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Considering the role of hypoxia in cancer progression and poor
prognosis, hypoxia-centric theranostic approaches may have
immense potential in clinical cancer management. We have suc-
cessfully developed a hypoxia-selective theranostic nanoplatform,
which can be used to deliver a therapeutic dose of radiation to the
hypoxic tumor tissue through systemic administration. In addition
to delivering a radiation dose to the hypoxic tumor tissue, the
versatile nanoplatform developed can also be used to load radio-
sensitizers or chemotherapeutic drugs to enhance the therapeutic
effect.

Tumor hypoxia is a pathological condition arising out of
insufficient blood supply in a rapidly growing tumor and poses
major challenges to cancer therapy.' Hypoxic tumors are asso-
ciated with increased risk of metastasis and poor response to
conventional therapeutic modalities. Assessment of the hypoxic
status of a cancer can immensely help in modifying the
therapeutic strategy for a better clinical outcome to the
patient." Tumor hypoxia can be assessed by invasive or non-
invasive techniques. However, limitations of invasive techni-
ques in clinical settings have directed the focus on non-invasive
methods for assessing tumor hypoxia.>™ Hypoxia-directed
external beam radiation therapy of cancer based on the infor-
mation acquired from hypoxia imaging is a clinically estab-
lished procedure.>® But, studies on hypoxia-directed internal
radiotherapy through systemic administration of hypoxia tar-
geting radiopharmaceuticals is limited. A bottleneck to this
approach is the non-availability of a suitable platform that
could selectively deliver the therapeutic dose of radiation to
the hypoxic tumor tissue with a minimal radiation dose to the
non-target organs. Escalating the injected dose to deliver the
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required therapeutic dose to the hypoxic tissue may be limited
by unacceptable levels of radiation dose to non-target organs. A
possible solution to this problem could be to develop a selective
hypoxia-targeting platform that could also carry radiosensiti-
zers or chemotherapeutic drugs along with therapeutic radio-
isotopes to enhance the therapeutic effect in the hypoxic tissue
at a lower radiation dose.

Gold nanoparticles are extensively utilized for targeting
cancer, exploiting their passive intra-tumoral accumulation
through the enhanced permeation and retention effect (EPR)
as well as active uptake achieved via functionalization. The
facile surface chemistry, ease of synthesis, tunable size, low
cytotoxicity and high adsorption capacity of gold nanoparticles
offer effective tools to tailor the pharmacokinetics for targeted
applications.””® Unique optical properties like surface plasmon
resonance (SPR) have made gold nanoparticles the preferred
choice for developing agents for photothermal imaging, photo-
thermal therapy and photodynamic therapy for cancer detec-
911 Additionally, the large surface-to-
volume ratios of nanoparticles open numerous possibilities
for drug/radiosensitizer loading, surface modification with
target-specific biological vectors, tagging radioisotopes, etc.,
making them a multipurpose platform for developing targeted
systems for drug delivery or radionuclidic therapy, either
individually or in combination.">>°

Though systemic administration of radiolabeled nanoplat-
forms for imaging or therapy of tumors has been reported,**>*
to date, there are limited reports on similar applications
targeting hypoxic tissues in vivo.>* >’ Nitroimidazoles are exten-
sively studied bioreductive markers for non-invasive detection
of hypoxia. They undergo selective, oxygen-dependent, accu-
mulation and retention in hypoxic cells through a series of one-
electron reductions mediated by nitroreductase enzymes. There
are reports demonstrating the potential of nitroimidazole-

tion and treatment.

based nanoplatforms for hypoxia imaging applications based
on photoacoustic, optical and MRI techniques.*®?°
optical imaging has limitations in visualizing deep-seated
hypoxic tumors due to the attenuation of light emitted from

However,
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the imaging probe by overlying tissues. The MRI approach
requires administration of a significant quantity of toxic con-
trast agents to permit the detection of the oxygen levels in living
tissue. In this context, nuclear imaging techniques are much
more sensitive than either optical imaging or MRI and radi-
olabeled nanoparticles decorated with nitroimidazole present a
promising approach for real-time imaging and delivery of a
therapeutic dose of radiation to the hypoxic tumor site.

