) with the addition of protease inhibitors and phos-
phatases and then quantified by BCA assay. Increasing concen-
trations of protein (0.5 pg mL™"'-1.5 pg mL™") were deposited
on nitrocellulose membrane Amersham Hybond ECL (GE
Healthcare Life Sciences). After blocking nonspecific sites, the
membrane was incubated with murine antiCD44 antibody
(2 pg mL™") (Abcam) overnight at 4 °C and the final procedure
was followed as reported in section 4.4.

Flow cytometry. 12Z, HESC and NIH-3T3 cells were seeded
with a density of 5 x 10° cells in a 12 well culture plate. After
2 days, cells were detached and centrifuge at 1200 rpm for
3 min to have the pelleted cells. All the three cell lines were
incubated with free antiCD44 antibody (10 pg mL ") for 1 h,
washed with PBS and incubated with Alexa-Fluor-488-conju-
gated secondary antibodies anti-mouse (diluted 1:1000)
(Bethyl) for 45 min at RT. After treatments, cells were
washed, and analyzed by BD FACS Lyric (Becton Dickinson,
USA).

4.8. Invitro biological characterization of Au@P and
Au@P_AbCD44

Different techniques were investigated to evaluate viability
(MTT assay), Cell Receptor recognition (CLSM and Flow cyto-
metry), and cell internalization (CLSM, ICP-MS and TEM). In
this study, nanoparticle concentration is expressed in terms of
gold mass (pg mL™") rather than particle number. While esti-
mating particle numbers is relatively straightforward for
spherical nanoparticles, it becomes challenging for irregularly
shaped nanostars. Their complex morphology and the pres-
ence of organic surface coatings influence hydrodynamic size
without proportionally affecting the gold content, leading to
unreliable particle number estimations. Approximating nano-
stars as spheres can result in significant over- or underestima-
tion of both their volume and concentration. Therefore, gold
mass concentration was adopted as a consistent and reliable
metric for comparing nanoparticle dosing across experimental
conditions."*?

MTT viability assay. All the three cell lines were seeded at 1 x
10* cells per well 96-well plates and cultured for 24 h.
Following the removal of the culture medium, cells were incu-
bated with media containing different concentrations (0-50 pg
mL™") of each type of pegylated gold nanoparticles (GNP@P
and GNS@P) for 24 h and 72 h (Fig. S5A). At the end of incu-
bation, the quantitative 3-[4,5-dimethylthiazol-2-y1]-2,5 diphe-
nyl tetrazolium bromide (MTT - Sigma Aldrich) assay was per-
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formed to assess the metabolic condition of the cells, as out-
lined in prior studies.’® Once the optimal concentration of
pegylated nanoparticles had been established, cells were
seeded at a density of 1 x 10* per well of a 96-well plate.
Following a 24-hour culture period, the cells were treated with
GNP@P_AbCD44 and GNS@P_AbCD44 (0-24 pg mL™") for 24
and 72 hours, respectively. Following the incubation periods,
an MTT assay was conducted to evaluate the dehydrogenase
activity (Fig. 2A and B). In both analyses, cell viability was
measured and expressed as a percentage related to the CTRL
(untreated cells) set equal to 100%. Subsequently, the ability of
the conjugate to recognize the CD44 receptor expressed by the
cells and to internalize it was evaluated.

Cell Receptor recognition. The ability of Au@P_AbCD44 to
recognize the receptor overexpressed by endometriotic cells
was investigated by CLSM (qualitative test) (Fig. S7) and flow
cytometry (quantitative test) (Fig. 3A and B). To minimize fluo-
rescence quenching by gold nanospheres and nanostars,
which are known to quench nearby fluorophores such as Alexa
Fluor 488, nanoparticles surfaces were functionalized with
LA-PEG-MAL spacers."**™*> These spacers increase the dis-
tance between the fluorophore and the gold surface, thereby
reducing quenching effects. To ensure the reliability of our
fluorescence measurements, we incorporated multiple internal
controls (data not shown): free fluorophore without nano-
particles, nanoparticles without fluorophore, cells stained with
fluorophore in the absence of nanoparticles, and cells treated
with nanoparticles in the absence of fluorophore. These con-
trols allowed us to account for background fluorescence,
potential autofluorescence, and nanoparticle-induced quench-
ing, enabling accurate interpretation of the biological fluo-
rescence signals.

