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ABSTRACT: Brachytherapy is an established treatment modality that has been globally
utilized for the therapy of malignant solid tumors. However, classic therapeutic sealed sources
used in brachytherapy must be surgically implanted directly into the tumor site and removed
after the requisite period of treatment. In order to avoid the trauma involved in the surgical
procedures and prevent undesirable radioactive distribution at the cancerous site, well-
dispersed radiolabeled nanomaterials are now being explored for brachytherapy applications.
This emerging field has been coined “nanoscale brachytherapy”. Despite present-day
advancements, an ongoing challenge is obtaining an advanced, functional nanomaterial that
concurrently incorporates features of high radiolabeling yield, short labeling time, good
radiolabeling stability, and long tumor retention time without leakage of radioactivity to the
nontargeted organs. Further, attachment of suitable targeting ligands to the nanoplatforms
would widen the nanoscale brachytherapy approach to tumors expressing various phenotypes.
Molecular imaging using radiolabeled nanoplatforms enables noninvasive visualization of
cellular functions and biological processes in vivo. In vivo imaging also aids in visualizing the localization and retention of the
radiolabeled nanoplatforms at the tumor site for the requisite time period to render safe and effective therapy. Herein, we review the
advancements over the last several years in the synthesis and use of functionalized radiolabeled nanoplatforms as a noninvasive
substitute to standard brachytherapy sources. The limitations of present-day brachytherapy sealed sources are analyzed, while
highlighting the advantages of using radiolabeled nanoparticles (NPs) for this purpose. The recent progress in the development of
different radiolabeling methods, delivery techniques and nanoparticle internalization mechanisms are discussed. The preclinical
studies performed to date are summarized with an emphasis on the current challenges toward the future translation of nanoscale
brachytherapy in routine clinical practices.
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H INTRODUCTION known as radiopharmaceuticals.” Also, in some cases, the
Cancer is a major cause of human mortality by non- radiopharmaceutical is a simple saélfg such as [**Cu]CuCl,
communicable diseases worldwide. According to GLOBOCAN which can directly be administered.” " The radiopharmaceu-
2020 estimation, almost 10 million people died from cancer in ticals are generally administered by means of intravenous
the year 2020 alone.! Along with surgery, chemotherapy and injection or through oral route to provide the requisite
immunotherapy, radiotherapy or radiation therapy (RT) is one radiation doses to the cancerous site. In internal RT or
of the most effective therapeutic procedures for treating brachytherapy, sealed radioactive sources are implanted in or
locoregional solid cancers.”’ Currently, two-thirds of cancer near the tumor.” In this therapeutic modality, radioactive seeds
patients are treated by RT in conjunction with other modalities are implanted within the body using catheters associated with
of therapy (e.g, surgery, chemotherapy). RT uses ionizing intracavitary, interstitial or intraluminal applicators. These

radiation to kill cancer cells or slow down the growth of
cancerous cells by damaging DNA. The three main categories
of RT include external beam RT (EBRT), internal RT or
brachytherapy, and systemic RT. In EBRT, high-energy
electron or proton beams generated from a linear accelerator
are used to deliver radiation doses to the targeted area while
keeping the radiation source outside of the patient’s body.* In
systemic RT, generally cold carrier molecules which may have
targeting moieties (i.e., monoclonal antibody, protein, peptide,
etc.) are labeled with suitable radionuclides, the formulation

radioactive sources are either implanted permanently or
removed safely after the treatment is over. Brachytherapy
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seeds are capable of providing high doses of radiation precisely
to the target volume with minimal radiation exposure to
healthy tissues. Additionally, short treatment time and cost
effectiveness make brachytherapy an efficient modality for
treatment of solid tumors.

From a clinical perspective, brachytherapy is a promising
choice for the treatment of breast, prostate, cervix, eye, head,
and neck carcinoma as a monotherapy or associated with
surgery.””'* However, a substantial cause for concern involves
the operational and logistical complexities related to
brachytherapy seed implantation. As reported by the American
Brachytherapy Society, the invasive radioactive seed implanta-
tion procedure often caused acute bleeding, infection, and
cardio pulmonary disease when cancer patients with other
comorbidities were subjected to brachytherapy.”” In this
procedure, the radioactive seeds might get displaced from
the site of administration and give radiation doses to the
undesired organs or tissues. Furthermore, trained professionals
with accurate seed implantation and mapping technology are
required for the successful treatment of malignancy using
brachytherapy. Moreover, there are reports that the breast
cancer patients treated with conventional brachytherapy
suffered from infections, skin ulcers, and fractured ribs.*

Due to the rapid growth of nanoscience and nano-
technology, it can be an appealing option to overcome the
shortcomings related to conventional brachytherapy.'” Re-
cently, several preclinical studies reported preparation of
injectable nanometer-sized brachytherapy seeds to circumvent
the limitation of conventional brachytherapy.'®™>* This new
technique is known as “nanoscale brachytherapy” or “nano-
brachytherapy” (Figure 1). In nanoscale brachytherapy,

Catheters \\:
\ o

Injection

Nanoscale
brachytherapy
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Figure 1. A schematic representation showing catheters based
conventional brachytherapy, an invasive procedure, and injectable
brachytherapy, a minimally invasive procedure.

colloidal solutions of radioactive NPs are injected intra-
tumorally using smaller needles instead of seed implantation,
which significantly reduces the invasiveness and trauma caused
by conventional strategies.” Most importantly, seed removal is
not required, and this therapeutic procedure can be performed
in an unshielded room, which is not possible in the standard
protocol for brachytherapy. Additionally, it is also possible to
formulate patient specific doses. Above all, very small tumors
can be treated with nanoscale brachytherapy techniques.
Lastly, the nanoscale brachytherapy agents made of high Z
nanomaterials are capable to deliver radioisotopes for

molecular imaging as well as RT.”* By self-sensitization,
these high 7Z nanomaterials enhance radiation effects which
may reduce radioactivity requirements as compared to
conventional brachytherapy.*®

The distribution of nanoscale brachytherapy agents in the
clinically relevant tissues must be measured noninvasively in
order to confirm uptake and retention at the tumor site with
minimal uptake in nontarget tissues. For noninvasive and
repetitive imaging of nanoscale brachytherapy agents at the
tumor site and monitoring the therapeutic efficacy in cancer
patients, molecular imaging tools are attracting increasing
attention of researchers and clinicians. Traditionally, imaging
modalities have been categorized into two groups (Figure 2).
The first group generally includes medical imaging modalities
such as ultrasound imaging, computed tomography (CT) and
magnetic resonance imaging (MRI), which provide anatomical
information. The other group includes single photon emission
computed tomography (SPECT), positron emission tomog-
raphy (PET) and optical imaging, which can provide
information regarding cellular functions and corresponding
molecular processes. However, the latest developments in
contrast agents and imaging technologies have now allowed
MRI and CT also to be used as molecular imaging modalities.
The characteristics of different imaging modalities are
summarized in Table 1. Since, nanoscale brachytherapy agents
use radioisotopes as the label, SPECT or PET imaging offers
the obvious choice for visualization of their in vivo distribution.
Nevertheless, the other imaging modalities such as CT, MRI or
optical imaging can also be applied based on the intrinsic
characteristics of the nanomaterials. The different imaging
modalities have their inherent limitations, such as, poor
sensitivity (for CT and MRI), low spatial resolution (for
SPECT and PET) and limited penetration depth (for optical
imaging). The nanoscale brachytherapy agents can offer the
scope of exploring the synergistic benefits of two or more
imaging modalities in combination, thereby, outweighing their
individual limitations.

In this Review, we discuss the recent advances in nanoscale
brachytherapy to date. The different radiolabeling methods are
described, and their pros and cons are highlighted. Preclinical
studies in this field are summarized and the possibilities of
translation to clinic are discussed.

B RADIOLABELING METHODS

The method adopted for radiolabeling is an important factor
when constructing stable radiolabeled formulations. Ideally, the
process should be facile, robust, safe, and highly efficient.*"*
Another factor to consider is the radiolabeling modification
that should be performed in such a way that the
physicochemical properties and the pharmacokinetics of NPs
are not altered by the influence of high reaction temperature,
reaction time, and purification procedures. Radiochemical yield
(RCY), radiochemical stability (RCS), and radiochemical
purity (RCP) are the three key aspects of any kind of
radiolabeling method. RCY is “the amount of activity in the
product expressed as the percentage (%) of related starting
activity utilized in the considered process (e.g, synthesis,
separation, etc.)”.*® Thus, achieving a high RCY for any kind of
therapeutic application is desirable. RCS is the measurement of
the strength of bonding between NPs and the radioisotope
after radiolabeling. It provides information about the leakage of
radioisotope from the radiolabeled agents to prevent the
misinterpretation of results or unwanted doses to healthy
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Figure 2. Different imaging modalities that can be used in nanoscale brachytherapy.

