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1. Introduction

Radiolabeled multi-layered coated gold
nanoparticles as potential biocompatible
PET/SPECT tracerst
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The demand for tailored, disease-adapted, and easily accessible radiopharmaceuticals is one of the most
persistent challenges in nuclear imaging precision medicine. The aim of this work was to develop two
multimodal radiotracers applicable for both SPECT and PET techniques, which consist of a gold
nanoparticle core, a shell involved in radioisotope entrapment, peripherally placed targeting molecules,
and biocompatibilizing polymeric sequences. Shell decoration with glucosamine units located in
sterically hindered molecular environments is expected to result in nanoparticle accumulation in high-
glucose-consuming areas. Gold cores were synthesized using the Turkevich method, followed by citrate
substitution with linear PEG o,0-functionalized with thiol and amine groups. The free amine groups
facilitated the binding of branched polyethyleneimine through an epoxy ring-opening reaction by using
PEG a,m-diglycidyl ether as a linker. Afterwards, the glucose—PEG-epoxy prepolymer has been grafted
onto the surface of AUPEG-PEI conjugates. Finally, the AUPEG—-PEI-GA conjugates were radiolabeled
with ®°™MTc or ®8Ga. Instant thin-layer chromatography was used to evaluate the radiolabeling yield. The
biocompatibility of non-labeled and °°™Tc or %8Ga labeled nanoparticles was assessed on normal
fibroblasts. The °™Tc complexes remained stable for over 22 hours, while the ®8Ga containing ones
revealed a slight decrease in stability after 1 hour.

nuclear medicine can provide a rapid and precise diagnosis, as
long as appropriate radiotracers for the target tissue are avail-
able. The nuclear medicine procedures, known as positron

Because of the consistently escalating incidence of cancer,
there is an ever-increasing need for the development of effective
treatment options and, critically, the possibility of early detec-
tion by using accessible and low-cost methods. In this respect,
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emission tomography (PET) and single photon emission com-
puterized tomography (SPECT), rely on the distribution of
radiotracers (gamma and positron-emitters) throughout the
body and subsequently imaged using a gamma camera. These
radiotracers facilitate the quantification of biological processes
and enable the acquisition of comprehensive whole-body images
that demonstrate the locations of radiotracer accumulation. The
benefits of PET imaging with '*F-FDG (2-deoxy-2-{fluorine-
18]fluoro-n-glucose) as a radiotracer for the purpose of identifying
areas of abnormal glucose metabolism," including various forms
of tumours, are an indisputable aspect. However, the exorbitant
expense associated with this diagnostic procedure significantly
restricts patients’ ability to benefit from this investigation method.
Carbon nanotubes, gold nanoparticles/nanorods, quantum dots,
and magnetic nanoparticles are just a few of the many nanoscale
materials being studied for imaging applications.

Gold nanoparticles (AuNPs) have various biological appli-
cations®>™ owing to their unique surface chemical,’ electrical,®
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and optical properties.” Contrast agents based on gold nano-
particles® have been developed for various applications, includ-
ing computed tomography (CT),” magnetic resonance imaging
(MRI),'® single-photon emission computed tomography
(SPECT),"* fluorescence imaging,'” and others, with the aim
of amplifying the sensitivity and precision of these imaging
modalities. For instance, high-quality CT imaging of the blood
pool/liver was achieved by the use of polyethylene glycol (PEG)
stabilized 30 nm AuNPs.">'* Targeted tumor SPECT imaging,
on the other hand, involved the application of gold nano-
particles (AuNPs) with a diameter of 5 nm, which have been
doped with "°Au and coated with peptide molecules.'*

It is currently postulated that gold nanoparticles function as
a form of radiosensitizer in the context of radiotherapy.’® The
reason for this phenomenon is attributed to the powerful
photoelectric absorption and secondary electron effects of
gamma or X-ray radiation, which can accelerate the occurrence
of DNA strand breaks. The toxicity of gold nanoparticles is
influenced by various factors such as size, shape, surface
charge, and surface coating.'® However, it is worth noting
that the overall toxicity dose of these nanoparticles falls within
the safe limits, allowing their use in radiation therapy for
cancer.

Experimental research conducted in vivo has indicated
that the administration of gold nanoparticles with a diameter
of 1.9 nm can considerably increase the effectiveness of radio-
therapy."” Subsequent in vitro investigations demonstrated that
PEGylated gold nanoparticles with sizes of 4.6 and 6.1 nm could
potentially decrease the cell survival rates of both EMT-6 and
CT26 cells.'® According to Kong et al.,'® the radiation sensitivity
of 10 nm gold nanoparticles coated with cysteamine and
glucose was significantly enhanced by high-energy rays, with
the most sensitive energy level being 200 keV.

Previous studies have revealed that gold nanoparticles (NPs)
with a diameter of 50 nm exhibit greater susceptibility to
radiation in comparison to their counterparts with sizes of
14 and 74 nm. The observed phenomenon can be attributed
to the enhanced endocytosis and cellular uptake of 50 nm
uncoated gold particles, as reported in the literature.>

Therapeutic gold nanoparticles that measure less than
50 nm in diameter can easily pass through cell membranes,
while particles that measure less than 20 nm have the ability to
traverse the endothelium of blood vessels.”* The stability of
gold nanoparticles can be enhanced through surface coatings,
such as PEG-SH, as reported in the literature.?* Hence, it is
desirable to clarify the radiosensitization effects that are depen-
dent on the size of PEG-coated gold nanoparticles ranging from
5 to 60 nm. This gives a clear indication of how well the
radiation and drug delivery are working.>*

It is imperative to employ a suitable platform that facilitates
the conjugation, encapsulation, stability, and modification of
functional groups on the surface of NPs.** Branched polyethy-
leneimine (PEI), which has abundant surface amine groups and
high water solubility, has been employed as a potent carrier to
coat nanoparticles or encapsulate medicines. The incorpora-
tion of a targeting ligand onto the surface of PEGylated PEI can
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yield a multifunctional nanoplatform capable of targeted
tumour CT/MR imaging.>

The present study represents the first steps in creating a
multimodal radiotracer capable of efficiently incorporating
both SPECT and PET radionuclides. In this regard, a hybrid
nanoparticle was designed, consisting of a metal core, a radio-
isotope entrapment shell, a recognition molecule, and a poly-
meric sequence that confers biocompatibility. According to the
literature,*®° it is anticipated that the grafting of glucosamine
(GA) units on the surface of a polymer will lead to its accumula-
tion in regions of high glucose consumption. This is attributed
to the steric hindrance caused by the complex architectures,
which renders GA a vector molecule for these specific tissue
domains.

The employment of **™Tc and ®®Ga radionuclides represents
a highly accessible method for radiolabeling a wide range of
molecules. These radionuclides are synthesized in the labora-
tory through *°Mo/**™Tc and ®%Ge/°®*Ga generators, respec-
tively, eliminating the requirement for a cyclotron. The use of
sodium pertechnetate (gngcO[Na*) presents numerous
advantages, such as its favorable half-life of approximately
6 hours and suitable energy (140 keV), which leads to mini-
mized radiation exposure to the patient. Finally, due to its
ability to exist in multiple oxidation states, *™Tc exhibits a
wide range of chemical properties.***" This fact provides the
possibility of creating a broad spectrum of complexes with
distinct properties, which is a notable benefit in the advance-
ment of radiopharmaceuticals. The present study suggests that
utilizing **™Tc as a radionuclide for the purpose of labeling
nanoparticles that exhibit glucose on their surface may serve as
a promising substitute for '®F-FDG and PET. On the other
hand, ®®Ga is a radionuclide with a relatively short half-life of
68 minutes, making it appropriate for PET imaging as a result
of its B* decay (with a positron energy of 1.90 MeV, as per the
manufacturer’s specifications). Currently, PET stands out as
one of the most sophisticated imaging techniques that can
monitor biochemical, physiological, and pharmacological
mechanisms with remarkable precision, boasting an excep-
tional sensitivity range of 107'"~10""> mol L™". The °®Ga radio-
nuclide has garnered growing attention among researchers in
the field owing to its numerous advantages. Numerous articles
in the literature discuss the radiolabeling of peptides, proteins,
and other biomolecules for use in various fields such as
oncology, neurology, and cardiology.*** Typically, DOTA/
NOTA chelators have been commonly utilized for the purpose
of radionuclide complexation.*® These chelators are character-
ized by their polydentate macrocyclic structures, which enable
them to effectively accommodate di- and tri-valent metal ions
through coordinative binding. Conjugation of macrocyclic
structures capable of radionuclide chelation with the polymeric
shell of nanoparticles would result in complex structures that
require supplementary synthesis and purification procedures,
thereby causing a significant increase in the production costs of
a radiopharmaceutical compound. To address this issue, an
initial hypothesis was formulated suggesting that the polymer
configuration, such as hyperbranched polyethyleneimine (PEI)

This journal is © The Royal Society of Chemistry 2024
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selected for the purpose of coating the surface of gold nano-
particles, could represent an ideal molecular environment for
the coordinative attachment of **"Tc and ®®*Ga. The experi-
mental confirmation of this hypothesis is detailed in the
Results section of this study.

