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Abstract

Osteosarcoma, the most common primary malignant bone tumor in adolescents, faces treatment
challenges due to metastasis and chemoresistance. This study developed a novel Au@Rh core-shell
nanoparticle system functionalized with indocyanine green (ICG) to overcome hypoxia-limited
photodynamic therapy (PDT). Au@Rh nanoparticles were synthesized via wet chemistry,
characterized by UV-Vis spectroscopy, TEM, and cyclic voltammetry (CV). The system exhibited
core-shell morphology, defined crystalline planes, photothermal conversion and electrocatalytic
activity. The Au@Rh nanoparticles (109 nm total size, 90 nm Au core, 15 nm Rh shell) demonstrated
dual functionality: the gold core provided photothermal conversion (7 °C temperature increase under
NIR irradiation), while the rhodium shell exhibited pH-independent electrocatalytic activity for H,O;
decomposition, generating oxygen to alleviate tumor hypoxia. Crucially, the system showed
excellent biocompatibility, with no significant cytotoxicity in both osteosarcoma (HOS) and normal
osteoblast (hFOB) cells after 48-hour exposure. When activated by NIR irradiation (808 nm, 16.6
J/em?), the complete Au@Rh-ICG system achieved selective 67% cytotoxicity in HOS cells versus only
30% in hFOB cells, demonstrating targeted therapeutic efficacy. These results position Au@Rh-ICG
as a promising theranostic platform for osteosarcoma treatment, combining enhanced PDT with
photothermal therapy while addressing tumor hypoxia.

Keywords: core-shell nanoparticles; cytotoxicity; osteosarcoma cells

1. Introduction

Osteosarcoma (OS), the most common primary malignant bone tumor, predominantly affects
children and adolescents [1,2]. Standard treatment combines radical surgical resection with
neoadjuvant and adjuvant chemotherapy. However, high recurrence rates persist due to the presence
of subclinical micrometastases and the development of chemoresistance [3-6]. At diagnosis, up to
25% of cases present with detectable metastases—primarily pulmonary —which drastically reduces
the 5-year survival rate from 75% in non-metastatic cases to less than 25% in metastatic disease [2].

Unlike other cancers, osteosarcoma lacks a single canonical mutation. Its oncogenesis originates
from diverse genetic alterations leading to genomic instability in bone precursor cells. The main
mutations identified in OS affect the tumor suppressor genes TP53 and RB1, which constitute the
central oncogenic axis of this malignancy [7]. This genetic basis results in uncontrolled cellular
proliferation and disorganized osteoid production, radiographically observable as a “sunburst”
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pattern [5-7]. A distinctive metabolic feature of OS is the Warburg effect, whereby tumor cells
prioritize aerobic glycolysis, accumulating lactate and generating an acidic (pH ~5.0), hypoxic
microenvironment with elevated H,O, levels (~5 nmol/105 cells/h). Paradoxically, this metabolic
reprogramming occurs despite the presence of functional mitochondria [8-12]. The resulting
acidification of the tumor niche, in turn, promotes resistance to anoikis—a mechanism enabling cell
survival upon detachment from the extracellular matrix —thereby facilitating invasion and metastasis
processes [13]. Since the clinical manifestations of osteosarcoma are often ambiguous until advanced
stages, therapeutic success critically depends on early diagnosis and targeted treatments, driving the
continuous search for therapeutic alternatives and the identification of new molecular targets.

Photodynamic Therapy (PDT) has emerged as a promising adjuvant strategy to overcome
conventional resistance in osteosarcoma [14-17]. This therapy uses photosensitizers (PS) that, when
activated by light of a specific wavelength, generate reactive oxygen species (ROS) to induce cell
death via oxidative stress [18]. However, the efficacy of PDT is severely limited by the hypoxic tumor
microenvironment (pO; < 2.5 mmHg), which restricts the availability of molecular oxygen, an
indispensable substrate for ROS generation [19,20].

