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Judiciously combined modality approaches have proved highly
effective for treating most forms of cancer, including glioblastoma.
This study introduces a hybrid nanoparticle-based treatment
designed to induce a synergistic effect. It employs repurposed
celecoxib-loaded hybrid nanoparticles (HNPs) that are thermally
activated by near-infrared laser irradiation to damage glioblastoma
cells. The HNPs are constructed by covalently binding organic
(ultra-small nanostructured lipid carriers, usNLCs) and inorganic
nanoparticles (gold nanorods, AuNRs, with photothermal therapy
capability), using c(RGDfK) that serves the dual purpose of a
biolinker and a tumor-targeting peptide. The HNPs are further
functionalized with transferrin (Tf) as a blood—brain barrier ligand
denoted as HNPs™". Our comprehensive in vitro and in vivo studies
have unveiled the remarkable capability of HNPs' to safely and
specifically increase blood—brain barrier permeability through
transferrin receptor interactions, facilitating precise nanoparticle
accumulation in the tumor region within orthotopic tumor-bearing
mice. Furthermore, the orchestrated combination of chemo- and
photothermal therapy has exhibited a substantial therapeutic
impact on glioblastoma, showcasing a noteworthy 78% inhibition
in tumor volume growth and an impressive 98% delay in tumor
growth. Notably, this treatment approach has resulted in prolonged
survival rates among tumor-bearing mice, accompanied by a favor-
able side effect profile. Overall, our findings unequivocally demon-
strate that celecoxib-loaded HNPs™ offer a game-changing,
chemo-photothermal combination, unleashing a synergistic effect
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New concepts

This work introduces a unique hybrid lipid-gold nanoparticle (HNP)
design for chemo-photothermal therapy of glioblastoma, based on a
precise covalent linkage between solid lipid nanoparticles and gold
nanorods, prompted by the ¢(RGDfK) peptide. Herein, a pivotal role is
assigned to ¢(RGDfK), which serves both as a glioblastoma cell-targeting
peptide and a biolinker between the inorganic and organic nanoparticles.
HNPs are further surface-decorated with transferrin. This innovative
design yields a differentiated multi-target nanosystem based on the
dual blood-brain barrier (BBB)-blood-brain tumor barrier (BTBB) ligand
docking approach. An additional insight is provided by the site-specific
heat production induced by near-infrared brain irradiation, within a
multimodal therapeutic approach.

that significantly enhances both brain drug delivery and the efficacy
of anti-glioblastoma treatments.

Introduction

Glioblastoma (GB) is the most lethal primary brain tumor, and
although its incidence is low compared to other cancers, 1.6%
of new cancer cases, 82% of new cases result in death.! For
patients recently diagnosed with GB, the established treatment
protocol includes maximal resection, subsequent to radiotherapy
over 6 weeks with concomitant temozolomide chemotherapy
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followed by temozolomide maintenance. The midpoint period
until progression is 6 months, and the overall survival ranges
from 16 to 18 months. This poor prognosis is due to the
location of the tumor and to its diffuse and infiltrative nature in
the adjacent brain parenchyma.>® For these reasons, complete
surgical resection is restricted, resulting in tumor recurrence and
metastasis. Other challenges associated with GB treatment
include the large phenotypic and genotypic heterogeneity, which
results in multidrug resistance. Furthermore, the lack of specifi-
city of current therapies leads to significant toxicity toward
healthy tissues and limited penetration through key barriers
such as the blood-brain barrier (BBB) and blood-brain tumor
barrier (BTB).*®

Despite the implementation of a combinatory treatment
approach in glioblastoma (GB), there has been no substantial
improvement in patient outcomes. Consequently, the develop-
ment of single drug delivery systems that integrate multiple
modalities is imperative. These combined-modality therapies
aim to conjugate various antitumor mechanisms to address the
limitations of existing treatments. Recently, a noteworthy
advancement involved the integration of chemotherapy and
photothermal therapy within a single nanoparticle, resulting in
an enhanced antitumor efficacy.”®

Chemotherapy is an important form of cancer treatment.
However, the emergence of multidrug resistance in cancer cells
and the resultant systemic toxic side effects from non-specific
drug delivery represent significant hurdles to success in the
treatment of several cancers. Temozolomide is a clear example
of a chemotherapeutic drug with low efficacy that has not
significantly improved the survival rate of patients over the
years. In this context, the drug repurposing approach has
promising potential to identify new uses for approved drugs
beyond their original medical indication and to expand the
anticancer portfolio.”'® Drug repurposing is a rapid strategy
to find an effective treatment with lower costs and risks.
Celecoxib, a selective cyclooxygenase inhibitor, has been utilized
for over 20 years as an anti-inflammatory, analgesic, and anti-
pyretic drug."'™ In recent years, celecoxib has been highlighted
as a good candidate with anti-neoplastic activity against numer-
ous cancer types, including glioblastoma.'*"® Preclinical data
suggest that it may have a chemopreventive effect against breast
cancer. More recently, the FDA approved celecoxib for the treat-
ment of familial adenomatous polyposis to prevent the formation
and growth of colon polyps.*®"”

Photothermal therapy (PTT) stands out as an appealing
approach for treating solid tumors, offering benefits over
conventional therapeutic modalities, characterized by specifi-
city, minimal invasiveness, and particular spatial-temporal
selectivity. PTT involves the conversion of photon energy into
cytotoxic heat, leading to the damage and eradication of cancer
cells. The photothermal effect enables a localized temperature
increase, causing cancer cell destruction through necrosis
when the temperature reaches 50 °C, a phenomenon known
as thermal ablation.'® In contrast, a mild photothermal effect
(39-45 °C) significantly amplifies the chemotherapeutic impact
through thermo-sensitization. This induces damage to DNA
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repair, membrane integrity, improved blood flow and tumor
penetration, and activation of the apoptosis mechanism.'®"?
Although several heat sources, such as ultrasound, radio-
frequency, microwaves, and electromagnetic waves,>® have
been employed clinically, near-infrared (NIR) radiation has
attracted special attention relative to other sources, owing to
its non-invasive effect and high tissue penetration.>'>* NIR
radiation is not selectively absorbed by tumors and cannot be
used alone to eradicate them. However, when a NIR absorbing
material is present in the organism exposed to NIR radiation, it
will be a heat source as long as it absorbs NIR radiation. For
sufficiently intense NIR radiation, this heat source will trigger
cell death mechanisms that bypass multidrug resistance.>®*’

Numerous nanotechnologies have garnered significant
attention for the treatment of glioblastoma (GB), particularly
those employing combined modality therapy. Furthermore,
there has been a substantial surge in the application of engi-
neered hybrid nanoparticles for glioblastoma over the past few
decades. Hybridization of effective treatments can enable
combination therapy, leading to higher success rates in anti-
tumor efficacy and better quality of life for patients. Moreover,
appropriate tuning of particle properties to smaller sizes can
enhance nanoparticle gathering within tumor tissue through
the mechanism of enhanced permeability and retention
(EPR).>®** Another important aspect is the surface modifica-
tion with specific ligands, which confers active targeting cap-
abilities to these nanoparticles and improves nanoparticle
concentration at the target site, reducing their concentration
in the unwanted tissue. Hybrid nanoparticles (HNPs), composed
of ultra-small nanostructured lipid carriers (usNLCs) as a drug
loading system and Au as a heating moiety, offer unique advan-
tages for chemo-photothermal therapy in a single system.

usNLCs, the solid lipid-matrix NPs, represent a promising
candidate carrier for glioblastoma treatment.**** Their numer-
ous advantages include their biocompatible and biodegradable
nature, high encapsulation capacity, drug protection from
biological effects in the bloodstream and at the target site,
control over the release, suitable storage stability, and the
ability for large-scale production with an excellent cost-effective
ratio.>*’” The reduced particle size (<100 nm), high specific
surface area and accessible surface functionalization make
usNLCs an attractive nanocarrier for drug delivery. Due to their
lipophilic matrix, they can be easily loaded with celecoxib with
high efficiency.

