pharmaceuticals

Article

Preclinical Evaluation of Stable Integrin o 33-Specific
[1%8AulGold Nanoparticles for Tumor Therapy

Giillii Davarci 12, Carmen Wingler %
Ralf Schirrmacher ¢, Gert Fricker 7(?, Carolin Mogler >, Marc Pretze

check for
updates
Academic Editors: Magali Toussaint

and Barbara Wenzel

Received: 22 September 2025
Revised: 17 October 2025
Accepted: 27 October 2025
Published: 4 November 2025

Citation: Davarci, G.; Wangler, C;
Eberhardt, K.; Tulessin, M.; Geppert,
C.; Schirrmacher, R.; Fricker, G.;
Mogler, C.; Pretze, M.; Wangler, B.
Preclinical Evaluation of Stable
Integrin o, 33-Specific [ Au]Gold
Nanoparticles for Tumor Therapy.
Pharmaceuticals 2025, 18, 1670.
https:/ /doi.org/10.3390/
ph18111670

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

3 5

, Christopher Geppert 4,
1,3,9,%,1

, Klaus Eberhardt 4, Margaret Tulessin

8%t and Bjorn Wiangler

Molecular Imaging and Radiochemistry, Clinic of Radiology and Nuclear Medicine, Medical Faculty
Mannheim of Heidelberg University, 68167 Mannheim, Germany; guellue.davarci@medma.uni-heidelberg.de
2 Research Campus M2OLIE, Medical Faculty Mannheim of Heidelberg University, 68167 Mannheim, Germany;
carmen.waengler@medma.uni-heidelberg.de

Biomedical Chemistry, Clinic of Radiology and Nuclear Medicine, Medical Faculty Mannheim of Heidelberg
University, 68167 Mannheim, Germany

Forschungsreaktor TRIGA Mainz, Johannes-Gutenberg-Universitit Mainz, 55128 Mainz, Germany;
eberha@uni-mainz.de (K.E.); cgeppert@uni-mainz.de (C.G.)

5 Institute of Pathology, School of Medicine and Health, Technical University of Munich (TUM),

81675 Munich, Germany; margaret.tulessin@tum.de (M.T.); carolin.mogler@tum.de (C.M.)

Division of Oncological Imaging, Department of Oncology, University of Alberta,

Edmonton, AB T6G 2R3, Canada; schirrma@ualberta.ca

Institute of Pharmacy and Molecular Biotechnology, Heidelberg University, 69120 Heidelberg, Germany;
gert.fricker@uni-hd.de

Department of Nuclear Medicine, University Hospital Carl Gustav Carus, TU Dresden,

01307 Dresden, Germany

Mannheim Institute for Intelligent Systems in Medicine MIISM, Medical Faculty Mannheim of Heidelberg
University, 68167 Mannheim, Germany

*  Correspondence: marc.pretze@ukdd.de (M.P.); bjoern.waengler@medma.uni-heidelberg.de (B.W.)

These authors share last position.

Abstract

Objectives: This paper reports the preclinical evaluation of stable tumor-specific gold
nanoparticles (AuNPs) activated by neutron irradiation as a therapeutic option for the treat-
ment of cancers characterized by high tumor angiogenesis. Methods: A selection of promis-
ing AuNPs with high avidity to oy 3-expressing glioma (U-87 MG) cells (IC5p = 82-104 nM)
were chosen with different surface loading of Arg-Gly-Asp (RGD) peptides as tumor tar-
geting vectors for integrin o33, a target which is overexpressed in tissues displaying
high tumor angiogenesis. Three different ['* AuJAuNPs were evaluated applying three
injection methods, intravenous (i.v.), intraperitoneal (i.p.), and intratumoral (i.t.), each in
a group of six U-87 MG xenograft-bearing mice (54 female athymic nude mice in total).
Their biodistribution and tumor accumulation was assessed by in vivo imaging within
1-7 days after injection and 7 days after injection by ex vivo measurement. Results: The
developed ['" Au]AuNPs exhibited suboptimal biodistribution by i.v. application (ac-
cumulation pattern tail > liver > spleen, no significant tumor accumulation) and by i.p.
application (accumulation pattern spleen >> liver > pancreas, slight tumor accumulation
of <0.3 %ID/g). However, an acceptable biodistribution by i.t. application was observed
(5.5 %ID/g in liver, 4.9 %ID/g in spleen, and 3.0 %ID/g in tumor). Conclusions: Despite
the very promising in vitro results, the in vivo evaluation suggests that the ['** Au]JAuNPs
represent a platform for the development of restricted therapeutic strategies.

Keywords: gold nanoparticles; ['?® Au] AuNPs; radioactive; tumor therapy; tumor angio-
genesis; RGD peptide
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1. Introduction

198 Au-labeled, radioactive gold nanoparticles (['* Au]JAuNPs) are promising com-
pounds for application in nanobrachytherapy of malignant diseases, as they exhibit no
metal-related toxicity, unlike other particulate metal-based compounds. First described
in the 1950s for this purpose [1,2], these nanoparticles have garnered significant attention
due to their potential benefits. Notably, very small nanoparticles with a size of <5 nm [3]
are particularly relevant in this regard, as they exhibit renal excretion and rapid clearance.
The particles can be taken up into the tumors through an unspecific effect known as the
“enhanced permeability and retention (EPR) effect” [4], which is attributed to the unusually
large fenestration of endothelial cells of tumor vessels. Furthermore, gold nanoparticles
offer the possibility of functionalizing their surface with tumor-specific compounds, thereby
increasing their tumor targeting ability [5,6].

As gold nanoparticles have been identified as promising carriers for tumor imaging
and therapy [7-13], various approaches have been developed in recent years to enhance
their bioavailability, optimize renal excretion [14], and modify their surface properties.
These efforts have included PEGylation to improve bioavailability [15,16], optimization
of particle size for enhanced renal clearance, and the use of small molecules [17], pep-
tides [18,19], radionuclides [20-24], or near-infrared dyes [25,26] for surface modification.

Stable and efficient surface modification of gold nanoparticles can be achieved by con-
jugating thiol-functionalized molecules [27], which exhibit high affinity towards the gold
nanoparticle surface [28] forming Au-S bonds. Recently, it has further been demonstrated
that bidentate dithiol compounds enable even more stable conjugation to the particles [29].

For the therapeutic application in tumor therapy, ['*® Au]JAuNPs are of special interest
as they can be used as radiosensitizers by Auger—-Meitner electron emission induced by
gamma activation [30-32] or by direct neutron activation of natural 1/ AuNP, generating
[ AuJAUNPs (t1/5 = 2.69 d, B~ max 961 keV, 98.99%; y 412 keV, 95.62%) [18,33-36].

The focus of the present work was the preclinical evaluation of selected highly stable
targeted AuNPs for neutron activation [37] in terms of in vivo pharmacokinetics. Previous
work showed that AuNPs functionalized with dithiol linkers exhibit markedly higher
stability during and after neutron irradiation than their monothiol-linked counterparts [34].
Consequently, the dithiol-linked AuNPs were selected for in vivo evaluation in the present
study. These particles were further functionalized with the peptidic oy 33 integrin-specific
binder c(RGDfK) in order to achieve a target-specific accumulation in malignant tissues
exhibiting a high fraction of angiogenesis [38]. Radiopharmaceuticals incorporating multi-
meric RGD motifs display markedly improved target accumulation relative to monomeric
RGD analogues [39]. The RGD peptide motif exhibits high affinity for transmembrane
integrin o, 33 [37,38], a receptor upregulated in the angiogenic vasculature of diverse tu-
mors, including U-87 MG glioblastoma cells [39-41]. The dithiol-peptide-modified AuNPs
were decorated with low or high loadings of target-specific RGD peptides to compare
their biodistribution and therapeutic impact on animal xenografts. The primary objective
was to identify the optimal administration route for ['* AuJAuNPs—intravenous (i.v.),
intraperitoneal (i.p.), or intratumoral (i.t.)—for their optimal therapeutic application.

2. Results

2.1. Synthesis of AuNPs and Functionalization with the Integrin w,B3-Specific Peptide c(RGDfK)
The integrin o, 33 is a transmembrane protein which is overexpressed on endothelial

cells during neoangiogenesis, for example, during metastasis and tumor growth, and thus

represents a potent tumor target for radioactive AuNPs decorated with RGD peptides [40].

A specific binder to this integrin is the triple amino acid sequence Arg-Gly-Asp (RGD).
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Thus, in this work, c(RGDfK)-coated nanoparticles were intended to be synthesized,
radiolabeled, characterized, and preclinically evaluated in terms of their suitability for
tumor theranostics. For this purpose, ultra-small AuNPs with diameters of 3-6 nm were
synthesized according to established protocols [41,42]. To enhance biocompatibility and
stability of the systems, a thioctic acid (TA)-PEG3-OH derivative (2) was employed as the
stabilizing ligand (Figure 1). The resulting AuNPs were further functionalized by ligand
exchange with varying amounts (4-8 mg, 4-8 umol) of a TA-PEG4-c(RGDfK) derivative
(5) to obtain AuNP-dithio-RGD conjugates with high (6a) and low (6b) RGD loading,
respectively (Figure 1). Purification of the functionalized Au-NPs was achieved by dialysis
and size-exclusion chromatography, and the size and stability of the resulting AuNPs
were confirmed by UV /Vis spectroscopy and HPLC analysis. Further, the avidity of the
particles 6a and 6b to U-87 MG cells was evaluated using a competitive displacement
assay, giving ICs( values of 82.4 & 9.2 nM and 103.6 = 3.5 nM, respectively. In contrast, the
monomeric reference ligand ¢(RGDfK) exhibited an ICs value of 700.4 = 155.9 nM under
identical conditions, highlighting the significantly enhanced cell-binding potency of the
multivalent constructs.

1: Synthesis of ligands 2: Synthesis of AuNP
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Figure 1. Synthesis of different RGD-functionalized AuNPs 3 (without RGD), 6a (higher loading,
24 x RGD) and 6b (lower loading, 18 x RGD).

In order to characterize the organic coating of the AuNPs, thermogravimetric analyses
were performed after each functionalization step which enables the calculation of the
mean number of newly attached molecules (PEG, RGD) per particle using a formula of
Zhu et al. [43] (Table 1). A brief description of the synthesis and characterizations can
be found in the Appendix A. All AuNPs used in this work were fully characterized by
thermogravimetric analysis (TGA), electron microscopy (EM) (Figure A1), UV /Vis, HPLC,
and NMR [44].

Table 1. Calculated number of ligands and resulting molecular mass of the AuNPs.

AuNP Sample Description Number of Ligands Molecular Mass [kDal]
3 AuNP-dithio-PEG 240x 2 246
6a AuNP-dithio-PEG-RGDpjgh 218x 2,24x 5 262

6b AuNP-dithio-PEG-RGDyg,, 220x 2,18%x 5 257




Pharmaceuticals 2025, 18, 1670

4 0of 28

2.2. Neutron Irradiation of Developed AuNPs 3, 6a and 6b

For theranostic purposes, the developed AuNPs were activated by neutron irradiation
to produce stable [”® Au]AuNPs. Routine neutron irradiation experiments with thermal
neutrons at a TRIGA reactor located at Johannes Gutenberg University (Mainz, Germany)
were performed according to a previously established protocol [44]. In brief, varying
masses of AuNPs 3 and AuNPs 6a,b were irradiated alongside a gold-standard reference
to determine activity yields. Stock suspensions were prepared by dispersing 7-15.3 mg
of AuNPs in 2 mL of 10% (v/v) ethanol containing 25 mg of ascorbic acid as a radiolytic
stabilizer. The resulting activity yields are summarized in Table 2. The samples were frozen
and removed from the freezer immediately before irradiation. Irradiation of samples was
performed at 100 kW for 1-2 h with a neutron flux of 1.6 x 10'2 n/cm~2-s~!. No precipita-
tion or other form of aggregation of the activated AuNPs was observed in any sample. The
activated samples were stored in the freezer for transport and further experiments.

Table 2. Activity yields for neutron irradiation of different AuNPs.

198 .o . .
Sample Amount AuNP  Amount of Gold Calculated “Au Activity Obtained

After Irradiation Activity *

gold - 12.7 mg (100%) 87 MBq 60 MBq *
3 15.30 mg 10.10 mg (66%) 102 MBq 144.5 MBq **
3 711 mg 4.69 mg (66%) 50.6 MBq 65.9 MBq **
6a 14.62 mg 9.21 mg (63%) 103 MBq 146.8 MBq **
6a 7.07 mg 4.45 mg (63%) 50.8 MBq 65.4 MBq **
6b 14.84 mg 9.65 mg (65%) 103 MBq 140.7 MBq **
6b 7.00 mg 4.55 mg (65%) 50.8 MBq 69.5 MBq **

* Obtained activity measured 26 h after irradiation, decay corrected activity 65.6 MBq. ** Obtained activity
measured 2-3 h after irradiation.

