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ABSTRACT

Introduction: Currently nanotechnology has radically changed the diagnosis of many human pathologies.
The aim of this work is to obtain silver nanoparticles for hybrid imaging (**"Tc-AgNPs-ICG) having potential
clinical imaging applications.

Materials and methods: We mixed 2 ml of ascorbic acid (1.7 x 10* M), 5 mCi of *"TcO,, 2 ml of citric
acid (8.0 x 10*M) and 0.5 ml of silver nitrate (2.5 x 10-* M). Solution pH was 5, and it was shaken for 20
minutes at 37° C. Afterwards, 2 uL of Indocyanine Green (1.3 x 10 M) was added (**"Tc-AgNPs-ICG).
Physiochemical properties of the solution were characterized by UV (A1 = 420 nm, A2 = 254 nm) and
gamma detector. Fluorescence image, particle size and IR spectrum were evaluated.

Results: Silver nanoparticles were obtained in aqueous solution a pH of 5. Their pH, color and spectrum were
stable for seven days. Furthermore, the principal peak characterized by HPLC, UV and Gamma detector had
similar retention times. Its UV spectrum showed an absorption band of 420 nm, which corresponds to the
plasmon absorption band of these nanoparticles. The particle size was 46 nm = 1.5 nm. The IR spectrum
showed absorption bands in 3193, 2624, 1596 y 1212 cm™'.
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Conclusions: We describe for the first time in literature the synthesis of hybrid (radioactive and fluorescent)
silver nanoparticles. Their physiochemical properties were characterized, being stable and their labelling
was reproducible having potential biomedical applications.

KEYWORDS: Silver Compounds; 99mTc-HID; Sodium Pertechnetate Tc 99m; Metal Nanoparticles;
Indocyanine Green.

RESUMEN

Introduccion: actualmente la nanotecnologia ha cambiado radicalmente el diagnéstico de muchas
patologias humanas. El objetivo de este trabajo es obtener nanoparticulas de plata para imagen hibrida
(**"Tc-AgNPs-ICG) que tengan potenciales aplicaciones clinicas en imagen.

Materiales y métodos: se mezclaron 2 ml de acido ascérbico (1.7 x 10* M), 5 mCi de *"TcO,, 2 ml
de acido citrico (8.0 x 10 M) y 0.5 ml de nitrato de plata (2.5 x 10 M). El pH de la solucién fue 5, y se
agité durante 20 minutos a 37° C. A continuacion, se afiadieron 2 yl de verde de indocianina (1.3 x 10 M)
(°**mTc-AgNPs-ICG). Las propiedades fisicoquimicas de la solucién se caracterizaron mediante UV
(M =420 nm, A2 = 254 nm) y detector gamma. Se evaluaron la imagen de fluorescencia, el tamafo de
las particulas y el espectro IR.

Resultados: se obtuvieron nanoparticulas de plata en solucién acuosa a un pH de 5. Su pH, color y
espectro fueron estables durante siete dias. Ademas, el pico principal caracterizado por HPLC, UV y
detector Gamma tenia tiempos de retencion similares. Su espectro UV mostré una banda de absorcion
de 420 nm, que corresponde a la banda de absorcion plasmoénica de estas nanoparticulas. El tamafio
de las particulas era de 46 nm + 1,5 nm. El espectro IR mostré bandas de absorcion en 3193, 2624,
1596 y 1212 cm™.

Conclusiones: describimos por primera vez en la literatura la sintesis de nanoparticulas de plata hibridas
(radioactivas y fluorescentes). Se caracterizaron sus propiedades fisicoquimicas, siendo estables y su
etiquetado fue reproducible teniendo potenciales aplicaciones biomédicas.

PALABRAS CLAVE: Compuestos de Plata; Lidofenina de Tecnecio Tc 99m; Nanoparticulas del Metal;
Pertecnetato de Sodio Tc 99m; Verde de Indocianina.

