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ABSTRACT: CD133 has been recognized as a prominent biomarker for cancer stem
cells (CSCs), which promote tumor relapse and metastasis. Here, we developed a
clinically relevant, stable, and peptide-based positron emission tomography (PET) tracer,
[64Cu]CM-2, for mapping CD133 protein in several kinds of cancers. Through the
incorporation of a 6-aminohexanoic acid (Ahx) into the N terminus of a CM peptide, we
constructed a stable peptide tracer [64Cu]CM-2, which exhibited specific binding to
CD133-positive CSCs in multiple preclinical tumor models. Both PET imaging and ex
vivo biodistribution verified the superb performance of [64Cu]CM-2. Furthermore, the
matched physical and biological half-life of [64Cu]CM-2 makes it a state-of-the-art PET
tracer for CD133. Therefore, [64Cu]CM-2 PET may not only enable the longitudinal tracking of CD133 dynamics in the cancer
stem cell niche but also provide a powerful and noninvasive imaging tool to track down CSCs in refractory cancers.

■ INTRODUCTION

Cancer recurrence and metastasis are the major causes of
tumor-associated deaths. A subset of pluripotent tumor
progenitor cells has been identified as cancer stem cells
(CSCs).1 Increasing evidence has shown that CSCs are
capable of self-renewal, long-term propagation, and long-
distance dissemination and can drive tumor initiation and
relapse. Therefore, therapeutic strategies designed to specifi-
cally eliminate CSCs are critical for preventing cancer relapse
and for improving the overall survival of patients.2 Unfortu-
nately, CSCs maintain a high level of resistance to conven-
tional chemo- and radiotherapies, which makes targeting CSCs
challenging.3

Furthermore, CSCs usually represent a very minor
subpopulation of cancer cells in bulky tumors, and their
abundance is highly heterogeneous among different types of
tumors; this makes the detection of CSCs in tumors
particularly challenging.4 Conventional diagnostic tools, such
as magnetic resonance (MR) and immunohistochemistry
(IHC), are insufficient to accurately delineate the CSCs in
tumors.5,6 Hence, the development of noninvasive imaging
tools that can quantitatively map the location and abundance
of CSCs in lesions is exceptionally important and may not only
facilitate the exploration of the fundamental biological
functions of CSCs but also foster the development of CSC-
targeting therapeutics. Among all current clinically relevant
diagnostic techniques, positron emission tomography (PET)
with high sensitivity and quantitative attributes has been well
recognized as a superb imaging tool to annotate the biological
status of tumors by using metabolic or molecular targeting

radiotracers.7−14 Therefore, the development of CSC-specific
PET tracers will be a critical step on the way to tackling CSCs.
CD133, also known as prominin-1, is a five-transmembrane

glycoprotein originally detected in hematopoietic progenitor
cells and neuroepithelial stem cells.15 Recently, CD133 was
further discovered to be expressed in a variety of cancers
including brain, colon, pancreatic, lung, liver, prostate, and
ovarian cancers as well as melanomas, sarcomas, and several
kinds of leukemia.16−23 Moreover, a multitude of studies have
suggested that CD133 is an essential biomarker and
therapeutic target for CSCs.24,25 To enable noninvasive
detection of CSCs in tumors, several studies have reported
the development of optical or radioprobes for CD133.26,27

Nevertheless, PET tracers that are ultrasensitive, suitable for
long-term in vivo monitoring, and can be cleared quickly by
the kidneys have not yet been developed. Here, we report the
development of a stable peptide-based PET tracer for CD133
(Scheme 1).

■ RESULTS AND DISCUSSION
CM-1 is a CD133 binding peptide, which was originally
identified in a screen and shown to have high binding affinity
for CD133 (KD = 7.37 nM).28 A CM-conjugated second near-
infrared (NIR-II) probe was constructed and demonstrated as
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a superior imaging probe for CD133 detection in a tumor
model. Due to the high binding affinity and quick renal
excretion of the CM peptide, we envisioned that the CM
peptide could be an ideal targeting moiety for more clinically
relevant PET probes. With this hypothesis in mind, we
synthesized a peptide called CM-1, which presents an N-
terminal 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) as a chelator for 64Cu labeling (Figure 1A).

