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Abstract (150-250 words) 1 

Purpose:  2 

Transferrin receptor 1 (TfR1) is a transmembrane glycoprotein that mediates cellular iron uptake. 3 

Despite its potential as a target for tumor diagnosis, the lack of suitable TfR1 ligands has hindered the 4 

development of effective TfR1 imaging agents. We labeled a recently discovered TfR1 ligand, 5 

TfRB1G3, with Ga-68 and evaluated its potential for TfR1 imaging through preclinical experiments.  6 

 7 

Methods:  8 

TfRB1G3 was modified with HBED-CC and radiolabeled with 67/68Ga ([67/68Ga]Ga-TfRB1G3). 9 

Human glioblastoma (U87MG) cells were transfected with TfR1-targeting siRNA (TfR1-10 

knockdown) or non-targeting siRNA (control), and accumulation of [67Ga]Ga-TfRB1G3 was 11 

evaluated. The KD value of [67Ga]Ga-TfRB1G3 for TfR1 was also calculated. Ex vivo biodistribution 12 

was conducted in normal and U87MG tumor-bearing mice after injecting [67Ga]Ga-TfRB1G3. PET 13 

imaging studies were conducted after injecting [68Ga]Ga-TfRB1G3, with/without co-injection of 10 14 

nmol TfRB1G3 in mice bearing U87MG tumors.  15 

 16 

Results:  17 

[67/68Ga]Ga-TfRB1G3 was obtained with high radiochemical purity (> 90%). The accumulation of 18 

[67Ga]Ga-TfRB1G3 in the TfR1-knockdown cells (22.0  1.1% Dose/mg) was significantly lower 19 

than that in the control (308.5  14.3% Dose/mg). The KD value was 1.0 nM. Tumor accumulation of 20 

[67Ga]Ga-TfRB1G3 was higher than in any other organs except the kidneys, and co-injection of 21 

TfRB1G3 significantly reduced the tumor accumulation by more than 90%. PET imaging with 22 

[68Ga]Ga-TfRB1G3 clearly visualized TfR1-positive tumor as early as 20 min post-injection.   23 

 24 

Conclusion:  25 

[68Ga]Ga-TfRB1G3 demonstrated excellent affinity and specificity for TfR1 both in vitro and in vivo, 26 

providing clear PET images of TfR1-positive tumors shortly after injection. [68Ga]Ga-TfRB1G3 27 

would enable sensitive and quantitative imaging of TfR1 expression.  28 

 29 

Key Words: Positron emission tomography (PET); Gallium-68 (68Ga); Transferrin receptor (TfR); 30 

Cysteine-dense peptide 31 

  32 
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Introduction 1 

Transferrin receptor 1 (TfR1, also known as CD71) is a type II transmembrane glycoprotein found as 2 

a homodimer on the cell membrane and mediates the uptake of holo-transferrin (diferric transferrin), 3 

which is the main iron transport protein in blood plasma, into cells. Thus, TfR1 plays an essential role 4 

in regulating iron import as part of cellular iron metabolism [1, 2]. Furthermore, according to the 5 

MERAV database [3], the Human Protein Atlas database [4], and other studies [5, 6], TfR1 expression 6 

is specifically upregulated in various tumor types, including glioma, prostate cancer, and breast cancer. 7 

In addition, the TfR1 expression level is associated with aggravated proliferation, migration, invasion, 8 

apoptosis, and metastasis of tumors [7-10]. Therefore, TfR1 is a promising target for both nuclear 9 

medicine diagnosis and cancer therapy.  10 

 11 

Over the past few decades, several TfR1-targeted imaging agents have been developed. One of the 12 

oldest examples is [67Ga]Ga-citrate [11-13]. Although its uptake mechanism in tumor tissues is not 13 

fully understood, it is believed that gallium ions form a stable complex with transferrin in the serum 14 

and are subsequently taken up by TfR1. However, the broad application of [67Ga]Ga-citrate for TfR1 15 

imaging is hampered by several drawbacks, such as low tumor-to-background ratios, prolonged 16 

waiting times (2-3 days) between injection and image acquisition, and unclear tumor accumulation 17 

mechanisms. Transferrin, a glycoprotein with a MW of 77-80 kDa, is an endogenous ligand of TfR1. 18 

