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A B S T R A C T

The use of animal models to study tumorigenesis and metastatic spread seems crucial to discover novel diag
nostic and therapeutic targets that inhibit tumor development and progression. In this study a preclinical 
metastasis model of hepatocellular carcinoma (He/De) was established to explore metastases formation and 
related angiogenic processes using positron emission tomography (PET) and angiogenesis specific radiophar
maceuticals. Approximately 8 ± 1 days after the subrenal capsule assay-based generation of the primary, sec
ondary and tertiary transplanted metastatic He/De tumors in Fischer-344 rats, we used [18F]FDG, [68Ga]Ga- 
NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 for the in vivo PET imaging of tumor development and 
angiogenesis. [18F]FDG displayed the highest level of radioactivity among all investigated tracers. This pattern 
was consistent across all neoplastic lesions in each of the three transplantations. Comparing the two 68Ga-labelled 
probes, the NGR compound showed significantly higher accumulation in the subrenally growing primary/sec
ondary/tertiary He/De tumors (p ≤ 0.05) and related parathymic lymph node metastases (PTLNs, p ≤ 0.01) that 
could indicate higher expression level for aminopeptidase N/CD13 than for RGD-binding αvβ3 integrin. Pro
gressive increase in the [18F]FDG, [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 uptakes of both 
the subrenally growing He/De tumors and the PTLNs during the serial transplantations may imply increasing 
aggressivity. Overall, the currently developed experimental system provides a feasible platform for further 
investigation of metastatic spread.

1. Introduction

Even though remarkable advancements have been made in cancer 

research over the past decades (Ando et al., 2021; Biemar and Foti, 
2013) metastases formation and disease dissemination still constitute 
the major cause of tumor-related mortality (Guan, 2015; Parker et al., 
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2022; Seyfried and Huysentruyt, 2013). Therefore, uncovering the 
pathophysiological underpinnings of metastatic spread seems pivotal to 
discover diagnostic target candidates for early lesion identification and 
therapeutic planning.

Nowadays, the use of preclinical tumor models represents a corner
stone of modern cancer research in the field of biological sciences 
(Sajjad et al., 2021). As these experimental systems recapitulate the 
complexity of tumorigenesis and metastasis formation (Sharma et al., 
2023) they serve as unique tools to address the multifaceted nature of 
cancer biology at preclinical level (Arató et al., 2024; Liu et al., 2023; 
Wakefield et al., 2023). Besides allowing for the investigation of asso
ciated processes in real time and in vivo (Cunha et al., 2014; Sajjad et al., 
2021) experiments with cancer models may lead to the exploration of 
novel diagnostic and therapeutic biomarkers. For example, graphene 
nanomesh-based platforms have demonstrated highly efficient photo
thermal therapy in U87MG human glioblastoma models, highlighting 
the utility of such systems in evaluating advanced nanotherapeutics 
(Akhavan and Ghaderi, 2013). Likewise, multifunctional gold@
graphene oxide (Au@GO) core-shell nanoplatforms have demonstrated 
enhanced miRNA delivery (miRNA-101) in vitro, and when combined 
with NIR-mediated (near infrared) thermal therapy achieved over 80 % 
reduction in breast cancer cell viability (Assali et al., 2018). Similar 
nanoplatforms co-loaded with doxorubicin induced tumor suppression 
in 4T1 breast tumor-bearing mice under NIR irradiation 
(NRGO-GNS@DOX), indicating their potential in targeted and efficient 
therapeutic strategies (Wang et al., 2016). Therefore, beyond their role 
in drug development, preclinical model systems also provide 
cost-effective platforms for testing novel therapeutic candidates 
(Mukherjee et al., 2022).

Based on literature data, low expenses, easy handling and short 
lifetime make rodents the most widely used laboratory animals for the 
establishment of tumor models (Eur. Comm. 2019, 2019; Glenny et al., 
2021). Because of their small size, more sustainable maintenance and 
favourable genetic background, mice are often preferable to rats (Bryda, 
2013). Nevertheless, rats perform better in mimicking human genetics, 
anatomy and physiology (Cyagen Knockout Catalog Models, 2020) that 
should also be considered upon selecting the best fitting rodent model. 
Given their larger body sizes, rats are favoured in investigations 
requiring invasive techniques (Bryda, 2013; Kwitek-Black and Jacob, 
2001) such as surgical interventions or tissue removal. For instance, the 
in vivo biodistribution and tumor-targeting potential of 198,199Au-la
belled graphene oxide nanostructures ((198,199)Au@AF-GO) has been 
successfully evaluated in rat models of fibrosarcoma with single-photon 
emission computed tomography (SPECT) technique, highlighting their 
suitability for advanced nuclear imaging applications (Fazaeli et al., 
2014). A wide variety of rodent metastatic models are available to assess 
the multi-step process of metastatic propagation. These models can be 
used to assess key stages including tumor cell dissemination, invasion, 
extra, - or intravasation, and seeding (Giacobbe and Abate-Shen 2021; 
Hebert et al., 2023). Based on literature data, metastatic models derived 
from cell lines revealed the most about metastasis development, tumor 
cell migration, as well as the genetic determinants of related processes 
(Fidler 1970; Hart and Fidler, 1980; Kang et al., 2003; Minn et al., 2005).