In vivo mapping of hypoxia in tissue is carried out by
systemic administration of a radiotracer tagged with gamma
emitting radioisotopes such as technetium-99m (E, = 140 keV;
half-life = 6.0 h) or positron emitting radioisotopes such as
fluorine-18 (half-life = 109.7 min) or gallium-68 (half-life =
67.7 min). Subsequently, imaging is performed by single
photon emission computed tomography (SPECT) or positron
emission tomography (PET).>”**°3¢ The images showing the
presence/absence or distribution of hypoxia in the tissue are
then used to select patients who will benefit from hypoxia-
directed external beam radiotherapy or other hypoxia-directed
treatment strategies. Currently, positron emitting radiophar-
maceutical, ['®F]-fluoromisonidazole ([**F]-FMISO), is used for
clinical imaging of tumor hypoxia.®*® Development of a
technetium-99m alternative for this purpose is being actively
pursued by several research groups including ours.*** How-
ever, it would be immensely helpful if the vehicle used for
imaging hypoxia can also be used for hypoxia-directed internal
radiation therapy. This requires a molecular design that will
permit radiolabeling with a diagnostic, therapeutic or thera-
nostic radioisotope. The beta-gamma emitting radioisotope
lutetium-177%" (Egmax = 0.49 MeV, 0.18 MeV, E, = 208 keV,
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112 keV; half-life = 6.7 d) is one such theranostic radioisotope,
which can serve the dual purpose of delivering a therapeutic
dose of radiation to the target, while at the same time, the
associated gamma emission can be used for real-time monitor-
ing of the tracer in vivo.

With these objectives in mind, we envisaged a versatile,
hypoxia-targeting platform that could be employed for multi-
farious applications such as imaging hypoxia, delivery of a
therapeutic dose of radiation, delivery of radiosensitizers,
delivery of chemotherapeutic drugs or a combination of the
above to hypoxic cells through systemic administration. Since
gold nanoparticles themselves do not possess hypoxia selectiv-
ity, their surface was decorated with a bioreductive marker, 2-
nitroimidazole, which could undergo selective oxygen-
dependent reduction in hypoxic cells imparting the required
selectivity. To achieve the flexibility of radiolabeling with a
diagnostic or therapeutic radioisotope, the gold nanoparticle
surface was further modified to include a bifunctional chelator,
DOTAGA. The DOTAGA chelator permits radiolabeling with a
theranostic radioisotope such as lutetium-177, a therapeutic radio-
isotope such as yttrium-90 or a positron emitting diagnostic radio-
isotope such as gallium-68.**° The various steps involved in the
preparation of DOTAGA-conjugated, 2-nitroimidazole-decorated
gold nanoparticles are shown in Fig. 1 (also see ESIt). For facile
attachment of 2-nitroimidazole to the gold nanoparticles, 2-
nitroimidazole (2-NIM) functionalized lipoic acid, NIM-TA (3) was
synthesized by coupling 2-nitroimidazole amine (2) with lipoic acid
[Fig. 1(a)].

The presence of the characteristic carbonyl amide peak at
1641 cm ' in the IR spectra confirmed the formation of
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(a) Synthesis of NIM=TA (3). (b) Synthesis of DOTAGA-AUNP—-2-NIM (4).
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compound 3 (Fig. S7 in ESIf). The "H NMR spectra of all the
compounds were consistent with the expected structure. A molecu-
lar ion peak at m/z 397.1 (M + K)" in the mass spectra of NIM-TA (3)
provided additional evidence for its formation (Fig. S10 in ESIt).
The 2-NIM-tagged DOTAGA-conjugated gold nanoparticles
(DOTAGA-AUNP-2-NIM) were synthesized by in situ reduction of a
gold salt (HAuCl,.3H,O) with sodium borohydride (NaBH,)
[Fig. 1(b)] in the presence of excess thiolated ligands, 2-NIM-TA
(3) and DOTAGA-TA. The gold nanoparticles were purified by
centrifugal filtration and characterized by DLS, UV-Vis spectroscopy,
TEM, FT-IR and "H NMR spectroscopy.