Therefore, radiolabeled transferrin derivatives have been considered TfR1-targeted imaging agents 19 

[14-16]. However, they also suffer from the same issues of low tumor-to-background ratios and 20 

prolonged waiting times between the injection and image acquisition as [67Ga]Ga-citrate. 21 

Radiolabeled monoclonal antibodies are another class of TfR1 imaging agents with high affinity and 22 

selectivity. Sugyo et al. radiolabeled TSP-A01, a monoclonal antibody against TfR1, with 111In and 23 
89Zr, and these radiolabeled antibodies showed high and specific accumulation in TfR1-positive 24 

tumors both in vitro and in vivo [17-19]. On the other hand, several days are needed after the injection 25 

of [89Zr]Zr-TSP-A01 to obtain optimal PET images due to its slow blood clearance, which could 26 

hinder its clinical application.  27 

 28 

Radiolabeled peptides represent another class of imaging agents characterized by rapid blood 29 

clearance, high affinity, and high specificity, and are extensively studied for their clinical applications 30 

[20]. Indeed, several radiolabeled peptides, including [68Ga]Ga-DOTA-TATE, are widely used in the 31 

clinical diagnosis of cancer [21]. On the other hand, to date, only one radiolabeled peptide has been 32 

evaluated as a TfR1 imaging agent [22]. In the report, a linear peptide (THRPPMWSPVWP) was 33 

employed as a TfR1 ligand and radiolabeled with 68Ga. In vitro cellular uptake experiments indicated 34 

that the 68Ga-labeled peptide accumulated nonspecifically in TfR1-positive cell lines, due to its 35 

insufficient binding affinity to TfR1. While several other linear peptides have been identified as 36 

potential TfR1 binders [23, 24], none have been reported as TfR1 imaging agents. In this study, we 37 

explored cystine-dense peptides as promising ligand candidates for TfR1 imaging. Cystine-dense 38 
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peptides are a category of peptides that are characterized by the presence of several disulfide bonds 1 

in the backbone structure and could exhibit excellent affinity and specificity equivalent to those of 2 

antibodies [25-27]. Recently, Crook et al. screened a large pool of cystine-dense peptides using a 3 

novel mammalian surface display method and identified TfRB1G3 as a promising ligand for TfR1 4 

[28]. Surprisingly, the TfR1 binding affinity of TfRB1G3 was even higher than that of holo-transferrin, 5 

the endogenous ligand for TfR1. However, the potential applicability of TfRB1G3 as a TfR1 imaging 6 

agent has not been evaluated.     7 

 8 

In this study, we chemically introduced a chelating moiety to TfRB1G3 and radiolabeled it with 67Ga 9 

for cell-based and ex vivo biodistribution experiments, and with 68Ga for PET/CT imaging (Fig. 1). 10 

The potential of 68Ga-labeled TfRB1G3 as a PET imaging agent for TfR1-positive tumors was 11 

evaluated through preclinical experiments.  12 

 13 

 14 

Materials and methods 15 

Chemistry and Radiochemistry 16 

HBED-CC-tris(tBu)ester (1) (N, N'-Bis[2-hydroxy-5-(carboxyethyl)-benzyl]ethylenediamine-N, N'-17 

diacetic acid, tris tert-butyl ester) was purchased from ABX Advanced Biochemical Compounds Co. 18 

(Radeberg, Germany). Hexynoyl-TfRB1G3 (4), whose detailed chemical structure can be found in 19 

the Supplemental Information, was custom synthesized by Peptide Institute Inc. (Osaka, Japan). All 20 

other reagents were purchased from FUJIFILM Wako Pure Chemical Industries, Ltd. (Osaka, Japan), 21 

Tokyo Chemical Industry, Co., Ltd. (Tokyo, Japan), or Watanabe Chemical Industries, Ltd. 22 

(Hiroshima, Japan). Mass spectrometry was carried out using Solaris XR (Bruker Daltonics, Bremen, 23 

Germany).   24 

 25 

The detailed synthesis procedure for HBED-CC-TfRB1G3 (6) can be found in the Supplemental 26 

Information (Fig. S1). For radiolabeling, 30 L of 2.0 M HEPES (pH 4.0) buffer and 0.5 nmol of 27 

HBED-CC-TfRB1G3 (6) dissolved in 40 L water were mixed, followed by the addition of 1-7 MBq 28 