RESUMO

Introdugao: Atualmente, a nanotecnologia mudou radicalmente o diagndstico de muitas patologias humanas.
O objetivo deste trabalho é obter nanoparticulas de prata para imagens hibridas (**"Tc-AgNPs-ICG)
com possiveis aplicagcdes de imagens clinicas.

Materiais e métodos: Misturamos 2 ml de acido ascérbico (1.7 x 10* M), 5 mCi de #*"TcO,’, 2 ml de acido
citrico (8.0 x 10* M) e 0.5 ml de nitrato de prata (2.5 x 103 M). O pH da solugéo era 5 e ela foi agitada por 20
minutos a 37° C. Em seguida, foram adicionados 2 pL de indocianina verde (1,3 x 10 M) (*"Tc-AgNPs-ICG).
As propriedades fisico-quimicas da solugdo foram caracterizadas por UV (A1 =420 nm, A2 = 254 nm) e
detector gama. A imagem de fluorescéncia, o tamanho das particulas e o espectro de infravermelho foram
avaliados.

Resultados: As nanoparticulas de prata foram obtidas em solugdo aquosa com pH de 5. Seu pH, cor e
espectro permaneceram estaveis por sete dias. Além disso, o pico principal caracterizado por HPLC,
UV e detector gama teve tempos de retengdo semelhantes. Seu espectro de UV mostrou uma banda
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de absorg¢ao de 420 nm, que corresponde a banda de absorgdo plasménica dessas nanoparticulas. O
tamanho da particula foi de 46 nm £ 1,5 nm. O espectro de IV mostrou bandas de absor¢ao em 3193,

2624, 1596 e 1212 cm™.

Conclusées: Descrevemos pela primeira vez na literatura a sintese de nanoparticulas de prata hibridas
(radioativas e fluorescentes). Suas propriedades fisico-quimicas foram caracterizadas, sendo estaveis e
sua rotulagem foi reprodutivel, com possiveis aplicagbes biomédicas.

PALAVRAS-CHAVE: Compostos de Prata; Lidofenina-99mTc; Nanoparticulas Metalicas;

Pertecnetato Tc 99m de Sdédio; Verde de Indocianina.

INTRODUCTION

Silver, represented by Ag symbol, has been used
for many years as a precious metal. This metal
is characterized for both its brilliant color and
some important properties; such as ductility and
malleability. Since silver comes from the d block
of the periodic table, it is a transition metal (group
11 and period 5). Its atomic mass corresponds to
107.8682, its density is 10.49 g/cm?®, its melting
point is 962° C, and finally 2162° C corresponds
to its boiling point. Almost all of silver chemical
compounds have an oxidation number of +1.
Moreover, silver’s antibacterial properties have
been widely studied because the toxicity in human
cells is considerably lower than to bacteria (1,2).

Nanotechnology has many definitions and
applications. However, all definitions highlight
the design and development of highly ordered
bottom—up nanostructured materials that offer
specific responses when exposed to certain
stimuli (3,4).

In contemporary industrial contexts, metallic
nanoparticles have gained substantial prominence,
finding diverse applications across sectors such
as electronics, biology, and medicine (5).

This growing prominence is attributed to the
expanding significance of nanoscale chemical
entities in recent decades, driven by their
multifaceted and pioneering prospects. The
inherent potential within metallic nanoparticles
enables precise manipulation of parameters like
shape, size, color, and surface characteristics,
empowering researchers with control over their
properties.

Silver nanoparticles (AgNPs) have been
particularly studied in order to use them in
biomedical applications, for instance, they have
proved to have antibacterial properties (6-8).

Furthermore, there are a many chemical methods
that describe the synthesis and characterization
of nanoparticles. Providing that different reducing
and stabilizing agents are used, AgNPs become
soluble in aqueous solution showing powerful
optical and biomedical properties (9,10).