Table 1. Characteristics of Different Imaging Modalities

Imaging Penetration
modality Sensitivity Spatial resolution depth Imaging probe Reference
SPECT/ pM ~a few mm no limit radioisotopes such as, '8F, '""Lu, '**Au, etc. 26
PET
MRI mM—uM ~100 pm no limit magnetic nanomaterials 27
CT >mM ~100 ym no limit nanomaterials containing high Z elements (Au, Re, Yb, etc.) 28
Optical nM—pM ~a few mm (in vivo), several cm fluorescent dyes, quantum dots, up-conversion nanoparticles 29
imaging sub ~um (in vitro)
Ultrasound ~mM ~a few mm 3-30 cm  functional nanoparticles (inorganic or organic) incorporated to ultrasound 30

contrast agents such as microbubbles

organs on in vivo administration. It is generally measured in
phosphate buffered saline (PBS) or human serum medium at
37 °C. RCP is the amount of radioactivity present in the
sample in the desired form of radiolabeled species. Hence, the
pertinent radiolabeling method must exhibit radiolabeled NPs
with high RCS and RCP. Radiolabeling methods have been
broadly classified into four different types: A) chelator-based
radiolabeling; B) bombardment of presynthesized NPs with
hadronic projectiles; C) synthesis of NPs using hot (radio-
active) and cold (nonradioactive) precursors; D) chelator-free
radiolabeling. These radiolabeling methods have been
illustrated schematically in Figure 3. In general, the radio-

labeling method should be judiciously chosen depending on
the type of radioisotope and practicability while taking into
consideration “ALARA” (as low as reasonably achievable)
guidelines. Below, we briefly discuss each radiolabeling method
with its merits and demerits.

Chelator-Based Radiolabeling

Traditionally, in the chelator-based radiolabeling method, a
coordination or covalent bond is formed between the
radioisotopes and the chelators. Generally, nonmetallic radio-
isotopes (i.e., '®F, ''C, ') can bind with NPs by covalent
bond formation.>*™>® However, the bond formation between
metallic radioisotopes (e.g, **Cu, ™Tc, ®Zr) and the NPs
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Figure 3. Schematic diagram of different radiolabeling strategies. A) Chelator-based radiolabeling, B) Radiolabeling by bombarding hadronic
projectile, C) Chelator-free radiolabeling, D) Generating nanomaterials from radioactive precursors.

can only be achieved by forming coordination bond with the
chelators. Therefore, coordination chemistry plays a crucial
role in effective binding of radionuclides to the desired
NPs 3637

The chelators are used to bind the radioisotope with two or
more coordination bonds to form stable metal complexes
leading to high RCS.* If the RCS is poor, a misleading signal
can be produced while imaging or the radioisotope can give
undesired doses to the healthy organs and tissues. Due to this
reason, the choice of chelators for each kind of radioisotope is
an essential factor.>>™*' In this scenario, coordination
chemistry plays a key role in understanding the coordination
number, geometry, ionic radii, and charge of the radioisotope
for the successful synthesis of radiopharmaceuticals. The
assessment of radiometal hardness is crucial in selecting the
appropriate ligand containing hard/soft donor atoms. This aids
in enhancing the kinetic inertness of the coordination complex.
In the context of improving thermodynamic stability,
polydentate ligands offer higher stability by the chelating
effect and, thus, are the better choice in comparison to the
monodentate ligands. Polydentate ligands are categorized into
two types: acyclic or linear chelators and macrocyclic
chelators.”* Although acyclic or linear chelators can readily
form complex, macrocyclic chelators have higher complexation
stability, due to their rigid, predefined structures. However,

chelation with macrocyclic ligands suffers from slow kinetics
and may require high temperatures and prolonged reaction
time which can damage biologically relevant NPs such as
polymers, liposomes, dendrimers, etc. Therefore, chelation
between macrocyclic chelators and heat-sensitive NPs is often
done post complexation.* Based on the aforesaid discussion,
any ideal chelator should be able to form a highly stable
complex under moderate conditions (neutral pH, room
temperature) while attaining requisite thermodynamic stability
and kinetic inertness under in vivo conditions.””~*"
Bifunctional chelators are extensively studied for the
radiolabeling of NPs.** A bifunctional chelator consists of a
reactive functional group containing a chelating ligand which
binds to the NP surface and a chelating unit which binds to the
radionuclide. The conjugation of bifunctional chelators is
based on the bond formation with the functional groups
present on the surface of NPs. For instance, amine conjugation
is possible with the chelators containing NHS ester, anhydride
or isothiocyanate group, whereas carboxylic acid conjugation is
done by via carbodiimide couplings and thiol can be
conjugated via maleimide coupling. The major drawback of
this process is that the metal complex can be dissociated within
the biological system due to enzymatic action. A few examples
of chelators are dodecane tetra acetic acid-based chelators
(DOTA) (used for **Ga, '"In, '®*Re labeling), 1,4,7-
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triazacyclononane-N,N’,N”-triacetic acid-based chelators
(NOTA) (used for “Ga/**Ga and **Cu labeling), diethylene-
triaminepentaacetic acid based chelators (DTPA) (used for
9mTe, Mn, and %Ga labeling), etc.*” Another approach in
chelator-based radiolabeling is the ionophore-based method,
wherein an ionophore ligand forms an ionophore complex with
a radiometal. This complex can cross the lipid membrane,
subsequently releasing the radiometal inside the vesicles for
transchelation.*® This method is utilized for vesicle-based NPs
such as liposomes and exosomes. In comparison to surface
labeling of NPs, this strategy is more advantageous as high
RCS is achieved. Examples of common ionophores include
oxine ('''In, *»Ac, '”Lu labeling), acetylacetone ('''In
labeling), A23187 ('In, *°Y labeling) etc.*® The primary
concern of chelator-based radiolabeling is 2-fold: the potential
leaching of radiometals from the complex by dissociation in
vivo and the potential alteration of the physicochemical
properties of NPs following chelation.

Radiolabeling by the Bombardment of NPs with Hadronic
Projectiles

This methodology involves the bombardment of NPs with
hadronic projectiles such as neutrons and protons. Following
bombardment, several of the NP atoms undergo a nuclear
reaction, inducing direct radiolabeling of those atoms. This
method is dependent on bombardment time, energy, and
current of the particle beam. For instance, when a 16 MeV
proton beam was applied to 'O enriched alumina NPs, it
converted '*0 into 'F via O (p, n) "F reaction without
modifying the crystal structure.”’” A similar approach was taken
for radiolabeling Al,O; NPs with N via '*O (p, a) “N
nuclear reaction.*® Alternatively to the proton activated
radiolabeling process, neutron activation was also utilized for
radiolabeling holmium-based NPs via 'Ho (n, y) '®Ho
reaction in a nuclear reactor.”” Due to the insertion of the
radioisotope into the lattice of NPs, this strategy provides a
possibility of high RCY values. A novel approach to achieving
an advantageous, high RCS includes the control of radio-
labeling location. In this method, boron nitride nanotubes
(BNNTs) were radiolabeled with '**Sm via '*2Sm (n, y) "**Sm
and Gd via '**Gd (n, y) "*°Gd nuclear reactions.”® However,
the NP structure and the properties of biomolecules
conjugated on the surface of the NPs can be altered upon
exposure to a high-energy proton or neutron beam. This
method also requires a proton or neutron beam source which
involves complex instrumentation facilities that are not readily
available everywhere, limiting the application.

Chelator-Free Radiolabeling

Radiolabeling of NPs in absence of a chelator is an emerging
concept in the field of nuclear medicine.” ~>* In this strategy, a
radionuclide is directly incorporated into the core, or on the
surface, of the NPs without any external chelating agent. Thus,
this method is straightforward and time efficient in comparison
to chelator-based radiolabeling methods. The absence of
chelators not only decreases the reaction steps but also
conserves the integrity of NPs as the bulky chelator molecule
can affect biodistribution. The chelator-free radiolabeling is
done either by adsorption or radioisotope exchange.
Chemisorption occurs when two oppositely charged moieties
approach each other, forming a chemical bond due to the
higher binding affinity between the radioisotope and the NPs.
Similarly, in physisorption, charged radioisotopes interact with
the NPs either by van der Waals interaction or weak

electrostatic interactions, without compromising the physi-
ochemical properties of the NPs. This method is especially
important when coordination bond formation is not possible
for the radioisotope. For example, inserting *As"" and *As" (*
=71, 72, 74, 76) in the crystal of NPs through a coordination
bond formation is difficult.”® However, it is possible to trap
*As by forming a complex with iron oxide NPs that have an
84.2% labeling yield within 2 h. Unfortunately, chemical
adsorption may require high temperatures, potentially altering
the properties of heat-sensitive NPs. Moreover, the interaction
between radionuclide and the NP must possess sufficient
strength to bypass RCS issues that have been reported for '*F
labeled Fe;0,@Al(OH); NPs.> The exploration of the
physisorption process has been limited due to the low RCS
resulting from weak interactions between the radioisotopes and
the NPs.

