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ABSTRACT

Objective(s): Dendrimers are promising molecular imag. ~ platforns because of their multivalency and tunable
surfaces. This study synthesized a PEGylated anionic | 1ea. lobular dendrimer conjugated with L-arginine and
labeled with technetium-99m (°°»Tc-DND-G2-Arn) as targeted SPECT tracer for breast cancer.

Materials and Methods: G2-dendrimers were s! ntiiesized via divergent esterification and conjugated to L-
arginine using carbodiimide chemistry. Physi “che. " il characterization was performed using FTIR, FE-SEM,
DLS, and LC-MS. Cell compatibility was.= ses. 4 by MTT assay in Vero cells. Radiochemical purity/stability
were assessed by radio thin layer chroma ~graphy. In vivo biodistribution and SPECT imaging were conducted
at 5, 30, and 120 minutes post-injectioi. 'n'w. _B/c mice with 4T1 tumors. Kinetic behavior was analyzed using
a two-compartment model.

Results: FTIR and LC-MS ana’ ‘ses veiled successful L-arginine conjugation to G2-PEG-citrate-ALGD. The
spherical nanoparticles (FE SEi 134.91 + 15.01 nm; DLS: 202.4 nm; zeta potential: -7.3 mV) exhibited
excellent cytocompatibilit, >95% viability). The highly pure radiolabeled conjugate (99.68%) also remained
stable, exceeding 95%- -2r ¢ >physical half-life and retaining 80-85% stability at 48 hours in PBS and serum.
In vivo studies-zovea d s, »cific tumor uptake (0.87 £ 0.19 %ID/g), which decreased by 31% after L-arginine
blocking (p - 0.05). Si 2T imaging demonstrated a strong early tumor uptake (SUVmax 4.8 at 30 min) with
rapid blood l'earance, while kinetic modeling indicated fast tumor influx, efficient irreversible trapping, and
minimal effl.

Conclusion: “*wTc-DND-G2-Arg demonstrates specific tumor targeting, favorable pharmacokinetics, and
excellent in vivo stability in a preclinical xenograft model, supporting further investigation as a potential
SPECT radiotracer for imaging arginine-enriched breast cancers.
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GRAPHICAL ABSTRACT

Design of **™Tc-DND G2-Arg and Targeting Mechanism in Breast Cancer
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INTRODUCTION

Breast cancer remains the most comm 'nly
diagnosed malignancy and the leading ccuse
cancer-related death among women wc dwide
[1]. According to the World Health. “ganiz.cion,
breast cancer accounts for apr:~xin. *ely one-
quarter of all cancers.ciagr sec in women,
making it a major contr butor to v...global cancer
burden [2]. The Gl al Carcer Observatory
reported more than 2. ‘lion new cases and
685,000 deaths worldwide in 2020, highlighting
the urgent need for improved strategies for early
diagnosis and accurate disease stratification [3].
Early diagnosis at a localized stage is strongly
associated with improved survival, less intensive
treatment, and better quality of life [4, 5]. These
findings emphasize the critical role of accurate
imaging modalities in the management of breast
cancer.

Despite substantial advances in diagnostic
imaging, current modalities still have important
limitations. While mammography is the most
widely used imaging modality for breast cancer,
its sensitivity declines in women with dense
breasts, and it has limited ability to detect

biologically aggressive or non-calcified lesions
[6]. Magnetic Resonance Imaging (MRI) is highly
sensitive, but is costly and time-consuming [7, 8].
Ultrasound is widely available; however, it is
highly operator-dependent and associated with
relatively high false-positive rates [9]. Although
Molecular imaging techniques like PET and
PET/CT provide excellent sensitivity, they are
unsuitable for routine screening because of their
high cost, limited availability, and reliance on
expensive short-lived radionuclides [10, 11].
Single-photon emission computed
tomography (SPECT) is a widely available
molecular imaging modality capable of detecting
functional and metabolic alterations associated
with tumor development [12]. Among SPECT
radionuclides, technetium-99m (°°™Tc) remains
the radionuclide of choice in the clinic owing to
its highly favorable physical characteristics, such
as a short half-life, optimal gamma-ray energy,
and availability through generator systems [13,
14]. Nevertheless, the majority of the traditional
99mTc-|labeled agents are limited by low tumor
specificity, rapid clearance, and unfavorable
tumor-to-background ratios [15, 16]. These
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limitations have driven the development of
nanotechnology-based platforms designed to
improve radiotracer targeting and delivery [13,
17, 18].

Dendrimer-based nanoradiotracers  are
attractive molecular imaging platforms because
of their well-defined structure, nanometric size,
and high density of modifiable surface functional
groups [19, 20]. Dendrimers provide precise
control over size, charge, and surface properties,
facilitating efficient conjugation of targeting
ligands and radionuclides [21]. Anionic linear-
globular dendrimers (ALGD), composed of
biocompatible building blocks like citric acid and
polyethylene glycol (PEG), offer additional
advantages, including low toxicity, high aqueous
solubility, and desirable biodistribution
properties [22-30]. Generation 2 (G2) dendrimers
achieve an optimal balance between molecular
size and biological performance, promoting
tumor penetration while minimizing
reticuloendothelial system (RES) uptake [31].
PEGylation further prolongs circulation time and
reduces immunogenicity, making  these
dendrimers attractive platforms for in vivo
imaging [32].

Targeted molecular imaging can be furthe
enhanced by incorporating biologically relv.nt
ligands. L-arginine, a semiessential am ..o 7,
plays a role in tumor metabolism  nd cell
proliferation [33]. Breast cance and _everal
other tumor types overexpresc ca 2nic amino
acid transporters to ‘acili ate an increased
uptake of arginine = [34, 35, This metabolic
characteristic provii 's a st'ong rationale for
exploiting L-arginine.  -~.a targeting agent.
Accordingly, conjugation of L-arginine to
dendrimers may promote preferential tumor
accumulation through transporter-mediated
uptake [33, 36, 37].

Therefore, this study aimed to develop and
characterize a novel °°*™Tc-labeled PEG-citrate
anionic linear-globular dendrimer conjugated
with L-arginine (°*™Tc-DND-G2-Arg) as a potential
targeted SPECT imaging agent. We further
evaluated its tumor-targeting capability and
imaging performance in a breast cancer
xenograft model.

MATERIALS AND METHODS
Materials

The following materials were used in this
study: dicarboxylated polyethylene glycol 600 Da
(PEG-600; Merck, Germany); Sodium citrate
(NasCeHs07;; Merck, Germany); L-arginine
(CeH1aN40,, purity 298%, Merck, Germany); 1-
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ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC; Sigma-Aldrich, USA); N-
hydroxysuccinimide (NHS; Sigma-Aldrich, USA);
dimethyl sulfoxide (DMSO; Merck, Germany);
dimethylformamide (DMF) (Merck, Germany);
Methanol and absolute ethanol (299.9%, Zagros
Company, Iran); N, N’-dicyclohexylcarbodiimide
(DCC; Sigma-Aldrich, USA); Phosphate-buffered
saline (PBS, pH 7.4; Atlas Teb, Iran); Dialysis
membranes with a molecular weight cut-off
(MWCO) of 1000-3000 Da (Thermo Fisher
Scientific, USA); Potassium brc aide (KBr) (Merck,
Germany); Uranyl acetate anu | hosphotungstic
acid (Sigma-Aldrich, USA); " 'ica gel 60 Fjsq
aluminum  sheets (Mer Germany) and
Whatman No. 1 chron atc_ :aphy paper (Scientific
laboratory supplice, © »eland); C18 reversed-
phase col:: s “gilent Technologies, USA).
Freshly -« te. °°" (-pertechnetate (°°™Tc0,")
was obtaine from a °**Mo/°°™Tc generator (Pars
Isc. ne, Iran, using normal saline. Stannous
chlunic > dihydrate (SnCl,-2H,0) (Merck,
Ge. ~any) was used as the reducing agent for
9"Tciabeling of the dendrimer conjugate.

