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Deoxyglucose conjugated nanoparticles with persistent luminescence have shown theragnostic potential.

In this study, deoxyglucose-conjugated nano-particles with persistent luminescence properties were

synthesized, and their theragnostic potential was evaluated in fibrosarcoma cancer cells and a tumor
model. The uptake of nano-formulation was found to be higher in mouse fibrosarcoma (WEHI-164) cells
cultured in a medium without glucose. Nanoparticles showed a higher killing ability for cancer cells
compared to normal cells. A significant accumulation of nanoparticles to the tumor site in mice was

evident by the increased tumor/normal leg ratio, resulting in a significant decrease in tumor volume and
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weight. Histopathological studies showed a significant decrease in the number of dividing mitotic cells

but a greater number of apoptotic/necrotic cells in nanoparticle-treated tumor tissues, which was
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1. Introduction

Nanoparticles have demonstrated various bio-medical applica-
tions, including diagnosis and therapy of cancer."” Techniques
(such as CT, MR, PET, and SPECT) available for the diagnosis of
cancer have limitations and should be employed generally in
combination.> Owing to high costs and radiation/other safety
issues of conventional imaging techniques (such as CT, MRI, PET
and SPECT), optical imaging could provide an alternative for the
diagnosis of cancer in pre-clinical/clinical scenarios.*®> However,
a few limitations of optical imaging (including auto-fluorescence
of skin/bio-molecules in green wavelengths and poor penetration
of excitation/emission lights to/from the deeper tissues) pose
challenges in bioimaging applications. These challenges make
dyes emitting in green wavelengths unsuitable for in vivo/clinical
applications. In addition, some of the organic dyes are prone to
photo-bleaching (e.g. fluorescein), and thus they are unstable.®
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correlated with a lower magnitude of Ki-67 expression (a proliferation marker). Consequently, our results
showed the potential of our nano-formulation for cancer theragnosis.

Luminescent materials, emitting in near infra-red (NIR 700-900
nm) regions, provide better choices because they overcome these
limitations.” In this direction, persistent luminescence nano-
materials (PLN) gained the attention of researchers as they can be
excited outside the body, and after in vivo administration, it
provides the flexibility to be imaged at longer durations while
being localized to the target organs/tumor tissue.® This makes the
material not required to be excited in tissue and hence overcomes
one of the critical limitations of optical imaging. Persistent lumi-
nescence is a process in which luminescence continues for few
seconds to days even after cessation of the excited light. Scherman
et al. pioneered to synthesize PLN with emission in the near infra
region and evaluated its localization in 3LL tumor in C57BL/6
mouse.” Subsequently, several studies reported a development in
PLN for biosensing and in vivo imaging.'*"* However, the ther-
agnostic ability of PLN has not been well explored. In one such
study, nanoparticles were synthesized with NIR persistent lumi-
nescence for imaging and were co-encapsulated with doxorubicin
and a photosensitizer (Si-Pc) for chemo-/photodynamic therapy.'>
In some more recent studies, PLNs were developed for imaging of
glioma® and mammary" cancers.

Several approaches have been employed for the synthesis of
persistent luminescent materials. Luminescent probes, such as
semiconductor quantum dots (QDs, e.g. PbSe, PbSe, and PbS),
are effective materials but are generally very toxic and
unstable.'>!® Optical nanomaterials doped with Ln™" or d"* ions
provide better chemical/thermal stability and biocompatibility

© 2023 The Author(s). Published by the Royal Society of Chemistry
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owing to their use in bio-medical applications.'” Generally, Ln**
ions (e.g. Eu®*, Dy**, and Tb’") show very sharp emission
because of f-f transitions (forbidden), and transition remains
unchanged in various crystallographic environments. In
contrast, Ln>" ions (e.g. Eu**) show broad emission due to f-
d transition but changes in wavelength transition in different
crystallographic environments.'® The d*>*/d** ions, such as
Mn**/Cr**, have transitions in visible regions, but transitions
are broad owing to the effect of surrounding ligands.” Nano-
particles doped with Ln™" or d"* ions having down-conversion
(emitted at lower energy or longer wavelength) properties have
been used in imaging but pose limitations.'”** However, Ln*'-
doped up-conversion (emitted at higher energy or lower wave-
length) nanoparticles have been used for bio-imaging and
therapy.”*** Recently, some nanoparticles have been used in
imaging and therapy.**** However, these have limitations of
weak emission and requirement of diverging lens/proper colli-
mator to excite the required area. Considering the above facts,
persistent luminescent nanoparticles are suitable candidates
for bio-imaging applications.