2. Materials and methods

2.1. Materials

Gold(m) chloride trihydrate (HAuCl,-3H,0; >99.9%, Sigma-
Aldrich, St. Louis, MO, USA), tri-sodium citrate dihydrate
(Ce¢H5Naz0,2H,0; >99%, Carl Roth, Karlsryhe, Germany),
poly(ethylene glycol)diglycidyl ether (M, = 500, Sigma-Aldrich,
St. Louis, MO, USA), poly(ethylene glycol) (M,, = 2000, Sigma-
Aldrich, St. Louis, MO, USA), thiol PEG amine (HS-PEG,oo-NH,-
HCI, M, = 2000, JenKem Technology, Xi Xiaokou Road, Beijing),
polyethyleneimine solution (M, = 2000, 50 wt% in H,O; Sigma-
Aldrich, St. Louis, MO, USA), (p)-(+)-glucosamine hydrochloride
(Sigma Aldrich), sodium borohydride (NaBH,, Sigma-Aldrich),
stannous chloride (SnCl,, Sigma-Aldrich), and deionized water
were used in this study. All reagents and solvents were used
without further purification.

2.2. Instrumental analyses

Absorption measurements (UV-Vis) were performed using a
Lambda 35 device (PerkinElmer, USA). The absorption spectra
were recorded in the 300-700 nm range for identical sample
volumes (3 mL) with the following parameters: slit width 1 nm,
scan speed 480 nm min ", and data interval 1 nm. The spectra
of the samples were recorded at room temperature using 1 cm
path-length quartz cuvettes.

Fourier transform infrared (FTIR) spectra were obtained in
transmission mode using a Bruker Vertex instrument (Bruker
Physik GmbH, Ettlingen, Germany), model 70. The samples
were prepared by depositing the nanoparticle suspension on
KBr pellets which were then subjected to a drying process
(using a UV lamp) before recording the spectra. The spectra
ranged from 4000 to 400 cm ™" with a resolution of 2 cm ™.

The hydrodynamic diameter and zeta potential of the nano-
particles were determined by DLS using a Delsa Nano C
Submicron Particle Size Analyzer (Beckman Coulter, Brea, CA,
USA) with the corresponding module (flow cell module).

Mass spectrometry analysis was performed using an Agilent
6500 Series accurate-mass quadrupole time-of-flight (Q-TOF)
LC/MS instrument. The solutions were introduced into the
electrospray ion source (ESI) via a syringe pump at a flow
rate of 0.01 mL min~'. After optimization of the Q/TOF MS
parameters, they were set as follows: electrospray ionization
(positive ion mode), drying gas (N,) flow rate 8 L min~"; drying
gas temperature 325 °C; nebulizer pressure 40 psig, capillary
voltage 4000 V; and fragmentation voltage 175 V; the full-scan
mass spectra of the investigated compounds were acquired in
the m/z range of 50-3000. The mass scale was calibrated using
the standard calibration procedure and compounds provided
by the manufacturer. Data were collected and processed using

This journal is © The Royal Society of Chemistry 2024
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Mass Hunter Workstation Software Data Acquisition for 6200/
6500 Series, version B.07.00 (Agilent Technologies, Inc., Santa
Clara, CA, USA).

The morphology of the samples was investigated with a
scanning electron microscope type Verios G4 UC (Thermo
Fisher Scientific, Waltham, MA, USA) working in STEM mode
at 30 kv, with a STEM 3+ detector (bright-field mode). The
samples were prepared on 24 carbon-coated copper grids with a
300-mesh size. The size of the nanoparticles was determined
using a transmission electron microscope (HT7700 TEM,
Hitachi, Tokyo, Japan). The elemental composition of the
samples was determined through the EDAX analysis using a
Verios G4 UC field-emission scanning electron microscope
(Thermo Scientific, Czech Republic) equipped with an Octane
Elect Super SDD detector operating at 20 kV with a spot size of
6.4 nA. The samples were deposited on aluminum supports and
subsequently dried prior to being coated with a 6 nm layer of
platinum to prevent charge buildup during the electron beam
exposure. The coating process was carried out using a Leica EM
ACE200 Sputter coater. The sizes of the nanoparticles under
study were determined by analyzing the STEM/TEM images
through the use of Image] software. The resulting values were
then presented as the mean core diameters in nanometers,
together with the standard deviation of the obtained values.

The X-ray photoelectron spectroscopy (XPS) results were
obtained using an Axis NOVA equipment (Kratos Analytical,
Manchester, United Kingdom), with AIK (1486.6 eV) as the X-ray
source, operating at 20 mA current, 15 kV voltage (300 W), and
107%-107° Torr pressure. For each element of interest, a high-
resolution spectrum was obtained by averaging five scans
recorded with a pass energy of 20 eV and a step size of
0.1 eV. The binding energy of the C 1s peak has been estab-
lished as the reference value for all binding energies, normal-
ized at 284.6 eV. The ESCApe program was used to fit the XPS
data using a Gaussian-Lorentzian mixed function.

2.3. Preparation of gold nanoparticle-based nanoconjugates

Gold nanoparticles (AuNPs) were chemically synthesized
(Scheme 1) by the modified Turkevich method.*® Briefly, gold(m)
chloride trihydrate (12.5 mg, 0.0313 mmol) was added over 100 mL
of H,0 mQ), into a 250 mL flask, then was placed in a preheated oil
bath at 110 °C, under vigorous stirring (700 rpm). Once the gold
salt is dissolved and after the temperature of the solution remains
constant (~80-85 °C, about 30 minutes), a solution of 50 mg of
sodium citrate (0.17 mmol) dissolved in 50 mL of H,O mQ was
warmed up to the same temperature and added over. The reaction
between the auric chloride and citrate begins within the first
minute. Afterward, the solution is allowed to gradually reach room
temperature while undergoing magnetic agitation and being
covered in aluminum foil for a duration of roughly 12 hours.
A nanodispersion of a distinct ruby-red color was obtained. It was
then subjected to purification through centrifugation at 8000g for
a duration of 8 minutes. The purified precipitate was then
dispersed in mQ water.

In the next step, the production of AuPEG-NH, is initiated
by subjecting the previously obtained AuNPs to a reaction with
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Scheme 1 Synthesis of polymer-coated gold nanoparticles.

ao,0 heterobifunctional PEG (M, 2000), containing both thiol
and amine moieties. The AuNP nanodispersion was subjected
to stirring at ambient temperature for 24 hours, in the presence
of a bifunctional PEG solution at a 1:200 atomic ratio (Au:
PEG). For the next step, in order to obtain AuPEG-epoxy, we
maintained the aforementioned conditions (24 hours reaction
time, room temperature, 1:200 atomic ratio between compo-
nents, reported to gold) and reacted AuNP-PEG with PEG
diglycidyl ether of a M,, of 500. The previously mentioned step
was deemed essential to acquire a suitable terminal reacting
group (epoxy) for subsequent reaction steps, which involved the
grafting of the nanoconjugate with polyethyleneimine (PEI).
AuPEG-PEI was synthesized by reacting the epoxy terminal
group of AuPEG-epoxy with the primary amine of PEI (M,,:
2000). The two solutions, AUPEG-epoxy and PEI (in a 1:1 ratio
of PEG diglycidyl ether to PEI), were combined and stirred
vigorously for 72 hours at room temperature, in an aluminum-
covered flask. The procedure for the reaction involving the
epoxy ring and primary amine groups was conducted in a
manner consistent with a previously reported protocol.’”*

In a separate synthesis, the PEG diglycidyl ether (M,, 500)
was subjected to a reaction with glucosamine (GA) in a 1:1
molar ratio. The resulting mixture was stirred in an aqueous
medium for 72 hours, at ambient temperature. Lyophilization
was employed to extract water from the system, resulting in the
formation of the product hereafter referred as GA-PEG-epoxy.