The radiotracer [64Cu]CM-1 was then produced with
satisfactory radiocharacteristics (Table 1). However, it showed
fast degradation in mouse serum, as approximately 22.4 and
20.1% of intact [64Cu]CM-1 remained after 1 and 2 h
incubation, respectively (Figure 1B). The poor stability of
[64Cu]CM-1 limits its clinical usefulness.
To improve the stability of CM-1, peptide stabilization

strategies, such as macrocyclization, stapling, D-amino acid
replacement, and others, can be undertaken.11,29−33 Among
them, N-terminal modification is an effective and direct way to
ameliorate peptide stability.8,14,34 Moreover, it generally
preserves the specific binding mode of the original peptide.
We therefore synthesized a peptide called CM-2, in which a 6-
aminohexanoic acid (Ahx) linker is anchored between the N
terminus of the peptide and the DOTA (Figure 1A).
[64Cu]CM-2 had a similar radiocharacteristic profile to
[64Cu]CM-1 (Table 1). Moreover, Ahx modification led to
an increase in the lipophilicity of the peptide, as the partition
coefficient (cLogP) of [64Cu]CM-2 became larger than that of

[64Cu]CM-1 (−1.93 vs −2.84). Expectedly, the stability of
[64Cu]CM-2 was significantly improved: approximately 94.9
and 91.9% of intact tracers remained after 1 h and 2 h of
incubation, respectively (Figure 1C). This result establishes
[64Cu]CM-2 as a promising PET tracer for preclinical animal
study.
Next, we measured CD133 protein levels in five cancer cell

lines, including murine melanoma B16F10, human hepatocel-
lular carcinoma Huh-7, human glioma U87MG, human
melanoma Bowes, and human breast cancer MDA-MB231.
Flow cytometry analysis showed that Huh-7 cells have the
highest CD133 levels, as approximately 74.5% of the cells were
CD133-positive (Figure 2A). However, for B16F10, U87MG,

and Bowes cell lines, the CD133-positive populations were 1−
3% of the total (Figure 2A and Figure S1). Moreover, we
detected no CD133 expression in MDA-MB231 cells (Figure
S1). These results are consistent with those reported
previously.23,35

To examine whether Ahx incorporation alters the binding
affinity of the CM peptide, we compared the uptake of

Scheme 1. Schematic Illustration of Our Approacha

a[64Cu]CM-2 was designed as a PET radiotracer for CD133 to detect
the cancer stem cell populations in tumors.

Figure 1. (A) Chemical structures of radiotracers [64Cu]CM-1 and
[64Cu]CM-2. In the latter, an Ahx was positioned at the N terminus to
space the peptide and DOTA. (B, C) In vitro stability of [64Cu]CM-1
(B) and [64Cu]CM-2 (C). Both radiotracers were incubated in mouse
serum for 1 and 2 h at 37 °C and then analyzed by radio HPLC.
Orange dashed lines indicate the peaks of the intact radiotracers. The
numbers in orange indicate the fraction of intact radiotracers.

Table 1. Quality Control Results for [64Cu]CM-1,
[64Cu]CM-2, and [64Cu]CM-3a

tracer [64Cu]CM-1 [64Cu]CM-2 [64Cu]CM-3c

retention time 8.18 8.36 8.28
cLogP −2.84 −1.93 −2.15
radiochemical yield (%) >99 >99 >99
molar activity (GBq μmol−1) >74 >74 >74
radiochemical purity (%)b >98 >98 >98
chelator DOTA DOTA NODAGA
aRadiochemical yield (RCY), molar activity, and radiochemical purity
of the as-prepared tracer. Data are expressed as mean values (n = 7).
bThe radiochemical purity was determined by HPLC with the
conditions as follows: column, YMC-Triat-C18 column (4.6 mm i.d.
× 150 mm, 5 μm); solvent gradient, 10−90% acetonitrile (0.1%
trifluoroacetic acid (TFA)), 20 min; flow rate, 1 mL/min.
c[64Cu]CM-3 is an analog of [64Cu]CM-2 while differing by the
chelator type. NODAGA: 1,4,7-triazacyclononane,1-glutaric acid-4,7-
acetic acid.