In this study, we synthesized nanoparticles doped with trace
elements and lanthanides for longer/stronger persistent lumi-
nescence. Because trace elements are required in the body and
are used as food/food supplements, and lanthanides are
commonly used in several biomedical applications, our nano-
formulation provides a better bio-compatible material. These
nanoparticles were further coated with polyamidoamine
(PAMAM) dendrimers owing to their ease of preparation and
colloidal stability.*” Compared to normal cells, the malignant
cells, for their higher proliferation, in a tumor mass require
higher glucose uptake and metabolism. Thus, drugs targeting
glucose metabolism have proven efficient in cancer treatment.
2-Deoxyglucose (2-DG) is a synthetic glucose analogue that can
be imported into cells but is not metabolized. Even though its
uptake is greater in cancer cells, 2-DG impairs the glycolytic
pathway and ATP generation, which results in 2-DG being
selectively and more cyto-toxic to the cancer cells.”® Based on
this principle, 2-fluoro-2-deoxyglucose is used for cancer
imaging (PET imaging). There are a few reports in which 2-DG
conjugated with nanoparticles as an anti-cancer
strategy.”>*® Hence, in this study, PLN was further conjugated
with 2-DG to make the nano-formulation suitable for ther-
agnostic applications (luminescence for cancer diagnosis and 2-
DG as an anti-cancer agent).

In this study, we prepared PLNs with the composition of
CaMgSiO;: 5% Mn, 5% Eu, and 10% Pr, which were further
coated with PAMAM dendrimers. The outer surface of nano-
particles was further functionalized with 2-DG, which not only
enhances the accumulation of nanoparticles in cancer cells but
also kills them. To obtain persistent luminescence, these
nanoparticles were exposed to UV light followed by their
administration to mice for bio-distribution and efficacy studies.

was

2. Experimental methods

Unless mentioned, all chemicals were purchased from Sigma
Aldrich (Merck) and wused without further purification.
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Wherever required, the solvents were dried following general
procedures. The FT-IR spectra of the samples were obtained
using a Bruker Tensor II spectrometer by pasting the sample in
a NaCl window. The identification of phase and crystal struc-
tures was performed using an analytical powder X-ray diffrac-
tometer (XRD) in the range of 20-70° (26) with Ni-filtered Cu Ko
(1.5405 A) radiation at 40 kv and 30 mA. The sampling was done
by pasting the sample in a glass slide using methanol as
a diluter and drying. The luminescence spectrum studies for
nanoparticle samples were carried out using the Edinburgh
instrument FLS920 attached to a Hamamatsu R955 photo-
multiplier tube. Other luminescence measurements (in tubes,
cells and animals) were carried out using the Live Animal
Imaging System (Photon Imager, Biospace, France).

2.1. Synthesis of PLNs and functionalization with 2-
deoxyribose

Calcium carbonate (99%, Sigma Aldrich), magnesium nitrate
hexahydrate (99%, Sigma Aldrich), manganese acetate tetrahy-
drate (99%, Sigma Aldrich), fumed silicon dioxide (Sigma
Aldrich), europium acetate hydrate (99.9%, Sigma Aldrich), and
praseodymium nitrate hexahydrate (99.9%, Sigma Aldrich) were
mixed according to stoichiometry Ca;_,_, ,MgSi,Og: 0.05
Mn(x), 0.05 Eu(y), 0.10 Pr(z)>*" using a mortar pestle. After
mixing, the pellets of the mixture were prepared, placed in
a furnace, and heated at 1300 °C for 5 h under a reducing
atmosphere (10% H,, 90% Ar). After cooling to room tempera-
ture, the sample was ground using a mortar pestle. The pellets
were again heated to 1300 °C for 4 days in a reducing atmo-
sphere (10% H, and 90% Ar). This synthesized material was
taken as PL (persistent luminescent) powder particles. In pellet
form, diffusion among ions is high so that a proper stoichio-
metric compound is formed. We heated samples at 1300 °C in
a reducing atmosphere to convert Eu*" ions to Eu®" ions, which
can give delayed luminescence. PL particles were ground using
a mortar pestle for about 1 h to obtain smaller particles. To
further reduce the size of the particles, about 50 ml of 5 mM
NaOH solution was added to 100 mg of these PL samples, which
were kept for 30 minutes under ultrasonication. After 12 h,
about 50 ml of the 5 mM HCIl was added, and the ultra-
sonication process was performed for 30 minutes, leading to
properly dispersed particles. It was kept for 24 h to obtain
proper neutralization. The whole sample was transferred to
a centrifuge tube; then, centrifugation was performed at
3000 rpm for 5 minutes. The supernatant was transferred to
another tube and then centrifuged at 8000 rpm for 8 min, and
the residue was dried using acetone. These nanoparticles
(supernatant) were coated with PAMAM dendrimer and further
conjugated with 2-DG following the literature.**** The nano-
particles coated with 2-DG (10 mg) were suspended in 1 ml of
10% PEG prepared in sterile PBS. The solution was kept over-
night on a shaker in the dark for PEG coating of the nano-
particles. The solution was briefly centrifuged for 30 seconds at
500 rpm at room temperature, and clear supernatant containing
PEG-coated nanoparticles was collected in a fresh sterile tube
and used for further in vitro and in vivo experiments.