The GA-PEG-epoxy subsequently reacted with the polymeric
shell of AuPEG-PEI via oxirane ring opening reaction and
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primary amine substitution. The molar ratio of GA-PEG-epoxy
to PEI was adjusted to 1:1. The system was maintained in the
dark for 72 h, at room temperature, under vigorous stirring.

Following each synthesis step, the nanoparticles were pur-
ified through centrifugation at 8000g, for 8 minutes, and then
dispersed in deionized water. Each synthesis stage was mon-
itored and the composition, structure, and morphology of the
reaction products were verified through a range of analytical
techniques, including UV-Vis, FTIR, XPS, DLS, zeta potential,
and STEM/TEM analyses. In the case of GA-PEG-epoxy, mass
spectrometry was also employed.

2.4. Radiolabeling of gold nanoparticle-based
nanoconjugates

2.4.1. Radiolabeling with sodium pertechnetate (Na***™TcO, ).
The radiolabeling process was performed according to a method
previously described.*® The radionuclide **™Tc was obtained as
pertechnetate Na'**™TcO,”, being eluted from a “’Mo/**™Tc
Drytec Generator system (GE Healthcare, 12.9 GBq at the refer-
ence date). The radiolabeling experiments were mainly con-
ducted in the second week using the generator, when elutions
with activities of a maximum of 100 mCi are obtained (40 mCi on
the last day).

Before starting the experiment, fresh stock solutions of
AUPEG-PEI (1 mg mL '), AuPEG-PEI-GA (1 mg mL™ '), NaBH,
(6.25 and 12.5 mg mL™ "), and SnCl, (1 and 2 mg mL™ ")
dissolved in ultrapure water were prepared. Each sample
was prepared in a total volume of 1750 pL, comprising the

This journal is © The Royal Society of Chemistry 2024
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following: 125 pL of gold nanoparticle dispersion, 500 pL of
ultrapure water, 125 pL of reducing agent, and 1000 pL of
Na'°™TcO,”. The radioactive solution of Na'*°™TcO,” was
diluted so that samples with radioactivity of 185 MBq were
obtained. A total of 8 samples of radiolabeled compounds were
prepared. The first step of the radiolabeling process consisted
of the reduction of sodium pertechnetate with each of the
reducing agents, by vortexing the above-mentioned samples
for 30 minutes. Then, a volume of 125 pL of nanoparticle
suspension was added to each product of the reduction reac-
tion. The samples were mixed for about 2 minutes with a vortex
and left to incubate for one hour at room temperature, before
determining the radiolabeling yield by instant thin layer chro-
matography (iTLC). Taking into account the nanoparticle
concentration (1 mg mL ") related to the °°™Tc activity
(185 MBq/5mCi), the specific activity (4,) of 1480 GBq g~ * was
calculated.

Reducing agents. **™TcQ, " is a convenient precursor for the
preparation of a large variety of radiopharmaceuticals because
Tc is able to adopt several oxidation states.’® The oxidation
state and coligands dictate the specificity of radiopharmaceu-
ticals, which are based on coordination linkages. To produce
the desired coordination complexes, TcO,  can be treated with
a wide range of reducing agents in the presence of a coordinat-
ing ligand. Among the reducing agents, stannous chloride
(SnCl,) was the most used to obtain complexes of Tc(v) and
Tc(1), while boron-hydrides were considered more suitable for
organometallic Tc(r) complexes.*’ The selection of reducing
agents is highly limited by the fact that transition metals
compete with *™Tc for ligands.

Sodium borohydride (NaBH,) is proficient in alkaline
media, whereas SnCl, is commonly used in acidic environ-
ments. Using SnCl,, high yields of technetium-labeled com-
pounds could be achieved, without the requirement to
eliminate free pertechnetate. The reducing agents considered
for the present study, NaBH, and SnCl,, were taken in a large
excess compared to pertechnetate.*>** The working concentra-
tions in the radiolabeling solutions were 0.45 and 0.9 mg mL "
for NaBH,, and 0.07 and 0.14 mg mL ™" for SnCl,.

2.4.2. Radiolabeling with **Ga (from °®GaCl,). Elution was
performed using a ®*Ge/°®Ga generator from Eckert & Ziegler
Eurotope GmbH (20 mCi/740 MBq, Reference Date: 20 Apr
2022), following a previously described protocol, adjusted to
meet the requirements of the current study.’® Accordingly,
5 mL solution of ®*GaCls, collected directly from the ®*Ge/**Ga
generator by elution with 5 mL of 0.1 M HCI (340 MBq), led to
obtaining 2.5 mL of ®®GaCl, after purification on SCX car-
tridges, with a radioactivity of 256 MBq in the purified radio-
nuclide solution. The cartridges (Bond Elut-SCX SPE from
Agilent) were previously prepared by washing with 5.5 M HCI
and then washed again with ultra-pure water. After passing
1 mL of a solution containing ®®*GaCl; through each SCX
cartridge, all cartridges were dried under airflow. At this point,
%8Ga®* is quantitatively adsorbed on the column packing, while
impurities such as Ge", Ti", Zzn" and Fe™ were eliminated

This journal is © The Royal Society of Chemistry 2024
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along with the mobile phase. Then, volumes of 0.5 mL of 5 M
NaCl/HCl solution were transferred into each dry cartridge,
which promotes the desorption of ®®Ga from the resin, result-
ing in the recovery of 2.5 mL of purified radioactive GaCl;
solution. Samples of 75 pL from purified GaCl; solution were
brought to dry with the help of an electric hotplate, on which
the vial was maintained at a temperature of 100 °C for approxi-
mately 10 min. After this, 150 pL of the AuPEG-PEI/AuPEG-
PEI-GA suspension of known concentrations (25, 50 and
75 mg mL ') were added to the dried samples. Taking into
account the aforementioned amounts of nanoparticles related
to the ®®*Ga activity, the specific activity (4;) was calculated,
being in the range of 2.048-6.144 GBq g .

The instant thin layer chromatography (iTLC) method was
used to determine the radiolabeling yield of each nanoparticle
suspension. As a stationary phase, an iTLC glass microfiber
chromatography paper impregnated with silica gel (ITLC-SG
paper, Agilent) was used. Twenty pL of samples were deposited
on the chromatographic strips, dried in the atmosphere, and
then placed in the chromatographic chamber by immersing the
spotted end of the strip into the solvent used as the mobile
phase to carry out the compound migration. The mobile phase
has been chosen in both cases so that the nanoparticles
migrate very little above the starting line, and the solutions
containing the radionuclides migrate completely in the upper
half of the chromatographic paper. Therefore, the mobile phase
for radiolabeling using Na**°™TcO,~ was sodium acetate 1 M,
while a mixture of acetone:glacial acetic acid in a ratio of 3:1
(v/v) was considered when ®®*GaCl; was the subject. iTLC was
performed vertically in sealed beakers with a mobile phase in
the bottom. After the complete migration of the solvent, the
strips were dried under a jet of hot air and cut into two equal
pieces, and then the activity of each strip was measured.
As indicated in the literature data,’”*® due to the polyethyle-
neimine grafted onto the surface of the gold nanoparticles, they
migrated very little, with the spot of the gold particles subjected
to TLC analysis being visualized above the starting line. There-
fore, the activity measured in the upper half (Rg, uCi) of the
strip represents the unbound radionuclides, Na***"TcO,~ or
8GaCls, while the one measured in the bottom half (Rg, pCi) of
the strip represents the radiolabeled nanoparticles. The Ry
and Rg values of the radioactivity were taken into account by
subtracting the activity of the environment. Accordingly,
the radiolabeling yield was determined using the following
calculation formula: # = Rg x 100/(Rg + Rg). The radioactivity
of samples was measured with a VDC-603 dose calibrator
(Comecer, Joure, Netherlands), by successively introducing
each half of each TLC paper strip, protected in a glass test
tube, into the analysis chamber.