/ 30 L of [67Ga]GaCl3 (PDRadiopharma Inc., Tokyo, Japan) in 0.1 M HCl or 10-20 MBq / 30 L of 29 

freshly eluted [68Ga]GaCl3 in 0.1 M HCl from a 68Ge/68Ga generator (Galli Eo®, IRE-ELiT Co., 30 

Belgium) (Fig. 1). The reaction solution was left at room temperature for 10 min. After radiolabeling, 31 

[67Ga]Ga-TfRB1G3 was used for subsequent experiments without post-labeling purification. 32 

[68Ga]Ga-TfRB1G3 was used for the small‑animal PET/CT study after purification by a PD SpinTrap 33 

G-25 desalting column (Cytiva, Japan) equilibrated with PBS. The radiochemical purity was analyzed 34 

by HPLC (LC-20AD, Shimadzu Co., Japan) with an in-line NaI(Tl) radio-detector (Gabi Star®, 35 

Elysia Raytest Co., Straubenhardt, Germany) using system 2-2 (Table S2). 36 

 37 

Cell culture and siRNA transfection 38 
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A human glioblastoma cell line (U87MG) was obtained from ATCC (Manassas, Virginia) and 1 

cultured in a high-glucose DMEM supplemented with 10% v/v fetal bovine serum (Nippon Biosupply 2 

Center, Tokyo, Japan) and 1% v/v penicillin–streptomycin (10,000 unit-10 mg/mL, FUJIFILM Wako 3 

Pure Chemical Industries, Ltd. Osaka, Japan) at 37 °C in humidified atmosphere containing 5% CO2.  4 

U87MG cells were transfected with non-targeting siRNA (ON-TARGET plus non-targeting pool, D-5 

001810-10-05, Dharmacon Inc., Lafayette, Colorado) or TfR1-targeting siRNA (ON-TARGET plus 6 

SMART pool Human TFRC, L-003941-00-0005, Dharmacon Inc., Lafayette, Colorado) using 7 

Lipofectamine™ RNAiMAX Transfection Reagent (Thermo Fisher Scientific Inc., Waltham, 8 

Massachusetts) following a previous report [29] and the manufacturer’s protocol. The TfR1 9 

expression levels in U87MG cells transfected with non-targeting siRNA (U87MGsiCont) and TfR1-10 

targeting siRNA (U87MGsiTfR1) were analyzed by western blotting. The transfected cells were 11 

prepared in 24-well Type I collagen-coated plates (AGC TECHNO GLASS Co., Ltd., Shizuoka, 12 

Japan) for subsequent experiments.  13 

 14 

In vitro cellular accumulation study of [67Ga]Ga-TfRB1G3 15 

U87MGsiCont. and U87MGsiTfR1 were prepared according to the method described in the Cell culture 16 

and siRNA transfection section and were incubated with 50 μL [67Ga]Ga-TfRB1G3 (10 kBq, 17 

containing 20 pmol of the precursor) and 450 μL HBSS (+) (FUJIFILM Wako Pure Chemical 18 

Industries, Ltd., Osaka, Japan) at 37°C for 1 h. Total incubation volume was 500 μL per well. After 19 

the incubation, the cells were washed three times with ice-cold PBS and lysed in 500 μL of 0.1 M 20 

NaOH. The radioactivity in the lysates was measured by a γ-counter (Wizard 2 2480, Perkin-Elmer, 21 

Waltham, Massachusetts). The protein concentration in the lysates was determined using a micro-22 

BCA assay (Thermo Fisher Scientific Inc., Waltham, Massachusetts) with bovine serum albumin 23 

(BSA) as the protein standard. The radioactivity in the lysates was normalized to the protein content 24 

and expressed as %Dose/mg protein, representing the total cellular accumulation. This experiment 25 

was performed once with triplicate samples.  26 

 27 

U87MG cells not transfected with siRNA were used for the internalization study. U87MG cells were 28 

seeded at a density of 1 × 105 cells per well in 24-well Type I collagen-coated plates and incubated 29 

overnight. The cells were incubated with [67Ga]Ga-TfRB1G3 (10 kBq, containing 20 pmol of the 30 

precursor in 500 μL medium in each well) in HBSS (+) at 37 °C or 4 °C. At 5, 10, 30, and 60 min 31 

after incubation, the cells were washed three times with ice-cold PBS and then treated with 500 μL of 32 