Synthesis of G2-PEG-citrate-ALGD
G2-PEG-citrate anionic linear-globular
dendrimers (G2-PEG-citrate-ALGD) were
synthesized using a divergent growth method, as
previously described with minor modifications
[38, 39]. In brief, 2 mL of PEG-600 (1.67 mmol)
was dissolved in 5 mL of DMF containing 200 mg
of CaCl, as a dehydrating agent. The solution was
stirred for 15 min at room temperature at 400
rpm. Subsequently, 150 mg (0.6 mmol) of DCC
and 150 mg of citric acid were added to the
reaction mixture, which was stirred at 400 rpm
for 1 hour to activate the carboxyl groups and
facilitate esterification for the formation of the
first-generation dendrimer. To synthesize the
second-generation dendrimer, 225 mg (0.9
mmol) of DCC and 200 mg of citric acid were
added to the reaction mixture. The reaction was
maintained at room temperature with
continuous stirring (400 rpm) for 7 days.

Conjugation of G2-PEG-citrate-ALGD with L-
Arginine

L-arginine was conjugated to the surface of
the G2 dendrimer using carbodiimide-mediated
EDC/NHS coupling to form stable amide bonds.
The purified G2 dendrimers were dissolved in 5
mL of distilled water and manually stirred for 5
min. The solution was filtered through filter
paper, and the filtered solution was concentrated
by rotary evaporation at 100 °C for 30 min to
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reduce its volume. Subsequently, 1 to 3 mL of
DMF was added to the concentrated dendrimer
solution to improve the solubility of hydrophobic
components. After stirring, DCC (150 mg) and
EDC (30 mg) were added, and the activation
reaction was allowed to proceed at room
temperature (400 rpm) for 15 min to activate the
terminal carboxyl and amine groups of the
dendrimer. Subsequently, 500 mg of solid L-
arginine was added to the activated dendrimer
solution, and the conjugation reaction was
continued at room temperature with continuous
stirring at 400 rpm for 7 days. For purification,
the final conjugate was filtered through filter
paper to remove insoluble impurities and
unreacted reagents. The filtrate was then
dialyzed against distilled water using a 2000 Da
MWCO membrane for 48 hours to remove
unbound L-arginine and residual coupling
reagents. The purified product was then
lyophilized and stored at 4 °C until further
characterization and radiolabeling experiments.

Characterization techniques
Fourier Transform Infrared (FTIR) spectroscopy

FTIR analysis was performed to confirm the
successful  synthesis of G2 dendrimer,
PEGylation, and L-arginine conjugatior
Approximately 2 mg of the lyophilized dendrir-~r
conjugate was thoroughly mixed with 200 n ~ of
dry KBr and compressed into transparert clic
using a hydraulic press. FTIR sp ctti “ere
recorded in the range of 400-406. ~-m™ with a
resolution of 4 cm™ using >1 AV, JAR FTIR
spectrometer (Thermo Fisher Sc. atific, USA).

Field Emission Sc2anir * Eic tron Microscopy
(FE-SEM)

Surface mo. hology and particle size
distribution of synthesized dendrimer
conjugate were characterized using FE-SEM. A
dilute aqueous solution of the conjugate was
dropwise cast onto a clean silicon wafer and air-
dried at room temperature. The sample was
coated with a thin (~3 nm) gold layer to enhance
electrical conductivity. Imaging was performed
using a MIRA Il FE-SEM (TESCAN, Czech Republic)
with an accelerating voltage of 15 to 20 kV. The
particle size distribution was determined by
measuring at least 100 particles from multiple
micrographs.

Dynamic Light Scattering (DLS) and Zeta
Potential Analysis

Hydrodynamic diameter, size distribution,
polydispersity index (PDI), and colloidal stability
of the dendrimer conjugate were determined by
DLS. Zeta potential measurements were

performed to evaluate the surface charge and
predict long-term stability. Samples were
prepared by dispersing the lyophilized conjugate
in PBS (pH 7.4) at a concentration of 0.1 mg/mL
and filtering the suspension through a 0.22 um
membrane filter. Measurements were performed
at 25°C using a SZ-100 nanoparticle analyzer
(Horiba, Japan) with a scattering angle of 90°.
Each measurement was performed in triplicate.

Liquid Chromatography-Mass Spectrometry
(LC-MS)

The molecular weight and purity of the
synthesized conjugate were confirmed by LC-MS
analysis. Analyses were performed using an
Agilent 1290 Infinity LC s\ :tem connected to a
6230 Time-of-Flight (TOF)  ass spectrometer
(Agilent Technologies, /v ). " wromatographic
separation was perfori »d n a C18 reversed-
phase column (2.7 x OU mm, 1.7 um particle
size) at 40 °C. T e . nb (e phase consisted of (A)
water wi'* G.. “ formic acid and (B) acetonitrile
with.Z "% ormic acid. A linear gradient from 5%
to 95% . vas applied over 20 min at a flow rate

€ 0.3 mL/. .in. The injection volume was 5 to 10
ue Flectrospray ionization was performed in

oth Jositive and negative modes. Mass spectra
weie acquired over an m/z range of 100 to 3000
DJa. Source parameters included a drying gas
temperature of 300°C, a drying gas flow rate of 8
L/min, and a capillary voltage of 3500 V. Data
collection and analysis were performed using
MassHunter software.

Cell culture

The 4T1 mouse mammary carcinoma and Vero
cells were obtained from the Pasteur Institute
(Tehran, Iran). Cells were cultured in RPMI 1640
medium containing 10% fetal bovine serum (FBS),
100 units/mL penicillin, and 100 pg/mL
streptomycin at 37°C in a humidified atmosphere
containing 5% CO,.

In vitro cytotoxicity assay

The cytotoxicity of the dendrimer conjugate
was assessed using the MTT assay. Vero cells
were seeded in 96-well plates at a density of 1 x
10% cells/well and allowed to attach for 24 h. The
medium was then replaced with fresh medium
containing the conjugate at concentrations of 0,
7.8,15.6,31.3,62.5,125, 250, and 500 pg/mL and
incubated for 24 h. Untreated cells and cells
treated with 0.1% Triton X-100 served as negative
and positive controls, respectively. After
incubation, MTT solution (5 mg/mL in PBS) was
added, and the plates were incubated for a
further 4 h. Formazan crystals were dissolved in
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DMSO, and the absorbance was measured at 570
nm using an ELISA reader (BioTek; USA).
Experiments were performed in triplicate. The
half-maximal inhibitory concentration (ICso) was
determined using nonlinear regression analysis.

Radiolabeling with technetium-99m

Radiolabeling of the conjugates with %°™Tc
was performed using the stannous chloride
reduction method [40]. Briefly, 50 mCi (1.85 GBq)
of freshly eluted 9°™Tc-pertechnetate (°*™TcO,7)
in 0.5 mL of normal saline was reduced by adding
70 pL of stannous chloride solution (SnCl,-2H,0,
2 mg/mLin 0.1 M HCI) and incubated for 10 min
at room temperature. The pH of the solution was
adjusted to approximately 8 using citrate buffer
(0.1 M, pH 8). Subsequently, 100 uL of G2-PEG-
citrate-ALGD-L-arginine solution (1 mg/mL in
PBS) was added to the reduced °°™Tc solution and
incubated for 10 min at room temperature with
gentle shaking to allow radiolabeling.

Radiochemical purity and stability assessment

The radiochemical purity (RCP) of the °™Tc-
labeled conjugate was determined by instant
thin-layer chromatography (ITLC) using silica gel
impregnated fiberglass plates (ITLC-SG, Agilant
Technologies) as the stationary phase and
acetone and normal saline as the mobile . asc
A 2 to 5 pL aliquot of the labeled g oc -t ‘vas
applied 1 cm above the lower edg of the ITLC
strip and developed in the corr=;ponc g mobile
phase. After development, the ‘rips were air-
dried, cut into 1 cm pie es, na counted in a
gamma counte (De. »id, Iran). The
radiochemical p ity was calculated as the
percentage of rac  ~ctivity associated with the
radiolabeled conjugate relative to the total
radioactivity. As an alternative method, an RTLC
scanner (RTLC 2419, Pasargad Process Control
Company, lran) was used for direct scanning and
guantification.