Advances in nanotechnology offer innovative solutions to these limitations, primarily through
two strategies: the development of nanocarriers that enhance the delivery and targeting of PS, and
the design of bimetallic nanoparticles that simultaneously combat hypoxia while potentiating
therapeutic effects. Gold nanoparticles, for example, have demonstrated potential as safe and
effective nanocarriers, with the ability to induce hyperthermia when irradiated with near-infrared
(NIR) light. This hyperthermia modulates the expression of heat shock proteins [21], involved in
processes of differentiation, maturation, and cellular replication [22], and can enhance the immune
response by increasing vascular permeability [23]. Preclinical trials in murine models have
demonstrated the effectiveness of using gold as a nanocarrier for indocyanine green (ICG), a
photosensitizer activatable in the NIR spectrum. The results show synergy between the PDT effect
and hyperthermia ablation, as gold possesses photothermal conversion capability, absorbing infrared
radiation and generating heat, thus enabling dual therapy [24]. Consistently, Li et al. (2017)
demonstrated the ability of this approach to overcome PDT resistance using gold as an ICG
nanocarrier [25].

Gold-rhodium core-shell (Au@Rh) structures represent the convergence of this dual approach,
integrating the photothermal properties of gold with the electrocatalytic capacity of rhodium to
degrade tumor H,O,. This catalytic activity alleviates hypoxia and, synergistically, enhances the
efficacy of PDT [26]. Rhodium-based nanostructures have shown a promising profile, where
synthesis with morphological control (such as nanoshells, nanoframes, and porous nanoplates) has
achieved excellent biocompatibility and therapeutic efficiency in photothermal applications [27-30].
Recently, thodium alloys have been employed as synergistic agents in osteosarcoma treatment [31],
reporting encouraging results. The field of nanomedicine shows notable clinical translation, with 15
approved nanodrugs and approximately 80 candidates in 200 active clinical trials, many of which
exploit passive targeting strategies mediated by the EPR (enhanced permeability and retention) effect
[32-34].

In this work, we report the development and evaluation of an Au@Rh core—shell nanostructured
system functionalized with indocyanine green (ICG), designed to overcome key limitations of
photodynamic therapy in osteosarcoma. The Au@Rh nanoparticles (Au@Rh NPs) were successfully
synthesized via soft-chemistry routes, achieving precise control over the core-shell morphology.
Electrochemical characterization through cyclic voltammetry demonstrated the intrinsic capability of
rhodium to decompose H;O, and generate oxygen. Beyond assessing the complete Au@Rh-ICG
nanoplatform, we conducted independent cytotoxicity assays using pure gold nanoparticles, free
ICG, and laser-activated ICG, which allowed us to isolate the contribution of each component and
confirm the synergistic effects of the multifunctional system. The nanoplatform exhibited selective
cytotoxicity, achieving 67% cell death in HOS osteosarcoma cells while affecting only 30% of healthy
hFOB cells, thereby validating both its therapeutic potential and selective activity. Altogether, this
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study integrates materials science, electrochemistry, and cell biology approaches to present a
promising theranostic system for osteosarcoma treatment.

2. Results

2.1. Optical Properties of Au@Rh Nanoparticles

UV-Vis spectroscopy was employed to monitor nanoparticle growth due to its simplicity,
reproducibility, and cost-effectiveness. The UV-Vis spectrum of the HAuClL-CTAB solution
displayed absorption maxima at 232 nm and 400 nm, corresponding to d—d electronic transitions of
Au(IIl) ions. Upon gradual addition of ascorbic acid (AA), which reduced Au(Ill) ions, the precursor
absorption bands diminished, and a surface plasmon resonance (SPR) peak emerged at 567 nm. This
peak shifted to 541 nm upon complete reduction, indicating the formation of monodisperse, near-
spherical Au cores, as evidenced by the stable SPR at 541 nm (Figure 1a).
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Figure 1. UV-Vis absorption profiles: (a) HAuCl;-CTAB solution during ascorbic acid (AA) titration; (b) Rh shell

growth stages on Au cores.

Shell growth was monitored by tracking the deposition of a Rhodium shell (Figure 1b). This was
observed through the attenuation of the Au SPR signal (567 nm) following RhCl; addition. The
complete quenching of the Au SPR peak after NaBH,4 reduction (black curve, Figure 1b) confirmed
the full encapsulation of the Au cores by metallic Rh shells.