Radioisotope exchange is another chelator-free radiolabeling
method containing two classes: heterogeneous (exchange
happens between different atoms) and homogeneous (ex-
change happens between same atoms). For example, '°F and
'8F have been exchanged for the radiolabeling of up-converting
NPs (UCNPs).* Although the major purpose of this method
is simplicity, very few reports attesting to this method’s success
have been documented.

Using “Hot” and “Cold” Precursors

In this radiolabeling strategy, a mixture of radioactive (termed
as “hot”) and nonradioactive (termed as “cold”) precursors are
taken together in order to prepare intrinsically radiolabeled
NPs in a single step.”” " Along with its straightforward nature,
this strategy offers a quick protocol rendering it a widely used
nonchelator based radiolabeling method. This method is based
upon radiochemical doping as trace level of radioactive
precursor (ranging from picomolar to nanomolar concen-
tration) is added in the nonradioactive precursor leading to
coprecipitation, while simultaneously incorporating radio-
isotope in the crystal lattice of NPs. The enhanced radio-
chemical stability of the radioisotope component in the crystal
lattice preserves the inherent pharmacokinetics of NPs. In
order to obtain high RCY, the solubility of both hot and cold
precursor should be high. Most of the radionuclides are
delivered in aqueous medium. As such, this radiolabeling
procedure can only be conducted in an aqueous medium.
Additionally, the ionic charge and ionic radius of the
radionuclide should be comparable with the nonradioactive
ion. Generally, radiometal ions are capable of being
incorporated in the nonradioactive crystal lattice. For instance,
different kind of gold NPs have been labeled with '*’Au, '*Au
and iron oxide NPs with *Fe.”>~%*

B RADIONUCLIDES FOR NANOSCALE
BRACHYTHERAPY

Different radionuclides are chosen for nanoscale brachytherapy
based on decay characteristics and the potential radiolabeling
of NPs. These radionuclides emit alpha particles, beta particles,
and Auger electrons, which emit radiation causing damage to
the tissues. For maximum therapeutic efficacy, the radio-
nuclides which emit particles having high linear energy transfer
(LET) are preferred. Additionally, the following parameters
must be evaluated before choosing the radionuclides:

i) Physical and biological half-life
ii) Energy of the different emitted particles and their
penetration depth in tissues

https://doi.org/10.1021/cbmi.3c00092
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iii) Daughter products
iv) Purity of the radionuclide
v) Size of the tumor
vi) Uptake and retention of radiolabeled NPs within tumor
volume
vii) Stability of the radiolabeled NPs under in vivo conditions
and their toxicity.

In this section, we briefly summarize the radiation effects
caused by emission of alpha particles, beta particles, and Auger
electrons.

Alpha () Particle Emitter

An «a particle is made of a helium (‘He) nucleus with a +2-
charge emitted by radionuclides while undergoing radioactive
decay. Alpha particles have the highest LET which is nearly 80
keV/pm. Hence, they can d%posit their whole energy within a
cell diameter of 50—100 pm.® The biological effectiveness and
cytotoxic effect of alpha particles are S00 times greater than
those of beta particles. Primarily, alpha particles break the
double strand of DNA within the cell nucleus, leading to
delaying the G2 phase and chromosomal damage.”® Thus,
alpha therapy is suitable for treating small or microscopic sized
tumors. Although more than 100 alpha emitting radionuclides
are available, the majority of them have inappropriate half-lives
for therapeutic use and/or noneconomical production routes.
Some may exhibit unsuitable chemical properties that restrict
their applicability in nuclear medicine.’”*® Presently, radium-
223,224 (?*****Ra), thorium-226,227 (**"?*Th), actinium-225
(**Ac), astatine-211 (*''At), bismuth-212, 213 (*'**3Bi) are
the a-emitters are used for therapy. Table 2 summarizes the

Table 2. Physical Characteristics of a-Emitting
Radioisotopes

Mode
of Energy Principal y-component
Radionuclide  Half-life decay (keV) E in keV (% abundance)

2UA¢ 72 h a7 5982.4 687.0 (0.3)
223Ra 114 d a7 5979.3 269.4 (13.6)
24Ra 36d ay 1900.0 241.0 (3.9)
25A¢ 10.0 d a7 5935.1 99.7 (3.5)

22B; 60.6 min ay 6207.1 727.2 (11.8)
23g; 45.6 min a7 5982.0 439.7 (27.3)
26Th 30.9 min a7 4980.0 111.1 (3.29)
27Th 18.7 d ay 5900.0 236.0 (11.2)

nuclear properties of these a-emitters. Among the aforemen-
tioned radionuclides, short half-lives of 2!°Bi, 2'?Bi and **Th
limit their applicability in the field of radiation therapy.

For clinical studies with **"Th, it is imperative to develop
enhanced purification and isolation procedures. The primary
contributing factor behind the limited application of ******Ra is
the inadequacy of existing bifunctional chelators. *!'At is one
of the most important alpha-emitting radionuclides that has
been extensively studied in in vivo cancer models.”” Not only
does a sufficiently long half-life allow multiple synthetic
procedures but it also produces only one a particle per
decay, which simplifies dosimetry calculations and minimizes
unwanted dose distribution of daughter products. *''At can be
produced in cyclotrons by the nuclear reaction **Bi (a, 2n)
1At without involving nuclear fuel material as a target.
Another important candidate is **>Ac which emits four alpha
particles per decay. However, the daughter products (**'Fr,
213Bi, and *'7At) cause cytotoxicity to the healthy cells. The

main problem associated with alpha therapy is the release of
multiple daughter radionuclides from the nanoplatform as the
chemical properties of the parent and daughter radionuclides
are generally not similar. Additionally, the recoil energies of the
daughter radionuclides are very high compared to the strength
of the chemical bonds. It is yet to be investigated in detail
whether the daughter radionuclide stays in the nanoplatform
after shooting out an a particle. Consequently, these daughter
radionuclides might migrate to different healthy tissues and
organs giving serious radiotoxicity effects.

Auger Electron Emitter

Auger electron arises when a radionuclide decays by electron
capture (EC) or internal conversion (IC). During radioactive
decay, when a vacancy is created in the inner electron orbital, it
is filled by an outer shell electron. The energy difference
created from this transition is transferred to another electron
resulting in its final ejection from the atom. The ejected, low-
energy electron is an Auger electron. On average, S to 35
Auger electrons are emitted per one decaying atom with
energy ranges from a few eV to 1 keV. LET of these Auger
electrons is 4—26 keV/um with a penetration range <0.5 ym in
biological tissues. This maximizes the cytotoxic effect by
breaking DNA double strands while generating reactive oxygen
species (ROS).”””" As maximum energy is deposited by Auger
electrons adjacent to the decay site, the therapy requires
precise dose delivery to the components inside the cells. The
precise DNA double helix diameter, measuring 2 nm, exactly
matches with the range of the maximum energy deposition by
Auger electron.”” Due to this, Auger electrons are taken into
consideration for the treatment of small tumors or clusters of
cancerous cells. A list of Auger electron-emitting radionuclides
is summarized in Table 3. Traditionally, palladium-103 ('**Pd)

Table 3. Physical Characteristics of Auger Electron Emitting
Radioisotopes

Half- Mode of Principal y-component

Radionuclide  life decay”  Emission  E in keV (% abundance)
My 28d EC 2454 (94.2)
(100%)
1251 60 d EC 35.49 (6.6)
(100%)
103pq 169 d EC Y 20 (64)
(100%)

“Only principal decay mode is mentioned; EC indicates decay by
electron capture; E indicates energy.

and iodine-125 (**°I) have been used for low-dose rate
brachytherapy since 1970.”° Indium-111 (""'In) is another
important radionuclide that has been used as a nanoscale
brachytherapy agent. However, it is not suitable for internal RT
due to emission of high-energy photons (>200 keV).**

Beta (§7) Particle Emitter

A f~ particle is a negatively charged high-energy electron
emitted during nuclear decay process. f~ emitting radio-
isotopes are widely used in cancer treatment by means of
internal RT. Nuclear decay characteristics of some beta
emitters are listed in Table 4. Compared to alpha and Auger
electron emitters, LET of f~ particle is much lower (0.1—1.0
keV ym™') and has a higher spatial penetration range which
varies from 0.05 to 12 mm.”*

These long-range beta particles act as a double-edged sword.
On one hand, they can travel through several cell diameters
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Table 4. Physical Characteristics of #~ Emitting
Radioisotopes

Mode of  Ener Principal y-component

Radionuclide Halflife  decay” (kev E in keV (% abundance)
1Bl 8.0d By 970.8 364.5 (81.2)
"Lu 67d By 4982 208.4 (11.0)
188Re 169 h By 2120.4 155.0 (14.9)
198A0 2.7d B,y 1372.5 411.8 (95.5)
990 3.1d By 452.6 158.4 (36.9)
Ly 64.1 h I'a 2282.0 No y-ray

“Only principal decay mode is mentioned; “For = particles
maximum /3~ energy is mentioned.

which increases average dose to the tumor by breaking DNA
and reactive oxygen species (ROS) generation, which
permanently or partially arrests the cell cycle. This
phenomenon makes them suitable candidates for treating
bulky or large tumors. On the other hand, they also deliver
doses to the surrounding healthy tissues.”” Additionally,
another limitation of beta radiation is that, similar to alpha
particles, they cannot provide a lethal dose to a single
cancerous cell.”® However, the long-range crossfire effect gives
beta radiation supremacy over targeted alpha therapy. As our
current understanding relents, iodine-131(**'I), lutetium-177
(*""Lu), rhenium-188 ('®*Re), gold-198,199 (**¥!*Au),
yttrium-90 (°°Y) have been researched in preparation of
nanobrachytherapeutic agents.'”°”””’® The nanocarriers
which are composed by high Z materials enhance the radiation
dose deposition by the radiosensitization mechanism.”* Some
of these beta emitting radionuclides also emit gamma photons,
which helps visualize the distribution of radiolabeled NPs

within the body by employing gamma scintigraphy imaging
system.