To evaluate the radiochemical stability of the
99mTc.DND-G2-Arg  complex under quasi-
physiological conditions, in vitro stability tests
were performed in two media: phosphate
buffered saline (PBS, pH=7.4) and freshly isolated
mouse serum at 37°C. The radiopharmaceutical-
containing samples were poured into microtubes
and incubated. Samples were collected and
analyzed at specific time intervalsof 1, 2, 4, 6, 12,
24, and 48 hours. To determine the percentage of
intact complex, ITLC with an appropriate mobile
phase was used. After developing the ITLC strip,
the distribution of radioactivity was measured
using a gamma counter. The percentage stability
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was calculated as the ratio of the radioactive
activity of the intact complex to the total activity
at each time point. Each experiment was
repeated three times.

Animal models and their treatment protocols

Female BALB/c nude mice (6-8 weeks old)
were obtained from the Biochemistry and
Biophysics Research Center, University of Tehran,
Iran. Animals were maintained under specific
pathogen-free conditions (22 + 2 °C, 50 to 60%
humidity, and a 12 h light/dark cycle) with free
access to food and sterile vater. All procedures
were approved by the Instic *ional Animal Care
and Use Committee of T<hi University of
Medical Sciences (IR.TU *S.r iC.1403.115).

A total of 16 mite  =re vandomly divided into
four groups (n 4 ~er group) according to the
updated “RR. = guidelines 2.0 [41]: Group A,
tumo: ~ea ng = dice that were injected
intraver. ‘sly via the tail vein with °°™Tc-DND-
2-Arg (10 L, 30-40 MBq); Group B, a blocking
g: ‘0 that received unlabeled L-arginine (0.5
gL, 100  ul) immediately before
au.ainistration of °9™Tc-DND-G2-Arg injection;
aroup C, healthy control mice injected with
99mTc0,~; and Group D, tumor-bearing control
mice injected with °°™TcO, (100 pL, 30-40 MBq).
For tumor establishment, exponentially growing
4T1 cells were collected, washed with PBS, and
subcutaneously inoculated into the right flank of
mice in Groups A, B, and D (1 x 10° cells in 100 pL
PBS). Tumor growth was monitored every 2 to 3
days using caliper measurements, and tumor
volume was calculated using the formula (length
x width?)/2. Imaging and biodistribution studies
were performed when tumors reached 8 to 12
mm in diameter, approximately 3 weeks after
inoculation.

In Vivo SPECT imaging and biodistribution

Mice were anesthetized with an
intraperitoneal injection of ketamine/xylazine
(100/10 mg/kg) and positioned in the prone
position on the scanner bed. High-resolution
SPECT imaging was carried out using a HiReSPECT
Il preclinical SPECT scanner (Persia Radiological
Imaging Industries Development Company, Iran).
Imaging was carried out with an energy window
of 140 keV + 20% for °°™Tc. Semi-quantitative
analysis was performed wusing maximum
standardized uptake value (SUVmax)
approximations based on region-of-interest (ROI)
analysis with 3D Slicer software (display scale: 0
to 5, normalized to background activity).



P. Karimi et al/ ®*"Tc-labeled L-arginine dendrimers for SPECT

Ex Vivo biodistribution studies
Immediately after the final imaging time point
(2 h post-injection), mice were euthanized by
ketamine overdose (200 mg/kg). Blood was
harvested by cardiac puncture, and major organs
such as heart, liver, spleen, lungs, kidneys,
stomach, intestines, muscle, bone, and tumor
were dissected, washed with normal saline, and
then weighed. The radioactivity of each organ
was determined by gamma counting (Delshid,
Iran) with the appropriate energy window for
99mTc. Counts were corrected for background and
physical decay. Results were expressed as
percentage of injected dose per gram of tissue
(%ID/g) using the following formula [42]:
Radioactivity in tissue (uCi)

%1D/g= (

x1
Tissue weight (g) x Injected dose (uCi) ) 00

Kinetic modeling using a two-compartment
model

A two-compartment kinetic model was used
to quantitatively analyze the time-activity
behavior of °°™Tc-DND-G2-Arg in tumor tissue
and major organs. The model includes two main
components: (i) reversible exchange between
blood and tissue compartments, and (ii)
irreversible uptake in target tissue, prima ily
attributed to specific receptor bindini .«
internalization processes. To impleme * the
model, SPECT imaging data at 5, .7 ana 120
minutes after injection were us.d, a. =g with
biodistribution data at 180 m. - The activity
measured in the heart rezgic wes used as a
surrogate for plasma activi. -ard served as the
input function. Fol simplicity, the kinetics of the
radiopharmaceutic. in /the tumor were
described by a biexponential empirical model
based on the following differential equation:
K1 Cp(0)
kz — k3

—k3t _

Cilt) = “kat)

(e e

The corresponding analytical solution was:
dct
P K Cy(t) — (ky + k3)Celt)

Where Cp(t) represents the radiotracer
concentration in target tissue at time t; Cp(0) is
the initial plasma concentration; K; stands for
rate constant for transfer from blood to tissue
(inflow); K is the rate constant for reflux from
tissue to blood (outflow); K3 is the rate constant
for irreversible trapping/binding in tissue (slow
clearance from tumor). Tissue concentration
values (Ct) were extracted from SPECT images
using 3D Slicer software and normalized to %ID/g
units using biodistribution data at 3 h. This hybrid

approach enabled accurate temporal analysis of
radiotracer behavior and comparison between
different experimental groups.

Statistical analysis

Quantitative data are presented as the mean
+ standard deviation (SD). Statistical analyses
were performed using SPSS version 26 (IBM
Corp., USA), GraphPad Prism version 9 (GraphPad
Software, USA), and SigmaPlot version 14 (Systat
Software, USA). Data normality was assessed
using the Shapiro-Wilk test and Q-Q plots.
Depending on data distribut »n, parametric tests
(Student's t-test and one-wa, ANOVA followed
by Tukey's post hoc test) 0. ony urametric tests
(Mann-Whitney U test . °d . ruskal-Wallis test
followed by Dunn'' rn ltiple-comparison test)
were applied. A -w. -id2d p value < 0.05 was
considere:” tau. ically significant.

RESULTS
r 'R spectra characterization

» the G1 dendrimer, a distinct ester C-O
s =tci.ng band was observed at 1279 cm™,
connrming the successful formation of ester
"1kages between PEG and citric acid. The broad
absorption band at 1154-1279 cm™" was assigned
to the alcoholic C-O stretching vibrations of PEG
and citric acid, while the broad band at 3370-
3500 cm™ corresponded to the O-H stretching
vibrations of the carboxylic acid groups derived
from citric acid (Supplementary Material, Figure
S1A).

For the G2 dendrimer, the appearance of an
ester-related C-O band at 1232 cm™ confirmed
successful dendrimer growth through
esterification between the terminal citric acid
groups of the G1 dendrimer and the newly
introduced citric acid units. A distinct peak at
1726 cm™ was attributed to C=0 stretching
vibrations of the terminal citric acid groups.
Additionally, the broad absorption between 2500
and 3430 cm™" further confirmed the presence of
carboxylic acid O-H groups (Supplementary
Material, Figure S1B).

The FTIR spectra of the G2-PEG-citrate-ALGD-
Arg is presented in Figure 1A. The strong band at
1650 cm™ was attributed to amide C=0
stretching vibrations, confirming the successful
attachment of L-arginine to the dendrimer
backbone. A weak band at approximately 1250
cm™ further supported the presence of C-N
stretching vibrations. The intense peak at 1100
cm™" was characteristic of C-O-C ether stretching,
confirming the presence of PEG chains on the
dendrimer surface. The peaks at 1390 and 1440
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cm™ were assigned to the symmetric and
asymmetric stretching vibrations of carboxylate
groups, together with C-H bending vibrations,
which are consistent with the citrate and PEG
components of the conjugate. The strong band at
2935 cm™! was attributed to the aliphatic C-H
stretching vibrations of CH, and CHs groups.