2.2. Structural Characterization of Au@Rh NPs

The High-Resolution Transmission Electron Microscopy (HRTEM) and Scanning Electron
Microscopy- Energy-Dispersive X-ray Spectroscopy (SEM-EDS) analyses revealed spherical core-
shell structures with Au core radius: 90 + 5 nm (higher density Figure 2A-B), Rh shell thickness: 15 *
2 nm (lower density, Figure 2C), average particle diameter: + 109 nm + 7 nm (Gaussian distribution,
Figure 2D). Crystallography: Lattice fringes (Figure 2C) matched Au’s (111) (d =2.35 A) and (002) (d
=2.04 A) planes (JCPDS 04-0784). Elemental Composition: EDS (15 kV) detected: Au: peaks at 2.048
eV (Ma) and 9.71 keV (Ka). Rh: peaks at 0.26 eV (Ma) and 2.69 keV (Ka). Carbon tape signals were
excluded (Figure 2E).
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Figure 2. HRTEM/SEM-EDS of Au@Rh nanoparticles: (A) Core-shell architecture; (B) Core-shell interface; (C)
Lattice spacing; (D) Size histogram; (E) EDS spectrum.

2.3. Evaluation of Electrocatalytical Activity of AuRh NPs

Cyclic voltammetry measurements performed in N,-saturated 0.1 M KOH revealed distinct
electrochemical activity. An anodic peak at -0.2 V (vs. Ag/AgCl) was observed, corresponding to
hydrogen peroxide (H>O,) oxidation, while a cathodic peak at —0.4 V indicated oxygen (O,) reduction
(Figure 3a). The catalytic efficiency of the material was assessed by monitoring the anodic peak
current density (I,), which increased linearly with H,O, concentration, yielding a correlation
coefficient R? > 0.98 (Figure 3b). This relationship followed the Randles-Sev¢ik equation [35]:

I, =299 x 10° - (n(e”)) a2 -4-C-DY2- (v'12)

Where: n(e™)= electron transfer number, a = charge transfer coefficient (0.5), A = electroactive

area, C = H,0O, concentration (mol/cm?), D = diffusion coefficient, and v = scan rate.

anonz] 2 o401
WO000 e e L1 ]
Ef‘ -
T -oonz- Cangentration (HyOy) T .
@ - "—é-l.D-zll)"- .
‘5 | -5
& -aons — 0,47 m
— 0.72 mh .
20008 — 1.28mM Eomany
1.58 mit .
00008 k ; ] !
08 08 04 -0.2 [L1E] 0z 04 as 0E 0.0000 0.0002 0. 0004 00008 00008 [Tk
Potential applied (V) vs Ag / AgCI H20z (1)

Figure 3. (a) Cyclic voltammetry of AuRh NPs with incremental H>O»; (b) Linear I, vs. [H,O;] calibration.

Following the incorporation of indocyanine green (ICG), a transition from a quasi-reversible to
an irreversible reaction was observed. This transition was indicated by the shift of the cathodic peak
and the disappearance of the anodic peak once the applied potential reversed in an anodic direction.
(Figure 4). This demonstrates the binding of ICG to the Au@Rh nanoparticles composed the working
electrode and subsequent electron transfer, a critical phenomenon for ROS generation. Specifically,
the oxygen reduction peak shifted to a less cathodic potential (E, = -0.54 V), which is related to the
formation of an Au@Rh-ICG-O, complex that lowers the energy required for reduction. In the anodic
sweep, the absence of the peroxide-to-oxygen oxidation peak suggests an irreversible EC
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(electrochemical-chemical) process, where an electroactive species (A) is reduced to an intermediate
(B), which then undergoes a homogeneous chemical reaction to form an inactive product (C):
A+e =B
B—C
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Figure 4. Cyclic voltammograms of AuRh NPs deposited on a vitreous carbon disk electrode in the absence and
presence of indocyanine green (ICG), using 0.1 M phosphate buffer (pH 7.0) as the supporting electrolyte. The
initial potential was -1.0 V vs. Ag/AgCl. Potential sweep rate dE/dt =10 mV/s.

Such a case is defined as an EC reaction. It can thus be concluded that the presence of ICG within
the electrolytic cell activates the Au@Rh nanoparticles, thereby promoting the complete oxidation of
the hydrogen peroxide produced at the electrode-solution interface at a rate that is significantly
higher than that dictated by the potential sweep conditions applied during the cyclic voltammetry
tests shown in Figure 4.