RSC Adv, 2023, 13, 13240-13251 | 13241
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2.2. Cell culture, viability assay and uptake studies

Mouse fibrosarcoma (WEHI-164) and mouse normal fibroblast
(NIH3T3) cell lines were obtained from the National Centre for
Cell Sciences, Pune, India. Cells were cultured in DMEM
(Himedia, Mumbai) containing 1% antibiotics (Himedia,
Mumbai) and 10% foetal bovine serum (Himedia, Mumbai)
using routine culture practices.*® Wherever required, either
normal level glucose (4.5 g glucose per litre, Himedia, Mumbai)
or no glucose (Gibco, USA) DMEM was used.

To evaluate the differential uptake of these nanoparticles
with or without glucose, 0.25 x 10®° WEHI-164 cells were seeded
and incubated overnight. The following day, culture media were
replaced either with or without glucose media and cells were
incubated further for 2 h. After incubation, the cells were
treated with nanoparticles (1 mg ml~") for 3 h. After treatment,
the cultures were washed with PBS and harvested by trypsini-
zation. An equal number of cells with or without glucose groups
were UV exposed (254 nm; 10 min.) to excite the cellular
nanoparticles, and fluorescence was measured using Live
Animal Imaging System (Photon Imager, Biospace Lab, France).
Alternatively, to confirm this differential uptake, an equal
number (0.05 x 10°) of WEHI-164 cells were seeded in 24-well
plates and cultured without or with glucose medium as
described earlier. After that, the cells were treated with nano-
particles for 3 h. After the treatment, the cells were washed with
pre-warmed PBS and exposed to UV in a 24-well plate, and
fluorescence intensity was measured directly in the wells.

To study the effect of various concentrations of nanoparticles
on the viability of tumor and normal cells, an MTT assay was
performed. Briefly, 2 x 10° WEHI-164 or NIH3T3 cells were
seeded per well in a 96-well plate and incubated overnight. The
following day, the culture media were replaced either with or
without glucose media, and the cells were incubated further for
2 h. This was followed by treatment with nanoparticles (1 and
2 mg ml™") for 3 h. PEG solution (10%) prepared in PBS and
without nanoparticles was used as vehicle control. After treat-
ment, cells were washed two times with PBS, added to a fresh
medium with glucose and incubated for 48 h. After incubation,
the medium was removed and replaced with media containing
0.5 mg ml~" MTT solution and incubated for 2 h. This was
followed by removing MTT-containing media and dissolving the
formazan crystals in DMSO. Absorbance was measured at
544 nm using a plate reader (Tecan Infinite 200Pro, Germany).*

2.3. Animal studies

For animal experiments, female BALB/c mice (6-8 weeks old)
weighing ~25 g were obtained from the animal house facility of
Bhabha Atomic Research Centre, Mumbai. The animals were
housed in a poly propylene standard cage with adequate
bedding materials, a commercially available pellet diet and
water ad libitum. The room temperature for animal housing was
maintained at 20-24 °C with 14 h of light per 10 h of dark cycles.
Animal experiments were conducted after the approval of the
Institutional Animal Ethical Committee and following its
guidelines.
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To study the localization of nanoparticles in fibrosarcoma
tumors, palpable tumors were obtained (after 8 days of intra-
muscular implantation of 1.5 x 10° cells in the hind leg). After
that, nanoparticles prepared in sterile PBS (0.44 mg per 100 pl)
were injected i.v. either in a single injection (200 pl-pre-excited
with UV) or two injections (100 pl without UV exposure + 200 pl
pre-excited with UV having a gap of 30 min). Here, pre-
excitement means UV exposure to nanoparticles in tubes and
then its administration in the animals. The two injections were
made with an interval to minimize the entrapment of nano-
particles using a reticulo-endothelial system, especially the
second dose of nanoparticles. Notably, the administration of
nanoparticles without UV exposure did not contribute to lumi-
nescence. Animals were imaged in an animal imaging system
immediately or after different time intervals (10-30 min) to
evaluate the fluorescence emission from tumor bearing/normal
legs and to calculate the tumor to normal (T/N) fluorescence
intensity ratio.

