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Abstract: Increased expression of cellular membrane bound glucose-regulated protein 78
(GRP78) is considered to be one of the biomarkers for gastric cancers. Therefore, peptides or
molecules with specific recognition to GRP78 can act as a guiding probe to direct conjugated
imaging agents to localized cancers. Based on this rationale, GRP78-guided polymeric micelles
were designed and manufactured for nuclear imaging detection of tumors. Thiolated GRP78
binding peptide (GRP78BP) was first labeled with maleimide-terminated poly(ethylene glycol)—
poly(e-caprolactone) and then mixed with diethylenetriaminepentaacetic acid (DTPA)-linked
poly(ethylene glycol)—poly(e-caprolactone) to form DTPA/GRP78BP-conjugated micelles.
The coupling efficiency of micelles with radioisotope indium-111 (*''In) was measured and
analyzed by instant thin layer chromatography. The coupling efficiency of DTPA-conjugated
micelles and DTPA/GRP78BP-conjugated micelles with '''Tn was 85% and 93%, respectively.
For characterization and trace imaging, the radioisotope '''In-targeting tumors were detected and
imaged in a xenograft murine model using nano single photon emission computed tomography/
computed tomography. The results revealed that the radioactive intensity measured in the animals
administered with GRP78BP-guided '"'In-labeled micelles was statistically higher than that
in animals administered with !''In-labeled micelles, demonstrating that GRP78BP more than
doubled the accumulation of micelles to the tumor tissue (P < 0.05). The results indicate that
the gastric cancer biomarker GRP78 is a probing target in the application of nuclear imaging
for tumor diagnosis. This novel GRP78BP-guided micelle agent may be applied in clinical
practice to complement the histological diagnosis.

Keywords: biomarker, glucose-regulated protein 78, nuclear imaging, gastric cancer,
micelles

Introduction

Pathological examination based on gastroscopy is the gold standard for gastric cancer
(GC) diagnosis in clinical practice. However, there remain some limitations in making
an accurate diagnosis due to, for example, sampling errors and the diagnostic variations
derived from personal skill.! In addition to invasive tissue biopsy, noninvasive functional
imaging tools such as magnetic resonance imaging, single photon emission computed
tomography (SPECT), positron emission tomography, and optical fluorescence imaging

26 These real-

are used to detect molecular abnormalities of tumors in clinical practice.
time imaging tools allow physicians to study and determine the tumorigenic progression
of patients with rapid and more precise diagnosis, which can reduce the diagnostic

inaccuracy derived from the inconvenient histological examinations.
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Among these imaging technologies and tools, nuclear
imaging provides the strongest sensitivity in signal capturing
because it has a radiation ray with the highest penetration rate
to biological tissues. Moreover, many studies suggest that a
combined tool consisting of the nuclear imaging from radio-
isotopes and anatomical images from computed tomography
(CT) in a single imaging device (SPECT/CT and positron
emission tomography/CT) is useful in diagnosis because of
dual validation and minimized false signals.®® In general, it
is complementary rather than competition between different
imaging acquiring techniques. Therefore, developing an imag-
ing reagent that can be detected and reported simultaneously
by positron emission tomography and CT for tumor imaging is
certainly useful to validate the accuracy in detection. Therefore,
the development of multifunctional imaging agents that can
provide more detailed evidence to improve diagnostic accuracy
for clinical physician-related professionals is encouraged.

Recently, polymeric nanoparticles (NPs) such as lipo-
somes, nanogold particles, dendrimers, and micelles have
been used as drug carriers in cancer diagnostics and thera-
peutics due to their high enhanced permeability and retention
effect, which leads to increased drug accumulation and spread
into the tumor parenchyma.’'3 It has been reported that
synthetic biocompatible polymer NPs can also prolong the
half-life of drugs in circulation coupled with a reduction in
the rapid renal clearance of soluble proteins by the reticuloen-
dothelial system.>!* Therefore, imaging reagents or anticancer
drugs equipped with NP carriers can gain more accessibility
into tumors. Polymeric micelles composed of amphiphilic
copolymers can encapsulate various insoluble molecules (eg,
hydrophobized doxorubicin) and can be labeled with specific
tumor binding probes (eg, a tumor binding peptide).'*"”
Moreover, phospholipid micelles with unique properties,
including good biocompatibility and high stability both in
vitro and in vivo, suggest they are good candidates for a drug
carrier shuttle in clinical practice.'®t

Previously, it was found that glucose-regulated protein 78
(GRP78) is a reliable GC biomarker with increased expres-
sion level on the GC cell surface, and the specific GRP78
binding peptide (GRP78BP), WIFPWIQL, can enhance the
accumulated efficacy of polymeric micelles within cancer
cells in vitro and in vivo.'** To the authors’ knowledge,
GRP78 is an endoplasmic reticulum protein and functions
as a refolding protein, which would translocate to the plasma
membrane in tumor cells as a tumor target.?! Therefore,
enhanced drugs targeting to GRP78 of tumor cells may
be useful in nuclear imaging during diagnosis, leading to
improved diagnostic accuracy.

