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ABSTRACT: Dextrorotary (D) peptides, composed of D-amino acids, are hyper-
resistant to proteolytic hydrolysis, making them valuable ligands with excellent in
vivo stability for radiopharmaceutical development. Multimerization is a well-
established strategy for enhancing the in vivo performance of L-peptide-based
radiopharmaceuticals. However, the effect of multimerization on the in vivo fate
of D-peptide-based radiopharmaceuticals remains largely unexplored. Here, we
synthesized the D-peptide DPA, which targets PD-L1, along with its dimer
(DP2) and trimer (DP3). PET/CT imaging and ex vivo biodistribution studies
were performed to delineate the pharmacokinetics and target interactions of
[68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 in both normal and tumor-bearing
mice. Our results revealed that tumor uptake and kidney retention increased with
higher valency ([68Ga]DP3 > [68Ga]DP2 > [68Ga]DPA). No significant
differences were observed in the liver, heart, lung, spleen, intestine, or bone
among the three radiotracers. Interestingly, a significant reduction of radioactivity in the bloodstream was detected for the
[68Ga]DP3-treated group compared to the other two groups. Data analysis revealed that chiral configuration of amino acids and the
linking chemistry used in multimerization are the two dominant factors in the in vivo fate of D-peptide multimers. These findings
indicate that D-peptide multimerization exerts a distinct influence on in vivo profiles compared to L-peptide multimerization. This
study deepens our understanding of how mirror-imaged peptides/proteins interact with the living systems, paving the way for the
development of radiopharmaceuticals that harness D-peptides as targeting moieties.
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1. INTRODUCTION
D-peptides, composed of D-enantiomeric amino acids, are
hyper-resistant to proteolytic degradation, leading to enhanced
in vivo stability and bioavailability.1 Compared with L-peptides,
D-peptides exhibit opposite homochiral configurations at the α
carbon adjacent to the carboxyl group,2,3 resulting in mirror-
image structures of their L-counterparts. This unique property
allows D-peptides to mimic the binding abilities of L-peptides
while remaining unrecognizable to naturally occurring
enzymes.4 As a result, D-peptides are promising candidates as
targeting ligands for radiopharmaceuticals, particularly in
targeted radionuclide therapy.
The identification of D-peptide ligands for specific proteins

can be efficiently achieved using the mirror-image phage
display (MIPD) method.5 In this approach, D-proteins are
chemically synthesized and screened against L-peptide ligands.
The interactions between L-targets and D-peptides mirror those
between D-targets and L-peptides. Consequently, the D-
enantiomeric form of an identified L-peptide retains its ability
to bind L-targets without compromising binding affinity.
Several D-peptide-based radiopharmaceuticals with remarkable
in vivo performance have been reported to date.6−8 Notably,
our group was the first to track the whole-body in vivo behavior
of a D-peptide, DPA, which targets the programmed death-1

ligand (PD-L1).7 This peptide was identified using the MIPD
method.8 Both our finding and human studies by other
researchers have demonstrated that DPA is a highly promising
ligand for positron emission tomography (PET) imaging of
PD-L1 expression levels in patients.
Numerous chemical strategies have been employed to

enhance the tumor uptake and accumulation of peptide-
based radiopharmaceuticals.9−14 One widely used approach is
multimerization, which increases the binding affinity of
radiopharmaceuticals.15−18 Several multivalent radiopharma-
ceuticals have demonstrated significant success in clinical trials.
For instance, [99mTc]3PRGD2, a single-photon emission
computed tomography (SPECT) radiotracer targeting integ-
rins for cancer detection, is currently awaiting regulatory
approval. This radiotracer was developed from a divalent RGD
peptide.19 Similarly, radiopharmaceuticals based on fibroblast
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activation protein (FAP) targeting tetramers and prostate
specific membrane antigen (PSMA) targeting multimers have
shown improved tumor uptake and antitumor efficacy in
preclinical studies.16,20 While multimerization can enhance the
pharmacodynamics of radiopharmaceuticals, it can also affect
their drug metabolism and pharmacokinetic (DMPK) proper-
ties. Previous research has extensively studied the multivalent
effects of L-peptide-based radiopharmaceuticals on DMPK.
However, the impact of multimerization on the DMPK profiles
of D-peptide-based radiopharmaceuticals remains largely unex-
plored.
Targeted radiopharmaceuticals have achieved significant