For bio-distribution studies of nanoparticles in tumor
bearing mice, animals were sacrificed and organs (such as
lungs, liver, spleen, kidney, tumor and normal leg) were har-
vested after i.v. double dose injection. Because there would not
be any fluorescence to obtain fluorescence signals from residual
nanoparticles, organs obtained after dissection were exposed to
UV light. Then, fluorescence from these organs was measured
using the Live Animal Imaging System.*® Results were measured
as fluorescent counts and % accumulation. To study the efficacy
of nanoparticles in the control of tumor growth, tumor size in
control and nanoparticle-treated animals (n = 6) was deter-
mined by measuring the volume of normal/tumor bearing legs
using a digital Vernier calliper. The volume of the normal leg (at
the same position, where tumor volume was measured) in the
same mice was subtracted from the tumor volume to obtain the
final tumor diameter. The tumor volume was calculated using
the following formula: tumor volume = 0.5234°C, where, A:
larger diameter and C: smaller diameter.*” Tumor growth delay
was calculated as the ratio of the number of days required to
reach 400 mm?® tumor volumes for nanoparticles treated and
control animals.

2.4. UV exposure, persistent luminescence measurement/
imaging

The Live Animal Imaging System (Photon Imager, Biospace Lab,
France) with provision for fluorescence and bioluminescence
measurement was used for imaging of centrifuge tubes con-
taining nanoparticle samples. The same system was also used
for imaging of normal/cancer cells in a 6-well plate, tumor
bearing animals and their dissected organs. The acquired
images were further used for the determination of fluorescence
intensity (in counts or photons/sec/cm?®/Sr as units) using the
data analysis software (M3 vision) of the imaging system. The
intensity scale of the fluorescence signal was represented as
a pseudo-colour image, where blue represents the least intense
and red represents the highest intensity. Bright field reference
images of the samples/animals/organs were automatically ob-
tained using the instrument under low light illumination from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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light emitting diodes built into the imaging dark box. The two
images (fluorescence and bright field) were superimposed using
the in-built software of the instrument.

For nanoparticles imaging/fluorescence measurement,
samples prepared in 10% PEG in PBS (in 1.5 ml polypropylene
centrifuge tubes with a wall thickness of about ~0.8 mm) were
exposed to light sources, including UV lights, followed by the
transfer of tubes at the imaging stage (maintained at 37 °C) of
the Live Animal Imaging System. For whole body imaging, mice
were anesthetized (isofurane 5% and carbogen 1 liter per min)
for 3 min and placed under online anaesthesia conditions (2%
isofurane and carbogen 0.5 liter per min) in the imaging
chamber of the in vivo imaging system. Similarly, dissected
organs were rinsed with PBS and placed in a 60 mm plastic
culture dish in a moist atmosphere to avoid the shrinkage of
organs during UV irradiation and subsequent imaging of these
organs. The image acquisition of all the samples was performed
for 8 min. For UV exposure, an indigenous set up was custom
fabricated with UV light sources (254 nm and 355 nm; 8 watts,
length: 28.5 cm, and make: Philips) while keeping source to
sample distance fixed (11 cm; ESI Fig. S11).

2.5. Histopathology and immuno-histochemistry

For histopathological examination, formalin-fixed tumor tissue
sections (3—-5 um) were processed for paraffin wax embedding,
followed by haematoxylin and eosin (H&E) staining to observe
histopathological lesions. Two sections after H&E staining from
the same tissue were examined by a veterinary pathologist
following the standard scoring system and guidelines.*® The
scoring is as follows: no abnormality was detected (score: 0)
with abnormality in % of cells [<1 (score: 1; minimal), 1-25
(score: 2; mild), 26-50 (score: 3; moderate), 51-75 (score: 4;
moderately severe) and 76-100 (score: 5; severe)]. For immuno-
histochemistry studies for Ki-67, unstained slides were
prepared from the same tissues following the protocols
mentioned earlier.*® The slides were observed using a fluores-
cence microscope attached to a digital camera (Nikon, Japan).

2.6. Statistical analysis

Unless specified, all experiments were conducted at least thrice
in triplicates. All values are presented as mean + SEM, and
wherever required, data were analysed using Student's ¢-test.
Statistical significance was determined at p < 0.05.

3. Results and discussion

3.1. Structural characterization of particles

The XRD pattern of the synthesized phosphor powder is shown
in Fig. 1A, and the peaks are consistent with the reported
patterns of parent MgSiO;.>* The peaks are highly crystalline.
However, after the process of grinding, alkaline and acid
digestion, the supernatant contains nanoparticles, which is
confirmed by the TEM image of final nanoparticles (deoxy-
glucose coated), and its SAED pattern shown in Fig. 1B and C.
The particle sizes in the range of 20-30 nm are observed. Fig. 1D
shows the luminescence spectrum of the nanoparticles after

© 2023 The Author(s). Published by the Royal Society of Chemistry
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excitation at 413 nm and emission peaks at 575 and 675 nm.
Fig. 2 shows the DLS and Zeta potential of 2-DG-coated nano-
particles in a PBS medium. The hydrodynamic diameter of
these nanoparticles was found to be 500 nm, and the Zeta
potential was about +1 mV.