CLSM. Briefly, 12Z, HESC and NIH-3T3 were seeded with a
density of 3 x 10" cells per well on cover glasses placed at the
bottom of a 24-well plate. After 48 hours, the medium was
removed, and the cells were treated as previously described in
section 4.7. Then Au@P_AbCD44 and the antibody alone were
added to the cells overnight at 4 °C. Images were acquired with
a confocal fluorescence microscope (Leica TCS SP8 DLS, Leica
Microsystems).

Flow cytometry. 12Z cells were seeded with a density of 5 x
10° cells in a 12 well culture plate. After 2 days, cells were
treated as previously described in section 4.7. Cells were incu-
bated with Au@P_AbCD44 and free antiCD44 antibody (10 pg
mL ") for 1 h, washed with PBS and incubated as described in
section 4.7. The samples were analyzed by ImageStreamX
Mark II (Amnis/Luminex, USA).

Cell Internalization. The internalization capacity of
Au@P_AbCD44 in the three cell lines was investigated through
CLSM (Fig. 4A and S5B) and uptake studies by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) (Fig. 4B and 5B).
Once it was established that the highest amount of gold was
detected in endometriotic cells, the localization was evaluated
by transmission electron microscopy (Fig. 5A), and the endocy-
tosis pathway was identified as occurring exclusively in 127

(Fig. 6).
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CLSM. 127, HESC and NIH-3T3 were seeded at a concen-
tration of 3 x 10* cells onto cover glass placed at the bottom of
a 24 well culture plate. Following a 24-hour culture period, the
cells were incubated with Au@P (Fig. S5B) and Au@P_AbCD44
(Fig. 4A) for an additional 24 hours. The cells that were not
treated served as the control group. At the conclusion of the
culture period, the cells were treated in accordance with the
previously  described methodology in section 4.7.
Subsequently, the cells were incubated with secondary anti-
bodies and observed with a confocal fluorescence microscope
(Leica TCS SP8 DLS, Leica Microsystems) The gold nano-
particles were observed in reflection bands at 545 nm.

ICP-MS. All types of cell lines were plated 1 x 10° cells on a
6-well plate and treated for 24 h with 12 pg mL 'of Au@P
(Fig. S5C) and Au@P_AbCD44 (Fig. 4B), respectively, while 12Z
were treated also with Au@P_AbCD44 (24 pg mL™") (Fig. 5B).
After treatment, cells were washed with PBS to remove non-
internalized AuNPs, trypsinized to obtain the cellular pellet,
which was then incubated with 1x RIPA buffer (prepared by
diluting 10x RIPA in sterile distilled H,O, EDM Millipore
Corporation, Chemicon) on ice for 30 minutes. The solution
was transferred to a sterile Eppendorf tube and centrifuged at
13 000 rpm for 15 minutes at 4 °C.