success in precision medicine.21−27 These agents can typically
be monitored using PET or SPECT scans,28−34 enabling real-
time, dynamic, and noninvasive tracking of their distribution
profile. By harnessing PET imaging as a tool, this study aimed
to investigate the pharmacokinetic and pharmacodynamic
properties of multivalent D-peptide-based radiotracers. Addi-
tionally, ex vivo biodistribution studies were carried out to
validate the imaging results. To explore the multivalent effects,
monomeric [68Ga]DPA, dimeric [68Ga]DP2, and trimeric
[68Ga]DP3 were synthesized and evaluated in both normal
mice and mice bearing PD-L1 overexpressing tumors.7 Key
factors influencing the pharmacodynamics and DMPK of these
tracers were analyzed. This study sheds light on the impact of
multivalency on the in vivo behavior of D-peptides, contributing
to the development of D-peptide-based radiotheranostics.

2. MATERIALS AND METHODS

2.1. Materials
All the chemicals used for synthesis were obtained from J&K Scientific
(Beijing, China), Macklin (Shanghai, China), and Titan (Shanghai,
China). DPA, DP2, and DP3 peptides were commercially purchased
from Shanghai Yaxian Chemical Co., Ltd. Gallium-68 was obtained at
Nanjing First Hospital (Nanjing, China) via a 68Ge/68Ga generator
(ITM, Munich, Germany). The successful synthesis of the targeting
peptides of the radiopharmaceuticals was confirmed by liquid
chromatograph mass spectrometer (LC-MS, Waters, Massachusetts,
USA). Samples were tested by a radioactive high-performance liquid
chromatography (radio-HPLC, Shimadzu, Kyoto, Japan). A 2480
Wizard autogamma counter (PerkinElmer WIZARD2 2480, MA,
USA) was used to measure the radioactivity (counts per minute,
CPM) for in vivo and in vitro evaluations.
In this study, we used antibodies including a mouse primary

antibody for PD-L1 (Cat no: 66248-1, Proteintech, Rosemont, USA),
a rabbit primary antibody for β-Actin (Cat no: AC038, Abclonal,
Wuhan, China), an HRP-labeled anti-mouse secondary antibody (Cat
no: AS003, Abclonal, Wuhan, China), an HRP-labeled anti-rabbit
secondary antibody (Cat no: AS014, Abclonal, Wuhan, China), and
an anti-mouse Alexa Fluor 488 secondary antibody (Cat no:
AB150113, Abcam, Cambridge, UK).

2.2. Cell Lines and Animals
Mouse melanoma B16F10, human glioblastoma U87MG, and human
malignant melanoma A375 cell lines were cultured in a humidified
CO2 incubator (37 °C, 5% CO2). The culture medium used was
Dulbecco’s modified Eagle medium (DMEM, C11995500BT,
Thermo Fisher Scientific, Waltham, USA) supplemented with 10%
fetal bovine serum (FBS, SE100-011, VISTECH, New South Wales,
AUS) and 1% penicillin/streptomycin (SV30010, Cytiva, Uppsala,
SE). The cells were passaged when 80−90% confluency was reached.
The animals were humanely cared, and the Animal Ethics

Committee of Nanjing Medical University approved all the animal
experiments. The mice used in this study were BALB/c-Nude mice
unless otherwise indicated. The experiments complied with the
guidelines set forth by the Committee for the Care and Use of

Laboratory Animals. The mouse models were established according to
standard methods. Tumor-bearing mice were injected with 1 × 106
B16F10 cells/mouse, 3 × 106 U87MG cells/mouse or 4.4 × 106 A375
cells/mouse. In vivo evaluations were performed on mice with tumor
volumes of approximately 100−300 mm3.

