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Abstract: Nanoparticles functionalized with active target ligands have been widely used for
tumor-specific diagnosis and therapy. The target ligands include antibodies, peptides, proteins,
small molecules, and nucleic acid aptamers. Here, we utilize dipeptide Ser—Glu (DIP) as a new
ligand to functionalize polymer-based fluorescent nanoparticles (NPs) for pancreatic cancer target
imaging. We demonstrate that in the first step, Ser—Glu-conjugated NPs (NPs-DIP) efficiently
bind to AsPC-1 and in the following NPs-DIP are internalized into AsPC-1 in vitro. The peptide
transporter 1 inhibition experiment reveals that the targeting effects mainly depend on the specific
binding of DIP to peptide transporter 1, which is remarkably upregulated in pancreatic cancer
cells compared with varied normal cells. Furthermore, NPs-DIP specifically accumulate in the
site of pancreatic tumor xenograft and are further internalized into the tumor cells in vivo after
intravenous administration, indicating that DIP successfully enhanced nanoparticles internaliza-
tion efficacy into tumor cells in vivo. This work establishes Ser—Glu to be a new tumor-targeting
ligand and provides a promising tool for future tumor diagnostic or therapeutic applications.
Keywords: imaging, pancreatic cancer, PEPT1 transporter, Ser—Glu, target ligand

Introduction

Nanoparticles (NPs) are an emerging field that offers great prospect for cancer imaging
and therapy.' Owing to the enhanced permeability and retention effect, NPs show a
higher accumulation in tumor sites than in normal tissues after intravenous injection.’
In recent years, active target moieties have been engineered to improve NPs specific-
ity to tumor.® Although many ligands demonstrate highly specific targeting ability
in vitro, only a small number of them practically enhance the tumor accumulation of
systemically administered NPs.”!* This limitation has inspired attempts to develop
ligands for tumor-targeted applications with high efficiency.

Peptides are amino acid sequences with less than approximately 50 residues.
Because of its simpler structures and smaller molecular sizes, it has enhanced stability
and easier conjugation as well as better resistance to environment.'® In peptides func-
tionalized NP fields, RGD (arginine—glycine—aspartic acid) peptide family maybe the
most widely applied peptide ligand, which can specifically bind to cancer overexpressed
o, B, integrin receptors.'"'®

Peptide transporter 1 (PEPT1) is a member of peptide transporters.'” Under
healthy conditions, PEPT1 restrictedly existed in the epithelial cells of small intestine,
kidney and bile duct, and nuclei and lysosomes of pancreas.??! Interestingly, PEPT1
was reported to be expressed in some human cancer cell lines such as pancreatic
cancer AsPC-1,% hinting the possibility that PEPT1 is a positive tumor biomarker.
In the previous study, PEPT1 was used to target and inhibit cancer.”** Recently, a
dipeptide Ser—Glu was identified to have high affinity and specificity with PEPT1.%
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Further, Ser—Glu with a smaller molecular size may result
in little characteristic alteration of NPs after conjugation.
Based on these clues, we propose that specific recognition
and binding between Ser—Glu and PEPT1 might provide
a biological base for designing a new ligand for tumor-
targeted applications.

In this work, PEPT1 was tested as a remarkable biomarker
in pancreatic cancer cells comparing with normal cells. The
dipeptide Ser—Glu (DIP), as a specific PEPT1 ligand, was
conjugated with polymer-based fluorescence NPs to form
DIP-functionalized nanoparticles (NPs-DIP). NPs-DIP were
evaluated in pancreatic cancer target imaging both in vitro
and in vivo.

Materials and methods

Materials
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevi-
nylene] (MEH-PPV; MW: 168,000 Da, 536512), silicon
2,3-naph-thalocyaninebis (trihexylsilyloxide) (NIR775,
389935), dipeptide Ser—Glu and Trp—Gly were purchased
from Sigma-Aldrich (St Louis, MO, USA). PS-PEG-COOH
(P15019-SEOCOOHcomb) was purchased from Polymer
Source (Quebec, Canada). All other chemicals were pur-
chased from Sigma-Aldrich unless otherwise noted.

