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TECHNETIUM-99m: A NANOMATERIAL PERSPECTIVE

The radiolabeling of nanomaterials with technetium-99m (99mTc) has emerged as a promis-
ing strategy for integrating the advantages of nanotechnology and nuclear medicine for both
diagnostic and therapeutic applications. This comprehensive review aims to provide an in-
depth overview of the current state-of-the-art in the radiolabeling of nanomaterials with
99m Te. The exploration encompasses synthesis methods, labeling mechanisms, biological as-
sessments, physicochemical characterizations, and clinical applications of %™ Tc-labeled na-
nomaterials. Diverse categories of nanomaterials are addressed, including organic and inor-
ganic nanoparticles, lipid- and protein-based nanosystems, as well as various carbon nano-
materials. Additionally, the review addresses challenges inherent in this evolving field, such
as the stability of the radiolabel, potential nanomaterial toxicity, and regulatory considera-
tions. The discussion is concluded by exploring promising future perspectives and potential

areas for research development in the realm of °°™ Tc-labeled nanomaterials.
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1. Introduction

In the contemporary landscape of medical research
and healthcare, the convergence of nuclear medicine
and nanotechnology has given rise to a groundbreak-
ing frontier known as nuclear nanomedicine [1]. This
nascent field signifies a paradigm shift, amalgamat-
ing the accuracy of nuclear medicine with the adapt-
ability and specificity of nanotechnology to inau-
gurate a new epoch of diagnostic and therapeu-
tic modalities. Nuclear medicine, which was initially
focused on macroscopic imaging, has evolved over
decades to explore the intricacies of molecular pro-
cesses within the human body [2]. Utilizing radiotrac-
ers and advanced imaging technologies such as single-
photon emission computed tomography (SPECT)?!
and positron emission tomography (PET), nuclear
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medicine facilitates clinicians to examine cellular ac-
tivities, revealing the molecular etiology of diseases
[3]. The evolution of nuclear medicine has paved the
way for a more personalized and precise approach to
diagnostics and treatment. Concurrently, the field of
nanotechnology has experienced a revival, exploiting
the unique properties of materials at the nanoscale
[4, 5|. Nanomaterials, with their tunable character-
istics and multifunctionality, have become the key
players in diverse scientific domains. These materi-
als, often smaller than 100 nanometers, exhibit dis-
tinctive physical and chemical properties, rendering
them candidates for targeted drug delivery, imaging
enhancement, and theranostic applications.

The integration of nuclear medicine and nano-
technology, encapsulated in the term nuclear nano-
medicine, represents a synergy that leverages the
strengths of both fields. Radiolabeled nanomaterials,
tailored for specific clinical applications, bring a new
level of precision to molecular imaging and thera-
peutic interventions [6-8]. This integration holds the

I For the list of abbreviations, see Appendix.
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promise of overcoming traditional limitations in sen-
sitivity, specificity, and therapeutic efficacy, thereby
revolutionizing the landscape of medical interven-
tions. At the core of nuclear nanomedicine lies the
concept of theranostics, embodying the dual func-
tionality of diagnostics and therapeutics within a
single platform [9]. Theranostic agents, often com-
posed of radiolabeled nanomaterials, provide a ver-
satile toolkit for clinicians. They enable not only the
non-invasive visualization of molecular processes, but
also the targeted delivery of therapeutic payloads to
specific sites, fostering a more personalized and effec-
tive treatment paradigm [10-12].

A significant number of radionuclides have been in-
tegrated into various nanoplatforms, ushering in op-
portunities for targeted molecular imaging, early dis-
ease detection, and the development of personalized
treatment strategies [13-18]. Among them, techne-
tium-99m (?9Tc) is renowned as a radiopharmaceu-
tical stalwart that boasts ideal nuclear characteris-
tics rendering it particularly suited for a spectrum of
imaging applications [19-22]. Tts relatively short half-
life of approximately six hours aligns favorably with
diagnostic imaging needs, ensuring timely data ac-
quisition without subjecting patients to prolonged ra-
diation exposure. This optimal half-life is crucial for
scenarios demanding rapid imaging, providing real-
time insights into intricate biological processes. One
of the distinctive advantages of technetium lies in
its versatility across various imaging modalities. The
gamma emission of ™ Tc extends its applicability be-
yond SPECT, enabling multimodal imaging that en-
hances diagnostic precision. This adaptability is piv-
otal in widening the diagnostic scope and address-
ing diverse clinical requirements [22]. The widespread
availability of technetium-99m further solidifies its
position as a radionuclide of choice. The emissions
profile of 99 T¢, characterized by low-energy gamma
rays, contributes to reduced radiation exposure for
both patients and medical personnel. This safety con-
sideration enhances the overall profile of diagnos-
tic procedures, aligning with contemporary health-
care standards. Moreover, the chemical properties
of 99mTec facilitate straightforward labeling proce-
dures with various nanomaterials. This compatibil-
ity ensures efficient and reliable integration, pre-
serving the structural and functional integrity of
the nanocarriers. The seamless incorporation of tech-
netium into nanomaterials further underscores its
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position as a preferred choice for nuclear medicine
applications.

The present contribution initiates an in-depth exa-
mination of the intricate molecular processes involved
in radiolabeling nanomaterials with technetium-99m,
revealing its substantial potential for disease diagno-
sis, treatment efficacy monitoring, and the formula-
tion of personalized therapeutic strategies. Our ex-
ploration will navigate the foundational principles
that underscore this approach, scrutinizing the com-
plexities inherent in radiolabeling procedures. Addi-
tionally, we will survey the diverse applications that
extend across various medical domains such as oncol-
ogy, cardiology, neurology, and far beyond.

2. Chemistry and Radiochemistry of 9°™Tc

Over the past four decades, technetium-99m (°?Tc)-
based radiopharmaceuticals have become indispens-
able tools in the diagnosis of a variety of dis-
eases. Currently, the field has an impressive diversity
of over a hundred °™Tc-based compounds for the
use in nuclear medicine, which together account for
nearly 80% of routine clinical procedures in nuclear
medicine services [21]. The widespread use of %™ Tc
radiopharmaceuticals can be attributed to the excel-
lent nuclear decay properties of this isotope. These
include a physical half-life of 6.03 h and the emission
of pure y-radiation at an energy level of 140 keV. A
pivotal enabler of the extensive usage of " Tc-based
radiopharmaceuticals is the 99" Mo /*™Tc generator,
which serves multiple crucial functions [22]. First, it
facilitates distribution to geographically remote med-
ical facilities, ensuring accessibility to these vital di-
agnostic tools. Second, it allows for the transforma-
tion of the radiometal into various states of oxi-
dation, expanding the scope of coordination chem-
istry and enabling the creation of diverse radiophar-
maceuticals. In addition, the direct reconstitution of
the lyophilized kit simplifies the preparation pro-
cess, making 99" Tc-based radiopharmaceuticals very
convenient for clinical application [23]. Furthermore,
these drugs have a very low incidence of side effects
compared to other contrast agents, thereby increasing
their safety in medical practice.

One of the most compelling aspects of metallic ra-
dionuclides such as 9™ Tc is their versatility in form-
ing complexes with a variety of ligands, including bio-
logical macromolecules, monoclonal antibodies, small
peptides, nanoparticles, etc. This inherent flexibility
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Fig. 1. Production of technetium-99m

enables researchers and clinicians to create a vari-
ety of complexes targeting specific diagnostic or ther-
apeutic targets. Essentially, the ability of 9" Tc to
engage in coordination chemistry with such a vari-
ety of ligands constitutes a paramount advantage, fu-
eling ongoing advancements in radiopharmaceutical
development.

Technetium, designated as element 43, came into
scientific awareness in 1937, when Perrier and Segre
found it in a sample of molybdenum that had under-
gone irradiation by deuterons [24]. This major dis-
covery marked the first instance in which an element,
previously unknown, had been artificially synthe-
sized. The name “technetium” comes from the Greek
“technetos” meaning “artificial”. Our understanding
of technetium was further advanced in 1939, when
Seaborg and Segré observed the transformation of
molybdenum-98 upon slow neutron irradiation to
form ?°Tc through the decay of the metastable iso-
mer P Tc [26]. Over time, researchers discovered a
total of 21 isotopes of technetium, ranging from °Tc
to 119Tc. Among these isotopes, ''°Tc has the short-
est half-life of only 0.86 sec, while °"Tc has the longest
half-life of approximately 2.6 million years. It is im-
portant to note that all technetium isotopes are ra-
dioactive in nature.

99mTe is classified as a metastable nuclear iso-
mer, as denoted by the “m” following the mass num-
ber. Nuclear isomers have nuclei in a higher energy
state than the ground state [26]. Figure 1 shows the
decay scheme for Mo with 12.5% of the decays
through beta emission to yield *Tc, and, in the re-
maining 87.5% of the decays, to produce " Tc. App-
roximately 13% of the 99 Tc decays result in the cre-
ation of the long half-life isotope 9°Tc, with a half-
life of 2.11 x 10° years. The decay of ™ Tc to ??Tc
is accompanied by the emission of gamma radiation,
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while the subsequent decay of *Tc to *”Ru involves
the emission of a S-particle.

Generally, pertechnetate, [?°"TcO4]~, is consid-
ered the most convenient starting material for the
synthesis of 99" Tc-based compounds. This is mainly
so, because its direct obtention from the %Mo/ Tc
generator [27]. To introduce " Tc into biomolecules,
TcOj, must be reduced from its initial oxidation state
+7 to a lower oxidation state [28]. Key oxidation
states for the development of 9™ Tc-based radiophar-
maceuticals corresponds to +5, +3 and +1 [29]. The
resulted oxidation state of ?™Tc depends on various
factors, including the type and proportion of the re-
ducing agent, the presence of available ligands, oxy-
gen levels, and the specific reaction conditions em-
ployed during synthesis. In view of its short half-life
(~6 h), it is highly advisable to complete the synthe-
sis of radiopharmaceuticals within a 30-minute time-
frame. Maintaining these conditions is crucial, since
the injection of a mixture of different **™Tc species
can weaken organ specificity and increase -+ radiation
dose administered to patients [30]. Nevertheless, de-
spite the short half-life, 7™ Tc provides sufficient time
for the preparation of radiopharmaceuticals and the
acquisition of valuable images without imposing an
undue radiation burden on the patient. Moreover, the
monochromatic 140 keV photons emitted by 2?™Tc
are easily captured and quantified, resulting in high
spatial resolution images [31].

Due to its favorable nuclear properties and ver-
satility, technetium-99m is widely used in various
imaging techniques in nuclear medicine, particu-
larly in single-photon emission computed tomography
(SPECT). SPECT is a non-invasive nuclear imaging
technique used in medical diagnostics to examine the
functional activities of various organs within the body
[32]. It provides three-dimensional images, allowing
gaining insights into the function, blood flow, and
metabolic processes of organs and tissues. SPECT
imaging is particularly valuable in the diagnosis and
management of various diseases and conditions. In
brief, the procedure of SPECT imaging involves the
following algorithm (Fig. 2). Before the SPECT scan,
the patient is injected with a radiopharmaceutical
which contains a radioactive tracer, 9™ Tc, attached
to a carrier molecule that targets specific tissues or
organs [33]. The tracer is designed to accumulate in
the area of interest, specifically, heart, brain, bones,
or other organs.
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Fig. 2. Principal scheme of SPECT scanning

It emits y-rays that can be detected by a gamma
camera. The radiopharmaceutical circulates through
the bloodstream and accumulates in the targeted tis-
sue or organ. The distribution depends on the spe-
cific properties of the radiotracer and the physiologi-
cal processes of the organism. Once the radiopharma-
ceutical has had sufficient time to accumulate in the
targeted area, the patient is positioned on a scanning
table. A gamma camera, which can rotate around the
patient, is used to detect the gamma rays emitted by
the radiopharmaceutical. The camera captures mul-
tiple images from different angles. These images are
subsequently reconstructed, enabling the visualiza-
tion of the distribution and concentration of the ra-
diopharmaceutical within the body. Finally, the care-
ful analysis of the generated SPECT images allows
precise personalized diagnostics.