2.3. Radiolabeling
DPA, DP2, or DP3 peptide (10 μg) was first dissolved in 0.01 mL of
DMSO, and then the peptide solution was placed in 1 mL of 0.25 M
sodium acetate. Another 4 mL of 0.05 M hydrochloric acid solution
was passed through a 68Ge/68Ga generator to generate a hydrochloric
acid solution containing 68Ga. 68Ga was mixed with the precursor
solution at a ratio of 1:4 and incubated at 100 °C for 10 min. The
quality control of the radiotracers was determined via radio-HPLC.

2.4. Peptide Stability Assays
In vitro stability was assayed by incubating the radiotracers (20 μCi/
mL) with saline buffer (DPBS, C14190500BT, Thermo Fisher
Scientific, Waltham, USA) or mouse serum (ABS937, Absin,
Shanghai, China) at 37 °C with agitation for 2 h. After incubation,
the samples (20 μL) were analyzed via radio-HPLC.
For in vivo stability analysis, each mouse was injected with a

radiotracer (1 mCi/mouse) intravenously. Two hours postinjection
(p.i.), urine samples were collected by squeezing; blood samples were
collected through the abdominal cavity or orbits. The proteins in the
urine and blood samples were precipitated with an equal volume of
acetonitrile. After centrifugation (10,000 rpm, 10 min, room
temperature (RT)), the supernatant was collected and analyzed via
radio-HPLC.

2.5. Cellular Uptake and Competitive Binding Experiment
The U87MG cells were plated in 12-well plates and the experiments
were conducted until they reached 80% confluency. For the cellular
uptake evaluations, [68Ga]DPA/[68Ga]DP2/[68Ga]DP3 (10 μCi/
mL) was added, and then the cells were maintained at 37 °C for 5, 30,
60, or 120 min. The medium was then removed and the cells were
washed with cold PBS three times. Then, 300 μL NaOH (0.2 M) was
used to dissociate the cells, and the cell lysate was collected in a 1.5
mL tube. Autogamma counter was used to measure the radioactivity
of the cells.
For the competitive binding assay, unlabeled DPA, DP2, and DP3

were used as competitive inhibitors of [68Ga]DPA, [68Ga]DP2, and
[68Ga]DP3, respectively. For the measurement of binding affinity
(Ki), the radiotracers were co-incubated with different concentrations
of their unlabeled precursors for 2 h. The specific uptake of the
radiotracer was quantified. Binding affinity was simulated and
measured via Prism 8.0.2 software.

2.6. Western Blot
B16F10, U87MG, and A375 cells were lysed via radioimmunopreci-
pitation assay (RIPA, R0010, Solarbio, Beijing, China) buffer,
sonicated, and then centrifuged (12000 rpm, 20 min, 4 °C), after
which the supernatants were collected. The total protein concen-
tration was measured via a bicinchoninic acid (BCA) Kit (P0012,
Beyotime, Shanghai, China). First, electrophoresis was performed via
sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE) at 90 V for 20 min, followed by further electrophoresis for 40
min at 126 V. Then, membrane transfer was performed, and the
proteins were transferred to polyvinylidene difluoride (PVDF)
membranes for 50 min in an ice bath at 400 mA. After being
blocked at RT for 3 h in 5% skim milk, the PVDF membranes were
incubated with anti-PD-L1 primary antibody (1:1000, diluted in 5%
skim milk) overnight at 4 °C. Then, the secondary antibody (1:5000,
diluted in 1% TBST) against the primary antibody was added, and the
samples were incubated for 1 h at RT. After the samples were washed
three times with 1% Tris-buffered saline with Tween (TBST, T1082,
Solarbio, Beijing, China), immunoblotting was performed via a
Western blotting detection system after treatment with enhanced
chemiluminescence reagent (ECL, E411-04, Nanjing, China).
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2.7. Flow Cytometry Analysis of PD-L1 Expression
The cells (B16F10, U87MG, and A375) were dissociated and
collected into two 1.5 mL EP tubes, one tube for the negative control
and another for PD-L1 expression measurement. The cells were fixed
with 1% paraformaldehyde (PFA, BL539A, Biosharp, Anhui, China)
at RT for 15 min, and then permeated with 0.2% Tween-20 (R0010,
Solarbio, Beijing, China). An anti-mouse antibody against PD-
L1(1:500, diluted in 3% BSA) was added, and the mixture was
incubated for 1 h at 4 °C, followed by washing three times with
DPBS. The samples were subsequently washed three times with 3%
bovine serum albumin V (BSA-V, A8020, Solarbio, Beijing, China).
The anti-mouse Alexa Fluor 488 secondary antibody (1:2000, diluted
in 3% BSA) was add, and the mixture was incubated for 30 min at 4
°C. Analysis was performed via Attune NxT Acoustic Focusing
Cytometer (Thermo Fisher Scientific, Waltham, USA). The results
were analyzed via FlowJo 10.8.1 software.