Gold nanorods (AuNRs) have attracted interest in diagnosis,
drug delivery, and photothermal therapy owing to their adjus-
table size during synthesis, ease of surface functionalization,
excellent plasmonic properties, biocompatibility, and resis-
tance to photobleaching.*®*° AuNRs exhibit excellent surface
plasmon resonance (SPR) with the capacity to convert radiation
into heat with high efficiency, as they can produce a hyperther-
mia effect when excited with an NIR laser. By controlling the
particle size and aspect ratio during synthesis, the plasmonic
resonance band can be modified to absorb in the biological
window region (750-1400 nm).>® This biological window provides
increased transparency toward biological matter. In addition,
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light absorption and scattering in AuNRs may be intensely
enhanced, which endow them numerous therapeutic modalities,
including PTT and/or photodynamic therapy.**** Moreover, when
combined with organic nanoparticles, they can suppress cancer
cells by exerting synergistic effects and reversing drug resistance.>>*”

HNPs gather the advantages of usNLCs, the NIR-sensitivity
of AuNRs, and the active targeting ability of both. As such, they
become robust nanoparticles, comprising three distinct func-
tional components: (i) a lipophilic core designed to entrap
poorly water-soluble drugs, thereby enhancing drug encapsula-
tion efficiency and controlling drug release; (ii) an inorganic
shell with photothermal capability that raises local tempera-
tures above 39 °C under NIR irradiation; and (iii) an outer layer
designed to target overexpressed transferrin receptors at the
BBB, facilitating effective targeting for crossing the BBB and
ultimately reaching the brain tumor.

In the present study, the design and development of targeted
HNPs, combining chemo- and photothermal therapy against
GB, are reported. The HNP construction relies on the covalent
linkage between usNLCs and AuNRs. The active targeting
strategy was implemented to warrant a specific delivery to the
brain by using transferrin (which targets the BBB) and the
¢(RGDfK) peptide (which not only targets the GB tumor barrier
but also serves as a linker between inorganic and organic
nanoparticles). The ¢(RGDfK) is a key targeting molecule for
GB cells due to its high affinity for integrins, particularly a,f33,
which are overexpressed on the surface of GB cells, enhancing
selective delivery of therapeutic agents and improving treat-
ment efficacy.?>*4*°

The HNPs were assessed considering their physicochemical
characteristics, including particle size, zeta potential, polydis-
persity, drug loading, and photothermal properties. The in vitro
performance of the HNPs regarding permeability through
HBMEC, cytotoxicity and cellular uptake efficiency using HBMEC
and U87 cells, and cell apoptosis of U87 cells was evaluated.
Finally, the in vitro findings were further confirmed by in vivo
studies, such as biodistribution, efficacy studies in an orthotopic
glioblastoma mouse model through magnetic resonance imaging
(MRI), and toxicity evaluation.

View Article Online

Communication

Overall, this chemo-photothermal combination constitutes
a game-changing strategy for improving brain drug delivery and
anti-glioblastoma treatment efficacy.

Results and discussion

Hybrid lipid-gold nanoparticles with dual targeting for chemo-
photothermal therapy against glioblastoma were developed,
characterized with respect to their colloidal properties, and
evaluated for the performance of the nanoparticles both in vitro
(permeability and cytotoxicity studies in HBMEC and U87 cells)
and in vivo (pharmacokinetics, tolerability, and efficacy studies).
A thorough examination of quality, safety, and efficacy was
conducted as part of a comprehensive framework for developing
this hybrid nanoplatform, and the findings are detailed in the
subsequent sections.

HNP characterization

Colloidal and loading properties of nanoparticles, such as
particle size (PS), polydispersity index (PdI), zeta potential (ZP),
and drug loading (DL) are summarized in Table 1. The nano-
particles were designed to fit the <100 nm size to better reach the
blood-brain barrier and tumor barrier, exploiting the leaky vessels
according to the theory of enhanced permeability and retention."”
The lipid nanoparticles produced had a mean hydrodynamic
diameter of 60 nm, narrow distribution, and high stability, see
Table 1. However, the addition of stearylamine (usNLCs®"), with
cationic properties and used as a charge modifier, reverted the
negative charge of usNLCs (—37 & 3 mV to 39 + 2 mV).

Stearylamine, an amine-containing molecule, was employed
to establish a covalent bond with the carboxyl group of aspartic
acid in ¢(RGDfK). The latter served as a linker between lipid and
gold nanoparticles.

AuNRs were synthesized by the seedless synthesis method,
which yielded CTAB nanorods (AuNRs“™®) with 24 + 5 nm x
6 £ 1 nm in size (length x width, with an aspect ratio of 4, see
Table 1 and Fig. 1A).***® Morphology analysis of the AuNRs
performed by TEM also confirmed their rod shape (Fig. 1A).

Table 1 Particle size (PS), polydispersity index (Pdl), zeta potential (ZP), gold content, and celecoxib loading of freshly purified NP formulations. Data are
expressed as mean £ SD (n = 3, usNLCs vs. other nanoparticles **** p < 0.0001)

PS (nm) PdI ZP (mV) Au content (ug mL ™) Number AuNRs per HNPs (NPs per mL) DL (%)

usNLCs” 59.9 &+ 0.3 0.152 —37+3 N.A. N.A. 4.5+ 0.1
usNLCs®T? 64.1 + 0.2 0.184 39 4 pxxxx N.A. N.A. 4.2 4+ 0.1
AUNRsCT4B4 N.A. N.A. 38 4 pxxxx 37 — N.A.
AuNRs (RGP a N.A. N.A. —1 4 Prexx 32 — N.A.
HNPs? 62.6 + 1.2 0.134 32 £ 1H0ex 200 1.53 x 10° 4.6 + 0.6
HNPs™? 60.4 £ 0.1 0.115 29 £ pxxxx 200 1.53 x 10° 4.5 +0.3
Stability (1 year)

PS (nm) PdI ZP (mV)
HNPs” 67.2 + 1.2 0.229 39 +£1
HNPs™? 76.1 £ 0.5 0.254 29 + 2

Key: ST - stearylamine; ¢(RGDfK) - cyclo-(arginine(R)-glycine(G)-aspartic acid(D)-phenylalanine-lysine); Tf - transferrin; HNPs - hybrid nano-
particles; AuNRs - gold nanorods; N.A. - not applicable; Au - gold; DL - drug loading * Measured by TEM. ” Measured by DLS.
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Fig. 1 Nanoparticle characterization. (A) Morphology of AuNRs evaluated by TEM (scale bar = 200 nm). (B) Absorbance spectra of AuNRs and

AUNRs“RGPH (hlack and orange, respectively, n = 5). (C) Absorbance spectra of usNLCs®" (black), HNPs™™ (100 pg mL™%, gold), and HNPs™ (200 ug mL™,
blue) nanoparticles under wavelengths from 400 nm to 900 nm (n = 5). (D) Thermal behavior of HNPs' based on the concentration of AUNRs post-NIR laser
irradiation (750 nm and light dose of 450 J cm™2). (E) Morphology of HNPs™™ (100 ng mL™Y) evaluated by TEM (scale bar = 1000 nm). (F) Morphology of
HNPs™@ (200 pg mL™?) evaluated by TEM (scale bar = 1000 nm). (G) Photographs showing the representative colors of HNPs™™™ (100 pg mL™, left) and

HNPs™@ (200 ng mL™, right), reflecting the photothermal conversion effects of NIR laser irradiation (750 nm).

Although CTAB is vital for both the synthesis and stabili-
zation of AUNRs, its use is linked to significant cytotoxicity.>°™>*
For this reason, it is important to remove this compound.
A prerequisite for the successful functionalization of AuNRs is
the existence of functional groups that can establish a stable
bond with the metal surface, such as thiol, disulfide, and amine
groups.”>™’ Functionalization of the AuNRs was performed by
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replacing CTAB with the ¢(RGDfK) peptide through the ligand
exchange method. This relies on the strong affinity of gold for
the guanidine groups, leading to the shift of CTAB molecules
from the AuNRs surface.’® The ZP of AuNRs changed from
positive 38 £+ 2 mV to negative —1 + 1 mV. These changes in ZP
indicated successful surface functionalization and corrobo-
rated the NMR results. The surface-functionalized c(RGDfK)

This journal is © The Royal Society of Chemistry 2025
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showed colloidal stability at 4 °C. As shown in Fig. 1B, the
AuNRs displayed a weak peak band at around 520 nm from the
transverse plasmon resonance peak band, and the highest
longitudinal plasmon resonance peak band around 765 nm
demonstrated NIR absorption capability and the potential of
photothermal conversion. After being modified with ¢(RGDfK),
the longitudinal resonance absorption peaks of AuNRs exhib-
ited a red shift of 10 nm, i.e., from 750 nm (AuNRs) to 760 nm
(AuNRs*®P™)) “wwhich did not prompt significant changes in
the original properties (see Fig. 1B). This shift did not nega-
tively impact the nanoparticle photothermal performance. Note
that this behavior has been described in other works wherein a
change in the dielectric constant of the surrounding environment
of AuNRs was observed.>* >