0.2 M glycine buffer (pH 2.5) for 1 min on ice. The acidic solution was collected and considered the 33 

membrane-bound fraction of [67Ga]Ga-TfRB1G3. Then, the cells were lysed in 500 μL of 0.1 M 34 

NaOH, and the cell lysates were considered the internalized fraction of [67Ga]Ga-TfRB1G3. The 35 

radioactivity in each fraction was reported as %Dose/mg protein. This experiment was performed 36 

once with triplicate samples.  37 

 38 
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Saturation binding study of [67Ga]Ga-TfRB1G3 1 

U87MG cells not transfected with siRNA were used for the saturation binding study. U87MG cells 2 

were seeded as described elsewhere and were incubated with increasing concentrations of [67Ga]Ga-3 

TfRB1G3 (20 pM to 100 nM) in HBSS (+) at 4°C for 1 h. The cells were washed three times with ice-4 

cold PBS and lysed in 500 μL of 0.1 M NaOH. The radioactivity and protein concentration of the 5 

lysates were measured as described elsewhere. The dissociation constant (KD) and maximum binding 6 

sites (Bmax) values were calculated from a nonlinear regression curve fitting to the experimental data 7 

using GraphPad Prism v.7 (GraphPad Software, Inc., San Diego, California). This experiment was 8 

performed once with triplicate samples.  9 

 10 

Animal model 11 

BALB/c mice and BALB/c nu/nu nude mice were purchased from Japan SLC (Hamamatsu, Japan). 12 

All animal experiments were performed following the Guidelines of the Institutional Animal Care 13 

and Use Committee of Hokkaido University and were approved by the Institutional Animal Care and 14 

Use Committee (Approval Number: 19-0150). U87MG cells (5 × 106 cells / 50 μL of DMEM) were 15 

inoculated subcutaneously into the left forelimbs of five-week-old male BALB/c nu/nu nude mice 16 

under anesthesia induced with 2% isoflurane (Pifzer, Tokyo, Japan). Mice were subjected to either 17 

the PET/CT experiment or the ex vivo biodistribution experiment when the tumor volumes reached 18 

200–500 mm³. 19 

 20 

Ex vivo biodistribution study of [67Ga]Ga-TfRB1G3 21 

Five-week-old male BALB/c normal mice were injected intravenously with 100 μL of [67Ga]Ga-22 

TfRB1G3 (10 kBq, 20 pmol of the precursor) in PBS. At 30, 60, and 120 min after injection, the mice 23 

were sacrificed, and blood samples and organs of interest were collected and weighed. Their 24 

radioactivity was measured by a γ-counter. Biodistribution results were expressed as %ID/g. Seven-25 

week-old male BALB/c-nu/nu mice bearing U87MG tumors were divided into non-blocking and 26 

blocking groups (n = 3-4) and were injected intravenously with 100 μL of [67Ga]Ga-TfRB1G3 (10 27 

kBq, containing 20 pmol of the precursor) in PBS. The mice were sacrificed at 60 min after injection, 28 

and the biodistribution results were analyzed as described above. To the blocking group, 10 nmol of 29 

TfRB1G3 was co-injected.  30 

 31 

Small‑animal PET/CT imaging study of [68Ga]Ga-TfRB1G3 32 

Eight-week-old male BALB/c-nu/nu mice bearing U87MG tumors were injected intravenously with 33 

100 μL of [68Ga]Ga-TfRB1G3 (3.7-7.4 MBq, containing 0.5 nmol of the precursor) in PBS. To the 34 

blocking group, 10 nmol of TfRB1G3 was co-injected. The mice were anesthetized with 4% (v/v) 35 

isoflurane and maintained under 1% (v/v) isoflurane. They were positioned on the imaging bed for 36 

micro-PET/CT imaging (Inveon, Siemens Healthineers Inc., Erlangen, Germany) using list-mode 37 

acquisitions. Whole-body PET images at 20 (15-25), 50 (45-55), and 110 (105-115) min after the 38 
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injection were reconstructed and corrected for attenuation and scatter using 3D-OSEM with CT-based 1 

attenuation correction. Regions of interest (ROIs) were drawn on the CT images and further mapped 2 

onto the PET images. The radioactivity in each ROI was quantified as the SUVmean using Inveon 3 