Figure 2. (A) Flow cytometry analysis of the levels of CD133 protein
in different cancer cell lines. PE: phycoerythrin; SSC: side-scatter; the
cells gated in the upper right panels were assigned as CD133-positive
cells, and their proportions are indicated in the panels (number in
black %). (B) Cellular uptake of [64Cu]CM-2 in Huh-7 cells at 4 or
37 °C. The block study was performed using antiCD133 (0.1 mg/
mL) as a blocking agent. Statistical analysis was performed for 80 min
uptakes using two-way ANOVA, followed by Bonferroni’s multiple
comparisons test, n = 3, *P < 0.05. (C) Saturation binding curves of
[64Cu]CM-1 and [64Cu]CM-2 determined using a Huh-7 cell-based
assay.
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[64Cu]CM-1 and [64Cu]CM-2 by Huh-7 cells (Figure 2B).
CM peptides are positively charged in cell buffered conditions,
and they might cross the cell membrane via a non-CD133-
mediated endocytosis pathway.36 Moreover, Ahx is an aliphatic
linker, which may further enhance the nonspecific uptake of
[64Cu]CM-2. Indeed, [64Cu]CM-2 showed a higher uptake
than [64Cu]CM-1 at all measured time points at 37 °C (Figure
2B). To inhibit energetically promoted nonspecific uptake, we
then measured cellular binding of the tracers at 4 °C.
[64Cu]CM-2 displayed an almost identical uptake profile to
that of [64Cu]CM-1 (Figure 2B), indicating that [64Cu]CM-2
has a similar binding affinity to [64Cu]CM-1. In addition, we
directly measured the binding affinity of the tracers via a cell-
based assay. As shown in Figure 2C, [64Cu]CM-2 showed a
binding affinity (IC50) of 44.95 nM, which is similar to that of
[64Cu]CM-1 (IC50 = 52.55 nM).
To investigate whether [64Cu]CM-2 can be used to image

CD133-positive CSCs populations in mice, we first performed
a PET imaging study with [64Cu]CM-2 in a Huh-7 tumor-
bearing BALB/C nude mouse model. [64Cu]CM-2 showed
apparent accumulation and retention in Huh-7 tumors (Figure
3A, Figure S2, and Table S1). In addition, the tracer showed a

quick uptake and slow clearance by the liver, which is due
partially to the relatively high hydrophobicity of CM-2, which
might undergo oxidative degradation in the liver before
excretion. We also noticed that the degraded products were
efficiently excreted via the renal clearance pathway (Figure S2
and Table S1).
To verify our observations made using PET imaging, we

further conducted an ex vivo biodistribution study. Major
organs were excised from the Huh-7 tumor-bearing mice, and
the tracer uptake was expressed in % injection dose per gram of
tissue (% ID/g). The mean uptakes in the Huh-7 tumors were