The hybrid nanoparticles were synthesized, as outlined in
the ESL.f Colloidal properties showed the conjugation between
lipid and gold nanoparticles in accordance with the NMR
analysis (Fig. S4-S6 and Tables S1 and S2, ESIf). The addition
of AuNRs“®CPH) to ysNLCs®T, establishing the HNPs, pre-
viously activated, did not result in any notable change in
particle size and polydispersity index (usNLCs®" PS = 64.1 &
0.2 nm with a PDI = 0.184, HNPs PS = 67.2 + 1.2 nm with a
PDI = 0.134, and HNPs™ PS = 76.1 + 0.5 nm with a PDI = 0.115,
see Table 1). The TEM images in Fig. 1E and F showed a visual
increase in the particle size of HNPs at higher AuNRs*®¢P™)
concentrations. The concentration of AuNRs in the HNP formu-
lation was determined to be 1.53 x 10" NPs per mL, ensuring a
sufficient particle density for subsequent in vitro and in vivo
evaluations. This estimation assumed that the AuNRs have a
cylindrical shape (V = 678.58 nm?) and considering the density
of gold (p = 1.93 x 107>° g nm?). The functionalization of
usNLCs®" with AuNRs“®P™) can also contribute to an increase
in overall particle size, as the conjugation of AuNRs and the
peptide increases the effective hydrodynamic diameter. However,
this promoted only a slight change in PS and PDI measured
through DLS. Simultaneously, for TEM analysis, the samples were
dried as pre-treatment, which might have influenced the aggrega-
tion behavior. However, it is important to note that the overall size
distribution of HNPs remains relatively narrow, indicating that
most particles maintain a consistent size even at higher
AuNRs“RPX) concentrations (see Table 1). This suggests that
incorporating AuNRs“®“"™ into the usNLCs™" is well-
controlled and did not significantly affect the overall size
distribution. The zeta potential increases in usNLCs®" (compared
to usNLCs), and the subsequent addition of AuNRs“®P™ Jeads to
a decrease in the value of this property arising from the formation
of a covalent bond between the amine group of stearylamine and
the carboxyl group of aspartate residue present in AuNRs“®EPH),
The HNPs obtained were characterized by UV-vis spectrophoto-
metry, showing that the maximum plasmon resonance peak
at 800 nm differed from the maximum peak obtained by
AuNRs“®P™) (around 750 nm). This effect can be explained by
the increased local refractive index surrounding the AuNRs“®¢P™)
when combined with the usNLCs®" nanoparticles and possible
interactions between them. Such red-shifts are commonly
observed when AuNRs undergo surface functionalization or

This journal is © The Royal Society of Chemistry 2025
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aggregation, which could explain the spectral shift with increas-
ing AuNR concentration.”®®> usNLCs did not display a peak in
the spectrum around this wavelength range (Fig. 1C). Note that
the CXB assay was not influenced by the addition of AuNRs
to lipid nanoparticles, attaining a final drug concentration of
~6.9 mg mL " for celecoxib.

Stability is a crucial parameter for the practical use of any
pharmaceutical formulation. After 1 year, hybrid nanoparticles
showed marked stability, with particle size, zeta potential, and
drug loading matching the original ranges, see Table 1.

Photothermal conversion

AuNRs and HNPs™ demonstrated evident photothermal activity
through LSPR, exhibiting a response to the 765 nm NIR
wavelength. The nanoparticles were exposed to a 750 nm laser
and a light dose of 450 J cm 2. Briefly, the AuNRs generated
significant heat, reaching an apparent temperature of 70 °C and
declining to 37 °C within 3 minutes, whereas the control
(usNLCs) did not produce any heat (26.2 °C). HNPs™" were
analyzed according to the amount of AuNRs incorporated
(0 ug mL™" to 200 pg mL™"). Fig. 1D presents the changes in
the temperature profile of HNPs"f with an increase up to 60 °C.
The highest temperature (at 200 ug mL ') obtained was near
the temperature of neat AuNRs. Consequently, to obtain a
better photothermal effect in the subsequent studies, a concen-
tration of 200 ug mL ™' AuNRs was added to the usNLCs. These
findings suggest that adding lipid nanoparticles and transferrin
to the surface of AuNRs does not compromise their capacity to
absorb light in the NIR spectrum (as shown previously) and
prompts hyperthermia. These results were also confirmed by
thermal visualization with an infrared camera (see Fig. 1G).

Cell viability and permeability studies

The cytotoxicity of HNPs and HNP™" against HBMEC and U87 cells
was investigated using the colorimetric resazurin cell viability
assay. Overall, a concentration- and time-dependent cytotoxic
effect of the nanoparticles on HBMEC and U87 cells was noted
within the concentration range of 2.4-2000 pg mL~" for HNPs
(considering the lipid content, see Fig. S8A, and B, respectively,
ESIt). Also, HNPs are more toxic to HBMEC cells than to U87
cells at 24 h and 72 h (Fig. 2A). Cell viability decreases with an
increase in formulation concentration. In HBMEC cells, the
ICs, values of HNPs and HNPs™ were calculated after 4 h of
incubation, yielding 371 4+ 23 pg mL™" and 377 + 26 ug mL ™",
while after 24 h of incubation, the IC;, values were 280 +
21 pg mL ™" and 311 4 10 pg mL ™" (Fig. 2A), respectively. These
results revealed that the cytotoxicity did not change signifi-
cantly after surface functionalization for the first 4 h. However,
after 24 h, HNPs were slightly more cytotoxic than HNPs"" (see
Fig. 2A). In U87 cells, the ICs, values of the HNPs and HNPs™f
were calculated following 24 h and 72 h of incubation. At 24 h,
the ICs, values of the HNPs and HNPs™" were 516 + 62 ug mL ™
and 361 + 84 ug mL ', while after 72 h of incubation, the ICso
values dropped to 250 + 32 pg mL™' and 124 4+ 21 pg mL™'
(Fig. 2A), respectively. These results show a higher cytotoxicity
for HNPs™,
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2D-model of HBMECs. Data are expressed as mean + SD (n = 3, usNLCs vs. HNPs'  **** p < 0.0001).%% (C) In vitro cellular uptake of celecoxib-loaded
usNLCs, celecoxib-loaded HNPs, and celecoxib-loaded HNPs™ following 0.5, 1, 2, and 4 h of incubation with HBMEC cells. Data are expressed as mean +
SD (n = 9, usNLCs vs. HNPs/HNPs™ ** p < 0.01; usNLCs vs. HNPs/HNPs™ **** p < 0.0001). (D) Cellular uptake of fluorescent usNLCs, HNPs, and HNPs™*
in U87 cells at 1, 2, 4, and 8 h. Data are expressed as mean £ SD (n = 9). (E) TEM images show the intracellular location of nanoparticles (AuNRs, HNPs, and
HNPs™ in U87 cells after 8 h incubation. (F) The impact on the cell death profile of U87 cells was studied using different concentrations of nanoparticles
(IC10, ICs0, and ICq0). Following 4 h of incubation, cells were stained with Annexin V and propidium iodide (PI), and the percentage of cell death was
estimated. Apoptosis assay of U87 cells treated with usNLCs and HNPs™". Key — Q3.1: necrotic cells, Q3.2: late apoptotic cells, Q3.3 living cells, Q3.4
early apoptotic cells. (G) Relative changes of the percentage in each cell death quadrant. CTL stands for untreated U87 glioblastoma cells. These data are
representative of three independent experiments (****p < 0.0001).

In addition, the sensitivity of U87 cells to AuNRs*RPf wyas
evaluated within the range of 0.01-3 pg mL ", yielding an ICs,
of 1.1 4+ 0.6 pg mL ™" at 24 h, see Table S8C (ESI}). The high
cytotoxicity of AuNRs compared to hybrid nanoparticles is
mainly due to the shape of AuNRs and their particle size
(24 £ 5 nm x 6 £ 1 nm in size, length x width, with an aspect
ratio of 4, vs. 62.6 + 1.2 nm of HNPs™). Several studies have
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shown a size- and shape-dependent cellular toxicity behavior of
gold nanoparticles.®*®®

Overall, the growth inhibitory effect was more pronounced
for the hybrid nanoparticles, as compared to usNLCs previously
tested, under the same conditions for both cell lines.®* This can
be attributed to the incorporation of AuNRs as an inorganic
component in the lipid matrix.