Synthesis of NPs

Fluorescence NPs were prepared using a nanoscale precipita-
tion technique with some modifications.?® Briefly, a solution
of tetrahydrofuran (THF) consisting of 60 ug/mL of PS-PEG-
COOH, 40 pg/mL of MEH-PPV, and 0.6 pg/mL of NIR775
dye was initially prepared. Under vigorous sonication, each
2.5 mL of the mixture was then quickly dispersed into 5 mL
of millipore water. Extra THF was evaporated under vacuum.
The THF-free NPs solution was filtered through a 0.22 um
filter. Bioconjugation was processed with carbodiimide
chemistry between the amino groups exposed on Ser—Glu
and the carboxyl groups on the NPs. In a typical conjugation
reaction, 100 UL of 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid buffer (1 M) was added to 4.5 mL of NPs liquid
(55.6 ug/mL), then N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC) (14 mg) and
N-Hydroxysuccinimide (NHS) (17 mg) were added. The
reaction was processed for 1 hour. Subsequently, 200 uL of
Ser—Glu solution (12 mg/mL) was added to the aforemen-
tioned mixture and stirred for 1 hour at 28°C. Uncoupled
Ser—Glu combined with excess EDC and NHS was removed
by several washes using a 100 kDa Amicon Ultra filter-4
(Millipore Corporation) under centrifugation at 3,000 rpm for
15 minutes at 4°C. The final complex was kept at 4°C.

Characterization of nanoparticles

The morphology and size of the NPs were measured by
transmission electron microscopy (JEM-1400, JEOL, Japan).
The hydrodynamic size of the NPs was tested by dynamic
light scattering (DLS) using a Zetasizer NanoZS Instrument
(Malvern Instruments, UK). The absorption and fluorescence
spectra were analyzed using a SpectraMax (M5, Molecular
Devices, Sunnyvale, CA, USA).

Cell culture

Human pancreatic cancer cell line AsPC-1 was obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, People’s Republic of China). Human embryonic
kidney cell line HEK 293 was maintained in our laboratory.
Cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) medium supplemented with 10% (vol/vol) fetal
bovine serum (FBS, Gibco®, Thermo Fisher Scientific,
Waltham, MA, USA). They were kept in culture flasks (Corn-
ing) and maintained in incubators at 37°C with 5% (vol/vol)
CO, and 95% relative humidity. This study was approved by
the ethics Committee of East China University of Science
and Technology.

Isolation and culture of kidney epithelial

cells

The kidneys were separated from BALB/c fetal mice at
2-months-old. After several rounds of washes with phos-
phate-buffered saline (PBS), tissues were dissected into 1
mm? pieces and transferred to centrifuge tubes containing the
cell culture medium. Centrifugation for 5 minutes at 1,000
rpm was performed three times to separate tissue from waste
and most of the cell culture media. Then, the tissues were
transferred to the digestion solution containing cold trypsin
(ten fold volume of tissue) and incubated for 12 hours at
4°C. Then, PBS/10% FBS was added to stop the trypsina-
tion followed by pipetting until the clumps were completely
dissolved. Centrifugation again to separate cells from tis-
sue pieces and waste. The rest was resuspended in growth
medium (DMEM/F12 containing 10% FBS) and transferred
into six-well plates. After 30 minutes, the medium containing
kidney epithelial cells (KECs) was transferred to other six-
well plates. After isolated KECs reached 80% confluency,
the cells were passaged two times before the experiments
were performed.

Isolation and culture of intestine

epithelial cells
The intestine was separated from BALB/c fetal mice at
approximately 18 days of age. After washes with PBS,
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tissues were dissected into 1 mm? pieces. Centrifugation
for 3 minutes at 1,000 rpm was performed to separate tissue
from debris and media. Then, the tissues were shifted to the
digestion solution containing 5 mL thermolysin (50 pg/mL,
Sigma-Aldrich) and incubated for 30 minutes at 37°C.
Subsequently, 5 mL PBS/10% FBS was added to stop the
trypsination and centrifuged again. The rest was resuspended
in the growth medium (DMEM/F12 supplemented with 10%
FBS, 0.01 mg/L epidermal growth factor (EGF), 0.65 mg/L
glutamine, and 5 mg/L insulin) and placed into six-well
plates. After 90 minutes, the medium containing intestine
epithelial cells (IECs) was transferred to other six-well
plates. After isolated IECs reached 80% confluency, the
cells were passaged one or two times before the experiments
were carried out.