2.4. Evaluation of Photothermal Conversion Efficiency

The Au@Rh NPs exhibited a linear temperature increase upon NIR irradiation, comparable to
the photothermal behavior observed in pure Au NPs, thereby confirming their photothermal
conversion capability. Specifically, the temperature of Au@Rh NPs increased from 24 °C to 31 °C over
10 minutes, whereas pure Au NPs achieved the same temperature rise within 5 minutes using vehicle
(absolute ethanol) as control. Despite the difference in heating rates, both nanoparticle systems
followed a similar linear heating trend, as illustrated in Figure 5a. Linear regression analysis yielded
a correlation coefficient (R? > 0.95), further validating the consistency and reliability of the
photothermal response. The thermal distribution was visualized using a heat map (Figure 5b).

3.5. Cytotoxicity Assessment in Osteosarcoma (HOS) and Osteoblast (hFOB) Cells

The effect of Au NPs on the proliferation of hFOB and HOS cells was evaluated at 0, 24, and 48
h using concentrations of 3.3 and 33.33 ug/mL. As shown in Figure 6, no significant changes in the
proliferation index were observed in either hFOB or HOS cells at any of the evaluated time points
following nanoparticle exposure. These findings suggest that Au NPs, at the tested concentrations,
do not affect the proliferative capacity of either normal osteoblasts or osteosarcoma cells under the
experimental conditions.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. (a) Photothermal conversion graphic of Au@Rh NPs vs Au-NPs NIR-808 nm (16.67 J/cm?); (b) Heat
map of photothermal conversion. CTR represents the control measurement obtained from the glass slide that

was used as the sample support substrate.
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Figure 6. Relative proliferation index of hFOB and HOS cells exposed to AuNPs (3.3 and 33.33 ug/mL) for 24
and 48 h, as determined by the MTT assay. Data are presented as mean + SEM (n = 3 independent experiments).
Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test. No

statistically significant differences were observed compared to the control.

The effect of core—shell nanoparticles (Au@Rh) on the proliferation of hFOB and HOS cells was
evaluated at 24 and 48 h. Consistent with the results observed for AuNDPs, no significant changes in
the proliferation index were detected in either cell line following exposure to Au@Rh nanoparticles
compared to the untreated control (Figure 7). The proliferation index remained stable across all
treatment groups and time points, suggesting that the core—shell nanostructure does not affect the
proliferative capacity of either normal osteoblasts or osteosarcoma cells under the experimental
conditions.

Independent cytotoxicity assays of the photosensitizer ICG were performed. As shown in Figure
8, ICG alone did not induce significant cytotoxicity in HOS or hFOB cells after 24 or 48 hours of
incubation at 3.3 pg/mL compared with the untreated control. In contrast, at a ten-fold higher
concentration (33.33 pg/mL), a slight cytotoxic effect was observed. It is noteworthy that ICG is a
clinically relevant agent approved by the U.S. FDA for use in medical applications for many years,
which supports its favorable safety profile.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Relative proliferation index of hFOB and HOS cells exposed to Au@Rh core-shell nanoparticles at 24
and 48 h, as determined by the MTT assay. Data are presented as mean + SD (n = 3 independent experiments).
Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test. No

statistically significant differences were observed compared to the control.
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Figure 8. Relative proliferation index of hFOB and HOS cells exposed to (A) free ICG and (B) Au@Rh-ICG
nanoparticles at 24 and 48 h, as determined by the MTT assay. ICG was evaluated at 3.3 and 33.33 pg/mL. Data
are presented as mean * SD (n = 3 independent experiments). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s multiple comparison test. Statistically significant differences compared to the
control are indicated (*p < 0.05, **p < 0.01, **p < 0.001, ****p <0.0001).

The effect of free ICG and Au@Rh-ICG nanoparticles on the proliferation of hFOB and HOS cells
was evaluated at 24 and 48 h. As shown in Figure 8A, treatment with free ICG at 3.3 ug/mL did not
induce significant changes in the proliferation index in either cell line compared to the untreated
control. However, at 33.33 ug/mL, a slight but statistically significant decrease in the proliferation
index was observed, indicating a mild concentration-dependent effect that becomes evident only at
higher concentrations.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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In contrast, cells treated with Au@Rh-ICG nanoparticles Figure 8B exhibited a more pronounced
reduction in the proliferation index; however, this effect was primarily observed at the highest
concentration and longer exposure times. This effect was more evident in hFOB cells, suggesting an
enhanced impact of the nanoparticle-photosensitizer system compared to free ICG under these
conditions. Overall, these results indicate that conjugation of ICG to Au@Rh nanoparticles potentiates
its biological effect, particularly at elevated concentrations, leading to a greater decrease in cell
proliferation.