Table 1 provides a consolidated overview of 9°™Tc
radiopharmaceuticals, showcasing their respective ap-
plications, chelators, and target localizations [34—
36]. The inclusion of an extensive array of radiophar-
maceuticals serves to illustrate the versatility and
continued evolution of 9™ Tec-based compounds in the
field of nuclear medicine.

Choosing the appropriate radiopharmaceuticals
based on ??Tc is crucial in order to achieve the ac-
curate and focused imaging for various medical pur-
poses. As the field continues to evolve, ongoing re-
search and advancements in radiopharmaceutical de-
velopment are anticipated, further enriching the array
of diagnostic tools based on *™Tc.
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3. General Characteristics
and Classification of Nanomaterials
Used in Nuclear Medicine

In the domain of nuclear medicine, nanomaterials
have emerged as pivotal entities, introducing a
paradigm shift in diagnostic imaging, targeted ther-
apies, and drug delivery [37, 38]. Their unique char-
acteristics, rooted in their nano-sized dimensions and
tailored physicochemical properties, render them in-
dispensable tools in the intricate landscape of nu-
clear medicine applications. Nanomaterials, typically
falling within a size range of 1 to 100 nanometers,
exhibit distinctive properties arising from their quan-
tum scale. This size regime imparts nanomaterials
with large surface area-to-volume ratios, fostering en-
hanced interactions at the molecular and cellular lev-
els. One of their key attributes lies in the tunability
of their surface properties, allowing for modifications
that enhance biocompatibility, stability, and the abil-
ity to bind specific biomolecules [39).

Nanomaterials can be sorted into different groups
based on their dimensionality, morphology, state,
and chemical composition. Despite the different cat-
egories of NMs, proposed in literature, the gen-
erally accepted classification relies on the chem-
ical origin of their nature [40]. In this regard,
nanomaterials can be categorized into three pri-
mary groups: 1) inorganic nanomaterials (noble and
magnetic metals, non-metals); ii) organic bionano-
materials (polymers and lipids); iii) carbon-based na-
nomaterials [41].
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Table 1. 99™Tc-based radiopharmaceuticals commonly used in nuclear medicine

Radiopharmaceutical

Purpose/Application

Target/Localization

Diagnostic Modality

99mTe-SestaMIBI
99m Te-Tetrofosmin

99mTc_Pentetate (DTPA)

Cardiac imaging
(myocardial perfusion)
Cardiac imaging
(myocardial perfusion)
Renal imaging
(glomerular filtration),

Heart (myocardium)
Heart (myocardium)

Kidneys, lungs
(for pulmonary

SPECT

SPECT

Dynamic scintigraphy,
planar imaging

ventilation imaging
(pulmonary inhalation)

99mTe-Mertiatide (MAG3) Renal imaging (renal

function, renography)
99mTe_hepatobiliary iminodiacetic
acid (HIDA)

Hepatobiliary imaging

99mTe-methylene diphosphonate Bone scintigraphy
(MDP)
99mTe-macroaggregated albumin
(MAA)

99mTe-Exametazime (HMPAO)

Lung perfusion imaging

perfusion)
99m Te_sulfur colloid
99mTe-red blood cells
99m Te_Disofenin

99mTe_Pyrophosphate

Blood pool imaging
Hepatobiliary imaging

infarction)
99mTe-metaiodobenzylguanidine
(MIBG)

99mTe-Tilmanocept

99mTc_radiolabeled antibodies Targeted cancer imaging

Brain imaging (cerebral blood

Liver and spleen imaging

Cardiac imaging (myocardial

Neuroendocrine tumor imaging

Sentinel lymph node mapping

ventilation studies)

Kidneys Dynamic scintigraphy

Liver, biliary tract Planar imaging
Bones (for detection
of bone abnormalities)

Lungs (for pulmonary
perfusion studies)

Brain (for cerebral flow SPECT

studies)
Liver, spleen Planar imaging
Cardiovascular system
Liver, biliary tract
Heart (for detection

of myocardial infarction)

Adrenal glands, sympathetic | SPECT

nervous tissue
Lymph nodes Planar imaging

Specific cancer cells SPECT/PET

Each class of NMs is characterized by its own set
of pros and cons, and the choice of a suitable na-
nomaterial, radioisotope, and radiolabeling approach
is dictated by the specific medical purpose. Accor-
dingly, inorganic nanomaterials exhibit the high sta-
bility and durability, high surface area, and unique
optical and catalytic properties [42]. These make
them valuable for medical imaging and radiolabel-
ing. In the meantime, inorganic NMs may require
additional biocompatible coatings, and have the po-
tential for toxicity, which necessitates careful con-
sideration of their utilization in biomedical applica-
tions. The appeal of organic nanomaterials lies in
their unique attributes such as structural, mechan-
ical, and functional diversity, high biocompatibility
and biodegradability, minimal invasiveness, and ver-

646

satility for encapsulating and delivering both radi-
olabels and therapeutic agents. In addition, organic
NMs can be tailored for controlled radiotracer de-
livery, enhancing thereby precision of diagnostic and
treatment [43].

While inorganic nanomaterials typically result from
the precipitation of inorganic salts or the reduction
of metallic ions, organic NMs consist of self-organized
organic molecules such as lipids, proteins or polymers,
held together by relatively weak interactions, with the
notable exception of dendrimers, which represent the
single molecules [44]. Due to the nature of these inter-
actions, organic nanomaterials are dynamic systems,
which can merge, expand, and form a larger archi-
tectures. Unlike inorganic nanomaterials, which can
be as diminutive as a few atoms, the size of some or-
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ganic NMs is constrained by the dimensions of their
molecular constituents.

A special attention should be given also to car-
bon-based structures due to their fascinating phy-
sicochemical properties. Accordingly, carbon nano-
materials (CNMs) can exhibit various morphologies,
spanning from zero to three dimensions. The carbon
atoms within CNMs can exhibit different hybridi-
zation states, such as sp? or sp® hybridization [45,
46]. Within this diverse family, various structures are
encompassed, ranging from zero-dimensional exam-
ples like carbon quantum dots (CQDs) and fullerenes,
to one-dimensional forms such as carbon nanotubes
(CNTs) and carbon nanofibers (CNFs), two-dimensio-
nal sheets like graphene, and even three-dimensional
structures like carbon nanodiamonds. Carbon nano-
materials (CNMs) have demonstrated impressive per-
formance across a wide spectrum of applications,
spanning from biomedicine to the automotive indus-
try [47, 48].

4. Current Protocols
for 29™Tc Radiolabeling of NMs

The first step in design of modern %" Tc-based ra-
diopharmaceuticals relies on chemical conjugation
of technetium complexes to a desired nanomaterial.
This stage is known as the labeling procedure. In the
process of choosing a specific NM to treat a clin-
ically significant disease, by determining the label-
ing method. The process of labeling can significantly
shape the biomolecule’s behavior within a biological
context, thereby influencing the ultimate quality of
the image and the success of the diagnostic proce-
dure. Unlike the conventional labeling using PET ra-
dionuclides such as ''C, '¥F, and 1231, SPECT em-
ploys a more intricate label, which comprises a multi-
component system. This system is comprised of a
transition metal center and various inherently linked
groups, collectively forming the “core” (Fig. 3). These
metal fragments are chemical patterns defined by a
specific arrangement of atoms linked to the metal
center, shaping the creation of diverse coordination
complexes and molecular geometries.

4.1. Labeling with °°™ Tc-oxo-core

The most widely used technetium core, applied
in bio/nanopharmaceutics, is the ?°"Tec-oxo moi-
ety, [TcO(H20)4]3* [49]. Typically, complexes built

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 9

N
I

c

-
o™ Q)
O/ \O

Te-nitrido

~ 9T labeling
of NMs

Te.
o~y "0
o N
Te-HYNIC

co
Te-tris-carbonyl

Fig. 3. Main approaches for radiolabeling of nanomaterials
with 99 Tc

upon this core exhibit pentacoordination and adopt
a square pyramidal geometry, with the oxo-group in-
volved in m-bonding occupying the apex position. Six-
coordinated technetium-oxo compounds are relatively
rare, primarily due to the strong trans influence of the
0XO-group.

The stability and integrity of oxo-group are main-
tained through the contribution of 7- and o-donating
atoms derived from amino, amido, and thiolate lig-
ands, as well as tetradentate ligands falling within
the Ny_, S, coordination category [50]. These ligands
demonstrate a remarkable ability to create 2™ Tc-oxo
complexes that are considerably more stable in com-
parison to those formed by bidentate ligands. These
compounds can be synthesized either through the di-
rect reduction of the “9"Tc-pertechnetate anion in
the presence of tin chloride, which is a common ini-
tial step in the preparation of traditional 27™Tec-
radiopharmaceuticals, or through a ligand exchange
reaction with [*9™Tc]Te-glucoheptonate [51].

4.2. Nitrido technetium-99m
core for radiolabeling

Technetium nitrido complexes, [TeN(Hz0)4]?t are
identifiable by their distinctive [Te=N] multiple-bond
unit. The nitrido nitrogen atom demonstrates robust
m-electron donating capabilities. In cases where it
functions as a terminal ligand, the [Tc=N] moiety ex-
hibits a formal bond order of three [52]. This triple
bond arises from the formation of one o-bond and
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two m-bonds, with the latter emerging from the in-
teraction between the occupied p orbitals of nitrogen
and the unoccupied 4d orbitals of the metal that ex-
hibit the required symmetry. In contrast to the syn-
thesis of metal oxo-complexes, where a residual oxy-
gen atom remains bonded to the metal following the
reduction of [?™Tc|NaTcO, in an aqueous solution,
the generation of the nitrido moiety necessitates a re-
action between pertechnetate and a donor of nitrido
nitrogen atoms in the presence of a reducing agent
[563]. The process of labeling with 9™ Tec-nitrido core
is straightforward, allowing for a significant modifi-
cations, while keeping the central core intact. The
ligands attached to biomolecules are straightforward
and readily accessible in the commercial market. One
challenge, however, is the use of air-sensitive and po-
tentially harmful phosphines [54].

4.3. HYNIC labeling

HYNIC (2-hydrazinonicotinic acid) was one of the
most popular and effective bifunctional chelators used
for radiolabeling with 99" Tc [55]. This labeling ap-
proach is used preferentially for the labeling of the
peptide/protein- and nucleic acid-based nanomate-
rials [56]. HYNIC is typically attached to biomole-
cules through the formation of an amide bond. This
bond is established by reacting the amine side chains
within the biomolecule with an active ester deriva-
tive of HYNIC, such as the N-hydroxysuccinimide or
tetrafluorophenyl esters [57]. Given that HYNIC can
only coordinate to a metal through a maximum of
two donor groups (pyridyl nitrogen and hydrazine ni-
trogen), it is incapable of fully occupying the pyrami-
dal or octahedral coordination of technetium. Con-
sequently, additional co-ligands are needed to com-
plete the coordination sphere. The need for co-ligands
introduces a substantial level of flexibility in design-
ing and applying this dual-purpose chelating sys-
tem. However, it also brings about a significant de-
gree of uncertainty regarding the configuration of the
coordination sphere, and it is optimization to cre-
ate radiopharmaceuticals that offer the utmost con-
venience, efficient labeling, structural uniformity, in
vivo stability, and targeted properties.

