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ABSTRACT

Pancreatic cancer is one of the five most lethal malignancies and has a poor prognosis due to its abundant stromal
barriers and lack of effective available therapies. Although gemcitabine has been used as a standard therapy for several
decades, there has been little progress in improvement of the S-year survive rate due to low targeting efficiency to the
pancreatic cancer cells. To achieve targeted delivery of gemcitabine to pancreatic cancer cells, we have developed a
¢(RGDfE) [cyclic (Arg-Gly-Asp-D-Phe-Glu)] conjugated multi-functional nanomedicine delivery system composed of
a magnetic core and mesoporous silica shell. These magnetic mesoporous nanoparticles demonstrated sufficient
relaxivity properties for detection with magnetic resonance imaging (MRI). These ¢(RGDfE) peptide conjugated
magnetic mesoporous silica nanoparticles [¢(RGDfE)-pMMSNs] can target pancreatic cancer cells and increase
cellular uptake in human pancreatic cancer cell lines that overexpress integrin o,f;. Gemcitabine loaded ¢(RGDfE)-
pMMSNs were most efficiently targeted to pancreatic cancer cells (BxPC-3). Growth-inhibition of the BxPC-3 cell line
was achieved in a time dependent manner consistent with observed drug release behavior. Intracellular targeted

gemcitabine delivery using c¢(RGDfE)-pMMSNs offers a promising approach for the treatment of pancreatic cancer.
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INTRODUCTION

Pancreatic cancer is the fourth leading cause of cancer-related deaths in United States and the 5 year-survive rate
is less than 6%. It is estimated that there will be 45,220 new cases and 38,460 deaths caused by pancreatic cancer in
United States in 2013." In the past 30 years, little progress has been made to improve the 5-year survival rate of patients
with pancreatic cancer.” Less than 20% patients are suitable for the surgery resection,” but even after the successful
resection with negative margins, local regional recurrences often occur and adjuvant chemotherapy or postoperative
treatment is required.”® Chemotherapy and radiotherapy remain the primary options. Chemotherapy alone or in
combination with radiation, may benefit patients with advanced pancreatic cancer. Gemcitabine has been used as the
standard therapy for patients with advanced pancreatic cancer for more than a decade but the response rate is only 24%
and the median survival time is only 5.6-5.9 months.” Multiple clinical trials combining gemcitabine with other
therapeutic agents have failed to show significant improvements in survival time.'"'* One possible reason for the
limited sensitivity and overall resistance to gemcitabine is the insufficient diffusion of gemcitabine into tumors after
systemic administration. Intracellular delivery of gemcitabine may be necessary to improve therapeutic efficacy. The
development of improved multi-functional drug delivery systems is urgently needed to permit intracellular delivery of
gemcitabine.'” "

A number of nanocarriers have been investigated for drug delivery.'® '"? Among these nanomaterials,
mesoporous silica nanoparticles (MSNs) have attracted much attention due to large surface areas and pore volume,
tunable pore sizes and biocompatibility.”’” > MSNs can readily be functionalized with covalent bonds and electrostatic

%31 to release drug payload in controlled manner.””** Moreover, MSNs can be combined with

interactions
superparamagnetic iron oxide (SPIO) nanoparticles to form multifunctional magnetic silica nanoparticles (MMSN) for
magnetic resonance imaging (MRI) of targeted drug delivery. /n vivo measurements of drug delivery should ideal
permit patient-specific adjustments to treatment regimens (additional drug dosing and switch to alternative therapies as
needed) as well as early prediction of therapeutic outcomes. Furthermore, MSN can be augmented with signaling
molecules to increase the efficiency of cellular uptake within the targeted tumor tissues. In this study, we utilize a

¢(RGDfE) peptide targeting probe which binds to integrin o,; expressed on pancreatic cancer cells. The integrin o,f3