2.8. Small Animal PET/CT Study in Normal Mice
Small animal PET/CT imaging was performed via Inveon Micro-
PET/CT (Siemens Medical Solutions, Knoxville, Munich, Germany).
Each mouse (n = 3) was injected with 100 μCi of [68Ga]DPA,
[68Ga]DP2, or [68Ga]DP3 intravenously. Dynamic PET/CT imaging
was performed in normal mice, which started immediately after the
injection and lasted for 60 min. The results were analyzed for 0−5
min, 6−15 min, 16−30 min, 31−45 min, and 46−60 min. The
radioactivity was decay-corrected to the injection time and presented
as a percentage of the total injection dose per gram (%ID/g).

2.9. Small Animal PET/CT Study in Tumor-Bearing Mice

Three kinds of tumor-bearing mice (B16F10, U87MG, and A375)
were injected with 100 μCi/mouse (n = 3) via the tail vein, and a
series of PET/CT scans was performed at 30, 60, 120, and 240 min
p.i. for the B16F10 tumor-bearing mice; and at 30, 60, and 120 min
for the U87MG tumor-bearing mice; and at 30 and 60 min for the
A375 tumor-bearing mice. For blocking experiments, PD-L1 was
blocked with BMS-1 (500 μg/mL; 100 μL; p.i.), and [68Ga]DPA,
[68Ga]DP2 or [68Ga]DP3 was injected 5 min later. The decay-
corrected %ID/g of tumors and each organ was then calculated.

2.10. Ex Vivo Biodistribution

The radiotracers [68Ga]DPA, [68Ga]DP2, or [68Ga]DP3 were injected
intravenously into normal mice and U87MG tumor-bearing mice (50
μCi/mouse, n = 3). Three mice were sacrificed at 5, 30, 60, and 120
min p.i. after being treated with isoflurane. The tumors, blood, and
major organs were dissected, wet weighed, and applied to the
autogamma counter to measure the radioactivity of the organs. The
decay-corrected %ID/g of each organ was then calculated.

2.11. Statistical Analysis

Each data point represents the mean ± SD of at least three
independent experiments (n ≥ 3) with normally distributed
characteristics. Statistical data were analyzed using GraphPad Prism
8.0.2, based on student t test. Data were considered statistically
significant at p values <0.05.

Figure 1. Schematic diagram of the chemical structures and binding patterns of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3. (A) Schematic structure
of the monomer [68Ga]DPA. The peptide is connected to a DOTA through a PEG3 linker. (B) Schematic structure of dimeric [68Ga]DP2. (C)
Synthetic flowchart of trimeric [68Ga]DP3. The orange part is the site for 68Ga chelation. (D) Proposed binding patterns of monomeric
[68Ga]DPA, dimeric [68Ga]DP2, and trimeric [68Ga]DP3 to PD-L1 on the tumor cell surface. Higher valency is expected to have greater binding
ability.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and In Vitro Evaluation of [68Ga]PDA,
[68Ga]DP2, and [68Ga]DP3