During the irradiation of the AuNPs (3, 6a, 6b), short-lived nuclides (24N a,38(l, 355, 41 Ar)
were also produced, and these were still measured approximately 2-5 h after irradiation. The
higher activity level of the samples and their deviation from the calculated value (2040%) are
due to the short-lived nuclides identified by gamma spectroscopy (see Table Al for details).
Furthermore, sulfur is present in the samples. Its activation product (*S) is a pure B-emitter
and not detectable by gamma spectroscopy. However, 35S contributes to the obtained activity
as shown in Table 2. With the high-purity gold wire, the activity was measured after 26 h. The
discrepancy of 10% (60 instead 66 MBq) might originate from the calibration of the ISOMED
2010 with 1%7Cs (85% 662 keV) vs. 1%8Au (96% 412 keV).

2.3. Cell Experiments
Determination of Cell Survival

Colony formation assays were performed with [198Au]3 and [1?8Aul6a,b on oy B3-
positive U-87 MG cells. For this proof-of-concept experiment, 5-10 Gy was chosen as
the incubation dose for 300k-500k cells. To achieve this dose, the activity of 1-2 MBq
[198 Au]JAuNPs per well in a 24-well plate within a 96 h incubation period was calculated
using Formula (1).

D(A,t) = S*Al;i(zl)m(lexp(ln(Z)) *Tf/z> (1)
Calculation of the dose exerted to a cell monolayer at the bottom of a multi-well-plate
or Eppendorf tube by 1 Au using Geant4-simulation [45]. D: energy dose, S: S-value, A:
activity, T /5: half-life of the radionuclide, t: irradiation time.

The administration of 1-2 MBq of ['*® Au]JAuNPs corresponded to nanoparticle con-
centrations of 0.40-1.44 uM, exceeding the ICs( values of the dithiol-RGD conjugates 6a and
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6b by at least one order of magnitude. In clonogenic assays, treatment with 1 Au]AuNP 3
produced a significant reduction in cell survival. Increasing the absorbed dose from 5 Gy

(sf =41.6 £ 4.8%) to 10 Gy (sf = 40.6 & 7.3%) did not further decrease the surviving fraction
(Figure 2, Table A2).

[
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Figure 2. Survival fractions of the colony formation assays for different concentrations of 3 (orange),
6a (blue), 6b (green), [198 Aul3 (brown), [1?® Au]6a (dark blue), and [**8 Au]6b (dark green). Due to the
production of 198 A, the concentration of the [198Au]AuNPs varies for 5 Gy and 10 Gy, and the pH

was maintained at 7. At an activity curve (brown, dark blue, or dark green), the lower concentration
correlates with 5 Gy, and the higher concentration correlates with 10 Gy.

Because ascorbic acid (Asc) was used as a stabilizer during neutron irradiation, subse-
quent experiments led to a substantial carry over of Asc into the cell cultures. Additionally,
cyclic RGD peptides are known to inhibit «y (33, which cause apoptosis of angiogenic
endothelial cells, influencing the cell survival. Therefore, non-radioactive RGD-AuNPs
supplemented with the equivalent concentration of Asc were evaluated prior to neutron
irradiation to assess the influence of Asc—and the resulting acidification of the culture
medium—on the surviving fraction (Table 3) [46,47].

Table 3. Concentration of AuNP solutions for irradiation and the corresponding pH within the cell
media to determine the influence of Asc towards cell survival.

Concentration of Concentration of pH pH
AuNP 3 Ascorbic Acid (AuNP/AS) (AuNP/AS in Medium)

0 uM (medium only) - - 7.9

10.1 uM (stock) 70.97 mM 35 -

0.254 uM 1.77 mM 4.0 7.2

0.507 pM 3.55 mM 3.8 7.1

1.01 uM 7.10 mM 3.7 6.6

2.03 uM 14.19 mM 35 54

Asc only 14.19 mM 3.5 51

At 142 mM Asc combined with ~2.0 uM AuNPs 3, cell viability was completely
abolished. Consequently, evaluation of RGD- and '8 Au-mediated effects on survival was
confined to Asc concentrations below 7.1 mM (~1.4 uM AuNPs-3). For comparison, at
a concentration of 14.2 mM Asc without AuNPs, a survival fraction of 55.0 + 9.1% was
observed due to the low pH within the incubation cell media.
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2.4. Preclinical Experiments

Animal xenografts of U-87 MG (54) were treated with 3-5 MBq [198 Au]3, [1P8 Au]6a and
['8 Au]6b. For every substance, three different injection routes (i.v., i.p., i.t.) were evaluated.
Every injection route was tested at six animal xenografts for statistical certainty of the
experiment. Therefore, 54 animals were used throughout the preclinical evaluation. After
injection of the ['*® Au]JAuNPs, their distribution was measured by scintillation imaging
using a radiographic phosphor screen under the animals (Figure 3) at 1, 3, and 7 days
post-injection (p.i.). The imaging revealed no significant differences between the different
[”8 Au]AuNP species but a significant difference for the injection pathway.

Figure 3. Representative in vivo planar imaging of i.v., i.p., and i.t. injections of [\ Au]6b on day 3
p-i. measured with an In-Vivo Xtreme system equipped with a radiographic phosphor screen. Red
circles indicate tumor localization and colors relate to activity concentrations, increasing from violet

over dark blue, light blue, green, yellow, and red to white.

On day 7, the animals were sacrificed, and the activity of ['® Au]JAuNPs in the organs
was measured by gamma-counting (Table A3). Ex vivo biodistribution of the animals
revealed the following activity values for selected organs at risk (OARs) and tumor:

Figure 4 shows the biodistribution for different ['”® Au]AuNPs found for i.v. appli-
cation. For ["8Au]3, the highest accumulation was found in the tail (4.98 £ 2.55 %ID/g),
followed by the liver (3.95 £ 1.05 %ID/g) and the spleen (3.61 & 2.21 %ID/g), with no
significant accumulation in the tumor.

0

O [*Au]3iv. O [Y®Aulébiv. O [*®Au]baiv.

e S

pancreas liver kidney blood tumor

Figure 4. Ex vivo biodistributions of [198Au]3 (orange), [198 Aul6a (blue), and [?8 Au]6b (green) for
i.v. application. Each column stands for the mean value in %ID/g per organ =+ standard deviation
(n=6).
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For ['?8 Au]6a, the highest accumulation was found in the tail (7.50 £ 1.03 %ID/g),
followed by the liver (4.99 £ 0.29 %ID/g) and the spleen (3.00 £ 1.02 %ID/g), with no
significant accumulation in the tumor.

For [1?8 Au]6b, the highest accumulation was found in the tail (7.77 £ 3.74 %ID/g),
followed by the liver (4.84 & 1.01 %ID/g) and the spleen (2.64 £ 2.08 %ID/g), with no
significant accumulation in the tumor.

Figure 5 shows the biodistribution for different ['** AuJAuNPs found for i.p. applica-
tion. For [1*8Au]3, the highest accumulation was found in the spleen (5.09 &+ 4.45 %ID/g),
followed by the liver (3.52 & 2.12 %ID/g), the pancreas (1.67 & 1.59 %ID/g), and a small
fraction in the tumor (0.22 = 0.10 %ID/g).

18.0
16.0
14.0
O [*Au]3ip. O [**Aulébip. O [®Aul6aip.
12.0

10.0

% ID/g

8.0
6.0

4.0

2|l 1A o

spleen pancreas liver kidney blood tumor

Figure 5. Ex vivo biodistributions of [198 Aul3 (orange), [198 Au]6a (blue), and [?8 Au]6b (green) for
i.p. application.

For [1%8 Au]6a, the highest accumulation was found in the spleen (15.12 £ 2.10 %ID/g),
followed by the liver (4.51 £ 0.43 %ID/g), the pancreas (3.04 + 0.51 %ID/g), and a small
fraction in the tumor (0.24 =+ 0.04 %ID/g).

For [1%8Au]6b, the highest accumulation was found in the spleen (14.59 & 1.75 %ID/g),
followed by the liver (5.28 £ 0.35 %ID/g), the pancreas (3.88 & 0.91 %ID/g), and a small
fraction in the tumor (0.25 £ 0.10 %ID/g).

Figure 6 shows the biodistribution for different ['*® Au]JAuNPs found for i.t. applica-
tion. For [1?8Au]3, the highest accumulation was found in the liver (4.35 £ 0.74 %ID/g),
the spleen (4.39 £ 1.91 %ID/g), and the tumor (3.09 & 2.11 %ID/g), whereas in the muscle,
0.08 & 0.02 %ID/g was found.

For ['®8 Au]6a, the highest accumulation was found in the liver (5.51 & 0.85 %ID/g),
the spleen (4.91 £ 1.59 %ID/g), and the tumor (3.01 £ 0.76 %ID/g), whereas in the muscle,
0.08 & 0.01 %ID/g was found.

For [1%8 Au]6b, the highest accumulation was found in the liver (5.25 + 0.91 %ID/g),
the spleen (3.67 £ 1.41 %ID/g), and the tumor (3.09 £ 2.11 %ID/g), whereas in the muscle,
0.08 & 0.02 %ID/g was found.

After the ex vivo biodistribution, the tumors were deep-frozen and evaluated for o, 33
expression (Figures 7 and A4, Table A4). It was found that all tumors had similar high
oy B3 expression without significant differences. Additionally, staining for caspase3, CD31,
and HE were performed and showed no abnormality.
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Figure 6. Ex vivo biodistributions of [*8 Au]3 (orange), [198 Au]6a (blue), and [?8 Au]6b (green) for
i.t. application.

100
‘S 90 <= i
o ——O—
7 s - X Sl B
[}
a, 70
: I ° i
¢ 60
= 50
wu
2 40 [BAul3 it. [ [*PAu]3 iv. O [8Au]3 ip.
X
< 28 [¥Aul6a it. [ [**Auléa iv. O [**Aul6a ip.
&
< 10 [®Aul6b it. [ ['*®Auleb iv. [ ['®Au]éb i.p.

0

Figure 7. Box-plot diagram for the statistical evaluation of o 33 expression in 54 tumors treated with
198 Au]JAuNPs showing minima/maxima (=), upper/lower quantile (0), and median ().

3. Discussion
3.1. In Vitro Experiments

c¢(RGDIK) is a potent, selective antagonist of ay 33, a key mediator of tumor angiogen-
esis and cell survival [48]. Radiolabeled RGD derivatives have been extensively employed
as imaging probes to visualize angiogenic vasculature in tumors [46]. Multivalent presen-
tation of RGD motifs markedly enhances tumor targeting and retention through avidity
effects. Accordingly, gold nanoparticles (AuNPs) densely functionalized with multiple
c¢(RGDfK) ligands are expected to achieve superior tumor accumulation [38,47], thereby
improving the efficacy of both targeted therapy and diagnostic imaging [36]. Methods for
preparing [1? Au]AuNPs have been previously reported in the literature [17,33,36]. The con-
ventional synthesis route involves neutron activation of gold foil, which is then dissolved
in aqua regia. Subsequent steps include nanoparticle formation and functionalization with
target-specific ligands. However, all these steps are performed using radioactive ®Au,
resulting in increased radiation exposure for personnel and further generate considerably
more radioactive waste.
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Tumor-specific AuNPs exhibiting high target avidity and colloidal stability were
synthesized first, with neutron activation reserved as the final step to minimize operator
dose and streamline the overall workflow—key requirements for clinical translation. The
key challenge was to synthesize oy [33-targeted AulNPs that retain colloidal stability and
ligand-shell integrity during neutron activation. AuNPs 6a and 6b met this requirement
and exhibited superior «y 33 avidity compared with the monomeric c(RGDfK) peptide.

In order to assess the therapeutic efficacy of the ['”® Au]AuNPs, a colony formation
assay was performed. The activity and incubation time required to achieve relevant
doses between 5 and 10 Gy were calculated for monolayer cell cultures in 24-well plates
(Formula 1). To reach these doses, concentrations more than 10 times higher than the ICsg
for AuNP-RGD 6a and 6b had to be used within 96 h of incubation. Consequently, cell
viability is expected to be severely impaired at such high concentrations of ['*®Au]6 in
cell survival experiments, as the RGD antagonist may interfere with angiogenesis and
thus compromise cell viability [48]. Nevertheless, reference cell survival experiments
demonstrated a significant effect on U-87 MG cells, with a survival fraction as low as
40.6 £ 7.3% at 10 Gy even for non-specific ['?® Au]3 without RGD coating. This suggests
that the combination of 3 ~-emission from ' Au and the antagonistic effect of RGD could
dramatically reduce the therapeutically relevant dose of RGD functionalized ['*8 Au] AuNPs.
In the cell experiments addressing this hypothesis, a slightly lower but significant effect
was observed when both noxae were applied at 10 Gy. The effect was higher for ['*® Au]6b
with lower RGD-loading (sfj19gaujep = 32-7 £ 6.1% vs. sfgp 57.3 & 3.9%, Ayt = 24.6%) and
lower for ['*® AuJ6a with high RGD-loading (sf{95a]6a = 34.7 = 8.6% Vvs. sfea 41.6 £ 2.7%,
Agf = 6.9%), since the high RDG-loading of 6a itself had already a higher cytotoxic effect
compared to 6b.