To make the best choice of the radionuclide, the size and
position of the malignant tumor must be considered. As
already discussed above, small clusters of tumors or bulky
tumors require different radiation doses for effective ablation of
cancer cells. Furthermore, the synthesis and the purification
process should be in accordance with the halflife of the
corresponding radionuclide.”” Keeping the biochemical prop-
erties in mind, the uptake of radiolabeled NPs should be
highest at the diseased site with minimal or no uptake in
normal tissues or organs so that the radiation dose will only be
delivered at the targeted site.

B INTERNALIZATION PROCESS OF NPS

Cells internalize NPs by adopting endocytic pathways, having
five distinct categories: macropinocytosis, caveolae-dependent
endocytosis, clathrin-dependent endocytosis, phagocytosis, and
clathrin or caveolae-independent pathways (Figure 4).*
Clathrin-dependent endocytosis is one of the main pathways
for internalizing NPs inside the cell which starts by binding the
surface ligands of the NPs to the specific receptors of the cell
membrane. NPs with a size of 100—500 nm internalize within
the cell via this mechanism.®' The caveolae-dependent
endocytosis pathway is applicable for the NP of size ranging
from 50 to 100 nm.*” The particle-like viruses and NPs
modified with cholera toxin B, SIV40, nucleic acid and cell-
penetrating peptides can penetrate within cells independent of
clathrin and caveolae-mediated pathways.®”** Phagocytosis is a
process by which immune cells eliminate diseased cells,
pathogens or any other foreign material in our body. NPs
are also cleared from the body via phagocytosis which poses a
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Figure 4. Schematic illustration of various pathways for uptake of NPs via endocytosis.
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Figure S. A) NPs uptake is shown when C6 glioma cells were incubated with S nm AuNP-S-mPEG NPs having concentration 138.4 mg/L for 24 h.
The leftmost image is the bright field reflectance image of the cells, second section depicts the uptake of NPs by the cells, third section represents
fluorescent Hoechst staining for DNA, and fourth section is the fused image. B) Scintigraphy of PANC-1 bearing mice at different time points after
intratumoral administration of ' At-AuNP-S-mPEG of 13 nm diameter. The surface plots in lower rows represent square field of view of the dorsal
detector with side length 1S cm. C) Change in tumor volume after intratumoral administration of radiolabeled NPs. The standard deviation is
indicated by the error bars. Reprinted with permission from ref 95. Copyright 2021 Springer Nature.

challenge for the engineering of nanomedicines. Recent studies
showed the NPs displaying “markers of self” surface ligands
CD47 showed reduced phagocytic uptake of NPs.*> The
macropinocytosis process includes solutes and extracellular
fluids being engulfed by the extension of the plasma
membrane, which is stabilized by actin.*®

Internalization of NPs largely depends on the cell type and
the plasma membrane of the cell, which creates a boundary to
maintain the intracellular environment. Apart from this, surface
morphology e.g., charge, shape, and size of the NPs also
influence the cellular uptake. Discoidal shaped NPs exhibit
enhanced penetration attributed to their unique migration
dynamics in comparison to spherical NPs.*” Generally, neutral
and negatively charged NPs have lower rate of cellular uptake
than positively charged NPs.*

In 2012, Hao et al. investigated the intracellular localization
of gold NPs of size 4.5 nm in living HeLa cells.”” HeLa cells
were incubated with CyS-functionalized Au NPs at different
temperatures. At 37 °C, a strong fluorescence signal was
observed, whereas no signal was observed at 4 °C (endocytosis
is blocked at this temperature), confirming endocytosis as a
dominant pathway for internal uptake of NPs within cells. To
further investigate the endocytosis mechanism, the clathrin-
mediated endocytosis path was blocked by preincubating cell
lines with sucrose and the caveolae-mediated path was blocked
by the addition of methyl-f-cyclodextrin. A hypertonic solvent,
that can disrupt clathrin coated vesicles, was added to sucrose
treated cell lines. Consequently, a notable lack of reduction in
Au NPs uptake was observed. Methyl-B-cyclodextrin is a type

of drug that destroys domains formed by cholesterol through
the inhibition of cholesterol synthesis or by removing
cholesterol from the cell membrane. Ultimately, this impedes
the caveolae mediated endocytosis process for NP internal-
ization. Altogether these blocking experiments confirmed the
internalization of Au NPs through the caveolae mediated
endocytosis route.*’

Ng, et.al explored internalization pathways of Au NPs with
20 nm diameters, coated with fetal bovine serum, in MRCS$
lung fibroblasts and Chang liver cells by various inhibitors and
quantitatively analyzing through the ICP-MS technique.”
When Au NPs were incubated with concanavalin A treated
MRCS lung fibroblasts cells, the cell uptake was reduced by
18.2% compared to control cells. Additionally, the uptake of
Au NPs in Chang liver cells reduced by 17% following
pretreatment with chlorpromazine. The reduction is due to
inhibiting translocation of clathrins, as well as their adapter
proteins from plasma membrane to vesicles located at
intracellular levels. In contrast, the use of nystatin, known to
inhibit caveolae-mediated NP internalization route by
hindering the uptake of albumin and glycosphingolipids, as
pretreatment showed no observable reduction in the uptake of
Au NPs within the cells. Altogether, aforementioned experi-
ments collectively substantiate that the uptake of Au NPs is
solely dependent on clathrin dependent endocytosis pathway
for both cell types of different origins.”

A 2014 study, Bannunah et al. describes how the different
surface charges of NPs affects the internalization process in
two different epithelial cell lines namely CaCo-2 (human colon

https://doi.org/10.1021/cbmi.3c00092
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Reprinted with permission from ref 94. Copyright 2020 MDPL

carcinoma) and Calu-3 (human airway).”" In accordance with
their observation, positively charged NPs showed a higher level
of toxicity due to the production of ROS and damaged
mitochondria, whereas the negatively charged NPs did not
exhibit the same effects. When clathrin-mediated endocytosis
inhibitors were used, cellular uptake and transport were
reduced to 46% and 38% respectively in the case of positively
charged NPs. Contrarily, negatively charged NPs did not
encounter any such difficulties. Likewise, EIPA (amiloride), a
macropinocytosis inhibitor, also decreased in cellular uptake of
the positively charged NPs. In the same study, it was observed
that the uptake of positively charged NPs occurred at a faster
pace in comparison with negatively charged NPs of similar size.
The plasma membrane present in epithelial cells are made of
negatively charged protein components; therefore, an electro-
static interaction arises between the positively charged NPs
and negatively charged plasma membrane promoting cellular
uptake in the endocytic system.”"

B PRECLINICAL STUDIES

In recent years, exploration of alpha, beta and Auger electron
emitting radioisotopes in the development of injectable
nanobrachytherapeutic agents has garnered much interest. An
ideal nanoscale brachytherapy agent demonstrates high
radiolabeling stability and excellent diffusivity at the tumor
site for homogeneous distribution of radiation dose in the
tumor volume while preventing gradual leakage of the
radiolabeled NPs from the tumor. The process of leakage of
radiolabeled NPs from the tumor would lead to accumulation
of radioactivity in the healthy organs/tissues, which might pose
radiotoxicity concerns. In this section, we provide a brief
overview of the preclinical studies reported to date (most of
which are summarized in Table 5).

Nanoscale Brachytherapy Using Alpha Emitting
Radionuclides

Among the many alpha emitting radionuclides, *''At shows
excellent decay characteristics, potentially revolutionizing
cancer therapy in forthcoming years.”> Dziawer et al.
synthesized PEG modified gold NPs with a diameter of §
nm and radiolabeled them with *''At via chemisorption
(labeling efficiency >99%).”> They further modified the
inactive NPs by attaching trastuzumab monoclonal antibody
to target HER-2 which is overexpressed in human ovarian
SKOV-3 cells. Reportedly, inactive trastuzumab modified
AuNP-S-PEG bioconjugate successfully internalized in
SKOV-3 cells preferentially near the nuclear area. Furthermore,
cell viability decreased when 1.3 MBq mL™"' (LDs,) of radio
bioconjugate was administered.