3.2. Mechanism for persistent luminescence

The host lattice has the chemical formula MgSiO; with a band
gap of 5-7 eV. Notably, a polycrystalline host is associated
with defects as a source of electrons and hole traps in the
conduction and valence bands, respectively. After doping with
many metal ions of different ionic sizes and oxidation states
with respect to the parent host lattice, many depth traps can
be generated. Fig. 3 shows the possible persistence lumines-
cence mechanism from Eu®**-doped M,_,MgSi,O (M = Ca,
Sr). Upon doping of Eu**, it can change the number of elec-
trons and holes present in the lattice. Persistent lumines-
cence is explained by the different depths of traps present in
the conduction band. After sufficient energy is provided, the
trap electrons can recombine with the holes to produce light.
Nearby Eu®* ions can absorb the energy (hv) from excited
electrons in the trap level of the host, and thus it induces the
slow process of recombination of e-h. Thus, emission from
the excited level of Eu*>* occurs.’>*® In the ground, the Eu** ion
has the outermost electronic configuration 4f’, which is
unaffected by surrounding ligands because these 4f electrons
are shielded by outermost shells (5s, 5p). Upon excitation at
an appropriate wavelength, the electrons can reach the
excited electronic level of 4f°5d'. The excited electronic
configuration (5d') is perturbed by the surrounding ligand
(oxygen) and crystal symmetry to generate splitting (t,; and e,
in the case of octahedral coordination EuOg; e and t, in the
case of tetrahedral coordination EuO,). This is referred to as
the crystal field effect. This can produce a broad peak from
a possible two emission peaks from t,, and e, (overlapping of
two peaks). The peak can shift from the blue, green, and
yellow regions to the red region depending on the depth of the
trap and crystal field stabilization energy. With further co-
doping with other rare-earth ions (f block elements) or Mn"
ions (d, p and s block elements), the trap levels can be
modified, and dipole-dipole interaction among Eu®> Mn""
increases.” In persistent luminescence, the following
processes can be possible: migrations of trap electrons
through diffusion'” and energy transfer from the excited trap
level to the excited state of Eu®" through a non-radiative
process,’® which depends on the frequency factor of
surrounding phonons. Emission from Eu®" could be observed
provided there is a sufficient energy transfer from the excited
trap level to Eu®>" at the conduction band of the semi-
conductor. There are simultaneous transitions (up and down)
within trap and conduction levels™ when sufficient thermal
energy is provided; thus, thermoluminescence may arise. In
our samples, after exposure to UV light, charging occurs at the
electron trap level of the semiconductor (conduction band).
Part of the trapped energy is released, and this is transferred
to the nearby excited level of Eu**. The charging of the trap

RSC Adv, 2023, 13, 13240-13251 | 13243
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Fig.1 (A) XRD pattern of phosphor sample. (B) TEM image of surface-functionalized nanoparticles, (C) its SAED pattern, (D) emission spectrum of
the sample after excitation at 413 nm.

level of PLN was supported by the thermo-luminescence 3.3. Optimization of parameters for the persistent
property (emission peak at 82 °C) of the material (Fig. 4) ob- luminescence of nanoparticles
tained after 0.25 Gy gamma irradiation, which would act as an

e ] Initial experiments were performed to optimize the parameters
alternate energy source, resulting in thermoluminescence.

required for the in vitro and in vivo experiments. Because the
nanoparticles are of persistent luminescence in nature, the
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Fig. 2 (A) DLS particle size distribution and (B) zeta potential data of surface-functionalized nanoparticles performed at different time scans
(shown in different colors).

13244 | RSC Adv, 2023, 13, 13240-13251 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01169k

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

Open Access Article. Published on 28 April 2023. Downloaded on 02/11/2025 2:13:17 PM.

(cc)

View Article Online

Paper RSC Advances
Excited state
Conduction band " e,
5 4f% Sd pu—
I 2 AEEEEA RN,
.i. N AYAY ( Crystal Field Splitting
N\
Electron trap 6 - - NN
ty

2 Energy transfer

1 3

UV light

Hole trap

Valence band

4f7

Insulator host
lattice

BEEEEEREEEEEEE cv*inoctahedralenvironment

5d°

Eu?* Ground state

Dopant: Eu?*ion

Fig.3 Schematic diagram of energy levels associated with delayed luminescence in host lattice (MgSiOs): dopant (Eu?*). On UV exposure to the
host lattice (MgSiOs), the electrons at the valence band are excited to the conduction band (1). After that, it can be emitted to the valence band (2,
known as band edge emission) or to the hole trap level (3, defect emission). Moreover, the excited electrons at the conduction band can be
stored at the trapped level, which is below the conduction band. The trapped electrons can be excited to the conduction band through thermal
energy, and excited electrons can be emitted (known as thermo-luminescence, 4). Additionally, trapped electrons can migrate in the elastic
mode without loss of energy (5). Sometimes, some energies are lost during migration, and thus it transfers energy (loss) to nearby dopant (Eu®",
6), which can undergo emission (7). In the presence of a ligand, the 5d* excited state of Eu?* can split into €gand t,4 in an octahedral environment,

leading to two emission wavelengths (8).