Dynamic light scattering and zeta potential
analysis

Based on DLS analysis, the initial
measurements of the G1 dendrimers showed
substantial aggregation, with an average particle
size of approximately 326 nm (Supplementary
Material, Figure S2A). Following dilution and 20
min of sonication, the particle size decreased to
75 nm (Supplementary Material, Figure S2B),
indicating effective particle dispersion. The G1
dendrimers exhibited a zeta potential of -3.5 mV
(Supplementary Material, Figure S2C).

Compared with G1, the G2 dendrimers
displayed an improved size distribution with a
mean hydrodynamic diameter of 91 nm and a
single, sharp monodisperse peak (Supplementary
Material, Figure S2D). They had a zeta potential
of -3.3 mV (Supplementary Material, Figure S2 ™.

The physicochemical properties of the G2
PEG-citrate-ALGD-arginine conjugate were
evaluated by DLS and zeta potentiai nc s
(Figures 1B and 1C). The conjugate ~xt. “ited a Z-
average hydrodynamic diamete: »f 202.4 nm,
with a PDI of 0.376. Particle size ‘istribution
analysis revealed a bimodal p: file, consisting of
a smaller population a* 6. 3 r.m (11%) and a
dominant populztion at . "1.t, nm (89%). A high-
count rate of ( 9 kCPS)indicated strong signal
intensity and rer. 'e measurement quality. Zeta
potential analysis showed the presence of a
negative surface charge of -7.3 mV, with a
corresponding electrophoretic mobility of -5.7 x
1075 cm?/V-s. All measurements were performed
in a dispersion medium with a viscosity of 0.892
mPa-s and a conductivity of 6.606 mS/cm.

Surface and morphological analysis by FE-SEM
The FE-SEM images revealed spherical
nanoparticles with uniform size distribution and
smooth surface morphology (Figure 2A-2C). A
limited degree of particle aggregation was
observed, which may have resulted from sample
preparation procedures or weak electrostatic
interactions, consistent with the relatively low
absolute zeta potential values. Particle size
analysis based on 100 nanoparticles measured
from multiple micrographs yielded an average
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diameter of 134.91 + 15.01 nm (Figure 2D). The
relatively small standard deviation (SD = 15.01
nm) indicates a well-controlled synthesis process
with minimal size variability.

Findings from LC-MS analysis

The mass spectrum of G1 dendrimers
exhibited characteristic fragmentation patterns
with peaks at m/z 569 and m/z 652,
corresponding to eight and nine PEG repeating
units  (CH-CH,-O, Mw=44), respectively,
conjugated to citric acid groups (Supplementary
material, Figure S3A). Acaitional fragment ions
separated by 44 Da furtk. confirmed the PEG
backbone of the dendrii ~r s¢ :cture.

For the G2 de Adrii ers (Supplementary
material, Figure S3c_ thcprincipal fragmentions
were observer at /z ,06 (acitric acid unit linked
to part ~f . :econd citric acid molecule and a
part’ |l P. 53 ch. @), m/z 512 (five PEG repeating
units « ached to citric acid), and m/z 696 (seven
PEG re, ating units associated with two

mplete citric acid groups). The characteristic
be. shaped fragmentation profile with regular
.+-Da intervals confirmed successful dendrimer
generation growth.

LC-MS analysis the G2-PEG-citrate-Arg
conjugate identified several characteristic
fragments confirming successful conjugation
(Figure 3A). The major peak at m/z 573 confirmed
successful conjugation of L-arginine,
representing one L-arginine residue, one citric
acid molecule, and two PEG repeating units (n =
2). The characteristic bell-shaped fragmentation
pattern with 44-Da intervals was preserved,
while the peak at m/z 705 corresponded to an L-
arginine-conjugated structure containing one
citric acid molecule and five PEG repeating units
(n=5).

In vitro cytotoxicity

Cell viability remained above 95% across all
tested concentrations for both the G2 dendrimer
and the G2-PEG-citrate-ALGD-arginine conjugate
(Figure 3B). Notably, at concentrations exceeding
15.6 pg/mL, the L-arginine-conjugated
dendrimers exhibited significantly higher cell
viability than the unconjugated G2 dendrimers.
Furthermore, enhanced cell proliferation was
observed at higher concentrations of the G2-PEG-
citrate-ALGD-arginine conjugate, which may be
attributed to the role of L-arginine as a metabolic
substrate and nutrient supporting cellular
metabolism and proliferation.
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Fig. 1. Characterization of the G2-PEG-Citrate-Arg dendrimer conjugate. (A) FTIR spectrum confirming the successful conjugation of L-
arginine to the dendrimer. (B) Size distribution histogram obtained from Dynamic Light Scattering (DLS). (C) Zeta potential distribution
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graph.
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Fig. 2. FE-SEM characterization of the G2-PEG-Citrate-ALGD-Arginine Conjugates. Micrographs at different magnifications: (A) 5 um, (B)
2 um, and (C) 200 nm. (D) Particle size distribution histogram derived from FE-SEM images.
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Fig. 3. (A) Liquid Chromatography-Mass Spectrometry (LC-MS) spectrum confirming the molecular weight and successful synthesis of
the G2-PEG-Citrate-ALGD-Arg conjugate. (B) In vitro cytotoxicity of the G2 dendrimer and the G2-PEG-Citrate-ALGD-Arg conjugate
against Vero cells, assessed by an MTT assay after 24 h of incubation. Cell viability is expressed as a percentage relative to untreated
control cells. Data are presented as mean * SD (n=3). (C) In vitro stability profile of the technetium-99m labeled conjugate (**™Tc-Arg-
DND G2) over 48 h. The complex was incubated in phosphate-buffered saline (PBS) and mouse serum at 37°C, and its radiochemical
purity was determined at various time points by instant thin-layer chromatography (ITLC). Results are expressed as the mean

percentage of intact complex + SD (n=3).
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Table 1. Radiolabeling efficiency and radiochemical purity of ®**™Tc-DND-G2-Arg evaluated by RTLC using different stationary and
mobile phase systems.

. . Radiopharmaceutical Free Rf Rf (Impurity;

Stationary Phase Mobile Phase :urity (%) 2*mTc0,” (%) (Radiopharmaceutical) Free 99'l’g'Tr.Oll‘)
Silica TLC plate Acetone 94.24 5.76 0.10 1.06
Whatman paper Acetone 94.83 5.17 0.03 1.05
Silica gel Acetone: Methanol (1:1) 94.51 5.49 0.04 1.05
Whatman paper Acetone: Methanol (1:1) 94.63 5.37 -0.10 0.93
Silica gel Methanol 99.68 0.32 -0.02 1.08
Whatman paper Saline (0.9% NaCl) 87.01 12.99 0.04 0.77

Radiolabeling efficiency and stability

Radiochemical purity was evaluated by RTLC
using various stationary and mobile phase
systems to ensure comprehensive quality control
(Table 1, Supplementary material, Figure S4).
Among the tested systems, the silica
gel/methanol combination provided the highest
radiolabeling efficiency (99.68%; Figure 5S), with
only 0.32% free pertechnetate, indicating
excellent labeling vyield. The radiolabeled
conjugate remained at or near the origin (Rf =
-0.02 to 0.10) in all chromatographic systems,
confirming stable complex formation, whereas
free pertechnetate migrated with the solvent
front (Rf = 0.77-1.08). Under identical solvent
conditions, Whatman paper exhibited slightly
greater retention of the radiolabeled conjugz*=
than silica gel, likely due to its higher
hydrophilicity. No significant L€ai.
corresponding to colloidal ®*™TcO, (R7=" 2-r.1)
were detected, indicating minimai* rmation of
hydrolyzed or reduced techn~tium . ipurities.
The negative Rf values ohsei >d in several
systems further reflected tro. : retention of the
radiolabeled conji gate on . = stationary phase,
supporting the r. hustnesy and stability of the
radiolabeling proce