belongs to the cell adhesion receptors family and is over expressed on endothelial cells as well as many types of tumor
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cells associate glioblastoma, breast, prostate, and pancreatic cancer.””*' Integrin expression is associated with tumor
progression, invasion and metastasis, thus making integrins appealing targets for molecular imaging and therapeutic
targeting. The integrin a,B; can bind with short peptides containing Arg-Gly-Asp (RGD) sequences. These RGD-
containing peptides can specifically recognize the integrin o,f3. RGD-containing peptides have been used as targeting
agents for imaging and therapy.*”* Cyclic RGD peptides ¢c(RGDfE) have a higher binding affinity compared to linear
RGD sequences.”™* RGD peptide conjugated MMSNs [c¢(RGDfE)-pMMSNS] should permit tumor cell specific
internalization via integrin-mediated endocytosis for subsequent intra-cellular release of gemcitabine from the loaded
c(RGDfE)-pMMSNSs. Active targeting is expected to efficiently increase intra-cellular gemcitabine delivery and
reduce the side effects caused by the systemic chemotherapy. These magnetic nanoparticles should also serve as a MRI
contrast agents to monitor the biodistribution of c(RGDfE)-pMMSNs for early predictions of therapeutic response.
The purpose of this study was to develop this efficient multifunctional magnetic drug delivery system for MRI-monitor

gemcitabine delivery to pancreatic cancer.

MATERIALS AND METHODS

Chemicals

Iron (IIT) chloride (FeCl;), ammonium hydroxide (25%, wt), diethylene glycol (DEG), sodium hydroxide (NaOH),
polyacrylic acid (PAA), tetracthyl orthosilicate (TEOS), 3-aminopropyl-trimethoxysilane (APTMS),
cetyltrimethylammonium bromide (CTAB), ethanol (99.99%), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide(EDC),
N-Hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO), 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT), hydrochloric acid (HCI, 37%, wt) and rhodamine B isothiocyanate (RITC) were purchased from
Sigma-Aldrich (St. Louis, USA). Gemcitabine chloride salt was obtained from LC laboratories (MA, USA). COOH-
PEG-SH (MW. 5K) was purchased from Laysan Bio (Arab, Al, USA). [4-(N-maleimidomethyl) cyclohexane-1-
carboxylic acid 3-sulfo-N-hydroxy-succinimide ester sodium salt] (sulfo-SMCC) was purchased from Pierce (Thermo
Scientific Inc., Rockford, IL, USA). The c(RGDfE) [cyclo(Arg-Gly-Asp-D-Phe-Glu)] peptides were purchased from
Peptides International Inc. (Louisville, KY,USA). Milli-Q water was used in all experiments. All chemicals were used
without further purification.

Synthesis of Magnetic Nanoclusters (MNCs)
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The MNCs were synthesized using a modified hydrothermal reaction.”*’ Briefly, NaOH (50 mmol) was dissolved in
DEG (20 ml). After being heated at 120 °C for 1 h under nitrogen, the solution was cooled and then kept at 70 °C as
the stock solution. PAA (4 mmol), FeCl; (0.4 mmol) and DEG (17 ml) were mixed and heated to 220 °C under
nitrogen with vigorous stirring to form a uniform solution. After 30 min, the stock solution (2 ml) was injected rapidly
into the above solution and then the mixture was further heated for an additional 1 h. The obtained products were
washed with a mixture of ethanol and distilled water several times and then dried in vacuum for storage.

Synthesis of NH,-Magnetic Mesoporous Silica Nanoparticles (MMSNs-NH,)

MNCs (25 mg) were dispersed into a mixture of ethanol (80 ml), H,O (20 ml) and ammonia hydroxide (1 ml). TEOS
(200 pl) was added to the solution under magnetic stirring to react for 6 h at room temperature (RT). The obtained
products were washed and separated magnetically. Then the products were dispersed into a mixture of CTAB (200 mg),
ethanol (60 ml), H,O (80 ml), APTMS (50 ul) and NH,OH (1 ml). After stirring for 30 min, TEOS (80 pl) was added
into the mixture to further react for 6 h. The obtained products were dispersed in ethanol solution containing
hydrochloric acid and heated at 60 °C for 3 h to remove the CTAB. The final products were separated and washed with
ethanol and water and then dried in vacuum.

Functionalization of MMSNs with Peptides ¢c(RGDfE) [c(RGDfE)-pMMSNs]

The MMSNs-NH, was further modified with PEG (pMMSNSs). In brief, a mixture of COOH-PEG-SH (10 mg) and
sulfo-SMCC (50 pmol) was added to 10ml PBS solution containing 20 mg pMMSNs-NH, and then the solution was
stirred at RT for an additional 24 h. After being washed for several times, the particles (pMMSNs) were collected and
dispersed in PBS solution. Next, c(RGDfE) peptides were conjugated onto the surface of COOH-pMMSNS.
Specifically, c((RGDfE) (10 pmol) was dissolved in PBS solution followed by adding EDC (10 umol) and NHS (25
pmol). After stirring at RT for 10 min, 10 ml of PBS solution containing 20 mg COOH-pMMSNs was added. The
reaction continued at RT for an additional 24 h. To remove the excess EDC, NHS and RGD peptides, the obtained
products [c(RGDfE)-pMMSNs] were washed with distilled water until there were no peptides detected in the
supernatant (checked with UV/visible spectrometer). The final products were stored at 4 °C.