3.77, 4.23, 6.89, and 6.19% ID/g at 1, 2, 6, and 18 h after
intravenous (i.v.) injection, respectively (Figure 3B and Table
S2). An ex vivo autoradiography was performed to dissect the
tracer’s spatial distribution in the tumor. As shown in Figure
S3, intense activity was shown in the central area of the tumor,
indicating a superb tumor penetrating ability of the tracer. The
highest uptake was shown in the kidney, while the intensity
manifested a fast drop from 1 to 18 h postinjection (p.i.),
indicating quick kidney−bladder clearance of [64Cu]CM-2.
The uptake ratios of tumor to organs are usually used to depict
the imaging contrast of PET images. We then calculated the
tumor to blood (T/B) and tumor to muscle (T/M) ratios. For
the four time points studied, the highest T/B ratio occurred at
18 h p.i. In contrast, the highest T/M ratio was achieved at 6 h
p.i. (Figure 3C). These results suggest that 2−18 h p.i. would
be a suitable time window for [64Cu]CM-2 PET imaging. To
confirm the CD133-specific uptake of the tracer, blocking PET
studies by coinjection of an excess of the unlabeled peptide or
antiCD133 monoclonal antibody (1 mg/kg) was performed
(Figure S4 and Figure 4, respectively). As a result, we observed
a significant decrease of the tracer uptake in the Huh-7 tumor
of the blocking group, suggesting a CD133-specific uptake in
the tumors.
Having demonstrated the capability of [64Cu]CM-2 PET to

visualize CSCs in CD133-overexpressing Huh-7 tumors, we
then investigated the general applicability of this imaging
modality in several other kinds of tumor models with low
CD133 expression. First, we performed a PET-CT study in a

Figure 3. (A) Series of coregistered sectional PET-CT images of
Huh-7 tumor-bearing BALB/C nude mice at different time points p.i.
of [64Cu]CM-2 (17 MBq/mouse, 0.2 mL, ∼0.5 nmol of CM-2).
Upper panels: axial view; lower panels: coronal view. White dashed
circles indicate Huh-7 tumors. (B) Ex vivo biodistribution of
[64Cu]CM-2 in major organs at different time points after i.v.
injection (3.7 MBq per mouse, 0.1 mL, ∼0.1 nmol of CM-2). S.
intestine: small intestine; Int. lym. node: intestine lymph node. Data
represent means ± SD, n = 3 for each point. (C) Uptake ratios of
tumor to blood (T/B) and tumor to muscle (T/M) calculated from
the ex vivo biodistribution data. Data represent means ± SD, n = 3.

Figure 4. A blocking PET study to verify the specificity of the tracer.
Series of coregistered sectional PET-CT images of Huh-7 tumor-
bearing BALB/C nude mice at different time points p.i. of (A)
[64Cu]CM-2 (18.5 MBq/mouse, 0.2 mL, ∼0.5 nmol of CM-2) or (B)
[64Cu]CM-2 (18.5 MBq/mouse, 0.2 mL, ∼0.5 nmol of CM-2) +
antiCD133 (1 mg/kg, administered 2 min prior to [64Cu]CM-2
injection). Upper panels: axial view; lower panels: coronal view. White
dashed circles indicate Huh-7 tumors. (C) Quantification of the %
ID/g in the Huh-7 tumor and the liver from panels A and B. Statistical
analysis was performed using two-way ANOVA, followed by
Bonferroni’s multiple comparisons test, n = 3, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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B16F10 allograft model, as [64Cu]CM-2 PET is anticipated to
provide a more realistic reflection of the tracer’s behavior in
the human body. Similarly to the observation in Huh-7
xenograft, the tracer showed apparent uptake and retention in
the B16F10 tumors (Figure 5A, Figure S5, and Table S3). The

ex vivo biodistribution study validated the PET results (Figure
5B and Table S4). Notably, we observed a high tracer uptake
in the intestine and stomach at 0.5 and 2 h p.i., while the
radioactivity in the two organs was significantly decreased at 18
and 30 h p.i. This suggests that a waiting time of several hours
after injection is recommended to achieve the best PET
imaging quality in clinical settings. Finally, the T/B and T/M
ratios suggested that higher imaging contrast can be achieved
even in animals bearing low CD133-expressing tumors (Figure
5C).
[64Cu]CM-2 PET was also performed in Bowes, U87MG,