This journal is © The Royal Society of Chemistry 2025
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The BBB model was established using Transwell® devices,
with cells cultured for 7 days to achieve monolayer formation.
BBB integrity was determined by measuring transendothelial
electrical resistance (TEER), and the permeability of Lucifer
yellow (LY) was assessed at the conclusion of the experiment.
TEER values were found within 120-150 Q cm? at the beginning
of the experiments.®® Considering lipid content, celecoxib-
loaded HNPs were added to the upper compartment at a
concentration of 200 pg mL ™. The ICs, values at 4 h were used
as a reference to guarantee the integrity of the 2D-BBB model
until the end of the experiment. The Pe value of LY below 2.8 x
10° cm s ' indicates that there is no adverse effect on the
integrity of the cell monolayer, which was checked by the TEER
values after 4 h. Fig. 2B shows the effect of celecoxib-loaded
HNPs and HNPs"" on the permeability of celecoxib through the
BBB composed of HBMECs in a monolayer. usNLCs were used
as a negative control, and usNLCs'' were used as a positive
control, and the results are described in ref. 63. The presence of
transferrin on the surface of HNPs (P, = 20.6 * 3.42 X
107> em s~ ! at 4 h) increased the BBB permeability. This can
be ascribed to the expression of Tf receptors in HBMECs that
enhanced the affinity of HNPs™ and benefited from receptor-
mediated endocytosis. The superior behavior of Tf in the active
targeting of usNLCs was previously described in ref. 63. These
results are consistent with previous work of our group and
other results from the literature.®®7%7*

Cell uptake and intracellular trafficking

A systematic analysis of cellular internalization was further
performed using celecoxib-loaded usNLCs, HNPs, and HNPs'",
R123 was not covalently bound to nanoparticles. Thus, it was
not excluded that R123 was released from the nanoparticles
during the cellular uptake. However, it should be noted that the
nanoparticles were purified to remove the non-encapsulated
R123 before use. Both cells, HBMEC and U87 cells, did not
show significant fluorescence on their own, as validated by flow
cytometry. Therefore, it is suggested that the fluorescence
detected in the cells resulted from the uptake of R123-nano-
particles.

Fig. 2C and D present the mean fluorescence of the cells
after incubation with R123-loaded nanoparticles. The results
show significant internalization of R123-loaded usNLCs and
R123-loaded HNPs over time in HBMEC and U87 cells, respec-
tively. Fig. 2C exhibits high internalization of usNLCs com-
pared to HNPs, being significantly different at 2 h (usNLCs vs.
HNPs, p < 0.0001; usNLCs vs. HNPs™, p < 0.005) and 4 h
(usNLCs vs. HNPs, p < 0.0001; HNPs™ vs. HNPs, p < 0.005).
Fig. 2D shows higher internalization of usNLCs and HNPs""
than HNPs, significantly different after 1 h (usNLCs vs. HNPs,
p < 0.005), 2 h (usNLCs vs. HNPs, p < 0.0001; usNLCs vs.
HNPs™, p < 0.0001) and 8 h (usNLCs vs. HNPs, p < 0.0001;
HNPs™ vs. HNPs, p < 0.0001). The internalization of nano-
particles was time- and cell type-dependent. Internalization is
notably greater in the U87 cells compared to the blood-brain
barrier cells (HBMEC), with mean fluorescence 10-fold higher
in U87 cells than in HBMECs. Table S3 and S4 (ESIt) shows the
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effect of surface functionalization (usNLCs/HNPs, usNLCs/
HNPs"™f) in HBMEC and U87 cells. The presence of transferrin
favored internalization in HBMEC cells (HNPSTf =12+ 0.1vs.
HNPs = 1.0 & 0.1) at the initial time point. These results were
important because the BBB is the first barrier that nanoparticles
must overcome to reach the brain tumor. At all the time points,
the HNPs™ values in U87 cells were higher than those of HNPs but
lower than those of usNLCs (usNLCs/HNPs™ < 1).

The internalization of HNPs™" into cells represents a crucial
step for successfully treating glioblastoma through localized
photothermal therapy. Cellular TEM images can corroborate
the presence of hybrid nanoparticles internalized in the cytoplasm
of U87 cells (see Fig. 2E). These findings corroborated the previous
cellular uptake data. In turn, fewer AuNRs and HNPs were
visualized in U87 cells.

Apoptosis induction

The studies on cell viability revealed that treatment with celecoxib-
loaded usNLCs and HNPs™" induced a significant increase in cell
death, indicating that both types of nanoparticles are excellent
candidates for effectively eliminating glioblastoma cells. However,
the findings on the cell viability did not offer insights into the
mechanism of cell death following the treatment.

To elucidate the pathways of cell death induced by the
nanoparticles, flow cytometry analyses were conducted to
ascertain whether necrosis or apoptosis occurred during the
chemotherapy process. Propidium iodide (PI), a non-permeable
dye binding to DNA, and Annexin V, which binds to phospha-
tidylserine, were employed to detect cell death. As caspases
initiate apoptotic events, Annexin V migrates to the outer layer
of the membrane. This means that viable cells do not bind to
Annexin V, whereas cells in early apoptosis can attach to it.
Viable cells, or those in the early stages of apoptosis, maintain
an intact plasma membrane, PI from passing through. PI stains
the nucleus of non-viable cells in the later apoptosis stages,
indicating the presence of necrosis and late apoptosis.

To inspect the mechanisms of cell death, U87 cells were
treated with three concentrations (IC;o, ICsy, and ICgq) of
nanoparticles for 4 h. Annexin V/PI were then applied, and
the results are shown in Fig. 2F and G. The main mechanism of
cell death was apoptosis, regardless of the concentration used.

In untreated U87 cells, the percentages of total necrosis,
early apoptosis, and late apoptosis were 1.97%, 0.79%, and
0.95%, respectively. Cell viability markedly decreased across all
experimental conditions treated with usNLCs and HNPs'f,
indicating the effectiveness of nanoparticles in triggering cell
death and reducing cell viability, as shown by the results of
cytotoxicity studies. The U87 cells died mainly by apoptosis,
and a relatively smaller proportion of cells were killed by
necrosis after 4 h of treatment with usNLCs and HNPs"", Early
apoptosis and necrosis were analogous to the concentration
studied. Moreover, both nanoparticles induced cell death in a
concentration-dependent manner (p < 0.0001). At higher con-
centrations (ICs, and ICg), the percentage of late apoptotic
cells was higher than for IC,,, especially in usNLCs (67.1% and
74.8%, respectively), while for HNPs™ the apoptotic percentage
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was similar at all concentrations tested (58.7, 55.2 and 48.9%
for 1C,y, ICso, and ICy, respectively). The results suggest that
hybrid nanoparticles have lower toxicity than lipid nano-
particles at short exposure times (ICs, and ICq), especially at
high concentrations. These data can be explained by the pep-
tide coating of HNPs, which shows greater protection or lower
internalization after 8 h than usNLCs, even at high concentra-
tions (see Fig. 2A). It was also observed that the viability of
the cells at the three concentrations decreased significantly
compared to the results for untreated cells. This suggests that
treatment with these nanoparticles may cause a reduction in
cell viability by engaging signaling pathways that control apop-
totic outcomes.

A fine-tuning of the performance of the formulations tested
was considered (see Fig. S9 and Table S3, ESIt) to reflect a more
comprehensive and integrated analysis from an in vitro per-
spective. Accordingly, it is seen that (i) functionalization of
usNLCs with ¢(RGDfK) yields a better cellular internalization,
supporting their targeting ability; (ii) the surface modification
with Tf assigns an enhanced BBB permeability, justifying their
preferential interaction with this physiological barrier; and
(iii) the further coupling of usNLCs with AuNRs elicits the
best behavior considering cellular viability, uptake, and appar-
ent permeability. This performance grounds the rationale
and novelty behind selecting this increasingly complex hybrid
nanosystem for subsequent in vivo evaluation.

In vivo studies

Hemolysis studies. Hemolysis is characterized by the lysis of
the cell membrane of erythrocytes and the release of their
content. Evaluation of formulation behavior upon entry into
contact with the blood, in particular the hemolytic ability
of nanoparticles, is crucial when systemic administration is
envisioned. Therefore, the hemolytic behavior of usNLCs,
usNLCs®", and HNPs™ was investigated by in vitro incubation
with human blood to mimic the possible interaction of the
nanoparticles with red blood cells (RBCs). The nanoparticles
were tested at different concentrations (1, 10, 50, 100, and
200 pug mL " considering the lipid content), and the hemolytic
activity was evaluated after 3 h of incubation at 37 °C with
erythrocytes. None of the formulations induced a percentage of
hemolysis exceeding 5%. Triton-X-100 was used as a hemolytic
agent, the effect of which can be seen by the red color of the
supernatant, while PBS showed no hemolytic outcome. According
to the guidelines, only a hemolysis percentage superior to 5% is
considered significant.”> Fig. 3A evidences dose-dependent
hemolysis, wherein the formulations exhibit consistent blood
compatibility.