In a previous study, rhenium-188 (half-life of 16.9 hours) —
an isotope for both therapeutic and diagnostic purposes — was
conjugated with micelles for tumor detection.!* However, rhe-
nium-188 emits a 3-ray that would damage the normal organs
such as the liver and spleen, which accumulate a large amount
of micelles. To lessen the tissue damage, indium-111 (*''In)
was chosen for the current study (only emits y-ray with a half-
life of 2.83 days) as a diagnostic radiotracer to conjugate with
polymeric micelles. Moreover, the hydrophilic radiotracer
conjugated with micelles can reduce the blood clearance rate
through the renal clearance route. With the assistance of a
tumor-specific binding probe, it enhanced micelles to target
tumors for intracellular delivery of the imaging agent,5>%
improving the diagnostic efficacy of imaging agents.

The aim of this study was to rationally design and con-
struct polymeric micelles carrying a tumor-directing peptide
(GRP78BP) and the isotope chelator diethylenetriaminepen-
taacetic acid (DTPA) to generate a novel nuclear imaging
agent during tumor diagnosis.

Material and methods

Tumor xenograft mice

Animal experimentation was performed according to the
approved procedures of the Institute of Nuclear Energy
Research, Atomic Energy Council (Taoyuan, Taiwan). Tumor
xenografts were established by subcutaneously injecting
2 x 10° human GC cells (MKN45) into the legs of nude
6—8-week-old mice (BioLASCO Taiwan Co, Ltd, Taiwan).
The tumor imaging experiment was performed 2 weeks after
the injection of tumor cells.

Synthesis of methoxy poly(ethylene
glycol)—poly(e-caprolactone)

(MPEG-PCL) and maleimide-terminated
PEG-PCL (Mal-PEG-PCL)

The synthesis of MPEG-PCL and Mal-PEG-PCL were com-
pleted by ring-opening polymerization of €-caprolactone at
130°C overnight, as previously described.?** In brief, MPEG—
hydroxyl and Mal-PEG—hydroxyl were used as a macroini-
tiator, where €-caprolactone was a monomer and stannous
octoate was the catalyst. The final synthesized polymer was
recovered by dissolving in tetrahydrofuran followed by precip-
itation in ice-cooled diethyl ether. The resultant precipitation
was filtered and dried at room temperature in a vacuum. The
molecular weights of the synthesized polymers — measured
by hydrogen-1 nuclear magnetic resonance (Avance 111 HD;
Bruker Corporation, Billerica, MA, USA) using deuterated
chloroform as the solvent and gel permeation chromatography
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(Waters 510 HPLC pump/410 differential refractometer;
EMD Millipore, Billerica, MA, USA) with a tetrahydrofuran
eluent — were previously shown to be 11,566 and 10,850 for
MPEG-PCL and Mal-PEG-PCL, respectively."* The size
of the micelles was 70 + 37 nm, as determined by dynamic
light scattering (DelsaNano S, Beckman Coulter, Brea, CA,
USA).

Preparation of GRP78BP

and DTPA-conjugated micelles

The modified GRP78BP (RGDGGWIFPWIQLC)' was first
thiolated in a 40:1 molar ratio excess of 2-iminothiolane
(Traut’s reagent) in 0.15 M sodium borate buffer (pH 8)
supplemented with 1 mM ethylenediaminetetraacetic acid
for 1 hour, as described previously.® The buffer was then
exchanged with 0.15 M sodium chloride (pH 7) containing
1 mM ethylenediaminetetraacetic acid using a 1 kDa cutoff
dialysis tube (GE Healthcare, Little Chalfont, UK), and the
thiolated peptide was concentrated to a volume of 50 uL.
The thiolated peptide was then mixed with Mal-terminated
micelles at a thiolated peptide/Mal molar ratio of 1:5. The
mixture was stirred at room temperature for 2 hours. The
unconjugated peptide was removed through Sephadex® G-25
column (GE Healthcare) and eluted with 0.15 M sodium
chloride buffer (pH 7). The concentration of peptide in each
collected fraction was analyzed by BCA™ protein assay
(Thermo Fisher Scientific, Waltham, MA, USA).