Cell binding analysis by flow cytometry
Cell binding assays were measured using a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA). Human pancreatic cancer cell line AsPC-1 and
human embryonic kidney cell line HEK 293 were seeded at
3x10° cells/well. After incubation for 24 hours, cells were
cultured by replacement with fresh medium containing NPs
for indicated time and concentrations. To investigate the
PEPT1-mediated interaction of NPs-DIP with the cancer
cells, NPs-DIP incubation was performed in the presence and
absence of Trp-Gly (20 mM), an inhibitor of PEPT1. After
incubation for 12 hours, the culture medium was removed,
and cells were washed two times with PBS. Then, cells were
detached using trypsin and gathered in centrifugal tubes for
centrifugation (3 minutes, 1,000 rpm). Subsequently, cells
were washed and centrifuged again and re-suspended in PBS.
Finally, cell fluorescence signal was tested by flow cytometry
(excitation: 488 nm, emission: 780/60 nm).

Nanoparticles localization in cells
observed by confocal microscope
AsPC-1 cells were seeded onto sterilized coverslips in
12-well plates at a density of 1.5x10° cells/well, and were
incubated for 24 hours. Cells were then washed with PBS
and incubated in media containing NPs (6 pg/mL) at 37°C.

Table | The primers used in this study

After indicated time, cells were washed with PBS and fixed
with a fixative solution for 10 minutes at room temperature.
Subsequently, 4’,6-diamidino-2-phenylindole (DAPI) was
used to stain the nuclei. After washing with PBS for two
times, the coverslips were mounted onto slides. All the
samples were imaged with a confocal laser scanning micro-
scope (A1R, Nikon, Tokyo, Japan) (DAPI, excitation: 405
nm, emission: 450/50 nm; NPs, excitation: 561 nm, emission:
595/50 nm).

Quantitative real-time PCR

To verify PEPT1 gene expression in cancer cells compared
with normal cells, real-time reverse transcription PCR (RT-
PCR) was performed using the Applied Biosystems ABI
Prism 7500 Detection System (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The total mRNA
from cellular samples was extracted with the TRIzol lysis
reagent (Invitrogen, Shanghai, China). First-strand cDNA
was synthesized from 1 pg of the total extracted mRNA
and was as the template for target genes with related gene
primers (Table 1). RT-PCR thermal cycling conditions for
all reactions were 95°C for 15 minutes followed by 40 cycles
of 95°C for 5 seconds, 60°C for 20 seconds, and 72°C for
20 seconds. All RT-PCR reactions were conducted using
three biological replicates. The data for each sample were
expressed relative to the expression levels of B-actin using
the 2724¢T calculation method.?’

Cytotoxicity assay

Cytotoxicity in the targeted AsPC-1 cancer cells was mea-
sured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. Cells were seeded in 96-well
plates 24 hours prior to the experiment. The medium was
replaced by fresh medium containing NPs at varying con-
centrations, and cells were incubated for another 24 hours.
Subsequently, 10 uL MTT (5 mg/mL) was added to the
corresponding well of the 96-well plate and incubated for
4 hours. Finally, 100 uL 10% sodium dodecyl sulfate was
added to each well and incubated overnight at 37°C. The
absorbance at 570 nm was measured using a SpectroMax
(M5, Molecular Devices).

Gene Forward (5'-3') Reverse (5’-3")

B-Actin (human) AATCGTGCGTGACATTAAG TGATGGAGTTGAAGGTAGTT
B-Actin (mouse) TTCCTTCTTGGGTATGGAAT GAGCAATGATCTTGATCTTC
PEPTI (human) CACAGCGCCAGCAACTATCA GATATTACCGATGGCCACGG
PEPTI (mouse) TCGTTGCCCTCTGCTACCT GCTCACCGAGATGACTGCTT
Note: 3-Actin was used as the control gene.