In vivo nanoparticle biodistribution analysis

Fluorescence imaging offers a convenient, non-invasive, time-
and cost-effective way to detect NPs with the added advantage
of requiring a minimal number of animals. The IVIS imaging
system, one of the most used methods, offers significant
advantages in assessing whole-body biodistribution in live
animals or dissected organs.
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The biodistribution of the nanoparticles was studied by
tracking the fluorescence signal of IR780 using IVIS. IR780, a
stable NIR heptamethine dye, was used because of its hydro-
phobicity. It can be easily loaded into lipid nanoparticles (as
usNLCs) and has remarkable properties in NIR fluorescence
imaging, avoiding autofluorescence of mouse tissues in IVIS
imaging.”®”” Swiss Nu/+ mice were injected intraperitoneally
with IR780¢¢, IR780-loaded usNLCs, IR780-loaded HNPs, and
IR780-loaded HNPs™, at a dose of 0.3 mg kg~ * (considering the
IR780 content). Mice were monitored and kept alive during the
testing period. The fluorescence data were normalized consid-
ering the fluorescence of the solution and the nanoparticle
dispersions, given the different fluorescence intensities. For
biodistribution studies, images were collected at different time
points. Three animals were sacrificed at 30 h post-injection due
to the observed higher accumulation of nanoparticles in the
brain. The remaining animals were sacrificed at the last time
point of 96 h post-injection. At these time points, the organs
were harvested and imaged for fluorescence quantification. The
intensity of the NIR fluorescence signals in each organ corre-
sponds to the IR780 accumulation within the organs, as NIR
excitation and emission wavelengths typically exhibit low or
negligible autofluorescence. Fig. 3B shows the accumulation
of nanoparticles in the brain over different time points. The
fluorescence signals increased progressively over time, starting
with those receiving IR780-loaded usNLCs, followed by IR780-
loaded HNPs, IR780-loaded HNPs™, and finally, those that
received IR780™°,

The fluorescence data obtained with IR780-loaded usNLCs
were statistically different compared to the other formulations
studied throughout the 96 h timeframe. At 30 h post-injection,
all animals exhibited a higher accumulation of IR780 in the
brain. The ex vivo biodistribution profile in vital organs (brain,
heart, liver, kidney, and spleen) were analyzed at 30 and 96 h
(Fig. 3C and D, respectively). The fluorescence signals were
normalized to organ weight to avoid misinterpretation related
to organ size/volume. In vivo biodistribution studies presented
greater accumulation and retention of usNLCs > HNPs'f >
HNPs > IR780™° in the brain at 30 and 96 h (Fig. 3E and F).
The NPs’ fluorescence intensity in the brain was 2-fold higher at
30 h compared to 96 h. The ex vivo images in the brain evidence
that usNLCs slowly leave the brain.

Fig. 3C and D show that IR780™ and IR780-loaded nano-
particles were mainly accumulated in the kidneys and liver. The
higher accumulation in these organs indicates that both serve
as elimination pathways. Also, the intensity of usNLC fluores-
cence in the kidneys and liver was higher compared to IR780™
and HNPs/HNPs™ fluorescence. At 30 h, the accumulation of
usNLCs was found to be 2-fold higher than that of the IR780™¢
or NP behavior at 96 h. The preferential accumulation in the
kidneys and spleen was reported by other groups that use lipid
nanoparticles or hybrid nanoparticles.”®®' The high intensity
observed in the kidneys and spleen reflects the prolonged
circulation of these NPs in the bloodstream, attributed to their
stealth properties. However, the high accumulation of NPs
in the liver highlights the slow clearance of the NPs by the
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Fig. 3 In vivo screening behavior of the nanoparticles. (A) In vitro hemolytic activity of usNLCs and hybrid NPs (HNPs and HNPs™) in human blood,
considering five different concentrations (1, 10, 50, 100, and 200 pg mL™" in relation to lipid content). PBS and Triton-X-100 were used as the negative
and positive control, respectively. Results are expressed as mean + SD, derived from a minimum of three independent experiments conducted with
blood samples obtained from distinct donors, each experiment performed in duplicate. (B) /In vivo fluorescence imaging of IR780 solution and
nanoparticles in mice. Fluorescence images of mouse brains acquired at different time points post-injection of IR780-labeled nanoparticles (Ex = 745 nm,

= 810-875 nm). (C) Ex vivo fluorescence images of excised tissues from mice injected with IR780-labeled nanoparticles after 30 h (2 < n < 3) and

(D)96h (6 < n <7 Ex=745nm, Em = 810-875 nm). (E) Semiquantitative analysis of fluorescence biodistribution in major organs of IR780 solution
and nanoparticles at 30 h and 96 h (F) post-injection. Results are presented as mean + standard deviation. (H) Biplot representation of the three
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nanoparticle formulations (UsNLCs vs. HNPs vs. HNPs™), the corresponding in vitro and in vivo performance outcomes on the first two PCs (85.1% and
14.9% of initial information recovery, respectively). The colored points represent the formulations, the blue arrows represent the in vivo performance at
30 h (IVISzon brain, IVISson liver, IVISzon heart, IVISzon kidney, and IVISzon spleen), and the orange arrows represent the in vivo performance at 96 h (IVISgen
brain, IVISgg liver, IVISgg heart, IVISqgn kidney, IVISqg, spleen). Key: IVIS — in vivo optical imaging system; P,,, — permeability apparent coefficient; ICsq -

half-maximal inhibitory concentration.

reticuloendothelial system.®” Extended circulation and stealth
properties have been identified as advantageous for brain
targeting.

Despite the widespread use of fluorescence intensity for
biodistribution quantification, there has been a lack of sys-
tematic validation of this method across a variety of tissues.
Therefore, it is imperative to meticulously assess and interpret
fluorescence imaging measurements, as the data may be influ-
enced by tissues with varying degrees of light absorption and
scattering. A tissue-specific quantitative comparison is accep-
table (e.g., brain vs. brain), but it is not correct to determine the
accumulated dose by comparing fluorescence intensity between
different tissues.

The impact of nanoparticle type on cellular in vitro and
in vivo performance was evaluated using an unsupervised
learning algorithm, such as principal component analysis
(PCA), using the row-wise estimation method and the correla-
tion matrix. This approach explored similarities, hidden mole-
cular patterns, and differences among distinct nanoparticles,
where interactions within the data are not readily visible. This
analysis allows for rationalizing preliminary in vitro and in vivo
data. PCA enabled the evaluation of the qualitative effects of
nanoparticles on the in vivo biodistribution behavior, including
the preferential brain targeting and the distribution in off-
target organs at two-time points (30 h and 96 h). The interac-
tions are presented in a biplot (see Fig. 3H), which shows the
relative positioning of the different nanoparticles (colored
points) and the contributions of each variable (colored vectors)
on the two principal components (PCs) with an information
recovery of 100%. The weight of the vectors indicates how much
each variable influences each principal component: a larger
magnitude of the vector component upon a principal compo-
nent signifies a greater impact. The direction of a vector shows
the trend and change in the value of the variable. Relevant
correlations between variables can also be discerned by exam-
ining the angles between vectors: a smaller angle indicates a
stronger correlation.

The nanoparticles are distributed across three quadrants:
regarding the usNLCs, they are the mostly impacted by the
analyzed variables. The in vitro performance of usNLCs in U87
cells showed a higher ICs,, indicating a lower capacity to
promote cell death. Their in vivo behavior indicates a higher
accumulation in off-target organs, along with a higher accu-
mulation in the brain. Conversely, HNPs'® demonstrated a
higher cytotoxic effect in U87 cells and the best permeability
through the blood-brain barrier, primarily ascribed to the
presence of Tf, which actively targets the transferrin receptor
described in HBMECs. In terms of in vivo behavior, HNPs™
display lower brain biodistribution compared to usNLCs but
showed reduced accumulation in off-target organs. HNPs exhibited

4780 | Mater. Horiz., 2025,12, 4771-4787

generally decreased in vitro and in vivo performance compared
to usNLCs and HNPs™. A comprehensive analysis of in vitro
and in vivo performance enabled the selection of the usNLCs and
HNPs™ formulations for further in vivo studies.