Figure 9 illustrates the relative proliferation index of hFOB and HOS cells following treatment
with Au@Rh-ICG nanoparticles under dark conditions and after near-infrared (NIR) irradiation.
Under dark conditions, the nanoparticles did not significantly affect cell proliferation at either 24 or
48 h, confirming their cytocompatibility in the absence of external stimulation. In contrast, exposure
to NIR irradiation (808 nm) resulted in a significant reduction in the proliferation index, particularly
at 48 h. This effect was more pronounced in HOS osteosarcoma cells than in hFOB osteoblasts,
indicating a higher susceptibility of tumor cells to the photothermal treatment.

hFOb cells
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IR IR

. O pg/mL B 33pg/mL R 33.3upg/mL
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Figure 9. Relative proliferation index of hFOB and HOS cells treated with Au@Rh-ICG nanoparticles under dark
conditions and upon near-infrared (808 nm) irradiation at 1 W for 10 min (20 J/cm?) at 24 and 48 h post-treatment.
Cell proliferation was evaluated by the MTT assay. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s multiple comparison test. Significant differences are indicated as follows: ****p < 0.0001 vs
control and ####p <0.0001 vs non-irradiated cells.
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3. Discussion

The synthesis of gold nanoparticles via ascorbic acid (AA)-mediated reduction of AuCly~is well-
established, with AA facilitating electron transfer to reduce Au(Ill) to Au(0) through intermediate
complexation [30]. In our system, CTAB plays a dual role: (1) as a surfactant stabilizing nascent Au
nuclei via electrostatic interactions between CTA* cations and AuCl,~ anions (forming [CTA]*-
[AuCly]- complexes), and (2) as a structure-directing agent modulating nanoparticle growth kinetics
through sub-/post-micellar effects [30]. UV-Vis spectroscopy confirmed the reduction process,
marked by the disappearance of Au(IIl) d-orbital transitions (232 nm and 327 nm) and the emergence
of a surface plasmon resonance (SPR) peak at 541 nm, characteristic of spherical Au cores (Figure 1a).
The quenching of this SPR signal during Rh shell deposition (Figure 1b) aligns with prior reports of
core-shell formation, where metallic shells attenuate plasmonic responses [27].

HRTEM analysis revealed polycrystalline Au cores with dominant (111) and (002) facets (JCPDS
04-0784), consistent with the fcc structure of gold (Figure 2C). The amorphous Rh shell (15 + 2 nm
thickness) lacked discernible lattice fringes, likely due to rapid NaBH4-driven reduction inhibiting
atomic ordering—a phenomenon observed in other wet-chemical Rh nanostructure syntheses [29].
Spatially resolved EDS mapping confirmed the core-shell architecture, with distinct Au (Ma/Ka) and
Rh (Ma/Ka) signals (Figure 2E).

3.1. Electrocatalytic Properties

The Rh shell exhibited pH-independent electrocatalytic activity for H,O, decomposition, as
demonstrated by cyclic voltammetry (CV) (Figs 3a, 4). The linear relationship between anodic current
density (I,) and H»O, concentration (R? > 0.98) follows the Randles-Sevcik equation, indicating
diffusion-controlled kinetics [35]. ICG binding to the Au@Rh nanoparticles on the working electrode
is evidenced by the shift in the half-wave potential from O: to H20: (Figure 4) This demonstrates that
spacer molecules or biconjugates anchored to the surface of the metal nanoparticles are not required.
Additionally, the integration of ICG within the nanoparticle structure serves to initiate the
decomposition of the hydrogen peroxide that is produced at the electrode-solution interface.