Workplace software (Siemens Healthineers Inc., Erlangen, Germany).  4 

 5 

Statistical analysis- 6 

All results are expressed as the mean ± S.D. Statistical significance was calculated with unpaired 7 

Student’s t tests in GraphPad Prism 7. 8 

 9 

Results 10 

Synthesis and Radiochemistry 11 

[67Ga]Ga-TfRB1G3 was obtained with 95.0 ± 0.9% radiochemical purity without post-labeling 12 

purification. Thus, it was directly used in cell-based and ex vivo biodistribution experiments. In 13 

contrast, [68Ga]Ga-TfRB1G3 required purification via gel filtration following the radiolabeling 14 

reaction. This purification was necessary to remove free [68Ga]gallium ion and to exchange the high-15 

concentration HEPES buffer with PBS. The activity yield, also referred to as non-decay-corrected 16 

radiochemical yield, of [68Ga]Ga-TfRB1G3 was 67.9 ± 3.7%. Notably, the proportion of unchelated 17 

radiogallium was higher in the ⁶⁸Ga labeling reaction (~20%) compared to the ⁶⁷Ga reaction (<5%), 18 

despite identical labeling conditions. Although previous analyses indicated minimal metal ion 19 

contamination in the eluate of the ⁶⁸Ge/⁶⁸Ga generator used in this study [30], the potential influence 20 

of trace contaminants on labeling efficiency cannot be excluded. Following purification, the 21 

radiochemical purity of [⁶⁸Ga]Ga-TfRB1G3 exceeded 90%. The molar activity of [67Ga]Ga-22 

TfRB1G3 and [68Ga]Ga-TfRB1G3 was 2.0-2.6 MBq/nmol and 14.0-18.8 MBq/nmol, respectively.  23 

 24 

 25 
Fig. 1 (a) Synthetic route of [67/68Ga]Ga-TfRB1G3 and (b) Structure of TfRB1G3 peptide   26 
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 1 

In vitro cellular accumulation of [67Ga]Ga-TfRB1G3 2 

The TfR1 expression levels in U87MGsiCont. and U87MG siTfR1 were shown in Fig. 2a. siTfR1 3 

transfection reduced the TfR1 expression level by over 90%, which indicated the successful 4 

knockdown of TfR1 in U87MGsiTfR1. The TfR1-specific accumulation of [67Ga]Ga-TfRB1G3 was 5 

evaluated by comparing its accumulation in U87MGsiCont. and U87MGsiTfR1. As shown in Fig. 2b, the 6 

accumulation of [67Ga]Ga-TfRB1G3 in U87MGsiTfR1 (22.0  1.1% Dose/mg) was significantly lower 7 

than that in U87MGsiCont (308.5  14.3% Dose/mg), demonstrating the remarkable specificity of 8 

[67Ga]Ga-TfRB1G3 for TfR1. 9 

 10 

The internalization efficiency of [67Ga]Ga-TfRB1G3 was evaluated by an acid wash technique (Fig. 11 

2c). At 37°C, the internalized radioactivity was much higher than the membrane-bound radioactivity. 12 

In contrast, the opposite result was obtained at 4°C. These results indicate the substantial 13 

internalization ability of [67Ga]Ga-TfRB1G3 in physiological conditions.   14 

Results of the saturation binding study are shown in Fig. 3. The KD and Bmax values of [67Ga]Ga-15 

TfRB1G3 to TfR1 on U87MG were 1.0 (95% confidence interval; 0.71 – 1.45) nM and 3.23 × 108 16 

(95% confidence interval; 2.94 × 108 – 3.53 × 108) receptors per mg protein, respectively.  17 

 18 

 19 
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 1 
Fig. 2 Cellular accumulation studies in U87MG tumor cells. (a) TfR1 expression in U87MGsiCont. and 2 

U87MG siTfR1 cells (n = 3). (b) Cellular accumulation of [67Ga]Ga-TfRB1G3 in U87MGsiCont. and 3 

U87MG siTfR1 cells after 1 h incubation at 37°C (n = 3). (c) Cellular internalization pattern of [67Ga]Ga-4 

TfRB1G3 in U87MG cells at 4 or 37°C (n = 3); ****, P<0.0001, by unpaired Student’s t-test 5 