A limitation for the evaluation of cell survival was the pH of the cell media, as sub-
stantial amounts of Asc were introduced to the cell media together with the [198 Au]AuNPs.
Asc hat to be used as stabilizing agent during neutron irradiation of the AuNPs and could
therefore not be excluded from the cell experiments. Therefore, the effect of Asc on the
pH of cell media and consequently on cell survival was tested without and with AuNDPs.
However, up to a concentration of 7.1 mM Asc, the pH of the cell media was 6.6, and no
significant effect on cell survival was observed. This concentration of Asc resulted in a con-
centration of AuNPs between 1.0 and 1.4 pM. At higher concentrations of Asc, the pH was
lower than 6.6, resulting in significantly lower cell survival. Therefore, Asc concentration
of 7.1 mM was the limit for the evaluation of the cell survival for [ Au]JAuNPs.

3.2. In Vivo Preclinical Experiments

Therapeutic in vivo experiments were performed at U-87 MG xenograft models. Three
different modes of injection (i.v., i.p., and i.t.) were evaluated to find the optimal application
method for the ['”® Au]AuNPs. During the therapeutic application, planar imaging of the
distribution of the ['*® Au]AuNPs in the animals revealed already that for i.v. application,
most of the activity remained within the tail vein (~70%), and the rest (~30%) was found
in the region of the liver of the animals. For the i.p. application, most of the activity
remained within the liver (~60%) and stomach (~40%) region of the animals. However, for
i.t. application, a fraction of the activity remained within the tumor (~10%), whereas the
rest was found in the liver region (~90%) compared to i.v. and. i.p. application.

These observations were afterwards confirmed by ex vivo biodistribution of the ani-
mals (Figures 4-6): For i.v. application, the activity had an accumulation pattern following
tail > liver > spleen >>> tumor. For the i.p. application, the activity had an accumulation
pattern following spleen > liver > pancreas, but a small fraction was found within the
tumor (0.25 £ 0.10 %ID/g), with a tumor-to-muscle ratio of 4-6:1. In consequence, for i.t.
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application, a higher fraction of the activity was retained in the tumor (3.09 & 2.11 %ID/g)
compared to i.v. and i.p. application, with an accumulation pattern following liver > spleen
> tumor >>> muscle.

Additionally, pathologic staining experiments on the «y (33-expression of the tumors
were performed (Table A4). All tumors exhibited similar high expression of o, 33. Therefore,
the «y 3-specific AuNPs should have accumulated in the tumors. Since there was no or
very low tumor accumulation observed by i.v. and i.p. application, the [*® Au]AuNPs must
have undergone degradation in the blood before they could reach the tumor site. Therefore,
the PEG-shell of the AuNPs was ineffective in hindering the AuNPs against the formation
of protein coronae and other effects like opsonization.

An unconfirmed explanation for the discrepancies between higher cell accumulation
for targeted AuNPs in vitro compared to non-targeted AuNPs and no significant tumor
accumulation in vivo for both i.v. and i.p. application for targeted and non-targeted AuNPs
might be the interaction with macrophages via opsonization [18]. This would lead to a
fast immobilization of the AuNPs in vivo and the observed accumulation pattern. The
elevated splenic accumulation following intraperitoneal (i.p.) administration likely reflects
AuNPs bound to circulating blood cells, which are preferentially filtered and degraded in
the spleen, whereas macrophage-associated nanoparticles are primarily sequestered and
cleared by the liver. Staining experiments of the macrophages were not performed in this
work, so this explanation remains a hypothesis.

The most promising route for application of ['*® Au]AuNPs in this work was i.t.,
since other injection methods revealed no significant tumor accumulation (see also
Figures A1-A3). Lower OAR accumulation (e.g., spleen 3.7-4.9 %ID/g, liver 4.3-5.5 %ID/g)
compared to i.v. and i.p. and a high tumor retention (mean 3.0-3.5 %ID/g) might pave
the way for further clinical application in very special scenarios. However, it must be
mentioned that the simultaneous high accumulation in the liver and spleen for i.t. ap-
plication further limits the therapeutic application. By using Formula 1, doses could be
calculated for a known volume of organs of interest. While tumors could receive ~5-10 Gy
because of their smaller size, the liver and spleen could still receive ~2-8 Gy each due to
the high-energy 3~ particles and a 412 keV y photon that contributes to a whole-body dose.
This suggests a high dose to OARs.

Lt. application of [18 Au]AuNPs together with external irradiation is discussed as
the most effective therapeutic concept [49], and the herein developed AuNPs seem to
confirm this statement. Since AuNPs are also discussed as radiosensitizer for external
radiation therapy, also non-radioactive targeted AuNPs might already be useful in cancer
therapy [49]. Further, other groups found i.t. application as an effective application route
revealing 85% tumor retention of [198 Au]JAuNPs after 24 h in vivo [50]. Functionalized
['*® AuJAuNPs for treatment were recently evaluated in vitro on HER2-positive tumor
spheroids, revealing promising therapeutic effectiveness for breast or ovarian cancers [51].
Recently, nanobrachytherapy of glioma with ¥Re-nanoliposomes [52,53] showed promis-
ing results and might be considered as a reasonable application for ['* Au]JAuNPs as well.

In the past, AuNPs as radiopharmaceuticals were discussed as controversial [54,55],
since their size of 2-5 nm might still be too large for empowering the tumor specificity
of targeting vectors at their surface. Overcoming the cytotoxic effect [56,57] by using a
PEG-shell was the first step towards in vivo applications [15,16]. Additionally, the PEG
shell is preventing the AuNPs from forming a protein corona in vivo. In vitro evaluations of
targeted AuNPs show promising results, as they constantly demonstrated lower ICs( values
and thus higher avidities compared to the monomeric peptide lead. The cell media (EMEM)
might interact with the AuNPs. Therefore, only 1% FCS was added during incubation with
AuNPs, only leading to low immobilization of the AuNPs in vitro.
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The molar mass of targeted AuNPs can be calculated and estimated by TGA [20]. In
comparison to single molecules, which have a constant molar mass, the molar masses of
AuNPs can differ from particle to particle due to their size distribution. Therefore, the ICs
values have to be evaluated carefully. For example, 20 RGD ligands at the surface of one
AuNP would have a mass of around 12 kDa. The residual molar mass of 240-250 kDa
results from the AuNP and the non-specific PEG-ligands. The calculated ICsj values with
the whole molar mass of 6a (262 kDa) or 6b (257 kDa) are significantly lower compared to a
single RGD peptide. However, if the molar mass of the RGD ligands only would be used
for calculation of the ICs( values (as example, one could think about a 20-RGD-multimer
peptide), a much higher ICsy value compared to single RGD peptide would be found. As a
consequence, the calculation of IC5 values in general might have to be reconsidered, in the
way only the molar mass of the sum of the specific ligands should be used for calculation of
the ICs( values for targeted nanoparticles, as thinking of it like a multimer of 20 targeting
molecules. However, other groups circumvented the exact determination of molar mass of
AuNPs by TGA by giving the ICs values in ng/mL and using the whole applicated mass
of AuNPs for calculation of the competitive displacement of '2°I-Tyr*BBN [18].

In conclusion, although the intact AuNP enables ICsy determination with high avidity
in 12°I-echistatin displacement assays, drug-receptor affinity alone does not fully predict
its in vivo biodistribution. Due to their properties, the AuNPs are quite susceptible to
being taken up by macrophages, lymph nodes, spleen, etc., and thus can be removed
from circulation. Macrophages might detect AuNPs as debris very efficiently and could
be eliminated from the blood very quickly [58]. That might be the reason for the high
accumulation in the spleen and liver seen in in vivo experiments of this work and by other
groups [18]. Maybe the ligand exchange for a higher density of targeted surface molecules
would lead to better performing AuNPs in vivo. Taking advantage of the macrophage—
AuNP interaction, it is discussed to target the macrophages directly by nanoparticles to
indirectly detect tumors or inflammation in vivo [58]. For imaging of tumors, this could be
a clever solution, but it remains questionable whether this method could also be used for
therapy of tumors. However, other diseases like atherosclerotic cardiovascular disease [59]
or autoimmune diseases [12] might be treated by this method.

Over the past five years, only a handful of studies have explored the therapeutic poten-
tial of ['” Au]AuNPs. Although in vitro data are encouraging [51], the clinical translation
of [' Au]AuNPs as targeted radiopharmaceuticals remains elusive. Nevertheless, AuNPs
continue to advance toward clinical use—as drug-delivery vehicles [13], photothermal
therapy enhancers [60], and even direct chemotherapeutic agents against select ovarian
pathologies [10,11].

4. Materials and Methods
4.1. General Procedures

All reagents and solvents were purchased from commercial suppliers (Merck, Darm-
stadt, Germany) and were used without further purification. NMR spectra were recorded
on a 300 MHz Varian Mercury Plus and a 500 MHz Varian NMR System spectrometer (Palo
Alto, CA, USA). Chemical shifts (6) are given in ppm and are referenced to the residual
solvent resonance signals relative to (CH3)4Si (*H, 1C). Mass spectra were obtained on
a Bruker Daltonics microflex MALDI-TOF mass spectrometer (Bremen, Germany) and
HR-ESI-MS spectra on a Thermo Finnigan LTQ FT Ultra Fourier Transform Ion Cyclotron
Resonance spectrometer (Dreieich, Germany). Preparative column chromatography was
performed on Merck silica gel 60. When applicable, purity was determined by high-
performance liquid chromatography (HPLC). The purity of all final compounds was 95%
or higher. HPLC was performed on a Dionex UltiMate 3000 HPLC system (Thermo Scien-
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tific, Dreieich, Germany), equipped with a reverse phase column (Analytical: Chromolith
RP-18e; 100 x 4.6 mm plus a guard column 5 x 4.6 mm; semipreparative: Chromolith
RP-18e; 100 x 10 mm plus a guard column 10 X 4.6 mm (Merck, Darmstadt, Germany),
and a UV-diode array detector (210 nm, 254 nm). The solvent system used was a gradient
of acetonitrile:water (containing 0.1% TFA) (0-5 min: 0-100% MeCN) at a flow rate of
4 mL/min, unless otherwise stated. Purification of AuNPs was performed by dialysis
(tubes with molecular weight cut-off of 14,000 g/mol, Visking, Roth, Karlsruhe, Germany)
against distilled water and by size exclusion chromatography using Sephadex G25 PD10
columns and distilled water as eluent. The purity and stability of AuNPs/[!* Au]AuNPs
were investigated by size exclusion HPLC using a Phenomenex PolySep™-SEC GFC-P 4000,
LC column 300 x 7.8 mm and a 35 mm PolySep guard column with water (0.8 mL/min) as
eluent on a Thermofisher Ulti HPLC system. A brief description of the AuNP syntheses and
a detailed description of the competitive displacement assays against [12°I]I-echistatin as the
competitor for the determination of ICs values can be found in a previous publication [44].

4.2. Determination of the Number of Ligands on the Surface of the AuNPs

The thermogravimetric analyses were performed using a Mettler Toledo TGA 2 STAR®
system. AuNPs (1-2 mg) were weighed into 70 uL aluminum oxide crucibles (Mettler
Toledo, Giefien, Germany) and heated from 25-750 °C (10 K/min) in a stream of N or CO,
(30 mL/min). The loading of the different AuNPs is shown in Table 1 and was calculated
from the different mass losses, which increase as the AuNDPs are functionalized. Therefore,
the amount of different ligands per particle can be calculated according to the formula of
Zhu et al. [43]. Since the AuNPs have an average diameter of ~3 nm, the calculated amount
of gold atoms is ~834 Au atoms per nanoparticle. This gives a molecular weight of an
AuNP of 164,298 g/mol. Using TGA, the following ligand numbers were determined:

e  The mass loss of the AuNP 3 was ~33.27%, which results in ~240 PEG ligands on the
AuNP surface, M ~ 246 kDa.

e  The mass loss of AuUNP-PEG-RGDyg, 6a was ~37.1%, and the RGD accounts for
~4% mass loss (~24 RGD ligands per AuNP). Therefore, the molar mass for AuNP-
RGDygn 6a was calculated to be ~262 kDa.

e  Furthermore, the AuNP-RGDy,, 6b contained ~18 RGD ligands, ~257 kDa.

4.3. Neutron Irradiation Experiments

Production of [1* Au]JAuNPs by neutron activation of 0.05-15.5 mg AuNPs was per-
formed in a pneumatic transfer tube for 1-2 h at 100 kW with a thermal neutron flux of
1.6 x 102 cm~2-s~! in the TRIGA research reactor (Mainz, Germany). For calibration of
the dose calibrator, ISOMED 2010 (NUVIA Instruments, Dresden, Germany) 12.7 mg solid
Au was irradiated for 80 min to produce 87 MBq (calculated) ['*® Au]Au with a measured
dose rate of 57 uSv/h. Next, 26 h later, the activity was measured with the dose calibrator,
and 60 MBq was obtained (using the 13 Cs-channel, 66 MBq calculated). In addition, the
solid ['*®Au]Au (40 MBg, 42 calc.) was carefully dissolved two days after in 2 mL aqua
regia at 50 °C within 15 min in order to find the correct calibration factors of the dose
calibrator for different volumes in vials and syringes.