Positron emission tomography (PET) is one of the most suitable imag
ing modalities to in vivo investigate the pathophysiological background of 
cancer initiation as well as dissemination in preclinical tumor models 
(Cunha et al., 2014; Miranda et al., 2021). Using radiopharmaceuticals, 
PET ensures to non-invasively track tumor-associated biochemical and 
functional processes even repeatedly at molecular level (Phelps, 2000a; 
Phelps 2000b). Prior in vivo PET studies with My1/De (Arató et al., 2024) 
and My2/De (Trencsenyi et al., 2014a) myelomonoblastic leukemia rat 
models for example provided valuable insights into tumor propagation and 
metastatic patterns. In these works My1/De and My2/De leukemic cells 
placed under the left renal capsule were shown to disseminate to various 
abdominal organs and to the mesenterial and thoracic parathymic lymph 
nodes (PTLNs), supporting the utility of these models for evaluating 

metastatic spread in vivo. As one of the major contributors of tumor 
development and maintenance, angiogenesis could also be effectively 
studied with preclinical systems of tumor metastases (Kuczynski et al., 
2016; Nolan et al., 2007; Wong et al., 2015). Several PET vectors targeting 
angiogenic biomarkers like integrin alphaVbeta3 (integrin avβ3, e.g. [68Ga] 
Ga-NODAGA-RGD (Shao et al., 2014a) or [68Ga]Ga-NODAGA-[c(RGD)]2 
(Máté et al., 2015); NODAGA-RGD: cyclo[-Arg-Gly-Asp-D-Tyr-Lys 
(NODAGA)-], NODAGA-RGD dimer: NODAGA-Glu(cyclo[-Arg-
Gly-Asp-D-Tyr-Lys-]₂) or aminopeptidase N (APN/CD13, e.g. [68Ga] 
Ga-NOTA-cNGR; NOTA-cNGR: cyclo[-Lys(NOTA-Bn-NCS)-Asn-Gly-Arg-
Glu-]-CONH2) (Bieker et al., 2009; Zhu et al., 2020; Zucali et al., 2013) are 
applicable to monitor tumor-related neoangiogenic changes in vivo. With 
established animal models of mesoblastic nephroma (Ne/De) tumors, our 
research team published for the first time that target-selective radio
labelled probes serve as valuable means to monitor alterations of cell 
surface biomarkers in relation to angiogenesis during tumor development 
(Szabo et al., 2022). Focusing on the microPET imaging of subrenally 
growing primary Ne/De tumors and serially transplanted PTLN metastases 
with NGR/RGD-based radiotracers, in this work Szabo et al. observed 
increasing tumor tracer accumulations during the dissemination process 
that may imply enhanced angiogenic activity and malignancy. In addition, 
in former papers we published that similarly to Ne/De tumors, the subrenal 
transplantation of hepatocellular carcinoma cells (He/De), though with 
slower dynamics, led to metastases development in the PTLN (Trencsenyi 
et al., 2014b).

While prior studies have expanded our understanding of the multi
step process of tumorigenesis, numerous open questions still remain 
regarding metastatic spread and associated angiogenic changes. To 
address this gap, in this study we established a syngeneic metastatic rat 
model of hepatocellular carcinoma, and applied complexes of NGR and 
RGD compounds labelled with 68Ga ([68Ga]Ga-NODAGA-[c(RGD)]2/ 
[68Ga]Ga-NOTA-c(NGR)) to investigate tumor-related angiogenic pro
cesses with PET technique.

2. Materials and methods

2.1. Preparation of the study animals

Thirty male adult (16 weeks old, 250±20 g) Fischer-344 rats were 
used in this study. Principles of the Ethics Committee for Animal 
Experimentation of the United Kingdom were followed, and the local 
Ethics Committee for Animal Experimentation approved the experiment 
(University of Debrecen, approval number: 28/2023/DEMÁB). The an
imals were kept in individually ventilated cages (IVC) in a temperature 
(26 ◦C ± 2 ◦C) and humidity (51±10 %)-controlled room with a 12-hour 
light/12-hour dark schedule. Tap water and semi-synthetic rodent food 
were provided ad libitum (Animalab, Budapest, Hungary) for all study 
rats.

2.2. Preparation of He/De tumor cells and cell culturing

Chemically induced He/De tumor model was established by the 
intraperitoneal injection of 125 μg n-nitrosodimethylamine (Merck, 
Darmstadt, Germany) into Fischer-344 rats (Trencsenyi et al., 2014b). 
After 6 months the He/De tumors were extracted, and corresponding cell 
line was established. The cells were cultivated under standard condi
tions (37 ◦C, 95 % relative humidity, 5 % CO2/95 % air) in Dulbecco’s 
Modified Eagle Medium (DMEM, Merck Ltd., Budapest, Hungary) sup
plemented with 10 % foetal bovine serum (FBS), 100 unit/mL penicillin 
and 100 mg/mL streptomycin. Cell culture passage was performed 3 
times weekly. The cell lines were tested for mycoplasma contamination 
and found to be negative.