Abbreviation: PEPTI, peptide transporter |.
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Tumor implantation

All animal experiments were approved by the Experimental
Animal Management and Ethics Committees of Shanghai
Jiaotong University School of Pharmacy. AsPC-1 cells
(1.5x10° cells per site) was injected subcutaneously into
the right shoulder of 5- to 6-week-old female nude mice.
When the tumors reached the size of 0.3—-0.6 cm in diameter
(approximately 2—3 weeks after implantation), the tumor-
bearing mice were intravenously injected with NPs (each at
60 pg) for imaging studies.

In vivo and ex vivo imaging analysis

In vivo fluorescence imaging was investigated with In-Vivo
Multispectral System FX (Kodak, Rochester, NY, USA).
Images were obtained with an excitation filter of 490 nm and
an emission filter of 790 nm. For ex vivo imaging, tumor-
bearing mice were euthanized at 32 hours post-injection with
NPs. The tumor and main organs including kidney, lung,
heart, liver, and spleen were collected. They were imaged
as described earlier using the In-Vivo Multispectral System
FX (Kodak).

Immunohistochemistry assay

The tumor tissues were collected, washed with PBS, embed-
ded in a tissue OCT-Freeze compound, and frozen using
liquid nitrogen. Frozen samples were sectioned by microtome
at—25°C into slices of 7 um thickness, and then fixed in cold
acetone for 10 minutes at 4°C. Nonspecific binding sites were
blocked for 15 minutes with PBS containing 10% FBS. For
o-tubulin staining, the sections were incubated with rabbit

anti-o-tubulin antibody (dilution, 1:200) in 100 uL PBS
containing 10% FBS for overnight at 4°C, and then 100 uL
Alexa Fluor® 488 Goat Anti-Rabbit IgG (H+L) antibody (dilu-
tion, 1:1,000) was used to interact with primary antibody for
1 hour. Afterwards, the nuclei were stained with DAPI for
3-5 minutes. After each step, the sections were washed with
PBS three or more times. The sections were imaged under a
Nikon A1R confocal laser scanning microscope (DAPI, exci-
tation: 405 nm, emission: 450/50 nm; anti-tubulin antibody,
excitation: 488 nm, emission: 525/50 nm; NPs, excitation:
561 nm, emission: 595/50 nm).

Statistical analysis

The results were expressed in mean + standard deviation (sd).
Statistical analysis was evaluated by two-tailed Student’s
t-test. A difference was considered to be statistically signifi-
cant when P-value was <0.05.

Results and discussion
Identification of PEPT | as a cancer

biomarker

Although previous report has revealed that PEPT1 is
expressed in pancreatic cancer cells,? there is no evidence
that expression of PEPT]1 is significantly higher in cancer
cells than in normal cells. To compare the expression level
of PEPT1 in cancer cells with that in normal cells, AsPC-1
cells were used as the typical pancreatic cancer cell line.
Initially, HEK 293 cells were used as the normal cells model.
A remarkable upregulation (1,084-fold) of PEPT1 was found
in AsPC-1 cells in contrast to HEK 293 cells (Figure 1A). It
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Figure | Real-time RT-PCR analysis of the transcriptional level of PEPT| in pancreatic cancer cells AsPC-| compared with normal cells including HEK 293 (A), KECs (B)

and IECs (C).
Notes: Error bars represent SD (n=3). ***P<<0.00| (two-tailed Student’s t-test).

Abbreviations: PEPT |, peptide transportor |; KECs, kidney epithelial cells; IECs, intestine epithelial cells; SD, standard deviation; RT-PCR, reverse transcription polymerase

chain reaction.
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demonstrated that PEPT1 was a potential biomarker for pan-
creatic cancer. Furthermore, KECs and IECs were freshly
prepared from healthy mice as more reliable normal cells.
In all, 4,467- and 2,382-fold upregulation of PEPT1
were found in AsPC-1 compared with KECs and IECs,
respectively (Figure 1B and C). These results confirmed
that PEPT1 was a positive biomarker for pancreatic cancer,
which has the potential as a new tumor target for NP
applications.®

Synthesis and characterization of NPs

In order to investigate whether Ser—Glu could guide NPs to
human pancreatic cancer cells, the polymer-based fluorescent
NPs were chosen as the NPs model.?® As outlined in Figure 2,
MEH-PPV and near-infrared (NIR) fluorescent dye NIR775
were coated by polystyrene graft ethylene oxide functional-
ized with carboxyl groups (PS-PEG-COOH) to form NPs
via a nanoprecipitation method. Fluorescence resonance
energy transfer (FRET) between MEH-PPV and NIR775
could occur, which produced both a MEH-PPV emission
peak and a NIR emission peak (Figure 2). Subsequently,
Ser—Glu, as a specific PEPT1 ligand, was conjugated to NPs
via carbodiimide chemistry (Figure 2).

