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Abstract

Purpose Enhancing therapeutic effectiveness is crucial for translating anticancer nanomedicines from laboratory to clinical
settings. In this study, we have developed radioactive rhenium oxide nanoparticles encapsulated in human serum albumin
([188Re]ReOX-HSA NPs) for concurrent radiotherapy (RT) and photothermal therapy (PTT), aiming to optimize treatment
outcomes.

Methods ['*¥Re]ReO,-HSA NPs were synthesized by a controlled reduction of '®ReO,” in HSA medium and extensively
characterized. The anticancer effect of [lggRe]ReOX-HSA NPs was demonstrated in vitro in murine melanoma (B16F10) cell
line. In vivo SPECT/CT imaging, autoradiography and biodistribution studies were performed after intratumoral injection
of ['®Re]ReO, -HSA NPs in melanoma tumor-bearing C57BL/6 mice. The potential of ['**Re]ReO,-HSA NPs for combined
RT and PTT treatment was also demonstrated in the aforesaid mice model.

Results ['®*Re]ReO,-HSA NPs (size 4-6 nm) were synthesized with high colloidal and radiochemical stability. Upon laser
(808 nm) exposure on B16F10 cells incubated with ['%*Re]ReO,-HSA NPs, only <20% of cells were alive demonstrating
high therapeutic efficacy under in vitro settings. Uniform dose distribution and retention of the radiolabeled NPs in the tumor
volume were observed via SPECT/CT imaging and autoradiography studies. Tumor growth in mice model was significantly
arrested with ~ 1.85 MBq dose of ['%Re]ReO,-HSA NPs and simultaneous laser irradiation, demonstrating synergistic ben-
efit of RT and PTT.

Conclusions These results demonstrate that intrinsically radiolabeled ['*Re]ReO,-HSA NPs having unique features such as
high photothermal effects and favorable nuclear decay characteristics for combined RT/PTT, hold great promise for clinical
translation.
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Introduction

Despite significant advancements in medical science, cancer
remains a major cause of death globally. The GLOBOCAN
2024 report indicated approximately 20 million new cases
of cancer and 9.7 million cancer-related deaths occurred
worldwide in the year 2022 alone [1]. Hence, it is impera-
tive to take immediate steps to enhance research endeavors
aimed at creating efficient methods for the early detection,
monitoring, and treatment of cancer. Nanomedicine rep-
resents a promising frontier in the battle against cancer,
leveraging advancements to enhance early detection and
treatment strategies [2—7]. NPs can be engineered to target
specific biomarkers or molecular signatures associated with
cancer cells, enabling early detection even at the molecu-
lar level [8, 9]. This precision enhances the likelihood of
detecting cancer in its earliest and most treatable stages,
potentially improving patient outcomes and survival rates.
NPs can also deliver therapeutic agents directly to cancer
cells, minimizing damage to healthy tissues and reducing

the systemic toxicity often associated with conventional
therapeutic modalities [10—13].

Recently, combination therapies using functionalized
NPs in cancer treatment have become increasingly promis-
ing by harnessing synergistic effects to improve therapeu-
tic efficacy and overcome resistance mechanisms [14, 15].
One particularly impactful approach involves combining
RT with PTT for enhanced therapeutic efficacy [16, 17]. RT
utilizes ionizing radiation to induce DNA damage and cell
death within the tumor, while PTT employs specific materi-
als to convert near-infrared (NIR) light into heat, selectively
ablating cancer cells through localized hyperthermia [16,
17]. The integration of RT and PTT offers several comple-
mentary advantages. While RT has long been employed
in clinical settings, certain cancers develop resistance to it
because of their distinct tumor hypoxic microenvironments
[18, 19]. In such cases, PTT can augment the effects of RT
by increasing tumor oxygenation and sensitizing cancer
cells to radiation-induced damage. Moreover, PTT can tar-
get residual or radioresistant cancer cells that survive RT,
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thereby potentially reducing recurrence rates and improving
long-term outcomes. Furthermore, this combination therapy
approach minimizes systemic toxicity compared to tradi-
tional chemotherapy, as both RT and PTT primarily target
localized tumor sites. This strategy holds significant prom-
ise in enhancing treatment efficacy, reducing side effects,
and potentially improving overall survival rates for cancer
patients.

Rhenium oxide and other transition-metal oxides are
notable for their ability to exhibit strong localized surface
plasmon resonance (LSPR) in the near-infrared (NIR) region
due to their unique outer valence electron configurations
[20, 21]. They specifically demonstrate metallic conductiv-
ity at temperatures below 500 K and exhibit exceptionally
high LSPR absorbance, comparable to that of gold [20, 21].
Hence it is possible to utilize rhenium oxide as a promis-
ing photothermal agent, leveraging its high LSPR absor-
bance for targeted cancer therapies that require precise and
efficient heat generation within tissues [22]. Furthermore,
rhenium is a transition metal having an atomic number of
75 making it a promising choice for computed tomography
(CT) contrast agent [23]. Additionally, rhenium-188 (‘**Re)
is a well-known therapeutic radionuclide due to its advan-
tageous nuclear decay characteristics [24]. Its therapeutic
impact primarily arises from [~ radiation with an energy of
2.1 MeV. Moreover, the 155 keV gamma ray serves prac-
tical purposes such as dosimetry and monitoring distribu-
tion through single photon emission computed tomography
(SPECT) imaging [24]. The rapid radiotherapeutic response
of ®8Re is facilitated by its short half-life of 16.9 h, distin-
guishing it from other therapeutic radionuclides. Therefore,
radioactive rhenium oxide NPs can serve as an advanced
theranostic agent for dual-modality (SPECT/CT) imaging
agent and concurrent RT/PTT towards improving cancer
management.