3.2. Cytocompatibility and Therapeutic Implications

The physicochemical properties of gold nanoparticles (AuNDPs), particularly their size and
shape, play a critical role in determining their cytotoxicity. Previous studies have shown that
spherical AuNPs within the 6-22 nm range do not compromise the viability of hFOB or MG-63 cells
[36]. In contrast, the nanoparticles synthesized in this study were larger (~90 nm); however, no
significant cytotoxic effects were observed in hFOB or HOS cells after 48 h of exposure. These findings
suggest that spherical AuNPs can retain their biocompatibility even at larger sizes, indicating that
size alone may not be the sole determinant of cytotoxicity. Furthermore, Au@Rh nanostructures
exhibited a favorable cytocompatibility profile, with no significant reduction in cell viability at the
tested concentration. This behavior may be attributed to the formation of a RhOx surface layer under
physiological condi-tions, which could enhance biocompatibility, while the metallic Rh core
preserves its catalytic properties.

To further enhance functionality, Au@Rh nanoparticles were integrated with indocya-nine green
(ICG), a compound originally developed as a dye and later approved by the FDA as a contrast agent
for microsurgical procedures and as a photosensitizer, thereby generating a multifunctional platform.
In our study, ICG alone did not induce cytotoxic effects in HOS or hFOB cells after 2448 h at a
concentration of 3.3 ug/mL; however, higher concentrations resulted in decreased cell viability. These
findings are con-sistent with prvious reports indicating that ICG concentrations below 15 pg/mL are
generally well toleated by osteoblasts [37] and MG-63 osteosarcoma cells [38].

Importantly, the absence of cytotoxic effects under dark conditions, together with the significant
reduction in cell proliferation upon NIR irradiation, highlights the controlled and stimulus-
responsive behavior of the Au@Rh-ICG system. The enhanced sensitivity of HOS osteosarcoma cells
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compared to non-tumoral hFOB cells suggests a degree of selectivity that is highly desirable for
therapeutic applications. This selectivity may be associated with the reduced capacity of cancer cells
to manage oxidative stress and hyperthermia-induced damage, as well as their altered redox
homeostasis. Although similar phototherapeutic effects have been reported in other cancer models,
such as breast cancer [39], it is important to consider the intrinsic biological differences between
tumor types. Osteosarcoma arises from mesenchymal tissue, whereas breast cancer is of epithelial
origin, involving distinct signaling pathways and tumor micro-environment characteristics. In this
context, the differential response observed here may be further influenced by the unique metabolic
features of osteosarcoma cells, in-cluding their redox imbalance and susceptibility to oxidative stress,
which can poten-tiate both photothermal and photodynamic effects.

Overall, these findings support the potential of the Au@Rh-ICG nanoplatform as a bi-
ocompatible and effective system for NIR-triggered phototherapy, particularly in the context of
osteosarcoma treatment. In addition, the results highlight the promise of rhodium-based
nanomaterials in catalytic nanomedicine applications [29], where their intrinsic catalytic activity may
further enhance therapeutic outcomes.

Nevertheless, despite these encouraging results, additional studies are required to bet-ter
understand nanoparticle penetration, distribution, and retention within the dense extracellular
matrix characteristic of osteosarcoma tumors. These aspects are critical for optimizing therapeutic
efficacy in vivo.

Taken together, the Au@Rh-ICG nanosystem represents a significant step forward in the
development of multifunctional nanoplatforms for the treatment of hypoxic and metabolically
complex tumors, providing a promising strategy for improving the ef-fectiveness of phototherapy in
osteosarcoma.controlled drug release, and improve photoacoustic imaging performance [26].

4. Materials and Methods

4.1. Synthesis of Au@Rh Core-Shell Nanoparticles

Metal nanoparticle synthesis was performed using hydrogen tetrachloroaurate(Ill) hydrate
(HAuCly*xH,O, Sigma-Aldrich-520918) and rhodium(Ill) chloride hydrate (RhCl3exH,O, Sigma-
Aldrich-520772) as ionic precursors, with ascorbic acid (Merck) and sodium borohydride (NaBH,,
Fluka-71321) as reducing agents. Cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich-H5882)
served as the surfactant. All reagents were used as received, without further purification. Seed
Formation: 8 mL of 100 mM CTAB solution was heated to 60 °C in a water bath. Under vigorous
magnetic stirring (500 rpm), 250 uL of 10 mM HAuCl, was added, followed by 200 pL of 80 mM
ascorbic acid, inducing a pink coloration (Au core formation). Shell Deposition: 850 uL of 10 mM
RhCl; was introduced, with continuous stirring for 5 min. Then, 400 pL of 100 mM NaBH, was added
to initiate Rh shell growth, evidenced by a color shift to dark gray. Purification: Particles were washed
with ethanol (1:1 v/v), centrifuged (15,000 xg, 10 min), and redispersed via ultrasonication (30 s, 40
kHz). This wash cycle was repeated twice, and the final product was suspended in 1 mL of absolute
ethanol and stored at 4 °C.