and MDA-MB231 xenografts (Figure S6A). We observed
notable tracer uptake at the former two xenografts. However,
we only observed background levels of uptake of the tracer in
the MDA-MB231 xenograft tumor, which is consistent with
the flow cytometry analysis (Figure S1). Furthermore, the
uptake values quantified from the PET images correlated well
with the expression levels of CD133 in the tumor cells (Figure
S6B).
To this end, we have demonstrated that [64Cu]CM-2 is a

robust tracer for PET imaging of CD133-specific CSCs.
However, this tracer shows high liver uptake, impeding its
clinical utility in imaging tumors located at the liver. Moreover,
it may cause potential liver toxicities. NODAGA has been
reported to be a superior chelator than DOTA to form a more
stable complex with 64Cu and thus decrease the liver uptake of
the radioactivity.37 We then synthesized a new tracer,

[64Cu]CM-3, with a NODAGA as a chelator (Table 1).
Unfortunately, [64Cu]CM-3 showed almost identical liver
uptake with [64Cu]CM-2, as evidenced by PET scan in normal
mice (Figure S7). Moreover, PET imaging in tumor mice
suggested that [64Cu]CM-3 exhibited a lower tumor uptake
than [64Cu]CM-2 (Figure S8A−F). The in vitro cellular
internalization assay further indicated that [64Cu]CM-3
exhibited a weaker binding to Huh-7 and B16F10 cells
compared to [64Cu]CM-2 (Figure S8G,H). Collectively, our
results suggested that NODAGA is not a suitable chelator for
the CM peptide. Further optimization of the linker structure or
replacement of DOTA by other types of chelators should be
considered to decrease the liver uptake of the radioactivity.
Based on the CSC hypothesis, the CSCs comprise only a

small subpopulation of cells in bulky tumors. This makes the
development of CSC-specific imaging tools for naturally
occurring tumors a formidable challenge. Moreover, CD133
levels are sensitive to the tumor microenvironment. Studies
have shown that CD133 is overexpressed in hypoxic tumors,38

which further confers malignant properties to CSCs. There-
fore, the development of CD133-targeting imaging probes for
CSC detection is much more difficult than the development of
tracers targeting biomarkers of normal cancer cells.
Here, we developed a peptide-based PET tracer for CD133

by harnessing stable peptide technology. Through the
incorporation of an Ahx into the N terminus of a CM peptide,
we constructed a stable peptide tracer [64Cu]CM-2, which
exhibited specific binding to CD133-positive CSCs in multiple
preclinical tumor models. Compared to previously reported
CD133-targeting radiotracers (Table S5), our [64Cu]CM-2
shows apparent advantages. Most of the reported radiotracers
are antibody-based immunotracers, which usually show
unfavorable pharmacokinetics and poor tissue penetra-
tion.39−42 In contrast, [64Cu]CM-2 showed fast accumulation
in the tumors and exhibited excellent tissue penetration ability.
Recently, a peptide-based PET tracer 68Ga-DOTA-LS7 has
been reported for CD133. However, this tracer showed
relatively low tumor uptake (the highest uptake is ∼2.24%
ID/g in HCT116 tumors).43 In comparison, [64Cu]CM-2
showed significantly higher uptake in tumors (6.89%ID/g in
Huh-7 and 4.99% ID/g in B16F10). Moreover, it showed
durable tumor retention and fast renal clearance, enabling its
high potential for long-term monitoring of CD133 in tumors.

■ CONCLUSIONS

To our knowledge, the [64Cu]CM-2 is the first 64Cu-labeled
peptide PET tracer for CD133. The matched physical and
biological half-life of [64Cu]CM-2 makes it a state-of-the-art
PET tracer for CD133. Therefore, [64Cu]CM-2 PET may not
only enable the longitudinal tracking of CD133 dynamics in
the cancer stem cell niche but also provide a powerful and
noninvasive imaging tool to track down CSCs in refractory
cancers.