Fig. 1 Schematic representation of ['**Re]ReO,-HSA NPs synthesis
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Herein, we report the synthesis of human serum album
(HSA) encapsulated and intrinsically radiolabeled rhenium
oxide NPs (['®*Re]ReO,-HSA NPs) for concurrent RT and
PTT (Fig. 1). The radiolabeled nanoformulation was intratu-
morally administered in melanoma (B16F10) tumor bearing
mice followed by illumination with 808 nm laser for PTT.
Combined therapy showed significantly higher therapeutic
efficacy with minimal side effects on the liver, kidneys, and
other organs compared to single-modality therapy. To the
best of our knowledge, this is the first report on synthesis
of biocompatible and intrinsically radiolabeled noble metal-
based nanoagent for dual-modality (SPECT/CT) imaging
and concurrent RT/PTT of cancer in preclinical settings.

Experimental
Materials

All chemicals were purchased from Sigma Aldrich (India)
if not mentioned otherwise. Albumin from human serum
(HSA) was procured from Sigma Life Science, India.
Enriched tungsten oxide (99.9% in '%W) was purchased
from Isoflex, Russia. Milli-Q water from Milli-Q® Direct
Water Purification System (Merck, India) was used for
preparation of all the solutions. 0.22 um Millex-GP syringe
filter and PD-10 columns were purchased from Merck-Mil-
lipore (India) and G.E. Healthcare (Germany), respectively.

Synthesis and characterization of ReO,-HSA NPs

In order to prepare HSA coated ReO, NPs, 20 mg ammo-
nium perrhenate (NH,ReO,) and 25 mg HSA were added
into 5 mL of water and mixed. Then, 1 mL of 1 M NaBH,
solution was added and vigorously stirred for another 2 h in
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an ice bath. After the stirring the color of the solution turned
to dark brown conforming the formation of NPs.

Hydrodynamic diameter of the NPs was measured by
employing dynamic light scattering (DLS) technique using
Microtrac Series MN420 — Nanotrac Wave I particle ana-
lyzer, Germany. To confirm the formation of the NPs, UV-
Visible absorption spectra was recorded using a UV-Vis
spectrophotometer (JASCO, Japan). High-resolution trans-
mission electron microscopy (HRTEM) images of the NPs
were obtained using a Field Emission Gun-Transmission
Electron Microscope —120/200 kV (JEM 2100 F model,
JEOL, USA) system. X-ray diffraction (XRD) pattern of
the powdered NPs, obtained from Martin Christ lyophilizer
(Germany), was recorded using Phillips PW1710 diffrac-
tometer. Raman spectral analysis of the NPs was carried
out by Seki’s STR300 Raman spectrometer. Moreover,
the bonding mode of the NPs was studied by X-ray pho-
toelectron spectroscopy (Staib Instruments, Germany). To
investigate the amount of coating of HSA on the surface of
the NPs thermogravimetric analysis (TGA) was carried out
using Mettler Toledo TG/DSC STARe system in inert con-
dition (nitrogen gas flow rate ~ 50 mL-min ™) up to 900 °C
temperature. To investigate the colloidal stability and the
relaxation time of ReO,-HSA NPs, Xigo Nanotools Acorn
Area instrument was used.

Photothermal effect of ReO,-HSA NPs

In this study, 2 mL of ReO,-HSA NPs solution of differ-
ent concentrations (0.25 mgmL ™' — 1 mgmL™ ') were
taken in a quartz cuvette and illuminated with 808 nm laser
(808-LM-2000T) at various power ranging from 0.81 W to
1.0 W with an exposure diameter 0.6 cm for 5 min. The
distance between the quartz cuvette and the laser was main-
tained at 2 cm. To record the temperature change at different
time points a fiber optic signal conditioner (FOTEMP1-H,
Micronor Inc., US) was utilized. Thermal images of the
NPs solution were also captured using Testo 865 — Thermal
Imager. Deionized water was taken as a control.

Synthesis of radiolabeled ['**Re]ReO,-HSA NPs

The HSA coated and intrinsically radiolabeled NPs was syn-
thesized by following the similar method as the synthesis
of nonradioactive NPs, except the addition of '**ReQ, in
addition to NH,ReO, solution. ['**Re]ReO,-HSA NPs was
purified by passing the nanoformulation through a PD-10
column preconditioned with phosphate buffer saline (PBS).
The column was eluted with 0.5 mL of PBS and the activity
of aliquots was measured in a Nal (TI) scintillation detec-
tor (Mucha, Raytest). The radiochemical stability of ['**Re]

ReO,-HSA NPs was evaluated by incubating the purified
NPs in 10 times excess volume of PBS and mouse serum.

In vitro studies in cell lines

B16F10 cell line was purchased from National Center for
Cell Sciences (NCCS) Pune, India. The cell line was cul-
tured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% serum (GIBCO), antibiotic/anti-
mycotic solution and 2 mM L-glutamine in a humidified
incubator with 5% CO, atmosphere at 37 °C.

The cytotoxicity of ReO,-HSA NPs against B16F10 cells
was evaluated by 3-[4,5-dimethylthiazol-2-yl1]-2,5 diphenyl
tetrazolium bromide (MTT) assay. Briefly, the BI6F10 cells
were seeded in a 96 well plate (1 x 10°/well) and incubated
with various concentration of ReO,-HSA NPs. After 24 h,
the cell culture medium was replaced with 10 pL (5 mg
mL ') MTT reagent and was incubated again for 4 h at 37
°C. The formed formazan crystal was solubilized by addi-
tion of 100 pL solubilizing buffer (20% SDS in 50% DMF).
Then the absorbance of formazan was measured at 570 nm
using BioTek Universal Microplate reader. The percentage
of cell viability was calculated using (optical density of
treated cells/ optical density of control cells) x 100 formula.