The supernatant was removed, and the pellet was incubated
with 750 pL of freshly prepared aqua regia. The samples were
diluted to 3 mL with distilled H,O and analyzed for Au content
using ICP-MS (ELAN DRC, PerkinElmer, Italy). The nano-
particles uptake efficiency per cell was calculated as previously
described.*®

number of NPs taken up by cells
number of NPs incubated with cells
x 100

Uptake efficiency (%) =

TEM of internalized Au@P_AbCD44 in 12Z cells. 12Z cells
were seeded at a concentration of 4 x 10* cells on a 24-multi-
well for 24 h at 37 °C. Cells were incubated with/without nano-
particle suspensions (24 pg mL™") for 24 h. Following trypsini-
zation cells were centrifuged at 800 rpm for 10 minutes and
then fixed with 2.5% glutaraldehyde in culture medium for
2 hours at RT. The cell pellet was then rinsed in PBS, post-
fixed in 1% aqueous OsO, for 2 hours at RT and rinsed in
bidistillated H,O. Cells were pre-embedded in 2% agarose, de-
hydrated using graded acetone, and then embedded in epoxy
resin (Electron Microscopy Sciences, EM-bed812). Ultrathin
sections (60-80 nm) were cut on a Reichert OM-U3 ultramicro-
tome, collected on nickel grids (300 Mesh), and then stained
with uranyl acetate and lead citrate. The specimens were
observed with a JEM 1200 EX II (JEOL, Peabody, MA, USA) elec-
tron microscope operating at 100 kv and equipped with a
MegaView G2 CCD camera (Olympus OSIS, Tokyo, Japan).'*’

Endocytosis pathway determination. 12Z cells were seeded in
6-well culture plates (1 x 10° cells per well) and after 24 h
incubated with different endocytosis inhibitors as already
described.”® Briefly, 2.5 mM amiloride (Sigma-Aldrich),
2.5 pg mL™! chlorpromazine (Sigma-Aldrich) and 100 pM indo-
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methacin (Sigma-Aldrich) were incubated with the cells for 1 h
at 37 °C with 5% of CO,-air. When the inhibitors were
removed, the cells exposed to 24 pg mL™" of GNP@P_AbCD44
and GNS@P_AbCD44 in complete medium for 24 h, respect-
ively. ICP-MS protocol was followed as described in the pre-
vious section. The data were expressed in percentage to 12Z
cells not treated with inhibitors and set as 100%. In order to
qualitatively evaluate the endocytosis pathway, cells were
seeded on cover glass for 24-multiwell and incubated with the
inhibitors as described above. At the end of the culture time,
protocol described in section 4.7 was followed. The gold nano-
particles were observed in reflection bands following excitation
at 545 nm.

4.9. Photothermal therapy of GNP@P_AbCD44 and
GNS@P_AbCD44

Laser system setup for PTT. For the experiment two different
wavelength lasers were used. The laser beam at 532 nm (con-
tinuous wave, CW) is obtained from a frequency-doubled Nd:
YVO source. On the other side, the 808 nm CW laser source is
a Titanium-sapphire laser used in the free-running regime.
The culture plates were irradiated from the top up, with a light
intensity of 1000 mW cm™> and 200 mW cm™> respectively.
Both the irradiation setups were thermostatically controlled,
allowing us to keep the multi-well plate at 37 °C for the whole
time required by the irradiation phase.

Photothermal ability of Au@P. Prior to all biological investi-
gations, different concentrations of GNP@P and GNS@P
(0-100 pg mL™") were resuspended in complete media and
exposed respectively to 532 nm laser at 1000 mW cm™2 and an
808 nm laser at 200 mW cm™> for 15 min in order to assess
the photothermal conversion of AuNPs (Fig. S1C and D). To
exclude any potential interference, the 532 nm laser culture
media (Euroclone) was used without phenol red. After asses-
sing the photothermal capacity of the nanoparticles, they were
placed in contact with the cells for 24 h to promote internaliz-
ation (as described in section 4.8) and finally exposed to the
laser to assess the viability (Fig. 7B and S7) and the apoptosis/
necrosis death pathway (Fig. 7C, D and S8). The laser power
densities used in this study (1 W cm™? for GNPs and 200 mW
cm™> for GNSs) were selected based on preliminary optimiz-
ation experiments. First, nanoparticles were exposed to
different laser power settings to achieve temperature increases
within the mild photothermal therapy range (42-45 °C),
known to induce cell damage without harming surrounding
healthy tissue. Second, our goal was to trigger effective photo-
thermal responses while minimizing nonspecific thermal
effects. When exposed to the same power with their respective
laser wavelengths, GNS@P were able to absorb more light and
produce greater heat than GNP@P, due to their enhanced
optical absorption and plasmonic features in the near-infrared
region. For this reason, after testing different power densities
for GNPs, 1 W cm™2 was applied to GNP@P to reach a compar-
able therapeutic temperature range. What we realized was thus
not exactly a normalization based on a measured absorption
spectrum, but the compensation of the lower GNP@P absorp-
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tion (with respect to GNS@P) so that an equivalent thermal
effect was produced.