Evidence for the formation of gold nanoparticles could be
obtained from the presence of a typical SPR band at ~520 nm in
the UV-Vis spectrum [Fig. 2(a)]. Furthermore, a broad peak seen in
the UV-Vis spectrum of DOTAGA-AuNP-2-NIM at 320 nm, which
matched with the UV-Vis spectrum of 2-NIM-TA, indicated the
presence of 2-NIM-TA on the gold nanoparticle surface [Fig. 2(a)].
The DLS analysis showed that DOTAGA-AuNP-2-NIM has an
effective hydrodynamic diameter of 60 + 1.5 nm [Fig. 2(b)]. The
nanoparticles prepared displayed a very low polydispersity index.
The zeta potential of the nanoparticles was found to be +20.22 mV
at pH 7, indicating good suspension stability. The TEM images
showed gold nanoparticles of uniform size, with most of the
particles in the range of 10-20 nm [Fig. 2(c)]. The average particle
size was 15 & 1.2 nm. It could be noted that the hydrodynamic size
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of the nanoparticles determined by DLS is approximately four-times
higher than the size of the nanoparticles determined by TEM, which
could be attributed to the presence of hydrated layers around the
nanoparticles when they are in solution. The amide >C=—O
stretching (1640-1620 ecm™ "), C-H stretching (3000-2800 cm™ ),
amide N-H bending (1589 cm ') and O-H stretching
(3600-2500 ¢cm ') bands could be seen in the FT-IR spectra of
DOTAGA-AuUNP-2-NIM [Fig. 2(d)]. For comparison, the FT-IR spec-
tra of 2-NIM-TA and DOTAGA-TA are also included in Fig. 2(d). The
presence of ligands (NIM-TA and DOTAGA-TA) on the gold nano-
particle surface was further confirmed by "H NMR spectroscopy.
The peak in the aromatic region (0 7.52) confirms the presence of 2-
nitroimidazole and the peak pattern in the aliphatic region (6 2.60-
3.52) indicates the presence of DOTAGA on the gold surface
(Fig. S11 in ESIY). Cyclic voltammetry of DOTAGA-AUNP-2-NIM
(see ESIT)"" showed a peak at —1.21 V due to the reduction of the
nitro group in 2-nitroimidazole on the gold nanoparticle surface
[Fig. 3(a)], which closely matched with the first reduction peak in the
cyclic voltammogram of free 2-nitroimidazole [Fig. S12 in ESIt]. It is
pertinent to note the absence of any reduction peak in the cyclic
voltammogram of DOTAGA-AuNP without 2-NIM decoration. This
observation provided additional evidence for the presence of 2-
nitroimidazole on the gold nanoparticle surface.

Lutetium-177 in chloride form (*”’LuCl) is used for radi-
olabeling the functionalized gold nanoparticles (see ESIT). The
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Fig. 3 (a) Cyclic voltammograms of AUNP—DOTAGA and DOTAGA-AUNP-2-NIM and (b) variations of RCP of [*’Lu]Lu~DOTAGA-AUNP-2-NIM in PBS

and human serum over a period of 7 days.