For assessment of PTT, RT and combined RT/PTT effects
under in vitro conditions, B16F10 cells were seeded in a
96 well plate. Among them, one set of cells were incubated
with 0.5 mg mL™! ReO,-HSA NPs for 12 h, second set of
cells were incubated with 0.5 mg mL™' ReO,-HSA NPs for
12 h and irradiated with 808 nm laser at 0.81 W for 5 min,
third set of cells were incubated with only ['%*Re]ReO,-HSA
NPs (185 kBq mL™!) for 12 h and fourth set of cells were
incubated with ['*®Re]ReO,-HSA NPs (185 kBq mL ™) for
12 h followed by irradiation with 808 nm laser at 0.81 W for
5 min. Standard MTT assay was carried out to determine the
relative cell viability after 24 h of treatment.

CT contrast imaging with ReO,-HSA NPs

In order to evaluate the computed tomography (CT) contrast
property of ReO,-HSA NPs, 200 puL of NPs solution having
different concentration range (0-6 mg mL™') were placed
in a 96 well plate and images were recorded using a GE
SPECT/CT system, 670DR, USA.

All animal experiments were carried out by following the
regulations approved by Institutional Animal Ethics Com-
mittee of Bhabha Atomic Research Centre. Approximately,
2 x10° B16F10 melanoma cells suspended in PBS were sub-
cutaneously injected into the left shoulder of C57BL/6 mice.
The melanoma tumor bearing mice were used for imaging
when the tumor diameter reached 6—8 mm. CT images of
the tumor bearing animal anesthetized with isoflurane were
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recorded before and 24 h after intratumoral injection of
4.5 mg mL~' ReO,-HSA NPs.

SPECT/CT imaging, tumor autoradiography and
biodistribution studies using ['**Re]Re0,-HSA NPs

Melanoma tumor bearing mice were intratumorally injected
with the radiolabeled NPs (50 pL, ~ 18.5 MBq) diluted in
PBS and SPECT/CT images were recorded after 1, 24, 48 h
post injection (p.i.) in a GE SPECT/CT imaging system
(Model: 670DR), USA. To assess the homogeneous distri-
bution of radiolabeled NPs, another group of tumor bearing
mice were intratumorally injected with 50 uL ['**Re]ReO,-
HSA NPs (~9.3 MBq) and after 24 h p.i. they were eutha-
nized by carbon dioxide. Afterwards, the tumor tissue slice
was cut and kept between autoradiographic plates for 24 h
and image of autoradiographic plate was captured using
camera. Moreover, to quantitatively estimate the uptake of
the NPs in different organs, 9.3 MBq dose of ['**Re]ReO,-
HSA NPs was intratumorally injected in tumor bearing mice
and the mice were sacrificed at different time points (1 h,
24 h, 48 h, 72 h) p.i. by asphyxiation with carbon dioxide.
Using a Nal(TI) detector, percentage of radioactivity accu-
mulated in different organs and blood were detected and
reported as percent of injected dose per gram (%ID/g) [25].

Therapy studies

To evaluate the therapeutic efficacy of ['**Re]ReO,-HSA
NPs, the mice with melanoma tumor were randomly divided
into different groups having 4 animals in each group. Only
PTT was carried out in the following manner: mice group
treated with (i) 0.5 mg mL ™' of ReO,-HSA NPs and 808 nm
laser irradiation after 1 day p.i.; (ii) 0.5 mg mL™! of ReO,-
HSA NPs and 808 nm laser irradiation after 1st and 4th day
p.i.; (1) 0.5 mg mL ™! of ReO,-HSA NPs and 808 nm laser
irradiation after 1st, 4th and 8th day p.i. All photothermal
experiments were carried out at 0.81 W power for 5 min. RT
was conducted in different mice groups which were injected
with (i) 0.5 MBq of ['**Re]ReO, -HSA NPs; (ii) 0.9 MBq of
['®®Re]ReO,-HSA NPs; (iii) 1.85 MBq of ['**Re]ReO,-HSA
NPs; (iv) 2.78 MBq of ['**Re]ReO,-HSA NPs; (v) 3.7 MBq
of ['%¥Re]ReO,-HSA NPs. To evaluate the combined effect
from RT and PTT, another group of mice was intratumorally
injected with 1.85 MBq of ['%®Re]ReO,-HSA NPs followed
by 808 nm laser (at 0.81 W power) irradiation for 5 min at
(i) 1 day p.i.; (ii) Ist and 4th day p.i. and (iii) Ist, 4th and
8th day p.i. As a control, normal saline was also injected
in one group of mice. All the mice were observed for 16
days while recording the tumor volume and the body weight
of the mice. Tumor growth index (TGI) and body weight
index (BWI) were calculated by the standard formula [26].
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Tumor and other important organs (i.e. kidney, liver, lungs)
were harvested of the group (control) treated with saline
and the group treated with 1.85 MBq of ['%*Re]ReO,-HSA
NPs followed by 808 nm laser irradiation at 1st and 4th day
p.i. for histopathological analysis according to a standard
procedure [27]. Biochemical and hematological parameters
of blood samples were also analyzed for treated and non-
treated mice [28].

Results
Synthesis and characterization of ReO,-HSA NPs

HSA coated rhenium oxide NPs were synthesized by con-
trolled reduction of NH,ReO, with NaBH,. Figure 2a & b
shows the HRTEM images of the HSA coated ReO, NPs.
Few more images have been provided as supporting infor-
mation (Figure S1). The as observed agglomeration of NPs
in most of the TEM images can be attributed to the presence
of protein on their surface, prompting self-assembling. The
lattice fringes as well as the selected area electron diffraction
(SAED) ring pattern (inset of Fig. 2a) signify the polycrys-
talline nature of the NPs. Further, the NPs were found to be
quasi-spherical (or pseudo-spherical) with an average size
ranging between 4 and 6 nm. The as determined average
size is in well-agreement with that obtained from the DLS
studies, i.e., 15.6+0.8 nm (Fig. 2¢). DLS gives information
about the hydrodynamic size, while TEM measures actual
average size of particles. So, it is expected that the average
size determined from the DLS studies would be higher than
TEM measurements. Moreover, the hydrodynamic diam-
eter of the NPs did not change significantly over a period
of 7 days (Figure S2). T, relaxation time of the ReO,-HSA
NPs (Figure S3) also validated the conclusions drawn from
DLS studies. T, relaxation time of the freshly prepared NPs
was 2874+28 ms, which decreased to 2737+23 ms after a
period of 10 days. This negligible change in T, relaxation
time showed that as synthesized NPs retained their colloidal
stability over a period of at least 10 days.