4.4. Conjugation through °°™ Tc
tris-carbonyl nucleus

Complexes involving a low-oxidation state techne-
tium, particularly those with the metal in the +1 oxi-
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dation state, represented by the core [?9™Tc(CO)3|T,
have garnered considerable interest. This significance
arises from the compact size of these complexes and
their low-spin electron configuration (d®), which im-
parts excellent thermodynamic and kinetic stabil-
ity. In addition, it contains three fixed CO ligands
in comparison to oxygen or nitrogen in |[Te=O]3**
or [Te=N|** moieties, respectively [58|. Furthermore,
the remaining coordination sites are occupied by
three water molecules. These water molecules can
be replaced by a large variety of ligands that have
electron donors in their structure, such as amines,
imines, thioethers, thiols, carboxylates, phosphates
and phosphonates. Nonetheless, the [*™Tc(CO)3]*"
core exhibits a preference for coordinating with amine
groups rather than carboxylate groups [31]. Ty-
pically, bidentate chelators form stable 2 Tct! com-
plexes in solution, but they may display a relatively
low stability in vivo. This phenomenon can be at-
tributed to the higher lipophilicity of cationic **™Tc
radiocomplexes, a characteristic that is notably in-
fluenced by the presence of bidentate chelators. The
complexes based on 99™"Tc tris-carbonyl are excep-
tionally resilient and, generally, do not undergo de-
composition in serum or within the living organism.

5. 99mTc Conjugation
to Inorganic Nanomaterials

In the field of contemporary material nanoscience, in-
organic NMs are emerging as innovative therapeutic
and imaging assays, thanks to their unique physical
attributes, including size-dependent optical, magne-
tic, electronic, and catalytic properties [59-62]. These
nanomaterials are characterized by their high stabil-
ity, substantial surface area, adjustable compositions,
diverse physicochemical versatility, and specific bio-
logical functionalities [42, 43].

Table 2 lists the selection of ?9Tc-labeled nano-
materials with the accent on their purpose, radiola-
beling methods, and associated imaging or therapeu-
tic modalities. Some of these examples will be dis-
cussed within the present review, others are given for
illustration.

The above table encapsulates a spectrum of na-
nomaterials radiolabeled with technetium-99m, em-
phasizing their versatility in addressing challenges
in biomedicine. Each example reflects the ongoing
efforts to harness the unique properties of nano-
materials for precise diagnostics and targeted ther-
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Table 2. Nanomaterials radiolabeled with 29 Tc and their clinical applications

Nanomaterial | Radiolabeling method Clinical applications Imaging/ Thérapeutlc References
modality
Gold Direct labeling, Cancer theranostics, photothermal cancer |SPECT/CT imaging, [63, 64]
nanoparticles |thiol-based linkage therapy photothermal therapy
Iron oxide Direct labeling, Contrast agent for MRI, detection of liver [SPECT/MRI imaging |20, 65]
nanoparticles |chelation with DTPA lesions
Silica Direct labeling, Drug delivery and imaging SPECT imaging, drug delivery | [66, 67]
nanoparticles |chelation with MAG3
Magnetic Direct labeling, Cancer imaging, imaging of cardiovascular | SPECT/CT imaging, (68, 69]
nanoparticles |thiol-based linkage diseases and inflammation, magnetic magnetic hyperthermia
hyperthermia for tumor treatment
Lipid Direct labeling, Targeted drug delivery, imaging SPECT imaging, drug delivery | [70, 71]
nanoparticles |chelation with HYNIC |of lipid-based therapies
Liposomes Direct labeling, Cancer theranostics, drug delivery SPECT imaging, drug delivery | [72, 73]
chelation with HYNIC |to tumors, non-invasive imaging
of drug biodistribution
Protein-based | Direct labeling, covalent | Targeted drug delivery, imaging-guided SPECT imaging, drug delivery | [20, 74]
nanoparticles |bonding with HYNIC |therapy
Polymeric Direct labeling, covalent | Targeted drug delivery, imaging-guided SPECT imaging, drug delivery | [75, 76]
nanoparticles |bonding with HYNIC cancer therapy, detection of inflammation
and bacterial infections
Polymeric Direct labeling, covalent | Targeted drug delivery, imaging-guided SPECT imaging, drug delivery [77]
micelles bonding with HYNIC cancer therapy, detection of inflammation
and bacterial infections
Quantum Direct labeling, surface |Cellular imaging, sentinel lymph node SPECT imaging, multimodal [78, 79]
dots functionalization mapping, detection of metastatic imaging
with HYNIC cancer cells
Carbon Direct labeling, covalent | Cancer imaging, photothermal therapy SPECT/CT imaging, [20, 45]
nanotubes bonding with HYNIC for tumor ablation photothermal therapy
Dendrimers | Direct labeling, Cancer imaging, targeted drug delivery SPECT imaging, drug delivery | [80, 81]
chelation with MAG3  |to specific cells
Graphene Direct labeling, Multimodal imaging, targeted drug SPECT imaging, drug delivery,| [82, 83|
oxide thiol-based linkage delivery multimodal imaging
nanosheets
Nanogels Direct labeling, covalent | Targeted drug delivery, imaging SPECT imaging, drug delivery | [84, 85]
bonding with HYNIC  |of inflamed tissues

apeutic interventions. It is essential to acknowledge
that this table is not exhaustive, and the dynamic
nature of nanomedicine continually introduces new
developments.

5.1.9°™ Tc radiolabeling
of noble metal nanomaterials

Gold nanomaterials (AuNMs) have garnered grow-
ing attention as imaging and therapeutic agents due
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to their biocompatibility, stability, and optoelec-
tronic properties. Beyond their applications in op-
tical imaging, radiosensitization, and photothermal
therapy, these nanoparticles are capable of carry-
ing medically relevant radionuclides. This feature ex-
tends their utility to nuclear medical imaging and ra-
dionuclide therapy. Functionalized gold nanoparticles
(AuNPs) are high-contrast agents for hybrid imaging
techniques, such as SPECT alone or combined with
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CT [32]. Radiolabeled AuNMs have received a consid-
erable attention in the SPECT imaging due to their
high sensitivity, the capability for deep tissue pene-
tration, and their translational potential for clinical
use. Various radionuclides, including 2°T, 11!In, 131,
and 99™Tc, have been successfully attached to func-
tionalized AuNPs [86-88|. Furthermore, the dual in-
corporation of radionuclides, such as '2°I and !'In,
has been employed to create multimodal probes for
SPECT bioimaging.

A good wealth of reports present in literature de-
scribes the benefits of %™ Tc conjugation to AuNMs
[90-92]. Specifically, a multimeric platform composed
of 99" Tec-tagged gold NPs of 20 nm in size, conju-
gated to HYNIC-Gly-Gly-Cys-NHy and cyclic [Arg-
Gly-Asp-Phe-Lys(Cys)] peptides as novel promising
radiopharmaceutical for imaging of the a,, B3 integrin
expression, a membrane receptor, playing a key role in
tumor angiogenesis and metastasis [89]. The obtained
nanoconjugate was comprehensively characterized by
a set of analytical tools, including TEM, FTIR, UV-
vis, and Raman spectroscopy. ?*™Tc-labeled AuNPs
linked to the peptides, characterized by > 94% of ra-
diochemical purity, showed an extreme stability in hu-
man serum and profound and specific «,, B3-positive
tumor uptake during the in vivo studies.

A different methodological approach was used in
the work [90] by Xing et al. By combining var-
ious chemical protocols, the authors synthesized,
characterized and utilized 99" Tc-labeled gold nano-
particles, entrapped into poly(amido-amine) dendri-
mers. In brief, 9 Tc radiolabeling of functionalized
AuNPs was conducted via the procedure of 4,7,10-tet-
raazacyclodode-cane-1,4,7,10-tetraacetic acid chela-
tion [91]. The quantitative analysis of SPECT images
recorded at the 2 Tc dose of 400 1Ci/ml showed that
the designed radiolabeled nanosystems displayed ex-
cellent stability and cytocompatibility over the wide
concentration range both in vitro and in vivo studies
and revealed their great potential in identifying early
steps of apoptosis of the cancer cells.

A multifunctional system containing 29 Tc-labeled
mannose-functionalized Au nanoparticles was devel-
oped as nanoprobe for the sentinel lymph node de-
tection [86]. The %™ Tc radiolabeling was performed
via HYNIC assay. The results of the SPECT imag-
ing demonstrated that ?? Tc-radiolabeled AuNPs ex-
hibit the ability to track and accumulate in lymph
nodes in a way, similar to commercially available
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99mTe_sulfur colloid. The latter is a commonly em-
ployed clinical agent for sentinel lymph node detec-
tion [92]. These encouraging findings give support to
the notion that °°™Tc-AuNPs-mannose could serve
as a valuable SPECT contrast agent for lymphatic
mapping.

Santos et al. obtained 99™Tc-labeled silver tung-
state nanoparticles and evaluated their potential as a
new tool for tumor identification and uptake [93]. The
synthesis of NPs was performed through microwave-
assisted hydrothermal procedure, and radiolabeling
with 99" Tc was implemented via the standard pro-
tocol of technetium reduction achieving, thereby, the
degree of labeling exceeding 95%. The Raman spec-
troscopy and X-ray diffractometry data provided in-
sights into the structural organization of compounds
at both long and short-range scales. Additionally, the
examination of the polydispersity index (PDI) and
zeta potential indicated that silver tungstate forms
a homogeneous and stable suspension in an aqueous
medium. Biodistribution studies revealed that the na-
noparticles exhibited a preference for accumulating in
tumor tissue over normal tissues, presumably due to
the enhanced permeation and retention effect.

Successful formulation of gold nanoparticles with
99mTe and doxorubicin (DOX) for the targeted de-
livery of radiopharmaceuticals to the tumor cells
was reported in [94]. Accordingly, loading of radioac-
tive 99" Tc with DOX allows creation of multifunc-
tional Au-based nanoplatform suitable for simultane-
ous biodistribution studies and identification of early
steps of tumor cell apoptosis. Based on a set of stud-
ies of in vitro and in vitro stabilities, the authors con-
cluded that radiolabeling of AuNPs with preformed
99mTe-DOX complexes results in higher potential of
this composite radiopharmaceutical delivery platform
as compared to sequential addition of %"Tc and
DOX solutions.

Analogous approach has been applied by El-Sa-
foury et al. in [95]. Specifically, the authors synthe-
sized a novel nanoradiopharmaceutical utilizing gold
nanoparticles loaded with %" Tc and chemotherapy
drug methotrexate. The final drug delivery nano-
containers were characterized by uniform size dis-
tribution (20.3 nm), polydispersity index less than
0.5 and zeta-potential of ca. —17.6 mV. The func-
tionalized AuNPs showed high anticancer activity
against MCF-7 breast cancer cells, and high tumor
uptake in solid tumor bearing mice. The remark-
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able tumor-targeting precision and selectivity of in-
tegrated 79 Tc-Mex-AuNPs, coupled with increased
cytotoxicity, position them as a promising theranos-
tic nanoradiopharmaceuticals offering dual utility for
both tumor diagnostics and treatment.

The radiolabeling of neat and dextran-coated sil-
ver nanoparticles (AgNPs and dextran-AgNPs, re-
spectively) with 9" Tc was performed by Ashraf et
al. [96] to monitor their uptake in various organs
under SPECT v-camera. Dynamic imaging was em-
ployed to assess the quantification and biodistribu-
tion of 99™Tc-labeled nanoparticles in primary or-
gans, including the liver, stomach, kidneys, and blad-
der. Neat AgNPs exhibited high liver uptake, while
nanoparticle functionalization with dextran resulted
in delayed recognition and uptake by the reticuloen-
dothelial system and prolonged retention in the blood
pool. Notably, the clearance of nanoparticles from
various organs was rapid, ultimately leading to a more
extended relative blood pool image. These findings
suggest that dextran-coated AgNPs can persist in the
bloodstream for an extended duration.