2.3. Serial tumor transplantation

Using 1.5 % Forane, (AbbVie, Budapest, Hungary; OGYI-T-1414/01), 
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0.4 L/min O2 (Linde Healthcare, Budapest, Hungary; OGYI-T-20,607), 
and 1.2 L/min N2O (Linde Healthcare; OGYI-T-21,090) all animals 
were anaesthetized before the experiments in a dedicated small animal 
anaesthesia chamber. Tumor cell transplantation was accomplished 
using Subrenal Capsule Assay (SRCA) technique based on a method 
described earlier by Trencsényi et al. (Trencsenyi et al., 2009). Briefly, 
after shaving off the fur of the left lumbar region, the peritoneal lining, 
and all tissues within were carefully intersected to access the retroper
itoneal space. Once extracted, 1 × 106 He/De cells dissolved in 10 µL 
physiological saline solution (0.9 % NaCl solution) were inoculated on a 
GelasponR gauze (Germed, Rudolstadt, Germany) under the left renal 
capsule of Fischer-344 rats (primary transplantation). Approximately 
8 ± 1 days post tumor cell inoculation, the metastatic thoracic PTLNs of 
the primary He/De tumors were further subrenally transplanted into 
healthy rats using the same SRCA method (serial transplantations). This 
process (subrenal implementation of the metastatic PTLNs) was con
ducted overall twice. After the interventions, surgical suturing was 
performed that was followed by the administration of non-steroid 
anti-inflammatory analgesic (Nurofen syrup 10 mg/kg) in drinking 
water ad libitum (Dezso et al., 1990).

2.4. Preparation of the radiopharmaceuticals

The glucose analogue [18F]FDG was synthesised and labelled with 
the positron decaying isotope 18F according to the GMP-certified phar
maceutical manufacturing method of the Department of Nuclear Medi
cine (Faculty of Medical Imaging, University of Debrecen, Debrecen, 
Hungary). [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 
targeting APN/CD13 and αvβ3; respectively were synthesized based on 
the methods described earlier by our research team (Kis et al., 2020; 
Máté et al., 2015).

2.5. Rat PET imaging with [68Ga]Ga-NOTA-c(NGR)/[68Ga]Ga- 
NODAGA-[c(RGD)]2/[18F]FDG

PET imaging was accomplished applying the MiniPET-II scanner of 
the preclinical laboratory of the Division of Nuclear Medicine and 
Translational Imaging (Faculty of Medicine, Department of Medical 
Imaging, University of Debrecen, Debrecen, Hungary). The subrenally 
developing tumors were allowed to grow for 8 ± 1 days to reach a tumor 
volume suitable for PET scanning. Prior to imaging with the angiogen
esis specific compounds, [18F]FDG was applied to verify the presence of 
the tumors. The intravenous injection of approx. 7 MBq of [18F]FDG, 
[68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 was 
completed in 0.15 mL physiological saline solution as a bolus (specific 
activities: 5.47±0.36 GBq/µmol, 9.82±1.08 GBq/µmol and 40 GBq/ 
µmol for [68Ga]Ga-NOTA-c(NGR), [68Ga]Ga-NODAGA-[c(RGD)]2 and 
[18F]FDG; respectively, injected volume: 150 μL). Thereafter, 20-minute 
static PET acquisition was performed on the thoracic and abdominal 
regions (kidneys) of all experimental rats 50 and 90 min post adminis
tration of [18F]FDG and the 68-Gallium labelled tracers; respectively. 
Isoflurane-induced anaesthesia was maintained during the whole im
aging period.

2.6. PET data processing and image analyses

Followed by data post-processing with 2D ML-EM iterative image 
reconstruction, PET images were stored in a MultiModal Medical Im
aging Software repository. Using quantitative BrainCad image analysis 
software, the tumors were covered with one volume of interest (VOI) on 
the coronal slices, and average/maximal radiopharmaceutical concen
trations in the VOIs were expressed as standardized uptake values 
(SUVmean/SUVmax). Tumor-to-off target ratios were also defined from 
the radioactivity concentration of the tumor and the reference back
ground skeletal muscle tissue from the region of the scapula (T/M/ 
tumor-to-muscle ratio). In addition, uptake rates were compared 

between the three investigated radiopharmaceuticals ([68Ga]Ga-NOTA- 
c(NGR)/[68Ga]Ga-NODAGA-[c(RGD)]2/[18F]FDG).

2.7. Statistical analyses

Quantitative data are presented as mean±SD of at least three inde
pendent experiments. The significance was calculated by Student’s t test 
(two-tailed), two-way ANOVA, and Mann-Whitney rank-sum tests. A P 
value ≤0.05 was considered as significant. For the accomplishment of all 
data analyses, we used MedCalc 18.5 (MedCalc Software, Mariakerke, 
Belgium) commercial software package.