radiochemical yield (RCY) and radiochemical purity (RCP) of
['”7Lu]Lu-DOTAGA-AUNP-2-NIM were determined by size
exclusion HPLC (SE-HPLC) [Fig. S13 in ESIt]. The retention
time of ['””Lu]Lu-DOTAGA-AUNP-2-NIM in HPLC was found to
be 13.45 + 0.60 min [Fig. S13(a) in ESI{], whereas ""“LuCl;
appeared at 22.19 + 0.40 min [Fig. S13(c) in ESI{]. From peak
area measurements, the RCY of ['”’Lu]Lu-DOTAGA-AuNP-2-
NIM was found to be above 90%. The bifunctional chelator
used for the surface modification of gold nanoparticles,
DOTAGA, was radiolabeled separately for comparison. The
peak corresponding to ['’Lu]JLu-DOTAGA appeared at
19.89 =+ 0.40 min [Fig. S13(b) in ESI{], distinctly different from
the peak representing radiolabeled gold nanoparticles. The
RCY and RCP determined by PC [Fig. S14 in ESIt] were in
concurrence with the values obtained by HPLC. The nano-
particles were further purified by passing through a PD-10
column to improve the RCP to over 95%.

The in vitro stability of the ['”Lu]Lu-DOTAGA-AUNP-2-NIM
nanoparticles was assessed in PBS and human serum (see ESIt)
over a period of one week by PC [Fig. 3(b)]. It could be observed
that the radiolabeled nanoparticles maintained an RPC of
above 90% over the period of study. The size of the radiolabeled
nanoparticles in PBS was also evaluated for the same period (1
week). The variation in hydrodynamic size of the radiolabeled
nanoparticles with time is shown in Fig. S15 [in the ESI{]. The
cytotoxicity of DOTAGA-AuNP-2-NIM to CHO cells was
assessed by flow cytometry after incubating them together for
24 h (see ESIT). The typical flow cytometer dot-plot viability data
are shown in Fig. S16 (see ESIT). Viable, apoptotic and dead cell
populations of CHO cells treated with different concentrations
of DOTAGA-AuNP-2-NIM are shown in Fig. 4(a). No significant
cell death was observed in the concentration range of
0.004-800 ng mL ™", At a concentration of 1600 ng mL ", the
percentage viability reduced to 74.89 £ 0.05%. In vitro studies
were carried out in CHO cells under hypoxic and normoxic
conditions to determine the hypoxia selectivity of [*””Lu]Lu-
DOTAGA-AUNP-2-NIM (see the ESIT). The uptake of radiotracer
in the CHO cells under hypoxic and normoxic conditions** is

1996 | Mater. Adv,, 2022, 3,1993-1999

shown in Fig. 4(b and c) [see ESI{]. The results indicated
significant uptake of the radiotracer under hypoxic conditions
[Fig. 4(b)] compared to normoxic conditions (P < 0.02). The
hypoxic/normoxic ratio for ['”’Lu]Lu-DOTAGA-AUNP-2-NIM
increased from 7.1 at 2 h post-incubation to 9.2 at 4 h PI
demonstrating excellent hypoxia selectivity. It is pertinent to
note that ['”’Lu]JLu-DOTAGA-AUNP without 2-NIM decoration
showed very low cellular uptake under hypoxic and normoxic
conditions [Fig. 4(c)] and the difference in cellular uptake was
found to be statistically insignificant (P > 0.05).

On the other hand, statistical analysis clearly demonstrated
significant (P < 0.02) accumulation of 2-nitroimidazole-
decorated gold nanoparticles ([’Lu]Lu-DOTAGA-AuNP-2-
NIM) in cells under hypoxic conditions at all time points
compared to radiolabeled nanoparticles without 2-
nitroimidazole ([*”’Lu]Lu-DOTAGA-AuNP) under similar con-
ditions. Under normoxic conditions, the cellular uptakes of
["7Lu]Lu-DOTAGA-AUNP-2-NIM and ["’Lu]Lu-DOTAGA-
AuNP were similar and statistically insignificant (P > 0.05).