Cancer represents a global health challenge,
arising from a complex interplay of environmental
factors and genetic mutations. These mutations
trigger a cascade of molecular events at the
cellular level, ultimately culminating in the
formation of tumors. Persistent exposure to low
levels of oxidative stress has been identified as a
potential contributor to cancer initiation by evading
apoptosis (11).

Numerous investigations have demonstrated
the intracellular localization of AgNPs within
the perinuclear space of the cytoplasm and
endolysosomal compartments as they enter cells
via endocytosis (12).

AgNPs disrupt cellular respiration and generate
reactive oxygen species (ROS). This detrimental
impact on cells leads to oxidative stress, DNA
damage, apoptosis induction, and mitochondrial
impairment in cancer cells (13-16).

The concept of theranostics, which amalgamates
diagnostics and therapy, finds application
in biosynthesized AgNPs due to their dual
functionality. These AgNPs exhibit anti-cancer
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properties and are employed in targeted drug
delivery and bioimaging vehicles.

In medical imaging, nuclear imaging techniques
emerge as indispensable tools, primarily including
positron emission tomography (PET) and single
photon emission computed tomography (SPECT).
These techniques exhibit an exceptional capability
to provide quantitative insights into biological
phenomena in vivo. However, the clinical utility of
these methods is tempered by their limitation of
relatively low spatial resolution (17,18).

Conversely, fluorescent imaging stands as a
compelling alternative with notably enhanced
spatial resolution. Even more, indocyanine green
(ICG), whose light-responsive attributes harness
the precision of fluorescent imaging for real-time
intraoperative delineation, resonating as an adept
complement to nuclear imaging modalities. The
aim of this work is to obtain silver nanoparticles
for hybrid imaging (radioactive / fluorescent)
(*mTc-AgNPs-ICG), with potential theranostic agent.

MATERIALS AND METHODS

The materials used were silver nitrate (99.9%,
Sigma Aldrich), ascorbic acid (Sigma Aldrich),
citric acid (May & Baker LTD Dagenham England),
sodium hydroxide (Anedra), indocycanine green
(ICG) (Hub Pharmaceuticals.), Generator *Mo/*™Tc
(Tecnonuclear).

1. Fluorescent silver nanoparticles synthesis
(AgNPs-ICG)

We mixed 20 ml of ascorbic acid (1.7 x 10* M)
with 20 ml of citric acid (8.0 x 10* M) and 5 ml of
the silver nitrate solution (2.5 x 10 M), constantly
shaking at 90 rpm and 37° C. Solution pH was
modified to 6 using a solution of 0.1 M sodium
hydroxide, and it was shacked for 20 minutes at
a controlled temperature of 37° C. Then, 20 pL
of ICG (1.3 x 10 M) were added (AgNPs-ICG).
The nanoparticles were evaluated by size
molecular exclusion chromatography, using PD-10
Sephadex G25 (Cytiva), mobile fase 0.9% NaCl,

taken fractions of 1 mL. Subsequent to this, a
UV-visible analysis spanning the spectral range of
200 to 700 nm was executed to discern spectral
shifts and changes in the suspension's hue for a
period of 7 days.

2. Labelling of AgNPs-ICG with
9mTc (**mTc-AgNPs-ICG)

The synthesis process commenced with the
combination of 2 ml of ascorbic acid (1.7 x 104 M)
and 5 mCi of *™TcQ,". This mixture was integrated
with 2 ml of citric acid (8.0 x 104 M) and then added
0.5 ml of a silver nitrate solution (2.5 x 102 M),
ensuring continuous agitation throughout.
Adjusting the pH to 6 was achieved by introducing
a 0.1 M solution of sodium hydroxide, followed by
vigorous shaking for duration of 20 minutes at a
controlled temperature of 37° C.

Subsequently, 2 uL of ICG (1.3 x 10 M) were
introduced, culminating in the formation of the
designated compound, denoted as *"Tc-AgNPs-ICG.