On the other hand, fluorenylmethyloxycarbonyl
chloride-PEG-PCL was deprotected by stirring in 2 mL
of 20% piperidine in dimethylformamide for 2 hours at
room temperature. The resultant amine (NH,)-modified
PEG-PCL was then purified using dialysis in distilled
water for 7 days and conjugated with DTPA dianhydride,
as described previously.”” Finally, tetrahydrofuran was
used as the eluent at a flow rate of 1.0 mL/minute. The
success of DTPA-PEG-PCL production was analyzed by
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF; Bruker), and the DTPA
conjugation efficiency with '"'In was evaluated by the
radiolabeling yields of "''In-DTPA-PEG-PCL as analyzed
by instant thin layer chromatography (AR-2000 radio-TLC
Imaging Scanner, Bioscan, France).

In vivo nuclear imaging in GC xenografts

The mice received '''In-labeled micelles with or without
GRP78BP conjugation via intravenous injection (n = 3 for
n-labeled micelles, n = 3 for GRP78BP '''In-labeled
micelles). Each mouse was injected with 1 mCi of !In.

The distribution of '''In-labeled micelles in the mice bear-
ing MKN45 tumors was evaluated by nanoSPECT/CT
images at 24 hours and 48 hours after the micelles were
intravenously injected. The radioactive intensity was mea-
sured against the baseline, ie, the radioactive intensity of a
muscle from a leg without the tumor embedded.

Statistical analysis

Statistical software Prism® 5 (GraphPad Software, Inc, La
Jolla, CA, USA) was used to calculate the significance accord-
ing to Student’s #-test. Significance was set at P < 0.05.

Results
Construction of GRP78-guided

'""In-labeled polymeric micelles

It was previously shown that GRP78 is overexpressed on
the surface of GC tissues,'* indicating that it can be used
as a reliable target for GC diagnosis. In the current study,
GRP78BP-guided micelles conjugated with DTPA — which
can specifically trap the radioisotope !''In — were manufac-
tured to detect the GCs in a xenograft mouse model. The
construct of the micelle-based nuclear imaging agent is
illustrated in Figure 1. In order to investigate and compare
the probing efficacy of GRP78BP in nuclear imaging, another
report agent lacking GRP78BP was also created.

Initially, the lipidic micelles were synthesized, as previ-
ously described,'>** and then labeled with GRP78BP,'* which
was purified by a Sephadex G25 column. Compared to the
elution of free GRP78BP from fraction seven to ten, the
GRP78BP-conjugated micelles were eluted in fraction four
(Figure 2A). This simple column was also used to exclude
the unlabeled peptides. To trap '''In onto micelles, the syn-
thesized micelles were first modified in the N-terminal by
adding NH, and then labeled with DTPA for chelating the
radioisotopes, as previously described.?” The three kinds of
micelles were detected and analyzed using matrix-assisted
laser desorption ionization time-of-flight mass spectrom-
etry to determine the successful rate of conjugations. The
results from Figure 2B reveal that the mass/charge ratio
of fluorenylmethyloxycarbonyl chloride-PEG-PCL was
5780.97, which was speculated to be the molecule with 2H*
according to a previous measurement using nuclear magnetic
resonance.'* The mass/charge ratio of NH,-PEG-PCL and
DTPA-PEG-PCL was 6185.65 and 6585.45, respectively.
The results suggest that DTPA was successfully conjugated
with PEG-PCL. Next, Mal-PEG-PCL and DTPA-PEG—
PCL were mixed together to form the polymeric micelles,
which were then labeled with GRP78BP (Figure 1A).

International Journal of Nanomedicine 2013:8

submit your manuscript

1387

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Cheng et al

Dove

A "In/micelles

vy

GRP78BP-"""In/micelles

vy

‘ Micelles . GRP7SBP ) DTPA M i

Figure | Schematic design of a nuclear imaging agent for detecting gastric cancer. (A) Polymeric micelles were labeled with radioactive isotope '''In through a DTPA

molecule and then (B) conjugated with GRP78BP (RGDKGGWIFPWIQL).

Abbreviations: DTPA, diethylenetriaminepentaacetic acid; GRP78BP, glucose-regulated protein 78 binding peptide; '"'In, indium-1 1.