Observation of NPs using transmission electron micro-
scopy (TEM) showed that both NPs-DIP and NPs were
spherical (Figure 3A). Dynamic light scattering analysis
demonstrated that the conjugation of Ser—Glu caused a minor
increase in hydrodynamic size from 55.8 nm (NPs) to 59.1
nm (NPs-DIP) (Figure 3B). Besides, NPs-DIP exhibited a
broad ultraviolet—visible band with a maximum at 501 nm,
which was identical compared to NPs (Figure 3C). Under
excitation at 494 nm, NPs-DIP showed a nearly identical

[ I
”o'%%.g§3§”
) o L2 0 £ O

emission spectral profile to that of NPs. Both a MEH-PPV
emission peak at 595 nm and a NIR emission peak at 779 nm
were detectable (Figure 3D). Together, these data confirmed
that surface conjugation with the small molecular ligand Ser—
Glu still contained the basic characteristics of NPs.

In vitro analysis of AsPC-1I cells incubated
with NPs-DIP

To evaluate cell binding behavior of dipeptide-functionalized
NPs to pancreatic cancer cells AsPC-1, flow cytometry was
adopted to quantify fluorescence signals in cells incubated
with NPs. In AsPC-1 cells, a 11.3-fold increase of cell
fluorescence intensity was detectable for NPs-DIP in contrast
to NPs (Figure 4A). In HEK 293 cells, only a negligible
binding increase of NPs-DIP compared with NPs was identi-
fied (Figure 4A). These data suggest that a selective binding
of NPs to pancreatic cancer cells via guidance of Ser—-Glu
was indeed feasible. Furthermore, Trp-Gly, a competing
inhibitor for PEPT1,% significantly suppressed the targeting
of NPs-DIP to AsPC-1 cells (Figure 4B). This result indi-
cated that PEPT1 was involved in the targeting behavior of
NPs-DIP in pancreatic cancer cells.

A detailed insight into the interaction of NPs-DIP with
AsPC-1 cells was further studied by a confocal laser scanning
microscope. At 3 hours postincubation, NPs-DIP showed
strong cell-associated fluorescence, which obviously located
around the cell membrane. By contrast, non-modified NPs
only displayed negligible interaction with AsPC-1 cells
under the same conditions (Figure 4C). Upon the extended
incubation time, targeted NPs were efficiently internalized
into cells after 24 hours incubation, locating throughout the
intracellular space except nuclei, while non-modified NPs
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Figure 2 Schematic of DIP-functionalized FRET near infrared (NIR) polymer nanoparticles.

Notes: MEH-PPV polymer initially absorbed excitation energy to produce visible emission, and then transferred visible emission’s energy to NIR775 dye to form NIR
emission. They were coated by an amphiphilic polymer PS-PEG-COOH to produce fluorescence nanoparticles with water solubility and biocompatibility. Dipeptide Ser—Glu
was conjugated to the nanoparticles’ surface for tumor targeting.

Abbreviations: MEH-PPV, poly[2-methoxy-5-(2-ethylhexyloxy)- |, 4-phenylenevinylene]; NIR775, silicon 2, 3-naph-thalocyaninebis (trihexylsilyloxide); DIP, dipeptide; FRET,
fluorescence resonance energy transfer; NPs-DIP, Ser—Glu-functionalized NPs.

submit your manuscript

207

International Journal of Nanomedicine 2016:1 |
Dove


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

Dai et al

Dove

w

Number (%)

10 100
Size (nm)

(@)

1.2

o
[ee]
L

Intensity (au)
o
"

0.0

400 600 800
Wavelength (nm)

1,000

Number (%)

10 100
Size (nm)

O
N
o

J

o
o
L

Intensity (au)
o
N

00 T ¥ L] T 1
400 500 600 700 800 900
Wavelength (nm)

| —NPs - NPs-DIP

Figure 3 Characterization of nanoparticles.