3. Results

3.1. Visual analyses

To assess the differences between the tumor uptake of the three ra
diotracers in vivo PET imaging was conducted in He/De tumor-bearing 
rats. Representative decay-corrected PET scans on the first, second 
and third SRCA transplantations are shown in Fig. 1, 2 and 3; respec
tively. Visually, the subrenally growing He/De tumors (both the primary 
He/De and the transplanted metastatic PTLNs) absorbed all three 
investigated radiotracers ([68Ga]Ga-NOTA-c(NGR)/[68Ga]Ga- 
NODAGA-[c(RGD)]2 /[18F]FDG), however, the most prominent tracer 
uptakes were detected in the tertiary tumors (Fig. 3a, second serial 
transplantation). Comparing the imaging performance of the radio
labelled glucose analogue and that of the 68Ga-labelled derivatives, all 
He/De tumors could be best visualized with [18F]FDG (Fig. 1a-3a first 
column). [68Ga]Ga-NOTA-c(NGR) showed the second highest accu
mulation in the subrenally developing tumors (Fig. 1a-3a second col
umn), and the least radioactivity was found for the RGD compound 
(Fig. 1a-3a third column). In a like manner, all [18F]FDG, [68Ga]Ga- 
NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 performed well in 
identifying the PTLN metastases in the thorax, and the highest accu
mulations were also found in the tertiary metastases for all tracers 
(second serial transplantation, Fig. 3b). Similarly to the findings on the 
He/De tumors, we observed the greatest uptake of the PTLN metastases 
for [18F]FDG, followed by [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga- 
NODAGA-[c(RGD)]2 in case of all transplantations (Fig. 1b-3b). Overall, 
the metastatic PTLNs in the thorax showed less intense radioactivity for 
all compounds in comparison with that of the He/De tumors under the 
kidney capsule.

3.2. Quantitative PET analyses

8 ± 1 days after the subrenal transplantation of He/De cells, the 
SUVmean and SUVmax values of the primary tumors were the highest 
for [18F]FDG (Table 1), and this reached statistically notable difference 
from the uptake of both the NGR (p ≤ 0.01) and the RGD probe 
(p ≤ 0.01) (Fig. 4 Panel a). The second highest radioactivity for the 
primary He/De tumors was found with the administration of [68Ga]Ga- 
NOTA-c(NGR), followed by [68Ga]Ga-NODAGA-[c(RGD)]2 (Fig. 4 Panel 
a, Table 1). Though only at p ≤ 0.05, the radioactivity of the two 
angiogenic vectors also differed statistically significantly.

Consistent with the visual observations, similar uptake tendency was 
experienced in case of the secondary and the tertiary He/De tumors with 
the highest radioactivity detected for the [18F]FDG scans and least for 
the radiolabelled RGD images (Fig. 5,6 Panel a, Table 1). Accordingly, 
the secondary He/De tumors showed more prominent radioactivity with 
[18F]FDG in comparison with both [68Ga]Ga-NOTA-c(NGR) and [68Ga] 
Ga-NODAGA-[c(RGD)]2 (Fig. 5 Panel a, Table 1). These differences 
were statistically significant at p ≤ 0.05 and p ≤ 0.01 for the NGR and the 
RGD derivatives; respectively. In addition, similarly to the findings on 
the primary He/De tumors, [68Ga]Ga-NOTA-c(NGR) accumulated to a 
greater extent in the transplanted primary PTLN metastasis (secondary 
He/De tumor, Table 1) compared to the RGD vector (p ≤ 0.05).
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Comparable to the uptakes of both the primary and the secondary 
He/De tumors, approximately 8 days post SRCA transplantation of the 
secondary metastatic PTLN, the highest tracer concentration in the 
tertiary He/De tumor was also found with [18F]FDG followed by [68Ga] 
Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 (Table 1, Fig. 6
Panel a). The distinctions between the accumulation of [18F]FDG and 
that of the 68Ga-labelled NGR/RGD molecules were significant at 
p ≤ 0.01 and these were in line with the observations on the primary He/ 
De tumors. The quantitative SUV data of the He/De tumors are pre
sented in Table 1.

As shown in Fig. 1b-3b, the accumulation kinetics of the PTLN me
tastases was comparable to that of the subrenally growing tumors, 
though, much lower radioactivity concentrations were registered (seen 

in Fig. 4b-6b). Similarly to the He/De tumors (all the primary/second
ary/tertiary), the SUV values of metastatic PTLNs were the highest with 
the radiolabelled glucose derivative (SUVmean: 2.94±0.87; SUVmax: 
8.64±1.36 Fig. 4b, SUVmean: 3.14±0.64; SUVmax: 9.07±1.07 Fig. 5b, 
and SUVmean: 4.59±1.21; SUVmax: 12.63±2.17 Fig. 6b for the 1st, 2nd 
and 3rd transplantations; respectively, Table 2) that reached statistical 
significance from the uptake figures of the angiogenic tracers (p ≤ 0.01).

Comparing the accumulation of the 68Ga-labelled peptide probes in 
the PTLN metastases - in accordance with the He/De tumors - higher 
retention was found for the [68Ga]Ga-NOTA-c(NGR) PET scans in case of 
all three transplantations than for the RGD images, and this difference 
tended to be statistically significant at (p ≤ 0.01), apart from the dif
ference between the SUVmax data of the 1st SRCA operation for the 

Fig. 1. A series of static micro-PET images 8 ± 1 days after the subrenal transplantation of He/De tumors cells. a) Primary He/De tumors under the left renal capsule 
and b) (primary) metastatic thoracic parathymic lymph nodes visualized 50 min post [18F]FDG administration, and 90 min post [68Ga]Ga-NOTA-c(NGR) and [68Ga] 
Ga-NODAGA-[c(RGD)]2 injection. Primary tumors and the metastases are delineated with black and red arrows; respectively. He/De: hepatocellular carcinoma; PET: 
positron emission tomography.