4.2. Spectroscopic Characterization of Au@Rh Core-Shell Nanoparticles

UV-Vis spectra (400-800 nm) were acquired using a PerkinElmer XLS spectrophotometer to
monitor plasmon resonance shifts during Au core growth. Morphological Analysis was conducted
on a JEOL JSM 7800F microscope (15 kV, secondary/backscattered electron detection). Atomic-
Resolution TEM was performed on a JEOL JEM-ARM 200CF (20 kV) with EDS for elemental

mapping.

4.3. Photothermal Conversion: Experimental Setup
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Photothermal measurements were performed using a portable infrared (IR) camera (Model HTI-
19, HT Instruments, China) with the following specifications: Spectral range: 8-14 um (far-infrared
band). Thermal resolution: <0.1 °C (at 30 °C). Accuracy: +2 °C or +2% of reading (whichever is greater).
Field of view (FOV): 25° x 19° with a distance-to-spot ratio (D:S) of 10:1. Temperature range: —20 °C
to +400 °C (extendable to +1000 °C with an optional filter). Sensitivity (NETD): <50 mK. Refresh rate:
9 Hz. Adjustable emissivity: 0.1-1.0 (pre-calibrated for metallic surfaces and aqueous media).

Sample preparation: An ethanol suspension of nanoparticles was deposited on a glass slide to
achieve a uniform distribution of 100 ug Au@Rh over an area of 0.196 cm? (equivalent to a 0.5 cm
diameter spot). The samples were dried in a vacuum oven at 60 °C for 60 minutes. An identical
protocol was applied to pure gold nanoparticles (Au NPs), synthesized under the same conditions
but without the rhodium shell.

Irradiation: Samples were exposed to an 808 nm near-infrared (NIR) laser at 1 W power,
delivering a fluence of 16.67 J/cm? over a 10-minute period. Temperature changes were recorded with
a temporal resolution of 3-second intervals.

Environmental control: All experiments were conducted at 23 °C and 50% relative humidity
inside a laminar flow chamber to minimize thermal drift and ensure consistent experimental
conditions. Absolute ethanol was used as a control in both cases.

4.4. Electrochemical Characterization

Electrocatalytic activity was evaluated using cyclic voltammetry (CV) on a Metrohm Autolab
302N potentiostat. Working electrode: Glassy carbon modified with Au@Rh ink prepared by mixing
10 pL of nanoparticle suspension, 250 pL isopropanol, and 10 uL of Nafion, followed by sonication 3
minutes. Reference electrode: Ag/AgCl (3 M KCl). Counter electrode: Pt wire. Parameters: Scan range:
+0.8 to -0.7 V vs. Ag/AgClL; electrolyte: pH 7.4 phosphate buffer.

For FRA impedance analysis at OCP, a DRP-C110 screen-printed carbon electrode was used
(working and counter electrodes: carbon; reference electrode: silver). The electrolyte was phosphate-
buffered saline pH 7.4.

4.5. Formation of the Nanostructured System Au@Rh-ICG

Indocyanine green (ICG) was used as the photosensitizing agent. Prior to use, the vial was
subjected to a drying process at 50 °C for 60 minutes. Subsequently, 1 mg of the dried compound was
transferred into a microtube and resuspended in 1 mL of a dimethyl sulfoxide/deionized water
mixture (1:4). The ICG solution was prepared immediately before use, as storage in solution is not
feasible due to dimer formation, precipitation, and alterations in its optical properties. To facilitate
integration with the metallic nanostructures, 5 mg of Au@Rh core—shell nanoparticles were added to
the ICG solution. The mixture was stirred at room temperature for 60 minutes and then centrifuged
at 13,000 xg for 5 minutes. The supernatant was discarded, and 0.5 mL of absolute etanol was added
to the pellet, followed by 5 minutes of sonication. This washing step was repeated until no residual
ICG remained. The resulting nanocomposite, suspended in saline solution (0.9% NaCl, PISA
Laboratory), was dispensed into pre-weighed microtubes in 50 uL aliquots. The suspension mass was
recorded, after which the material was dried at 50 °C for 3 hours under vacuum. The final weight of
each microtube containing the dried material was used to determine the mass corresponding to 50
uL of suspension, enabling calculation of the concentration of the Au@Rh-ICG nanocomposite.