Nonetheless, the as observed predominantly quasi-spher-
ical shape of the NPs might be correlated to the plausible
changes in the conformation of protein coating their surface.
To examine this possibility, circular dichroism (CD) spectra
of the solutions of HSA and HSA coated ReO, NPs were
recorded to analyze any changes in the protein structure dur-
ing the formation of NPs, as can be seen from Figure S4. For
this purpose, the pH values of the solutions of HSA and HSA
coated ReO, NPs were adjusted to match with each other.
The pH of the colloidal solution of HSA was determined to
be ~5.0. And, it is well-known that the a-helical structure
of HSA is conserved between pH 5.0 to 10.0 [29]. It can
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Fig.2 HRTEM images (a & b) of HSA coated ReO, NPs. The inset of image (a) shows the SAED pattern of the NPs. (¢) Size distribution plot

from DLS. (d) TGA analysis of ReO,-HSA NPs

be seen that HSA at pH 5.0 exhibits two negative bands at
209 and 222 nm, which essentially arise from the n — n*
transition for the peptide bond of a-helix structure of the
protein [29]. In the presence of Re precursor and subsequent
formation of HSA coated ReO, NPs, the pH of the solution
was determined to be 8.0. Interestingly, the solution of HSA
coated ReO, NPs shows dramatic decrease of intensity of
both of these bands of HSA without any shift in the band
maxima. Moreover, the CD spectral profile of the solution
of HSA at pH 8.0 and HSA coated ReO, NPs were found to
match with little variations in the band intensities. Nonethe-
less, CD spectral studies indicate conformational changes of
HSA coating the ReO, NPs with decrease in its a-helix con-
tent. Moreover, in the recent times, it has been reported by
various researchers that the protein conformation induced

by pH could drastically affect the morphology of the NPs
[30, 31].

UV-Visible absorption spectra of HSA coated ReO, NPs
is shown in Figure S5. The spectral profile of HSA and
Re precursor i.e., ammonium perrhenate is also shown in
the absorption plot. As can be seen, no significant absorp-
tion could be observed beyond 300 nm in case of ammo-
nium perrhenate and HSA. A characteristic peak of HSA
at 278 nm can be observed, which is generally associated
with its aromatic amino acids (tryptophan and tyrosine resi-
dues). While, the colloidal solution of HSA coated ReO,
NPs exhibited considerable absorption in the region ranging
from 300 to 500 nm along with the HSA peak at 278 nm.
The appearance of such feature signifies the formation of
ReO, NPs. Similar absorption spectral features have been

@ Springer



2634 European Journal of Nuclear Medicine and Molecular Imaging (2025) 52:2628-2644

reported by Anantharaj et al. in their study on the synthe-
sis of ultra-small ReO, NPs immobilized on DNA scaffolds
[32].

XRD analysis of the NPs was also carried out to confirm
the structure of the NPs. The broad featureless XRD pat-
tern of the ReO,-HSA NPs ascertains its formation and sug-
gests robust coating of HSA on the surface (Figure S6). The
weight% coating of HSA on the NPs surface was calculated
from TGA analysis, displayed in Fig. 2d. The weight loss at
100 °C was due to the free water molecules present on the
NPs surface and the subsequent weight loss is related to the
HSA coating on the NPs surface. Nearly 50% of HSA was
coated on the inorganic ReO, core.

Raman spectra of HSA and HSA coated ReO, NPs have
been shown in the Figure S7. To have a better understanding
of the interactions involved, the Raman spectrum of rhe-
nium precursor, i.e., ammonium perrhenate is also provided
in the Figure S7. The peaks in the Raman spectrum of HSA
can be categorized into 3 groups, i.e., amide-I band (1600 to
1700 cm™ 1), amide-II band (1480 to 1600 cm ™ ') and amide-
I1I band (1220 to 1330 cm™ ') [33, 34]. The vibrational modes
represented by amide-I band originate primarily from C=0
stretching. The amide-II band is mainly attributed to N—H
bending with a contribution from C—N stretching vibrations,
while amide-III can be assigned to the C—N stretching mode
coupled to the in-plane N-H bending mode. It can be seen
from the Raman spectra that the HSA vibrational peaks of
amide-I, II and III bands disappeared in case of ReO,-HSA
NPs. In addition to that, some other peaks of HSA such as
tyrosine doublet (~828 and 850 cm ') were not observed
in the Raman spectrum of ReO,-HSA NPs. However, some
vibrational peaks of HSA such as 505 cm ™! (v (S-S)), 642 (v
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(C-S)), 896 cm™ ! (ring vibrations of aromatic amino acids),
935 cm ™! (v (C—C)) and 1000 cm ™! (ring vibration of phe-
nylalanine and tryptophan) appeared in the Raman spectrum
of ReO,-HSA NPs, although with less intensity or slight
shift [35]. Apart from these, the ammonium perrhenate
peaks were observed at 343, 891, 913 and 966 cm . The
peak at 345 cm™ ! correspond to the bending mode of ReO,”,
while peaks at 891, 913 and 966 cm ™! can be attributed to
its stretching mode [36]. In the Raman spectrum of ReO,-
HSA NPs, ammonium perrhenate peaks were observed with
some shift at 337, 922 and 965 cm™!. The well-resolved
peak of perrhenate at 891 cm™! could not be observed in
the Raman spectrum of ReO,-HSA NPs. The appearance of
a new peak at ~257 cm™ ! in case of ReO,-HSA NPs is not
precisely clear, however taking into account of the previous
reports, it may be assigned to the rotatory (or vibrational)
lattice modes of the ammonium ion in ammonium per-
rhenate [36-38]. Nonetheless, the significant variations in
the vibrational peaks (in term of intensity, shift, broadening)
of perrhenate anion and the protein in the Raman spectrum
of ReO,-HSA NPs may be attributed to the strong bonding
interactions between them (perrhenate anion and HSA) dur-
ing the formation of NPs.