Irradiation of AuNPs was performed under optimized conditions with a thermal
neutron flux of 1.6 x 10> cm~2-s~1 in 2 mL 10% EtOH/H,0 and 25 mg ascorbic acid as
stabilizer against radiolysis [61]. In the experiment, neutron activation of 4.45-10.10 mg
AuNPs 3 and 6 for 2 h produced 65-147 MBq [ Au]3 and [1?®Aul6. The production of
198 Au was confirmed by gamma spectroscopy, which found up to three gamma lines at
411 keV (95.6%), 676 keV (0.8%), and 1088 keV (0.2%).
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4.4. Colony Formation Assay

Glioblastoma astrocytoma (U-87 MG) tumor cells (HTB-14, ATCC®, Manassas, VA,
USA) were cultivated with EMEM medium (ATCC®, Manassas, VA, USA), supplemented
with 10% FCS and 1% penicillin—streptomycin (10,000 U/mL) at 37 °C in a humidified CO,
(5%) atmosphere. Three days before the experiments, U-87 MG cells were harvested, and
150,000 cells were seeded in 24-well plates. U-87 MG cells were incubated for 96 h in the
presence of the o, 3-specific non-radioactive AuNPs or 1-2 MBq [1? Au]AuNPs to achieve
the calculated doses of 5-10 Gy. As an incubation medium, EMEM supplemented with
1% FCS and 1% penicillin—streptomycin (10,000 U/mL) was used. After incubation, the
cell medium was removed, the cells were washed and harvested, and a colony formation
assay was performed in triplicate for each irradiation point with 1000 cells per well in a
6-well plate. Colonies were cultured in the cell medium (EMEM, 10% FCS, 1% penicillin—
streptomycin) for 28 days, fixed with 2 mL 4% formaldehyde in PBS for 15 min, and
incubated with 2 mL 0.5% crystal violet dye solution for 30 min. Afterwards, colonies were
washed with distilled water, dried, and counted by light microscopy. Colonies of more than
50 cells were considered viable, and the plating efficiency for each sample was estimated
based on the initial number of cells seeded. Clonogenic cell survival was calculated as the
relative plating efficiency of treated versus untreated samples. Triplicate samples were
prepared for each treatment and experimental condition.

4.5. In Vivo Experiments

The in vivo proof-of-concept was performed using female athymic nude mice (Rj:ATHYM-
Foxn1™/™Y obtained from Janvier Labs (approval number 35-9185.81/G-255/22). A total of
5 x 10° U-87 MG cells (100 pL in PBS, unsieved) were inoculated subcutaneously in the
right thigh when the mice were 6 weeks old. Mouse health and tumor growth were checked
daily until the tumor reached a diameter of 5 mm (1 week for U-87 MG). After the tumors
reached a sufficient size for imaging, the AuNPs were injected i.v. into the tail vein, i.p. into
the cavity of stomach, or i.t., and their distribution in vivo was monitored after 1, 3, and
7 days via optical imaging (using a radiographic phosphor screen activated by the gamma
radiation of 1® Au), followed by an X-ray imaging (0.8 mm filter, 45 kV, 5 s) (In-Vivo Xtreme,
Bruker, Ettlingen, Germany). After the last time point, animals were sacrificed, the organs
were harvested, and their activity was measured ex vivo. The region-of-interest (ROI) was
drawn by hand on the organs for calculation of the uptake of the AuNPs in the respective
organs. Bruker molecular imaging software MI SE (version 7.1.3.20550) was used for the
fusion of the images. All injections and measurements with mice were performed under
anesthesia (2-3% isoflurane/O;, 2-3 mL/min).

5. Conclusions

In this work, o, 33-specific RGD-coated AuNPs with enhanced target avidity com-
pared to the monomeric oy 33-specific RGD reference peptide were successfully synthesized
and fully characterized. This proof-of-concept study aimed to evaluate the feasibility of ac-
tivating AuNPs while preserving the integrity of their ligand shell and organic coating. Irra-
diation experiments confirmed the stability of ['*® Au]JAuNPs with dithiol ligands after neu-
tron activation. In vitro experiments evaluating the therapeutic effect of ['** Au]JAuNPs on
U-87 MG cell survival revealed a significant impact on cell death, with RGD-functionalized
[ Au]AuNPs showing a higher efficacy compared to the non-targeted analogs.

Encouraged by these results, the preclinical therapeutic application of ['*® Au]AuNPs
in vivo was evaluated using different modes of injection (local vs. systemic). The
[198 Au]JAuNPs were assessed in vivo in human U-87 MG tumor xenografts with three
distinct application routes. Intravenous (i.v.) and intraperitoneal (i.p.) administration



Pharmaceuticals 2025, 18, 1670

14 of 28

revealed no significant target-specific tumor accumulation but high accumulation in off-
target organs. Consequently, the systemic application of the developed [® Au]AuNPs does
not seem to be feasible. In contrast, intratumoral (i.t.) injection resulted in relatively stable
tumoral retention of the ['?® Au]JAuNPs, although a considerable accumulation in non-target
tissues was still observed, albeit at lower levels compared to i.v. and i.p. administration.

Importantly, no significant difference in target-specific tumor accumulation between
RGD- and non-RGD-functionalized ['*® AuJAuNPs was observed in vivo for all three ap-
plication routes. These results support the technical feasibility and proof-of-concept for
i.t. application, but a clinical translation of the developed [198 Au]AuNPs is limited due to
their biodistribution properties. However, they may be useful for specialized treatments
involving i.t. application.
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Appendix A
Appendix A.1. Organic Syntheses
e c(RGDIK) [62]

The peptide ¢«(RGDfK) c(Arg-Gly-Asp-D-Phe-Lys) was synthesized according to stan-
dard protocols by solid-phase peptide synthesis on solid support using the Fmoc-strategy
on H-Asp(tBu)-2-chlortrityl resin (loading 0.73 mmol/g, 137 mg, 0.1 mmol). For amino
acid conjugation, HBTU (N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hex-
afluorophosphate) (3.9 eq., 0.39 mmol, 148.7 mg), Fmoc-protected amino acids (4.0 eq.,
0.4 mmol), and DIPEA (4.0 eq., 0.4 mmol, 68 uL) were used in DMF as solvent. Each amino
acid was coupled for 45 min. After coupling of the last amino acid and Fmoc-removal with
50% of piperidine solution in DMF, the linear protected peptide was cleaved from the resin
using 1% TFA in CH,Cl,. After removal of the volatile components of the mixture, the
crude intermediate was isolated and dissolved in dry DMF (85 mL). After the addition of
DIPEA (3.5 eq., 0.35 mmol, 59.5 uL), the solution was cooled to 0 °C, and DPPA (1.25 eq.,
0.125 mmol, 26.9 uL) was added. The reaction was allowed to warm to ambient tempera-
ture and stirred for 3 days until the cyclization was complete. The volatile components of
the mixture were evaporated under reduced pressure, and the residue was treated with a
mixture of TFA/TIS 97.5:2.5 for 3 h to completely deprotect the peptide. The crude product
was precipitated in cold diethyl ether and washed twice with diethyl ether and dried under
reduced pressure. The product was purified by semi-preparative HPLC and lyophilized to
give a colorless solid (yield: 88.79%, 53.6 mg, 0.089 mmol). HR-ESI-MS (m/z) for [M + HJ*
(calculated): 604.3 (604.3). MALDI-MS (m/z) for [M]* (calculated): 603.7 (603.3).

e TA-NHS1[63]

Thioctic acid (TA) (1 eq., 2.425 mmol, 0.50 g) was dissolved in acetone (12.5 mL) under
an argon atmosphere. N,N-Disuccinimidyl carbonate (1.25 eq., 3.031 mmol, 0.78 g) and
DIPEA (1.25 eq., 3.031 mmol, 0.5 mL) were added, and the mixture was stirred overnight
at room temperature. After removal of acetone under reduced pressure, the residue was
dissolved in 10 mL of water and DCM (1:1). The aqueous phase was removed, and the
organic phase was washed twice with 4 mL water. After drying the organic phase with
MgSQy, the solvent, DCM, was removed, and TA-NHS was obtained as a yellowish solid.
(78.01%, 574 mg, 1.89 mmol). 'H-NMR (300 MHz, DMSO-dg) J = 3.67-3.58 (m, 1H, H-3),
3.24-3.08 (m, 2H, H-5), 2.81 (s, 4H, H-15, H-16), 2.69 (t, ] = 7.2 Hz, 2H, H-9), 2.47-2.37
(m, 1H, H-4), 1.94-1.83 (m, 1H, H-4), 1.77-1.42 ppm (m, 6H, H-6, H-7, H-8).

e TA-PEG;-OH?2

TA-NHS dissolved in 3 mL DCM (1.2 eq., 0.96 mmol, 0.29 g) was added to a solution
of HyN-PEG3-OH (1 eq., 0.80 mmol, 0.12 g) in DCM (1 mL). After, DIPEA (4 eq., 3.2 mmol,
545 pL) was added, and the mixture was stirred overnight at ambient temperature. The
solvent was removed under reduced pressure, and the crude product was purified by semi-
preparative HPLC. Finally, the product TA-NH-PEG3-OH was isolated as yellowish viscous
liquid (yield: 65.04%, 180 mg, 0.533 mol). 'H-NMR (500 MHz, DMSO-dq) § = 7.89-7.77
(m, 1H, H-11), 3.43-3.37 (m, 12H, H-13, H-14, H-16, H-17, H-19, H-20), 3.22-3.15 (m, 2H, H-5),
2.87-2.71 (m, 2H, H-3, H-21), 2.13-2.03 (m, 2H, H-9), 1.99-1.81 (m, 2H, H-4), 1.60-1.21 ppm
(m, 6H, H-6, H-7, H-8). HR-ESI-MS (m/z) for [M + H]* (calculated): 338.1 (338. 1), [M + Na]*
(calculated): 360.1 (360.1). MALDI-MS (m/z) for [M]* (calculated): 337.3 (337.1), [M + H]*
(calculated): 338.1 (338. 1).

o TA-PEG4-COOH 4

TA-NHS dissolved in 2 mL DCM (1.1 eq., 0.88 mmol, 0.27 g) was added to a suspension
of HyN-PEG4-COOH (1 eq., 0.80 mmol, 0.12 g) in DMF (2 mL). DIPEA (4 eq., 3.2 mmol,
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545 uL) was added, and the mixture was stirred overnight at ambient temperature. The
solvent was removed under reduced pressure, and the crude product was purified by semi-
preparative HPLC. After lyophilization the product TA-NH-PEG4-COOH was obtained
as colorless solid (yield: 48.92%, 160.3 mg, 0.39 mmol). HR-ESI-MS (m/z) for [M + HJ*
(calculated): 410.1 (410.1), [M + Na]* (calculated): 432.1 (432.1). MALDI-MS (m/z) for [M]*
(calculated): 409.4 (409.1), [M + K]* (calculated): 447.4 (448.1).

o  TA-PEG4-c(RGDfK) 5

TA-NH-PEG4-COOH dissolved in 0.5 mL of DMF (1.1 eq., 0.055 mmol, 22.4 mg) was
added to a solution of PyBOP (1.9 eq., 0.094 mmol, 49.1 g) in 0.5 mL of DME. DIPEA (3 eq.,
0.149 mmol, 26 pL) was added, and the mixture was stirred at ambient temperature until the
reaction was completed. DMF was then removed under reduced pressure, and the crude
product was purified by semi-preparative HPLC. After lyophilization, the product TA-
NH-PEG4-c(RGDfK) was obtained as colorless solid (yield: 28.91%, 14.3 mg, 0.014 mmol).
HR-ESI-MS (m/z) for [M + H]* (calculated): 995.4 (995.4). MALDI-MS (m/z) for [M]*
(calculated): 994.8 (994.4), [M + K]* (calculated): 1033.7 (1033.4)

e  AuNP-dithio-PEG;-OH 3 [41]

Hydrogen tetrachloroaurate (1 eq., 0.525 mmol, 207 mg) was dissolved in 205 mL
MeOH to give a bright yellow solution, and under stirring, a solution of TA-NH-PEG;-OH
dissolved in 205 mL of MeOH was added and stirred for 2 h until the reaction color became
nearly colorless. A solution of sodium borohydride dissolved in 20.5 mL of water was
quickly added to the reaction. The solution immediately turned black. The reaction mixture
was stirred overnight, MeOH was removed under reduced pressure, and the residue was
redissolved in 9 mL of trace pure water and dialyzed in distilled water for 4 days. After
lyophilization, TA-AuNP was obtained as black powder. (39.47%, 180.7 mg)

o  AuNP-PEG-RGDs by ligand exchange

General procedure for the preparation of RGD-decorated AuNPs: Briefly, the function-
alization of AuNPs 6 was performed by a place-exchange reaction with TA-PEG4-c(RGDfK)
5. TA-PEG4-c(RGDfK) 5 was dissolved in a mixture trace pure HyO:MeOH (1:1) and was
added to AuNPs 6 in 2 mL trace pure H,O and stirred overnight. Purification of AuNPs was
performed in two steps: first, the AuNP solution was transferred into a Visking cellulose
dialysis tube (molecular cut-off 14,000 Da) with 3 x 1 mL trace pure water and dialyzed
in distilled water for 4 days, and second, the AuNP solution was eluted by size-exclusion
chromatography using Sephadex G25 PD10 columns and distilled water. The AuNPs were
then lyophilized and obtained as a black powder.

o  AuNP-dithio-PEG-RGDyygp, 62

TA-PEG4-c(RGDfK) 5 (8 mg, 8.04 pmol) was dissolved in 0.4 mL of trace pure
H>O:MeOH (1:1) and was added to AuNP 3 (20 mg) in 2 mL of trace pure H,O and
stirred overnight. After purification and lyophilization, 20.8 (97.5%) of 8a was obtained
as black powder. 'H-NMR (500 MHz, DMSO-dg) 6 = 8.02-7.59 (m, 7H, H-11, H-25, H-29,
H-34, H-39, H-43, H-47),7.22-7.16 (m, 5H, H-64, H-65, H-66, H-67, H-68), 6.65 (s, 2H, H-57),
4.77-4.43 (m, 1H, H-u), 3.61-3.35 (m, 10H, H-13, H-14, H-16, H-17, H-19, H-20), 3.22-3.00
(m, 4H, H-22, H-23), 2.92-2.69 (m, 1H, H-3), 2.13-1.95 (m, 2H, H-5), 1.76-0.73 ppm (m, 10H,
H-4, H-6, H-7, H-8, H-9).

e  AuNP-dithio-PEG-RGDy,, 6b

TA-PEG4-c(RGDfK) 5 (4 mg, 4.02 pmol) was dissolved in 0.4 mL of trace pure
H>O:MeOH (1:1) and was added to AuNP 3 (20 mg) in 2 mL of trace pure H,O and



Pharmaceuticals 2025, 18, 1670 17 of 28

stirred overnight. After purification and lyophilization, 19.7 mg (95.1%) of 8b was obtained
as black powder.