■ MATERIALS AND METHODS

Reagents and Instruments. All chemicals for peptide
synthesis and radiolabeling were purchased from Wako Pure
Chemical Industries (Osaka, Japan), Macrocyclics (Dallas,
Texas, USA), or Sigma-Aldrich (St. Louis, MO, USA). 64Cu
was produced in-house at the National Institute of Radiological
Science (Chiba, Japan) with 98% radionuclidic purity. 68Ga

Figure 5. (A) Series of coregistered sectional PET-CT images of
C57BL/6J mice at different time points p.i. of [64Cu]CM-2 (17 MBq/
mouse, 0.2 mL, ∼0.5 nmol of CM-2). Upper panels: axial view; lower
panels: coronal view. White dashed circles indicate B16F10 tumors.
(B) Ex vivo biodistribution of [64Cu]CM-2 in major organs at
different time points after i.v. injection (3.7 MBq per mouse, 0.1 mL,
∼0.1 nmol of CM-2). S. intestine: small intestine; Int. lym. node:
intestine lymph node. Data represent means ± SD, n = 3 for each
point. (C) Uptake ratios of tumor to blood (T/B) and tumor to
muscle (T/M) calculated from the ex vivo biodistribution data. Data
represent means ± SD, n = 3.
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was obtained from a 68Ge/68Ga generator (ITM, Munich,
Germany).
All radio−high-performance liquid chromatography

(HPLC) analyses for the radiotracers were performed using
a JASCO HPLC system (JASCO, Tokyo, Japan) coupled with
a YMC-Triat-C18 column (4.6 mm i.d. × 150 mm, 5 μm,
Waters, Milford, MA, USA). A flow rate of 1 mL/min was
used. The gradient started with 90% solvent A (0.1%
trifluoroacetic acid [TFA] in water) and 10% solvent B
(0.1% TFA in acetonitrile [MeCN]), and, 20 min later, ended
with 0% solvent A and 100% solvent B. Effluent radioactivity
was measured using a NaI (TI) scintillation detector system
(Ohyo Koken Kogyo, Tokyo, Japan). A 1480 Wizard
autogamma counter (PerkinElmer, Waltham, MA, USA) was
used to measure radioactivity as expressed in counts of
radioactivity per minute (CPM) accumulating in cells and
animal tissues. A dose calibrator (IGC-7 Curiemeter; Aloka,
Tokyo, Japan) was used for the other radioactivity measure-
ments. PE anti-human CD133 (Prominin-1) Monoclonal
Antibody (EMK08, PE, eBioscience, USA), PE anti-mouse
CD133 Antibody (Rat IgG2a, λ, cat. 141204, CA, USA), PE
Mouse IgG2b (κ Isotype Ctrl Antibody, cat. 400314,
BioLegend, CA, USA), and PE anti-human IgG Fc Antibody
(Rat IgG2a, κ, cat. 410708) were used for flow cytometry
analysis.
Cell Line and Animals. The murine melanoma B16F10,

human glioma U87MG, human melanoma Bowes, and human
breast cancer MDA-231 were directly obtained from the
ATCC (Virginia, USA). Human hepatocellular carcinoma
Huh-7 was obtained from the Cell Resource Center for
Biomedical Research at Tohoku University. Cells were
cultured according to the manufacturer’s instructions. All cell
lines were maintained and passaged in a humidified CO2
incubator (37 °C/5% CO2); B16F10, U87MG, and Huh-7
cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum and 1% of penicillin/
streptomycin. Bowes cells were cultured in Eagle’s minimum
essential medium (EMEM) medium with 10% fetal bovine
serum and 1% HEPES. MDA-MB231 cells were cultured in
ATCC-formulated Leibovitz’s L-15 medium with 10% fetal
bovine serum.
Female BALB/c nude−/− mice (7 weeks old) and C57BL/