Tumor detection using nuclear imaging

To ensure the labeling efficacy of '''In onto the micelles,
instant thin layer chromatography was performed to
separate '''In and !"'In-labeled micelles in 10 cm membrane
electrophoresis. A y-counter was used to detect the radio-
active signals. The "'In labeling efficacy with or without
GRP78BP micelles was ~90% (Figure 3), demonstrating
that the micelle-based nuclear imaging agent was synthesized
with stable conjugation in phosphate buffered saline.

In a previous study, it was found that both GRP78BP and
micelles displayed no significant in vitro cytotoxic effects in
MKN4S5 cells.'* In addition to the measurement of cytotoxic-
ity of the imaging agents, the expression level of GRP78 in
GCs and other forms of cancer cells was also measured. The
expression level of GRP78 was significantly increased in GC
cells (AGS and MKN45), colorectal cancer cells (HCT-15),
and pancreatic cancer cells (AR42J), but relatively lower in
breast cancer cells (MCF-7), liver cancer cells (HepG2), and
prostate cancer cells (PC-3) (Figure 4A), suggesting that GC
cells can express a high level of GRP78 on the cell membrane.
Therefore, GRP78 is a good candidate for a GC biomarker.
Due to the difficulty in generating a xenograft murine model
bearing AGS GC tumors, the MKN45 cell line was selected
for establishment of the xenograft animal model.

Next, the '"'In-labeled micelles with or without
GRP78BP were administered via tail vein injection into
the GC xenografts. To trace the accumulation of micelles,
the y-signals 24 hours after administration were detected. It
was observed that micelles with or without GRP78BP can

accumulate in several organs including the liver, spleen, and
tumor (Figure 4B). However, GRP78BP-labeled micelles
displayed a higher accumulation of y-signals (P < 0.05;
Figure 4B and C) in the tumor, indicating that GRP78BP can
guide the micelles into tumor tissue. The results indicate that
the biomarker probe GRP78BP can improve the intensity of
detection signals, leading to increased diagnostic accuracy.

Discussion

A novel nuclear imaging agent for GC diagnosis was designed
and developed using carrier NPs containing combined
polymeric micelles, specific tumor-targeted GRP78BP, and
a DTPA—"""In complex. NPs are widely used in tumor treat-
ment (eg, nuclear imaging, tumor therapy) because of their
enhanced permeability and retention effect and subsequent
increased accumulation on the surface of tumors.?’*° In this
study, it was observed that the conjugated GRP78BP can
direct micelles to tumor tissues, thus improving the accumula-
tion efficacy in tumors. This novel construct can enlarge the
impact of NPs in the diagnosis of solid tumors.

Compared to other tumor-targeting probes (eg, specific
antibodies), a simple form of peptide molecule was syn-
thesized with less difficulty and lower cost.>'** However,
peptides had shorter in vivo half-life due to rapid clearance
after intravenous administration. No difference in accu-
mulation rate was found when using isotope rhenium-188-
conjugated GRP78BP, and the total amount of radioactive
signal dramatically decreased with time (data not shown),
indicating that the peptide was rapidly cleared in animals.
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Figure 2 Verification of the conjugation of glucose-regulated protein 78 binding
peptide or DTPA with polymeric micelles. (A) Glucose-regulated protein 78 binding
peptide conjugated with micelles was purified by Sephadex® G25 column (GE
Healthcare, Little Chalfont, UK) in elution fraction four with phosphate buffered
saline. (B) Fmoc—PEG-PCL, NH,-modified PEG-PCL, and DTPA-conjugated PEG—
PCL were analyzed using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry.

Note: The molecular weights of the above three compounds were increased from a
mass/charge ratio of 5780.973 to 6585.450, indicating successful conjugation.
Abbreviations: DTPA, diethylenetriaminepentaacetic acid; Fmoc, fluorenylmethy-
loxycarbonyl chloride; NH,, amine; PCL, poly(e-caprolactone); PEG, poly(ethylene
glycol); conc, concentration; intens, intensity.

Therefore, it was speculated that GRP78BP alone was
probably insufficient to use as an application for nuclear
imaging because of the rapid metabolic rate of peptides.
Nevertheless, GRP78BP can recognize and bind to the
overexpressed surface biomarker of GC, GRP78,* and
therefore it was used as a guiding probe to direct the NPs
targeting to tumor tissue. The in vivo nuclear imaging was
recorded, which indicated that GRP78 '''In-labeled micelles
are a potential tool for the diagnosis of GC.