In another study, Kato et al. synthesized 2UA¢ labeled gold
NP surface decorated with poly(ethylene glycol) methyl ether
(mPEG) thiol of four different sizes (S, 13, 30, and 120 nm).”
First, the cytotoxic effect was evaluated by incubating the C6
glioma cell lines with AuNP-S-mPEG for 24 h. The therapeutic
efficacy was demonstrated by injecting a single dose of the
nanoformulation intratumorally in C6 rat glioma cell tumor
bearing rats and human PANC-1 tumor bearing mice. The
distribution of the NPs was analyzed by scintigraphy and
autoradiography techniques. The measurement of change in
tumor volume continued for 39 days. AuNP-S-mPEG did not
alter the cell viability when internalized, irrespective of the size
of the NPs (Figure SA). However, cell viability decreased
significantly when both C6 rat glioma and PANC-1 were
incubated with *'At-AuNP-S-mPEG (diameter: 120 nm)
having a radiation dose of 1 MBq/mL, implying that toxicity
of the radiolabeled NPs is independent of cell type. *!'At-
AuNP-S-mPEG remained at the site of administration and no
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uptake in the tumor after 35 days. Tumors are indicated by white arrows. Reprinted with permission from ref 23. Copyright 2016 Springer Nature.

accumulation of free *!' At was observed in other organs except
the tumor site, even after 42 h, nearly six *'At halflives
(Figure SB). The autoradiography of excised tumors revealed
uneven distribution of the radiolabeled NPs having size 120
nm. However, 30 nm NPs distributed uniformly within tumor
which implies that the diffusivity of NPs is probably size
dependent. Tumor growth was arrested for both PANC-1 and
C6 by *'At-AuNP-S-mPEG represented in Figure 5C. The
strongest effect was observed in case of *''At-AuNP-S-mPEG
having diameter of 5 nm.

*Ac is another alpha emitting radionuclide that gained
attention in targeted therapy and has recently been used as a
nanobrachytherapeutic agent by Salvanou and co-workers.”*
They synthesized S to 9 nm Au NPs radiolabeled with *>Ac by
using a DOTA based chelators (TADOTAGA). [**Ac]***Ac—
Au@TADOTAGA was stable in aqueous medium due to the
strong bond formation between the chelators and AuNPs. This
radiolabeled nanoformulation was injected both intratumorally
and intravenously in U87MG bearing SCID mice. The
biodistribution experiment revealed high tumor uptake
(60.67% =+ 3.87% IA/g) 2 h after intratumoral injection.
However, a reverse trend was observed after 228 h: a decrease
in tumor uptake (5.21% + 1.26% IA/g) with an increase in
spleen and liver uptake (Figure 6A). This is due to the
recirculation of the NPs in the bloodstream and gradual release
of *Ac. As a proof of concept, treatment studies were carried
out which showed that the tumor growth index of treated mice
after 22 d of injection was lower compared to their controlled
counterpart (Figure 6B). Histopathology study of treated mice
exhibited enhanced necrosis of tumor tissue with negligible
effect on the peripheral tissue (Figure 6C and 6D). In the same

study, the intravenous injection of radiolabeled NPs revealed
that accumulation of NPs occurred mainly in the liver, spleen,
and kidney confirming hepatobiliary clearance. Although
tumor uptake increased after 2 h of intravenous injection
due to the enhanced permeability and retention (EPR) effect,
radioactivity started to decrease after 120 h due to clearance of
NPs through the hepatobiliary route and the release of ***Ac
from chelator. The ineffective chelation of **Ac with DOTA
derivatives leads to questionable suitability for chelating the
daughter products of **’Ac.

Nanoscale Brachytherapy Using Auger Electron Emitting
Radionuclides

Nanoscale brachytherapy using Auger electron emitters was
first reported by Moeendarbari et al. in 2016.”° A
monodisperse layer of '*Pd was coated onto spherical gold
shells, whereby '®Pd@Au nanoseeds (with diameter of ~120
nm) were synthesized. These nanoseeds were intratumorally
injected into mice bearing prostate cancer tumors to assess
their therapeutic efficacy and biodistribution in vivo. In order
to achieve an even distribution of the radiation dose
throughout the tumor mass, the intratumoral injection was
carried out at six to nine sites with radioactivity totaling 55.5
MBq injected in each tumor. The retention evaluation of
nanoseeds within the tumor volume and their migration to
other organs was performed by an ex vivo biodistribution study
with SPECT/CT imaging. The SPECT/CT imaging exhibited
101.50 + 23.72%ID/g retention of 103Pd@Au nanoseeds
within the treatment volume after 1 day post injection which
increased to 274.5 + 77.6%ID/g after S weeks (Figure 7A),
whereas minimal uptake of radioactivity was observed in the
spleen and liver. Ex vivo biodistribution also corroborates with

https://doi.org/10.1021/cbmi.3c00092
Chem. Biomed. Imaging 2024, 2, 4-26


https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig7&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

Review

the result obtained from SPECT/CT imaging. Moreover,
tumor volume decreased up to 75% over the course of the
treatment in comparison to the control and cold nanoseeds
treated mice (Figure 7B). Therapeutic efficacy was assessed by
["®*F]JFDG-PET/CT scanning (Figure 7C) which also con-
firmed reduction of ['*F]FDG uptake at the tumor volume
after the course of treatment.

Fach et al. reported preparation of ['®*Pd]AuPd NPs,
measuring 20 nm, synthesized from ['®*Pd]PdCl, “hot
precursor” and tetrachloroaurate tetrahydrate “cold precursor”
followed by encapsulation with poly(N-isopropylacrylamide)
polymer to enhance biodegradability.''” This nanoformulation
was injected intratumorally in CT26 colorectal tumor bearing
mice. A delay in tumor growth was observed within first 10
days of dose administration (Figure 8). Additionally,
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Figure 8. A) Therapeutic efficacy of mice treated with radioactive
['%Pd] AuPd (depicted in violet color) and nonradioactive (depicted
in blue color) NPs. B) Image of tumor tissue (The white arrow
indicates visible '®*Pd nanogel). C) The white arrow indicates
separated radiolabeled nanogel inside the tumor and no further
growth of tumor near the point of injection. Reprinted with
permission from ref 112. Copyright 2021 Wiley.

biodistribution results revealed 54 + 13%ID/g uptake in
tumor site after 20 days and less than 0.01%ID/g of
nanoformulation was found in other organs such as the
kidney, liver, spleen, and muscle ensuring excellent in vivo
stability. Therefore, the authors claimed ['®*Pd]AuPd NPs as a
potential replacement to the conventional brachytherapy seeds.

2T is another important Auger electron emitting radio-
isotope. In a recent report, Zhang et al. used covalent organic
framework (COFs) to synthesize '>T labeled NPs.”® First, an
Ag" ion was attached to the 2,2'-bipyridine-based COF
followed by functionalizing with PEG, radiolabeling with '*°I
within a remarkably short period of time (30 s). This resulted
in PEG-COF-Ag—">"T NPs with 94% radiolabeling yield and
>90% stability in PBS and serum medium after 7 days. The
authors reported that PEG-COF-Ag—'*T NPs decreased the

survival rate by 25.8% on PC-3 cell lines. Additionally, the
therapeutic efficacy of the radiolabeled NPs was estimated by
intratumorally injecting 37 MBq of PEG-COF-Ag—'*’I NPs
and evaluated by SPECT/CT at different time points (0.5, 10,
24, and 36 h p.i). After 0.5 h, p.i, signal intensity was 3.2 times
higher at tumor volume compared to the mice treated with
only 'L The retention of PEG-COF-Ag—'>’I NPs was 61.67%
in the tumor volume. Furthermore, tumor volume also reduced
by 63% in comparison with the initial size. However,
optimizing the retention of the radiolabeled NPs in the
tumor volume is crucial for enhanced efficacious therapy.

Cai et al. synthesized Au NPs radiolabeled with another
well-known Auger electron emitter, 15 which was attached
with AuNPs by using DTPA.”” The NPs were also function-
alized with PEG linked with trastuzumab to obtain
trastuzumab-AuNP—"""In. The therapeutic efficacy and cell
cytotoxicity of the radiolabeled NPs were demonstrated by
intratumorally injecting 10 MBq of the radiolabeled NPs into
subcutaneous HER2-overexpressing breast cancer tumor
bearing mice and HER2-positive breast cancer cells,
respectively. A tumor regression study was performed in a
time period of over 70 days and it was observed that the tumor
growth was arrested in the treated group, whereas the tumors
grew up to 8-fold in the untreated group. However, no
information about the retention of the radiolabeled NPs was
provided in this study.