The composition of the as prepared NPs was further
examined by XPS studies. Figure S8 shows the survey spec-
trum of the NPs, while core level XPS spectra of Re 4f and
O 1s are provided in Fig. 3a and b, respectively.

The Re 4f XPS core level spectrum exhibited three peaks
centered at 42.2, 45.9 and 48.0 e¢V. This signifies the pres-
ence of Re (in NPs) with multiple oxidation states. Decon-
volution resulted in the appearance of four peaks centered
at42.2,44.5,46.0, and 48.2 eV. The latter two peaks at 46.0
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Fig.3 Core level XPS spectra of Re 4f (a) and O 1s (b) in HSA coated ReO, NPs

@ Springer



European Journal of Nuclear Medicine and Molecular Imaging (2025) 52:2628-2644

2635

and 48.2 eV may be attributed to the Re®" 4 f;, and Re®"
4 £5),, respectively [39, 40]. While, lower binding energy
peaks at 42.2 and 44.5 eV may be assigned to the Re*" spe-
cies [39, 41, 42]. The susceptibility of Re towards oxidation
is well-known, as can also be observed from these findings.
Further, the O 1s core level spectrum shows the appear-
ance of a broad peak centered at 530.6 ¢V, which on decon-
volution resulted in two peaks at 530.4 and 531.7 eV. As
expected, the former peak signifies the formation of oxide,
while the latter one may be attributed to the adsorbed oxy-
gen [43, 44].

Photothermal effect of ReO,-HSA NPs

It has been already discussed in UV-vis spectral analysis
that ReO,-HSA NPs exhibits considerable amount of absor-
bance in 300 to 500 nm range which implies that the NPs
possess good photoactivity. The photothermal performance
of the ReO,-HSA NPs was evaluated by irradiating differ-
ent concentration (0.25, 0.5, 1 mg mL ') of the NPs with
an 808 nm laser at power 0.81 W and as a control deion-
ized water was used. As depicted in Fig. 4a, the tempera-
ture of the NPs increased rapidly only after irradiation of
5 min and the values of temperature change were 12, 19,
28 °C for 0.25, 0.5, 1 mg mL™! of ReO,-HSA NPs, respec-
tively. Hence, the photothermal effect is concentration

dependent in nature. On the contrary, the temperature of
deionized water increased only by 2.3 °C. Additionally, the
power dependence performance of 0.5 mg mL ™' of ReO,-
HSA NPs revealed that at 0.81 W power, the temperature of
the NPs could reach up to 48 °C, as shown in Fig. 4b. The
observation is also supported by the thermal images, shown
in Fig. 4d. These observations indicated that ReO,-HSA
NPs could rapidly convert NIR light energy into thermal
energy. Moreover, after 5 cycles of irradiation and cooling,
no significant change was visible in the temperature curve
(Fig. 4c) which implied good photothermal stability of the
NPs.

Synthesis and quality control of ['*®Re]Re0,-HSA
NPs

The intrinsically radiolabeled ['**Re]ReO,-HSA NPs was
synthesized in a similar procedure as described for the non-
radioactive NPs synthesis, except the addition of '**ReO,”
(740 MBq) to the nonradioactive ammonium perrhenate
solution. Elution of '38Re from an indigenously developed
188y /138Re generator and quality control of '3¥Re are given
in detail in the supporting information (Figures S9 and S10).
Size exclusion chromatographic technique using PD-10 col-
umn was utilized to determine the radiochemical purity of
the radiolabeled NPs. The NPs formulation was eluted with
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Fig.4 (a) Concentration dependent photothermal curves of ReO,-HSA
NPs and water under irradiation of 808 nm laser at power 0.81 W. (b)
Power dependent photothermal curves of 0.5 mg mL™! ReO,-HSA
NPs. (¢) Cycle of in vitro photothermal stability of ReO,-HSA NPs at

Time (s)
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power 0.81 W. (d) Thermal images of 0.5 mg mL™' ReO,-HSA NPs
under irradiation of 808 nm laser at power 0.81 W at different time
points
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PBS and nearly 82+3% (n=3) activity was obtained in 3
to 4 mL fraction (Figure S11a). The radiochemical purity
of the radiolabeled nanoformulation obtained in the afore-
mentioned fraction was also determined to be 95+2% after
24 h (Figure S11b). Furthermore radiochemical stability of
['®*Re]ReO,-HSA NPs was evaluated in PBS and mouse
serum media at 37 °C. After 48 h of observation, 92.3+0.5%
(n=3) of ['%¥Re]ReO,-HSA NPs was stable in PBS medium
(Figure S12a) and in mouse serum medium radiochemical
stability was 91.4£0.3% (n=3) (Figure S12b).

In vitro studies in cell lines

A standard MTT assay was carried out to evaluate the
cytotoxic effect of HSA encapsulated ReO,-HSA NPs by
incubating various concentration of NPs in B16F10 cell
lines. Even at 500 ug mL ™! concentration of NPs, minimal
cytotoxicity was found (Fig. 5a). Nearly 91+£2% (n=3)
cells were alive when 500 pg mL™' ReO,-HSA NPs were
incubated which suggests biocompatible nature of the NPs
in vitro.