5.2. The advances in %°™ Tc
radiolabeling of iron nanomaterials

In the past ten years, radiolabeled iron nanomaterials
have emerged as promising contrast agents suit-
able for dual-modality imaging, including PET /MRI
and SPECT/MRI. This fusion of PET (or SPECT)
with MRI provides synergistic benefits, enabling non-
invasive, high-sensitivity, high-resolution, and quan-
titative imaging [97]. Such capabilities are well-suited
for the early detection of a range of diseases, includ-
ing cancer. The labeling of iron nanoparticles relies on
a fact that reduced 9™ Tc (*9™Tc-ozo-core, 99 Tc;) )
readily interacts with either electron donor groups lo-
cated on the surface of iron nanoparticles, to form
a chelate. In the present subsection, we summarize
the recent advances on radiolabeling of iron nano-
materials with %™ Tc.

Technetium-labelled uncoated iron oxide nano-
particles (IONPs) have been synthesized and char-
acterized from the viewpoint of their behavior in
vivo with 9" Tc being utilized as an imaging agent
[98]. The labeling efficiency was estimated to over-
come 85% for *Tc with IONPs, the value being
highly efficient for biomedical procedures. Dynamic
phase images obtained using SPECT ~y-camera, illus-
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trate the absorption of radio-labeled IONPs by brain
region, occurring within the initial 15 minutes of the
study. This uptake persisted for the subsequent 3 to
4 hours, the time reasonably well-suited for potential
applications in anticancer drug delivery.

The introduction of novel type of dual modality
imaging agents, involving the direct conjugation of ra-
diolabeled bisphosphonates (BP) to the surface of ul-
trasmall superparamagnetic iron oxide nanoparticles
(USPIO-NPs), was reported in [99,100]. Specifically,
9m T PEG-BP-USPIO-NPs were developed for com-
bined MRI/SPECT multimodal imaging. Thorough
complex in vitro and in vivo studies showed high po-
tential of these new platforms as contrast agents for
MRI angiography. Furthermore, novel USPIONPs,
functionalized with BP and %°™Tc were character-
ized by extreme stability, long blood circulation time,
and require 4-fold lower dose of usage as compared to
other USPIO-NPs. These advantages allowed one to
recommend 2" Tc-PEG-BP-USPIO-NPs as perspec-
tive assays for the multimodal medical imaging.

Dextran-coated superparamagnetic iron oxide
(SPIO) nanoparticles radiolabeled with 9™ Tc were
employed as versatile imaging agents to assess the
biodistribution of NPs. This approach enabled the
authors to obtain sensitive and quantitative SPECT
data and high spatial resolution MRI images. The la-
beling efficiency and radiochemical purity of 99 Tc-
SPIO nanoparticles exceeded 95%, and the size of the
formed radiolabeled particles corresponded to ~155
nm. The synthesized ?9"Tc-SPIO-NPs were success-
fully delivered to the liver tumor either intravenously
or intra-arterially. The integrated - and SPECT-
based imaging analysis utilizing the designed nano-
systems enabled perfect identification of liver tumor
localization.

A novel trimodal contrast agent represented by
99mTe-labeled iron oxide/gold nanoparticles was de-
veloped by Motiei et al. [101]. The magnetic iron ox-
ide core was used for the enhancement of MRI sig-
nals, gold and shell provided the robust CT con-
trast, and 29 Tc was utilized to ensure SPECT imag-
ing. The formulated hybrid nanoparticles were char-
acterized by high labeling degree and radiochemical
yield paving the way for their effective application
as composite radiolabeled nanomaterial for combined
multimodal SPECT/CT/MRI imaging.

A novel theranostic nanoplatform based on
99m Te_bisphosphonate-coated magnetic nanoparticles
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(MNPs) has been prepared by Mirkovic and co-
workers [102]. Biphosphonate coating ensured bio-
compatibility, colloidal stability and further success-
ful tagging by the radionuclide. **"Tc labeling of
MNPs was achieved by standard procedure using
stannous chloride as the reducing agent. The la-
beling yield was ca. >95%. The characteristics of
the bisphosphonate-coated magnetite NPs, including
their morphology, size, structure, surface charge, and
magnetic properties, were assessed using various tech-
niques including transmission electron microscopy,
X-ray powder diffraction, dynamic light scattering,
laser Doppler electrophoresis, Fourier-transform in-
frared spectroscopy, and vibrating sample magne-
tometry. Importantly, nanoparticles were character-
ized by specific power adsorption values, signifying
their capacity for generating heat, when subjected
to an applied magnetic field. The synthesized 99 Tc-
bisphosphonate-coated MNPs preserved the stability
in saline and human serum for 24 hOgts. Ex vivo
biodistribution studies, supported by scintigraphic
techniques, substantiated the rapid uptake of 99 Tc-
MNPs in the liver and spleen shortly after intra-
venous administration in normal Wistar rats. This
behavior was attributed to the colloidal nature of
the MNPs. The above advantageous characteristics of
99mTe_bisphosphonate-coated MNPs render them ex-
tremely prospective nanotheranostic agents.

5.3. Conjugation of °°™ Tc
to silica nanomaterials

Silica nanoparticles (SNPs) exhibit significant ver-
satility and have demonstrated broad applicability
across various fields, including chemistry, biomedi-
cine, biotechnology, agriculture, environmental reme-
diation, and wastewater purification [104]. Their in-
herent characteristics, such as a mesoporous struc-
ture, high surface area, adjustable pore size, bio-
compatibility, modifiability, and compatibility with
polymers, contribute to their expanding range of po-
tential applications. SNPs are non-toxic and can be
safely used in biomedical research. Furthermore, their
ability to host molecules on both internal and ex-
ternal surfaces makes them excellent carriers for a
wide range of compounds, whether biological or non-
biological.

In pursuit of this, a novel drug delivery system
based on magnetic core-mesoporous silica NPs, has
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been created, characterized, and assessed in vivo by
Portilho et al. [104]. The nanoparticles were doped
with dacarbazine and labeled with technetium-99m,
making them suitable for use as nano-imaging agents
for early and differential diagnosis of cancer us-
ing SPECT technique. In wvivo cytotoxicity studies
showed high uptake of the developed structures by
liver and spleen. The analysis of NPs administration
indicated that this drug delivery system effectively
reached the tumor through both systemic and intra-
tumoral routes.

The synthesis, characterization and radiolabeling
with technetium-99m of mesoporous silica nanopar-
ticles (MSNs) suitable for in vivo applications, was re-
ported in [105]. A detailed physicochemical and struc-
tural analysis with the utilization of thermogravimet-
ric analysis, Fourier transform infrared spectroscopy,
zeta potential, scanning electron microscopy, low-
angle X-ray diffraction and transmission electron mi-
croscopy (TEM) techniques, confirmed that the size,
morphology, radiochemical yield, and main character-
istics of 22" Tc-MSNs were suitable for in vivo admin-
istration. The results of biodistribution and scinti-
graphic analysis showed high uptake of MSNs by
liver. Notably, the particles also demonstrated sig-
nificant uptake in the lungs, as indicated by a high
lung-to-non-target tissues ratio. This high specificity
of 99mTc-MSNs for pulmonary tissue highlights their
potential for theranostic applications, particularly for
drug delivery.

Silica nanoparticles labeled with technetium-99m
find application in the diagnostics of inflammatory
diseases as effective imaging agents. Accordingly, the
potential of 99" Tc-labeled mesoporous silica nano-
particles loaded with either betamethasone or dex-
amethasone, in the treatment and diagnostics of in-
flammation process, was evaluated in [106]. The for-
mulated 29" Tc-MSNs were characterized by a high
degree of labeling, good pharmacokinetic profiles, and
low cytotoxicity. The results of biodistribution stud-
ies in Wistar rats indicated that %*™Tc-labeled meso-
porous silica nanoparticles readily visualize the in-
flammation site with a high accumulation in the in-
flammatory site with substantial renal clearance.

Radiolabeling of manganese oxide-based mesopo-
rous silica nanoparticles (Mn-MSNs) by technetium-
99m to develop a novel hybrid imaging agent, was re-
ported in [107]. In brief, a potential of newly synthe-
sized 99" Tc-Mn-MSNs as a novel dual-modal imag-
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ing agent for pH-responsive MRI and SPECT stud-
ies was estimated. The 9°™Tc-Mn-MSNs nanoprobes
exhibited increased values of T1-weighted MRI relax-
ivity within the acidic tumor microenvironment and
demonstrated exceptional stability and high radiola-
beling efficiency. Moreover, in vivo MRI and SPECT
imaging of tumor-bearing mice clearly revealed im-
proved T1-MRI and SPECT imaging of tumors, ef-
fectively combining the high spatial resolution of
MRI with the outstanding sensitivity of SPECT. Fur-
thermore, the developed nanostructures had the ca-
pacity to deliver anti-cancer drugs and release them
directly at the tumor site. Collectively, these find-
ings establish ??*Tc-Mn-MSNs-PEG as an ideal na-
notheranostic platform with promising applications
in both biological imaging and therapy.

An innovative approach was developed to stream-
line the sentinel node biopsy examination through
the dual-modal imaging, combining the radioactive
and near-infrared fluorescent tags for visualization
of deeply located sentinel nodes with anatomical
precision in the surgical environment. To achieve
this, the polyamidoamine (PAMAM)-coated silica na-
noparticles simultaneously loaded with technetium-
99m and indocyanine green have been engineered
[108]. Based on the results of the animal studies,
the authors concluded that the labeling of the na-
noparticles both with ™ Tc and indocyanine green
had the synergistic effect. The surface-functionalized
silica nanoparticles provided real-time visualization
of sentinel lymph nodes, utilizing low concentrations
of 9" Tc and indocyanine green. This innovative ap-
proach has the potential to optimize the sentinel
lymph node biopsy procedures and offers a novel
method for targeting metastatic cells for both imag-
ing and therapeutic purposes.

6. Labeling of organic
nanomaterials with 2™ Tc

The labeling of organic bionanomaterials with 9™ Tc
represents a crucial aspect in the realm of nuclear
medicine, offering a powerful tool for precise and
targeted imaging. Organic bionanomaterials, includ-
ing polymers, lipid- and protein-based nanoparticles,
lipid vesicles, and dendrimers, exhibit inherent ver-
satility and tunable properties that make them inte-
gral components for developing advanced radiophar-
maceuticals and imaging agents. The process of la-
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beling involves the incorporation of ?°™Tc into or-
ganic bionanomaterials, thereby enhancing their diag-
nostic potential. This radiolabeling approach serves
as a bridge between the unique properties of or-
ganic nanomaterials and the versatile applications of
technetium-99m in nuclear medicine. The advantages
of labeling organic bionanomaterials with **™Tc are
manifold. First, it facilitates accurate and targeted
imaging, allowing for the visualization of specific tis-
sues or molecular targets within the body. The short
half-life of %™Tc ensures a rapid decay, resulting
in substantially reduced radiation exposure for pa-
tients. Moreover, the incorporation of **™Tc into or-
ganic bionanomaterials aligns with the principles of
multimodal imaging. This allows for the simultane-
ous acquisition of various types of imaging data, pro-
viding a comprehensive and detailed understanding of
the biological processes under scrutiny. In the context
of theranostics, where imaging and therapeutic capa-
bilities converge into a single platform, the radiolabel-
ing of organic bionanomaterials with 9 Tc becomes
particularly impactful. It opens avenues for not only
precise diagnostics, but also potential therapeutic ap-
plications, exemplifying the paradigm of personalized
medicine. The utilization of technetium-99m in label-
ing organic bionanomaterials underscores the synergy
between nanotechnology and nuclear medicine. This
powerful combination contributes to the ongoing evo-
lution of healthcare practices, offering innovative so-
lutions for disease detection, monitoring, and treat-
ment. As we delve into specific examples of 2°™Tc
labeling of organic bionanomaterials, we unravel the
potential of this approach in shaping the future land-
scape of nuclear medicine.