6J Jms mice (7 weeks old) were purchased from Japan SLC
(Shizuoka, Japan). All animals received humane care, and the
Animal Ethics Committee of the National Institute of
Radiological Sciences approved all experiments. All experi-
ments were conducted according to the recommendations of
the Committee for the Care and Use of Laboratory Animals,
National Institute of Radiological Sciences, and all animal
studies were approved by the Animal Ethics Committee of the
National Institute for Quantum and Radiological Science and
Technology. A B16F10 tumor-bearing mouse model using
C57BL/6J Jms was prepared via a left flank subcutaneous
injection of 100 μL of cells (1 × 106 cells/mouse). Mice were
used for PET imaging when tumor volumes reached
approximately 100. All other tumor-bearing mouse models
using BALB/c nude−/− mice were prepared via a left flank
subcutaneous injection or hindleg subcutaneous injection of
100 μL of cells (5 × 106 cells/mouse). Mice were used for PET
imaging or radionuclide therapy when tumor volume reached
approximately 50−100 mm3.
Synthesis of CM-1/2/3 Peptides. Peptides CM-1 and

CM-2 were synthesized manually using a Fmoc-based solid-

phase peptide synthesis strategy as illustrated in Schemes S1
and S2, respectively. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) was used as a chelator for 64Cu
labeling. For DOTA/NOTA/NOTAGA conjugation, DOTA/
NOTA/NOTAGA was preactivated using N-(3-dimethylami-
nopropyl)-N-ethylcarbodiimide hydrochloride (EDC·HCl, 2
mg) at a molar ratio for DOTA/EDC·HCl/N-hydroxysucci-
nimide (NHS) of 10:5:4 in dimethyl sulfoxide (DMSO, 2 mL)
for 3 h. Then the DPA-conjugated resin (100 mg; 0.37 mmol/
g) was suspended in 1 mL of N-methyl-2-pyrrolidone (NMP).
Afterward, the activated DOTA/NOTA/NOTAGA and 100
μL of DIEA were coadded to the resin. The reaction mixture
was gently bubbled by N2 gas for 2 h. Finally, the peptides
were cleaved from the resin and purified by HPLC. The
collected product eluents were lyophilized and redissolved in
sodium acetate buffer (100 mM, pH 5.0) at a concentration of
1 mg/mL for use in radiolabeling reactions.

Radionuclide Labeling. Twenty micrograms of peptide in
10 μL of 0.1 M sodium acetate buffer (pH 5.0) was reacted
with approximately 370 MBq (10 mCi) of the 64CuCl2
solution (0.1 M NaOAc, pH 5) at room temperature for 10
min. After incubation, the reaction mixture was analyzed by
radio-HPLC.

Peptide Stability Assays. For the stability test in saline,
10 μL of radiotracers (∼100 μCi, in NaOAc) was added to 990
μL of saline buffer and incubated at 37 °C with slight agitation
for 1, 2, and 4 h. Aliquots of the solution were removed at each
time point and then injected into the radio-HPLC for analysis.
For the stability in mouse serum, 10 μL of radiotracers (∼100
μCi) were added to 90 μL of mouse serum (freshly prepared)
and incubated at 37 °C with slight agitation for 1, 2, and 4 h.
Aliquots (20 μL) were removed at each time point, and 100 μL
of MeCN and water (1:1, v/v) were added. Then, the mixture
was centrifuged for 10 min at a speed of 10,000 rpm. The
supernatant was then analyzed using radio-HPLC. For the
stability in saline, the radiotracers were incubated in saline
(>95%, v), and then aliquots were removed at each time point
for subsequent radio-HPLC analysis.

Partition Coefficient Test. The partition coefficients of
[64Cu]CM-1 and [64Cu]CM-2 were determined by measuring
the distribution of the radioactivity associated with the tracer
in equal volumes of 1-octanol and ultrapure water. Briefly, 0.5
MBq of the radiolabeled compound was loaded into an
Eppendorf tube containing 500 μL of ultrapure water and 500
μL of 1-octanol (Merck). After vigorous mixing for 2 h at room
temperature, samples were centrifuged at 15,000 rpm for 1 min
to ensure complete separation of the solvents. Then, 100 μL
aliquots of each layer were withdrawn and pipetted into
separate test tubes. The samples were then counted in a
gamma counter, and the cLogD was calculated as counts in
octanol/counts in aqueous solution. Three independent
experiments were performed in duplicate.