Nitroimidazole-mediated hypoxia selective internalization and
accumulation of gold nanoparticles in CHO cell lines was further
demonstrated using fluorescent nanoparticles, DOTAGA-AuNP(-
FITC)-2-NIM, synthesized following a protocol similar to the pre-
paration of DOTAGA-AuUNP-2-NIM (see ESIt). The fluorescent
nanoparticles were incubated with CHO cells under both hypoxic
and normoxic conditions similar to the study using ["’LuJLu-
DOTAGA-AuNP-2-NIM mentioned earlier. The cells acquired and
analyzed using flow cytometry 24 h post-incubation showed a strong
fluorescence signal shift in the hypoxic group [~74.87% of cells
with mean fluorescence intensity (MFIL) of 3325.83 + 7.5 (pink)]
indicating enhanced retention of DOTAGA-AuNP(FITC)-2-NIM
under hypoxic conditions as compared to normoxic conditions
[ ~79.15% of cells with MFI of 45.22 + 8.56 (orange)] [Fig. 4(d)],
further confirming the role of 2-nitroimidazole in hypoxia-specific
accumulation. Surface conjugation of FITC also demonstrated the
feasibility and the versatility of the nanoplatform to couple other
suitable radiosensitizers or chemotherapeutic drugs for possible
enhancement of the therapeutic effect.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Bar graphs showing viable, apoptotic and dead populations of CHO cells treated with different concentrations (0.004-1600 ng mL™%) of

DOTAGA-AUNP-2-NIM. (b) Percentage cellular uptake of [V/LulLu-DOTAGA-AUNP-2-NIM, (c) [""’LulLu-DOTAGA-AUNP (control) and (d) FITC-
conjugated gold nanoparticles, DOTAGA—-AUNP(FITC)-2-NIM, in CHO cells under normoxic and (orange) and hypoxic (pink) exposure.

Animal studies were conducted following the protocols
approved by the Institutional Animal Ethics Committee of
Bhabha Atomic Research Centre, Trombay, Mumbai. Biodistri-
bution studies of ['”’Lu]Lu-DOTAGA-AUNP-2-NIM were car-
ried out with Swiss mice bearing fibrosarcoma tumors. The
distribution of the radiotracer in different organs/tissue is
shown in Table 1. Very fast clearance of the nanoparticles could
be observed from the animal body with ~70% of the injected
activity excreted within 3 h of injection. A similar observation
was also reported for gallium-67-labeled bombesin-conjugated
gold nanoparticles.”> Apparently, fast clearance adversely
affected the uptake and retention of the radiotracer in the
tumor. Generally nanoparticles reach tumor cells by passive
diffusion driven by the concentration gradient developed
between the blood pool and the intracellular environment.
Quick clearance of the radiotracer from the blood can reverse
the concentration gradient resulting in poor distribution of the
radiotracer in the tumor and limited time available for the
radiotracer to undergo oxygen-dependent reduction in tumor
cells. However, it is pertinent to note that the activity observed
in the tumor at 3 h post-injection (PI) is retained until 72 h PI,
indicating hypoxia-specific reduction of the tracer in hypoxic
tumor cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Radiotracer uptake was insignificant in the muscle and
blood pool, which reduced the below detection limit two days
PL. Significant uptake of the nanoparticle radiotracer was
observed in the liver and spleen. A similar observation was
reported in studies using lipoic acid-coated silver and gold
nanoparticles.** This observation is attributed to the response
of the immune system. Despite having very low uptake in the
tumor, the tumor to blood ratio and tumor to muscle ratio
progressively increased with time owing to the clearance of the
radiotracer from the blood and muscles.

Gold nanoparticles have been extensively used as a radio-
sensitizer in the presence of an external radiation source (X-
rays) for increased therapeutic effects.*>*® The radio-
enhancement effects of gold nanoparticles are due to various
interlinked biological, chemical and physical processes.*® How-
ever, there are very few reports that utilized the potential of gold
nanoparticles as radiosensitizers in the presence of an internal
radiation source (radionuclide). Gahlomi et al. demonstrated
enhanced radiation damage effects by iron oxide nanoparticles
radiolabeled with therapeutic radioisotopes like **Bi, **°Ra,
9%y, ¥7Lu, ®’Cu, **Cu and ®°Zr in the context of internal radio-
nuclide therapy by computational modeling.”® Only recently, Su
et al. demonstrated enhanced efficiency in tumor treatment by