—— SAMPLE B 7 MMDIA 3K} fiNg
230, —— SANPLE S 250mEY ;o;:a. =
2001
—
=
< 1901
—
—r
= 100]
50

50 100 150 200 250 300 350 400
Temperature (°C)

Fig. 4 Thermo-luminescence glow curve of nanomaterial. a.u.: arbi-
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wavelength of light required for optimal fluorescence was
determined. The nanoparticle supernatant obtained (as
mentioned in materials and methods; in 200 pl) after PEG
coating was transferred to 0.5 ml centrifuge tubes, which were
excited with 254/355 nm UV light sources for 10 min, followed
by the measurement of fluorescence immediately after light
exposure. Compared to the 355 nm light source, when

© 2023 The Author(s). Published by the Royal Society of Chemistry

nanoparticles were exposed to 254 nm light, they showed ~100
fold higher fluorescence, indicating that 254 nm is the
optimum light source for exciting these nanoparticles (ESI
Table 11). A strong fluorescence light observed from these
nanoparticles is shown in the centrifuge tubes (ESI Fig. S27). To
optimize the exposure time, nanoparticles were exposed to
254 nm UV light for increasing exposure periods (2-15 min),
followed by the measurement of fluorescence immediately after
exposure (ESI Fig. S31). Our results showed the saturation of
fluorescence intensity for an exposure period of 10 min and
beyond. Based on these optimization experiments, further
experiments were performed by exposing nanoparticles using
a 254 nm UV light source for 10 min. To evaluate the decay
kinetics for persistent luminescence, the nanoparticles were
exposed to 254 nm UV light for 10 min, followed by the
measurement of fluorescence for up to 120 min. The results
were expressed in terms of fluorescence and relative intensities.
Our results showed fluorescence decay in UV-exposed nano-
particles with ~90% decay in fluorescence within 20 min of
exposure (ESI Fig. S41). During longer periods, an insignificant
change in fluorescence was observed. These results suggest the
suitability of these nanoparticles for imaging at shorter periods
(~20 min) after exposure.
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Fig.5 (A) Uptake of nanoparticles in WEHI-164 cells in glucose (normal level) and low glucose medium. WEHI-164 cells (1 x 10 cells per well)
were seeded in a 6-well plate overnight in a normal glucose medium. The next day, the culture medium was removed, washed with pre-warmed
PBS and replaced with either normal glucose (+G) or low glucose (—G) medium. These cultures were incubated for 2 h under culture conditions.
Cells were treated with nanoparticles (NP1 — 1 mg ml~ and NP2 — 2 mg ml™) for 3 h. Cultures were washed with PBS, and cells were harvested
by trypsinisation, followed by counting with a hemocytometer. An equal number of cells (1 x 10°) in centrifuge tubes was exposed to 254 nm UV
light for 10 min, followed by the fluorescence measurement of tubes (as mentioned in materials and methods). (B) Another set of culture 24-well
plates from the above experiment (3 wells each for +G and —G) was also exposed to UV light (without harvesting), followed by acquiring the
images of the plate. (C) WEHI-164 and NIH3T3 cells (2000 cells per well) were cultured in a 96-well plate as mentioned above followed by
treatment with nanoparticles (1 and 2 mg ml~%) and MTT assay as mentioned in materials and methods. Relative viability is the ratio of OD-treated
samples with respective controls multiplied by 100. +G: with glucose; —G: low glucose *significantly (p < 0.05) different from respective glucose-

treated cells.

3.4. Uptake of nanoparticles in cancer cells and viability in
normal and cancer cells

These nanoparticles are conjugated with deoxyglucose for
better selectivity to tumor cells with the expected higher uptake
when cells are starved with glucose. Hence, to evaluate the
uptake of these nanoparticles, mouse fibrosarcoma cells
(WEHI-164) were cultured in a medium either with normal
glucose (+G) or without glucose (—G). The cultures after nano-
particle treatment were washed with PBS and harvested by
trypsinization. An equal number of cells from the +G and —G
groups were UV exposed to excite the internalized nano-
particles, followed by the measurement of fluorescence. Our
results showed a significant increase in fluorescence when cells
were treated with nanoparticles in a medium without glucose
(Fig. 5A), suggesting higher uptake of nanoparticles in cancer
cells under glucose starvation conditions. These results were
further correlated with fluorescence images, which also showed
stronger fluorescent wells containing nanoparticle-treated cells
in the medium without glucose (Fig. 5B). Further experiments
were conducted to study the effect of these nanoparticles on the
viability of normal and cancer cells. For this, mouse fibrosar-
coma (WEHI-164) and its counterpart normal mouse fibroblasts
(NIH3T3) were treated with two concentrations (1 and 2 mg