In vivo pharmacokinetic parameters

The in vivo studies also aimed to characterize and understand
the pharmacokinetics of celecoxib after intraperitoneal (i.p.)
administration of usNLC, usNLC*®RSP™T HNP, and HNP™
formulations, as compared to a control group receiving the
non-encapsulated drug at the same dose (20 mg kg™'). The
pharmacokinetic profiles of celecoxib concentration in plasma,
brain, liver, spleen, and kidney are displayed in Fig. S10 (ESIf),
respectively. Non-compartmental analysis was carried out
to obtain various pharmacokinetic parameters,®® which are
summarized in Table 2. The following subsections describe
the behavior throughout the different matrices.

Plasma pharmacokinetic profiles. As previously reported by
our group,84 the Cpax Of i.p. administered celecoxib in solution
was 9.10 ug mL " after 1 h (£,qx value), considering the plasma.
In contrast, the encapsulation of celecoxib in usNLCs,
usNLCsC(RGDfK)Tf, HNPs, and HNPs™ showed an improvement,
with a Cpay of 10.6 pg mL™", 22.0 ug mL ™%, 7.0 ug mL™ ", and
8.8 ug mL™" after 0.5 h, respectively. The magnitude of cel-
ecoxib absorption from lipid nanoparticles and hybrid nano-
particles, expressed by AUC,. .5, Was significantly higher for
usNLCs (85.4 h x pg mL™") in comparison to other nano-
particles (usNLCs*®SPfI™ HNPs and HNPs™, 48.0 h x
pg mL™ ' vs. 27.5 h x ug mL™* vs. 45.6 h x pg mL ™', respec-
tively) and celecoxib in solution (40.2 h x pg mL™%).

Brain distribution. Celecoxib encapsulated in nanoparticles
reached the brain faster (0.5 h) than celecoxib in solution and
usNLCs(REPIIT (1 h). Taking into consideration the AUCjag
in the brain, a higher amount of celecoxib was prompted
by usNLCs (64.3 h x pg mL™', 6.24 times higher than the
usNLCsRPHTh followed by HNPs™ (39.8 h x pg mL™?,
2.24 times higher than the HNPs). Also, the usNLCs exhibited
a higher blood-brain barrier celecoxib crossability, followed by
HNPs™. Although Ci,.« in the brain is a relevant parameter as it
indicates the peak drug concentration in the organ following
administration, the AUC .4 reflects the drug’s overall thera-
peutic effect. Despite the similar Cy,,x values between formula-
tions (HNPs 5.6 h x ug mL ™" vs. HNPs™ 5.1 h x pg mL™"), the
AUCq 1. of HNPs™ is 2.24-fold higher compared to HNPs,
highlighting its superior drug exposure over time. This
enhanced pharmacokinetic profile supports the selection of
usNLCs and HNPs™ for efficacy studies in GB, as sustained
drug availability in the brain is crucial for therapeutic success.
Note that #;/, and MRT (mean residence time) are higher in the
plasma and brain when the drug is encapsulated. These positive
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Table 2 Pharmacokinetic (PK) parameters for celecoxib in nanoparticle formulations were evaluated relative to the free drug in solution across the
plasma, brain, liver, spleen, and kidney83

Celecoxib (CXB)* CXB-usNLCs CXB-usNLCs(REPOTE
PK parameters P B S K L P B S K L P B S K L
t1ya (h) 33 45 38 40 32 109 97 856 13 32 134 94 96 — 3.5
tmax () 1 1 1 1 05 05 05 05 05 05 05 1 05 05 0.5
Cnax (1g mL ™" or pg g7 %) 9.1 206 224 156 10.6 10.6 12.8 21.1 19.8 30.6 22.0 3.2 1.4 156 37.3
AUCopaet (h x pgmL ' orh x pgg ") 40.2" 5027 156.7" 57.9" 5527 854 64.3 178.7 50.4 97.8 48.0" 109" 3.2 20.0" 654"
AUCin¢ (h x pgmL torh x ugg™') 403" 505" 157.5" 58.2 5537 103.8 70.4 918.6 59.9 979 509" 11.6 35 —  65.6"
AUCextrap (%) 03 06 05 05 02 177 87 80.5° 158 01 57 58 94 — 02
MRT (h) 3.7 33 48 39 43 153 119 1269 157 45 56 87 110 — 2.7

CXB-HNPs CXB-HNPs""

PK parameters P B S K L P B S K L
ta (h) 11.5 13.3 5.7 — — 7.5 10.7 9.4 — —
tmax () 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 3 1
Crnax (0g mL ™" or pg g7 ) 7.0 5.6 18.7 7.4 43.9 8.8 5.1 15.6 6.6 18.3
AUCq1p (h x pgmL ™ orh x pg g™ 27.5 17.4 162.4" 15.0* 105.7" 45.6 39.8 139.1 27.0" 43.3"
AUCjps (h x pgmL ' orh x pgg™") 31.7 21.2 163.6" — — 49.1 45.3 156.4 — —
AUCextrap (%) 13.1 17.9 0.8 — 7.2 12.0 11.0 — -
MRT (h) 13.1 15.1 9.7 — — 10.3 13.2 12.9 — —

Key - P, plasma; B, brain; L, liver; S, spleen; K, kidney; ¢,,.x — time to reach maximum concentration; Cy,ax — maximum concentration; AUC.j,¢ — area
under the concentration time-curve from time zero to infinite; AUC. 55 — area under the concentration time-curve from time zero to the previous
measurable drug concentration; MRT — mean residence time. For the estimation of pharmacokinetic parameters, time points with concentrations
below the limit of quantification (LoQ) were assigned a value of half the LoQ (#). “ Data published in ref. 84 and reused with permission.

b Extrapolated area >20% of the total.

findings can be attributed to the small particle size and their
lipophilic characteristics, along with a high CXB loading capacity.
Together, these factors are possible to contribute to improving the
permeability of the nanoparticles across the membrane.
Off-target organ distribution. To evaluate the biodistribution
of celecoxib in solution and encapsulated in nanoparticles, two
parameters were considered: the DSI and the DTI. As previously
mentioned, DSI is the ratio used to measure the drug content
in each organ compared to plasma, with DSI values above 1
indicating higher selectivity for that organ. DTI is the ratio used
to quantify the proportion of drug content present in a specific
organ following the administration of encapsulated and non-
encapsulated formulations. It is important to highlight that
this analysis prioritized a comprehensive biodistribution eva-
luation across various matrices. Fig. 4 displays the DSI and DTI
ratios. Despite reaching the brain later, celecoxib in solution
had a higher DSI (1.20), as previously reported,®* whereas the
usNLC, usNLC*RCPHITE 11NP and HNP™ values were 0.75, 0.23,
0.63 and 0.87, respectively. Moreover, celecoxib in solution
showed a similar behavior or higher DSI values than the
nanoparticles in off-target organs, such as the liver, kidney,
and spleen (see Fig. 4).%* The results evidenced high accumula-
tion in the spleen, followed by the liver and kidney, which is
different from the IVIS biodistribution, where the higher clear-
ance occurred essentially in the liver and kidneys. DTI values
illustrated the brain-targeting effect of celecoxib prompted by
usNLCs with a DTI exceeding 1, while HNPs™ exhibited a DTI of
0.79, followed by HNPs (0.34) and usNLCs“®PHITE (9 21), see
Fig. 4. In contrast, high DTI values were obtained for usNLCs in
the spleen (1.14) and HNPs (1.03), while for HNPs™, 0.89 was
found, and usNLCs“®°P™M™ had a value of 0.02, highlighting

This journal is © The Royal Society of Chemistry 2025

the sparing effect in this off-target organ induced by the NP
functionalization. A similar behavior was observed for liver with
HNP™ displaying 2.25 times less accumulation in this organ in
comparison to usNLCs (see Fig. 4). The reduced hepatic uptake
observed when nanoparticles are functionalized with Tf can be
attributed to several factors, including competition with endo-
genous transferrin in the liver, as it is the major organ that
produces transferrin, and a higher expression of TfR1 in U87
cells.®"®” These mechanisms both contribute to enhance the
accumulation of functionalized nanoparticles at the brain/
tumor site while minimizing hepatic accumulation, which
can be demonstrated by the results presented in the DTI values
from targeting nanoparticles (see Fig. 4, usNLCs“REPHIT and
HNP™).