Viability assays. 12Z, HESC and NIH-3T3 cell lines were
seeded on 48-well plates as described above, and then incu-
bated with/without 24 pg mL™" of Au@P_AbCD44 for 24 hours.
Next, all the cells were washed three times with PBS to ensure
the removal of the excess vectors from the solution, and then
replaced with fresh medium before exposure to NIR laser light.
The experimental conditions of each cell line were divided into
two groups: cells incubated with GNP@P_AbCD44 were irra-
diated with a 532 nm laser at 1000 mW c¢cm~? for 15 min (due
to the LSPR see Fig. 2A); cells treated with GNS@P_AbCD44
were irradiated with an 808 nm laser at 200 mW cm™> for
15 min (due to the LSPR see Fig. 2B). Viability was assessed
with Alamar blue assay (TOX8-Sigma Aldrich) after 24 and 48 h
of irradiation, respectively. According to the protocol, 30 pL
Alamar blue reagent was added in 300 pL of medium to each
well, and all the cells were incubated at 37 °C for 4 hours. The
cell viability was measured and expressed as a percentage
related to the CTRL (untreated cells) set equal to 100%. Cells
not incubated with Au@P_AbCD44 but exposed to laser did
not show a reduction in cell viability.

Apoptosis and necrosis evaluation. 12Z cells seeded on
48-well plates as described above, and then incubated with/
without 24 pg mL™! of GNP@P_AbCD44 and GNS@P_AbCD44
for 24 hours, respectively. Next, all the cells were washed three
times with PBS, added with culture media and exposed to
laser. Finally, the cells were stained using a Necrosis/apoptosis
kit (Abcam ab176749) and images acquired using a Thunder
Imaging System (Leica Microsystems). The experimental con-
ditions were divided into seven groups: untreated cells (no
Au@P_AbCD44 and no laser exposure) (i), only laser treated
cells (no Au@P_AbCD44) (ii), cells treated only with
Au@P_AbCD44 (no laser exposure) (iii-iv), cells treated with
Au@P_AbCD44, and laser exposed (v-vi). CTRL+ was induced
by the addition of 1 pM staurosporine for 3 hours (vii).
Fluorescent analysis shows 12Z cells that are alive (blue,
stained with CytoCalcein Violet 450), apoptotic (green,
Apopxin Green indicator), and necrotic (red, 7-AAD)."**'%°

To ensure quantitative robustness and reproducibility,
apoptosis was assessed by analyzing five independent images
acquired from five biologically distinct samples (n = 5).
Quantification was performed using Image], allowing for stat-
istically supported comparisons across experimental groups.
This approach provides reliable and reproducible data, as each
quantified image represents an independent biological
replicate.

4.10. Statistical analyses

Statistics regarding biological data was carried out by consider-
ing the mean of the results (in triplicate) obtained from three
separate experiments (n = 3).

All statistical calculations were carried out using GraphPad
Prism 9.3.1 (GraphPad Inc., San Diego, CA, United States).
Statistical analysis was performed using Student’s unpaired
t-test and through one-way and two variance analysis (ANOVA),
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followed by Bonferroni post hoc, for multiple comparisons (sig-
nificance level of p < 0.05).
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