The dimeric peptide DP2 and the trimeric peptide DP3 were
designed based on our previously reported PD-L1-targeted D-
peptide, DPA (Figure 1A−C).7 The sequence of the DPA
peptide is nyskptdrqyhf, conjugated with the chelator DOTA.
DPA was linked to DOTA via a miniPEG3 chain and a
glutamate residue to form the dimeric peptide DP2 (Figure
1A,B, Figure S1). DP3, on the other hand, was linked via click
chemistry using the TRAP chelator (Figure 1C, Figure
S2).18,35 The molecular weights of DPA, DP2, and DP3
were 2143.3, 4216.6, and 5648.8, respectively, as determined
by LC−MS (Figures S3 and S4, Table S1). These three D-
peptide precursors were labeled with 68Ga, producing [68Ga]-
DPA, [68Ga]DP2, and [68Ga]DP3, which achieved radio-
chemical yields (RCYs) greater than 98% (Table 1, and Figure
S5−S7).

The main purpose of the multimerization strategy is to
enhance the binding capacity to target proteins (Figure 1D).
To evaluate this, the binding affinities of [68Ga]DPA,
[68Ga]DP2, and [68Ga]DP3 to PD-L1 on U87MG tumor
cells were assessed. A time-dependent uptake of the three
radiotracers was observed (Figure 2A). Additionally, a
competitive binding assay was performed, with different
concentrations of a precursor used to block PD-L1 (Figure
2B). The inhibition constants (Ki) for [68Ga]DPA, [68Ga]DP2,
and [68Ga]DP3 were 115.9 nM, 110.5 nM, and 93.66 nM,
respectively. These results suggest that the cell uptake of the
multivalent radiotracers, [68Ga]DP2 and [68Ga]DP3, was
greater than that of [68Ga]DPA.
3.2. PET/CT Evaluation of Tumor Uptake in Different
Tumor-Bearing Mice

PET/CT scans of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3
were performed in three tumor-bearing mouse models:
U87MG, B16F10, and A375. Western blotting and flow
cytometry confirmed PD-L1 expression in these three cell lines
(Figure 2C−E), with the highest expression detected in
B16F10 cells. PET/CT imaging showed significant radiotracer
uptake in all three PD-L1-expressing tumor models within 60
min p.i. (Figure 3A). Quantitative PET/CT imaging data
revealed that tumor uptake of [68Ga]DP3 was greater than that
of [68Ga]DPA and [68Ga]DP2 in all three tumor models at
each time point (Figure 3B).
Notably, the uptake profiles differed across the three tumor-

bearing mouse strains. Tumor uptake of both [68Ga]DP2 and
[68Ga]DP3 was increased in the B16F10 tumor allografts, with
[68Ga]DP3 showing the highest uptake, consistent with in vitro
results. However, although uptake of [68Ga]DP3 improved in
U87MG xenograft, no significant difference was observed
between [68Ga]DPA and [68Ga]DP2. Additionally, increased
tumor uptake of [68Ga]DP2 was observed only at 60 min p.i. in
A375 xenografts (Figure 3B).

Table 1. Radiochemical Yields and Chelators of the
Radiotracersa

Radiotracer [68Ga]DPA [68Ga]DP2 [68Ga]DP3

radiochemical yield (RCY) 98% 98% 98%
chelator DOTA DOTA TRAP

aThe radiochemical yields of the radiotracers used in this study were
greater than 98%. The chelators used for labeling these radiotracers
are listed in the table. The radiochemical yields were determined by
radio-HPLC. The chromatographic column used was a YMC-Triat-
C18 column (4.6 mm inner diameter, 150 mm length, 5 μm particle
size). The solvent gradient was as follows: solvent A, aqueous solution
with 0.1% trifluoroacetic acid (TFA); solvent B, acetonitrile with 0.1%
TFA. The data were acquired over 15 min, with acetonitrile
concentration increasing from 20% to 90%, and the flow rate was
set to 1 mL/min.