2.5. In vitro biocompatibility assessment on normal
fibroblasts

Biocompatibility of nanoparticles was assessed on human
gingival fibroblasts (HGFs, CLS Cell Lines Service GmbH,
Eppelheim, Germany) using the CellTiter-Glo® Luminescent
Cell Viability Assay (Promega, Madison, WI USA), according to
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the manufacturer’s instructions. Cells were seeded into 96-well
tissue culture-treated opaque white plates (50 000 cells per mL)
and allowed to adhere overnight in DMEM with low glucose,
containing GlutaMAX™ supplement and pyruvate, 5% fetal
bovine serum (FBS, both from Gibco, Thermo Fisher Scientific,
Waltham, MA USA) and 1% antibiotic-antimycotic (Lonza,
Basel, Switzerland). Cells were incubated with nanoparticles
(0, 1, 5, 10, and 25 pg mL ") for 24 h and then luminescence
readings were taken using a FLUOstar® Omega microplate
reader (BMG LABTECH, Ortenberg, Germany). The experiments
were carried out in triplicate, and the viability of treated cells
was expressed as a percentage of the viability of control cells
(0 pg mL™"). Data were represented as means =+ standard
deviations and statistically analyzed by the independent two-
tailed (Student’s) #-test, considering p < 0.05 to be statistically
significant.

2.6. In vivo experiments

Animals. The experiments were approved by Ethical Com-
mittee of the “Grigore T. Popa” University of Medicine and
Pharmacy of Iasi (no. 116/18.10.2021) and were performed in
accordance with the European legislation (Directive 2010/63/
EU) and Romanian law (Law no. 43/2014) on the protection of
animals used for scientific purpose and with authorization
from the National Sanitary Veterinary and Food Safety Authority
(no. 50/18.02.2022). Adult female Wistar rats (Cantacuzino
Institute, Bucharest, Romania), weighing approximately 300 g,
were used. The rats were housed in the animal facility of the
CEMEX, “Grigore T. Popa” University of Medicine and Phar-
macy, Iasi; in individually ventilated cages (IVCs) which were
climate-controlled: 20 + 4 °C, 50 + 5% relative humidity, and
12 h light/dark cycles containing shaving bedding material with
regular rodent chow and water ad libitum.

PET and SPECT biodistribution studies. The in vivo studies
were conducted on healthy animals with the main goal to
assess the biodistribution profile of all radiolabeled products:
AuPEG-PEI/*®Ga, AUPEG-PEI-GA/*®Ga, AuPEG-PEI/*°™Tc and
AUPEG-PEI-GA/°*™Tc, against the biodistribution of the corres-
ponding free radionuclides (Na***™TcO,~ and °*GaCl;, respec-
tively). The 18 animals involved in the study were divided into 6
groups of 3 animals per group, 3 groups for PET and the others
for SPECT investigations. Each of the three groups represents
animals that were administered the two radiotracers, plus the
control group that received the free radionuclide. The radio-
active solutions were administered via i.v. injection in one of
the tail veins. Fasted animals (not more than 6 h) were
anesthetized using an inhalation anesthesia system (VetEquip
Inc.) coupled to a plexiglass chamber at a concentration of 5%
isoflurane in a mixture of air and oxygen. After induction, the
rats were transferred to the scanner bed to be investigated by
PET (Mediso® nanoScan PET/MRI, 1 Tesla, Budapest, Hungary)
or SPECT (Siemens Gamma camera with LEAP collimators),
maintaining anesthesia adjusted at 2%.

The animals subjected to PET-MRI scanning were injected
with 20 MBq kg~ ' bw of each **™Tc based radiotracer or free
®8GaCl; for the control group, equivalent to about 6 MBq per
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animal. The MRI sequence (T1 GRE) precedes the PET scan; it
has the role of locating the anatomical structures where the
radiotracer accumulates and this took place for approximately
15 min for the chosen sequence.

The animals subjected to SPECT examination have received
60 MBq kg ' bw of each °®Ga based radiotracer or free
Na"*®™Tc0O, ", in the case of control group, corresponding to
about 18 MBq per animal. The radiolabeling protocol was
conducted taking into account the option where the maximum
yield was obtained, using SnCl, as the reducing agent, at
a concentration of 2 mg mL '. As indicated in the section
detailing the radiolabeling protocol, the production of **™T¢
radiolabeled complexes in high yields and purity requires the
reduction **™Tc(vn) in **™TcO,” to a lower oxidation state. After
demonstrating the efficiency, stability and nontoxicity of stannous
salts, these reducing agents have been introduced for commercial
use. Moreover, stannous chloride is considered the most appro-
priate reducing agent for *™Tc-based pharmaceuticals.*!

SPECT standard parameters were used to achieve anterior
and posterior planar scans, including a 256 x 256 matrix and a
20% window centered around the 140-keV photopeak, using a
low-energy, high-resolution parallel collimator. The scans were
performed for 7 hours (taking into account the *™Tc half-life of
6 hours) after the injection of the radiotracer. The animals’
whole-body scans were accomplished in the supine position.
Furthermore, tomographic images were obtained for more
fields of view as well as precise localisation. The uptake
quantification was studied through measuring the total counts
and pixels (given by the software of the Gamma Camera), by
drawing a region of interest (ROI) in every uptake localisation.
Each ROI uptake was reported to an equal ROI in a background
area (the right leg of the animal). The (total counts/pixels)
uptake/(total counts/pixels) background ratio was used in order
to generate uptake graphics for 7 hours following the injection
of the radiopharmaceuticals.

3. Results and discussion

3.1. Synthesis and the structural, morphological and optical
properties of AuNP-based nanoconjugates

3.1.1. Synthesis of AuNP-based nanoconjugates. The syn-
thesis and stabilization of gold nanoparticles (AuNPs) were
carried out using sodium citrate.*® This was followed by the
substitution of citrate with linear PEG o,0-functionalized with
thiol and amine groups.®” The conjugate was found to possess
amine groups on its surface, which facilitated the binding of
branched polyethyleneimine (PEI) through an epoxy ring-
opening reaction.*® PEG o,o-diglycidyl ether was employed as
a linker for this purpose. The surface functionalization of the
conjugate was accomplished through the same epoxy ring-
opening reaction with primary amine groups, which was car-
ried out between GA-PEG-epoxy and AuPEG-PEI, as depicted
in Scheme 1.

The structure of intermediate compounds was confirmed by
mass spectrometry, where m/z values indicate their molecular
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weight and the oxirane ring opening with primary amines was
established with the help of FTIR spectroscopy. The particle
size and morphology were investigated using UV-Vis, DLS, and
STEM/TEM techniques. The elemental composition was deter-
mined by XPS, and the concentration of gold nanoparticles was
determined by UV-Vis.

3.1.2. Mass spectrometry (ESI-MS). The chemical structure
of the GA-PEG-epoxy prepolymer was verified through electro-
spray ionization mass spectrometry (ESI-MS) analysis, as
depicted in Fig. S1 and S2 (ESIt). The prepolymer was synthe-
sized by reacting the amino group of glucosamine (GA) with
one glycidyl ether of PEG;, o,w-diglycidyl ether, by ring open-
ing of the oxirane cycle, as illustrated in Scheme 1. The samples
were solubilized in an aqueous solution and subsequently
diluted with a water/acetonitrile mixture to achieve a concen-
tration of 50 ug mL ™", This procedure was performed in order
to transform the prepolymer molecule into a highly charged
cationic molecule, as ESI-MS only operates in the positive
polarity mode.>>*" The ESI-MS spectrum analysis revealed the
existence of the GA-PEGs,_epoxy precursor in the sample, as
evidenced by the comparison of its spectrum with that of the
initial compound (PEGsg o,0-diglycidyl ether), as depicted
in Fig. S1 and S2 (ESIt). The ESI-MS spectrum of the GA-
PEG;g0—epoxy precursor exhibits peaks separated by 44.0262
mass units, which are distinctive of the ethylene oxide group
[-CH,-CH-O-] from the PEGs;q, diglycidyl ether compound.
Additionally, the spectrum displays peaks separated by 179 units,
corresponding to glucosamine molecular mass. This indicates the
successful formation of the desired compound and the efficacy of
the epoxy group/primary amine reaction.

3.1.3. Fourier-transform infrared (FTIR) spectroscopy. The
FTIR spectra of the four generations of AuNPs, namely AUPEG-
NH,, AuPEG-epoxy, AuPEG-PEI, and AuPEG-PEI-GA, as
depicted in Scheme 1, are presented in Fig. S3 (ESIf). The
spectra exhibit four major characteristic regions. The first
region, at 400-750 cm ™', corresponds to AuNPs bonding with
sulfur (Au-S), residual oxygen from citrate, and C-S from HS-
PEG-NH,. The second region, ranging from 750 to 1300 cm ™",
is attributed to C-O stretching vibrations. The third region at
1300-1800 cm ' is represented by C=O stretching, primary
and secondary amines I, and C-H bending. The last region,
ranging from 2800 to 3600 cm ™, is the characteristic of O-H,
N-H, and C-H stretching vibrations.*”*?