Nanoscale Brachytherapy Using f~ Particle Emitting
Radionuclides

"Lu is widely recognized as a therapeutic isotope and has
been extensively explored within the radiopharmaceutical
industry.”® Yook et al. synthesized PEG modified panitumu-
mab functionalized Au NPs radiolabeled with '’Lu using a
DOTA-based chelator.'”* Panitumumab is an antibody which
targets the epidermal growth factor receptors (EGFRs), which
is overexpressed in breast cancer (BC) cells. The aim of the
study was to evaluate the therapeutic efficacy of the
radiolabeled NPs in an MDA-MB-468 human BC model.
Single doses, each of 4.5 MBq of targeted panitumumab-'7"Lu-
AuNP and nontargeted '""Lu-AuNP were intratumorally
administered into different groups of tumors (BC) bearing
mice. Both targeted and nontargeted NPs arrested the tumor
growth after 90 days. However, the tumor growth was
inhibited more in the targeted group in comparison to its
nontargeted counterpart. The SPECT/CT imaging at 1 and 48
h p.i. demonstrated the retention of the NPs (Figure 9A). An
ex vivo biodistribution study demonstrated that the uptake of
both targeted and nontargeted NPs was >300%—400%ID/g in
the tumor volume after 1 h p.i., whereas >3%ID/g radioactivity
was accumulated in liver and spleen (Figure 9B). Therefore, no
major tumor retention impact for either targeting or non-
targeting '”’Lu labeled NPs was observed.

Lin et al. also synthesized PEG modified Au nanostars
(AuNS); however, they used DTPA as a chelator for
radiolabeling '""Lu, which resulted in ’Lu-DTPA-pAuNS.**
The authors evaluated the therapeutic efficacy of the
radiolabeled NPs by intratumorally injecting both '7’Lu-
DTPA-pAuNS and ""Lu-DTPA in head and neck squamous
cell carcinoma (HNSCC) bearing mice. The SPECT/CT
imaging and ex vivo biodistribution analysis (Figure 10)
showed the retention of '""Lu-DTPA-pAuNS in the tumor
volume up to 15 days, whereas the uptake of '”’Lu-DTPA in
tumor was undetectable after 24 h p.i. Additionally, the tumor
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Figure 9. A) SPECT/CT images of MDA-MB-468 human BC tumor bearing mice at 1 or 48 h after intratumoral injection of '”’Lu-T-AuNP. B) Ex
vivo biodistribution after intratumoral injection of '”’Lu-T-AuNP and '”’Lu-NT-AuNP in tumor bearing mice. Reprinted with permission from ref

104. Copyright 2016 Society of Nuclear Medicine and Molecular Imaging.

growth was arrested significantly in case of '”’Lu-DTPA-
pAuNS in compared to '"Lu-DTPA.

A study performed by Viana et al. developed a novel
EuDPA/SiO,—NH, NP by complexing Eu** with pyrimidine-
2,6-dicarboxylic acid (DPA) followed by insertion in amino
functionalized mesoporous silica NPs.'”> "Lu was then
incorporated in EuDPA/SiO,—NH, NPs by replacing Eu*,
and up to 93% of the radioactivity was incorporated. These
radiolabeled NPs have been used for SPECT imaging as well as
radiotherapy. As a result, radiolabeled NPs were intratumorally
injected in an HT-29 mouse model of colorectal cancer.
SPECT image confirmed the retention of the NPs (>70%) in
the tumor site after 48 h of administration. After 5 weeks,
tumor growth was inhibited significantly in the mice group
treated with '”’Lu—EuDPA/SiO,—NH,. In comparison to the
group treated with nonradioactive NPs, '"’Lu—EuDPA/SiO,—
NH, NPs are potential nanobrachytherapeutic agent. The
author did not mention the radioactive dose administered,
which encourages the evaluation of a detailed in vivo study for
biological safety and radiation dose calculation.

After '"Lu, most of the reported articles in nano-
brachytherapy use '*'I as the primary radioisotope. The first
report was published by Hruby et al. in 2011.”° The authors
studied the dose-dependent therapeutic efficacy of '*'I labeled
poly(N-isopropylacrylamide) thermoresponsive polymer. Ra-
diolabeling was achieved by the conventional chloramine T
method. The therapeutic efficacy of the radiolabeled polymer
was evaluated by intratumorally injecting two different doses,
measuring 2 and 25 MBgq, in human prostate cancer tumor
bearing mice. The lower dose inhibited tumor growth,
similarly, the higher radioactive dose reduced the tumor
volume, and two out of six mice were completely cured. In
both cases, no inflammation was observed.

Sheng et al. chosen melanin which is an integral part in
human eyes, skin, hair to synthesize melanin NPs (MNPs) and

labeled with *'L'°* The radiolabeling was executed in two
steps. First, chelation of Ag" ions by MNPs followed by
radiolabeling with '*'T to form MNP-Ag—"*'I NPs of 6 nm
diameter with 99% radiolabeling yield. No cytotoxicity was
observed when MNP-Ag—"*'I NPs was incorporated in in PC-
3 prostate cancer cell lines. In order to determine the
therapeutic efficacy of MNP-Ag—"' NPs, three groups of
mice were intratumorally injected with 37 MBq MNPAg—"*'T
NPs, PBS, and 'I. SPECT and Cherenkov radiation imaging
confirmed the retention of the NPs after 8 h. On the third day,
18.5 MBq of MNPAg—''I was again administered intra-
tumorally. After 7 days of observation, the mice were
euthanized and it was observed that the tumor volume of
the group treated with MNP-Ag—"'T reached the equal of
initial volume, whereas tumor volume increased up to 1.5 times
larger in the other two groups. Therefore, MNPAg—"*'T NPs
could be used for SPECT and Cherenkov radiation imaging
and internal radiotherapy.

In another study, Stankovic et al. prepared flower-shaped
superparamagnetic iron oxide NPs (SPIONs) with 40 nm
diameters and radiolabeled with "'I by CC49 antibody
attached to SPIONs through the utilization of reactive groups
present in 3-aminopropyltriethoxysilane (APTES).'” The
heating efficiency of SPIONs was evaluated for magnetic
hyperthermia therapy and radiotherapy. The therapeutic
efficacy was evaluated by administering the NPs intratumorally
in LS174T human colon adenocarcinoma xenografts in NOD-
SCID mice. SPECT imaging displayed retention of *'ICC49-
APTES@SPIONSs in the tumor site even after 14 days of
intratumoral injection. The combination of both hyperthermia
and radiotherapy was most effective in suppressing tumor
volume after 14 days of treatment with 73% tumor volume
inhibitory rate (TVIR), whereas TVIR were 54.38% and
68.77% in the cases of hyperthermia and radiotherapy,
respectively. Histopathological analysis disclosed severe
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Figure 10. A) The micro-SPECT/CT images after intratumoral administration of '’Lu-DTPA and '”Lu-DTPA-pAuNS in HNSCC tumor-
bearing mice. B) Ex vivo biodistribution evaluation of '”’Lu-DTPA and "’Lu-DTPA-pAuNS after intratumoral administration in HNSCC tumor-
bearing mice (n = 4). Reprinted with permission from ref 22. Copyright 2021 MDPL

necrosis and hemorrhaging in the tumor tissues of mice that
have been treated with combined therapy of hyperthermia and
radiation. Although the combined therapy is a better choice,
BI.CC49-APTES@SPIONSs preferentially stayed at the
injection site and did not reach in the broader area, which
minimized the therapeutic effect. Therefore, a higher-energy f~
emitting radionuclide like *°Y with high radioactive dose along
with repetitive treatment may be a better choice.''>""*

In a recent study, Kelly et al. combined nanoscale
brachytherapy and immunotherapy to enhance the treatment
efficacy of metastatic disease.'”’ The authors synthesized
elastin-like polypeptides (ELPs) with an oligolysine tail (ELP-
K12) where "*'I radionuclide conjugated to Tyr resides at the
C-terminus and CpG formed complex electrostatically with C-
terminus of an ELP. Both the conjugates were intratumorally
injected in lung cancer 4 T1 bearing BALB/c mice where the
conjugate ELP-K;,/CpG undergoes an LCST phase transition
to form ELP depots in normal body temperature. The
retention of *'I was enhanced within the tumor volume due
to cross-linking of the ELP. As a result, the radionuclide
irradiated the tumor cells from the inside, along with

systematic release of CpG from the depot. This substantially
activated immune signaling within the tumor. This synergistic
therapeutic approach not only decreased the tumor volume but
also increased the survival rate of the mice.