Fig. 2. Static micro-PET imaging results 8 ± 1 days after the subrenal transplantation of the metastatic thoracic parathymic lymph node derived from the primary 
He/De tumor a) Subrenally growing secondary He/De tumors and b) (secondary) metastatic thoracic parathymic lymph nodes. PET imaging was performed using 
[18F]FDG (50 min), and 68Ga-labelled peptide compounds (90 min). The secondary He/De tumors and the metastases are annotated with black and red arrows; 
respectively. He/De: hepatocellular carcinoma; PET: positron emission tomography.
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NGR-RGD probe that reached considerable difference only at p ≤ 0.05 
(as presented in Table 2). Furthermore, similarly to the subrenally 
growing tumors all tracer accumulations of the metastatic PTLNs 
showed a continuous increase during the serial transplantations 
(Table 2).

To evaluate which tracer provides the best-contrasted PET images, 
T/M ratios were calculated from the SUV values of the He/De tumors/ 
metastatic PTLNs and that of the background muscle tissue (shown in 
Table 1 and Table 2). In case of the first SRCA transplantation, lower 
[68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 uptakes of 
the non-target organs - compared to [18F]FDG - along with notable 
tracer accumulation in the primary He/De tumors led to significantly 
higher tumor-to-background ratios for the NGR/RGD compounds 
(p ≤ 0.01 for [68Ga]Ga-NOTA-c(NGR) and p ≤ 0.05 for [68Ga]Ga- 
NODAGA-[c(RGD)]2) than for the glucose analogue (Fig. 4 Panel c, 
Table 1). Regarding the primary metastatic PTLN, however, PET images 
with higher contrast were obtained with [18F]FDG and [68Ga]Ga-NOTA- 
c(NGR) (Fig. 4 Panel d, Table 2).

Similarly, more elevated T/M ratios were recorded for the two 
peptide-based probes than for [18F]FDG in case of the secondary and the 
tertiary He/De tumors (Fig. 5 and 6 Panel c, Table 1), and the 

secondary/tertiary metastatic PTLN could also be better delineated form 
the background using [18F]FDG and the NGR molecule (Fig. 5 and 6
Panel d, Table 2).

4. Discussion

Limited understanding of metastasis biology hampers the opening of 
novel diagnostic and therapeutic window for successful intervention. 
Therefore, to reveal yet uncovered aspects of this dissemination process, 
the role of in vivo model systems is emerging. Syngeneic rat model 
established by Trencsényi et al. (Trencsenyi et al., 2009) seems appli
cable for the evaluation of metastasis growth as well as corresponding 
angiogenic processes (Máté et al., 2015; Szabo et al., 2022; Trencsenyi 
et al., 2014a, 2014b). In correlation with the current experiences, they 
concluded that tumor cells placed under the left renal capsule of rats 
using SRCA propagate to the thoracic PTLNs via lymphatic channels. 
Also similar to their findings (Trencsenyi et al., 2009) the subrenally 
growing tumors as well as the thoracic metastases could be clearly 
detected using [18F]FFDG. Although [18F]FDG was highly taken up by 
the tumors, it lacks angiogenic specificity. Several studies have shown 
correlations between [18F]FDG uptake and angiogenic markers 

Fig. 3. Static PET images acquired 8 ± 1 days after the subrenal transplantation of the metastatic thoracic parathymic lymph node originating from the secondary 
He/De tumor. a) Tertiary He/De tumors under the left kidney capsule and b) metastatic thoracic parathymic lymph nodes (tertiary). PET images were captured 
50 min after the injection of [18F]FDG, and 90 min after the injection of [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2. Black arrows point to the 
secondary He/De tumors, red arrows indicate the metastatic lymph nodes. He/De: hepatocellular carcinoma; PET: positron emission tomography.

Table 1 
Quantitative SUV analyses of [18F]FDG, [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 in subrenally growing He/De tumors 8 ± 1 days after the SRCA- 
based transplantation of He/De tumor cells (1st transplantation), the primary metastatic PTLN (2nd transplantation) and the secondary metastatic PTLN (3rd 
transplantation), and 50 ([18F]FDG) and 90 (68Ga-labelled tracers) minutes post radiotracer injection. The uptake values are presented as mean±SD.