The stability of 9°™Tc-DND-G2-Arg was
evaluated in PBS (pH 7.4) and fresh mouse serum
at 37°C for 48 h (Figure 3C). The radiolabeled
conjugate exhibited excellent stability,
maintaining more than 95% radiochemical
integrity during the first 6 h, corresponding
approximately to one physical half-life of ®°™Tg,
in both media. A gradual decline in radiochemical
stability was observed thereafter, with 80-85% of
the radiolabel remaining intact after 48 h.
Although stability was slightly lower in mouse
serum than in PBS, likely because of enzymatic
degradation and metabolic interactions, the
difference was not statistically significant (p >
0.05). These findings demonstrate that °°™Tc-
DND-G2-Arg possesses sufficient in vitro stability
for potential in vivo SPECT imaging applications.
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In Vivo biodistribution studies

Data are presented in Table 2. The biodistribution
study for Group A showed tt >t the mean uptake of
the compound in tumor tissuc  as found to be 0.87
+0.19 %ID/g, ranging frori S8 v 1.10 %ID/g. This
shows that there was ' 'nsi.ient uptake of the
compound by the tu. ar ussue. The maximum
uptake was founr to  2in the liver, i.e., 50.31 + 6.03
%ID/g. M-“ei.  uptake was found to be in the
spleer. nd ings, =, 5.11 + 1.02 %ID/g and 4.76 +
0.87 %ID, respectively. Low uptake was found to be
" the heart, .e., 0.46 £ 0.05 %ID/g. Absence of brain
2 mulation confirmed the inability to cross the

'ooc urain barrier. Regarding Tumor-to-
bacnground ratios, favorable ratios were observed
“or heart (1.866), intestines (1.50), and stomach
(1.13), while liver and kidney ratios were modest
(0.017 and 0.096, respectively).

To confirm that the uptake was receptor-
mediated, a blocking experiment was conducted,
where free L-arginine was administered to the
tumor-bearing mice prior to the injection of the
radiolabeled compound (Group B). The significant
reduction of 31% in tumor uptake after L-arginine
blockade was a strong indicator of active receptor-
mediated uptake of the radiolabeled compound. The
simultaneous increase in uptake in the liver and
spleen was a reflection of the redistribution of the
radiolabeled compound through the RES, as shown
in the 22% and 30% increases, respectively, after
tumor targeting was blocked. The significant
reduction in renal uptake was an indicator of altered
clearance kinetics, as shown in the 27% reduction
p=0.002).

As a physiological control, healthy non-tumor-
bearing mice received free %°™Tc-pertechnetate
(Group C). The classical biodistribution pattern of
pertechnetate was observed with the predominant
accumulation in the stomach (62.96 £ 7.53 %ID/g) via
the sodium-iodide symporter (NIS) in gastric mucosa.
Moderate uptake in the liver (10.37 = 0.98 %ID/g)
indicated partial hepatobiliary clearance, while low
levels in the brain (0.20 £ 0.02 %ID/g) and heart (1.56
+ 0.16 %ID/g) confirmed rapid blood clearance and
inability to cross the blood-brain barrier.

1
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Table 2. Experimental Groups for In Vivo SPECT Imaging and Biodistribution Studies (n = 4 per group).

Treatment Group Organ/Tissue (M;/:r?{:gSD) CV (%) Tumor-to-Background Ratios
Tumor 0.87+0.19 21.90% -
Liver 50.31+6.03 11.98% 0.017 (Tumor/Liver)
Kidneys 9.00 £ 1.03 11.48% 0.096 (Tumor/Kidney)
Spleen 5.11+1.02 21.12% 0.17 (Tumor/Spleen)
Lungs 4,76 £ 0.87 18.17% 0.18 (Tumor/Lung)
Group A (Targeted Heart 0.46 +0.05 11.71% 1.866 (Tumor/Heart)
Conjugates) .
Brain 0.00 No uptake oo = N/A
Intestines 0.58 £0.08 13.14% 1.50 (Tumor/Intestine)
Stomach 0.77 £0.07 9.42% 1.13 (Tumor/Stomach)
Carcass without the 0.63
mentioned vital organs 1.38£0.25 18.39% (Tumor/Carcass)
Tumor 0.60 £0.24 39.40% -
Liver 61.58 +10.84 17.61% 0.010 (Tumor/Liver)
Kidneys 6.38 £0.33 5.11% 0.094 (Tumor/Kidney)
Spleen 6.62 +0.73 11.01% 0.090 (Tumor/Spleen)
Lungs 6.68 +£0.84 12.63% 0.089 (Tumor/Lung)
Group B (Blocking Heart 0.89+0.04 4.23% 0.669 (Tumor/Heart)
Group) Brain 0.00 NaN (no oo = N/A
uptake)
Intestines 0.60 £ 0.04 6.94% 0.996 (Tumor/Intestine)
Stomach 2.50 £ 0.50 20.19% 0.239 (Tumor/Stomach)
Carcass without the 1.55+0.57 36.49% 0.385 (Tumor/Carcass)
mentioned vital organs
Tumor - - -
Liver 10.37 £ 0.98 9.46% -
Kidneys 3.38+0.20 5.89% -
Spleen 3.92+041 10.50% -
Group C Lungs 4.37+0.22 5.12% -
(*®*mTechnetium Heart 1.56 +£0.16 10.19% -
pertechnetate-treated Brain 0.20 £0.02 10.95% -
healthy mice) Intestines 3.51+0.56 15.82% -
Stomach 62.96 +7.53 11.97% -
CarFass Wlt'hOUt the 394 +0.10 3.16% )
mentioned vital organs
Tumor 0.42+0.03 8.02% —
Liver 9.80+0.80 8.14% 0.043 (Tumor/Liver)
Kidneys 3.90+0.22 5.63% 0.108 (Tumor/Kidney)
Group D Spleen 4.30 +0.28 6.51% 0.098 (Tumor/Spleen)
(®"Technetium Lungs 4.60+0.22 4.82% 0.091 (Tumor/Lung)
Heart 1.42 £0.09 6.32% 0.296 (Tumor/Heart)
pertechnetate-treated . .
tumor-bearing mice) Brain 0.20£0.01 7.07% 2.100 (Tumor/Brain)
Intestines 3.75+0.25 6.57% 0.112 (Tumor/Intestine)
Stomach 61.40 +4.36 7.10% 0.007 (Tumor/Stomach)
Carcass without the 3.40+0.12 3.60% 0.124 (Tumor/Carcass)

mentioned vital organs

For the assessment of non-specific tumor
accumulation, tumor-bearing mice were
administered free °°™Tc-pertechnetate (Group D).
Pertechnetate exhibited minimal tumor uptake
(0.42 £ 0.03 %ID/g), which was 2.1-fold lower than
targeted Group A (0.87 %ID/g). Stomach dominance
(61.40 + 4.36 %ID/g) with 146-fold higher
accumulation  than  tumor confirmed the
unsuitability of pertechnetate for breast cancer
imaging (p<0.001). The liver uptake (9.80 + 0.80
%ID/g) was substantially lower than in dendrimer-
treated groups (Groups A/B), indicating that the
hepatic accumulation observed with 9°™Tc-DND-

12

G2-Arg was due to nanoparticle characteristics
rather than pertechnetate behavior.

Welch's ANOVA test confirmed the significant
differences in liver accumulation among the groups
(F(3,7.8) = 92.6, p < 0.001), with Groups A and B
showing markedly higher liver uptake.

SPECT imaging studies

Semi-quantitative analysis of SPECT images
showed evident differences in radiotracer
biodistribution among the four experimental
groups at different time points (Table 3 and Figure
4). Two-way repeated measures ANOVA revealed
significant effects of group (F(2,9) = 24.1, p < 0.001),

Nanomed J. 13: 1-, 2026
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time (F(2,18) = 19.7, p < 0.001), and interaction
between group and time (F(4,18) = 5.2, p = 0.006)
on tumor SUVs. Post-hoc Sidak tests showed that
Group A had significantly higher tumor uptake than
Group B at all time points (p < 0.01), and had better

accumulation than Group D (pertechnetate control)
at 30 minutes (4.8 £ 0.7 vs. 2.8 £ 0.4, p = 0.008). The
maximum accumulation at 30 minutes in Group A
was significantly different from both 5-minute and
120-minute time points (p = 0.003).