To characterize in vivo imaging and assess the targeting
efficacy, the tumor xenografts were embedded into the legs
of nude mice, and then images were measured and analyzed
using a nanoSPECT/CT instrument. The results demonstrate
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Figure 3 "''In labeled with diethylenetriaminepentaacetic acid-conjugated micelles.
The diethylenetriaminepentaacetic acid-conjugated micelles with or without
GRP78BP conjugation were labeled with '''In in phosphate buffered saline for | hour.
Instant thin layer chromatography was performed to measure the radio-labeling
efficiency, which was 85% and 93% for (A) '"In-labeled micelles and (B) GRP78BP
'""In-labeled micelles, respectively.

Note: The products without purification were further performed in nuclear imaging
experimentation.

Abbreviations: GRP78BP, glucose-regulated protein 78 binding peptide; '"In,
indium-111.

that micelles with or without GRP78BP were largely retained
in the liver and spleen, although GRP78BP improved the
retention efficacy in tumors. In the clinical diagnosis of GC,
the obtained radioactive signal derived from the liver may
interfere with positive nuclear imaging for GC and impair
the diagnostic accuracy. However, with the combined tool
of SPECT/CT, the spatial location of the stomach can be
distinguished from the liver using three-dimensional rota-
tion with high resolution to remove the false signaling.
Previous studies also indicated that SPECT can be used as
a noninvasive tool for detecting gastric accommodation.?*3
The advantage of using nanoSPECT/CT to monitor images
is being able to distinguish the planar overlapped signals
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Figure 4 GRP78 specifically expressed in gastric cancer cells and GRP78BP improved the tumor-accumulated efficacy of micelle polymers. (A) GRP78 expression in the
variety of cancer cell lines was detected using Western blotting. The results demonstrate a higher expression of GRP78 in gastric cancer cells (AGS and MKN45), colorectal
cancer cells (HCT-15), and pancreatic cancer cells (AR42J), but lower expression in breast cancer cells (MCF-7), liver cancer cells (HepG2), and prostate cancer cells (PC-
3). Therefore, it was found that GRP78 is specifically expressed in gastric cancer. (B) Radioactive compounds ('"'In-labeled micelles, GRP78BP '''In-labeled micelles, and
'""In alone) were injected into gastric cancer xenografts in mice, while '''In was used as reference for radioactive quantification. From the nuclear imaging captured by nano
single photon emission computed tomography/computed tomography, it was found that the radioactive intensity of GRP78BP '''In-labeled micelles was higher than that of
""In-labeled micelles in the tumor (indicated by arrows), demonstrating that GRP78BP can guide the micelles into tumor cells and increase the radioactive signal. (C) Radio

quantification at 24 hours and 48 hours showed that GRP78BP (P) improved the accumulated efficacy of micelles in tumor tissue compared to '"'In-labeled micelles.

Note: *P < 0.05.

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GRP78, glucose-regulated protein 78; GRP78BP, glucose-regulated protein 78 binding peptide;

"I, indium-111; M, micelles.

derived from three-dimensional rotation, such as the liver
and spleen, which both demonstrated a high radioactive
signal derived from partially overlapping organs (Figure 4B).
Therefore, polymeric micelles as a form of NPs may be an
ideal material in nuclear imaging for GC diagnosis.

NPs also can be linked to a specific targeted GRP78BP or
other specific antibodies to improve the tumor-targeted effi-
cacy. The size of synthesized micelles is around ~70 nm,
within the range of so-called NPs. The main limitation in the
application of polymeric micelles is their high specific accu-
mulation in the liver and spleen. The accumulation of micelles
in the liver and spleen may be a result of normal metabolism.
This inevitable metabolic character of micelles may lead to
a misdiagnosis of metastatic liver tumors migrated from
GC when analysis is made by three-dimensional rotation
SPECT/CT. Therefore, other diagnostic tools such as ultra-
sound should also be considered.

Conclusion

In this study, '''In-labeled polymeric micelles decorated with
GRP78BP were rationally designed and constructed to gener-
ate a novel nuclear imaging agent during tumor diagnosis.
It was demonstrated that GRP78BP-guided '''In-labeled
micelles can enhance the targeting efficiency, concentrate
imaging reagent onto tumors, and provide a better resolution
and diagnostic accuracy in nuclear imaging, suggesting it is
anovel imaging agent for cancer diagnosis. This study is the

first report using nuclear imaging agents to diagnose GCs
in vivo. These conjugated micelles, within the size range
of NPs, provide a new methodology to monitor and trace
GCs with high quality nuclear imaging. It may be useful for
GC diagnosis in the future.
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