Subrenal tumors [18F]FDG [68Ga]Ga-NOTA-c(NGR) [68Ga]Ga-NODAGA-[c(RGD)]2

1st transplantation

SUVmean 6.89±1.84 3.69±0.64 1.34±0.61
T/M SUVmean 6.13±0.80 14.87±2.46 8.85±2.42
SUVmax 12.24±2.63 8.64±0.94 4.67±1.34
T/M SUVmax 8.35±1.63 20.82±2.53 15.74±1.86

2nd transplantation

SUVmean 7.36±1.67 3.78±0.47 2.21±0.61
T/M SUVmean 7.61±1.42 17.62±3.81 12.07±3.08
SUVmax 14.25±2.09 8.99±1.27 5.09±0.97
T/M SUVmax 9.84±2.06 26.51±2.59 18.95±2.97

3rd transplantation

SUVmean 8.26±1.20 5.09±1.22 2.84±0.51
T/M SUVmean 8.69±1.58 22.41±3.47 16.21±2.47
SUVmax 16.74±2.67 10.75±2.31 6.31±1.08
T/M SUVmax 11.25±2.34 28.36±4.12 21.64±2.61

68Ga: Gallium-68; He/De: hepatocellular carcinoma; PTLN: parathymic lymph node; SD: standard deviation; SRCA: subrenal capsule assay; SUV: standardized uptake 
value; T/M: tumor-to-muscle ratio.
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including microvessel density (MVD) or GLUT1 transporters, however, 
the results are inconsistent and variable (Florea et al., 2021; Guo et al., 
2006). For instance, Guo et al. (2006) observed no association between 
[18F]FDG uptake and MVD in lung adenocarcinoma. Moreover, 
comparative studies with angiogenesis-specific tracers revealed distinct 
spatial distributions, suggesting that [18F]FDG uptake may reflect 
overlapping but non-specific biological processes (Toriihara et al., 2019; 
Vatsa et al., 2019). Therefore, even though this radiolabelled glucose 
analogue properly represents tumor cell metabolism (Zhu et al., 2011), 
its lack of specificity (Jiang et al., 2014) presents challenges for its 
application in imaging tumor angiogenesis and associated receptor 
expression.

Substantial research has been made toward the development of ra
diotracers targeting angiogenic cell surface molecules that not only 
ensure to track the fate of tumor cells in vivo but may provide details on 
receptor biology and the mechanisms of metastasis progression. APN/ 
CD13 (Kawamura et al., 2007; Murakami et al., 2005) and ανβ3 integrin 
(Cai and Chen, 2006; Weis and Cheresh, 2011) are abundantly overex
pressed on most tumor types, hence radioactive ligands of these re
ceptors allow for the specific imaging of pro-angiogenic molecules in 
vivo (Chen et al., 2013; Ma et al., 2013; Shao et al., 2014b). Several 

receptor-targeted peptide radiopharmaceuticals with APN-affine NGR 
(asparagine-glycyl-arginine; (Soudy et al., 2012)) and integrin selective 
RGD (arginine-glycine-asparagine; (Pasqualini et al., 2000)) sequences 
have been successfully synthesized and are widely used in the imaging of 
neoangiogenesis under preclinical conditions (Li et al., 2014; Ma et al., 
2016; Shao et al., 2014a; Zhang et al., 2014). While [18F]FDG is 
generally used to assess tumor (glucose) metabolism, NGR, - and 
RGD-based tracers, due to their specific binding affinity to receptors 
associated with angiogenesis, can selectively target neovasculature and 
related processes (Florea et al., 2021). This approach may be particu
larly advantageous in tumors with low [18F]FDG uptake (e.g. 
well-differentiated hepatocellular carcinoma), or in those where 
angiogenesis plays a key role in disease progression (Gao et al., 2017). 
By offering potentially higher specificity and sensitivity, these peptides 
may allow for increased diagnostic accuracy and enhanced detection 
rates in certain tumor types compared to [18F]FDG (Faintuch et al., 
2014; Shao et al., 2014a). In addition, the advantages of RGD tracers 
over [18F]FDG are becoming increasingly evident, particularly in the 
evaluation of head and neck tumors (Li et al., 2018; Zheng et al., 2019). 
Moreover, unlike [18F]FDG, NGR/RGD peptides can be labelled with 
therapeutic radionuclides, enabling their use beyond imaging for 

Fig. 4. Quantification of [18F]FDG, [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 PET imaging in primary He/De tumors (a and c) and (primary) 
metastatic thoracic parathymic lymph nodes (b and d). SUV mean/max values and the T/M ratios were determined 50 min post [18F]FDG and 90 min post NGR/RGD 
tracer injection. Statistical significance: (*) p ≤ 0.05 and (**) p ≤ 0.01. Data are presented as mean±SD; n = 3 rats/radiotracer. SD: standard deviation; SUV: stan
dardized uptake value; T/M: tumor-to-muscle ratio.
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therapeutic purposes, and paving the way for theranostic strategies as 
well (Trencsényi et al., 2023).