Characterization

Transmission electron microscopy (TEM) was used to characterize the size and structure of MNCs and MMSNs. TEM

images were acquired using a FEI Tecnai Spirit G2 at 120 kV. The crystal structure, size, and magnetic properties of
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the synthesized samples were characterized using an X-ray diffractometer (XRD; Scintag XDS-2000), and vibrating
sample magnetometer (VSM; Model 7400, Lake Shore, Westerville, OH, USA). The mesoporous sizes were measured
with a BET gas adsorption test (Tristar 3000, Micromeritics, Norcross, GA, USA). The zeta-potential changes of the
samples were investigated with a Zetasizer Nano-S (Malvern, Herrenberg, Germany). Relaxivity measurements were
performed to compare MNC r, value with the r, value of commercial iron oxide nanoparticles (Feraheme® which are
similar in size to the synthesized iron oxide nanoparticles in our MNCs). Iron concentrations were determined using
inductively coupled plasma mass spectroscopy (ICP-MS, Perkin Elmer, Waltham, MA, USA). MRI was performed
using 7 Tesla scanner (Clinscan, Bruker, Billerica, MA, USA). Agarose phantoms (1%) containing various
concentrations of MNCs or Feraheme were scanned using a T,-weighted multi-echo (4 TEs ranging from 11 ms to 45
ms) fast spin-echo sequence (TR=1000 ms). T, values were calculated by fitting signal decay curves measured from
regions of interest (ROIs) drawn within phantom images reconstructed at each TE (Image J, National Institutes of

Health).

Gemcitabine Loading and Release Study

The synthesized particles ¢(RGDfE)-pMMSNs were dispersed into gemcitabine solution (5 mg/ml) and then the
solution was stirred overnight at RT. The products were collected by washing and centrifugation. The supernatant
solutions were collected for measurement of gemcitabine loading. These particles loaded with gemcitabine were
dispersed into PBS solution (1 mg/ml, pH=7.2). 1 ml of the above solution was placed into a dialysis bag (Spectra/Por
Float-A-Lyzer G2, 10 kDa MWCO, Spectrum Laboratories) and the bag was subsequently placed in a beaker
containing PBS buffer (pH=7.2). The dissolution media was kept at 37°C and constantly stirred (100 rpm). At specific
time points, 1 ml of the dissolution media was extracted and replaced with 1ml fresh PBS solution to keep the total
media volume at 100 ml. The concentrations of released gemcitabine were determined by measuring OD values at
wavelength of 275 nm using a SpectraMax® M5 Multi-Mode Microplate Reader (Molecular Devices, Inc., Sunnyvale,
California, USA).

Cell Lines and Cell Culture

Three human pancreatic cancer cell lines BxPC-3, Panc-1 and CFPAC-1 were obtained from American Type Culture
Collection (ATCC, Rockville, MD). All the cells were cultured separately in their required media according to ATCC

guidelines: BxPC-3 was cultured in RPMI-1640 medium (Gibco, Invitrogen Co., Grand Island, NY, US) supplemented
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with 10% FBS, Panc-1 was cultured in DMEM medium (Gibco, Invitrogen Co., Grand Island, NY, US) supplemented
with 10% FBS, and CFPAC-1 cells were cultured in Iscove's Modified Dulbecco's Medium (Lonza Inc., NJ, USA)
containing 20% FBS. All cells were incubated at 37°C with 5% CO, and 95% humidity.