13246 | RSC Adv, 2023, 13, 13240-13251

ml ") of nanoparticles for 3 h with/without glucose containing
media. Treated cells were washed and further cultured in
glucose containing medium for 48 h for MTT assay. MTT assay
showed higher efficacy of nanoparticles to kill WEHI-164 cells
compared to NIH3T3 cells in both with and without glucose
(Fig. 5C). A lower (1 mg) concentration of nanoparticles led to
a significant killing of WEHI-164 cells in the absence of glucose
(—G) compared to the presence of glucose (+G). However, this
difference was insignificantly different at higher (2 mg)
concentrations. The cell viability of WEHI164 cells was relatively
lower when cells were treated with nanoparticles without
glucose media, corroborating with higher uptake of nano-
particles. Authors may also hypothesize that the increase in
viability in the absence of glucose in NIH3T3 cells could be due
to the increased induction of survival mechanisms and
extended life span caused by glucose restriction as reported
previously in normal lung fibroblasts, which needs further
investigation.*?

3.5. Localization of nanoparticles in fibrosarcoma tumors

After in vitro evaluation of nano-formulation, its tumor target-
ing and growth inhibitory effects were studied in fibrosarcoma
tumor bearing mice. For this, the animals were injected

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Effect of single and double injections on the localization of nanoparticles to the tumor site. Nanoparticles prepared in 10% PEG were

first exposed to 254 nm UV light, followed by injection i.v. either in a single dose (200 pl-pre-excited) or (100 pul + 200 pl-pre-excited) with a gap
of 30 min. Animals (n = 4 in each group) were imaged after 30 min and fluorescence intensity in the tumor bearing/normal leg was determined,
and the ratio was calculated as T/N. (B) Representative image of animals injected with double injections of hanoparticles after 30 min. (C) After
double injection images, tumor bearing and normal legs were acquired after different times (10—-30 min), which was used for T/N calculation. T:

tumor; N: normal leg.

intravenously (i.v.) either with a single injection (200 pl-pre-
excited with UV) or two injections (100 pl without UV expo-
sure + 200 pl pre-excited with UV with a gap of 30 min) of
nanoparticles. The purpose of the double injection was to
engage the reticulo-endothelial system after the first dose of
nanoparticles, which facilitated better tumor targeting at the
second dose. Animals were imaged for tumor and normal legs
for the calculation of the tumor to normal (T/N) ratio. It was
interesting to observe that compared to a single injection, the T/
N ratio was almost double when nanoparticles were injected in
two doses (Fig. 6A), suggesting better tumor targeting during
double injections. The typical localization of nanoparticles to
the tumor site after double injection is shown in Fig. 6B. These
results showed that the thoracic (both lungs) and abdominal
(liver) regions were the major areas of nanoparticle accumula-
tion after the i.v. injection. Moreover, compared to the normal
leg, the tumor leg showed a higher accumulation of nano-
particles. To understand the kinetics of nanoparticle accumu-
lation at the tumor site, the T/N ratio was calculated at different
post-injection periods (10-30 min). Our results showed
a significant accumulation of nanoparticles at the tumor site, as
evident by an increased T/N ratio with an increase in time
(Fig. 6C).

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.6. Organ bio-distribution of nanoparticles in tumor
bearing animals

To study the bio-distribution of nanoparticles after i.v. injec-
tion, the organs were collected 18 days post-treatment after
sacrificing the animals. At this time point, nanoparticles local-
ized to organs did not give fluorescence by themselves. After
dissection, these organs were UV exposed to quantify the
localization of nanoparticles in these organs. Fluorescence of
these organs was measured using the Live Animal Imaging
System, and the results were shown as fluorescent counts
(Fig. 7A) and % accumulation (Fig. 7B). A significant accumu-
lation of nanoparticles was observed in the lungs, liver and
spleen, the major reticulo-endothelial system, suggesting the
limitation of our nano-formulation and the need for better
tumor targeting in the future. Our results also showed signifi-
cant localisation of nanoparticles to the tumor site than the
normal leg, which agrees with typical images shown in Fig. 7C.
In addition, a careful evaluation of the tumor images showed
a uniform distribution of fluorescence signals, suggesting the
homogenous distribution of nanoparticles within the tumor
mass. Fluorescent signals observed in the kidneys suggest
urinary clearance of nanoparticles.
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Fig. 7 Tumor bearing animals after the intravenous injection of nanoparticles (double injections) were sacrificed after 18 days, followed by the
collection of organs. These organs were UV exposed, and images were acquired to monitor the quantity of nanoparticles accumulated in various
organs. The results were expressed as counts (A) or % accumulation (B). (C). Representative image of various organs after UV exposure. L: Lungs,
LV: Liver, S: Spleen, K: Kidneys, T: Tumor bearing leg region, N: Respective normal leg region *significantly different from a tumor at p < 0.05.