In sum, usNLCs seem to exhibit a preferential targeting
towards the brain while being eliminated more rapidly by
clearance organs. Note, however, that DTI values below 1 in
HNPs™ indicate a decreased accumulation in the off-target
organs.

Anti-tumor efficacy

Repurposed drug effect. An orthotopic U87 glioblastoma
model in Swiss nude mice was further used to evaluate (i) the
efficacy of celecoxib as a repurposed anticancer drug, (ii) the
benefit of encapsulation of celecoxib in lipid nanoparticles, and
(iii) the efficacy of a hybrid system, compared with the standard
drug, temozolomide.

Prior to the initiation of tumor treatment, different concen-
trations of free drugs (celecoxib and temozolomide) were tested
to evaluate the animal tolerability during the treatment regi-
men. The selected treatment regimen required two cycles of five

Mater. Horiz., 2025,12, 4771-4787 | 4781
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Fig. 4 Drug selectivity indices (DSI) and drug targeting indices (DTI) for CXB in the brain, liver, spleen, and kidney were estimated using mean AUC data.
A DSI higher than 1 indicates a preference for drug selectivity towards the corresponding matrix, whereas a DTI greater than 1 suggests a preference for
targeting the encapsulated drug to the respective organ.®* The free CXB data have been previously published in ref. 84. Its inclusion is essential for a
comprehensive understanding of the results. Data were reused with permission.

consecutive administrations, and the celecoxib in solution
exhibited toxicity at doses higher than 5 mg kg™'. In contrast,
the encapsulation of celecoxib in nanoparticles allowed a dose
four times higher (20 mg kg™ '). Animals were then randomly
divided into six treatment groups: saline, celecoxib in solution,
temozolomide in solution, celecoxib-loaded usNLCs, and
celecoxib-loaded HNPs™. Note that the standard treatment
started 21 days after U87 cell implantation. Importantly, mice
treated with free drugs showed little change in body weight (see Fig.
S11, ESIY), indicating that both drugs had mild systemic toxicity;
however, the two-day break made it possible to recover and gain
weight at the end of the two cycles (Fig. S11, ESIT). Note that this
study considered a comparison among the better-performing
nanoparticle formulations, i.e., usNLCs and HNPs™, grounded
on the well-established efficacy parameters outlined in our
previous studies,®” and to achieve statistically significant out-
comes with the fewest animals necessary (3R ethical principles).

Quantitative analysis of tumor growth over time is repre-
sented in Fig. 5A, estimated by MRI. It shows a tumor growth
suppressing effect by lipid nanoparticles (celecoxib-loaded
usNLCs), hybrid nanoparticles (celecoxib-loaded HNPs™), and
temozolomide in solution, compared with both saline and
celecoxib solution. Tumor growth was more pronounced in
the control group during the 21°° and 34™ days, corresponding
to the treatment period. Celecoxib solution and celecoxib-
loaded usNLCs inhibited the growth of glioblastoma cells, but
the effect was not significant; the mice were mainly sacrificed
at 48 and 51 days after the tumor implantation, see Fig. 5B.
The control group behavior and free celecoxib were similar,
meaning that the amount of free celecoxib was not sufficient to
treat the tumors. In addition, celecoxib-loaded HNPs™® groups
exhibited a therapeutic effect on glioblastoma tumors. The

4782 | Mater. Horiz., 2025, 12, 4771-4787

therapeutic performance of celecoxib-loaded HNPs™ showed a
significant result in 1 animal that survived to day 84 after tumor
implantation, see Fig. 5B. These results suggest that celecoxib-
loaded HNPs™ could not prevent the tumor progression
(Fig. 5A). Temozolomide in solution was administered orally,
in which only one animal survived, without tumor recurrence.
The mean survival time (MST) of the HNPs"f was 55 days, indi-
cating a better anti-glioblastoma effect compared to the control
group (43 days), followed by celecoxib in solution (48 days), and
celecoxib-loaded usNLCs (51 days), see Table 3. These results
indicate that HNPs™® exhibited a higher efficacy, in relation to
celecoxib free and loaded usNLC as substantiated in the section
“In vivo pharmacokinetics parameters”. These outcomes are
consistent with the in vitro studies, indicating a higher cyto-
toxicity of HNPs™ than of usNLCs in U87 cells.

MRI serves as a direct observation of brain areas, and in the
present study, it was employed to examine tumor progression
weekly up to 91° days after cell inoculation (Fig. 5C). HNP™™-
treated mice exhibited a prolonged life-time, when compared
with those of other groups (control, celecoxib, celecoxib-loaded
usNLCs, and temozolomide). As mentioned earlier, the tumors
evidenced no differences in growth among groups during the
treatment days, except in the control group. However, two
weeks after the end of treatment, the tumor exhibited expo-
nential growth (see Fig. 5A and B).

For this study, two hypotheses were set forth: first, whether
celecoxib could treat glioblastoma, and second, whether there
is a synergistic effect between celecoxib and photothermal therapy
to treat glioblastoma. Celecoxib achieved better results than the
control group, and when encapsulated, it still had better efficacy
than celecoxib in solution and the drug described as first-line
treatment (temozolomide).

This journal is © The Royal Society of Chemistry 2025
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usNLCs HNPsT

In vivo anti-tumor efficacy of nanoparticles evaluated using an orthotopic Swiss nude mouse model. (A) Representation of the tumor growth of

the control (0.9% NaCl), free drugs (temozolomide and celecoxib), and nanoparticles (usNLCs, HNPs'", and HNPs' + photothermal therapy). (B) Kaplan—
Meier survival curves of animals administered with free drugs vs. nanoparticles. **** p < 0.0001 by Mantel-Cox test. Data presented as mean + SD
(n = 6). (C) Tumor growth monitoring. Representative MR imaging measurements of glioblastoma-bearing mice (21, 42, 49, 56, 70, and 91 days) analysis
of a coronal section view. Haematoxylin and eosin staining revealed an implanted glioblastoma tumor and the distinct boundary between glioblastoma
cancerous tissue and normal tissue with preserved morphology (a = undefined survival time). Saline group (D), celecoxib group (E), temozolomide group
(F), celecoxib-loaded usNLCs (G), celecoxib-loaded HNPs'" (H), and celecoxib-loaded HNPs™ (+ irradiation, I).

Chemo- and photothermal effects. To inspect the photother-
apeutic effects of HNPs™ in terms of antitumor efficacy, an
orthotopic U87 glioblastoma model was again established in
Swiss nude mice, and the tumor volume was evaluated every
7 days by MRI. The treatment started 21 days after U87 cell
implantation. Nanoparticles were i.p. administrated, and we
aimed to demonstrate whether the HNPs™ can be used as a

This journal is © The Royal Society of Chemistry 2025

potential nanoparticle for chemo/photothermal therapy in vivo.
The administered dose was previously established (celecoxib =
20 mg kg '). To ensure a sufficient amount of AuNRs in the
brain at the irradiation time and, consequently, the photother-
mal effect, an additional volume (200 pL) of unloaded HNPs™
was administered. This strategy ensures the photothermal
effect since the Au concentrations in the brain must exceed

Mater. Horiz., 2025,12, 4771-4787 | 4783
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Table 3 In vivo outcomes, including the median survival time, survivals
at certain time points, tumor-growth delay, percentage of tumor volume
growth, and percentage of tumor volume growth inhibition (data repre-
sented as mean £ SD, 3 < n < 6)

Treatment group MS S56 S91 % TGD % TGI42 % TGI
Saline” 44 0/6 0/6 NA. N.A. N.A.
Saline + PTT® 42 0/3 0/3 NA. N.A. N.A.
TMZ (oral) 70 5/5 1/5 544+11 95+3 42 +14
CXB 48 1/6 0/6 15+5 63+6 1346
CXB-usNLCs 51 2/5 0/5 294+7 8+2 15+6
CXB-HNPs™ 55 1/5 0/5 38412 91+2 38+12
CXB-HNPs™ + PTT ¢ 5/6 4/6 854+ 10° 98 +1° 71+ 13
103 + 10° 98 +1° 78 + 10°

N.A. - not applicable. Key: MS — median survival (days); S56 - survivals
at 56 days; S91 - survivals at 91 days; TGD - tumor growth delay; TGI —
tumor growth at the threshold; TG - tumor growth at 42 days.
“ Undefined. ? Data compared with the saline group. ¢ Data compared
with the saline + PTT group.

20 ug mL ™. As studied in the section “photothermal conversion”,
the photothermal conversion depends on the AuNR concen-
tration. Animals were randomly assigned to the two treatment
arms: saline plus NIR irradiation and HNPs™ plus NIR irradia-
tion. The treatment regimen was the same as mentioned above
(5 consecutive days, 2 days off, and another 5 consecutive days),
and the animals were irradiated every 6 h after administration.