The FTIR spectrum of the AUPEG-NH,, as illustrated in
Fig. S3 (ESIt), exhibits the characteristic bands for primary
aliphatic amines at 3440 cm™*, and at around 1620 cm ™~ * which
is overlapped with the S-C-C- bond. The band at around
1150 cm ™! is attributed to the C-N, C-S and C-O-C bonds.
In the domain of C-H and -CH, stretching, bands could be
observed at around 2850 cm ™', which can be attributed to the
methylene groups of PEG chains and residual S-H moieties.
Moreover, the AUPEG-NH, spectrum displays a band at 1400 cm ™,
which is consistent with the band seen in AuNPs and is ascribed
to the presence of residual COO~ from the AuNPs.*”” The Au-S
vibration occurs at 557 em™ ', and aligns well within the 500~
600 cm ™' range.> The band corresponding to C-O-C moieties of
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the AUPEG-NH,, at around 1100 cm ', becomes larger and is
shifted to a smaller wavenumber in Au-PEG-epoxy conjugates
(Fig. S3, ESIt) due to the conjugation with the epoxy precursor.
Also, the FTIR spectrum of AuPEG-epoxy conjugates (Fig. S3, ESIt)
reveals the strong symmetric stretching vibration at 947 cm™" and
846 cm ™, as well as asymmetric stretching vibrations at 1352 and
1251 ecm ™" corresponding to the oxirane group.> The FTIR spec-
trum corresponding to the AUPEG-PEI intermediate compound
confirms its expected structure with the presence of primary and
secondary amine absorption bands at 1639 cm ™" and 1571 cm ™,
respectively. The presence of PEI moieties in the conjugate is
responsible for the appearance of characteristic bands for primary
aliphatic amines at 3430 cm™ . Additionally, a weak band associated
with secondary amines is observed as a shoulder at 3240 cm™*. The
other existing bands are in agreement with the proposed structure.
Finally, the FTIR spectrum of the AuPEG-PEI-GA compound
(Fig. S3, ESIt), bearing glucosamine grafted onto the PEI surface
of gold nanoparticles, exhibits only slight modifications in the
intensity and shape of the characteristic bands, with minor shifting
owed to the secondary amines.*”

3.1.4. X-ray photoelectron spectroscopy (XPS). In this
investigation, we employed X-ray photoelectron spectroscopy
(XPS) to examine the surface of materials at a resolution of
10 nm.*”*7 Specifically, we focused our analysis on the
citrate-gold nanoparticles (AuNPs) and the AUPEG-NH,, conju-
gates to verify the presence of thiol groups on their surfaces.
The XPS wide scan spectra of gold nanoparticle-based nano-
conjugates have revealed varying concentrations of charac-
teristic peaks of the Au 4f core, C 1s, N 1s, O 1s, and S 1s,
depending on the polymeric shells of the nanoparticles, as
shown in Fig. S4 (ESIt). The consistency between the elemental
composition and the anticipated structure outlined in
Scheme 1 is apparent. The present study reveals that the Au/
C/O/N element ratio (Table S1, ESIf) exhibits dissimilarities
between AuNPs and AuPEG-NH, conjugates (as depicted in
Scheme 1). Specifically, the latter displays increased levels of
carbon, oxygen, and nitrogen, while demonstrating a decrease
in gold and sulfur concentrations. This observation provides
evidence that the surfaces of conjugates were modified in
accordance with Scheme 1.

The C 1s high-resolution spectrum of AuNPs (Fig. S5, ESIT)
exhibits four discrete binding energies at 284.6, 286, 287.9, and
289.3 eV which are attributed to adventitious carbons (C-C or
C-H), the hydroxyl (C-OH alch) and/or the o-carbons (CH,), the
coordinated carboxylates (COO-Au), and free carboxyl moieties
(COOH or COO7), respectively.’”*® In contrast, the high-
resolution spectrum of AuPEG-NH,’s C 1s, (Fig. S5, ESIT) displays
six distinct peaks positioned at 284.6, 286.2, 287.4, 288.2, 288.9,
and 289.3 eV. The observed peaks have been ascribed to adventi-
tious carbons (C-C or C-H), the hydroxyl (C-OH) and/or the
a-carbons (CH,), the coordinated carboxylates (COO-Au), carbon-
nitrogen bonds originating from the PEG sidechain (C-N), carbon-
sulfur bonds arising from the heterobifunctional PEG (C-S), and
free carboxyl moieties (COOH or COO™), respectively.>”*®

The high-resolution spectra of Au 4f indicate that the thiol
bond has been attached to the gold nanoparticle’s surface.
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Fig. S5 (ESIt) depicts the existence of Au(0) and Au(1) in the
case of AuNPs. On the other hand, for the AUPEG-NH, con-
jugate (Fig. S5, ESIT), three separate peaks were observed which
correspond to Au(0), Au(1), and Au-S bonds.*”*® The appear-
ance of surface Au(1) species in both instances can be attrib-
uted to the coordination of Au-carboxylates, as reported in the
literature.>®*°

3.1.5. Energy dispersive X-ray analysis (EDAX). Further in
our study, we have used the EDAX method in order to investigate
the AuPEG-PEI and AUPEG-PEI-GA conjugates and provide addi-
tional evidence regarding their chemical compositions. Despite its
significant inaccuracy in determining the elemental composition
of a volume, the EDAX method remains the preferred approach for
analyzing conjugates in terms of their elemental composition, as
per existing literature.>*"** Fig. S6 (ESI{) depicts the evaluation of
the EDAX spectra concerning the modification of the surface of
the conjugates, indicating the presence of anticipated chemical
elements in diverse concentrations.

3.1.6. UV-Vis, dynamic light scattering (DLS), zeta
potential (£) and scanning transmission electron microscopy
(STEM). The surface plasmon resonance (SPR) of AuNPs
enables facile colorimetric imaging for the evaluation of colloi-
dal stability, polydispersity, and concentration of gold nano-
particles. The SPR peak’s magnitude is influenced by the
concentration and morphology of the AuNPs under investiga-
tion, as reported in previous studies.®>®> The observed varia-
tions in dimensions may be attributed to changes in the
refractive index or the application of different shells to the
particles.®® As illustrated in Fig. S7 (ESIt), it was observed that
all generations of synthesized conjugates of AuNPs exhibited
consistent SPR peaks ranging from 519 to 524 nm and demon-
strated favorable colloidal stability, except for a tendency
towards nanoparticle agglomeration. In addition, it was
observed that the agglomeration tendency of AuNP conjugates
was concomitant with a maximal red shift of 5 nm for AuPEG-
PEI and AuPEG-PEI-GA conjugates. This phenomenon can be
attributed to the presence of the polymeric shell, taking into
account that the gold core remains constant across all con-
jugates. Furthermore, the concentration of the gold nano-
particles (AuNPs) that are dispersed within the dispersion can
be accurately identified using the “Beer-Lambert law”,®” which
is represented by eqn (1):