Cellular Targeting and Uptake

The cellular uptake of c(RGDfE)-pMMSNs was confirmed with a confocal fluorescence microscope (Carl Zeiss LSM
510 UVMETA, Thornwood, NY). The expression of Integrin a,f; in three pancreatic cancer cell lines (BxPC-3, Panc-1,
CFPAC-1) was compared using immune fluorescence (IF) imaging and FITC labeled integrin a,f; antibodies. To study
endocytosis of these particles in the different cell lines, the cells were seeded onto glass cover slides and incubated with
either pMMSNs or ¢(RGDfE)-pMMSNSs loaded with RITC for 24 h. Then all particles were removed and the cells
were rinsed three times with PBS solution. The cells were fixed in 4% formaldehyde solution for 10 min and stained
with DAPI. The samples were excited separately with lasers at different wavelengths (364 nm-blue, 488 nm-green and
543 nm-red) for multi-color fluorescent imaging. Samples for TEM imaging were prepared with similar methods to
those used to prepare IF samples. BXPC-3 cells were incubated with ¢(RGDfE)-pMMSNs for 24 h. These cells were
fixed in TEM fixative and embedded. MRI studies were also performed. The three different cell lines were incubated
with pMMSNSs (100 ug/ml) for different time periods (1, 8 and 24 h) and T2 weighted MR images were acquired to
observe uptake efficiency of pMMSNSs in each cell suspension (3-million cells within 2mL agar). MRI scans were
performed using a 7 T MR scanner (Bruker Clinscan). T,-weighted images were obtained with a repetition time (TR)
and echo (TE) time of TR/TE = 3,000 ms/44 ms. All sequences were acquired with a field of view of 35 X 35 mm, a

matrix of 256 x 256 pixels, turbo factor of 12, and slice thickness of 0.4 mm.

Evaluation of Therapeutic Efficacy

The cytotoxicity of pMMSNs upon exposure to three human pancreatic cancer cell lines (BxPC-3, CFPAC-1 and Panc-
1) was assessed through MTT assay. Cells plated in 96-well plates (10* cells /100 ul) were first cultured for 24 h and
then exposed to increasing concentrations of pMMSNS (0, 5, 10, 20, 40, 60, 80, 100 pug/ml) for another 72 hours. The

cell viability was calculated using following formula (A=absorbance):

(Asample - Ablank)

Cell viability (%) = X 100%

(Acontrol - Ablank)
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The half-maximum inhibition concentration (ICsy value) of free gemcitabine was evaluated in three cell lines similar to
the cytotoxicity experiment. The dose concentrations of gemcitabine were 0.00, 0.01, 0.10, 1.00, 10.00, 100.00 uM. To
assess the therapeutic efficacy of ¢(RGDfE)-pMMSNs, MTT assays were performed using each of the three cell lines.
Cells were co-cultured with c(RGDfE)-pMMSNs (20 pg/ml) for increasing time intervals. The resulting cell viabilities
at different time points (1h, 8h, 24h) were calculated using the above formula.

RESULTS

Synthesis and Characterization of MNCs and MMSNs

7 nm iron oxide nanoparticles formed clusters when coupled with the polyacrylic acid *°. The average size of the
MNCs was 24 nm. These MNCs were water dispersible and stable in aqueous solution with a surface charge of —48.7
mV (zeta potential). The iron oxide magnetic nanoclusters were encapsulated within a porous silica shell to form
magnetic drug carriers (Fig. 1). CTAB was used as the pore-generating template, which would be removed later to
form the meso-structured silica shell. TEM images showed structures and sizes of the pMMSNs. These pMMSNs were
uniformly spherical with average diameter of roughly 50 nm and a mesostructured silica shell of 15nm (Fig. 2a). 2-3
nm pores are shown within TEM image in Fig. 2a (right panel). The BET surface area of the etched silica shell
encapsulated magnetic nanoclusters was 86 m’/g, which was increased from the 14.7 m*/g area of non-etched silica
shell encapsulated magnetic nanoclusters. The X-ray diffraction pattern of the synthesized pMMSNs was consistent
with our previous report * for crystalline magnetic silica nanoparticles (Fig. 2b). These drug carriers including silica
and magnetic nanoclusters demonstrated a magnetization saturation of 27 emu/g. At 300 K, hysteresis behavior
disappeared; these drug carriers exhibited superparamagnetic behavior with no coercivity or remanence (Fig. 2c).
Surface modification of these nanoparticles was verified with measurements of zeta potential. The strong negative zeta
potential (—48.7 mV) of the magnetic nanoclusters was changed to +20 mV by the amine modified mesoporous silica
coating. Further, COOH-PEG-SH modification and biofunctionalization with c(RGDfE) peptides was confirmed with
—14 mV and +18 mV of zeta potential, respectively (Fig. 2d). The MRI contrast effects of these pMMSNs were
compared to commercial SPIOs with comparison of resulting T, relaxivities. T,-weighted phantoms images are shown
in Fig. 3 (a: commercial SPIOs, b: synthesized pMMSNSs). The signal intensity (SI) of these T,-weighted images
decreased with the increasing iron concentrations (0, 0.05, 0.10, 0.15, 0.20, 0.25 mM). These signal decreases were