Figure 2. Expression of PD-L1 and in vitro assessment of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3. (A) The uptake of [68Ga]DPA, [68Ga]DP2, and
[68Ga]DP3 in the U87MG cell line showed a time-dependent pattern. (B) Competitive binding of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 was
evaluated in the U87MG cell line. (C, D) PD-L1 expression was verified by Western blot (C) and quantification (D) in three cell lines, with the
highest expression detected in the B16F10 cells. (E) PD-L1 expression was also analyzed by flow cytometry in the U87MG, B16F10, and A375 cell
lines, showing the highest expression in the B16F10 cells. The data are presented as means ± SD; n = 3.
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Figure 3. PET/CT imaging of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 in tumor-bearing mice. (A) PET/CT images of [68Ga]DPA, [68Ga]DP2,
and [68Ga]DP3 in B16F10, U87MG, and A375 tumor-bearing mice. Mice were injected with 100 μCi/mouse via the tail vein. B16F10 tumor-
bearing mice were imaged at 30, 60, 120, and 240 min p.i.; U87MG tumor-bearing mice were imaged at 30, 60, and 120 min p.i.; and A375 tumor-
bearing mice were imaged at 30 and 60 min p.i. The dashed circles indicate the tumors. (B) Tumor uptake in the B16F10, U87MG, and A375
tumor-bearing mice were quantified based on PET/CT imaging of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 at 30 and 60 min p.i.. #p < 0.05,
**/##p < 0.01, ***/###p < 0.001. * indicates comparison with [68Ga]DPA. # indicates a comparison between [68Ga]DP2 and [68Ga]DP3. The
data are presented as means ± SD; n = 3.

Figure 4. Blocking studies of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 in tumor-bearing mice. (A) B16F10, U87MG, and A375 tumor-bearing mice
were first injected with the PD-L1 inhibitor BMS-1, followed by injection of [68Ga]DPA, [68Ga]DP2, or [68Ga]DP3 for PET/CT imaging. The data
acquisition times were the same as those used for PET/CT imaging of tumor-bearing mice in Figure 3A. (B) Quantitative results at 30 and 60 min,
based on both standard and blocking PET/CT imaging in B16F10, U87MG and A375 tumors. The solid line represents tumor uptake in
nonblocked mice, while the dotted line represents the blocking results. Data are presented as means ± SD, n = 3.
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The differences in tumor uptake may be attributed to
varying levels of PD-L1 expression and different across the
three cell lines. B16F10 cells exhibited the highest PD-L1
expression, A375 cells showed moderate expression, and
U87MG cells had low expression. Additionally, since DPA
was developed using human PD-L1 for screening, the species
difference between B16F10 (a mouse cell line) and human PD-
L1 may reduce DPA’ s ability to recognize mouse PD-L1.
Previous studies have reported that DPA has good affinity and
specificity for human PD-L1, and that multimerization may not

alter these properties.6−8 Nonetheless, the tumor uptake of
[68Ga]DP3 was consistently higher in all three tumor models,
indicating that the trimerized D-peptide had an enhanced
binding affinity for PD-L1.
To further confirm the specific binding of the radiotracers,

[68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 were co-injected with
excess of BMS-1, a PD-L1 inhibitor, for blocking PET-CT
imaging study (Figure 4A). Quantitative data for tumor uptake
of the three radiotracers at 30 and 60 min p.i. were collected
(Figure 4B). Tumor uptake of all three radiotracers was

Figure 5. Dynamic PET/CT imaging and ex vivo biodistribution analysis of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 in normal mice. (A) Dynamic
PET/CT imaging of the three radiotracers in normal mice. Mice were injected with 100 μCi/mouse of [68Ga]DPA, [68Ga]DP2, or [68Ga]DP3 via
the tail vein, then immediately subjected to a 60-min dynamic PET/CT scan. (B) Ex vivo biodistribution studies of radiotracers in normal mice.
Mice were intravenously injected with 50 μCi/mouse of each radiotracer. Blood, heart, liver, spleen, lung, kidney, stomach, intestine, pancreas,
muscle, bone, and brain samples were collected at 5, 30, 60, and 120 min p.i. and analyzed with an autogamma counter to measure radioactivity.
(C) Analysis of changes in uptake over time in eight major organs. Liver uptake was low overall, while kidney uptake showed a significant increase.
The data are presented as means ± SD; n = 3.
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significantly reduced after PD-L1 blockade, further demon-
strating the specificity of their binding to PD-L1 (Figure 4A,B).
3.3. Analysis of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 in
Normal Mice and Tumor Bearing Mice