3. HPLC analysis (high-performance liquid
chromatography)

Nanoparticles suspension were analyzed by size-
exclusion chromatographic high-performance
liquid chromatography (SE-HPLC) was performed
on a TSKgel G300SW XL 7.8 mm x 30 cm column
(Tosoh Bioscience, LLC, Japan) eluted with
double distilled water, at a flow rate of 1 mL/min;
with an Agilent 1200 series equipment, with diode
array detection Nal(Tl) scintillation detectors,
sample injection volume of 25 uL and detector
UV A =420 nm, A2 = 254 nm. Isocratic run time
was 20 minutes.

4. Fluorescence imaging

One ml of AgNPs-ICG suspension was added
to an Eppendorf tube and its fluorescence was
measured in a in vivo MS FX PRO equipment
(BRUKER Corporation). Analysis of the optical
signal capture was performed using Bruker Ml
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Software. Fluorescence filters were as follows:
ICG excitation = 760-785 and emission = 820-840.
Fluorescence intensity for each of the probes was
determined and reported as mean fluorescent
intensity (MFI).

5. Particle size and IR Spectrum

AgNPs-ICG suspension size was determined in
a Zetasizer equipment (DLS, Zetasizer Nano-ZS,
Malvern Instruments). An AgNPs-ICG suspension
was concentrated in nitrogen steam, and a sample
of it was included in the sample-holder of an Agilent
IR equipment with ATR module (Attenuated total
reflectance Fourier transform infrared).

RESULTS

Silver nanoparticles, denoted as AgNPs-ICG,
were synthesized in an aqueous milieu,
employing a controlled temperature of 37° C
with continuous agitation at 90 rpm. The
solution's pH was calibrated to 6, laying the
foundation for subsequent analyses. A UV-visible
spectroscopic evaluation was conducted within
the wavelength range of 200 to 700 nm, revealing
an absorption peak at 408 nm, congruent with
the characteristic plasmon absorption spectrum
of these nanoparticles (19).

These parameters, along with the visual
attributes of the suspension, underwent study
over a duration of 7 days, affirming their stability
without discernible alterations (Figure 1).

To ascertain the composition and characteristics of
the AgNPs-ICG, we employed molecular exclusion
chromatography via a PD10 column. The profiles
of this analysis are depicted in Figure 2.

Intriguingly, the profiles distinctly reveal that the
indocyanine green-loaded nanoparticles exhibit
elution at an expedited rate, and their elution
profile distinctly diverges from that of the free ICG.
The nanoparticles were studied utilizing infrared
spectrometry, revealing distinctive spectral bands
at 3193, 2624, 1596, and 1212 cm-' (Figure 3).
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Figure 1A. Fluorescent image of AgNPs-ICG.
Figure 1B. Visible image of AgNPs-ICG.
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Figure 1C. Obtaining scheme of AgNPs-ICG.

Figure 1D. UV visible spectrum of AgNPs-ICG.
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Figure 2. Size exclusion chromatography (PD-10).
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Figure 3. IR spectrum of AgNPs-ICG.
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To elucidate their dimensional attributes, the
AgNPs-ICG suspension's particle size was
assessed employing laser light scattering
equipment and singular-mode distribution
was observed. This distribution presented a
hydrodynamic diameter of 46.8 + 1.7 nm,
indicative of a well-defined and tightly regulated
particle size, accompanied by a PDI value of
0.317 £ 0.041 (Figure 4).

The labelling process with **"Tc was successful,
as the AgNPs-ICG nanoparticles were effectively
loaded with **"Tc, resulting in the formation of
9%mTc-AgNPs-ICG (Figure 5).

The radiochemical assessment of *™Tc-AgNPs-ICG
nanoparticles via HPLC revealed a noteworthy
concordance between the UV and gamma
chromatograms, underscored by a confluence of
retention times at the peak. This principal peak
unveiled a distinct absorption band at 420 nm
within its spectrum (Figure 6A).