 6 
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 1 

Fig. 3 Saturation binding curve (R2 = 0.98) of [67Ga]Ga-TfRB1G3 to TfR1 on U87MG cells at 4°C  2 

  3 

 4 

Ex vivo biodistribution of [67Ga]Ga-TfRB1G3 5 

The ex vivo biodistribution results of [67Ga]Ga-TfRB1G3 in normal mice are summarized in Fig. 4a. 6 

[67Ga]Ga-TfRB1G3 was rapidly cleared from the blood pool and was excreted mainly via the kidneys 7 

and partly via the gastrointestinal tract. Although the initial renal accumulation was notably high, it 8 

decreased rapidly over time. In U87MG tumor-bearing nude mice (Fig. 4b), the tumor accumulation 9 

of [67Ga]Ga-TfRB1G3 was higher than in any other organs except for the kidneys. In addition, the 10 

tumor accumulation was significantly reduced by more than 90% (P < 0.001) when co-injected with 11 

10 nmol of TfRB1G3, indicating the high in vivo specificity of [67Ga]Ga-TfRB1G3 to TfR1. The 12 

accumulation in several organs, such as the spleen, stomach, and small intestine, was also significantly 13 

reduced by the blocking, which may be attributed to the physiological expression of TfR1 in these 14 

organs [31, 32].  15 

 16 
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 1 

Fig. 4 (a) Ex vivo biodistribution of [67Ga]Ga-TfRB1G3 in normal mice at 30, 60, and 120 min after 2 

injection (n = 4/group). (b) Ex vivo biodistribution of [67Ga]Ga-TfRB1G3 in U87MG tumor-bearing 3 

nude mice at 1 h after injection, with and without co-injection of unlabeled TfRB1G3 as a blocking 4 

agent (n = 3/group); *P < 0.05, by unpaired Student’s t-test  5 

 6 

PET/CT imaging with [68Ga]Ga-TfRB1G3  7 

Representative maximum intensity projection images at different time points after injection of 8 

[68Ga]Ga-TfRB1G3 are shown in Fig. 5a. The U87MG tumor was clearly visualized in the PET image 9 

as early as 20 min post-injection. The tumor accumulation was sustained throughout the 110 min 10 

imaging duration post-injection, while the accumulation in the muscle and kidneys gradually 11 

decreased, resulting in higher tumor-to-background ratios at later time points (Figs. 5b and 5c). The 12 

high TfR1 specificity of [68Ga]Ga-TfRB1G3 was confirmed by the blocking experiment in which 10 13 

nmol of TfRB1G3 was co-administered (Fig. 5a).  14 
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 1 

Fig. 5 Representative PET images of [68Ga]Ga-TfRB1G3 accumulation in mice bearing U87MG 2 

xenografts. (a) Micro PET imaging of [68Ga]Ga-TfRB1G3 in U87MG (red) and U87MG with 3 

blocking (blue) group. (b) The quantification results were calculated from the PET images for the 4 

U87MG tumors, kidneys, and muscle (n = 4). (c) The tumor-to-kidney and tumor-to-muscle ratios 5 

were calculated from the PET images (n = 4) 6 

  7 
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Discussion 1 

In this study, we designed and synthesized [67/68Ga]Ga-TfRB1G3, a novel peptide-based imaging 2 

agent targeting TfR1. In addition, we demonstrated that [67/68Ga]Ga-TfRB1G3 accumulated in tumors 3 

with high affinity and specificity for TfR1. From the results of PET scans, [68Ga]Ga-TfRB1G3 4 

provided clear PET images of TfR1-positive tumors as early as 20 min post-injection with a favorable 5 

tumor-to-background ratio. PET imaging with [68Ga]Ga-TfRB1G3 would enable sensitive and 6 

quantitative monitoring of TfR1 expression in vivo. 7 

 8 

In vitro cell-based assays demonstrated that [67Ga]Ga-TfRB1G3 accumulated in TfR1+ U87MG cells. 9 

Notably, this accumulation was reduced by more than 95% following TfR1 knockdown, confirming 10 

the high specificity of [67Ga]Ga-TfRB1G3 for TfR1 (Fig. 2b). At 37 °C, most of the [67Ga]Ga-11 