6.1. Lipid-based nanomaterials

Lipid nanomaterials, involving lipid nanoparticles
and liposomes, are defined as organic nanomaterials
that consist of lipid bilayers or monolayers enclos-
ing an aqueous core or a solid lipid matrix, respec-
tively. Lipid NMs have various advantages for nu-
clear medicine applications, such as biocompatibility,
biodegradability, multifunctionality, and easy func-
tionalization. They can be used for delivering thera-
peutic radioisotopes and imaging agents to targeted
tissues, as well as for enhancing the contrast and res-
olution of nuclear imaging modalities. Labeling of li-
posomes and lipid nanoparticles with 9 Tc is a pro-
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cess that involves the attachment of radioisotope to
the surface or the core of liposomes and lipid nano-
particles, either directly or indirectly, using various
methods and techniques.

The conjugation of lipid NMs with 9 Tc can en-
hance their imaging and therapeutic capabilities, as
well as provide information on their biodistribution,
pharmacokinetics, and biodegradation. It can also fa-
cilitate the development of theranostic liposomes and
lipid nanoparticles, which can combine diagnostics
and therapeutics within a single platform. The label-
ing of liposomes and lipid nanoparticles with ?™Tc
can be achieved by different methods, such as the di-
rect labeling, indirect labeling, and pre-labeling, de-
pending on the nature and composition of the lipo-
somes and lipid nanoparticles and the desired stabil-
ity and specificity of the radiolabel. Direct labeling
involves the direct binding of 9™ Tc to the functional
groups or the metal ions on the surface of liposomes
and lipid nanoparticles, using chelating agents or co-
valent bonds. The indirect labeling based on the use
of bifunctional chelators or linkers, which can bind
to both the 9" Tc and the liposomes and lipid na-
noparticles, forming a stable complex. Pre-labeling
relies on the synthesis of liposomes and lipid nano-
particles using **™Tc-containing precursors, resulting
in the incorporation of radioisotope into the core or
the shell of liposomes and lipid nanoparticles. The
labeling degree of can be influenced by various fac-
tors, such as the type and activity of the %*™Tc, the
type and size of the liposomes and lipid nanoparticles,
the labeling method and technique, the reaction con-
ditions and parameters, the purification and qual-
ity control methods, and the storage and stability
conditions.

The attachment of technetium-99m to the lipid-
based NMs can be used as an effective tool for a va-
riety of clinical applications, such as oncology, car-
diology, neurology, and infection imaging, as well
as radioisotope therapy. Specifically, the conjugation
of liposomes with for the evaluation of colitis in
Crohn’s disease has been described by Brouwers et
al. [109]. In this study, polyethylene glycol (PEG)-
coated liposomes were labeled with 99™Tc using the
[99mTe(CO)3(H20)3]T precursor, which binds to the
thiol groups on the liposome surface. The labeled
liposomes were injected intravenously into patients
with Crohn’s disease and healthy volunteers, and
their biodistribution and accumulation in the in-
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flamed colon were assessed by SPECT. The results
showed that the ?°™Tc-labeled liposomes had a long
circulation time and a high uptake in the inflamed
colon, indicating their potential for the diagnosis and
monitoring of colitis.

In turn, the work [110] describes the labeling of
lipid nanoparticles with technetium-99m for the de-
tection of sentinel lymph nodes. Accordingly, solid
lipid nanoparticles (SLNs) were labeled with 99™Tc
using the stannous chloride method, which reduces
the 99 Tc-pertechnetate to 9 Tc-colloid, which then
binds to the lipid matrix of the SLNs. The %9™Tc-
labeled SLNs were injected subcutaneously into the
footpad of rats, and their migration and localiza-
tion in the sentinel lymph nodes were evaluated by
SPECT. The results showed that the %*™Tec-labeled
SLNs had a high labeling efficiency and stability, and
a rapid and specific migration to the sentinel lymph
nodes, indicating their potential for the detection of
sentinel lymph nodes in cancer staging.

Studies by Sun et al. explored the direct labeling of
liposomes with 29 Tc using a hydrazinonicotinamide
(HYNIC) derivative [111]. This method achieved a la-
beling efficiency of over 90% and demonstrated stabil-
ity for up to 24 hours. However, the potential for non-
specific binding of the radioisotope to surface compo-
nents necessitates further optimization.

The distribution of lipid NPs containing edelfos-
ine, a powerful antitumor agent with severe adverse
effects, was investigated after administration through
three different routes: oral, intravenous (IV), and in-
traperitoneal (IP) [112]. To enable the tracking, the
LNPs were labeled with 99mTc. IV administration of
the radiolabeled LNPs led to fast elimination from the
bloodstream and increased deposition in reticuloen-
dothelial organs. Unfortunately, oral administration
did not provide significant biodistribution data due to
the formation of large radiocomplexes in the presence
of gastrointestinal fluids. However, when the LNPs
were administered via the IP route, they reached the
systemic circulation. Remarkably, this route provided
a more stable maintenance of the level of edelsofine-
loaded LNPs in blood when compared to the IV
route. Based on these findings, the authors propose
that the IP route may be a feasible option for main-
taining therapeutic drug levels in the bloodstream
while avoiding excessive deposition in RES organs.

The focal point of the study [113] centered on for-
mulating solid lipid nanoparticles loaded with cur-
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cumin (C-SLNs) followed by subsequent labeling with
99mTec. The synthesis of these nanoparticles involved
meticulous application of microemulsion and ultra-
sonication techniques, laying the groundwork for an
investigation into the role of C-SLNs in liver-spleen
scintigraphy. In vivo studies were conducted on New
Zealand rabbits utilizing scintigraphic techniques,
with a comparative analysis made against Phytate
colloid, a conventional choice for liver-spleen scintig-
raphy. Through a detailed examination of the ob-
tained images and biological distribution data, a sig-
nificant uptake of the labeled C-SLNs in the liver
and spleen was evident. These findings suggest that
99mTc-labeled C-SLNs exhibit substantial potential
as an imaging agent, particularly serving as an inno-
vative radiopharmaceutical alternative for liver and
spleen imaging in colloid scintigraphy, thereby poten-
tially revolutionizing the realm of diagnostic imaging.
The use of radiopharmaceutical based on 99mTec-
labeled lipid vesicles for detection of the areas
of inflammation and infection was reported in
[114]. In that study, the uptake and imaging capa-
bilities of stealth pH-sensitive liposomes labeled with
technetium-99m via HMPAO complex, for detecting
infection sites in mice were evaluated. These 99mTc-
labeled stealth pH-sensitive liposomes were injected
to mice with infections caused by Staphylococcus
aureus in their right thigh muscles. Biodistribution
studies and scintigraphic imaging were performed at
various time intervals after the radiopharmaceutical
injection. The results showed that radiolabeled lipo-
some formulations showed significant uptake in the
abscess compared to the control. The abscess was vis-
ible as early as 0.5 h after the injection of lipid vesi-
cles, and its visibility increased over time. These find-
ings emphasize the potential of 99 Tc-labeled stealth
pH-sensitive liposomes as a promising radiopharma-
ceutical for detecting infection sites in patients.

6.2. Protein nanomaterials

Proteins nanomaterials are emerging as another ex-
citing class of organic bionanomaterials for *°™Tc la-
beling. Their inherent biocompatibility and ability to
interact specifically with biological targets make them
ideal candidates for developing targeted diagnostic
tools. However, labeling proteins with ™ Tc presents
unique challenges due to their complex structures and
potential sensitivity to harsh labeling conditions.
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Human serum albumin (HSA-NPs) nanoparticles
have emerged as the most widespread in the realm
of 99" Tc labeling within the field of organic biona-
nomaterials. Their dominance can be attributed to a
unique confluence of factors:

® Biocompatibility and safety: HSA is a naturally
occurring protein found in human blood, renowned
for its exceptional biocompatibility and minimal im-
munogenicity. This translates to minimal side effects
and a high safety profile for patients undergoing di-
agnostic procedures with 99mTc-labeled HSA nano-
particles.

e Efficient labeling: HSA possesses reactive amino
acid residues on its surface, offering ideal binding sites
for 99mTc chelators. This allows for efficient labeling
using various strategies, such as direct labeling or bio-
conjugation with bifunctional chelators. Studies by
Straub et al. exemplify this, achieving successful la-
beling of HSA nanoparticles with 99mTc using a mer-
captoacetyl triglycine (MAG3) chelator [115]. This ef-
ficient labeling ensures a high radiochemical yield,
maximizing the amount of usable radiotracer for di-
agnostic imaging.

o Versatility and targeting: HSA nanoparticles can
be readily modified to incorporate targeting moieties
such as peptides or antibodies. This empowers them
to home in on specific tissues or diseased cells. For in-
stance, the development of ?*™Tc-labeled HSA nano-
particles conjugated with an integrin-targeting pep-
tide has been explored [116]. These targeted nano-
particles demonstrated a significantly higher uptake
in tumors compared to non-targeted counterparts,
highlighting the potential for enhanced diagnostic ac-
curacy.

e Established niSlinical applications: HSA nano-
particles labeled with 99mTec, often commercially
available as NanoAlbumon, have become the gold
standard for sentinel lymph node (SLN) scintigra-
phy in various cancers, particularly breast cancer and
melanoma [117]. This established clinical application
underscores the efficacy and safety of 99" Tc-labeled
HSA nanoparticles in real-world medical settings.

Various other protein-based nanomaterials have
been successfully radiolabeled with technetium-99m,
showcasing their versatility and potential applications
in molecular imaging. In a study by Blankenberg et
al., annexin V, a protein known for its high specificity
for apoptotic cells, was conjugated with **™Tc to en-
able the identification and quantification of apopto-
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sis events in vivo [118]. The labeling process involved
annexin V functionalization with HYNIC, leading to
the formation of 99mTc-HYNIC-annexin V. This ra-
diolabeled protein exhibited rapid elimination from
the bloodstream, with a half-life of approximately
3-7 minutes, allowing for early radionuclide imaging
within 60 minutes after intravenous administration in
mice and rats. The rapid clearance of annexin V ac-
curately reflected phosphatidylserine expression and
apoptotic activity in the specific tissue or organ at
the moment of injection.

Another study by Yang and colleagues focused on
the radiolabeling process of self-assembled protein
nanoparticles constructed from engineered polypep-
tides with His-tags for °°™Tc labeling through the
tricarbonyl core [119]. Liang et al. took a different
approach by radiolabeling H-ferritin-based nanocages
with 99mTc, utilizing a chelator conjugated with
MAGS3 through an NHS ester [120].

The application of %9 Tc-labeled aprotinin in iden-
tifying cardiac amyloidosis was elegantly reviewed in
[121]. The study highlighted the potential of 99™Tc-
labeled aprotinin as a promising radiopharmaceutical
for imaging cardiopulmonary amyloidosis. The au-
thors speculated that 29 Tc-labeling of recombinant
aprotinin, as opposed to the native peptide, could
substantially increase the affinity of the radiophar-
maceutical for amyloid fibrils, though further studies
are required to validate this assumption.

Silk fibroin nanoparticles loaded with doxorubicin
and radiolabeled with ?°™Tc were prepared to eval-
uate the efficacy of the drug carrier system in cellu-
lar uptake studies [122]. These nanoparticles demon-
strated high in vitro stability, and cellular uptake
studies on C-6 and LN-229 cell lines revealed that
99mTe-fibroin-DOX formulations exhibited greater
uptake in comparison to free doxorubicin. This under-
scores the potential of radiolabeled silk fibroin nano-
particles as highly effective imaging agents and drug
carriers for brain delivery.

6.3. Dedrimers

Dendrimers are organic nanomaterials that have a
branched, tree-like structure, with a core, branches,
and terminal groups. Dendrimers have various advan-
tages for nanomedicine applications, such as biocom-
patibility, multifunctionality, and easy functionaliza-
tion. They can be used for delivering therapeutic ra-
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dioisotopes and imaging agents to targeted tissues, as
well as for enhancing the contrast and resolution of
nuclear imaging modalities.