Differentiating itself from pertechnetate, which
exhibited a retention time of 11.6 minutes,
the principal peak of the °m™Tc-AgNPs-ICG
nanoparticles demonstrated a distinct retention
time of 7.2 minutes. This divergence in retention
times serves as a robust indicator, indicating a
radiochemical purity close to 100% (Figure 6B).

DISCUSSION

The different applications of metallic nanoparticles,
particularly silver ones, have been studied since
last decades. Specially, the development of
radioactive-fluorescent hybrid agents is of great
biomedical importance; they can be used for
diagnosis and guide therapy in operating room
through in vivo molecular imaging (20).

Ag NPs have emerged as promising
nanomaterial-based radiosensitizers, enhancing
the radiation-induced eradication of glioma
cells, as demonstrated by Liu et al. in 2013 (21).

Treatment of cancer cells with Ag NPs exhibits
dose-dependent cytotoxicity.
Smaller-sized NPs, such as 20 nm and 50 nm,

exhibit heightened cytotoxicity at relatively lower
radiation doses. In hypoxic glioma cells, treatment
with Ag NPs in combination with radiotherapy
significantly augments anti-glioma effects,
resulting in enhanced radiation efficacy. This

effect may be attributed to increased apoptosis
activity and robust autophagy induction (22).
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Figure 4. Particle size and IR spectra of AQNPs-ICG.

wmTe

Figure 5. Labeling scheme of hybrid silver nanoparticles
(%mTc-AgNPs-ICG).

Figure 6A. HPLC perfi of: ®mTc-AgNPs-ICG.
Figure 6B. HPLC perfi of: Pertechnetate.
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A recent study has shown promise by using
modified Ag NPs coated with bovine serum albumin
(BSA) and conjugated with verapamil (VRP).
These modified Ag NPs have demonstrated
effective accumulation in tumor cells, offering
significant potential as high-efficiency nano
radiosensitizers for glioma radiotherapy (23).

In the present study, we have synthesized and
characterized fluorescent nanoparticles, denoted
as AgNPs-ICG as potential theranostic agent.
Fluorescent labelling is commonly used to monitor
the biodistribution of nanomedicines. However,
meaningful interpretation of the results requires
that the fluorescent label remains attached to
the nanomedicine. In this work, we explore the
stability of AgNPs-ICG, wherein we assessed
their size, and distribution. It was observed
that these nanoparticles exhibited a uniform
single-mode distribution, indicative of a highly
controlled synthesis process. This consistency
in size distribution is vital for their intended
applications, particularly in the context of in vivo
use, where uniformity can be crucial for ensuring
consistent behavior and interactions within
biological systems. Furthermore, an examination
of the hydrodynamic diameter of the AgNPs-ICG
was conducted, revealing a mean diameter of
46.8 + 1.7 nm. This specific size range is a notable
achievement, as it aligns well with the optimal
dimension desirable for biomedical applications.
Such dimensions have been associated with
enhanced cellular uptake, prolonged circulation
times, and minimized potential for clearance by the
reticuloendothelial system, thereby highlighting
the nanoparticles' suitability for in vivo use (24).

Fourier Transform Infrared Spectroscopy (FTIR)
analysis show different stretches of bonds shown
at different peaks; 2624—C—-H; O-H, 1638—C=C,
and 1212—C=0. Peaks near 3420 cm™" and 2950
cm™ assigned to OH stretching and aldehydic
C—H stretching, respectively. The peak near 833
cm™ assigned to C=CH2. FTIR spectra of silver

nanoparticles exhibited prominent peaks at 2950
and 1638 cm™. The band 1370 developed for C-C
stretching (25).