significantly greater for phantoms containing pMMSNs than for phantom containing comparable concentration levels
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of SPIOs (p<0.05, Fig. 3¢). The r, relaxivity of our pMMSNs  (250.7 £15.6 mM 's ') was two times greater than the
measured 1, relaxivity of the commercially available SPIOs (113.6 + 13.3 mM ' s ") (Fig. 3¢).

Cellular Uptake

The amount of c(RGDfE) peptides conjugated onto the surface of pMMSNs was approximately 0.2014 pmol / mg
[c(RGDfE) conjugated amount (umol) pMMSNs amount (mg)]. pMMSN or ¢(RGDfE)-pMMSN loaded with RITC
were used to compare cellular uptake in three human pancreatic cancer cell lines. The results for these studies are
shown in Fig. 4. For pMMSN:ss, there was relatively minimal observed uptake for each of the three cell lines (Fig. 4. iv-
vi). However, the uptake of ¢(RGDfE)-pMMSN in BxPC-3 cells was much higher; this observed ¢(RGDfE)-pMMSN
uptake in BxPC-3 cells was greater than that observed in the Panc-1 and CFPAC-1 cell lines (Fig. 4. vii-ix). This result
was consistent with the elevated expression of integrin a,; in the BXPC-3 cell line compare to Panc-1 and CFPAC-1
cell lines (Fig. 4. i-iii). TEM imaging was also performed to further confirm the cellular uptake of c(RGDfE)-pMMSNs
in BxPC-3 cells. TEM results are shown in Fig. 5 with a large number of intra-cellular c(RGDfE)-pMMSNs
aggregated around the nucleus (Fig. 5. a, b).

MRI Studies

T,-weighted MR images of cell suspension phantoms are included in Fig. 5.c. These images and accompanying signal
intensity measurements demonstrated marked reductions in signal intensity after incubation with ¢c(RGDfE)-pMMSNs
with the greatest reduction observed after 24 hours. Signal reductions were strongest for the BxPC-3 cells and weakest
for Panc-1 cells, both observations consistent with differential RITC and TEM cellular uptake measurements in these
same cell lines.

Gemcitabine Release Studies

The gemcitabine loading efficiency of these ¢(RGDfE)-pMMSNs was as high as 75% (GEM loading amount x100% /
GEM total amount, 4.75 mg GEM / 1 mg RGD-pMMSNs). The gemcitabine release curve for loaded ¢(RGDfE)-
PMMSNSs is shown in Fig. 6a. A typical two-phase drug release profile was observed with 40% of the loaded

gemcitabine released within the first 8 hours, 40% released during sustained phase from 8-72 hours; overall 90% of the

gemcitabine was released within 72 hours (Fig. 6a).
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In vitro Biocompatibility and Therapeutic Efficacy

The cytotoxicity of pMMSNs was evaluated for BxPC-3, CFPAC-1, Panc-1 cell lines with MTT assay. Cell viability
remained above 80% even upon exposure to high concentration of 100 pg/ml (Fig. 6b), indicating the good
biocompatibility of these pMMSNs. The half-maximum inhibition concentration (ICs, value) of free gemcitabine was
evaluated in BxPC-3, Panc-1, CFPAC-1 cell lines (Fig. 6¢). The ICs, values for gemcitabine in 0.106 pM, 0.064 uM
and 18.480 uM for BxPC-3, CFPAC-1, and Panc-1, respectively. To evaluate the therapeutic efficacy of ¢c(RGDfE)-
PMMSNSs loaded with gemcitabine, three different intervals (1h, 8h and 24h) were chosen for exposure periods with
the three cell lines (Fig. 6d). For BxPC-3 and CFPAC-1 lines, cell viability decreased with increasing exposure times
(p=0.0005, 0.0013 respectively), while there was no significant decrease observed among the three different intervals
in Panc-1 cells (p = 0.7). Further data analysis showed that the viable decreases were significant across the three
intervals in the BxPC-3 cells (p < 0.05). For the CFPAC-1 cells, viability decreases between 8 h and 24 h exposure

periods were not found statistically significant (p>0.05).