4.7. Cytotoxicity Assessment in hFOB and HOS Cells

The human osteoblast cell line hFOB1.19 (CRL-3602) and human osteosarcoma cell line HOS
(CRL-1543) were acquired from the American Type Culture Collection (ATCC Manassas, VA, USA)
and cultured in Eagle Minimum Essential Medium (12800-058 GIBCO, Auckland NZ) supplemented
with 10% fetal bovine serum (FBS) (51560-500 Biowest, Riverside, MO, USA) and 1% penicillin-
streptomycin (15240-062 GIBCO, NY, USA) in a humidified incubator at 37 °C and 5% co2. Once the
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cells reached a confluency of about 80%, they were trypsinized and were seeded in 96-well plates at
a density of 5x10° cells/well and incubated for 24 h. Cells were treated with Au, Au@Rh and Au@Rh-
ICG nanoparticles at concentrations of 3.33, or 33.33 pug/mL in fresh medium and incubated for 0, 24,
or 48 hours. After incubation, the medium was replaced with 200 uL MTT solution (5 mg/mL in
culture medium). Following 3 hours incubation period, the resulting formazan crystals were
dissolved by adding 200 uL of DMSO per well, with gentle agitation for 5 min. Absorbance was
measured at 570 nm (signal) and 660 nm (reference) using a Biotek Epoch microplate reader.
Untreated cells served as positive controls, and blank wells for background correction. All
experiments were conducted in triplicate.

4.8. Photosensitiser Activation

Two 96-well plates were prepared under the conditions described, divided into three groups (0,
3.3, 33.33 ug/mL of Au@Rh-ICG). A subgroup of each concentration was irradiated with an 808 nm
NIR laser (1 W, fluence 16.67 J/cm?) for a period of 10 minutes. After this, the MTT assay was
conducted after a period of 24 hours to Au@Rh-ICG and 24, 48 hours to pure ICG.

5. Conclusions

A multifunctional Au@Rh core-shell nanoplatform functionalized with indocyanine green (ICG)
was successfully developed and evaluated as a theranostic strategy for osteosarcoma. The system
combines the photothermal properties of gold with the electrocatalytic activity of rhodium, enabling
hydrogen peroxide decomposition and local oxygen generation to mitigate tumor hypoxia.

Electrochemical characterization confirmed the catalytic role of the rhodium shell, while
photothermal assays demonstrated efficient near-infrared light—to-heat conversion. Cytotoxicity
studies showed that AuNPs, Au@Rh nanoparticles, and free ICG were biocompatible in both HOS
osteosarcoma and hFOB osteoblast cells. Importantly, upon NIR irradiation, the complete Au@Rh—
ICG system induced a selective photodynamic effect, achieving up to 67% cytotoxicity in HOS cells
while preserving higher viability in normal osteoblasts.

Overall, these results highlight the potential of Au@Rh-ICG nanoparticles as a multifunctional
platform that integrates catalysis, photothermal conversion, and photodynamic activity, offering a
promising approach to overcome hypoxia-related limitations in osteosarcoma therapy.
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Abbreviations

The following abbreviations are used in this manuscript: OS: Osteosarcoma; PDT: Photodynamic Therapy; PS:
Photosensitizer; ROS: Reactive Oxygen Species; NIR: Near-Infrared; NPs: Nanoparticles; AuNPs: Gold
Nanoparticles; Au@Rh: Gold-Rhodium Core-Shell Nanoparticles; ICG: Indocyanine Green; Au@Rh-ICG: Gold-
Rhodium Core-Shell Nanoparticles functionalized with Indocyanine Green; HOS: Human Osteosarcoma Cell
Line (ATCC® CRL-1543™); hFOB: Human Fetal Osteoblast Cell Line (ATCC® CRL-11372™); EPR: Enhanced
Permeability and Retention Effect; CV: Cyclic Voltammetry; SPR: Surface Plasmon Resonance; HRTEM: High-
Resolution Transmission Electron Microscopy; SEM-EDS: Scanning Electron Microscopy with Energy-

Dispersive X-ray Spectroscopy; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
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