A

Fig. 4. Serial SPECT images of breast tumor-bearing BALB/c mice at (a) 5, (b) 30, and (c) 120 minutes following intravenous injection of
radiotracers. Images are arranged from left to right for each time point: Group A (**™Tc-DND G»-Arg, targeted conjugate), Group B (**™Tc-DND
G,-Arg following L-arginine blockade), Group C (®*™Tc-pertechnetate in healthy mice), and Group D (**™Tc-pertechnetate in tumor-bearing mice).
Arrows indicate tumor locations. Color scale represents relative radioactivity intensity (red > yellow > green > blue). Group A demonstrates clear
tumor visualization at all time points with peak intensity at 30 minutes. Group B shows markedly reduced tumor uptake confirming receptor-
mediated targeting. Groups C and D exhibit classic pertechnetate biodistribution with dominant stomach and thyroid accumulation, with Group
D showing faint non-specific tumor uptake. These images collectively validate the targeting specificity of °*™Tc-DND G,-Arg and its superiority
over free pertechnetate for breast cancer SPECT imaging.

Table 3. Semi-quantitative estimation of relative radiotracer uptake (SUVmax, scale 0-5) based on SPECT imaging at 5 minutes, 30 minutes,
and 120 minutes after injection in the four experimental groups.

Treatment Group (m-li-::tees) Tumor (’B_:::::) Kidney Stomach Liver
5 4.4 4.2 3.5 1.5 34
Group A (Targeted Conjugate) 30 4.8 2.05 4.0 2.1 4.3
120 2.1 0.85 3.7 2.0 4.8
5 1.0 3.05 3.2 2.5 4.4
Group B (Blocking Group) 30 1.4 1.90 4.3 3.0 4.85
120 0.5 0.70 3.6 2.8 5.0
5 - 3.55 1.2 5.0 3.25
Group C (**"Technetium pertechnetate-treated healthy mice) 30 - 1.95 1.3 4.8 3.55
120 -—- 0.5 1.0 4.7 4.05
99m ) - 5 2.0 3.4 1.4 5.0 3.0
Group D (**"Technetium pert:ﬂccher;etate—treated tumor-bearing 30 28 17 15 49 33
120 2.2 0.7 1.2 4.6 3.6

Nanomed J. 13: 1-, 2026 13
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Pharmacokinetic and kinetic modeling analysis

Two-compartment kinetic modeling was used to
analyze the in vivo distribution of the radioligand in
tumor tissue and blood (heart) in all experimental
groups (A-D). Time-activity curves (TACs) were
derived from dynamic SPECT/CT images obtained at
5, 30, and 120 min post-injection and normalized to
ex vivo biodistribution measurements at 180 min.
This allowed for semi-quantitative analysis of the
principal kinetic parameters controlling radioligand
transport, retention, and clearance (Figure 5).

In Group A, the tumor uptake showed a steep
increase after injection, reached a definite peak

" —e— Tumor Uptake
\ ~m- Blood (Heart) Uptake

Group A (Targeted) - Time-Activity Curve (Corrected)
A 40

0 30 60 90 120 150 180
Time (min)

Group C (Negative Control) - Time-Activity Curve

C ast w ~n- Blood (Heart) Uptake

around 30 min, and then gradually decreased,
remaining detectable up to 180 min. In contrast,
blood radioactivity showed a sharp decline with
time. Kinetic analysis showed a high influx rate
constant (K; = 0.243 min™), a large irreversible
trapping rate constant (ks = 0.119 min™), and a low
rate of efflux (k; = 0.032 min™). The fact that the
value of ks was much larger than that of k; (ks > k)
indicated a strong and specific receptor-mediated
uptake, resulting in a prolonged retention in the
tumor and an increasingly higher tumor/blood ratio
with time.
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Fig. 5. Pharmacokinetic profiles of radiotracers in tumor and blood. (A-D) Time-activity curves extracted from SPECT/CT imaging (5, 30,
120 min) and normalized to ex vivo biodistribution data (180 min) for (A) Group A (targeted, 99m99mTc-DND-G,-Arg), (B) Group B
(blocking), (C) Group C (negative control, non-tumor bearing), and (D) Group D (non-specific, 99m99mTc-pertechnetate). (E) Complex
time-activity curves comparing all four experimental groups. Solid and dashed lines represent uptake in the tumor and blood (heart),
respectively. Group A demonstrates specific tumor uptake with rapid blood clearance. In contrast, the lower and more transient uptake
in Groups B and D confirms the specificity of the targeted probe, while Group C shows only background blood-pool activity.
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In Group B, there was a significant reduction in
uptake at all-time points due to the competitive
blockade of the receptor, with a reduction of about
57% in early tumor activity compared with Group A
(p < 0.01). This was accompanied by significant
changes in the kinetic parameters, where there was
a reduction in the influx rate (K; = 0.151 min™), a
significant reduction in the trapping constant (ks =
0.021 min™), and an increase in the efflux rate (k, =
0.045 min"). This finding confirmed that the
increased uptake in tumors of Group A was
receptor-specific.

The kinetic data for Group C could be fitted
satisfactorily using a single-compartment blood
pool model, indicating a progressive decrease in
systemic activity with time and no sign of tissue
retention. This finding reflected the background
pharmacokinetics in the absence of tumor tissue. In
Group D, there was moderate initial tumor uptake.
However, this was followed by rapid washout.
Although the rate of influx was moderate (K; = 0.202
min~'), the trapping constant was very low (ks =
0.008 min™), ruling out the possibility of specific
binding and further confirming the non-specific
accumulation pattern.

DISCUSSION

In the present investigation, we designed zna
characterized a technetium-99m-labeled z. or.
linear-globular PEG citrate dendrimer con_‘<ated
with L-arginine as a potential imagir - agen. ror
breast cancer detection using SPE(.. in. ~ing in a
preclinical model. The design rat. ~ale combined
physicochemical optimizaticn . r p.ssive tumor
accumulation with hiologica fun __tionalization to
enable active target 1g, with encouraging results in
terms of radiochemi 'ourity, in vitro stability, and
in vivo imaging characteristics.

The  hydrodynamic  diameter of the
nanoparticles (202.4 nm) falls within the optimal
range (100-300 nm) for enhanced permeability and
retention (EPR) effect-mediated tumor targeting,
allowing extravasation through fenestrated tumor
vasculature [43, 44]. The moderate polydispersity
(PDI = 0.376) is acceptable for dendritic
nanoparticles and comparable to other ALGD
systems [40, 45, 46]. FE-SEM analysis confirmed
spherical morphology with an average diameter of
13491 £ 15.01 nm. The expected discrepancy
between hydrodynamic diameter and FE-SEM
measurements reflects the hydrated PEG corona
and solvent layer surrounding the nanoparticles in
aqueous environments, a well-documented
phenomenon for PEGylated systems [44, 47-50].
The moderately negative zeta potential (-7.3 mV)
suggests weak electrostatic repulsion; however,
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PEGylation provides steric stabilization as the
primary mechanism for maintaining colloidal
stability, consistent with previous reports [31, 40,
49].