In the present study all subrenally growing He/De tumors and the 
PTLN metastases were identifiable with the NGR/RGD tracers, that in 
accordance with literature findings, further strengthened the feasibility 
of these molecular probes in the detection of angiogenesis related to 
tumorigenesis and metastatic spread. Similarly, in prior studies using 
the renal capsule parathymic lymph node complex model (Rozsa et al., 
2009; Trencsenyi et al., 2009) radiolabelled NGR/RGD molecules could 
also be successfully applied to track angiogenic processes and the 
presence of associated biomarkers (APN/CD13, ανβ3 integrin) (Máté 
et al., 2015; Szabo et al., 2022). Confirmed by Western blotting, Máté 
et al. (2015) for example verified the selective binding of [68Ga] 
Ga-NOTA-c(NGR) to APN/CD13 using orthotopic Ne/De rat models. 
Likewise, in the PET study of Szabó et al. (2022), chemically induced 
Ne/De tumors and pertinent metastases could be monitored with radi
olabelled NGR and RGD derivatives that also corresponded to the pre
sent findings. These NGR/RGD studies contrast with a recent preclinical 
PET imaging study using [18F]cabozantinib, a multi-target tyrosine 

kinase inhibitor (TKI), that demonstrated poor tumor uptake and high 
non-specific binding (Lien et al., 2021), underscoring the superior tumor 
specificity of the receptor-selective NGR and RGD tracers used in our 
study.

Indicating increased glucose utilization and the overexpression of 
pro-angiogenic biomarkers, the investigated tumors displayed steadily 
increasing radiopharmaceutical uptake from the 1st until the 3rd SRCA 
transplantation that could be closely connected to increasing metastatic 
potential and aggressiveness developed during the serial trans
plantations. This observation reflects some of what has already been 
reported in the literature. For example, in the mentioned study of Szabó 
et al. (2022), rising tracer concentrations were registered in the sub
renally developing Ne/De tumors and the thoracic metastases during the 
same experiment. In addition, we hypothesize that the continuous in
crease in NGR/RGD accumulations may be attributed to enhanced 
angiogenesis induced by tumor-related hypoxia. Activating 
pro-angiogenic pathways, hypoxia - derived from the increased oxygen 
consumption of cancer cells - triggers new blood vessel formation to 
fulfil the higher oxygen demand during tumor growth and proliferation 

Fig. 5. Quantitative data on PET imaging with [18F]FDG, [68Ga]Ga-NOTA-c(NGR), and [68Ga]Ga-NODAGA-[c(RGD)]2 in secondary He/De tumors (a and c) and 
(secondary) thoracic parathymic lymph node metastases (b and d). SUV mean/max values (a and b) and tumor-to-muscle (T/M) ratios (c and d) were measured 50 
and 90 min after [18F]FDG and 68Ga-labelled radiopharmaceutical injection; respectively. Asterisks indicate significance levels (*p ≤ 0.05, **p ≤ 0.01). Data are 
presented as mean±SD; n = 3 rats per radiotracer. SD: standard deviation; SUV: standardized uptake value; T/M: tumor-to-muscle ratio.
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Fig. 6. Quantitative PET data for tertiary He/De tumors (a and c) and (tertiary) metastatic thoracic parathymic lymph nodes (b and d) 50 min after [18F]FDG and 
90 min after [68Ga]Ga-NOTA-c(NGR)/[68Ga]Ga-NODAGA-[c(RGD)]2 injection. Panel A and B: SUV mean/max values. Panel C and D: tumor-to-muscle (T/M) ratios. 
Statistical significance is marked as *p ≤ 0.05 and **p ≤ 0.01. Results are expressed as mean±SD; n = 3 rats/tracer. SD: standard deviation; SUV: standardized uptake 
value; T/M: tumor-to-muscle ratio.

Table 2 
Quantitative SUV analyses of [18F]FDG, [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NODAGA-[c(RGD)]2 in the metastatic thoracic PTLN derived from the subrenally 
growing primary (1st transplantation), secondary (2nd transplantation) and tertiary (3rd transplantation) He/De tumors. The uptake values are presented as mean 
±SD.

Metastatic PTLN [18F]FDG [68Ga]Ga-NOTA-c(NGR) [68Ga]Ga-NODAGA-[c(RGD)]2

1st transplantation

SUVmean 2.94±0.87 0.58±0.07 0.09±0.13
T/M SUVmean 2.52±0.84 6.08±1.13 0.89±0.19
SUVmax 8.64±1.36 1.24±0.11 0.29±0.40
T/M SUVmax 7.65±1.38 11.10±1.37 1.25±0.19

2nd transplantation

SUVmean 3.14±0.64 0.69±0.11 0.12±0.06
T/M SUVmean 2.97±0.87 7.69±1.07 1.17±0.34
SUVmax 9.07±1.07 1.97±0.60 0.39±0.09
T/M SUVmax 9.47±1.69 14.58±2.06 1.84±0.24

3rd transplantation

SUVmean 4.59±1.21 0.87±0.17 0.21±0.10
T/M SUVmean 3.69±1.08 9.61±1.57 1.41±0.31
SUVmax 12.63±2.17 2.19±0.61 0.49±0.12
T/M SUVmax 12.74±1.61 16.58±2.47 2.63±0.37

He/De: hepatocellular carcinoma; PTLN: parathymic lymph node; SD: standard deviation; SUV: standardized uptake value; T/M: tumor-to-muscle ratio.

A. Barkóczi et al.                                                                                                                                                                                                                               European Journal of Pharmaceutical Sciences 212 (2025) 107211 

8 



(Koh et al., 2011; Magar et al., 2024; Ziyad, 2011). The abundant 
expression of angiogenic markers (APN/CD13 and integrin avβ3) on the 
cells of the newly formed vessels may underlie the enhanced radiotracer 
uptake that becomes even more prominent during the transplantations 
as hypoxia and angiogenic activity increase. In our study, however, the 
elevated tracer accumulation was inferred solely from increasing SUV 
values observed during transplantations; receptor expression levels were 
not independently measured.