Currently, two primary strategies are employed to
address this challenge:

i) surface modification: attaching chelator mo-
lecules directly onto the dendrimer surface offers a
straightforward approach. Studies by Lee et al. de-
monstrate this method, achieving successful la-
beling of polyamidoamine (PAMAM) dendrimers
with 99" Tc using a hydrazinonicotinamide (HYNIC)
derivative [123]. However, this method might suffer
from potential steric hindrance due to the dense sur-
face packing.

ii) core modification: incorporating chelator moie-
ties directly into the dendrimer core during synthesis
offers another approach. This strategy ensures opti-
mal accessibility of the chelator for 9™Tc labeling.
Research by Agashe et al. exemplifies this approach,
where they synthesized the carbohydrate-coated
poly(propylene imine) dendrimers for efficient 99mTc
labeling [124].

The utilization of ??™Tc-labeled citric acid den-
drimers for targeted imaging of vascular endothelial
growth factor in breast cancer was documented in
a study [125]. In wvitro cytotoxicity assessments af-
firmed the non-toxic nature of the resultant radiola-
beled nanomaterials in normal cells, while revealing
dose-dependent toxicity against cancer cells. SPECT
imaging was employed to observe the in vivo accumu-
lation of dendrimer-based nanomaterials at the tumor
site, clearly indicating a substantial buildup of the
radiotracer in the tumor region. These outcomes sup-
port the potential efficacy of these radiolabeled nano-
systems as effective radiotracers for cancer diagnosis.

A novel radiotracer for early detection of cardiac
ischemia was developed through the synthesis of com-
posite dendrimer-peptide nanoplatforms [126]. Mu-
tant variants of pyroglutamate helix B surface pep-
tide were conjugated to PEGylated dendrimer-G2
and subsequently labeled with technetium-99m to
detect pathological regions. The resulting conjugate
exhibited high purity, labeling efficiency, and sta-
bility. Moreover, the dendrimer-based radiopharma-
ceutical demonstrated statistically significant affin-
ity for binding to the surface of hypoxic cells. Bio-
distribution studies on the prepared °°Tc-nano-
conjugate indicated elevated uptake in the cardiac
ischemic region, suggesting the potential of 99 Tc-
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PEGylated dendrimer-G2-peptide as a valuable radi-
olabeled nanostructure for SPECT cardiac ischemic
imaging, thereby opening new avenues in the field of
diagnosis.

7. Carbon Nanomaterials
Radiolabeled with 29 T¢

In the field of nuclear medicine, the quest for in-
novative materials with superior imaging and ther-
apeutic capabilities has led to a growing interest
in the unique properties of carbon-based nano-
materials. Carbon nanomaterials (CNMs) are a di-
verse family of carbon allotropes with nanoscale di-
mensions and unique physical and chemical prop-
erties. They include fullerenes, carbon nanotubes,
graphene, nanodiamonds, carbon dots, and other
carbon-based nanostructures. Carbon nanomaterials
have been widely explored for various applications in
electronics, optoelectronics, photovoltaics, catalysis,
sensing, biomedicine, just to name a few [127]. The
potential of CNMs can be magnified exponentially
when integrated with radiolabeling techniques. This
integration empowers carbon nanomaterials to serve
as carriers for radioisotope, such as 29 Tc, thus ex-
panding the horizons of molecular imaging and tar-
geted treatments, while offering an innovative ap-
proach for tackling pressing challenges in health-
care. Labeling carbon nanomaterials with **™Tc rep-
resents a highly promising approach to harness the
synergistic advantages of both constituents for appli-
cations in diagnostics and therapeutics. The utiliza-
tion of ??Tc-labeled carbon nanomaterials offers a
unique opportunity to gain real-time insights into the
precise localization, distribution, and accumulation of
these nanocarriers and their cargo within the human
body, while simultaneously enabling the monitoring
of their pharmacokinetics and pharmacodynamics.

One fundamental aspect of understanding and cat-
egorizing the carbon nanomaterials lies in consider-
ing their dimensionality [128]. These materials can be
broadly classified into four distinct categories based
on their structural dimensions:

i) zero-dimensional carbon mnanomaterials
(0D CNMs). In this category, carbon nano-
materials are characterized by their confinement to
the nanoscale in all three dimensions. Prominent ex-
amples of 0D CNMs include fullerenes, carbon dots,
and quantum dots. These materials exhibit intrigu-
ing quantum properties and find applications in nano-
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scale electronic devices, drug delivery, and as contrast
agents in bioimaging.

ii) one-dimensional carbon nanomaterials
(1D CNMs). The materials in this class extend be-
yond the nanoscale in one dimension while maintain-
ing nanoscale dimensions in the other two. Carbon
nanotubes (CNTs) are perhaps the most renowned
representatives of 1D CNMs. These cylindrical struc-
tures exhibit remarkable mechanical strength and ex-
ceptional electrical conductivity, making them valu-
able in applications like nanocomposites, sensors, and
nanoscale electronics.

iii) two-dimensional carbon nanomaterials
(2D CNMs). 2D CNMs are characterized by their
ultra-thin, nanoscale thickness. Graphene, a single
layer of carbon atoms arranged in a hexagonal lat-
tice, stands as a quintessential example in this cat-
egory. Graphene’s extraordinary electrical and ther-
mal conductivity, mechanical strength, and high sur-
face area have spurred innovations in fields such as
flexible electronics, energy storage, and composite
materials.

iv) three-dimensional carbon nanomaterials
(3D CNMs). These materials encompass a broad
range of structures with dimensions extending into
the macroscopic realm, such as fibers, powders, poly-
crystalline structures, and multilayered configura-
tions. Comprising a diverse mix of 0D, 1D, and 2D
CNMs as building blocks, 3D CNMs offer unique ad-
vantages, including large surface areas and low densi-
ties. As a result, they hold great promise in applica-
tions such as supercapacitors, catalyst supports, and
lightweight structural materials.

This section aims to provide an overview of the
current state-of-the-art of the labeling of carbon na-
nomaterials with %°™Tc, focusing on the synthesis
methods, labeling mechanisms, physicochemical char-
acterization, biological evaluation, and clinical appli-
cations of 99 Tc-labeled CNMs.

7.1. Fullerenes and quantum dots

Carbon quantum dots, which are nanometer-sized
carbon nanoparticles, and fullerenes, particularly the
archetypal Cgg molecule, have gained prominence
due to their exceptional attributes, including tun-
able optical properties, biocompatibility, high stabil-
ity, good conductivity, low toxicity, and versatile sur-
face chemistry [129-131]. These characteristics make
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them ideal candidates for radiolabeling and use in var-
ious nuclear medicine applications, ranging from di-
agnostic imaging modalities to innovative therapeutic
approaches.

The potential of citrate- and polyethylenimine-
capped carbon dots (C-CQs and PEI-CQDs, re-
spectively) radiolabeled with technetium-99m, to
serve as nanoagents was evaluated by Bayoumi and
Emam [132]. The conjugation of the radioisotope
to the CQDs was achieved by utilizing the sodium
borohydride as a reducing agent. The biodistribu-
tion and tumor-targeting efficiency of the resul-
tant radiolabeled CQDs were assessed in an Ear-
lich ascites tumor mouse model. Both types of
99mTe_labeled CQDs exhibited high radiochemical
yields and demonstrated remarkable stability. No-
tably, 99" Tc-PEI-capped CQDs exhibited superior
efficiency in targeting tumors when compared to
99mTe-citrate-capped CQDs. These findings suggest
that PEI-capped CQDs hold great promise as a nano-
platform for the targeted delivery of " Tc to tumor
sites for the SPECT-based imaging.

Nanographene quantum dots (N-GQDs) were
synthesized and subjected to radiolabeling with
technetium-99m to facilitate the radiolabeling pro-
cess of various ligands, addressing common chal-
lenges encountered in the ?9"Tc radiolabeling pro-
cedure, such as solvation and radioisotope binding is-
sues [133]. Due to the exceptional water dispersion
properties, N-GQDs and ligand-(N-GQD) conjugates
exhibit solubility in aqueous solutions, thereby en-
abling the radiolabeling of water-insoluble ligands
with 99™Tec. The results obtained demonstrated that
99mTe could efficiently label N-GQDs, yielding a high
radiochemical purity. The %™Tc-(N-GQDs) not only
exemplified the radiolabeling potential of N-doped
graphene quantum dots but also showcased its ap-
plicability in contexts where N-GQDs are utilized for
biomedical studies. Specifically, the renal system was
found to play a significant role in the clearance of
99mTe-(N-GQDs), as indicated by dosimetry studies,
thus underscoring the importance of kidney as a crit-
ical organ in this context. It was proposed that N-
GQDs could serve as a promising nanoplatform for
enhancing solubility and radioisotope binding capa-
bilities through the preparation of ligand-(N-GQDs)
assemblies.

Ghoreishi et al. reviewed the effect of CQDs on
the chemical properties of 99 Tc [134]. Accordingly,
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the authors suggested that CQDs may act as reduc-
ing agents to the radioisotope and represent thereby
an alternative to stannous chloride, a widely used
99mTe reducing agent. Indeed, the reducing impact
of CQDs was validated through fluorescence spec-
troscopy, SPECT and biodistribution analysis. Fur-
thermore, it was shown that the time of interaction,
the amount of ligand and CQDs concentration affect
the radiolabeling outcome.

Roeinfard et al. designed a novel nanoradiotracer
based on labeling of selenium-functionalized PEGy-
lated graphene quantum dots (GQDs) with %°™Tc
[135]. It was shown that introduction of selenium
atoms during decoration of GQDs facilitates the la-
beling efficiency. Subsequent biodistribution studies
revealed that GQDs exhibited a notably greater ac-
cumulation in the kidneys compared to other or-
gans. This observation signifies a promising avenue
for further research of **™Tc-GQDs as nanoradio-
pharmaceuticals, with potential applications in diag-
nosis, treatment, and medical imaging. The in vivo
imaging aspects of this research are currently under
investigation.

In their turn, Bastos and co-workers aimed their
research at assessing the pharmacokinetics of GQDs,
radiolabeled directly with technetium-99m, adminis-
tered intravenously to Wistar rats [136]. This eval-
uation was conducted under two distinct tempo-
ral conditions: short-term and long-term ones. The
authors postulated that the pharmacokinetic anal-
ysis conducted over an extended period offers en-
hanced precision and reliability. Employing a bicom-
partmental model, the long-term analysis discerns
and accommodates each pharmacokinetic phase as-
sociated with the introduction and subsequent dis-
position of GQDs within the biological systems. Mo-
reover, the data underscore that short-term analy-
sis may yield distorted pharmacokinetic parameters,
potentially leading to erroneous interpretations. In
view of these findings, the significance of evaluating
the pharmacokinetics of GQDs over extended time-
frames, was highlighted, since it yields more mean-
ingful insights when compared to assessments over
shorter durations. The adoption of a comprehensive,
long-term perspective in pharmacokinetic investiga-
tions of 22" Tc-GQDs contributes to the robustness
and accuracy of the data, thereby enhancing the re-
liability of their applications in the field of nuclear
medicine and beyond.

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 9



Technetium-99m: a Nanomaterial Perspective

A novel method for rapid direct 29™Tc-radiola-
beling of GQDs was developed to encompass the
comprehensive characterization of graphene quantum
dots with a focus on their in wvivo biological per-
formance in distinct murine models, and an evalu-
ation of in vitro mutagenicity [137]. The conjugation
of technetium-99m with GQDs allowed shedding light
on the molecular mechanism of oxidative stress under-
lying the exposition to the examined quantum dots as
well as on the biodistribution patterns of these nano-
materials in healthy and pathological organs.