Prior to combined RT/PTT, individual treatment modal-
ity was performed in by incubating B16F10 cells with
ReO,-HSA NPs and [188Re]ReOX—HSA NPs, separately.
Next, the combined RT/PTT was studied with [188Re]ReOX—
HSA NPs. It was observed that 37+3% (n=3) cancer cells
were destroyed by RT alone ([lggRe]ReOX—HSA NPs, with-
out laser) and PTT (ReO,-HSA NPs, with laser) destroyed
30+£3% (n=3) cells. On the contrary, combined RT/PTT
(['%*Re]ReO,-HSA NPs, with laser) substantially enhanced
the therapeutic efficacy by killing 87+2% (n=3) cells, as
shown in Fig. 5b. Additionally, the evaluation by Valeriote’s
formula also exhibited that the efficacy of the combined
RT and PTT was synergistic in nature and was apparently
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stronger than any single modality treatment (Table S1, Sup-
plementary information) [45].

CT contrast imaging with ReO,-HSA NPs

High atomic number of Re (Z=75) makes HSA encap-
sulated ReO, NPs as a CT contrast agent [46]. Although
numerous high Z metal containing NPs have been proposed
in the past, their biocompatibility limits their application for
cancer theranostics [47, 48]. Hence, biocompatible ReO,-
HSA NPs has more potential as a CT contrast agent. As
shown in Fig. 6a, the attenuation of the NPs increased with
the increase in concentration.

To further demonstrate the CT contrast property of the
ReO,-HSA NPs, in vivo CT images were recorded. After
intratumoral injection of 4.5 mg mL™! of the NPs in a mela-
noma tumor bearing mice, excellent tumor contrast (marked
by red dotted line) was shown while no contrast signal was
found before injecting the NPs in similar condition (Fig. 6b).

SPECT/CT imaging, tumor autoradiography and
biodistribution studies using ['3®Re]Re0,-HSA NPs

A series of SPECT/CT images of melanoma tumor bear-
ing C57BL/6 mice were recorded at different time intervals
after intratumoral injection of [188Re]ReOX—HSA NPs. The
SPECT images clearly demonstrate that the injected NPs
remained at the tumor site even after 48 h of administration
(Fig. 7a). Furthermore, there was minimal leakage of radio-
activity from the tumor site as evident by negligible uptake
in other healthy organs (Fig. 7a). The autoradiography of
the tumor slice was also carried out by slicing the tumor

Co,

R, 785 178
%, o eo s S (A

e e R )
Qq \94* ¢ e/Qeo /Qeo

4\»*#84 4’“084$
{

Fig.5 (a) The percentage of cell proliferation of BI6F10 cell lines after 24 h incubation with different concentration of ReO,-HSA NPs. (b) The
in vitro combination therapeutic effect of PTT and RT along with single modality of treatment in BI6F10 cell lines
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Fig. 6 (a) In vitro CT images of (a)
ReO,-HSA NPs dispersion at

different concentrations. In vivo

CT images of melanoma tumor

bearing C57BL/6 mice (b) pre

and (c) post intratumoral injec-

tion of ReO,-HSA NPs. The red

circle indicates the position of

the tumor

(b)

tissue after intratumoral injection of the protein encapsu-
lated radioactive NPs. As shown in Fig. 7b, nearly uniform
distribution throughout the tumor of the radiolabeled NPs
was achieved. The homogeneous distribution of the NPs is
expected to enhance the therapeutic efficacy. Ex vivo bio-
distribution studies were also conducted after intratumoral
injection of ['®Re]ReO,-HSA NPs in melanoma tumor
bearing mice, shown in Fig. 7c. The tumor uptake of the
NPs was 459.4+23.4%ID/g after 1 h of injection, which was
retained significantly even after 72 h p.i. The liver uptake
of the radiolabeled NPs increases from 0.7+0.2%ID/g (1 h
p.i.) to 1.9+0.4%ID/g (24 h p.i.) and gradually decreases
to 0.8+£0.1%ID/g at 72 h p.i. The clearance pattern of the
NPs indicated that it cleared through hepatobiliary route.
Additionally, negligible uptake in other tissues or organs
indicated robust in vivo stability of the NPs.

Concentration (mg/mL)

0.75 1.5

3.0 4.5 6.0
X X X X .

- e High
Attenuation

Therapy studies

To evaluate the photothermal ablation property of ReO,-
HSA NPs, the melanoma tumor of C57BL/6 mice were
irradiated with 808 nm laser for one (1st day p.i.), two (1st
and 4th day p.i.), and three (1st, 4th and 8th day p.i.) times,
for 5 min each after intratumoral administration of the NPs.
Although tumor growth was arrested significantly for the
group treated with two and three-times laser irradiation
(Figure S13a), no significant change in BWI was observed
(Figure S13b). On the other hand, RT was evaluated by
injecting different doses (0.5 MBq, 0.9 MBq, 1.85 MBq,
2.78 MBq and 3.7 MBq) of ['*®Re]ReO,-HSA NPs. After
16 days of observation, tumor volume decreased signifi-
cantly for the groups treated with 2.78 MBq and 3.7 MBq
(Figure S14a) but the BWI reduced drastically indicating
radiotoxicity effects in the animals (Figure S14b). However,
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Fig. 7 (a) SPECT/CT images of melanoma tumor bearing mouse
after intratumoral injection of ['#8Re]ReO,-HSA NPs at different time
points. (b) i: BI6F10 tumor slice; ii: autoradiography of tumor slice
for evaluation of uniform distribution of [lggRe]Rer-HSA NPs after

negligible change in BWI was observed when treated with
1.85 MBq even though appreciable retardation in tumor
growth was observed. Based on the observations from RT
and PTT studies, synergistic effect of [!3*Re]ReO,-HSA
NPs was evaluated by employing 1.85 MBq dose of radio-
labeled NPs followed by one, two and three-time irradiation
with 808 nm laser. As shown in Fig. 8a and b, tumor growth
was arrested for group treated with both two and three times
of irradiation along with RT without significant change in
BWI. Depending on these observations, single dose of 1.85
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intratumoral injection. (¢) Ex vivo biodistribution studies of mela-
noma tumor bearing C57BL/6 mice after intratumoral administration
of ['®Re]ReO,-HSA NPs (n=4)