TfRB1G3 was initially associated with the cell membrane and subsequently internalized. In contrast, 12 

at 4°C, it remained predominantly membrane-bound, consistent with the behavior of endogenous 13 

transferrin [33, 34]. We also conducted a saturation binding study to determine the dissociation 14 

constant and the maximum number of the binding sites (Fig. 3). The Kd (1.0 nM) and Bmax (3.23 × 15 

108) for [67Ga]Ga-TfRB1G3 suggest that [67Ga]Ga-TfRB1G3 has high affinity to TfR1+ tumor cells 16 

with a significant number of available binding sites.  17 

 18 

In vivo biodistribution and PET imaging studies demonstrated a high accumulation of [67/68Ga]Ga-19 

TfRB1G3 in TfR1-expressing tumor xenografts (Figs. 4 and 5). This tumor accumulation was 20 

effectively blocked by the co-injection of an excess of unlabeled TfRB1G3, providing compelling 21 

evidence of in vivo specificity for TfR1. Compared with [67Ga]Ga-citrate [11-13], [68Ga]Ga-22 

TfRB1G3 exhibited superior specificity for TfR1 and more rapid blood clearance, which led to 23 

enhanced tumor accumulation in TfR1-positive tumors and enabled earlier imaging. Regarding 24 

radiolabeled transferrin, no significant difference in accumulation was observed between tumor and 25 

normal tissues for 68Ga-labeled transferrin at early time points post-injection, as reported in our 26 

previous study [16]. In contrast, [68Ga]Ga-TfRB1G3 achieved markedly higher tumor accumulation 27 

with an improved tumor-to-background ratio at earlier time points, such as 20 min post-injection. 28 

Although transferrin labeled with long-lived radionuclides, including 89Zr[14, 15], can detect TfR1-29 

positive tumors in vivo, imaging typically requires at least 48 hours post-injection. Similarly, 30 

antibody-based imaging agents, such as [89Zr]Zr-TSP-A01[17], require 2-3 days for image acquisition 31 

due to their slow systemic clearance. Accordingly, [68Ga]Ga-TfRB1G3 offers a substantial advantage 32 

over both transferrin- and antibody-based imaging agents, which require prolonged intervals between 33 

injection and imaging. To the best of our knowledge, [68Ga]Ga-TfRB1G3 is the first TfR1-targeted 34 

imaging agent capable of visualizing TfR1 expression in vivo at such an early time point post-35 

injection. 36 

 37 

Despite these promising results, several limitations remain. First, the current study focused on a single 38 
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glioma model, thereby limiting its assessment to tumor types with variable TfR1 expression levels. 1 

Although TfR1 is overexpressed in many cancers, using only one tumor model precludes direct 2 

comparisons of [68Ga]Ga-TfRB1G3 accumulation across different malignancies. Nonetheless, this 3 

work represents the first preclinical evaluation of this novel radiopharmaceutical, demonstrating its 4 

potential by assessing cellular accumulation, biodistribution, and optimal imaging time points after 5 

probe injection. Particularly, the favorable results, showing higher accumulation of [68Ga]Ga-6 

TfRB1G3 in tumors than in any other organ except the kidneys (Figs. 4 and 5), suggest that it has 7 

potential for various tumor imaging applications and warrant further investigation. Second, this study 8 

employed a subcutaneous xenograft model of glioma, which does not fully replicate the clinical 9 

characteristic of glioma in patients. As shown in Fig. 4, the accumulation of [67Ga]Ga-TfRB1G3 in 10 

the brain was substantially low, indicating that this radioligand does not efficiently cross the intact 11 

blood brain barrier. Consequently, the accumulation of [68Ga]Ga-TfRB1G3 in glioma tissues may be 12 

limited when the blood brain barrier remains intact. However, it is important to note that the integrity 13 

of the blood brain barrier is often compromised in glioma patients [35-37], potentially allowing 14 

[68Ga]Ga-TfRB1G3 to penetrate brain tissues and bind to TfR1 expressed on glioma cells. Future 15 

studies employing orthotopic glioma models would be essential to more accurately assess the 16 

potential and limitations of [68Ga]Ga-TfRB1G3 for imaging glioma in a clinically relevant context. 17 

Finally, the renal accumulation of [68Ga]Ga-TfRB1G3 remains relatively high. Future optimization 18 

of its pharmacokinetics may be achieved by incorporating cleavable linkers between the chelator and 19 

peptide [38, 39] , which represents a key direction for further enhancing its clinical value. 20 