Cellular Uptake and Inhibition Experiment. The Huh7
cells were plated in 12-well plates with a seeding density of 1 ×
105 cells per well and were maintained in DMEM medium
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. Radiolabeled tracers in medium (740 KBq/1
mL) were added to each well, and the cells were incubated at
37 or 4 °C for 5, 10, 20, 40, 60, and 80 min. After incubation,
the medium was removed, and the cells were washed with cold
PBS three times. Then, 300 μL of 0.5 M NaOH was added,
and the cell lysate was collected in 1 mL tubes. Radioactivity in
each tube was measured with an autogamma counter.
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Flow Cytometry Analysis of CD133 Expression. To
assess the CD133 expression in the five kinds of cancer cell
lines, cells were harvested and suspended in phosphate-
buffered saline, followed by separate incubation with a
matched antibody at 4 °C for 1 h. Then, cells were washed
in cold phosphate-buffered saline and analyzed on the BD
LSRII flow cytometer (Becton Dickinson, New Jersey, USA).
The results were analyzed using FlowJo version 10 (Becton
Dickinson, New Jersey, USA).
Ex Vivo Biodistribution. Formulated tracer (1.85 MBq/

100 μL) was injected into B16F10-bearing C57BL/6J mice via
the tail vein. Three mice were sacrificed by cervical dislocation
at 0.5, 2, 18, and 30 h after injection. Major organs, including
the total blood, heart, liver, lung, thymus, spleen, pancreas,
kidneys, stomach, muscle, small intestine, intestinal lymph
node, testis, muscle, bone, brain, blood, and the tumor were
quickly harvested and weighed. The radioactivity in these
organs was measured using the autogamma counter. Results
are expressed as the percentage of injected dose per gram of
wet tissue (% ID/g). All radioactivity measurements were
decay-corrected.
Small-Animal PET Study. PET scans were conducted

using an Inveon PET scanner (Siemens Medical Solutions,
Knoxville, TN, USA), which provides 159 transaxial slices with
0.796 mm (center-to-center) spacing, a 10 cm transaxial field
of view, and a 12.7 cm axial field of view. All list-mode
acquisition data were sorted into three-dimensional (3D)
sinograms, which were then Fourier-rebinned into two-
dimensional (2D) sinograms (frames × min: 4 × 1, 8 × 2,
and 8 × 5). Experimental mice were kept in the prone position
under anesthesia with 1−2% (v/v) isoflurane during the scan.
The tracers (10−17 MBq/100−200 μL) were injected via a
preinstalled tail vein catheter. Immediately after the injection, a
dynamic scan in 3D list mode was acquired for 60 min (n = 3).
Maximum-intensity projection (MIP) images were obtained
for all mice. PET dynamic images were reconstructed by
filtered back-projection using Hanning’s filter with a Nyquist
cutoff of 0.5 cycle/pixel, which was summed using analysis
software (ASIPro VM, Siemens Medical Solutions, Siemens,
Munich, Germany). Volumes of interest, including the heart,
liver, kidney, and tumor, were placed using the ASIPro
software. The radioactivity was decay-corrected for the
injection time and expressed as the percent of the total
injection dose/per gram tissue (% ID/g).
Statistical Analysis. Data were analyzed using Prism

version 8.0 software (GraphPad Software, La Jolla, CA).
Comparisons among groups were performed using two-way
ANOVA with Bonferroni’s multiple comparisons posttest or
unpaired two-tailed Student’s t test. Data are presented as the
mean ± SEM or the mean ± SD. The threshold for statistical
significance was set as P < 0.05.
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