MBgq of ['®Re]ReO,-HSA NPs along with two times of
irradiation with 808 nm laser was the optimal protocol for
the combined RT/PTT. No significant changes in biochemi-
cal and hematological parameters were observed for the ani-
mals treated with RT/PTT compared to healthy mice (Table
S2 and Table S3 in supporting information). Histopatho-
logical examination was also conducted on critical organs
such as the kidney, lungs, liver, and tumor tissue of mela-
noma tumor bearing C57BL/6 mice treated under the opti-
mal therapeutic procedure along with the nontreated tumor
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Fig. 8 (a) Tumor growth index (n=4) and (b) body weight index (n=4) plots of C57BL/6 mice bearing melanoma tumor in different treatments
groups
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Non-treated

Treated

Fig. 9 Hematoxylin and eosin-stained images of kidney, liver, lungs, tumor of non-treated and treated mice with combined RT/PTT. Scale bar

=50 um

bearing mice (Fig. 9). Comparing the tissue morphology of
kidney, liver and lungs between treated animals and non-
treated revealed no noteworthy differences were observed.
However, conspicuous damage and a reduction in mitotic
cells were observed in the tumor tissue of the treated ani-
mal groups demonstrating the therapeutic efficacy of ['**Re]
ReO,-HSA NPs.

Discussion

The latest developments in nanotechnology have shown the
importance of functionalized inorganic NPs as advanced
agents for use in cancer theranostic [49]. Such materials
possess unique physicochemical properties and can be func-
tionalized with diverse ligands for targeting various types of
cancers [49]. To date, several inorganic nanoplatforms have
been developed for imaging and therapeutic purposes and
their applicability has been demonstrated mostly in preclini-
cal settings [50, 51]. From the perspective of clinical trans-
lation, it is desirable that the administered NPs should not
only be biocompatible but also show biodegradable charac-
teristics under in vivo conditions to alleviate the concerns
related to toxicity. In this premise, Re NPs particularly hold
translatable importance as they are reported to get easily
oxidized after exposure to oxygen which is an indication of
their potential for biodegradation [52]. The typical oxida-
tion product of Re NPs are ReO, ions, which are known
to be biocompatible [52]. Therefore, exploring the biomedi-
cal application of this class of nanomaterial is presently a
hot topic of research [53—57]. In the present study, ReO,
NPs were synthesized by the aqueous-phase reduction of
NH,ReO, with NaBH, using HSA as both surface stabilizer

@ Springer

as well as coating agent. HSA is a well-known major pro-
tein in human plasma and is an excellent candidate for NPs
coating to provide enhanced biocompatibility, prolonged
blood circulation, and can possibly resolve the issues related
to drug-resistance in cancer patients [25]. In fact, several
HSA-based drug formulations have been approved for clini-
cal trials and marketed worldwide [29, 58]. Therefore, syn-
thesis of ReO, NPs coated with HSA opens the doorway
for multifunctional and bioinspired nanomaterial for use in
cancer theranostics.

Interestingly, under the realms of nuclear medicine, Re
based nanoplatforms hold particular significance due to the
availability of two theranostic rhenium radioisotopes of par-
ticular relevance: '%Re (T,, = 90.64 h; Egmax = 1.1 MeV, E,
=137 keV) and "**Re (T), = 16.9 h; Eg,,,, =2.12 MeV, E, =
155 keV) [59, 60]. The fusion of these theranostic radiomet-
als with nanotechnology heralds a transformative era in can-
cer management, promising specific and tailored diagnosis
and therapy. Among these two radioisotopes, '**Re is more
widely used in nuclear medicine clinics because of its con-
venient availability as and when required from column chro-
matographic '*W/!%¥Re generator based on alumina matrix
[59]. However, the production of '*W involves double neu-
tron capture reaction on enriched '**W target and can only
be achieved with moderate specific activity [61]. Presently,
production of '®8W is reliant on very few high flux reactors
(9~10" n.cm 2s!) available in the world and therefore
the generators are available commercially at an exorbitant
cost which restricts the widespread utilization of this oth-
erwise excellent radioisotope [61]. In the present study, we
have utilized an indigenously developed '3¥W/!%¥Re gen-
erator wherein the parent "W was produced by long-term
(6 months) neutron irradiation in a medium flux research
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reactor [59]. A high-capacity adsorbent (mesoporous alu-
mina) was used as the column matrix in the generator to
mitigate the issues related to low specific activity of the par-
ent radioisotope. The generator demonstrated high elution
yields over a prolonged period of 6 months and '**Re could
be obtained with adequate purity for use in nuclear medicine
applications.

Integration of '*¥Re in the inorganic nanoplatform (a pro-
cess known as ‘radiolabeling’) epitomizes a new class of
agents with tremendous potential for clinical applications
in nuclear medicine and molecular imaging. Primarily, four
different methods are used for radiolabeling nanomaterials
for use in cancer imaging and therapy: (a) use of exogeneous
chelators for binding with radioisotopes, (b) bombardment
of pre-synthesized NPs with hadronic projectiles, (c) physi-
cal or chemical adsorption of radioisotopes on the surface
of NPs and (d) synthesis of NPs directly using radioactive
and non-radioactive precursors [62]. The fourth method also
known as “instrinsic” radiolabeling of NPs is gaining partic-
ular importance because in this procedure, the radioisotope
is a part of the nanocrystal matrix and hence demonstrates
excellent radiochemical stability in vivo and thus negligible
off-targeting would be exhibited [62]. Moreover, the inher-
ent biological properties of the nanoplatform are not com-
promised due to minimal surface modification required for
loading of radioisotopes in the same. In this study, intrinsi-
cally radiolabeled ['®*Re]ReO,-HSA NPs could be synthe-
sized with excellent colloidal and radiochemical stability, as
evident from the extensive characterization studies.