Appendix A.2. Electron Microscopy

AuNP samples were diluted at will in deionized water (fade red solution), then parti-
cles were adsorbed onto glow-discharged carbon-coated EM grids and directly observed
by TEM (Zeiss EM912, Carl Zeiss, Oberkochen, Germany). Images were digitally captured
with a CCD camera (Sharp eye, TRS, Moorenweiss, Germany). Particle number and size
were measured using the FIJI software (v1.50e) [44].

10.0
9.0
8.0
0 O [M®Au]3iv. @ [PPAu]3it. B [**Au]3ip.
6.0
20
E 50
&°
4.0
3.0
2.0
10 )
0.0 = |_I—| - i - — - - —
spleen pancreas liver kidney blood tumor
Figure A1. Ex vivo biodistribution of the organs of interest for different injection routes of ['*® Au]3.
18.0
16.0
14.0
O [**®Aul6a iv. B [P%Au]6ait. E [**Au]6aip.
12.0
20 10.0
=]
® 8.0
6.0
4.0
20 '

spleen pancreas liver kidney blood tumor

Figure A2. Ex vivo biodistribution of the organs of interest for different injection routes of 198 Aul6a.
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Figure A3. Ex vivo biodistribution of the organs of interest for different injection routes of [198 Au]6b.

Figure A4. Typical pathological staining for o 33 expression of the treated tumors.

Table A1l. Gamma spectrum analysis (maximum 2 MeV) after neutron activation of % Au and
identified radionuclides in bold red and the identified gamma signals in bold black.

Nuclide Half-Life Gamma} Energ}; [keV]
Incidence [%]
197 Au —1%8 Au — 198Hg (stable) 2.6941d 411.80205 (95.6%)
1368.625 (99.9%)
23 24 24
Na — “*Na — “*Mg (stable) 14.956 h 2754.008 (99.9%)
0,
37C1 (24.4% isotopic incidence) — 38C1 — 3B Ar (stable) 37.230 min 21166‘17246()8()(2119()$))
B o o
40Ar 41 Ar — 41K (stable) 109.61 min 1293.64 (99.2%)
846.7638 (98.9%)
1810.726 (26.9%)
55 56 56
Mn —°°Mn — “°Fe (stable) 2.5789 h 2113.092 (14.2%)

2523.06 (1.018%)
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Table A2. Results of the cell survival experiments shown in Figure 2.
Type of AuNP and dose Ng:;gs;:f Desit:tl;(()i:lrgD) Fras::;:;‘;a[lo ] SD [%] ¢ AuNP [uM] ¢ Asc [mM]
101 (control) 4 100.0 4.0 0 -
['%8Aul6a 5 Gy 42 6 41.6 14.3 0.40 1.15
[® Aul6a 10 Gy 35 3 34.7 8.6 0.80 231
['%8Au]6b 5 Gy 38 6 37.6 15.8 0.54 1.49
['*8Auléb 10 Gy 33 2 32.7 6.1 1.07 2.98
['"8Au]3 5 Gy 42 2 41.6 4.8 0.72 1.77
['8Au]3 10 Gy 41 3 40.6 7.3 1.44 3.55
89 (control) 4 100.0 45 - -
6a (c like 5 Gy) 39 2 43.8 51 0.40 1.15
6a (c like 10 Gy) 37 1 41.6 2.7 0.80 2.31
6b (c like 5 Gy) 50 2 56.2 4.0 0.54 1.49
6b (c like 10 Gy) 51 2 57.3 3.9 1.07 2.98
Table A3. Results of the ex vivo biodistribution for 54 animals shown in Figures 4-6.
Mean
['98Aul]3 i.v. [MBq] 2.37 7.54 7.29 2.14 3.45 1.72 4.09
o,

Organs Mouse 01 Mouse 02 Mouse03 Mouse04 Mouse05 Mouse 06 /;I]:)ég ;l:ilz
intestine small 0.04 0.15 0.14 0.02 0.04 0.03 0.07 0.05
intestine large 0.08 0.20 0.19 0.03 0.09 0.04 0.10 0.07

stomach 0.07 0.24 0.17 0.04 0.08 0.05 0.11 0.07

spleen 2.71 7.06 6.07 1.58 3.08 1.16 3.61 2.21

pancreas 0.10 0.29 0.29 0.04 0.10 0.07 0.15 0.10
liver 522 4.04 3.54 4.14 4.81 1.95 3.95 1.05
kidney 0.46 0.83 0.84 0.42 0.48 0.33 0.56 0.20
blood 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.00
heart 0.14 0.66 0.57 0.11 0.19 0.12 0.30 0.23
lung 0.10 0.68 0.49 0.10 0.20 0.07 0.27 0.23
tail 5.96 0.67 2.81 7.39 797 5.08 498 2.55
brain 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
tumor 0.06 0.11 0.11 0.06 0.06 0.05 0.07 0.02
bone 0.42 0.83 0.90 0.23 0.53 0.46 0.56 0.23
muscle 0.04 0.21 0.09 0.04 0.06 0.03 0.08 0.06
['9®Aul3 i.t. [MBq] 4.16 3.95 4.87 5.73 3.68 4.03 4.40
o,
Mouse 07 Mouse 08 Mouse 09 Mouse10 Mousell Mouse 12 /;I]:)ég n==6
intestine small 0.04 0.11 0.15 0.12 0.09 0.05 0.09 0.04
intestine large 0.07 0.16 0.15 0.19 0.15 0.10 0.13 0.04
stomach 0.07 0.15 0.21 0.19 0.17 0.09 0.14 0.05
spleen 1.82 3.56 7.00 6.17 5.32 2.46 4.39 1.91
pancreas 0.08 0.25 0.26 0.30 0.24 0.11 0.21 0.08
liver 3.44 447 4.81 4.21 5.61 3.54 4.35 0.74
kidney 0.52 0.89 0.78 0.87 0.72 0.57 0.73 0.14
blood 0.04 0.02 0.02 0.04 0.03 0.03 0.03 0.01
heart 0.15 0.45 0.52 0.59 0.42 0.22 0.39 0.16
lung 0.11 0.28 041 0.49 0.35 0.14 0.30 0.14
tail 0.07 0.19 0.17 0.18 0.17 0.11 0.15 0.04
brain 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00
tumor 18.42 1.44 3.50 1.34 2.70 8.73 3.54 2.71
bone 0.37 0.70 0.83 1.00 0.89 0.58 0.73 0.21
muscle 0.07 0.11 0.08 0.08 0.09 0.05 0.08 0.02
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Table A3. Cont.

[*%8Aul3 i.p. [MBq] 5.13 5.20 5.07 3.68 4.77
Mouse 13 Mouse 14 Mouse15 Mousel1l6 Mouse1l7 Mouse 18 /;I]:)ég =6
intestine small 0.04 0.72 0.04 0.86 0.88 0.07 0.43 0.39
intestine large 0.06 0.32 0.06 0.91 0.61 0.08 0.34 0.32
stomach 0.11 0.76 0.05 0.56 0.44 0.12 0.34 0.26
spleen 0.75 6.56 1.05 11.01 10.36 0.79 5.09 4.45
pancreas 0.23 2.74 0.11 4.25 2.46 0.20 1.67 1.59
liver 1.36 4.46 151 6.90 5.18 1.71 3.52 2.12
kidney 0.43 0.80 0.47 1.00 0.86 0.62 0.70 0.21
blood 0.04 0.02 0.03 0.02 0.02 0.06 0.03 0.01
heart 0.07 0.19 0.06 0.28 0.30 0.09 0.16 0.10
lung 0.06 0.10 0.06 0.54 0.21 0.08 0.17 0.17
tail 0.05 0.09 0.05 0.15 0.18 0.06 0.10 0.05
brain 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
tumor 1.66 0.20 1.68 0.22 0.23 7.53 0.22 0.01
bone 0.16 0.53 0.15 0.66 0.84 0.23 0.43 0.26
muscle 0.03 0.05 0.03 0.06 0.07 0.07 0.05 0.02

['%8Aul6a i.v. [MBq] 3.09 3.40 4.53 2.65 3.46 2.84 3.33
Mouse 19 Mouse 20 Mouse21 Mouse22 Mouse23 Mouse 24 /;I]:)ég =6
intestine small 0.08 0.08 0.10 0.07 0.07 0.08 0.08 0.01
intestine large 0.08 0.06 0.07 0.05 0.05 0.06 0.06 0.01
stomach 0.07 0.08 0.10 0.06 0.10 0.08 0.08 0.01
spleen 2.52 4.10 4.30 1.58 2.08 3.43 3.00 1.02
pancreas 0.07 0.08 0.07 0.05 0.08 0.07 0.07 0.01
liver 5.32 4.95 4.62 4.63 5.04 5.36 4.99 0.29
kidney 0.90 0.89 0.99 0.79 0.93 0.97 0.91 0.06
blood 0.02 0.03 0.02 0.02 0.01 0.02 0.02 0.00
heart 0.15 0.20 0.17 0.19 0.24 0.22 0.20 0.03
lung 0.11 0.15 0.19 0.20 0.21 0.20 0.18 0.03
tail 9.64 6.55 7.75 7.19 6.96 6.88 7.50 1.03
brain 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
tumor 0.09 0.08 0.08 0.07 0.07 0.08 0.08 0.01
bone 0.49 0.54 0.58 0.47 0.54 0.50 0.52 0.04
muscle 0.03 0.04 0.02 0.03 0.06 0.05 0.04 0.01

['8Aul6a i.t. [MBq] 4.74 4.30 4.62 4.42 4.71 4.89 4.61
Mouse 25 Mouse 26 Mouse 27 Mouse28 Mouse29 Mouse 30 /101H=3/6g =6
intestine s 0.08 0.25 0.18 0.19 0.19 0.26 0.19 0.06
intestine 1 0.06 0.17 0.12 0.11 0.13 0.16 0.12 0.04
stomach 0.08 0.21 0.16 0.16 0.15 0.20 0.16 0.04
spleen 2.15 4.72 5.70 5.54 4.02 7.29 491 1.59
pancreas 0.07 0.24 0.20 0.18 0.19 0.23 0.19 0.05
liver 3.83 6.04 5.42 6.06 5.26 6.42 5.51 0.85
kidney 0.78 1.33 1.46 1.45 1.27 1.58 1.31 0.26
blood 0.03 0.02 0.02 0.02 0.01 0.03 0.02 0.01
heart 0.24 0.85 0.70 0.66 0.70 0.88 0.67 0.21
lung 0.33 0.67 0.65 0.67 0.52 0.76 0.60 0.14
tail 0.05 0.13 0.09 0.10 0.14 0.13 0.11 0.03
brain 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
tumor 23.81 2.50 2.80 4.23 3.46 2.08 3.01 0.76
bone 0.44 0.55 0.68 0.96 0.64 0.82 0.68 0.17
muscle 0.07 0.09 0.08 0.06 0.09 0.10 0.08 0.01
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Table A3. Cont.