A = e BC 1)

where A is the absorbance, B is the light path length of the cell
(1 cm) used in the UV-Vis experiments, and &,y is the extinction
coefficient (cm ™ M ").®® According to existing literature, the
extinction coefficient value of 8.78 x 108 cm™ " M " is depen-
dent on the size of the nanoparticle, as determined by STEM,
and the wavelength at which it exhibits its maximum absorp-
tion peak.’” The UV-Vis spectra were recorded at a dilution
factor of 100. Based on this, the concentrations of nano-
particles were determined to be 9.3 nM for AuNPs, 8.76 nM
for AUPEG-NH,, 8.02 nM for AuPEG-epoxy, 8.08 nM for
AuPEG-PE], and 8.54 nM for AuPEG-PEI-GA conjugates.
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Changes in the structure and the mean hydrodynamic
diameters of the gold nanoparticles were observed through
the use of the DLS technique (as depicted in Fig. S8, ESIf).
The DLS histograms demonstrated homogeneous formations,
exhibiting a distinct tendency towards an enhanced hydrody-
namic diameter as the length of the sidechain conjugated to
gold nanoparticles increased. The hydrodynamic diameters of
AuNPs and their four generations of conjugates, namely
AUPEG-NH,, AuPEG-epoxy, AUPEG-PEI, and AuPEG-PEI-GA,
were observed to be around 143, 324, 367, 581, and 707 nm,
respectively. However, the polydispersity index was found to be
fairly high, ranging from 0.8 to 0.9, despite the unimodal
curves. The zeta potential values of AuNPs, AuPEG-NH,,
AuPEG-epoxy, AuPEG-PEI, and AuPEG-PEI-GA conjugates
were observed to be —33.9, 19.27, —0.79, 38.29, and 2.69 mV,
respectively (Fig. S8, ESIt), indicating the unique surface mod-
ifications of each conjugate. It is noteworthy that the hydro-
dynamic diameter values of AuNPs were considerably high,
while the zeta potential values were low, as a result of the
implementation of the Turkevich method,*® corresponding to
the citrate coating of AuNPs. The colloidal stability of AUPEG-
PEI and AuPEG-NH, was found to be superior, as anticipated.
Additionally, the zeta potential values indicated that the surface
charge of AuPEG-PEI-GA nanosystems was nearly neutral,
measuring approximately 3 mV. It is noteworthy that negative
nanosystems exhibit a moderate level of systemic exposure,
whereas positive nanosystems are immediately eliminated. On
the other hand, neutral nanosystems show a considerable
degree of systemic absorption upon intravenous administra-
tion and exhibit a low clearance rate when administered
intraperitoneally. The reduced plasma clearance is observed
to be a reflection of tumor uptake in this particular context.®®
The aforementioned statement implies that neutral nanosystems,
specifically AuPEG-PEI-GA nanosystems, have the potential to be
efficient in cancer diagnosis and tumor uptake.

The STEM method was employed in order to clarify the
morphology and dimensions of the resultant nanoparticles.
Fig. 1 displays STEM images of the AuNP sequences, demon-
strating their organization into spherical nano-sized particles.
The calculated diameter distribution for each sample under
investigation is also presented. The AuNPs and their conjugates
exhibited a spherical morphology with average diameters of
11.98 £ 1.85, 22.75 + 3.237, 23.77 + 3.32, 23.81 + 3.74 and
26.59 + 3.57 nm for AuNPs, AuPEG-NH,, AuPEG-epoxy,
AuPEG-PEI, and AuPEG-PEI-GA, respectively. The Image] soft-
ware was used to determine the average core diameters of the
particles (D, nm). The STEM images exhibit a consistent trend
similar to the DLS analysis, wherein homogeneous assemblies
are observed to have an evident increasing diameter with an
increase in the length of the sidechain that is linked to the gold
nanoparticles. Despite this, the polymer coating’s impact on
the particle size is minimal according to DLS and STEM
measurements, while its effect on aggregation behavior is
significantly greater. It is essential to note that when utilizing
difunctional reactants, to prevent the participation of the
second function in the reaction (which could result in the
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Fig. 1 STEM images of (a) AuNPs, (b) AUPEG—NH,, (c) AUPEG—epoxy, (d) AUPEG-PEI, and (e) AUPEG—-PEI-GA. The polymer coating slightly influences
the particle size but shows a more significant effect on aggregation behavior. The insets show STEM histograms of particle sizes measured from about

1000 particles per image.

coupling of two NPs), two parameters should be considered:
(a) ensuring an optimal ratio between the reactants and
(b) maintaining a low concentration of the difunctional com-
pound. According to our findings, the zeta potential values of
AuNPs, AuPEG-NH,, AuPEG-epoxy, AuPEG-PEI, and AuPEG-
PEI-GA conjugates were observed to be —33.9, 19.27, —0.79,
38.29, and 2.69 mV, respectively (Fig. S8, ESIT), varying from
negative to positive values as the surface of the NPs was
modified, leading to the hypothesis that the NPs were gradually
functionalized. The non-PEGylated AuNPs showed a zeta
potential of around —34 mvV, indicating the good stability of
the particle in dispersion. PEGylation changed the sign of the
NP charge and brought it to about +20 mV. Subsequent
functionalization with PEI increased the positive charge of
NPs, practically doubling it. The presence of PEG-glucosamine
in the third shell of NPs largely neutralized their charge, in
agreement with the literature data.”® This fact enhances the
ability of nanoparticles to evade protein adsorption, increasing
their half-life in the bloodstream by a factor of several times as
a result of blocking their association.”* Moreover, a weakly
positively charged surface is preferred in the case of specific
binding by receptor-mediated endocytosis.”> On the other
hand, neutral nanosystems show a considerable degree of
systemic absorption upon intravenous administration and
exhibit a low clearance rate when administered intraperitone-
ally. The reduced plasma clearance is observed to be a reflec-
tion of tumor uptake in this particular context.*® The
aforementioned statement implies that neutral nanosystems,
including AUPEG-PEI-GA, have the potential to be efficient in
cancer diagnosis and tumor uptake.

Following the findings of the STEM analysis, the DLS and
zeta potential measurements (¢) indicate that both AuNPs and

This journal is © The Royal Society of Chemistry 2024

gold nanoparticle-based nanoconjugates exhibit a spherical
morphology with sizes varying between 11 and 30 nm
(as depicted in Fig. 1). Additionally, the zeta potential values
(as illustrated in Fig. S8, ESIt) are indicative of the shell’s
characteristics, with positively charged measurements observed
in the case of AUPEG-NH,, AuPEG-PEI, and AuPEG-PEI-GA
conjugates.

3.1.7. The estimated calculation of the number of gold
atoms/gold nanospheres. High-resolution STEM analysis can
be used to determine the typical amount of gold atoms per
nanoparticle. Taking into consideration all previous measure-
ments, the number of gold atoms/gold nanospheres (N) is
72345.6, as applying eqn (S1)-(S3) (ESIt).*”

3.2. Invitro biological assays - the non-toxic effect of AuPEG-
PEI and AuPEG-PEI-GA nanoconjugates on normal fibroblasts

Fig. 2 shows that AuNPs, AuPEG-PEI nanoparticles and
AuPEG-PEI-GA nanoparticles are biocompatible at the tested
concentrations (>70% cell viability). A significant statistical
difference in cell viability was observed between the lowest and
highest concentrations of AuPEG-PEI (p = 0.001) and AuPEG-
PEI-GA (p = 0.005) nanoparticles.

3.3. Radiolabeling of AuNP-based nanoconjugates

The radiolabeling was performed using two radioisotopes, **™Tc
and ®Ga, respectively, to highlight the potential of the gold
nanoparticle conjugates (AuPEG-PEI and AuPEG-PEI-GA) to be
applied in both SPECT and PET nuclear medicine techniques.
3.3.1. Radiolabeling with °*™Tc. The °°™Tc radioisotope
was eluted from a *°’Mo/**™Tc Drytec Generator system as
Na"°™TcO,, and ®*Ga radioisotope from ®*Ge/**Ga Eckert &
Ziegler generator for radiolabeling. The assessment of
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Fig. 2 Cytotoxicity assessment of non-radiolabeled and radiolabeled nanoparticles on normal fibroblasts at 24 h incubation of (a) AuNPs, AUPEG—PEI
nanoparticles and AUPEG—PEI-GA nanoparticles; (b) AUPEG—PEI and AUPEG—PEI-GA labeled with ®3Ga; and (c) AUPEG-PEI and AuPEG-PEI-GA labeled

with %°™Tc.

radiolabeling efficiency was conducted through the utilization
of instant thin-layer chromatography (ITLC). The stationary
system employed in each case was a silica chromatographic
paper, while the mobile phase was an adapted solvent system,
as outlined in the Materials and methods section.

In order to achieve the highest radiolabeling yield, the
procedure with °*™Tc was conducted with the variation of the
Na"®™Tc0,~ activity (185 MBq/5 mCi), along with the nature
and concentrations of NaBH, or SnCl, reducing agents. The
complex resulting between [TcO, | and the highly positive
charged PEI was confirmed by the decrease of zeta potential
values (¢) measured at 6 h after the radiolabeling process. The
values decreased from +38 to —38 mV for AUPEG-PEI/**™Tc and
from +3 to —60 mV for AUPEG-PEI-GA/°*™Tc, as depicted in
Fig. S9 (ESIY).