To investigate the effects of multimerization on pharmacoki-
netic characteristics, we first performed dynamic PET/CT
scans of the three radiotracers in normal mice within 60 min
p.i. PET/CT imaging showed that [68Ga]DPA, [68Ga]DP2,
and [68Ga]DP3 were primarily excreted via renal metabolism,
with minimal accumulation in the liver (Figure 5A). This
finding was consistent with the ex vivo biodistribution analysis
in normal mice (Figure 5B). The data were analyzed for uptake
in eight major organs: liver, kidney, blood, heart, lung, spleen,
intestine, and bone (Figure 5C). Compared to the monomer
[68Ga]DPA, both the dimer [68Ga]DP2 and the trimer

[68Ga]DP3 showed a significant increase in kidney uptake.
However, in the blood, [68Ga]DP2 and [68Ga]DP3 exhibited
different patterns, with [68Ga]DP2 showing slight increased
uptake, while [68Ga]DP3 showed decreased uptake. Uptake
tendency in the heart, lung, spleen, intestine, and bone was
similar for all three radiotracers, with slight increases observed
for [68Ga]DP2 and [68Ga]DP3, but lower uptake at 5 min p.i.
Ex vivo biodistribution studies of [68Ga]DPA, [68Ga]DP2,

and [68Ga]DP3 were also performed in U87MG tumor-bearing
mice (Figure 6A). The organ uptake in tumor-bearing mice
was generally similar to that observed in normal mice (Figures
5C, 6B). The highest tumor uptake was observed with
[68Ga]DP3, which decreased over time, consistent with
PET/CT imaging findings. The low liver uptake of all three
radiotracers suggests that multimerization did not significantly

Figure 6. Ex vivo biodistribution analysis of [68Ga]DPA, [68Ga]DP2, and [68Ga]DP3 in tumor-bearing mice. (A) Ex vivo biodistribution studies of
radiotracers in tumor-bearing mice. U87MG tumor model mice were injected with 50 μCi/mouse via the tail vein; At 5, 30, 60, and 120 min p.i.,
blood, heart, liver, spleen, lung, kidneys, stomach, intestines, pancreas, muscle, bone, brain, and tumors were harvested and analyzed for
radioactivity distribution with a autogamma counter. (B) Tumor and major organ uptake over time. Tumor uptake was enhanced with
multimerization. Uptake in the other organs showed slightly difference compared to normal mice. The data are presented as means ± SD; n = 3.
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affect the lipophilicity of D-peptides, which is a key factor in
determing the liver retention. In the kidneys, both normal and
tumor-bearing mice showed significantly increased uptake of
[68Ga]DP2 and [68Ga]DP3. The uptake of [68Ga]DP2
increased rapidly at 30 min p.i., followed by a slower rise
(Figure 6B). Uptake in the blood and heart was similar to that
observed in normal mice. The intestinal uptake of [68Ga]DP3
was higher than that of [68Ga]DP2 and [68Ga]DPA at 30 min
p.i., but not at 5 min p.i. (Figure 6B), consistent with findings
in normal mice. Increased uptake of [68Ga]DP3 was observed
in the lungs at 120 min p.i., which was different from the
pattern in normal mice. Notable differences in biodistribution
were observed between tumor-bearing mice and normal mice,
suggesting that cancer may influence the physiological
characteristics and functions of major organs (Figure 5A,B).
Multimerized D-peptide-based radiotracers, particularly the

trimerized [68Ga]DP3, primarily accumulated in tumors,
indicating that multimerization enhances binding affinity,
similar to the effects observed with L-peptides (Figure 7).
No significant increase in blood accumulation was observed for
either [68Ga]DP2 or [68Ga]DP3, which contradicts the
conventional theory that multimerization leads to prolonged
blood circulation and long-acting effects. A slight increase in
blood accumulation was noted for [68Ga]DP2, likely due to the
PEG chain-based linker, which can bind to albumin, slowing its