Notes: (A) Representative TEM images of nanoparticles. Scale bar: 50 nm. (B) DLS measurements of size distribution of two indicated nanoparticles in water.
(C) Ultraviolet-visible absorption spectra of NPs-DIP and NPs. (D) Fluorescence emission spectra of NPs-DIP and NPs, the excitation wavelength is 494 nm.
Abbreviations: TEM, transmission electron microscope; DLS, dynamic light scattering; NPs, nanoparticles; NPs-DIP, Ser—Glu-functionalized NPs.

always exhibited negligible fluorescence signal in AsPC-1
cells (Figure 4C).

Furthermore, to evaluate cytotoxicity of dipeptide
modified NPs, cell viability determined by MTT was
evaluated (Figure 4D). At a concentration of 0—150 pg/mL,
NPs showed high cell viability in AsPC-1 cells, which is
consistent with previous reports in US7MG cells.?® NPs-DIP

demonstrated slighter reduced cell viability compared to NPs,
which may be attributed to the enhanced targeting efficacy
of the dipeptide modified NPs.

In summary, the in vitro characterization suggests that
PEPT1 was a positive biomarker for pancreatic cancer
cells compared with normal cells. Dipeptide Ser—Glu,
via binding with PEPT1, could efficiently guide NPs to
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Figure 4 In vitro analysis of pancreatic cancer cells AsPC-1 incubated with nanoparticles.

Notes: (A) Cell binding assay of indicated nanoparticles (6 Lg/mL) on pancreatic cancer cells AsPC-1 and HEK 293 cells at 12 hours evaluated by flow cytometry (FACS).
Error bars represent SD (n=3). **P<<0.0| (two-tailed Student’s t-test); (B) The effect of PEPT| activity inhibition on NPs-DIP targeting to AsPC-| cells analyzed by FACS.
AsPC-1 cells were treated with NPs-DIP (6 ng/mL) in the presence and absence of Trp-Gly (20 mM), an inhibitor of PEPTI, for 12 hours. Error bars indicate SD (n=3).
*#*P<0.01 (two-tailed Student’s t-test); (C) Subcellular localization of nanoparticles (6 pg/mL) in AsPC-1 cells at different time points observed by confocal microscopy. Scale
bar: 10 um; (D) MTT analysis of AsPC-I cells incubated with various concentrations of nanoparticles for 24 hours. Error bars represent SD (n=6).

Abbreviations: au, arbitrary unit; NPs, nanoparticles; NPs-DIP, Ser-Glu-functionalized NPs; SD, standard deviation.

pancreatic cancer cells. With respect to target efficiency,
it was better than LyP-1 peptide, which guided NPs to
target to lymphatic tumor cells with a eight fold cellular
uptake increase in contrast to non-targeted NPs.?’ Ligand
Ser—Glu shows the potential to be a new ligand choice for
tumor targeting.

In vivo analysis of AsPC-1 tumor
xenograft incubated with NPs-DIP
Limitation of a targeting ligand application is its specificity
in living biological systems. To investigate whether dipep-
tide Ser—Glu can selectively guide NPs to pancreatic tumor
in vivo, NPs-DIP or control NPs (each with 60 g NPs) were
intravenously injected into nude mice bearing a pancreatic

AsPC-1 tumor (tumor size of approximately 0.3 cm in
diameter). The targeted NPs were significantly accumulated
in the tumors 20 hours post-injection (Figure 5A), and the
tumor-to-background ratio was recorded as 4.98 at 20 hours
and 2.58 at 32 hours (Figure 5B). In contrast, no significant
NIR fluorescence signal was observed in the tumor site of
the non-targeted NPs group (Figure 5A), and the tumor-to-
background ratio was 1.43 (20 hours) and 1.18 (32 hours)
(Figure 5B). These data clearly suggest that dipeptide
Ser—Glu remarkably promoted an active targeting for NPs
to pancreatic tumor in vivo. Furthermore, ex vivo fluores-
cence imaging of excised normal organs and tumors from
mice euthanized at 32 hours post-injection revealed obvi-
ous differences between NPs-DIP and NPs groups in NPs

International Journal of Nanomedicine 2016:1 |
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Figure 5 In vivo fluorescence imaging of NPs-DIP in pancreatic tumor xenograft model.