 21 

Because of the overexpression of TfR1 in many types of tumor cells, efforts have been made to 22 

develop TfR1-targeted cancer therapies [40, 41]. For the successful clinical implementation of TfR1-23 

targeted therapies, it is crucial to select patients with TfR1-positive tumors who are likely to benefit 24 

from the treatment. [68Ga]Ga-TfRB1G3 PET imaging would enable the selection of such patients by 25 

providing a non-invasive evaluation of TfR1 expression in tumor tissues. This is a significant 26 

advantage over other invasive diagnostic methods, such as biopsy, which requires tissue sampling to 27 

assess TfR1 expression. Another advantage is associated with the rapid pharmacokinetics of 28 

[68Ga]Ga-TfRB1G3, which are clinically beneficial in reducing patient burden and radiation exposure. 29 

Additionally, 68Ga is one of the most clinically accessible PET radionuclides due to the availability 30 

of commercially produced 68Ge/68Ga generators. The short physical half-life of 68Ga allows re-31 

examination as early as the following day, which makes it possible to monitor dynamic changes in 32 

TfR1 expression levels. Furthermore, HBED-CC-TfRB1G3, the precursor of [68Ga]Ga-TfRB1G3, 33 

can be chemically synthesized. This feature can potentially reduce production costs and offer an 34 

additional advantage over protein-based imaging agents, which are typically produced by bacteria or 35 

mammalian cells, followed by complex purification processes. Thus, [68Ga]Ga-TfRB1G3 has the 36 

potential to serve as a clinically useful companion diagnostic agent to TfR1-targeted cancer therapies. 37 

TfR1 also plays an important role in ferroptosis [42], a form of regulated cell death characterized by 38 
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intracellular iron overload and lipid peroxidation. Due to its distinctive mechanism from other forms 1 

of cell death, effective ferroptosis inducers are expected to be promising drug candidates for cancer 2 

therapy [41, 43]. Our group recently reported that the TfR1 expression level, as determined by 3 

radiolabeled transferrin, may predict the sensitivity of cancer cells to a ferroptosis inducer [16]. In 4 

addition, it has also been demonstrated that the TfR1 expression level is upregulated upon the 5 

induction of ferroptosis [29], though the exact mechanism remains to be elucidated. Thus, in vivo 6 

imaging of TfR1 using [68Ga]Ga-TfRB1G3 may serve as a valuable tool in ferroptosis research, 7 

including prediction of treatment sensitivity, assessment of early response to ferroptosis induction, 8 

and understanding of the role of TfR1 in ferroptosis progression.  9 

Notably, the tumor accumulation of [68Ga]Ga-TfRB1G3 did not decrease over the whole imaging 10 

period, while the renal accumulation gradually decreased during the same period (Fig. 5b). This result 11 

suggests that TfRB1G3, radiolabeled with a therapeutic radionuclide possessing a longer physical 12 

half-life, can be used for targeted radiopharmaceutical therapy, as the radiation dose to the tumor 13 

expected to be higher than that to the kidneys. Although TfRB1G3 derivatives labeled with another 14 

radionuclide may exhibit different pharmacokinetic profiles, the potential of TfRB1G3 for TfR1-15 

targeted radiopharmaceutical therapy deserves further evaluation. 16 

 17 

Conclusion 18 

In this study, we designed and synthesized [68Ga]Ga-TfRB1G3, a novel peptide-based PET imaging 19 

agent targeting TfR1, and evaluated its potential through preclinical experiments. [68Ga]Ga-TfRB1G3 20 

showed excellent affinity and specificity for TfR1. [68Ga]Ga-TfRB1G3 provided clear PET images 21 

of TfR1-positive tumors shortly after the injection, a significant advantage over protein-based TfR1 22 

imaging agents. In vivo imaging of TfR1 using [68Ga]Ga-TfRB1G3 offers various potential 23 

applications, which include assessing the prognosis of cancer patients, selecting eligible patients for 24 

TfR1-targeted therapy, and elucidating the role of TfR1 in ferroptosis. Thus, [68Ga]Ga-TfRB1G3 25 

would make a significant contribution to both clinical and fundamental research involving TfR1.  26 

 27 

  28 
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