['%8Aul6a i.p. [MBq] 5.08 5.05 5.15 5.16 5.13 5.08 5.11
Mouse 31 Mouse 32 Mouse33 Mouse34 Mouse35 Mouse 36 /;I]:)ég =6
intestine small 0.57 0.80 0.65 0.69 1.40 1.10 0.87 0.29
intestine large 1.05 1.45 1.03 0.94 0.61 0.99 1.01 0.25
stomach 1.70 0.54 0.57 0.54 0.64 0.56 0.76 0.42
spleen 19.35 13.12 13.33 14.76 14.34 15.82 15.12 2.10
pancreas 2.70 2.64 3.35 2.77 4.05 2.73 3.04 0.51
liver 5.10 4.84 4.12 4.85 4.13 4.04 4.51 0.43
kidney 1.33 1.22 1.07 1.35 1.03 1.08 1.18 0.13
blood 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.00
heart 0.28 0.25 0.23 0.22 0.24 0.23 0.24 0.02
lung 0.43 0.32 0.40 0.32 0.27 0.58 0.39 0.10
tail 0.09 0.10 0.08 0.07 0.07 0.09 0.08 0.01
brain 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
tumor 0.21 0.28 0.29 0.17 0.24 0.21 0.24 0.04
bone 0.62 0.64 0.50 0.21 0.46 0.40 0.47 0.15
muscle 0.05 0.05 0.04 0.05 0.03 0.04 0.04 0.01

['%8Auléb i.v. [MBq] 3.02 2.20 1.03 4.81 2.45 6.98 3.41
Mouse 37 Mouse 38 Mouse39 Mouse40 Mouse4l Mouse 42 /;I]:)ég =6
intestine small 0.19 0.07 0.13 0.07 0.10 0.34 0.15 0.09
intestine large 0.09 0.06 0.08 0.05 0.10 0.20 0.10 0.05
stomach 0.13 0.08 0.09 0.07 0.06 0.19 0.10 0.05
spleen 2.18 2.05 1.44 1.58 1.37 7.24 2.64 2.08
pancreas 0.13 0.07 0.09 0.05 0.08 0.30 0.12 0.09
liver 5.73 4.62 6.45 3.64 4.83 3.75 4.84 1.01
kidney 0.99 0.71 1.00 0.75 0.68 1.23 0.89 0.20
blood 0.02 0.02 0.02 0.02 0.05 0.02 0.03 0.01
heart 0.38 0.13 0.20 0.16 0.21 0.67 0.29 0.19
lung 0.31 0.14 0.18 0.13 0.21 0.35 0.22 0.08
tail 6.34 1091 12.97 7.20 8.12 1.09 7.77 3.74
brain 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00
tumor 0.08 0.09 0.08 0.09 0.07 0.14 0.09 0.02
bone 0.61 0.54 0.87 0.30 0.47 0.91 0.62 0.21
muscle 0.05 0.02 0.05 0.12 0.02 0.11 0.06 0.04

['%8Auléb i.t. [MBq] 4.59 4.10 417 4.54 4.49 4.41 4.38
Mouse 43 Mouse44 Mouse45 Mouse46 Mouse47 Mouse 48 /101H=3/6g =6
intestine small 0.11 0.21 0.17 0.30 0.09 0.29 0.19 0.08
intestine large 0.08 0.16 0.13 0.18 0.08 0.17 0.13 0.04
stomach 0.08 0.17 0.15 0.21 0.08 0.25 0.16 0.06
spleen 2.00 3.94 3.62 3.90 2.24 6.30 3.67 1.41
pancreas 0.09 0.25 0.20 0.27 0.09 0.19 0.18 0.07
liver 3.92 5.06 5.71 5.75 4.40 6.68 5.25 0.91
kidney 0.68 1.01 0.98 1.20 0.77 1.25 0.98 0.21
blood 0.03 0.63 0.02 0.02 0.03 0.02 0.13 0.22
heart 0.24 0.62 0.52 0.68 0.31 0.80 0.53 0.20
lung 0.16 0.55 0.41 0.48 0.25 0.80 0.44 0.21
tail 0.07 0.12 0.14 0.14 0.10 0.17 0.12 0.03
brain 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.00
tumor 5.46 0.95 3.17 1.06 6.30 1.62 3.09 2.11
bone 0.40 0.61 0.94 1.07 0.43 151 0.83 0.39
muscle 0.07 0.08 0.07 0.13 0.05 0.10 0.08 0.02
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Table A3. Cont.
[*%8Aulé6b i.p. [MBq] 5.22 5.09 4.99 491 4.95 5.04 5.03
Mouse 49 Mouse 50 Mouse51 Mouse52 Mouse53 Mouse 54 %I]_D/g n==6
intestine small 1.82 2.44 1.17 0.92 1.32 1.31 1.50 0.50
intestine large 1.74 1.31 1.82 1.76 1.47 1.08 1.53 0.27
stomach 0.66 0.84 1.02 1.63 0.68 0.74 0.93 0.34
spleen 17.77 15.20 12.58 15.36 13.35 13.30 14.59 1.75
pancreas 2.83 3.94 3.47 3.04 5.50 451 3.88 0.91
liver 5.46 5.32 4.68 5.46 5.76 5.00 5.28 0.35
kidney 1.32 1.28 1.20 1.34 1.33 1.35 1.30 0.05
blood 0.03 0.03 0.02 0.04 0.03 0.06 0.03 0.01
heart 0.37 0.31 0.36 0.36 0.33 0.37 0.35 0.02
lung 0.33 0.38 0.50 0.24 0.41 0.56 0.40 0.11
tail 0.17 0.13 0.15 0.15 0.16 0.15 0.15 0.01
brain 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00
tumor 047 0.17 0.17 0.27 0.22 0.23 0.25 0.10
bone 0.64 0.66 0.88 0.67 0.77 0.82 0.74 0.09
muscle 0.05 0.06 0.11 0.08 0.05 0.05 0.07 0.02

Table A4. Pathologic results for 36 extracted tumors. * Only positive, living cells were counted.

Caspase 3

oy B3 Integrin

AuNP HE Evaluation CD31 Evaluation Evaluation * % Posit?ve Intensity
Expression
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, ~ 5-10%; scattered o o moderate—
3 : - . . <5% 75-80%
and a group of atypical cells with cytoplasmic clearing elongated vessels strong
(20-30%); high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 15-20%; moderate—
3 in the middle eosinophilic acellular material, and a group of scattered 25-30% 85-90% gtme)na ¢
atypical cells with cytoplasmic clearing (15-20%); high elongated vessels &
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 10-15%: mostl moderate—
3 in the middle eosinophilic acellular material, and a group of in e;’ hgrs y 10-15% 85-90% Strfma ¢
atypical cells with cytoplasmic clearing (80-90%); high periphery &
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 0o . _
3 in the middle eosinophilic acellular material, and a group of >-10 é’r’in;?esrﬂy m 10-15% 80-85% m(s)g glrnate
atypical cells with cytoplasmic clearing (60-70%); high periphery &
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 15-20%;
3 in the middle eosinophilic acellular material, and a group of scattered 10-15% 80-85% moderate
atypical cells with cytoplasmic clearing (80-90%); high elongated vessels
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
3 nuclear polarity, hyl:.JerChromat}C nuclei), in l?etweet} strOIglaf 5-10%; scattered 5—1Q %o (Weak 80-85% moderate—
and a group of atypical cells with cytoplasmic clearing (5%); signal) strong
high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of o
nuclear polarity, hyperchromatic nuclei), in between stroma 15-20%; moderate—
3 polarity, hyp ; /N D | stroma, scattered 25-30% 85-90%
and a group of atypical cells with cytoplasmic clearing (5%); 1 d 1 strong
hioh st 1 content . d-like patt elongated vessels
igh stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 10-15%; moderate—
3 the eosinophilic acellular material; and a group of atypical scattered 5-10% >90% strong

cells with cytoplasmic clearing (10-15%); high stromal
content, grows in cord-like pattern

elongated vessels
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Table A4. Cont.
c oy B3 Integrin
. . aspase 3 o -
AuNP HE Evaluation CD31 Evaluation Evaluation * % Positive Intensity
Expression
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 15-20%; moderate—
3 and a group of atypical cells with cytoplasmic clearing (5-10%); scattered 10-15% 85-90% stron.
gland /lumen forming area (5-10%); eosinophilic acellular elongated vessels &
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 10-15%; mild—
3 and a group of atypical cells with cytoplasmic clearing scattered 15-20% 75-80% moderate
(50-60%); eosinophilic acellular material; high stromal content,  elongated vessels
grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 15-20%;
3 and a group of atypical cells with cytoplasmic clearing (5%); scattered 15-20% 80-85% moderate
gland /lumen forming area (10-15%); eosinophilic acellular elongated vessels
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 10-15%; moderate—
3 and a group of atypical cells with cytoplasmic clearing scattered 10-15% 85-90% stron
(5-10%); the eosinophilic acellular material; high stromal elongated vessels 8
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 15-20%: mostl
6a and a group of atypical cells with cytoplasmic clearing (5%); in 1(_)1’ her y 5-10% 75-80% moderate
gland/lumen forming area (5-10%); the eosinophilic acellular periphery
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 5-10%: scattered
6a and a group of atypical cells with cytoplasmic clearing 1 o,; d 1 10-15% 80-85% moderate
(40-50%); the eosinophilic acellular material; high stromal clongated vessels
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma a 15-20%;
6a group of atypical cells with cytoplasmic clearing (30-35%); and scattered 10-15% >90% strong
gland /lumen forming area (3540%); the eosinophilic acellular  elongated vessels
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma a 10-15%; moderate—
6a group of atypical cells with cytoplasmic clearing (5%); and scattered 10-15% 80-85% stron
gland /lumen forming area (20-25%); the eosinophilic acellular  elongated vessels &
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 50/ _
6a and a group of atypical cells with cytoplasmic clearing (5%); 15ir120e/;)i’ Iﬁ::ﬂy 5-10% 80-85% m(s)g (e)lrnate
gland /lumen forming area (60-65%); the eosinophilic acellular periphery 8
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 10-15%: mostl moderate—
6a and a group of atypical cells with cytoplasmic clearing in 1(_)1’ her y 5-10% 85-90% tron
(60-70%); the eosinophilic acellular material; high stromal perphery strong
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 5.10%: scattered
6a and a group of atypical cells with cytoplasmic clearing o 1 <5% 85-90% strong
(5-10%); the eosinophilic acellular material; high stromal vessels
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma o
6a and a group of atypical cells with cytoplasmic clearin 10-15%; 10-15% 80-85% moderate-
group yP ytop & scattered vessels ? ? strong

(40-45%); the eosinophilic acellular material; high stromal
content, grows in cord-like pattern
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Table A4. Cont.
c oy B3 Integrin
. . aspase 3 o -
AuNP HE Evaluation CD31 Evaluation Evaluation * % Positive Intensity
Expression
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma and o).
6a a group of atypical cells with cytoplasmic clearing (10-15%); 15_20 /0.’ IEOSHY 20-25% 85-90% motd erate-
gland /lumen forming area (<5%); the eosinophilic acellular 1 periphery strong
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 10-15%; mild—
6a and a group of atypical cells with cytoplasmic clearing scattered 20-25% 80-85% moderate
(60-70%); the eosinophilic acellular material; high stromal elongated vessels
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 15-20%: mostl moderate—
6a and a group of atypical cells with cytoplasmic clearing in e;)i’ her y 20-25% 85-90% stron
(10-15%); the eosinophilic acellular material; high stromal penphery &
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma and 1ro/. .
6a a group of atypical cells with cytoplasmic clearing (15-20%); 1?11156/;’ rﬁ:ftly 10-15% (weak) 85-90% m(s)g ce);ate
gland /lumen forming area (15-20%); eosinophilic acellular penphery 8
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 15-20%: mostl moderate—
6b and a group of atypical cells with cytoplasmic clearing (<5%); in 1(_)1’ her y 10-15% 85-90% tron
gland /lumen forming area (70-75%); eosinophilic acellular periphery strong
material; high stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma 10-15%; moderate-
6b and a group of atypical cells with cytoplasmic clearing (<5%); scattered 15-20% 85-90% stron
prominent eosinophilic acellular material; high stromal elongated vessels &
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, o .
6b in the middle eosinophilic acellular material, and a group of 1?;15‘3/;’ Tl(e):ﬂy 5-10% 80-85% msg (e);ate—
atypical cells with cytoplasmic clearing (30-40%); high periphery &
stromal content, grows in cord-like pattern;
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 10-15%: mostl
6b in the middle eosinophilic acellular material, and a group of in e:{ her y 5-10% 75-80% moderate
atypical cells with cytoplasmic clearing (60-65%); high periphery
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 20-25%: mostl moderate—
6b in the middle eosinophilic acellular material, and a group of in e;)i’ her y <5% 85-90% stron
atypical cells with cytoplasmic clearing (10-15%); high penphery 8
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 5-10%; moderate—
6b in the middle eosinophilic acellular material, and a group of =~ predominantly in 5-10% 85-90% tron
atypical cells with cytoplasmic clearing (80-90%); high periphery strong
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 10-15%:
6b in the middle eosinophilic acellular material, and a group of ttered o 1 10-15% 80-85% moderate
atypical cells with cytoplasmic clearing (15-20%); high scattered vesseis
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 15-20%;
6b in the middle eosinophilic acellular material, and a group of scattered 10-15% 80-85% moderate

atypical cells with cytoplasmic clearing (15-20%); high
stromal content, grows in cord-like pattern

elongated vessels
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Table A4. Cont.