AuNPs are well-known “radiosensitizers” in oncology as they
can enhance the radiation effect in biological tissues in the
presence of radioactivity. Few reports where both *®Au and
199Au are used for radiolabeling have been discussed.’”*’ Khan
et al. prepared radioactive polymerized gold dendrimer
(poly-'**Au) NPs by forming dendrimer-amine[AuCl,] com-
plex consequently reducing Au** to Au.'’® The particle size of
the NPs ranges from 10 to 29 nm. ['*’Au’] gold-dendrimer
was irradiated in a nuclear reactor by neutron beam to obtain
(poly-'*®Au) nanocomposites. The therapeutic efficacy of this
radioactive nanocomposite was evaluated by intratumoral
administration of two different doses (1.3 MBq and 2.7
MBq) in B16F10 melanoma tumor bearing C57BL/6] mice.
Reduction of tumor growth was more pronounced in the group
injected with the highest dose compared to the other groups.
However, the authors did not perform biodistribution analysis
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Figure 11. A) CT image of dog with prostatic carcinoma before injection. B) CT images of one representative dog treated with GA-'**AuNP
showing 50% tumor volume reduction. (C-D) Representative scintigraphic images recorded after 30 min p.i. of GA-'**AuNP. Blue arrows indicate
the presence of radioactive AuNP. Multiple injection points are visible within tumor volume. Yellow and red arrows indicate the uptake of small
amounts of GA-'*AuNP in the bladder and urethra, respectively. Reprinted with permission from ref 115. Copyright 2014 Dove Press.

to monitor localization of radioactivity in the tumor and its
leakage to other nontargeted organs.

Shukla et al. synthesized AuNPs which was functionalized
with epigallocatechin gallate to form (EGCg)-'**AuEGCg
measures sizes ranging from 40 to 50 nm," % EGCg is used to
actively target laminin receptors (Lam 67R) overexpressed in
prostate cancer cell lines. In this study, the authors investigated
internalization procedure of '®Au-EGCg in PC3 cell lines by
endocytosis and assessed the therapeutic effect by intra-
tumorally injecting S MBq of *®Au-EGCg NPs to mice bearing
the prostate tumor. After 24 h of injection approximately 72%
of ®Au-EGCg NPs were found in the tumor volume. The
treated group was observed for 28 days, and the tumor reduced
to 80% in comparison to the control group. The ex vivo
biodistribution study, after day 42 post intratumoral injection,

indicated 34.7%ID retention of radiolabeled NPs in tumor,
2.5%ID in liver, and 18%ID in carcass.

A research group from University of Missouri synthesized
gum arabic glycoprotein coated Au NPs and studied their
therapeutic effect.'”” In a more advanced study, they
attempted to determine the short-term safety profile of
GA-'""®AuNPs when injected intralesionally in canine models
with prostate cancer.''> For this study, nine dogs were chosen
and GA-'""AuNPs of doses 7.4 MBq/g of tumor tissue were
injected. Complete blood parameters and urinalyses were
performed routinely each week for one month. To assess the
intratumoral retention scintigraphic imaging was recorded after
30 min of injection. CT images confirmed reduction in tumor
volume (Figure 11A-B), although the results varied for each
canine model. Scintigraphy images 30 min p.i. revealed on an
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Figure 12. A) TEM image of AuNPs conjugated with cRGDfK NPs. B) Circular dichroism spectra of cRGDfK and AuNP conjugated with
cRGDIK (inset: amplified view of CD spectra in 450—600 nm wavelength range). C) Biodistribution pattern of ['*?Au]Au NPs conjugated with
cRGDfK injected in tumor bearing mice. D) Effect of intratumoral injection (different doses) on the tumor growth index of tumor bearing mice.
Reprinted with permission from ref 60. Copyright 2018 American Chemical Society.

average 53% of GA-'"AuNPs remained in the tumor site.
However, leakage was also observed in bladder and urethra
(Figure 11C-D). There was no significant change in blood
count and serum biochemistry between the before and after
treatment values. The authors opined that since radioactivity
retention in the tumor decreased, an in-depth study of
dosimetry and toxicity was required before initiating phase I
clinical trial.

The same group adopted green nano technology to
synthesize mangiferin (MGF) encapsulated AuNP.'” MGF
is glucose functionalized xanthonoid abundantly found in
mango peels. Here MGF is used as encapsulating material as
well as a reducing agent. The core size of '*AuNPMGF is 35
+ 2 nm with a hydrodynamic diameter of 55 + 0.9 nm. The
therapeutic efficacy was demonstrated by intratumorally
injecting a single dose of 5.9 MBq MGF—'**AuNPs in prostate
cancer tumor bearing mice. After euthanization of the mice,
80.98 + 13.39% tumor uptake at 30 min and 79.82 + 10.55%
at 24 h were observed whereas the liver uptake increased to
10.65 + 8.31% at 24 h suggesting clearance of NPs through
reticuloendothelial system. Due to the laminin receptor

specificity of MGF, enhanced accumulation in prostate cancer
cell lines was observed. After 24 days of observation, the tumor
volume decreased 2-fold with respect to the control group.
Biodistribution studies after 24 days exhibited 60.96 + 25.56%
ID NPs remaining at tumor site, 13.00 + 10.97%ID was
observed in the carcass, and 1.44 + 2.97%ID was observed in
the liver with negligible uptake in other organs entitling
8 AuNPMGF as a promising nanobrachytherapy agent.

In another study, intrinsically radiolabeled [*?Au]Au NPs
conjugated with cyclic RGD (cRGDfK) peptides were
synthesized for targeting integrin a,f; receptors.”” The
cRGDIK peptide acted as both a reducing and stabilizing
agent. The TEM images showed the size of the NPs was ~11
nm (Figure 12A). The circular dichroism (CD) spectra of the
synthesized NPs showed peaks corresponding to the surface
plasmon resonance (SPR) of the Au NPs (~535 nm). The
notable observation of this CD peak is due to interaction of the
dipole of the cRGDfK peptide with SPR of Au NPs (Figure
12B). The radiolabeled NPs were intratumorally administered
in melanoma tumor bearing mice for nanoscale brachytherapy.
Biodistribution studies revealed enhanced retention of radio-
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Figure 13. A) SPECT-CT images of the B16F10 melanoma-bearing mice treated with different *™Tc labeled NPs after 1 day. B) Direct
radiometry analysis for tumors and various organs after the intratumoral injection of different '**Re-labeled NPs in the B16F10 melanoma-bearing
mice on the first and tenth day p.i. Reprinted with permission from ref 10S. Copyright 2022 American Chemical Society.

activity at the tumor site over a prolonged period of time
(Figure 12C). The treatment studies, performed by intra-
tumoral injection of S and 10 MBq doses of radiolabeled NPs,
demonstrated significant tumor regression with minimal
changes in the mice’s body weight (Figure 12D).

Karpov et al. adopted a universal chelator free approach for
radiolabeling four different kinds of NPs which include
polylactide (PLA), silica (SiO,), gold (Au), and iron oxide
(Fe;0,). These NPs are radiolabeled with **™Tc for diagnosis
and with '**Re for therapy.'” To investigate the intratumoral
retention, *™Tc labeled NPs were locally injected in a BL6F10
melanoma tumor bearing C57BL/6 mice. SPECT/CT images
were recorded (Figure 13A) for 3 days, which revealed
sustainable accumulation of NPs inside the tumor, whereas free
#mT¢ spread throughout the body. When '**Re-labeled NPs (3
MBq) were injected intratumorally, 92—97% radioactivity
remained in the tumor volume even after 10 days, regardless of
the type of the NPs (Figure 13B). Furthermore, after 14 days
of treatment '**Re-labeled NPs were able to inhibit the tumor
growth significantly and the mean survival rate of the treated
animals resided in the range of 80—90%. According to the
histological analysis of the tumor tissues, '®*Re-AuNP
significantly damaged the tumor morphology, and its strong
cytotoxic effect decreased the blood supply in tumor causing
cell death.

Two reports were published where *°Y was used in
preparation for nanobrachytherapeutic agents. The first report

20

was published by Sano et al. in 2017.""" They synthesized

different derivatives of a thermoresponsive biocompatible
polymer, named polyoxazoline (POZ), labeled with *°Y and
""Tn by complexation with DOTA chelator. '''In-labeled POZ
derivatives were intratumorally injected in prostate cancer-
implanted mice to evaluate overall localization and retention
within the treatment volume. When the transition temperature
of the polymer derivatives was less than 33.5 °C, 73.9% tumor
retention was achieved after the first day of injection. The
retention of NPs was directly proportional to the molecular
weight of polymer i.e., Isp-PrPOZ (20 kDa). The therapeutic
efficacy was determined by injecting *°Y-Isp-PrPOZ intra-
tumorally in human prostate cancer bearing mice. After 90
days, almost 50% mice survived.

Vukadinovic et al. synthesized citrate coated, flower shaped,
superparamagnetic iron oxide NPs (CA/SPIONS) labeled with
%Y for dual magnetic hyperthermia and nanobrachytherapy to
treat solid cancer.''" The toxicity limit of CA/SPIONs was
observed to be up to 1.0 mg mL ™" in mouse colon cancer cells.
A single dose intratumoral injection of 0.25 mg nonactive NPs
followed by a thirty-minute treatment of magnetic hyper-
thermia moderately increased the antitumor effect compared
to the nontreated one. Conversely, intratumoral injection of
%Y labeled CA/SPIONs in CT-26 (colon cancer) bearing mice
displayed long-term retention in tumor volume with a
significant decrease in tumor volume observed after 14 days
of treatment, without any systemic toxicity. Hence, the authors

https://doi.org/10.1021/cbmi.3c00092
Chem. Biomed. Imaging 2024, 2, 4-26


https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00092?fig=fig13&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

Review

concluded that the limited effect of magnetic hyperthermia
might be due to the inability of deep tissue penetration range.
However, the combined effect was more effective for tumor

therapy.