FTIR and LC-MS analyses confirmed successful L-
arginine conjugation to the G2 dendrimer
backbone. The appearance of amide C=0 stretching
(1650 cm™) and characteristic fragmentation
patterns in LC-MS (m/z 573, 705) verified the
presence of arginine moieties while retaining the
PEG-based structure (44-Da intervals). The MTT
assay demonstrated excellent cytocompatibility
(>95% viability at all concentrations tested), with
enhanced viability observea 2t concentrations
above 15.6 pg/mL for the ar, »ine-conjugated
dendrimer. This prolifera’ ve " fect likely reflects

arginine utilization iular  metabolism,
consistent with its.r. = ir. polyamine biosynthesis
and nitric_oxi ' prouuction via nitric oxide

synthases | 1-55.  The observed proliferative
activity « id be related to the utilization of
arzinine by ro cells, which have been shown to
exL ss enzymes responsible for arginine
r =ta. ‘'ism [54, 55].

et G2-PEG-Citrate-ALGD-Arg conjugate
acnieved high radiolabeling efficiency (>99%) across
various chromatographic systems, with the
silica/methanol system performing optimally
(99.68% efficiency, 0.32% impurity; Figure 5S). The
superior performance of this system likely results
from polar interactions between silica hydroxyl
groups and the PEGylated dendrimer surface,
favoring retention of the labeled conjugate at the
origin, while free pertechnetate migrates with the
solvent front [56, 57]. Moreover, literature on the
QC of radiopharmaceuticals has shown that mobile
phases containing methanol are effective for the
separation of radiolabeled compounds from free
radionuclide impurities [58-60]. A specific study on
the QC of %8Ga-DOTATATE was conducted, where
the mobile phase containing methanol and ITLC-SG
was used, and the results showed that an increase
in the proportion of methanol in the mobile phase
could reduce the development time, yet maintain
resolution and peak shape [60]. This confirms that
methanol provides optimal solvation and migration
of free radionuclide species without disrupting the
integrity of the labeled conjugate.

The four-group experimental design (targeted
conjugate, blocking, and pertechnetate controls)
conclusively demonstrated active targeting. Group
A showed tumor uptake of 0.87 £ 0.19 %ID/g, which
was significantly reduced to 0.60 + 0.22 %ID/g (31%
reduction, p = 0.03) upon L-arginine blockade,
confirming  receptor-mediated uptake. The
targeting mechanism likely involves overexpression
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of cationic amino acid transporters (particularly
CAT-1) on breast cancer cells, as well as arginine-
utilizing enzymes such as inducible nitric oxide
synthase (iNOS) in the tumor microenvironment
[34, 35, 61, 62]. In fact, macrophages and
endothelial cells in the tumor microenvironment
may express high levels of iNOS enzymes, which
require L-arginine as a substrate to produce nitric
oxide [63]. This strategy aligns with previous studies
demonstrating amino acid-functionalized
dendrimers for tumor-specific imaging, including
99mTc-labeled dendrimer-phenylalanine conjugates
targeting LAT1 transporters for brain tumor imaging
[39] and Gd3**-labeled dendrimer-asparagine
conjugates for colon cancer imaging [64].

One of the key questions in nanomedicine
research is the relative contribution of passive
targeting (via the EPR effect) versus active receptor-
mediated targeting to overall tumor accumulation
[65]. In the present study, we aimed to obtain an
approximate estimate of this partitioning by
including a blocking group (Group B), in which
animals received an excess of free arginine before
administration of the radiolabeled conjugate, to
competitively inhibit specific ligand-receptor
interactions. The mean tumor uptake in th
targeted group (Group A) was 0.87 %ID/g, whe: s
that in the blocking group (Group B) was Y60
%ID/g. Assuming that the residual uptake ob.erveu
in the blocking group largely reflects .io1. =< cific
mechanisms, primarily the EPR eftc = and other
passive accumulation processes e esti .iated that
approximately 69% of the *~tal" 'mor uptake is
attributable to EPR-iaedi tea oassive targeting,
while the remainiig 31% is  “tributable to active
targeting resultir.  from specific ligand-receptor
binding. This estii.. ‘=7 is consistent with the
widely accepted view that, in many preclinical
tumor models, the EPR effect plays a dominant role
in nanocarrier extravasation and retention, while
active targeting enhances cellular internalization
and prolonged retention within the tumor
microenvironment [65]. Notably, the observed 31%
contribution from active targeting is non-negligible
and likely reflects successful conjugation of arginine
to the PEGylated dendrimer, enabling improved
interaction with tumor-associated transporters or
receptors. However, it is important to interpret
these values with caution. The calculated fractions
are approximate estimates rather than precise
guantitative determinations, and several factors
may influence this partitioning. First, the blocking
efficiency may not be complete, as residual
receptor availability or incomplete competitive
inhibition could lead to underestimation of the
active targeting component. Second, the EPR effect
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itself is highly heterogeneous, depending on tumor
type, size, vascular permeability, and stromal
architecture [65, 66]. Third, the use of a dedicated
non-targeted nanocarrier (identical formulation
without arginine) would provide a more direct and
accurate control for passive uptake, which was
beyond the scope of the current study.

To put the preliminary performance of our
99mTc-labeled nanoconstruct into context, it is
informative to compare its imaging properties with
those of established SPECT radiopharmaceuticals
for breast cancer imaging, su<h as ®*™Tc-sestamibi
(MIBI), which remains a wid: v used agent in clinical
practice. MIBI has a rapid upta in tumors because
of high first-pass extraccic - ali.wing imaging as
early as 5-10 minutes "ollc ning injection [67].
Nonetheless, MIB Hh been shown to have
substantial wa ..o. over time, with rates of
clearanc. ‘'epc dent on tumor blood flow and P-
glyccy te 1 (P-,p) expression. The reported
washout  ~If-times for MIBI in breast tumors have

rried frorw 98 to 696 minutes, with quicker
we Mout rates in tumors with higher blood flow
=8]. rhis washout phenomenon requires careful
timing of imaging, usually done using early (10-30
min) and delayed (60-120 min) imaging protocols to
evaluate both perfusion and retention properties
[69]. Our nanoconstruct showed a different kinetic
profile, with peak tumor uptake at 30 minutes (SUV
4.8), followed by a gradual decrease to an SUV of
2.1 at 120 minutes. This kinetic profile, with ks >> k;
in compartmental analysis, suggests binding-
related retention, which may offer certain
advantages over MIBI's perfusion-related retention,
though direct comparative studies would be
needed to confirm this. Although MIBI's uptake is
known to be highly correlated with tumor blood
flow (r values not specified but significant positive
correlation found) [68], our nanoconstruct's active
targeting strategy ensures specificity irrespective of
perfusion differences, which could be a major
advantage in tumor imaging with heterogeneous
vascularity.

The lesion-to-background (L/B) ratio is an
important factor for image quality and
interpretability. In a comparative study of MIBI and
99mTc-maraciclatide (an avB3 integrin-targeted
angiogenesis agent) with high-resolution dedicated
gamma cameras, mean L/B ratios of 1.55 + 0.36 for
MIBI and 1.62 + 0.37 for maraciclatide were found
in malignant breast lesions (p = 0.53) [70]. Our
nanoconstruct yielded tumor-to-muscle ratios of
0.63 (Group A at about 2.5 h), which, although
lower than the L/B ratios, must be evaluated in the
context of the differences in measurement
approach (tumor-to-muscle  vs. lesion-to-
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background within the breast) and imaging
instrumentation. Notably, our tumor-to-stomach
ratio of 0.44 reflects a 63-fold improvement over
pertechnetate controls, remedying an important
shortcoming of existing agents that concentrate
heavily in gastric mucosa, potentially obscuring
thoracic or abdominal imaging.