oy B3 Integrin

. . Caspase 3 —
AuNP HE Evaluation CD31 Evaluation Evaluation * % Posﬁ}ve Intensity
Expression
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 10-15%:
6b in the middle eosinophilic acellular material, and a group of scattered V:S sels 10-15% 75-80% moderate
atypical cells with cytoplasmic clearing (5-10%); high stromal
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 5-10%; moderate—
6b in the middle eosinophilic acellular material, and a group of =~ predominantly in 5-10% 85-90% gtrzna ¢
atypical cells with cytoplasmic clearing (60-70%); high periphery &
stromal content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 1z _
6b in the middle eosinophilic acellular material, and a group of scattle(r)eglsv/;’ssels 5-10% 80-85% mgtci S’Late
atypical cells with cytoplasmic clearing (5%); high stromal &
content, grows in cord-like pattern
mass forming, undifferentiated (cells look atypical loss of
nuclear polarity, hyperchromatic nuclei), in between stroma, 15-20%: mild—
6b in the middle eosinophilic acellular material, and a group of o7 5-10% 60-65%
scattered vessels moderate

atypical cells with cytoplasmic clearing (5%); high stromal
content, grows in cord-like pattern

References

1. Sheppard, C.W.; Goodell, ].P.B.; Hahn, P.F. Colloidal gold containing the radioactive isotope Au'?® in the selective internal
radiation therapy of diseases of the lymphoid system. J. Lab. Clin. Med. 1947, 12, 1437-1441. [PubMed]

2. Flocks, R.H.; Kerr, H.D.; Elkins, H.B.; Culp, D. Treatment of carcinoma of the prostate by interstitial radiation with radio-active
gold (Au 198): A preliminary report. . Urol. 1952, 68, 510-522. [CrossRef] [PubMed]

3. Frens, G. Controlled Nucleation for the Regulation of the Particle Size in Monodisperse Gold Suspensions. Nat. Phys. Sci. 1973,
241, 20-22. [CrossRef]

4. Maeda, H; Fang, J.; Inutsuka, T.; Kitamoto, Y. Vascular permeability enhancement in solid tumor: Various factors, mechanisms
involved and its implications. Int. Immunopharmacol. 2003, 3, 319-328. [CrossRef]

5. Pretze, M.; Hien, A.; Radle, M.; Schirrmacher, R.; Wangler, C.; Wangler, B. Gastrin-releasing peptide receptor- and prostate-specific
membrane antigen-specific ultrasmall gold nanoparticles for characterization and diagnosis of prostate carcinoma via fluorescence
imaging. Bioconjug. Chem. 2018, 29, 1525-1533. [CrossRef] [PubMed]

6.  Pretze, M.; von Kiedrowski, V.; Runge, R.; Freudenberg, R.; Hiibner, R.; Davarci, G.; Schirrmacher, R.; Wéngler, C.; Wangler,
B. oy 33-Specific gold nanoparticles for fluorescence imaging of tumor angiogenesis. Nanomaterials 2021, 11, 138. [CrossRef]
[PubMed]

7. Kim, M., Lee, EJ.; Kim, ].W.; Chung, U.S.; Koh, W.G.; Keum, K.C.; Koom, W.S. Gold nanoparticles enhance anti-tumor effect of
radiotherapy to hypoxic tumor. Radiat. Oncol. ]. 2016, 34, 230-238. [CrossRef]

8.  Black, K.C.L,; Wang, Y.; Luehmann, H.P,; Cai, X.; Xing, W.; Pang, B.; Zhao, Y.; Cutler, C.S.; Wang, L.V.; Liu, Y,; et al. Radioactive
198 Au-Doped Nanostructures with Different Shapes for In Vivo Analyses of Their Biodistribution, Tumor Uptake, and Intratumoral
Distribution. ACS Nano 2014, 8, 4385-4394. [CrossRef]

9. Cui, S;Yin, D.; Chen, Y.; Di, Y,; Chen, H.; Ma, Y.; Achilefu, S.; Gu, Y. In vivo targeted deep-tissue photodynamic therapy based on
near-infrared light triggered upconversion nanoconstruct. ACS Nano 2013, 7, 676-688. [CrossRef]

10. Aggarwal, R.; Sheikh, A.; Akhtar, M.; Ghazwani, M.; Hani, U.; Sahebkar, A.; Kesharwani, P. Understanding gold nanoparticles
and their attributes in ovarian cancer therapy. Mol. Cancer 2025, 24, 88. [CrossRef]

11. Choudhury, M.,; Brunton, P.; Dias, G.; Schwass, D.; Meledandri, C.; Ratnayake, J.; Pletzer, D.; Tompkins, G. Gold nanoparticles as
innovative therapeutics for oral mucositis: A review of current evidence. Drug Deliv. Transl. Res. 2025, 15, 2323-2353. [CrossRef]
[PubMed]

12.  Alvarez, K.; Rojas, M. Nanoparticles targeting monocytes and macrophages as diagnostic and therapeutic tools for autoimmune
diseases. Heliyon 2023, 9, €19861. [CrossRef] [PubMed]

13. Dykman, L.; Khlebtsov, B.; Khlebtsov, N. Drug delivery using gold nanoparticles. Adv. Drug Deliv. Rev. 2025, 216, 115481.

[CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/20272605
https://doi.org/10.1016/S0022-5347(17)68230-2
https://www.ncbi.nlm.nih.gov/pubmed/14955881
https://doi.org/10.1038/physci241020a0
https://doi.org/10.1016/S1567-5769(02)00271-0
https://doi.org/10.1021/acs.bioconjchem.8b00067
https://www.ncbi.nlm.nih.gov/pubmed/29542916
https://doi.org/10.3390/nano11010138
https://www.ncbi.nlm.nih.gov/pubmed/33430079
https://doi.org/10.3857/roj.2016.01788
https://doi.org/10.1021/nn406258m
https://doi.org/10.1021/nn304872n
https://doi.org/10.1186/s12943-025-02280-3
https://doi.org/10.1007/s13346-024-01748-x
https://www.ncbi.nlm.nih.gov/pubmed/39625578
https://doi.org/10.1016/j.heliyon.2023.e19861
https://www.ncbi.nlm.nih.gov/pubmed/37810138
https://doi.org/10.1016/j.addr.2024.115481
https://www.ncbi.nlm.nih.gov/pubmed/39617254

Pharmaceuticals 2025, 18, 1670 26 of 28

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.
31.

32.

33.

34.

35.

36.

Zarschler, K.; Rocks, L.; Licciardello, N.; Boselli, L.; Polo, E.; Garcia, K.P; De Cola, L.; Stephan, H.; Dawson, K.A. Ultrasmall
inorganic nanoparticles: State-of-the-art and perspectives for biomedical applications. Nanomed. Nanotechnol. Biol. Med. 2016, 12,
1663-1701. [CrossRef]

Cui, M;; Liu, R.; Deng, Z.; Ge, G.; Liu, Y,; Xie, L. Quantitative study of protein coronas on gold nanoparticles with different surface
modifications. Nano Res. 2014, 7, 345-352. [CrossRef]

Dai, Q.; Walkey, C.; Chan, W.C. Polyethylene glycol backfilling mitigates the negative impact of the protein corona on nanoparticle
cell targeting. Angew. Chem. Int. Ed. 2014, 53, 5093-5096. [CrossRef]

Shukla, R.; Chanda, N.; Zambre, A.; Upendran, A.; Katti, K.; Kulkarni, R.R.; Nune, S.K.; Casteel, S.W.; Smith, C.J.; Vimal, J.; et al.
Laminin receptor specific therapeutic gold nanoparticles (1 AuNP-EGCg) show efficacy in treating prostate cancer. Proc. Natl.
Acad. Sci. USA 2012, 109, 12426-12431. [CrossRef]

Chanda, N.; Kattumuri, V.,; Shukla, R.; Zambre, A.; Katti, K.; Upendran, A.; Kulkarni, R.R.; Kan, P.; Fent, G.M.; Casteel, SW.; et al.
Bombesin functionalized gold nanoparticles show in vitro and in vivo cancer receptor specificity. Proc. Natl. Acad. Sci. USA 2010,
107, 8760-8765. [CrossRef]

Lin, E-S.; Chen, C.-H.; Tseng, E-G.; Hwu, Y.; Chen, ].-K,; Lin, S.-Y.; Yang, C.-S. Radiotherapy of the Excretable Radioactive Gold
Nanocomposite with Intratumoral Injection. Int. . Mater. Mech. Manuf. 2013, 1, 265-268. [CrossRef]

Zhu, J.; Chin, J.; Wangler, C.; Wiangler, B.; Lennox, R.B.; Schirrmacher, R. Rapid 18F—labeling and loading of PEGylated gold
nanoparticles for in vivo applications. Bioconjug. Chem. 2014, 25, 1143-1150. [CrossRef]

Zhao, Y.; Sultan, D.; Detering, L.; Cho, S.; Sun, G.; Pierce, R.; Wooley, K.L.; Liu, Y. Copper-64-alloyed gold nanoparticles for cancer
imaging: Improved radiolabel stability and diagnostic accuracy. Angew. Chem. Int. Ed. 2014, 53, 156-159. [CrossRef]

Pretze, M.; van der Meulen, N.P.; Wingler, C.; Schibli, R.; Wangler, B. Targeted 64Cy-labeled gold nanoparticles for dual imaging
with positron emission tomography and optical imaging. J. Label. Comp. Radiopharm. 2019, 62, 471-482. [CrossRef]
Jiménez-Mancilla, N.; Ferro-Flores, G.; Santos-Cuevas, C.; Ocampo-Garcia, B.; Luna-Gutiérrez, M.; Azorin-Vega, E.; Isaac-
Olivé, K.; Camacho-Lépez, M.; Torres-Garcia, E. Multifunctional targeted therapy system based on 99MTe /1771 y-labeled gold
nanoparticles-Tat(49-57)-Lys3-bombesin internalized in nuclei of prostate cancer cells. J. Label. Compd. Radiopharm. 2013, 56,
663-671. [CrossRef]

Eskandari, N.; Yavari, K.; Outokesh, M.; Sadjadi, S.; Ahmadi, S.J. Iodine-131 radiolabeling of poly ethylene glycol-coated gold
nanorods for in vivo imaging. . Label. Compd. Radiopharm. 2013, 56, 12-16. [CrossRef] [PubMed]

Pretze, M.; Hien, A.; Roscher, M.; Richter, K.; Rddle, M.; Wangler, C.; Wangler, B. P422—Efficient modification of GRPR-specific
gold nanoparticles for fluorescence imaging of prostate carcinoma. J. Label. Compd. Radiopharm. 2017, 60 (Suppl. 1), S601.
[CrossRef]

Hien, A.; Pretze, M.; Braun, E,; Schifer, E.; Kiimmel, T.; Roscher, M.; Schock-Kusch, D.; Waldeck, J.; Miiller, B.; Wangler, C.; et al.
Non-contact recognition of fluorescently labeled objects in deep tissue via optimized optical arrangement. PLoS ONE 2018, 13,
€0208236. [CrossRef] [PubMed]

Li, W.; Chen, X. Gold nanoparticles for photoacoustic imaging. Nanomed. Nanotechnol. Biol. Med. 2015, 10, 299-320. [CrossRef]
Hékkinen, H. The gold-sulfur interface at the nanoscale. Nat. Chem. 2012, 4, 443-455. [CrossRef]

Chanda, N.; Shukla, R.; Katti, K.V.; Kannan, R. Gastrin releasing protein receptor specific gold nanorods: Breast and prostate
tumor avid nanovectors for molecular imaging. Nano Lett. 2009, 9, 1798-1805. [CrossRef]

Mayo, R.L.; Robinson, ER.S. Auger and secondary X-ray electrons from gold. Proc. R. Soc. Lond. A 1939, 173, 192-200. [CrossRef]
Zhang, X.D.; Wu, D,; Shen, X.; Chen, J.; Sun, Y.M,; Liu, P.X.; Liang, X.J. Size-dependent radiosensitization of PEG-coated gold
nanoparticles for cancer radiation therapy. Biomaterials 2012, 33, 6408-6419. [CrossRef]

Hainfeld, ].F,; Slatkin, D.N.; Smilowitz, H.M. The use of gold nanoparticles to enhance radiotherapy in mice. Phys. Med. Biol.
2004, 49, N309-N315. [CrossRef]

Chanda, N.; Kan, P.; Watkinson, L.D.; Shukla, R.; Zambre, A.; Carmack, T.L.; Engelbrecht, H.; Lever, ].R.; Katti, K.; Fent, G.M.;
et al. Radioactive gold nanoparticles in cancer therapy: Therapeutic efficacy studies of GA-1® AuNP nanoconstruct in prostate
tumor-bearing mice. Nanomed. Nanotechnol. Biol. Med. 2010, 6, 201-209. [CrossRef]

Saterborg, N.E. The distribution of 1% Au injected intravenously as a colloid and in solution. Acta Radiol. Ther. Phys. Biol. 1973, 12,
509-528. [CrossRef]

Khan, M.K,; Minc, L.D.; Nigavekar, S.S.; Kariapper, M.S.T.; Nair, B.M.; Schipper, M.; Cook, A.C.; Lesniak, W.G.; Balogh, L.P.
Fabrication of {?® Au®} radioactive composite nanodevices and their use for nano-brachytherapy. Nanomed. Nanotechnol. Biol.
Med. 2008, 4, 57-69. [CrossRef]

Chakravarty, R.; Chakraborty, S.; Guleria, A.; Kumar, C.; Kunwar, A.; Nair, K.V.V,; Sarma, H.D.; Dash, A. Clinical scale synthesis
of intrinsically radiolabeled and cyclic RGD peptide functionalized 1°® Au nanoparticles for targeted cancer therapy. Nucl. Med.
Biol. 2019, 72-73, 1-10. [CrossRef] [PubMed]


https://doi.org/10.1016/j.nano.2016.02.019
https://doi.org/10.1007/s12274-013-0400-0
https://doi.org/10.1002/anie.201309464
https://doi.org/10.1073/pnas.1121174109
https://doi.org/10.1073/pnas.1002143107
https://doi.org/10.7763/IJMMM.2013.V1.56
https://doi.org/10.1021/bc5001593
https://doi.org/10.1002/anie.201308494
https://doi.org/10.1002/jlcr.3736
https://doi.org/10.1002/jlcr.3087
https://doi.org/10.1002/jlcr.3006
https://www.ncbi.nlm.nih.gov/pubmed/24285135
https://doi.org/10.1002/jlcr.3508
https://doi.org/10.1371/journal.pone.0208236
https://www.ncbi.nlm.nih.gov/pubmed/30566459
https://doi.org/10.2217/nnm.14.169
https://doi.org/10.1038/nchem.1352
https://doi.org/10.1021/nl8037147
https://doi.org/10.1098/rspa.1939.0138
https://doi.org/10.1016/j.biomaterials.2012.05.047
https://doi.org/10.1088/0031-9155/49/18/N03
https://doi.org/10.1016/j.nano.2009.11.001
https://doi.org/10.3109/02841867309130417
https://doi.org/10.1016/j.nano.2007.11.005
https://doi.org/10.1016/j.nucmedbio.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31255874

Pharmaceuticals 2025, 18, 1670 27 of 28

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.
56.