Notes: (A) Time-dependent target imaging of AsPC-1 tumor-bearing mice (tumor dia

meter ~0.3 cm, indicated by a blue circle) after intravenous injection with nanoparticles

(each at 60 pg), using In-Vivo Multispectral System FX (Kodak, Rochester, NY, USA) with 490 nm excitation and 790 nm emission filters; (B) Region of interest (ROI) analysis
of fluorescence intensity for tumor over background of mice in (A). Error bars indicate SD (n=3). **P<<0.01, *P<<0.05 (two-tailed Student’s t-test); (C) Representative ex vivo
image of excised main organs and tumors at 32 hours post-injection with nanoparticles, using In-Vivo Multispectral System FX (Kodak) with 490 nm excitation and 790 nm
emission filters; (D) Quantitative analysis of the percentage of organ NIR fluorescence intensity in (C). Error bars show SD *P<<0.05 (two-tailed Student’s t-test).
Abbreviations: NPs, nanoparticles; NPs-DIP, Ser—Glu-functionalized NPs; SD, standard deviation.

biodistribution (Figure 5C). With the calculation methods

reported previously,*

significantly increased NPs accumula-
tion in the tumor site was discovered for NPs-DIP compared
with NPs. Meanwhile, varying degrees of decreased accumu-
lation of NPs in normal organs were found in the NPs-DIP
group in contrast to the NPs group (Figure 5D). These results
clearly confirmed that NPs-DIP successfully targeted to
pancreatic tumor xenograft in living nude mice.

To further analyze localization of NPs within the
pancreatic tumor xenograft, the tumors from mice
euthanized at 32 hours post-injection were collected for
immunohistochemical staining. The cytoskeleton protein
alpha (ov)-tubulin was stained in green fluorescence with
Alexa Fluor 488-conjugated anti-a-tubulin antibody
(Figure 6111 and I11"). NPs-DIP were specifically delivered to

the tumor site (Figure 61V) and co-localized with o-tubulin
by exhibiting merged yellow signals in the pancreatic tumor
cells (Figure 61, indicated by white arrow), whereas NPs
showed low fluorescence signals both in red (Figure 6IV")
and in yellow (Figure 61’) in the tumor site. These find-
ings clearly suggest that dipeptide Ser—Glu modification
promoted internalization of NPs into pancreatic tumor cells

in vivo.

Conclusion

In summary, we have reported that PEPT1 was a remarkable
positive biomarker in pancreatic cancer cells compared
with varied normal cells. Dipeptide Ser—Glu was developed
to be a new small molecule targeting moiety, which could
efficiently guide NPs to pancreatic cancer cells AsPC-1.
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NPs-DIP

NPs

Figure 6 Localization of nanoparticles within pancreatic tumor xenograft.

Nanomaterials

v

a-Tubulin

Notes: The frozen AsPC- | tumor slices were obtained from the tumor samples (Figure 5C) and then experienced to typical IHC analysis. (I) Arrows were used to emphasize
that many nanomaterials were colocalized with tubulin, indicating NPs-DIP were efficiently internalized into tumor cells. (I, ') merged field; (Il, II') nuclei were labeled in blue
with DAPI; (lll, lIl') cytoskeleton oi-tubulin was stained in green with Alexa Fluor 488 anti-tubulin antibody; (IV, V") nanomaterials exhibited in red. Scale bar: 10 um.
Abbreviations: IHC, immunohistochemistry; NPs, nanoparticles; NPs-DIP, Ser—Glu-functionalized NPs.

More importantly, Ser—Glu-conjugated NPs exhibited active
targeting in pancreatic tumor xenografts in vivo, indicat-
ing a future potential preclinical diagnosis or therapy. To
our present knowledge, systematic evaluation of dipeptide
Ser—Glu as a cancer target ligand for NPs delivery has not
been reported before.
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