Mater. Adv,, 2022, 3,1993-1999 | 1997
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Table 1 Distribution of [*/LulLu-DOTAGA-AUNP-2-NIM in different
organs/tissues

% Injected dose
per gram Avg. (s. d)”

Organs 3h 24 h 48 h 72 h

Liver 13.57 (1.79) 12.03 (0.84) 10.97 (2.58) 8.62 (3.09)
Intestine  0.30 (0.06) 0.05 (0.01) 0.05 (0.01) 0.04 (0.01)
Stomach 0.14 (0.08) 0.05 (0.01) 0.06 (0.03) 0.07 (0.03)
Kidneys 1.14 (0.21) 0.73 (0.06) 0.63 (0.20) 0.42 (0.06)
Heart 0.14 (0.03) 0.09 (0.04) 0.00 0.00
Lungs 0.30 (0.12) 0.36 (0.14) 0.23 (0.13) 0.25 (0.04)
Spleen 1.97 (0.57) 2.13 (0.13) 2.33 (0.54) 1.90 (0.18)
Blood 0.10 (0.02) 0.06 (0.02) 0.00 0.00
Muscle 0.04 (0.01) 0.05 (0)  0.00 0.00
Tumor 0.20 (0.05) 0.14 (0.01) 0.10 (0.03) 0.16 (0.06)
Bone 2.76 (0.43) 2.16 (0.75) 2.40 (0.69) 3.30 (1.04)
Excretion®  69.91 (6.46) 77.10 (0.77) 78.31(9.00) 75.27 (6.12)
Tumor/ 1.91 2.56 Very high Very high
blood

ratio

Tumor/ 4.81 2.76 Very high Very high
muscleratio

“ Excretion is calculated by adding percentage of injected dose in all
organs and then subtracting from 100. ? s.d. - standard deviation.

using B-emitting radioisotope-tagged tumor targeting gold nano-
particles, *'I-AuUNPs-TAT, both by in vitro and in vivo studies.”® A
similar enhancement in therapeutic efficacy using ["’Lu]Lu-
DOTAGA-AuUNP-2-NIM is yet to be studied. While gold nano-
particles themselves can act as a radiosensitizer, large surface area
permits incorporation of organic radiosensitizers in a way similar to
the incorporation of FITC in the present study. That would permit
exploring the possibilities of radiosensitizer-enhanced hypoxia-
directed internal radiotherapy.

It is a well-known fact that interaction of nanoparticles with
complex biological milieu in vivo influences their blood circula-
tion time, biodistribution, cell uptake and host immune
response (uptake in the liver and spleen).’® For example,
functionalization of nanoparticles with PEG increases their
systemic circulation time and decreases their immunogenicity
and hence could be a possible strategy to overcome the current
problem of low circulation time and high uptake of the radio-
tracer in the liver and spleen.

Conclusions

The present study describes the preparation and in vitro evaluation
of "Lu-labeled AuNPs decorated with 2-nitroimidazole units for
targeting tumor hypoxia. To the best of our knowledge, this is the
first report wherein a radiolanthanide (luterium-177)-labeled,
nitroimidazole-decorated, and systemically administrable nanoplat-
form is being evaluated for targeting tumor hypoxia. The in vitro
studies demonstrated excellent accumulation of [“Lu]
Lu-DOTAGA-AuUNP-2-NIM nanoparticles in CHO cells under
hypoxic conditions. The DOTAGA-AuNP-2-NIM is a potential
hypoxia-targeting platform, which can be loaded with fluorescent
markers, diagnostic radioisotopes, radiosensitizers or potent
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therapeutic radioisotopes for multimodal imaging of hypoxia or
radiosensitizer-enhanced hypoxia-directed internal radiotherapy.
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