The difference observed in the &-potential values (the inset
of Fig. S9, ESIt) before and after radiolabeling of both types of
nanoconjugates (AuPEG-PEI and AuPEG-PEI-GA) is notably
significant, measuring approximately 60 mV. However, it was
observed that this difference decreased gradually over time.
After 22 hours, the zeta potential measurements of the two
radiolabeled conjugates were recorded to be +12 and +0.6 mV,
respectively. These findings suggest that the aforementioned
conjugates may be more appropriate to be used in cancer
detection and tumor uptake.®® Nevertheless, these two values
are much more logical and justified and, although they appear
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to favor the agglomeration of nanoparticles, this phenomenon
has not been observed experimentally. The variations in zeta
potential values observed over time for the two examined
conjugates subsequent to exposure to the sodium pertechnetate
solution were ascribed to the occurrence of intra- and intermole-
cular rearrangement phenomena. These phenomena resulted in
the redistribution of electrical charges within the polymer coating
that decorates the surface of the nanoparticles. During the first
stage, the zeta potential values exhibit a highly negative trend,
which can be attributed to the dominant effect of the ion [TcO, "]
present on the surface of the polymer coating of the nanoparticles
(the inset of Fig. S9, ESIt). This effect is observed when it is
assumed that **™Tc has not yet been trapped in a stable coordina-
tion network. It is noteworthy to mention that the aforementioned
rearrangements occur concomitantly with the presence of
reducing agents, namely 0.07/0.14 mg mL ' SnCl, and 0.45/
0.9 mg mL ' NaBH,, which exert a significant impact on the yield
of radiolabeling. This study revealed that the stability of the
systems and the resulting radiolabeling yields exhibit a decline
over time, which is dependent upon the concentration and nature
of the reducing agent. It was found that the optimal stability was
achieved with SnCl, at a concentration of 0.14 mg mL ', as
evidenced by the superior performance of AuPEG-PEI-GA
(as depicted further in Fig. 4(b)).

The mechanism of radiolabeling of AuPEG-PEI and AuPEG-
PEI-GA conjugates with *™Tc has not been extensively studied.

This journal is © The Royal Society of Chemistry 2024
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However, based on their structural resemblance to those pre-
viously reported by Costa et al.,’® it is hypothesized that the
labeling occurred through the [**™Tc = O]" complex, which is
commonly involved in such reactions. In this complex, Tc is in
an oxidation state of +5, having been reduced from +7 by the
reducing agent. The hyperbranched PEI chains exhibit a spe-
cific spatial configuration that enables the polymer to function
as a tetradentate ligand, thereby facilitating the formation of
stable complexes with [**™Tc = O]".

The hydrodynamic diameter of radiolabeled nanoparticles,
determined using the DLS technique, showed an increase in
their size, suggesting the formation of clusters with average
diameters larger than 1000 nm as a result of *™Tc complexa-
tion, as shown in Fig. S9 (ESIt).

Nevertheless, the morphological and dimensional investiga-
tion by TEM did not provide evidence in favor of the clustering
hypothesis. Although regions of particle agglomeration were
observed in the analyzed fields, it is not possible to definitively
conclude the formation of clusters due to the presence of
numerous well-defined individual particles, as depicted in
Fig. 3. Additionally, it has been observed that the mean sizes
of nanoconjugates labeled with °*™Tc are smaller in compar-
ison to those that are not labeled. This phenomenon may be
attributed to the constriction of the polymeric shell during the
complexation process with the *™Tc radioisotope.

The radiolabeling efficiency of AUPEG-PEI and AuPEG-PEI-
GA was observed to reach values as high as 99%, primarily
within the initial 6-hour period, with minor variations based on
the type and concentration of the reducing agent employed.
The data presented in Fig. 4(a)—(c) indicate that the stability of
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the system is significantly impacted by the presence of the
reducing agent after a duration of 6 hours. The radiolabeling
efficiency of the AuPEG-PEI-GA-"""Tc complex was found to
be 91% after 22 hours of incubation with SnCl, (0.14 mg mL ™).

3.3.2. Radiolabeling with ®®*Ga. The protocol employed for
the radiolabeling process using ®*Ga consisted of a constant
amount of **GaCl; and three distinct concentrations of gold
nanoparticles, which were combined in order to attain N/Ga
ratios of 50, 100, and 150. The coordination of *®Ga** with the
nitrogen present in the PEI shell of conjugates resulted in the
embedding of the former into the PEI chains. The use of
dimensional analyses, DLS and STEM, has revealed that in
contrast to the complexes formed with [**™TcO,]", **Ga’®*
exhibits a preference for the formation of smaller entities.
These entities possess a hydrodynamic diameter that does
not exceed 373 nm, as illustrated in Fig. S10 (ESIt). The
histograms generated from STEM images have demonstrated
that the particle diameters fall within a narrow range of 22.12 to
23.6 nm, with negligible variations observed across different
concentrations, as depicted in Fig. 5.

This study highlights the significance of the variance in zeta
values (the inset of Fig. S10, ESIf), indicating that the N/Ga
ratios used in the experiment yield zeta potential values that are
suitable for imaging and cancer uptake through parenteral
administration of the conjugates discussed in the research.®
The zeta potential values of radiolabeled nanoparticles exhibit
a positive trend owing to the existence of the cationic **Ga*®*
radioisotope. The stability of the investigated systems, namely
AuPEG-PEI-°®Ga and AuPEG-PEI-GA-°®Ga, was maintained
throughout the 68-minute half-life of ®*Ga. The radiolabeling
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Fig. 3 TEM images of AUPEG—PEI/*°™Tc (a) and (b) and AUPEG—-PEI-GA/°°™Tc (c) and (d) after 6 hours from the starting moment of the radiolabeling

process.
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influence of reducing agent type and its concentration on the stability of complexes between AUPEG-PEI-GA nanoparticles and °*™Tc. The bar chart
highlights the optimal conditions for AUPEG—PEI-GA radiolabeling. (d) Radiolabeling yields of AUPEG—PEI and AUPEG-PEI-GA with ®Ga depending on

the ratio between nitrogen and gallium (N/Ga).

yields of both AuPEG-PEI and AuPEG-PEI-GA achieved values
of up to 100%. However, a slight decrease in yield was observed
after one hour, with values ranging between 73% and 99%. The
relationship between the yield and the analyzed concentrations
is evident, as illustrated in Fig. 4(c). The optimal yields for both
analyzed compounds were achieved at the highest concentra-
tions examined.

Fig. S11 and S12 (ESIf) depict the FTIR spectra of gallium
and technetium-labeled compounds, AuPEG-PEI and AuPEG-
PEI-GA. The technetium-labeled compounds were subjected to
reducing agents SnCl, and NaBH,, respectively. Differences
are observed among the four primary characteristic regions
of the spectra. The initial spectral region (400-750 cm™ '),
which is indicative of metallic bonds, exhibits a distinct
shape in each case. The subsequent region (750-1300 cm ™)
is characterized by a broader shape and less well-defined
profile. The third spectral region (1300-1800 cm ') displays
broader vibration bands, fewer in number, and less well-
defined due to the emergence of new N-metal bonds. The
spectral region spanning from 2800 to 3600 cm ! is recognized
for its characteristic O-H, N-H, and C-H stretching vibrations.
Within this region, variations are observed in the 2800-
3000 cm ™" region, which can be attributed to dissimilarities
in the bond for C-H stretching vibrations. This phenomenon
may be explained by the existence of a metal ion in close

3670 | J Mater. Chem. B, 2024, 12, 3659-3675

proximity to the bond, which induces a distinct vibration of
the bond in its vicinity.

Comparison between three different concentrations of gold
nanoparticles and *®Ga®** complex (corresponding to the N/Ga
ratios of 50/1, 100/1, and 150/1) was analyzed by the FTIR
technique and the results are presented in Fig. S13 (ESIt) for
the sample AuPEG-PEI and Fig. S14 (ESIt) for the sample
AuPEG-PEI-GA. The findings indicate that the radiolabeling
yields of AUPEG-PEI and AuPEG-PEI-GA with ®®Ga are concen-
tration-dependent after 1 hour. Analysis of the FTIR spectra reveals
that the most prominent changes in the shape and wavenumber
shifting occur at a N/Ga ratio of 100/1. The fine structure of the
initial samples is preserved in all spectra.