The emerging concept of multimodality imaging which
is based on the strengths of two or more molecular imaging
modalities, can provide complete structural, functional and
molecular information in a living subject [63]. This is turn
offers the scope of better-quality diagnostic and therapeutic
monitoring capabilities and greatly accelerates the devel-
opment of radiolabeled NPs based multimodal molecular
imaging [63]. Especially, from this perspective, CT imaging
helps to understand the lesions depiction more accurately,
while, SPECT/PET imaging intensity correlates well with
the pathological changes. Therefore, biocompatible ['**Re]
ReO,-HSA NPs bearing intrinsic SPECT and CT imag-
ing properties would afford accurate and precise real-time
assessment of biological signatures in cancer patients and
thus pave the path towards personalized cancer treatment.
To demonstrate the CT enhanced imaging ability of ReO,-
HSANPs, a CT imaging experiment in vivo was performed.
The tumor contrast could be obviously detected after intra-
tumoral administration of ReO,-HSA NPs while no tumor
signal was found before injection under the same condi-
tions, indicating the excellent contrast ability of this nanoag-
ent. Further, in vivo SPECT/CT imaging after intratumoral
injection of ['®Re]ReO,-HSA NPs demonstrate selective

localization of the radiolabeled agent at the tumor site with
minimal leakage to non-targeted organs. This was further
corroborated by biodistribution studies. As evident from the
autoradiography studies, the radiolabeled NPs distributed
homogeneously at the tumor site. These studies established
the potential of this radiolabeled nanoplatform for cancer
imaging and therapy.

Combination therapy using functionalized nanoplatforms
demonstrate intriguing pharmacological control, particu-
larly from the outlook of tailoring personalized cancer treat-
ments with maximized therapeutic synergy for individual
patients [64]. In the present study, we have demonstrated
the applicability of intrinsically radiolabeled ['**Re]ReO,-
HSA NPs for RT, PTT and combined RT/PTT in preclinical
settings. Before investigating the potential of ['**Re]ReO, -
HSA NPs for combination (RT/PTT) therapy in vivo, excel-
lent cell biocompatibility of ReO,-HSA NPs was established
in B16F10 cell line. On incubation of B16F10 cells with
['®¥Re]ReO,-HSA NPs and convergence with PTT, cell via-
bility could be inhibited more effectively compared to RT or
PTT alone. After establishing the remarkably enhanced kill-
ing effect of RT/PTT on cancer cells, we evaluated RT, PTT,
and combined RT/PTT for in vivo treatment of melanoma
(B16F10) tumor in mice model. It was demonstrated that all
three therapies were effective in delaying the tumor growth
in mice and that combined RT/PTT was most effective in
terms of requirement of relatively lower radioactive dose
to reduce side effects. An overview of NPs based combina-
tion therapies reported based on preclinical studies over the
last decade is given in Table S4 (Supplementary informa-
tion). Each study utilizes distinct cancer cell lines and tumor
models, creating significant variability in experimental con-
ditions. This heterogeneity complicates direct comparisons
between these studies, as differences in biological contexts
and methodologies can influence outcomes. Based on these
studies, it is difficult to draw definitive conclusions about
the supremacy of one therapeutic modality over another.

Though notable synergistic treatment effects of ['**Re]
ReO,-HSA NPs have been observed and also numerically
established by Valeriote’s method [45], the underlying
detailed mechanisms and the response of the pathologi-
cal environment to combined RT/PTT need to be further
explored. Additionally, long-term toxicity and survival stud-
ies are warranted to determine the optimal dose and frac-
tionation schedule for the treatment strategy. This in turn
would be a meaningful guide towards clinical translation
of such intrusive study for cancer treatment. Another main
challenge associated with this class of NPs is that they can
effectively treat primary tumors but do not target metastases.
To overcome this limitation, incorporating specific target-
ing ligands onto the NPs can improve their ability to iden-
tify and attach to metastatic sites. Nevertheless, in view of
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the promising results obtained in the present study, ['**Re]
ReO,-HSA NPs have high potential as biocompatible and
biodegradable metallic theranostic agent for SPECT/CT
imaging guided combined RT/PTT of cancer.

Conclusion

In summary, we have synthesized biocompatible, intrinsi-
cally radiolabeled ['**Re]ReO, NPs stabilized by HSA and
demonstrated their efficacy towards cancer theranostics in
preclinical settings. The utilization of biocompatible HSA
precluded the use of toxic chemicals which are commonly
used for enhancing the colloidal stability in nanoformula-
tions. The synthesized NPs could be used for dual modality
(SPECT/CT) imaging of tumor. Also, ['**Re]ReO, - HSA
NPs could be used for combined RT/PTT and it was dem-
onstrated that this synergistic approach was more effective
to arrest the tumor growth in mice model compared to indi-
vidual modalities (RT or PTT) alone. Moreover, the effect
of combination therapy did not lead to serious toxicity
concerns as evident from the hematological and biochemi-
cal parameters of the treated mice and also histopathology
studies. The unique features of [lggRe]ReOX -HSA NPs
providing the scope for both SPECT/CT imaging as well
as concurrent RT/PTT promising the potential for clinical
translation of this theranostic nanomedicine in foreseeable
future. This strategy would not only personalize the treat-
ment protocol but also improve the therapeutic outcomes
over traditional RT using radiopharmaceuticals since it is
able to ablate tumor with relatively lower radioactive doses
in order to minimize the side effects of treatment in cancer
patients.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00259-0
25-07074-9.
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