The predominant hepatic accumulation
observed for ®*™Tc-DND-G2-Arg is consistent with
the well-recognized biodistribution profile of
PEGylated dendrimer-based nanocarriers. For
instance, Okuda et al. demonstrated that
intravenously administered PEGylated dendritic
poly(L-lysine) preferentially accumulated in the
liver and kidneys in a generation-dependent
manner, supporting the notion that hepatic
sequestration is an inherent characteristic of
dendrimer-based systems rather than a unique
feature of the present formulation [71]. Likewise,
Medina et al. reported that PEGylation
substantially reduced, but did not eliminate, liver
accumulation of G5 PAMAM dendrimers. This
highlights the important role of surface
engineering  in modulating mononuclear
phagocyte system (MPS) uptake [72]. The
increased liver accumulation observed following L-
arginine  blockade further supports this
mechanism. When receptor-mediated tumc.
targeting was inhibited, the radiotracer w -
redistributed toward the liver and @ :p'een,
consistent with competitive disposition «ine in
which nanoparticles that fail to lc-al. » to their
intended target are preferentia!’ cleared by the
reticuloendothelial system .[7?1. . 'though this
biodistribution  pattcin | is © mechanistically
consistent with pre ious repoi ., the pronounced
hepatic uptake rep sents tne principal obstacle
to clinical transic.. & of the present
nanoradiotracer. Importantly, liver accumulation
was approximately five-fold higher than that
observed  with free  %°™Tc-pertechnetate,
confirming that this behavior is attributable to the
nanoparticle platform rather than nonspecific
technetium distribution. While high hepatic
background is unlikely to interfere with
visualization of primary breast tumors, it may
substantially reduce lesion-to-background
contrast for hepatic metastases and thereby
compromise accurate disease staging. In addition,
prolonged liver retention may increase radiation
exposure to normal hepatic tissue, an important
consideration for dosimetry, particularly if
repeated imaging studies are required.
Consequently, reducing hepatic sequestration
should be considered a priority for further
optimization before clinical translation. Several
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rational design strategies may improve the
biodistribution profile of this platform. Increasing
PEG density or molecular weight may provide
greater steric shielding and reduce MPS
recognition [32], while zwitterionic surface
modifications have shown promise in minimizing
nonspecific protein adsorption and macrophage
uptake [73]. Further optimization of nanoparticle
size within the lower enhanced permeability and
retention range may also alter protein corona
formation and improve systemic distribution [43,
44]. In addition, alternative dendritic architectures
with enhanced stealth charact-ristics may further
reduce hepatic clearance an. =rolong circulation
time [26].

Renal uptake was mocara .in aroup A at 8.75
+1.07 %ID/g, with a 27% . duccion after blocking
(p = 0.002). This is it .ac. rdance with the Okuda
study that showe. that PEGylated KG6
accumulaic in = liver and kidney, with renal
districu. 0 seing / EGylation-dependent [71]. Of
interest is. 2t our renal accumulation of 202 nm
ile nparticles refutes the conventional view that
g'om. cular filtration is limited to nanoparticles of
d. me¢r <6 nm [74]. Naumenko et al. used
intravital microscopy to show that PEGylated 140

.n nanoparticles accumulated transiently in the
kidney with rapid translocation of the
nanoparticles from the peritubular capillaries to
the tubular epithelial cells and subsequent
excretion into the lumen of the kidney within 60
min post-injection [75]. The presence of intact full-
sized nanoparticles was confirmed using
transmission electron microscopy to be present in
the urine 2 hours post-injection, showing an
alternative mechanism of renal clearance of
nanoparticles >6 nm diameter [75]. This gives
credence to our renal accumulation results, with
the moderate renal uptake of Group A potentially
being useful for the clearance of the nanoparticles.

The additional 30% increase in spleen uptake
with blocking (Group B vs. A, p=0.02) also supports
the concept of redirected MPS uptake when
specific tumor pathways are saturated. Early
studies by Peracchia et al. on PEGylated
polycyanoacrylate nanoparticles showed that
PEGylation led to a significant decrease in hepatic
uptake with a concomitant marked increase in
spleen  uptake, indicating that surface
modification can redirect nanoparticles to splenic
filtration pathways [76]. The finding that blocking
tumor targeting resulted in an increase in splenic
uptake also supports the redirected clearance
concept and confirms that the nanoconstruct
interacts with biological recognition systems that
are susceptible to competitive inhibition.
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The low stomach uptake in Groups A and B
(0.77% and 2.50% ID/g) relative to the massive
uptake in pertechnetate controls (61-63% ID/g)
offers conclusive proof of radiolabel stability. The
60-80 fold difference is especially important in
light of the established pharmacokinetics of free
pertechnetate. Pertechnetate ions concentrate
transiently in salivary glands, choroid plexus,
stomach (gastric mucosa), and thyroid gland
because of an ionic pump mechanism common to
iodide [77]. After intravenous injection,
pertechnetate is eliminated by three processes:
rapid diffusion into interstitial fluid, intermediate-
rate concentration in glandular tissues, and slow
glomerular filtration [78].

Limitations and translational considerations

Some limitations need to be overcome for
clinical translation. The major limitation is that of
liver uptake, which presents two challenges for
clinical translation. Firstly, while primary breast
tumors may not be obscured by hepatic uptake,
any metastasis to this organ may be obscured by
the high background, which may compromise
staging. Secondly, the dose to the liver fron
multiple imaging studies must be evaluated to
comply with safety regulations. The 5-6 fold hi “her
uptake of these particles relative to pertecr 2tc
controls clearly indicates that this u, ake is
mediated by the nanoparticles rati - than non-
specific technetium uptake.

Although tumor visualizatior. ‘s possible, the
tumor-to-background ratics a. moderate, which
may affect the de’ection ¢ sm.all metastases or
micro-tumors sme 'er than 2 mm. Improvement of
tumor retentiori  threuagh: (i) multivalent
presentation of L-arginine to enhance avidity [79];
(ii) inclusion of higher-affinity targeting ligands
such as RGD peptides or folate in conjunction with
L-arginine [80]; or (iii) application of stimuli-based
mechanisms such as pH-dependent release or
enzymatically cleavable linkers may enhance
tumor targeting [81].

To be considered for clinical translation, the
nanoconstruct would need to demonstrate
comparable or improved diagnostic performance
relative to existing imaging methods for breast
cancer, which would require prospective
comparative studies. The existing standard of care
for imaging is "®F-FDG PET/CT for staging and
restaging, and °°™Tc-sestamibi for specific
indications [82, 83]. The following comparisons
should be made between the nanoconstruct and
the existing methods: (i) diagnostic accuracy
(sensitivity and  specificity) compared to
histopathology; (ii) ability to image small lesions
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(<1 cm) and axillary nodal involvement; (iii)
performance in specific clinical applications (such
as assessment of response to therapy and
detection of recurrence); and (iv) practical
considerations such as same-day imaging, low
interference from physiological uptake, and good
safety profile.

Finally, another limitation of the present study
is the lack of quantitative determination of the
degree of arginine substitution on the PEGylated
dendrimer. While successful conjugation was
confirmed by FTIR, LC-MS,; and physicochemical
analyses, exact ligand densi. was not measured
due to budget constraii = C sasequently, the
precise relationship bet\ =er irginine loading and
targeting efficienc/ = uiu not be established.
Future studies . ¢ aull include quantitative
characterizatic  of ligand conjugation to enable
more. ste natic ptimization of the nanocarrier
design. ~=spite this limitation, the functional

vidence i biodistribution and blocking studies

st norts the successful formation and receptor-
aed. .ed targeting capability of the developed
Ne..oplatform.

Collectively, the imaging performance
observed in this study should be considered
preliminary and specific to the xenograft model
employed; further evaluation in orthotopic
models, larger animal cohorts, and comparison
with established clinical SPECT tracers will be
necessary to validate these findings.

CONCLUSION

Overall, ®®™Tc-DND-G2-Arg shows promise as a
proof-of-concept targeted nanoradiotracer for
SPECT imaging of breast cancer in preclinical
models. The combination of PEGylated anionic
linear-globular dendrimers with L-arginine-
mediated targeting resulted in encouraging
properties, including favorable radiochemical
stability, good biocompatibility, specific tumor
uptake, rapid blood clearance, and promising in
vivo pharmacokinetics in this initial evaluation.
The concordance of biodistribution, blocking
studies, SPECT imaging, and kinetic analysis
further supports the specificity and imaging
potential of this platform.

Although further optimization is needed to
reduce hepatic uptake, improve tumor-to-
background contrast, and validate its performance
in comprehensive translational studies, these
findings establish °°™Tc-DND-G2-Arg as a strong
candidate for continued preclinical development.
The modular dendrimer architecture may provide
a versatile platform for future incorporation of
alternative targeting ligands or therapeutic
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payloads, suggesting potential for further
development in targeted SPECT imaging and
theranostic applications, though additional
optimization and validation studies are warranted.
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