clearance from the bloodstream.36 In contrast, the blood
uptake of [68Ga]DP3, which used a click chemistry-based
linker (TRAP) without PEG chains, was significantly lower
than those of [68Ga]DPA and [68Ga]DP2. These results
underscore the importance of linker chemistry in modulating
the in vivo pharmacokinetic of multimerized peptides (Figure
7B,C).
Furthermore, the residence of radiotracers in the blood can

also be influenced by changes in their original lipophilicity.
Covalent radiotracers can bind to blood proteins, which may
increase their retention in the bloodstream. This study suggests
that linkers based on click chemistry and PEG-free designs may
be more advantageous in terms of biosafety. The appropriate
choice of linker chemistry for developing multivalent peptide-
based radiopharmaceuticals could increase tumor accumula-
tion while minimizing blood toxicity, a key concern in clinical
radiopharmaceuticals.
The overall effect of multimerization on liver uptake and

other major organs was not significant, indicating that
multivalency does not substantially alter the physicochemical
properties of D-peptides, particularly their lipophilicity.
However, multivalency significantly increased kidney uptake,
with a greater effect than observed for multivalent L-
peptide.37−43 This is likely due to the larger molecular size
of the dimer and trimer radiotracers, which affects their

Figure 7. Effect of valency on the in vivo fate of D-peptide and L-peptide radiotracers. (A) Schematic illustration of the degradation and excretion of
L-peptide and D-peptide in the blood and kidneys. L-Peptides are prone to degradation in the blood and are rapidly eliminated by the kidneys. In
contrast, D-peptide cannot be recognized or degraded by proteases, giving them enhanced in vivo stability. Due to their large size, D-peptides are
slowly eliminated by the kidneys. (B) Effect of uptake in tumors and major organs. Tumor uptake is primarily increased through multimerization.
Liver uptake is unaffected by the linkers, chirality, or multimerization. D-Peptide-based radiotracers show a greater impact on kidney uptake
compared to their L-peptide counterparts. Blood toxicity is strongly influenced by linking chemistry. (C) Effects of multimerization on tumors and
major organs, along with their corresponding determinants. Tumor uptake is influenced by binding affinity, liver uptake is influenced by
lipophilicity, kidney excretion is related to peptide size, and blood toxicity is influenced by linking chemistry. Part of the images were created using
Biorender.
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glomerular filtration rate. Peptides or proteins larger than 35 Å
are less efficiently filtered from the glomerulus into the ureter.
Multimerized D-peptides, which are more resistant to proteases
degradation, have a larger hydrodynamic size, leading to
increased retention in the kidneys but less clearance into the
bladder (Figure 7A).
Increased kidney accumulation may raise concerns about

nephrotoxicity, suggesting that strategies aimed at enhancing
kidney excretion and providing kidney protection should be
considered in the further development of D-peptide-based
radiopharmaceuticals.44,45 For example, peptide sequence
modification/insertion (e.g., inserting MVK tripeptide to the
N-terminal of peptides) during radiopharmaceutical develop-
ment can be considered for facilitating renal excretion.44

Moreover, coadministration of kidney-protective agents, such
as succinylated gelatin, could help improve renal metabolism
and reduce toxicity.45

4. CONCLUSIONS
This study provides valuable insights into how the multi-
merization of D-peptide-based radiopharmaceuticals influences
their in vivo pharmacokinetic and pharmacodynamic proper-
ties. While multivalency significantly increased tumor uptake,
its primary impact was observed in kidney accumulation, which
depends on the chiral configuration of amino acids. Changes in
blood uptake further emphasized the critical role of linking
chemistry in shaping the in vivo performance of these
radiopharmaceuticals. Notably, multivalency had minimal
effects on other major organs, underscoring the biosafety of
multimerized D-peptides. The findings presented in this study
offer crucial guidance for developing multimerized D-peptide
radiopharmaceuticals and represent an important step toward
the discovery of effective radiotheranostics.
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