Fig. S15 (ESIt) illustrates the EDAX spectra of the gallium
and technetium-labeled conjugates (AuPEG-PEI and AuPEG-
PEI-GA), alongside the corresponding quantitative results pre-
sented in Fig. S16 and S17 (ESIt). These findings provide the
percentage of each atomic species encountered in the achieved
radiolabeled products, thereby enabling the calculation of the
ratio between non-labeled nanoconjugates and radionuclides,
expressed by the ratio between N from PEI and ®*Ga (N/Ga) and
99MTe (N/Tc), respectively. It is noteworthy to indicate that the FTIR
and EADX spectra were obtained subsequent to the full radioactive
decay of *™Tc and **Ga radionuclides, which were converted into
their stable isotopes **Tc/*’Ru and ®®*Zn, respectively.”*

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 STEM images of AUPEG—-PEI/®®Ga (a), (c) and (e) and AUPEG—PEI-GA/%8Ga (b), (d), and (f) at the selected N/Ga ratios: 50/1 (upper line), 100/1
(middle line) and 150/1 (bottom line). The histograms indicate the dimensional distribution by measuring about 1000 particles from several STEM images.

3.4. Invitro biological assay - cytotoxicity assessment of
radiolabeled AuPEG-PEI and AuPEG-PEI-GA nanoparticles
on normal fibroblasts

The results depicted in Fig. 2(b) indicate that the radiolabeling
of AUPEG-PEI and AuPEG-PEI-GA nanoparticles with ®*Ga
(AUPEG-PEI/**Ga and AUPEG-PEI-GA/*®Ga, respectively) resulted
in significant cytotoxicity towards normal fibroblasts. This effect
was observed even at low concentrations of 5 ug mL™" (p = 0.001
vs. 1 pg mL™"). Hence, it is imperative to take into account an
ideal nanoparticle concentration of 1 pg mL ™', as it has been
observed to have no impact on cell viability. On the other hand, it
can be observed from Fig. 2(c) that the impact of **™Tc labeling
on cell viability was noticeable solely at elevated concentrations
(specifically, for the AUPEG-PEI/**™Tc compound that employed
SnCl, as the reducing agent at a concentration of 0.14 mg mL ™),
which exhibited cytotoxicity at 25 pug mL™' with a statistical
significance of p < 0.001. A reduction in cellular viability was
noted in the non-toxic range (>70% cell viability) as the concen-
tration of nanoparticles increased. Statistical analysis revealed
significant differences between the lowest and highest concentra-
tions for AUPEG-PEI-GA/*™Tc SnCl, (p = 0.042), AuPEG-
PEI/**™Tc NaBH, (p = 0.015), and AuPEG-PEI-GA/**™Tc NaBH,
(p = 0.019).

3.5. In vivo biodistribution of radiolabeled AuPEG-PEI and
AuPEG-PEI-GA nanoparticles

The results obtained in the radiolabeling experiments can be
best highlighted in vivo in an animal model. In this regard, the

This journal is © The Royal Society of Chemistry 2024

in vivo biodistribution studies represent a first attempt, which
demonstrates on the one hand the stability of the radiolabeled
complexes in the biological environment, and also provides a
means to track their path from administration to elimination,
as long as the complex is stable and the radionuclide continues
to exhibit activity. Fig. 6 and 7 illustrate the in vivo biodistribu-
tion of AUPEG-PEI and AuPEG-PEI-GA systems, radiolabeled
with ®®Ga and °°™Tc, according to the experimental procedure
described in the Materials and methods section.

Fig. 6 clearly illustrates that both systems exhibited favor-
able characteristics when used as radiotracers. The stability of
the two new radiotracer complex until 7 hours was tested and
demonstrated. Physiological thyroid uptake through the NIS
symporter’® was present in the case of °**™Tc, but absent in the
case of AUPEG-PEI and AuPEG-PEI-GA systems.

Analyzing Fig. 7, it can be seen that the free radionuclide
(°*Ga) has a relatively non-specific biodistribution, with visible
accumulation in several tissues such as the heart, brain, liver,
stomach, and intestine. In the case of AUPEG-PEI/®®*Ga, the
radiotracer uptake is quite weak in most tissues, being more
visible in the bladder and kidneys, therefore with a predisposi-
tion to rapid elimination via the renal route. The presence of
GA in AUPEG-PEI-GA/**Ga provides an interesting biodistribu-
tion of the radiotracer, obviously different compared to the
compound without GA, which shows a much better uptake in
the nervous system (in the brain and spinal cord), being also
present in the kidneys and bladder. The preferential fixation in
nervous tissues confirms the hypothesis according to which
such a compound could be useful for imaging visualization of
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Fig. 6 Tissue uptake of the °™Tc radiolabeled nanoparticles investigated as compared to the sodium pertechnetate uptake. T = thyroid, S = stomach,
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Fig. 7 Tissue uptake of ®8Ga radiolabeled nanoparticles in comparison with free ®GaCls highlighted by fused PET-MRI images.

large glucose-consuming tissues. This finding was confirmed
only for radiolabeling with ®®Ga (PET), but not in the case of
9™Tc (SPECT), which reflects the fact that radiolabeling occurs
through different mechanisms for the two radionuclides, pos-
sibly leading to conformational changes that result in different
biodistributions.

However, the major difference between the biodistribution
of the free radionuclide as compared to those of radiolabeled
compounds indicates with certainty the stability of the complex
in the biological environment at least in the tested time
interval.

The radiolabeling process and the stability of the radio-
labeled compounds were evaluated and clearly demonstrated,
in accordance with the data already verified in other
experiments®® through in vivo imaging on an animal model
(Fig. 6 and 7). The radiolabeling protocol****® was developed
starting from the bibliographic sources already mentioned,
being, therefore, already verified. The main aspect targeted by
our studies refers to the versatility of the nanoparticulate
complex to bind the radioisotope (both SPECT and PET) and

3672 | J Mater. Chem. B, 2024,12, 3659-3675

the vector molecule, an original aspect that, to date, according
to the data in the literature, has not been studied in this way,
and which could bring an enormous benefit to the develop-
ment of new SPECT and PET radiotracers.

4. Conclusions

The present study reports on the reproducible synthesis of
two hybrid nanoparticle conjugates, namely AuPEG-PEI and
AuPEG-PEI-GA. These nanoparticles are composed of a metal-
lic gold core and coated with a positively charged polymer. The
physical-chemical characterization results provided evidence
for the successful synthesis of these products.

The noteworthy capabilities of Au nanoparticles for various
biomedical applications, along with the previously reported
results of our research team, led us towards their deeper
exploitation, in an attempt to produce a versatile product for
diagnostics or presumably theranostics. On the other hand, the
polymeric coating of these metallic nanoparticles, made of PEG

This journal is © The Royal Society of Chemistry 2024
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and PEI, has been the subject of extensive research and proved
its ability in the design of agents for gene or drug transport and
delivery. All these assets render the new nanoparticulate pro-
ducts excellent candidates as radiotracers for nuclear medicine
in SPECT and PET imaging since they displayed a great radio-
labeling feature with any of the tested radionuclides, namely
99™7c or ®®Ga. Both conjugates exhibited good radiolabeling
yields, reaching up to 100% at certain ratios between nano-
particles and radionuclides, expressed as N/°°™Tc or N/°*Ga
ratios. Furthermore, it has been established that the radiola-
beled compounds had satisfactory stability, for the **™Tc com-
plexes, maintaining their stability for over 22 hours. However,
complexes containing °®Ga indicated a slight decrease in
stability after 1 hour, with yield values ranging between 73 and
99%. The in vitro biocompatibility evaluation conducted on
normal fibroblasts demonstrated promising potential for using
these agents as diagnostic tools in subsequent in vivo evaluations.

The radiopharmaceutical market continues to be a constantly
untapped niche due to the undeniable benefits of nuclear med-
icine imaging techniques, which might theoretically explore a
considerably broader range of disorders if appropriate radiotra-
cers would be available. The present study approaches this field
from the perspective of identifying a compound that can serve as a
radiotracer for both PET and SPECT depending on the radio-
nuclide used, much more accessible and versatile, suitable espe-
cially in the examination of malignancies. The process of
attaching glucosamine (GA) onto the surface of nanoparticles is
expected to enhance their accumulation in tissues with high
glucose consumption. This has significant potential for use as a
diagnostic tool for tumors and as a basis for creating accessible
radiopharmaceuticals with structural-functional hybrid pro-
perties. The main aspect targeted by our studies, additionally
strengthened by in vivo testing, refers to the versatility of the
nanoparticulate complex to bind the radioisotope (both SPECT
and PET) and the vector molecule, an original aspect that, to date,
according to the data in the literature, has not been studied in this
way, and which could bring an enormous benefit in the develop-
ment of new SPECT and PET radiotracers.
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