B DOSIMETRY OF NANOSCALE BRACHYTHERAPY
AGENTS

Radiation dosimetry is crucial for utilization of nanoscale
brachytherapy agents in clinical context. It is essential to
acquire dosimetry data to access the radiation safety of the
radiolabeled NPs administered as well as to measure the
effective radiation dose for internal radiotherapy. Prior to
actual utilization in tumor therapy, accurate simulations of
dosimetry of the nanoscale brachytherapy agents are essential
in order to regulate the dose distribution within the tumor
volume and the surrounding healthy organs/tissues. Radiation
doses precisely absorbed in the healthy organs/tissues are
determined by the rate of leakage of the administered
radiolabeled NPs from the tumor site and their accumulation
in these organs/tissues over a period of time. Physical
characteristics of the radioisotopes such as half-lives, emission
characteristics, and the retention time also contribute to
radiation doses observed.''® To determine the radiation dose
of the specified target organ, initially, the total cumulated
radioactivity is calculated through integration of the time-
radioactivity curve. Generally, Monte Carlo simulation
techniques are used to accurately determine the energy or
dose distribution within the region of interest. The overall
pharmacokinetics of the nanoscale brachytherapy agents and
their anatomical distribution are key points to calculating
dosimetry. Although radiation dosimetry of nanoscale
brachytherapy agents is essential for clinical translation, very
few preclinical studies with dosimetry data have been reported
to date.”"”*""”"'® Overall, these preclinical dosimetry studies,
using therapeutic radiolabeled NPs, could provide insight for
basic treatment planning concerning the administration of
therapeutic doses for future efficacious clinical studies.

B POTENTIAL CLINICAL TRANSLATION OF
NANOSCALE BRACHYTHERAPY AGENTS

While numerous published preclinical evaluations demonstrate
the positive impact of radiolabeled NPs in nanoscale
brachytherapy, their successful clinical translation is lacking.
The primary reason remains the lack of knowledge regarding
the exact radioactive dose of the radiolabeled NPs to be
administered for maximal therapeutic benefit. This detailed
dosimetry study must be performed in preclinical and clinical
settings to determine the optimal dosage of the nanoscale
brachytherapy agent for intratumoral injection. Also, the
correlation or transition from preclinical data to clinical
estimation should be investigated and validated. Another
concern revolves around the toxicity effects of administered
radiolabeled NPs for tumor therapy. Therefore, for in vivo
applications, minimizing the amounts of nanomaterials
employed will mitigate the concerns about potential risks
associated with administering pharmacological amounts of
nanomaterials to animals and human subjects. The use of
biocompatible and biodegradable nanoplatforms, coupled with
the tracer technology used in formulating nanoscale
brachytherapy agents, will undoubtedly help advance the
translation of this treatment modality into clinical practice.
Once the overall physiology and immune response are well
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understood in small animal models using SPECT/PET
imaging technologies, possibilities of comprehending the
intracellular location of the radiolabeled NPs after endocytosis
will be apparent. In addition to surface functionalization, the
selection of intracellular molecules as targets has the potential
to expand the horizons of nanoscale brachytherapy.

Ensuring optimal retention of radiolabeled NPs in the tumor
following intratumoral injection is crucial for the therapeutic
efficacy of the nanoscale brachytherapy procedure. Thus, its
maximization is of paramount importance. This endeavor also
minimizes the risk of irradiating healthy organs and tissues
(especially liver and spleen) as a result of radiolabeled NP
leakage from the tumor site. Inhomogeneous intratumoral
radioactivity distribution might also raise concerns in certain
cases.'”* The problem presents a conflicting solution: on one
hand, the restricted diffusivity of the radiolabeled NPs limits
the toxicity to the normal tissues/organs, while on the other
hand, it deteriorates the dose distribution in the tumor
required for maximum therapeutic benefit. A nanoformulation
with enhanced diffusivity would improve homogeneity of the
radiation doses in the tumor site but may also perform
similarly to systemically administered agent. Thus, careful
optimization is essential in establishing the best balance and
ideal formulation. In addition to diftusivity of the NPs, leakage
of radiolabeled NPs from the tumor post injection are also
caused by irregular tumor vasculature, variable blood and
lymph flow, and pressure gradients. Due to the individual
nature of tumors, the percentage of leakage of radiolabeled
NPs from the tumor site may vary from patient to patient. This
further complicates treatment planning and dosimetric
computations during the process of clinical translation.
Though, it is desirable that the radiolabeled NPs should be
retained in the tumor site over a prolonged period of time, the
presence of such foreign substances in the body might also
raise toxicity concerns. From this perspective, biodegradable
nanoplatforms are preferrable for nanoscale brachytherapy
applications. However, this necessitates use of the radio-
nuclides with suitable half-lives for radiolabeling NPs and
careful optimization of biodegradation parameters in vivo such
that free radionuclides do not leach out of the degraded NPs
and accumulate in nontargeted organs. Further considerations
such as the size of the NPs, varying surface modification
strategies, coinjecting biocompatible polymers that might
sequester radiolabeled NPs within the tumor, and the use of
different emerging radioisotopes may be worthwhile in pursuit
of therapeutic optimization of nanoscale brachytherapy.
Ultimately, structure-controlled manufacturing methods that
enable cost-effective and robust routine production of
nanoscale brachytherapy agents while adhering to the
regulatory guidelines is an essential prerequisite toward their
clinical translation."'” Despite all attributes, nanoscale
brachytherapy is suitable only for treating primary tumors
and not the metastatic sites. The restricts the use of this
therapeutic modality for treatment of cancer in its early stages
when extensive metastases have not occurred. Also, radio-
labeled NPs are not an option when high dose rate (HDR)
brachytherapy is required depending on the type of cancer.

B CONCLUSIONS

The design and development of functionalized radiolabeled
NPs for use in nanoscale brachytherapy has become a pressing
requirement, rendering it a prominent and dynamic field of
research in nano-oncology. In this review, we described the
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latest advances in nanoscale brachytherapy analyzing their
advantages compared to the conventional brachytherapy
techniques. The success of this emerging clinical modality
relies on the synthesis of functionalized and dispersible
nanoplatforms with their robust radiolabeling strategy to
achieve excellent radiochemical stability. The size, shape,
charge, and functionality of the nanoplatform must be carefully
optimized to achieve prolonged retention of the radiolabeled
NPs in the tumor with minimal leakage and accumulation in
the nontargeted organs. Different imaging modalities
(SPECT/PET, MR, CT, optical imaging, etc. either alone
or in combination) can be synergistically applied based on the
intrinsic properties of the radiolabeled NPs to visualize their
uptake at the tumor site and monitor their therapeutic efficacy.
Furthermore, for the clinical translation of nanoscale
brachytherapy agents, systematic internal radiation dosimetry
is imperative as a safety assurance by quantifying the expected
dose at the tumor site. As dosimetry relies on the kinetics and
clearance patterns of the intratumorally administered radio-
labeled agents. Therefore, conducting detailed studies on
kinetic modeling and biodistribution pattern revealing the
influence of physicochemical and biological aspects of the
synthesized nanoplatforms is of great importance. Owing to
the relatively higher cost of nanoformulations, conducting cost
effectiveness analyses must also be considered when devising
the clinical translation strategies for nanoscale brachytherapy.
In conclusion, it is envisaged that nanoscale brachytherapy
shall be used in the future as an important treatment modality
in clinical oncology. This advancement will create a highly
productive and challenging field for academics, industry,
clinicians, and regulators.
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B VOCABULARY

Brachytherapy, It is a cancer treatment modality in which
radioactivity sealed inside a seed,pellet, wire, or capsule is
implanted inside the patient body using a needle or catheter;
Molecular imaging, It is the noninvasive visualization, assess-
ment, and measurement of biological processes at the
molecular and cellular level in living subjects; Nanomedicine,
It is a medical specialty that utilizes nanotechnology for
diagnosis and treatment of diseases; Nanoscale brachytherapy,
A minimally invasive therapeutic procedure involving intra-
tumoral injection of functionalized nanoparticles labeled with a
therapeutic radioisotope; Radiation dosimetry, It refers to the
science by which radiation dose is planned by measurement,
calculation, or a combination of measurement and calculation,
and assigning the doses to individuals; Radiolabeling of
nanoparticles, Incorporation of a suitable radioisotope in the
nanoplatform for imaging and/or therapy; Theranostics, It
refers to the concept of pairing diagnostic biomarkers with
therapeutic agents to share a precise target for personalizing
disease intervention
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