In addition, despite the methodological similarities between the 
present study and that of Szabó et al. (2022) the primary Ne/De tumors 
and their metastases exhibited consistently higher SUV values (2022) 
than the He/De tumors across all transplantations. For the 1st trans
plantation the SUVmean of [68Ga]Ga-NOTA-c(NGR) and [68Ga]Ga-NO
DAGA-RGD/[c(RGD)]2 were 4.12±0.56 (Ne/De) vs. 3.69±0.64 (He/De) 
and 2.05±0.45 (Ne/De) vs. 1.34±0.61 (He/De); respectively. In the 2nd 
transplantation [68Ga]Ga-NOTA-c(NGR) SUVmean was 5.23±0.89 
(Ne/De) vs. 3.78±0.47 (He/De), and [68Ga]Ga-NODAGA-RGD/[c 
(RGD)]2 SUVmean was 2.85±0.52 (Ne/De) vs. 2.21±0.61 (He/De). 
During the 3rd transplantation the SUVmean values further increased: 
[68Ga]Ga-NOTA-c(NGR) 6.35±1.09 (Ne/De) vs. 5.09±1.22 (He/De); 
[68Ga]Ga-NODAGA-RGD/[c(RGD)]2 SUVmean: 3.35±0.63 (Ne/De) vs. 
2.84±0.51 (He/De). These findings highlight that the tracer accumula
tion was significantly higher in the Ne/De model throughout the study, 
despite comparable methodology. According to literature data, the in
tensity of tumor angiogenesis is highly dependent on the proliferative 
activity of the individual tumor cells (Ke et al., 2000). Hence, the more 
enhanced growth rate of the Ne/De tumors and consequential higher 
angiogenic activity compared to the He/De tumors could be a reason
able explanation for the lower in vivo data of the latter neoplasms.

Our PET results demonstrated significantly higher accumulation of 
[68Ga]Ga-NOTA-c(NGR) than [68Ga]Ga-NODAGA-[c(RGD)]2 in all 
investigated neoplasms. These in vivo observations may reflect a higher 
expression level of APN/CD13 in the tumors compared to avβ3 integrin. 
In addition to differences in receptor expression, pharmacokinetic fac
tors such as varying receptor affinity or differences in washout kinetics 
between the two tracers may also contribute to the registered radio
pharmaceutical uptake patterns, however, future verification is needed.

In a like manner, former results on both syngeneic and subrenally 
growing He/De tumors also indicated similar receptor profiles (Kis et al., 
2020; Máté et al., 2015). Although the radiotracer distribution visible at 
a given investigation time point is mainly reliant on the inherent bio
logical characteristics of the He/De tumors, the observed uptake pattern 
may be due in part to the pharmacokinetics - particularly the wash-out 
kinetics - of the radioprobes. Moreover, we registered lower tracer ac
cumulations for the metastatic PTLNs compared to the subrenal lesions. 
Nevertheless the exact reason behind is not yet full uncovered, we hy
pothesize some factors that may contribute to the observed phenome
non. Their smaller size, the presence of metabolically inactive necrotic 
regions within the lymph nodes or the combination of these factors may 
supply reasonable explanation for the observed tracer uptake.

Overall, the use of radiotracers targeting angiogenesis-related bio
molecules overexpressed on tumor cells may allow for a more detailed 
characterization of tumor biology and associated neovascularization. 
Precise information on receptor expression patterns of tumors - 
including receptor density, distribution, and the types of receptors 
present - appears to be crucial for discovering novel tumor-specific 
targets that could be used in the de novo development of both diag
nostic and therapeutic vectors.

5. Limitations

Even though the present study successfully established a rat model of 
hepatocellular carcinoma that enables the detailed assessment of met
astatic spread in vivo, this model has certain limitations that warrant 
further consideration. Unlike conventional syngeneic hepatocellular 
carcinoma models, which typically involve orthotopic implantation into 

hepatic tissue (Macek et al., 2019), the tumor cells in this study were 
transplanted under the left renal capsule. Due to the ectopic implanta
tion site, the model lacks the characteristic fibrotic or cirrhotic liver 
microenvironment associated with hepatocellular carcinoma. Conse
quently, it does not fully recapitulate the complex tumor microenvi
ronment, including stromal and vascular components, thereby limiting 
its utility for comprehensive investigations of tumor-immune interplay 
in hepatocellular carcinoma.

6. Conclusion

This study demonstrates that radiolabelled NGR and RGD probes can 
detect angiogenesis in vivo in slow-growing hepatocellular carcinoma 
models. Continuous increase in tumor tracer uptake during the serial 
transplantations might not only represent the in vivo behaviour of each 
lesion but also the temporal changes in angiogenic biomarker expression 
upon tumor progression. A better understanding of tumor receptor 
profiles could support the development of novel diagnostic tools and 
targeted therapeutic approaches, including theranostics or targeted 
radiotherapy, thereby offering opportunities for more personalized and 
effective cancer management strategies.
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