Another type of 0D carbon-based nanomaterials
is represented by fullerenes. This class of nanostruc-
tures has emerged as promising and beneficial agents
in the field of nuclear medicine. They have unique
features, such as spherical shape and ability to be
functionalized in various ways.

The aim of work [138] was to understand the bio-
distribution of Cgo(OH).(O),, a water-soluble Cgg
derivative, that can act as a medicinal agent or a drug
carrier. The derivative was labeled with %*™Tc and
its distribution and metabolism in mice and rabbits
were measured by using the y-counter and SPECT
methods. The results showed that the labeled com-
pound was quickly absorbed by the tissues, and ac-
cumulated in several parts of the body, such as the
skull, chest, spine, bones, liver, and spleen. However,
the elimination process was slow in all tissues, except
the brain. The main elimination route was through
the urine and feces. The authors concluded that fur-
ther studies are highly recommended to understand
the biodistribution profile of radiolabeled fullerenes.

Analogous study was conducted by Qingnuan
et al. [139]. Accordingly, Cgoderivative Cgo(OH),
was synthesized and labeled with %9™Tc to as-
sess the biodistribution and metabolic behavior of
fullerene. The introduction of radioisotope did not
change the biological characteristics of Cgo(OH), so
the results obtained for % Tc-Cgo(OH)x likely serve
as a reliable indicator of the biological behavior of
Cg0(OH),.. The examined nanostructures were found
to accumulate mainly within liver, spleen, and bone,
the finding being attributed to the fact that small
particles are identified and sequestered by reticu-
loendothelial cells, thereby resulting in their reten-
tion within these specific organs. It is noteworthy
that empty fullerols and similar polyhydroxylated
compounds were shown previously to exhibit a pro-
nounced affinity for cortical bone [140]. Overall, this

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 9

work provides compelling evidence supporting the
viability of 99™Tc-Cgo(OH)z and analogous nano-
materials as prospective therapeutic agents for the
treatment of conditions such as leukemia, bone can-
cer, and bone pain. Leveraging their favorable chem-
ical and biological attributes, fullerene derivatives
have the potential to enhance drug efficacy while mit-
igating toxicity. This is achievable through strategic
amalgamation of fullerene with therapeutic agents
and the incorporation of targeting functional groups
designed to facilitate direct drug delivery to specific
target tissues.

Empirical support for direct encapsulation of 2*™Tc
into Cgp and C7y during the formation of fullerenes
was reported in [141]. The results of this study un-
derscore the viability of ultra-sensitive radioactivity
detection methodologies for discerning of endofullere-
nes. The encapsulation of radionuclides within a car-
bon cage holds the potential to facilitate their non-
reactive transit through biological systems. By incor-
porating an appropriate antibody label, the radionu-
clide can be efficiently transported to the target site
with minimal interaction between the radiolabel and
the antibody.

In the present context, special attention should
be given to the discussion of the so-called Techne-
gas [142]. Technegas is a radiopharmaceutical used
in nuclear medicine for pulmonary ventilation imag-
ing. It is primarily employed in the evaluation of
lung ventilation and can be instrumental in diag-
nosing a range of pulmonary conditions, particu-
larly in patients with lung disorders. Technegas con-
sists of ultrafine carbon particles, labeled with the
technetium-99m [143]. When inhaled by the patient,
these tiny radioactive particles disperse uniformly
throughout the lungs, following the natural airflow
patterns. This allows for the visualization of lung ven-
tilation and the detection of irregularities or blockages
in the airways. Technegas imaging is often used to
assess lung function and to diagnose conditions such
as pulmonary embolism, lung perfusion defects, and
other disorders affecting lung ventilation. The advan-
tage of using Technegas lies in its ability to provide
high-resolution images of lung ventilation with mini-
mal radiation exposure, making it a valuable tool in
the diagnosis and management of lung-related medi-
cal conditions [144]. The characterization of Techne-
gas composition and structure has undergone var-
ious interpretations and methodologies throughout
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the years. In the early 1990s, Mackey et al. utilized
a gamma camera to capture the transient, dynamic
formation of Technegas during its evaporation stage
from a graphite crucible [143]. Their observations re-
vealed that Technegas was generated in a pulsed man-
ner at temperatures near 2500 °C, with a thresh-
old for generation at approximately 2250 °C. This
process occurred concurrently with the vaporization
of 99"Tc atoms and the crystalline graphitic layers
of the crucible. The intriguing possibility was pro-
posed that 9" Tc could integrate into fullerenes. Sub-
sequently, Mackey et al. confirmed the presence of
Cgo fullerene and other fullerenes by subjecting the
gas to negative-ion laser desorption Fourier transform
mass spectrometry, where it was collected as a film
on a stainless-steel substrate. It was postulated by
Mackey et al. that the fullerene structures formed
during the Technegas generation process might un-
dergo transformation into metallofullerenes, wherein
a technetium atom attaches to the fullerene either in
an endohedral or exohedral form [143].

However, the detection and confirmation of fulle-
renes in Technegas have not been consistent across
different studies, and the debate continues. Some re-
searchers have raised questions about whether the
primary particles in Technegas contain fullerenes or
whether fullerenes are present but undetectable us-
ing conventional techniques [145, 146]. While there
have been suggestions and studies proposing the pres-
ence of fullerenes in Technegas, the definitive confir-
mation remains a topic of ongoing research and scien-
tific inquiry. Further studies and advancements in an-
alytical techniques may provide more conclusive evi-
dence regarding the presence or absence of fullerenes
in Technegas.

7.2. Graphene

Graphene is a one-atom-thick layer of carbon atoms
arranged in a hexagonal lattice. Graphene has many
remarkable properties, such as high stability, good
conductivity, low toxicity, environmental friendliness,
and tunable optical properties [147, 148]|. Its excep-
tional electrical, thermal, and mechanical proper-
ties, along with its versatile surface chemistry, en-
abled graphene exploration for applications in various
fields such as optoelectronics, photovoltaics, sensing,
biomedicine, and others. Labeling of graphene with
radioactive isotopes, such as technetium-99m, is a
promising strategy to combine the advantages of both
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graphene and radiotracers for diagnostic and thera-
peutic applications, and to form novel radiotracers for
nuclear medicine multimodal imaging [149].

The antibacterial activity of graphene oxide (GO)
sheets against Gram-positive bacteria, such as
Staphylococcus aureus, was evaluated [149] through
the radiolabeling of GO with technetium-99m. To as-
sess the in wivo performance of **™Tc-labeled GO,
the biodistribution studies were conducted in Swiss
Albino rats with experimentally induced infections
in the left lateral thigh, employing S. aureus as the
pathogen. The biodistribution study showed that the
maximum accumulation of *9"Tc-GO at the infection
sites occurred at 60 min post-injection. The revealed
accumulation of radiolabeled graphene oxide within
experimentally induced infection foci in rats serves
as a substantive validation of the efficacy of exam-
ined radiopharmaceutical in targeting the infectious
lesions.

Jiang et al. reported on the synthesis and radio-
labeling of GO nanosheets with ™ Tc to develop a
versatile SPECT imaging agent [150]. GO nanosheets
were prepared by the modified Hummers’ method,
and then were functionalized with azide groups by a
two-step reaction. Afterwards, GO nanosheets were
functionalized with DOTA and alkynyl groups to
enable the radiolabeling with %™ Tc. The synthe-
sized DOTA-conjugated GOs, with lateral dimen-
sions ranging from 500 to 600 nm, were character-
ized using the atomic force microscopy and Fourier-
transform infrared spectroscopy. Remarkably, the la-
beling efficiency and radiochemical purity of GO-
DOTA with ?°™Tc exceeded 90% and 96%, respec-
tively. The successful synthesis of these graphene ox-
ide derivatives, and subsequent labeling with ?9™Tc
for SPECT imaging, underscores their potential as
highly efficient platforms for future molecular imag-
ing research endeavors.

To assess the impact of surface functionalization
on the theranostic potential of graphene, Sasidha-
ran and coworkers synthesized few-layer graphene
(FLG) and its carboxylated (FLG-COOH) and PE-
Gylated (FLG-PEG) derivatives. To track dynami-
cally the kinetics of in wvivo accumulation, biodis-
tribution profile and systemic clearance in Swiss al-
bino mice, these nanomatrices were covalently tagged
with %™Tc [151]. Intriguingly, the examination of
organ biodistribution properties, conducted through
radiographic imaging and histological investigations,
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unveiled the enduring presence of both FLG and
FLG-COOH in the lung, liver, spleen, and kidney
with the manifestation of severe pathological alter-
ations, encompassing acute-to-chronic inflammation,
pulmonary edema, granuloma formation, interstitial
nephritis, and structural impairment in the liver and
spleen. In contrast, among animals administered with
FLG-PEG, critical assessments of vital organs re-
vealed an absence of noteworthy abnormalities. Thus,
99mTe-FLG-PEG may be recommended as safe nano-
radiotracer for different imaging modalities.

To harness the potential of graphene oxide nanorib-
bons (GONRs) in synergy with chemo-photothermal
therapy, phospholipid-polyethylene glycol (PL-PEG)-
functionalized GONRs were tagged with technetium-
99m [152]. The results unveiled a distinctive biodistri-
bution profile for the ™ Tc-labeled PL-PEG-GONRs
in murine animal model, characterized by prompt
accumulation within the liver, followed by efficient
excretion. Notably, it was established that the re-
nal route was the primary mode of excretion, with
urinary elimination of PL-PEG-GONRs. Moreover,
99mTe-PL-PEG-GONRs loaded with doxorubicin ex-
hibited half maximal inhibitory concentration values
for chemo-photothermal therapy against U87 glioma
cells that were 6.7-fold lower than those in conven-
tional chemotherapy. This underscores the potential
of 99" Tc-PL-PEG-GONRs as nanocarriers for drug
delivery with real time detection and visualization, of-
fering an efficacious cancer therapy approach that not
only enhances treatment effectiveness but also mini-
mizes the risk of adverse side effects associated with
the nanocarrier within the biological system.

The objective of the study reported by Yurt et
al. was to radiolabel ampicillin-loaded graphene ox-
ide nanoflakes (AMP-GO) with technetium-99m and
assess their in vitro binding affinity to Staphylococ-
cus aureus and Escherichia coli bacteria [153]. The
characterization of AMP-GO was accomplished us-
ing Fourier-transform infrared spectroscopy (FTIR)
and scanning electron microscopy (SEM). Both AMP
and AMP-GO were subsequently radiolabeled with
99mTe using stannous chloride as a reducing agent,
resulting in a labeling efficiency of ~98%. Notably,
99mTe- AMP-GO exhibited significantly higher bind-
ing affinities to both S. aureus and FE. coli when
compared to 99" Tc-AMP. This suggests that 99 Tc-
AMP-GO holds promise as a potential agent for in-
fection nuclear imaging.
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7.3. Carbon nanotubes

Carbon nanotubes (CNTs) are cylindrical assemblies
that consist of rolled-up sheets of single-layer carbon
atoms (graphene). They have diameters in the nano-
meter range and lengths up to millimeters [154]. They
possess unique properties such as high aspect ratio,
mechanical strength, electrical and thermal conduc-
tivity, chemical stability, and a tip-surface area near
the theoretical limit. The distinctive physical proper-
ties of carbon nanotubes render them highly appeal-
ing within the domain of biomedical imaging. In this
regard, a special attention is given to conjugation of
CNTs with radionuclides to increase the versatility of
CNT-based nanoprobes [155].