These observations collectively support the
presence of silver nanoparticles and their
interaction with organic ligands. These ligands
likely engage with silver (Ag) through surface
bonds formed between the most electronegative
atoms and Ag's d orbitals. This interaction enables
the aqueous stabilization of nanoparticles,
yielding biocompatible attributes (26).

Moreover, our investigation extended to an
assessment of the nanoparticles' stability over
a period of 7 days, where the nanoparticles
exhibited a remarkable stability profile, showcasing
negligible alterations in their core properties.
In addition to its primary function as a dye, ICG
possesses the ability to convert light into heat and
generate free radicals when activated by light (27).

These unique properties make ICG a promising
candidateforserving as an effective photosensitizer
in the context of photothermal therapy (PTT)
for cancer treatment. It's worth noting that the
cytotoxic effects of AgQNPs are primarily observed
at high concentrations, often in the range of
several hundred micromolar concentrations (28).

To enhance their potential for cancer treatment,
one effective approach is to load anti-cancer
drugs or photosensitizers like ICG onto AgNPs.
Furthermore, AgNPs serve as excellent nano
carriers, particularly for heat-sensitive and water
soluble compounds such as ICG. This advantage
stems from the synthesis process of AQNPs, which
doesn't necessitate the use of organic solvents
or heating, making it highly favorable for these
applications (29).

Taking our study further, we explore the dual
labeled nanoparticles, namely **"Tc-AgNPs-ICG.
This dual-labeling strategy, incorporating both
radioactive and fluorescent moieties, holds
immense potential for diverse applications
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ranging from simultaneous imaging to targeted
therapeutic interventions.

The HPLC-based analysis revealed that the
dual-labeled nanoparticles exhibited a stable
profile. The presence of both UV and GAMMA
detectors enabled a comprehensive assessment
of the nanoparticles' integrity, ensuring that both
their fluorescent and radioactive components
remained well-preserved over the course of
the study.

The UV spectrum analysis unveiled a distinctive
superficial plasmon resonance peak spanning the
wavelength range of 400 to 450 nm, a hallmark
feature that signifies the successful synthesis of
silver nanoparticles (30).

We utilized HPLC with GAMMA detection to
explore further. The resulting chromatogram
revealed a unique peak, indicating the labeled
nanoparticles (**"Tc-AgNPs-ICG). This distinct
peak differed significantly from the chromatogram
of free Pertechnetate, confirming the specific
presence of the labeled nanoparticles.

This differentiation highlights the successful
integration of the radioactive label (**™Tc) onto the
AgNPs-ICG structure. The development of hybrid
(fluorescent-radioactive) silver nanoparticles may
open the path to novel diagnostic and therapeutic
agents. Our study describes for the first time to
our knowledge the development of silver hybrid
(radioactive and fluorescent) nanoparticles. Their
physiochemical properties were characterized
being stable and their labelling was reproducible
having potential biomedical applications.

CONCLUSIONS

In this study, we successfully synthesized silver
nanoparticles (AgNPs) for the development of
a hybrid imaging agent, ®mTc-AgNPs-ICG, with
promising potential as a theranostic agent. We
characterized the AgNPs-ICG nanoparticles
through various techniques, including infrared
spectrometry and laser light scattering, which

revealed a well-defined and tightly regulated
particle size with a hydrodynamic diameter of
46.8 £ 1.7 nm and a low polydispersity index
(PDI) value of 0.317 + 0.041. Subsequent loading
of ®"Tc onto the AgNPs-ICG nanoparticles
was successful, resulting in the formation of
9%mTc-AgNPs-ICG with nearly 100% radiochemical
purity. The development of **mTc-AgNPs-ICG
opens exciting avenues for improved cancer
diagnosis, treatment, and research, along with
potential applications in various medical fields
including: Image-Guided Surgery,
Diagnosis and Treatment, Personalized Medicine
and Treatment Response Monitoring.

Cancer

Further research and clinical studies will be vital
in realizing the full potential of this innovative
theranostic agent.
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