DISCUSSION

The prognosis for patients with pancreatic cancer is very poor with 5-year survival rates less than 6%." Early
metastasis and loco-regional recurrence occur in more than 80% of these patients.” Chemotherapy alone or in
combination with other therapeutic approaches remains the preferred treatment for most patients with advanced
pancreatic cancer. Since the first report by Burris et.al.,” gemcitabine has been used as the first-line therapeutic agent
for advanced pancreatic cancer. However, gemcitabine chemotherapy and combined chemotherapy with therapeutic

52, 33 cisplatin,54 irinotecan, oxaliplatin,56 have shown minimal

agents including fluorouracil’’, capecitabine,
improvements in S5-year survival rates. Non-specific delivery of these therapeutic agents, chemo-resistance of
pancreatic cancer, insufficient drug concentrations reaching the tumors and side effects that limit overall dose during
systemic administration are each critical factors negatively impacting therapeutic efficacy. There is an urgent need to
develop an effective and efficient targeted drug delivery system to increase the local tumor drug concentrations. In this
study, we designed a targeted drug delivery system based upon the multi-functional nanoparticles [¢(RGDfE)-

PMMSNs]. We selected the ¢(RGDfE) peptide as the targeting probe with high binding affinity to integrin o,f;

overexpressed in human pancreatic cancer cells. The selective uptake of these nanoparticles should be dependent upon
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the integrin expression levels of the targeted cancer cells. The results of our study showed that c(RGDfE) conjugated
PMMSNSs were more effectively internalized by BXPC-3 pancreatic cancer cells that demonstrated higher integrin o3
expression levels that permitted enhanced cellular uptake via receptor-mediated endocytosis. Gemcitabine release from
these c(RGDfE)-pMMSNs was able to inhibited pancreatic cancer cell growth. The MNCs in the core of these
nanoparticles eliciting strong MRI contrast to potentially permit non-invasive monitoring of ¢(RGDfE)-pMMSNs

delivery for early prediction of treatment outcomes.

The synthesized MNCs were highly water dispersible and stable at RT. These 24 nm MNCs demonstrated
stronger MRI relaxivity than commercial SPIOs of similar sizes (17-31nm). The high relaxivity and super-
paramagnetic properties of these MNCs should permit these to serve as excellent in vivo MRI contrast agents.”” To
provide capacity for gemcitabine drug loading, the MNCs were further modified with an amine terminated mesoporous
silica shell (MMSNSs). Thus, the surface of these MMSNSs could be conjugated with targeting molecules c(RGDfE)
peptides. To form the mesostructured silica shell, CTAB was used as the templates, which was removed later to form
pores on the shell. The 2-3 nm pores generated provide a large internal space for drug loading. Amine terminated
surface was caused by APTMS modification and the pMMSNs were further capped with PEG molecules which for
conjugation with c(RGDfE) peptides. This PEG modification should also reduce the nonspecific uptake of the

nanoparticles by the RES and increase circulation time in vivo.”™ >

To achieve targeting delivery of the pMMSNS to pancreatic cancer cells, c(RGDfE) peptides were selected as the
targeting probe. These ¢(RGDfE) peptide grafted pMMSNs (RGD-pMMSNSs) can bind to the integrin a,B; which is
over expressed upon many different types of tumor cells.’”*' This binding should permit ¢(RGDfE) -pMMSNss to be
taken into the tumor cells via receptor-mediated endocytosis.”® Subsequently intra-cellular gemcitabine release will
occur after the internalization, which should lead to cell death. TEM results showed that most of the internalized
¢(RGDfE)-pMMSNs accumulated around the nucleus. This result is consistent with the prior studies.*"* The cellular
uptake in three different pancreatic cancer cell lines was compared with IF imaging. Cellular uptake was related to the

expression level of integrin a3, which indicates that the uptake was most likely due to integrin-mediated endocytosis.