As shown in Fig. 5A, tumors in the saline (+ PTT) group grew
up to 40 mm”® within 42 days (20-fold in volume since the start
of treatment). This result shows that the laser does not affect
tumor growth. Tumor volume in the celecoxib-loaded HNPs™"
(+ PTT) irradiation group grew to 10 mm?, which is 8 times the
volume since the start of laser treatment. Celecoxib-loaded
HNPs" (+ PTT) slowed tumor growth with a 4.10-fold inhibition
of tumor volume from day 21 (first day of treatment), which is
considered statistically different compared with the saline
group. Importantly, these results suggest that the single treat-
ment with celecoxib-loaded HNPs™ was not enough to elimi-
nate the tumors (MS HNPs™® = 55 days); however, the group
treated with celecoxib-loaded HNPs™® + PTT exhibited an efficient
tumor growth inhibition during the 91 days post-treatment start,
see Fig. 5A and B.

To understand the impact of different treatments, tumor
growth delay (TGD) and tumor growth inhibition (TGI) were
used to assess the effects of treatments on tumor progression
(Table 3). The mean survival time of the celecoxib-loaded
HNPs™ + PTT group was 91 days, and the antitumor effect
was remarkably higher (98% growth delay and 78% inhibition
growth compared to the corresponding saline group), see Table 3.
The tumors treated with celecoxib-loaded HNPs™ + PTT exhibited
a higher percentage of TGD than temozolomide, with 85% and
54% growth delays, respectively. Concerning TGI, the results
demonstrate the effect of encapsulation of CXB, which allowed
administration of a higher dose (5 mg kg™ CXB in solution vs.
20 mg kg~' CXB encapsulated) and confirms that tumor size
did not increase during the administration period (TGI42 was
similar in all groups except for CXB in solution). Also, laser-
irradiated HNPs™ prompted a tumor inhibition efficiency that
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was 1.86 times higher than temozolomide, with a TGI of 78%
compared to 42%. This result provides proof of concept that
celecoxib-loaded HNPs™f can accumulate and effectively release
celecoxib into the brain by NIR irradiation, leading to effective
inhibition of tumor growth (Fig. 5D).

It should be noted that in brain tumors, the poor drug
penetration caused by the blood-brain barrier and blood-tumor
barrier leads to a lower therapeutic efficacy. The presence of
targeting molecules (Tf and c[RGDfK] for the BBB and BTB)
could facilitate the passage of nanoparticles through the BBB as
well as selective uptake by glioblastoma cells. Cellular studies
have already confirmed these results (permeability through
HBMECs and cellular uptake in U87 cells). Moreover, chemo-
and photothermal therapy synergistically contributed to the
anti-glioblastoma effect of HNPs"", which can be attributed to
the NIR-triggered brain accumulation of the drugs and glio-
blastoma targeting. Chemo- and photothermal therapy reduced
the local recurrence and demonstrated the ability to prolong
the survival rate in this animal model. Throughout the treat-
ment process, the weight of the mice remained stable, with
some changes during the 12 days of administration, but all
animals regained weight by the end of the study.

Although therapeutic efficacy in mice is promising, translat-
ing these results to clinical settings, particularly envisioning
the NIR propagation through the human skull, presents signi-
ficant challenges. However, this task may be feasible resorting
to several strategies.®*°' One of them concerns the laser inters-
titial thermal therapy (LITT), which offers a less invasive alter-
native to traditional brain surgery. This technique involves
implanting a laser catheter into the tumor and heating it to
temperatures high enough to ablate the tumor cells. Another
promising strategy is magnetic fluid hyperthermia (MFH).
An example of the MFH implementation is the already
approved Nanotherm®, a colloidal suspension of amino silane
coated with iron oxide nanoparticles able to generate heat in
the presence of a magnetic field, therefore effectively destroying
glioma cells.’>

Despite these promising alternatives, it is crucial to evaluate
the potential risks and benefits of each medical procedure on a
case-by-case basis.

Histological outcomes. Evaluation of the cross-section of GB
tumor tissue stained by the haematoxylin and eosin method
showed that tumor morphology differed among the tested
groups (see Fig. 5D-I). The saline group (with or without
irradiation) and the celecoxib solution group exhibited similar
behavior, with an expansively growing solid tumor lesion and
microvascular proliferation (see Fig. 5D and E). Comparing the
efficacy of anticancer properties of celecoxib-loaded usNLCs
with those of celecoxib-loaded HNPs™, after the celecoxib-loaded
usNLCs treatment the morphology of tumor tissue displayed an
increased proliferation index, high density of cells, and mild
necrosis (5%), whereas the celecoxib-loaded HNPs" group showed
50% necrosis and some calcification areas (see Fig. 5F and G). The
temozolomide group showed calcification areas. The best result
was obtained for the celecoxib-loaded HNPs™ (+ irradiation) with-
out signs of brain changes (see Fig. 5H and I). This evidence

This journal is © The Royal Society of Chemistry 2025
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supports the superior performance of celecoxib-loaded HNPs'*
(+ irradiation) in tumor regression.

Biochemical analysis. The animal groups were tested for
potential toxicity and checked if treatments could affect both
liver and kidney functions (Fig. S12, ESIt). Blood samples were
collected via cardiac puncture. Normal levels of biomarkers
were determined in the serum samples of the saline groups.
None of the biomarker (AST, ALT, ALP, GGT, CK, and U) levels
indicated statistical differences with those of the saline solution,
nanoparticles, or nanoparticles plus irradiation groups. However,
administration of drugs in solution resulted in an increase in CK
and AST levels. CK is an indicator of cardiotoxicity, and CK values
were 1.32-fold (temozolomide) and 1.17-fold (celecoxib) higher
than the saline group after the treatment with free drugs, whereas
no increase was observed after treatment with nanoparticles.
Cardiotoxicity is a known side effect of temozolomide.”® Addition-
ally, the biomarker values for mice administered with HNPs™
(with or without NIR irradiation) were similar to saline groups
(with or without NIR irradiation). No significant changes in serum
GGT levels were detected.

This in vivo biochemical analysis of serum samples suggests
mild cardiotoxicity of temozolomide and celecoxib. However,
the drug encapsulation (such as celecoxib) in nanoparticles has
the potential to reduce the severity of conventional chemothera-
peutics in the clinic that are known to cause adverse effects.
These outcomes suggest that the celecoxib-loaded HNPs'
demonstrate a promising synergistic chemo/photothermal effect
along with great biocompatibility, warranting further in vivo
studies and potential clinical translation to treat glioblastoma
patients.

Conclusions

In summary, targeted hybrid nanoparticles were developed to
confirm the feasibility of delivering both the chemotherapeutic
drug and photothermal therapy simultaneously to the tumor
region. This approach aims to exert a synergistic effect for
glioblastoma treatment. The surface of the hybrid nano-
particles was functionalized with transferrin, a blood-brain
barrier targeting agent, and the covalent binding between two
types of nanoparticles (usNLCs and AuNRs) was performed by
¢(RGDfK) peptide, which is also known to be a specific target
for glioblastoma cells.

The celecoxib-loaded HNPs™ were found to promote a
noteworthy anti-glioblastoma targeting effect. The hybrid nano-
particles were easily synthesized, with a well-defined structure
and size, excellent photothermal behavior, and a biocompatible
nature. The in vitro studies on HBMEC showed effective per-
meabilization and a consequent accumulation and retention in
glioblastoma cells (U87 cells). The targeting ability to HBMECs
is explained by the presence of transferrin, which is easily
recognized by the Tf-mediated receptor, broadly expressed in
the blood-brain barrier and in glioblastoma cells. The in vivo
results were consistent with the in vitro outcomes, and showed
chemo-photothermal abilities of hybrid nanoparticles, leading

This journal is © The Royal Society of Chemistry 2025
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to a synergistic anticancer effect. The low toxicity of celecoxib-
loaded HNPs™ at high dose was demonstrated in mice by
histological and biochemical analysis.

In conclusion, the development of celecoxib-loaded HNPs
represents an adaptable strategy for creating targeted nano-
particles that combine the desired synergistic therapeutic
functionalities for glioblastoma. Apart from photothermal ther-
apy, given the photoacoustic imaging capability of gold nanor-
ods (not explored in the current work), they also open new
avenues for the potential application of celecoxib-loaded HNPs'*
for theranostic purposes.
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