3.7. Effect of nanoparticles on tumor growth

To evaluate the efficacy of these nanoparticles in tumor growth
inhibition, nanoparticles were administered intravenously in
the tumor bearing animals, followed by tumor growth
measurement. Compared to the control, a significant decrease
in tumor volume was observed when the animals were treated
with nanoparticles (Fig. 8A and B). Tumor growth delay in
nanoparticle-treated animals was found to be delayed by 6 days
with tumor growth delay ~1.5. These results were also evident
in the decrease in tumor weight in nanoparticle-treated animals
(Fig. 8C), which is reflected by decrease in the size of the
dissected tumors (Fig. 8D). Since, our experiments showed
localization of nanoparticles to reticulo-endothelial system,
a set of experiments were also performed to evaluate the efficacy
of nanoparticles when administered intra-tumorally (as an
alternate route of administration). It may be pertinent to
mention here that even though intra-tumoral is not preferred
clinical route of drug administration but through this route
nanoparticles are not needed to pass through the reticulo-the
endothelial system while reaching a tumor site. Similar to i.v.
injection, a significant decrease in tumor volume was observed
after the intra-tumoral injection of nanoparticles, which was
correlated with a decrease in weight in dissected tumors (ESI
Fig. S5 A-D7). However, in the case of the intra-tumor injection

13248 | RSC Adv, 2023, 13, 13240-1325]

of nanoparticles, a lower magnitude of tumor control was found
than i.v. injection. Such a difference may be associated with
a more uniform distribution of nanoparticles in tumors in the
case of i.v. because they are delivered through the blood supply,
thus resulting in the accessibility of the nanoparticles to
a higher number of cancer cells for their killing.

3.8. Histopathological changes in tumors after the
treatment of nanoparticles

Histopathological examination was performed on tumors ob-
tained from nanoparticle-treated animals (Fig. 9). In control
tumor samples, severe to moderate anaplasia was observed with
3-5 mitotic cells/high power fields (hpf; 40x objective).
Compared to control tumor samples, a significant decrease in
the number of mitotic cells (1-3 mitotic cells/hpf), a greater
number of apoptotic/necrotic cells and disorganised tissue
organisation was observed in nanoparticle-treated tumor
samples.

3.9. Treatment with NP decreased proliferation in tumor
cells

To further understand the mechanism of tumor regression after
the treatment of nanoparticles, the magnitude of Ki-67 (a
marker of proliferation) was investigated in control and treated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) WEHI-164 (1 x 10°) cells were transplanted intramuscularly in the hind leg of mice. After the appearance of a palpable tumor (8 days),
nanoparticles were administered with the i.v. injection of nanoparticles (double injections), followed by tumor growth measurement. (B)
Representative tumor images of control and nanoparticle-treated mice after 18 days of transplantation. (C) Weight of dissected tumors, (D)
representative images of tumors after dissection. NP: Nanoparticle-treated animals *significantly different from control at p < 0.05.

Control

Fig. 9 HG&E staining of tumor tissues from control and nanoparticle (NP)-treated animals at (i) 300x and (ii) 600 x magnification. Scale bar: 100
uM (300x) and 50 uM (600x). Mitotic cells (<), lymphocytes (QK), apoptotic/necrotic region (). Scale bar is equal to 100 (i) and 50 (i) pm.
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tumor tissues by immune-histochemistry (Fig. 10). Tumor
tissue obtained from animals treated with nanoparticles
showed lower Ki-67 expression than the control, suggesting
lower proliferation of tumor cells in nanoparticle-treated
animals than the control. These results agree with tumor
growth measurement (Fig. 8) and histopathological analysis

(Fig. 9).

4. Conclusions

This study showed the synthesis and characterization of nano-
particles with persistent luminescence. Moreover, our results
showed higher killing of tumors than normal cells after the
treatment of these nanoparticles. Tumor targeting and its effi-
cacy in inhibiting tumor growth were further shown in mouse
fibrosarcoma tumor models using animal imaging and tumor
growth measurements, respectively. The mode and mechanism
of tumor growth inhibition were found to be apoptotic cell
death and a decrease in tumor cell proliferation after the
treatment of nanoparticles. Thus, our results showed the
development of nano-formulation with the potential for ther-
agnostic applications of cancer.
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