Accordingly, Datit et al. developed the therapeu-
tic conjugate based on multiwalled carbon nanotubes
(MWCNTS), functionalized with hyaluronic acid, and
doped with doxorubicin. To ensure the analysis of in-
tracellular trafficking and biodistribution of the na-
nocomposite, MWCNTs were concomitantly labeled
with both fluorescent dye and **™Tc [156]. The con-
jugation with %*™Tc involved the standard protocol
of radiolabeling using the stannous chloride as a re-
ducing agent. The labeling efficiency was reported to
exceed 98%. The results obtained revealed the pro-
longed toxicity of the labelled MWCNTs, suggesting
that the developed nanocarrier platform has the po-
tential to broaden the scope of therapeutic options for
various anticancer drugs and may be recommended
for potential clinical applications.

The study reported by Wang et al., focuses on
the development of radiolabeled, iron oxide-decorated
multiwalled carbon nanotubes designed to function
as dual contrast agents for magnetic resonance imag-
ing and single photon emission computed tomog-
raphy [157]. The composites, incorporating varied
quantities of iron oxide, were effectively radiola-
beled with technetium-99m using a functionalized
bisphosphonate, enabling SPECT/CT imaging and
v-scintigraphy to quantitatively analyze the distri-
bution within mice. Histological examinations re-
vealed no abnormalities, with Perls stain confirming
the presence of superparamagnetic iron oxide nano-
particles (SPIONs) and Neutral Red stain identify-
ing the MWCNTs. Transmission electron microscopy
images of liver and spleen tissues showcase the co-
localization of SPION and MWCNTs within the same
intracellular vesicles, indicating the stability of the
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composite post intravenous injection. The findings
underscore the potential of the SPION-MWCNT hy-
brids as dual MRI and SPECT contrast agents for
in vivo applications, exhibiting promising capabili-
ties in biomedical imaging and targeted drug delivery
systems.

To assess the toxicity and biodistribution pattern
in tumor-bearing mice models, de Alcantara Lemos
et al. radiolabeled PEGylated MWCNTs with 9™ Tc
[158]. The results of the study indicate that the devel-
oped system exhibits an extended duration of blood
circulation and demonstrates significant uptake rates
in tumor tissues. Evaluation of toxicological data ob-
tained from experimentation on healthy animal sub-
jects revealed that PEGylated multiwalled carbon na-
notubes did not provoke a notable toxic profile. Ta-
king into consideration all the findings obtained in
this study, the authors concluded that PEG-coated
MWCNTs hold promise as a potential candidate for
future applications in oncology.

To leverage the cytotoxic potential of mesoporous
carbon nanotubes (mCNTs) Du and coworkers in-
vestigated the toxicity and biodistribution of both
pristine and surface-modified mCNTs [159]. Tracing
with ?9Tc indicated that the cellular uptake of
pristine mCNTs followed a concentration-dependent
and energy-reliant process, engaging macropinocy-
totic and clathrin-dependent pathways. The princi-
pal accumulation sites were identified as the lung,
liver, and spleen. Upon surface modification, there
was a conspicuous reduction in generation of reac-
tive oxygen species, MDA accumulation, and su-
peroxide dismutase depletion compared to pristine
mCNTs. The mechanisms of internalization and or-
gan distribution remained mostly unchanged follow-
ing the modification. Collectively, this report demon-
strated that %*™Tec-labeled mCNTs serve as effective
tracers for mapping nanotube distribution within liv-
ing organisms.

The work by Wei et al. [160] employs technetium-
99 as the radiolabeling isotope to investigate the
biodistribution of oxidized multi-walled carbon nano-
tubes (0MWCNTs) and nanodiamonds (NDs) upon
intravenous administration in mice. The histologi-
cal effects of non-radiolabeled oMWCNTs or NDs
were evaluated in comparison to combined exposure
groups. The ?°™Tc-labeled nanomaterials exhibited
notable in wvivo stability and rapid clearance from
the bloodstream. Following a singular injection of
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oMWCNTs, the most significant accumulation was
observed in the lungs, with relatively lower uptake in
the liver and spleen. Conversely, standalone admin-
istration of NDs resulted in substantial distribution
within the liver, spleen, and lungs immediately post-
injection. Co-administration of oMWCNTs and NDs
significantly altered the in vivo distribution pattern of
NDs, with varying doses of o MWCNTs affecting hep-
atic and splenic accumulation of NDs and elevating
lung retention. In contrast, NDs had minimal impact
on the distribution of OMWCNTs in mice. This study
uncovered the molecular mechanisms underlying the
co-administration of different nanomaterials.

The radiolabeling of carboxylated and bisphospho-
nate single-walled carbon nanotubes (SWCNTs) with
99mTe were described by Fernandes et al. [161]. Both
types of nanotubes exhibited significant stability, en-
suring their potential for continued utilization in sub-
sequent in vivo experiments. Blood clearance studies
revealed that bisphosphonate SWCNTs show a half-
life ~50% longer than °°™Tc-labeled carboxylated
SWCNTs proposing the functionalization with bis-
phosphonate as a promising approach to extend blood
circulation duration and thereby to enhance tumor
accumulation. Further in vivo experiments validated
the selective accumulation of bisphosphonate SWC-
NTs within the tumor site, thus demonstrating their
biocompatibility.

8. Conclusions and Future Perspectives

The successful radiolabeling of nanomaterials with
technetium-99m opened up the exciting possibilities
for advancing personalized medicine through targeted
imaging and therapy. The versatility and sensitiv-
ity of 99™Tc radiolabeling enable tailored approaches
for different disease diagnostics and treatments. This
technology holds substantial promise for address-
ing unmet clinical needs and advancing precision
medicine. Radiolabeling with " Tc demonstrates ro-
bustness in providing real-time data on biodistribu-
tion, allowing for a better understanding of how na-
nomaterials interact within the organism. The studies
reviewed in the present work revealed consistent and
reliable labeling methods that present an opportunity
to advance personalized medicine through tailored di-
agnostic imaging and targeted therapy.

The ongoing research and advancement of techne-
tium-99m radiolabeling for nanomaterials marks a pi-
oneering field in biomedical research. The prospects
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and potential avenues for development comprise the
following key areas:

¢ enhanced targeting strategies: innovations in tar-
geting mechanisms can escalate the precision and
specificity of nanomaterial delivery to designated
sites. The modification of surface characteristics of
nanomaterials to amplify their association with for-
mally identified cell types or tissues has immense po-
tential for development.

e Stability and longevity: further investigation is
essential to enhance the stability and endurance of
radiolabeled nanomaterials whilst exposed to physio-
logical environment. This will ensure elongated circu-
lating times and improve efficiency in diagnoses and
therapy.

¢ Clinical translation: progressing towards clinical
deployments calls for a comprehensive grasp of the
safety profiles, toxicity, and regulatory requirements
of 9°™Tec-labeled nanomaterials. Such investigations
will help in creating the innovative diagnostic and
therapeutic tools with sufficient practicality.

e Multimodal imaging: exploring the potential of
combining technetium-99m radiolabeling with other
imaging modalities could provide a more compre-
hensive view of biodistribution and enhance diagnos-
tic accuracy. Integrating multiple imaging techniques
may offer a more holistic understanding of disease
progression and treatment response.

e Nanomaterial diversity: investigating a wider
spectrum of nanomaterials and their radiolabeling po-
tential could expand the applications of technetium-
99m in diverse biomedical fields, ranging from cardio-
vascular diseases to neurological disorders.

The advancement and optimization of technetium-
99m radiolabeling techniques for nanomaterials hold
promise for revolutionizing the landscape of personal-
ized medicine. Continued research and development
in this area are vital for realizing the full potential
of technetium-99m-labeled nanomaterials in clinical
practice.

APPENDIX. Abbreviations

99mTC
AgNPs
AMP-GO ampicillin-loaded graphene oxide nanoflakes
AuNMs
AuNPs
BP bisphosphonates

C-CQDs citrate-capped carbon dots

technetium-99m
silver nanoparticles

gold nanomaterials
gold nanoparticles
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CNFs carbon nanofibers
CNMs carbon nanomaterials
CNTs carbon nanotubes
CQDs carbon quantum dots
cT computer tomography
DOX doxorubicin

FLG few-layer graphene

FLG-COOH carboxylated few-layer graphene

FLG-PEG PEGylated few-layer graphene
FTIR Fourier transform infrared
GO graphene oxide

GONRs graphene oxide nanoribbons
GQDs graphene quantum dots

HSA human serum albumin

HYNIC 2-hydrazinonicotinic acid

IONPs iron oxide nanoparticles

1P intraperitoneal

v intravenous

MAG3 mercaptoacetyl triglycine

mCNTs mesoporous carbon nanotubes

MNPs magnetic nanoparticles

MR magnetic resonance

MRI magnetic resonance imaging

MSNs mesoporous silica nanoparticles
MWCNTs  multiwalled carbon nanotubes

nD CNMs n-dimensional carbon nanomaterials
NDs nanodiamonds

N-GQDs nanographene quantum dots

NMs nanomaterials

oMWCNTs oxidized multi-walled carbon nanotubes
PAMAM polyamidoamine

PDI polydispersity index

PEG polyethylene glycol

PEI-CQDs polyethylenimine-capped carbon dots
PET positron emission tomography
PL-PEG phospholipid-polyethylene glycol
SEM scanning electron microscopy

SLN sentinel lymph node

SLNs solid lipid nanoparticles

SNPs silica nanoparticles

SPECT single photon emission computed tomography
SPIO superparamagnetic iron oxide
SPIONs superparamagnetic iron oxide nanoparticles
SWCNTs single-walled carbon nanotubes

TEM transmission electron microscopy

USPIO-NPs ultrasmall superparamagnetic iron oxide
nanoparticles
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TEXHEIIN-99m: HOBUM TTOTJISAT
3 TOYKHU 30PY HAHOMATEPIAJIIB

PaniomapkyBanHs HaHOMAaTepiaJliB 3a JOIIOMOIOK TEXHEIiI0-
99Mm (gngc) BUOKPEMMJIOCSI SIK IIEPCIIEKTUBHA CTPATErist, 110
iHTerpye nepeBaru HaHOTEXHOJIOTI Ta sA/I€pHOI MEIUIUHU JIJI
JiarHOCTUYHUX Ta TEPAIEBTUYHHUX 3acTocyBaHb. /lana pobora
Ma€ Ha MeTi HaJaTu BCeOGITHMIA OIVISAL Cy<IaCHOTO CTaHy y cdepi

670

pagioMapKyBaHHS HaHOMaTepiasis 3a gomomoroio 9™ Tc. Io-
CJIJIKEeHHsI OXOIJTIOE METOIH CUHTE3Y, MEXaHi3MH MapKyBaHH,
Giostoriuni 3acrocyBanns, (isuko-xiMiuHi XapaKTEPUCTUKU Ta
KJIiHIYHI 3acTOCYBaHHs HaHOMarTepiasis, Mivennx 9™ Tc. Pos-
IJISATAl0ThCA PI3HOMAaHITHI KaTeropil HaHoMaTepiaJiB, BKIIOYHO
3 OpPraHivYHUMU Ta HEOPraHIYHUMU HAHOYACTUHKAMU, JIiITiTHU-
MU Ta GIIKOBUMH HAHOCHCTEMAMH, & TAKOXK PI3HHMHU KapOOHO-
BuMHu Hamomarepiasmamu. Kpim Toro, B oriszi 3sepueno ysa-
Iy Ha BUKJIMKH, IPUTAMaHHI Iiif rajysi, Taki gk cTablIbHICTH
PaJlioMiTKH, IOTEHIIHA TOKCUYHICTh HAHOMATEPIiaJiB Ta pery-
sisTopHi acrekTu. O6roBOPEHO TaKOXK IIEPCIEKTHBHI HAIIPSIMKI
11 PO3BUTKY JOCJI/ZKEHDb y cdepl HaHoMaTepiasiB, MideHHX
99m e

Kua1vwo61i cao06a: HaHOMATEpiaiu, TEPArHOCTUKA, TEXHEIIi,
HaHOMEIUIMHA, PaliOMapKyBaHHS.
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