57.

58.
59.

Aboudzadeh, M.R.; Moassesi, M.E.; Amiri, M.; Shams, H.; Alirezapour, B.; Sadeghi, M.; Sari, M.E,; Keyvani, M. Preparation and
characterization of chitosan-capped radioactive gold nanoparticles: Neutron irradiation impact on structural properties. J. Iran.
Chem. Soc. 2015, 13, 339-345. [CrossRef]

Quigley, N.G.; Steiger, K.; Hobertick, S.; Czech, N.; Zierke, M.A.; Kossatz, S.; Pretze, M.; Richter, F.; Weichert, W.; Pox, C,;
et al. PET/CT imaging of head-and-neck and pancreatic cancer in humans by targeting the “Cancer Integrin” avb6 with
Ga-68-Trivehexin. Eur. |. Nucl. Med. Mol. Imaging 2021, 49, 1136-1147. [CrossRef]

Rehm, J.; Winzer, R.; Pretze, M.; Miiller, ].; Notni, J.; Hempel, S.; Distler, M.; Folprecht, G.; Kotzerke, J. av36-Integrin Targeted
PET/CT Imaging in Pancreatic Cancer Patients Using 68Ga-Trivehexin. Front. Nuc. Med. 2024, 4, 1487602. [CrossRef] [PubMed]
Liu, Z.; Wang, F.; Chen, X. Integrin o, 33-targeted cancer therapy. Drug Dev. Res. 2008, 69, 329-339. [CrossRef] [PubMed]
Turcu, I.; Zarafu, I.; Popa, M.; Chifiriuc, M.C.; Bleotu, C.; Culita, D.; Ghica, C.; Ionita, P. Lipoic acid gold nanoparticles
functionalized with organic compounds as bioactive materials. Nanomaterials 2017, 7, 43. [CrossRef] [PubMed]

Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D.J.; Whyman, R. Synthesis of Thiol-derivatised Gold Nanoparticles in a Two-phase
Liquid-Liquid System. J. Chem. Soc. Chem. Commun. 1994, 7, 801-802. [CrossRef]

Zhu, J.; Waengler, C.; Lennox, R.B.; Schirrmacher, R. Preparation of water-soluble maleimide-functionalized 3 nm gold nanoparti-
cles: A new bioconjugation template. Langmuir ACS ]. Surf. Colloids 2012, 28, 5508-5512. [CrossRef]

Davarci, G.; Wéangler, C.; Eberhardt, K.; Geppert, C.; Schirrmacher, R.; Freudenberg, R.; Pretze, M.; Wéngler, B. Radiosynthesis of
Stable 198 Au-N anoparticles by Neutron Activation of o 33-Specific AuNPs for Therapy of Tumor Angiogenesis. Pharmaceuticals
2023, 16, 1670. [CrossRef] [PubMed]

Freudenberg, R. Monte-Carlo-Simulation Zur Dosimetrie Bei Der Zellexposition Mit Offenen Radionukliden in Typischen
In-Vitro Bestrahlungsgeometrien. Master’s Thesis, Technical University Dresden, Dresden, Germany, 2012. Available online:
https:/ /eltab.ub.uni-kl.de /media/103162/ (accessed on 1 September 2025).

Shi, J.; Wang, E,; Liu, S. Radiolabeled cyclic RGD peptides as radiotracers for tumor imaging. Biophys. Rep. 2016, 2, 1-20.
[CrossRef]

Wangler, C.; Maschauer, S.; Prante, O.; Schifer, M.; Schirrmacher, R.; Bartenstein, P; Eisenhut, M.; Wangler, B. Multimerization of
cRGD peptides by click chemistry: Synthetic strategies, chemical limitations, and influence on biological properties. Chembiochem
2010, 11, 2168-2181. [CrossRef] [PubMed]

Haubner, R.; Gratias, R.; Diefenbach, B.; Goodman, S.L.; Jonczyk, A.; Kessler, H. Structural and functional aspects of RGD-
containing cyclic pentapeptides as highly potent and selective integrin «y (33 antagonists. J. Am. Chem. Soc. 1996, 118, 7461-7472.
[CrossRef]

Hahn, M.B.; Villate, ]. M.Z. Combined cell and nanoparticle models for TOPAS to study radiation dose enhancement in cell
organelles. Sci. Rep. 2021, 11, 6721. [CrossRef]

Sakr, TM.; Thipe, V.C.; Katti, K.K.; Watkinson, L.; Carmack, T.; Smith, C.J.; Cutler, C.; Hegde, P; Hegde, A.; Lugao, A.B,;
et al. Immunomodulatory green nanomedicine production, tumor cellular targeting, in vivo biodistributions and preclinical
therapeutic efficacy investigations of resveratrol-functionalized gold and theranostic *®gold nanoparticles. J. Mater. Chem. B
2025, 13, 8038-8050. [CrossRef]

Zelechowska—Matysiak, K.; Wawrowicz, K.; Wierzbicki, M.; Budlewski, T.; Bilewicz, A.; Majkowska-Pilip, A. Radiobioconjugate
of Kadcyla with Radioactive Gold Nanoparticles for Targeted Therapy of HER2-Overexpressing Cancers. Mol. Pharm. 2025, 22,
4019-4031. [CrossRef]

Phillips, W.T.; Goins, B.; Bao, A.; Vargas, D.; Guttierez, J.E.; Trevino, A.; Miller, ].R.; Henry, J.; Zuniga, R.; Vecil, G; et al.
Rhenium-186 liposomes as convection-enhanced nanoparticle brachytherapy for treatment of glioblastoma. Neuro-Oncology 2012,
14, 416-425. [CrossRef]

Brenner, A.J.; Patel, T.; Bao, A.; Phillips, W.T.; Michalek, ].E.; Youssef, M.; Weinberg, ].S.; Kamiya Matsuoka, C.; Hedrick, M.H.;
LaFrance, N.; et al. Convection enhanced delivery of Rhenium [186Re]Obisbemeda (18¢RNL) in recurrent glioma: A multicenter,
single arm, phase 1 clinical trial. Nat. Commun. 2025, 16, 2079. [CrossRef]

Mier, W.; Babich, J.; Haberkorn, U. Is nano too big? Eur. J. Nucl. Med. Mol. Imaging 2014, 41, 4-6. [CrossRef]

Kiessling, F.; Mertens, M.E.; Grimm, J.; Lammers, T. Nanoparticles for imaging: Top or flop? Radiology 2014, 273, 10-28. [CrossRef]
Pompa, PP,; Vecchio, G.; Galeone, A.; Brunetti, V.; Sabella, S.; Maiorano, G.; Falqui, A.; Bertoni, G.; Cingolani, R. In vivo toxicity
assessment of gold nanoparticles in Drosophila melanogaster. Nano Res. 2011, 4, 405-413. [CrossRef]

Vecchio, G.; Galeone, A.; Brunetti, V.; Maiorano, G.; Sabella, S.; Cingolani, R.; Pompa, PP. Concentration-dependent, size-
independent toxicity of citrate capped AuNPs in Drosophila melanogaster. PLoS ONE 2012, 7, €29980. [CrossRef] [PubMed]
Weissleder, R.; Nahrendorf, M.; Pittet, M.]. Imaging macrophages with nanoparticles. Nat. Mat. 2014, 13, 125-138. [CrossRef]
Nankivell, V.; Vidanapathirana, A.K.; Hoogendoorn, A.; Tan, ]. T.M.; Verjans, J.; Psaltis, P.J.; Hutchinson, M.R.; Gibson, B.C; Lu, Y.;
Goldys, E.; et al. Targeting macrophages with multifunctional nanoparticles to detect and prevent atherosclerotic cardiovascular
disease. Cardiovasc. Res. 2024, 120, 819-838. [CrossRef] [PubMed]


https://doi.org/10.1007/s13738-015-0742-5
https://doi.org/10.1007/s00259-021-05559-x
https://doi.org/10.3389/fnume.2024.1487602
https://www.ncbi.nlm.nih.gov/pubmed/39618940
https://doi.org/10.1002/ddr.20265
https://www.ncbi.nlm.nih.gov/pubmed/20628538
https://doi.org/10.3390/nano7020043
https://www.ncbi.nlm.nih.gov/pubmed/28336877
https://doi.org/10.1039/C39940000801
https://doi.org/10.1021/la300316j
https://doi.org/10.3390/ph16121670
https://www.ncbi.nlm.nih.gov/pubmed/38139797
https://eltab.ub.uni-kl.de/media/103162/
https://doi.org/10.1007/s41048-016-0021-8
https://doi.org/10.1002/cbic.201000386
https://www.ncbi.nlm.nih.gov/pubmed/20827791
https://doi.org/10.1021/ja9603721
https://doi.org/10.1038/s41598-021-85964-2
https://doi.org/10.1039/D5TB00815H
https://doi.org/10.1021/acs.molpharmaceut.5c00288
https://doi.org/10.1093/neuonc/nos060
https://doi.org/10.1038/s41467-025-57263-1
https://doi.org/10.1007/s00259-013-2574-9
https://doi.org/10.1148/radiol.14131520
https://doi.org/10.1007/s12274-011-0095-z
https://doi.org/10.1371/journal.pone.0029980
https://www.ncbi.nlm.nih.gov/pubmed/22238688
https://doi.org/10.1038/nmat3780
https://doi.org/10.1093/cvr/cvae099
https://www.ncbi.nlm.nih.gov/pubmed/38696700

Pharmaceuticals 2025, 18, 1670 28 of 28

60.

61.
62.

63.

Moreira, A.F,; Filipe, H.A.L.; Miguel, S.P.,; Ribeiro, M.].; Coutinho, P. Recent advances in smart gold nanoparticles for photothermal
therapy. Nanomed. Nanotechnol. Biol. Med. 2025, 20, 1339-1353. [CrossRef]

Zamora, P.O.; Marek, M.]. Post Labeling Stabilization of Radiolabeled Proteins and Peptides. U.S. Patent 6,261,536 B1, 17 July 2001.
Dai, X.; Su, Z.; Liu, ].O. An improved synthesis of a selective o, $3-integrin antagonist cyclo(-RGDfK-). Tetrahedron Lett. 2000, 41,
6295-6298. [CrossRef]

Dzwonek, M.; Zatubiniak, D.; Piatek, P.; Cichowicz, G.; Meczynska-Wielgosz, S.; Stepkowski, T.; Kruszewski, M.; Wieckowska, A.;
Bilewicz, R. Towards potent but less toxic nanopharmaceuticals-lipoic acid bioconjugates of ultrasmall gold nanoparticles with
an anticancer drug and addressing unit. RSC Adv. 2018, 8, 14947-14957. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/17435889.2025.2500912
https://doi.org/10.1016/S0040-4039(00)01060-1
https://doi.org/10.1039/C8RA01107A
https://www.ncbi.nlm.nih.gov/pubmed/35541347

	Introduction 
	Results 
	Synthesis of AuNPs and Functionalization with the Integrin v3-Specific Peptide c(RGDfK) 
	Neutron Irradiation of Developed AuNPs 3, 6a and 6b 
	Cell Experiments 
	Preclinical Experiments 

	Discussion 
	In Vitro Experiments 
	In Vivo Preclinical Experiments 

	Materials and Methods 
	General Procedures 
	Determination of the Number of Ligands on the Surface of the AuNPs 
	Neutron Irradiation Experiments 
	Colony Formation Assay 
	In Vivo Experiments 

	Conclusions 
	Appendix A
	Organic Syntheses 
	Electron Microscopy 

	References