While not included in current studies, a free ¢c(RGDfE) peptide blocking group could be valuable for future studies

providing additional validation of the specific mechanism for selective ¢(RGDfE)-pMMSN delivery.
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Gemcitabine, which is used as a standard therapeutic for pancreatic cancer, is a nucleoside analogue and should
induce cell apoptosis via interfering with the process of DNA replication.®’ Given the drug’s mechanism of action,
¢(RGDfE)-pMMSNs accumulation near the nucleus (observed during TEM) should thus be highly serendipitous. /n
vitro drug release studies showed that there were two phases of the gemcitabine release. In the first 8 hours, the release
was fast and almost 50% of the loaded gemcitabine was released. Then the release rate slowed with a sustained release
rate observed for roughly three days during which remaining 40% of initially loaded drug dose was released. Initially
the 10% of gemcitabine drug released during first hour showed minimal impact upon the growth rate of the exposed
cells. However, longer incubation times allowed a greater amount of the gemcitabine to be released, thus eliciting a
time dependent pattern of cell growth inhibition, particularly for the BxPC-3 cell line. The increasing incubation time
from 1h to 8 h and 24 h decreased the viability of BXxPC-3 cells. However, while significant decreases of CFPAC-1 cell
viabilities were observed at 8 and 24 h when compared to 1 h of ¢c(RGDfE)-pMMSN exposure, CFPAC-1 and PANC-1
cell lines did show significant time dependent decreases between the 8 h and 24 h time intervals, likely due to the lower
expression levels of integrin a,f; in these two cell lines (CFPAC-1 and PANC-1). For the cell line PANC-1, no
significant differences were observed in cell viability at any of the follow-up exposure periods. This was likely due to
the relatively low sensitivity to gemcitabine for PANC-1 cell lines (ICsq: 18.5 uM). After the first hour of exposure,
only roughly 10% of gemcitabine would be released. Even at the 24 h incubation (0.3799 uM gemcitabine released),
cell viability remained above 80%. Further, expression of integrin o,f; was lower in these PANC-1 cells, thus
endocytosis was likely not enhanced with increased incubation times.

CONCLUSION

We developed ¢(RGDfE) peptides-grafted magnetic mesoporous silica nanoparticles for the purpose of target delivery
of gemcitabine to pancreatic cancer cells. Included magnetic components at the core of the drug carriers produce strong
MR contrast effects to facilitate non-invasive monitoring of the delivery of these drug carriers and tumors. c(RGDfE)
peptides conjugation to these magnetic drug carriers achieved specific binding to pancreatic cancer cells for targeted
drug delivery to enhance anticancer effects with intra-cellular release of gemcitabine. This efficient multi-functional
magnetic drug delivery system has the potential for application as a new approach for targeted pancreatic cancer

therapy.
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Figure 2. (a) HR-TEM images of magnetic mesoporous silica nanoparticles (pMMSNs) showing structure of magnetic
cluster core and mesoporous silica shell (right panel). (b) X-Ray diffraction (XRD) data for pMMSNSs. (c)
Magnetization graph for pMMSNSs at magnetic field application from —10 kOe to +10 kOe. (d) Zetapotential changes

for each nanoparticle surface modifications.
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Figure 3. T, weighted MRI images (a, b), R, (= 1/T,) values and relaxivities (c¢) of phantoms containing increasing

concentrations of commercial SPIOs (a) and our synthesized magnetite nanoclusters (b).
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Figure 4. Intravital fluorescence imaging of the expression of integrin o,f; in three different human pancreatic cancer
cell lines BxPC-3 (i), CFPAC-1 (ii), Panc-1 (iii). Cellular uptake of RITC labeled pMMSNs and ¢(RGDfE)-pMMSNs

in BxPC-3 (iv, vii), CFPAC-1 (v, viii), Panc-1 (vi, ix).
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Signal intensity

1 hour 8 hour 24 hour
BxPC-3
Panc-1 369.6126.7 357.4+22.7 343.5+25.4
BxPC-3 271.7£25.1 253.3%26.1 134.8+23.7
CFPAC-1

CFPAC-1  352.7%33.7 347.8%24.1 285.3%+26.8

Figure 5. TEM and MR images of the cellular uptake of c(RGDfE)-pMMSNs in human pancreatic cancer cells. (a) A
large number of nanoparticles aggregated around the nucleus of BXPC-3 cells. (b) High magnification TEM image of
the red inset area in (a). (c) T, weighted MR images of three different pancreatic cancer cell suspension phantoms
(Panc-1, BxPC-3 and CFPAC-1) after incubation with c((RGDfE)-pMMSNSs for 1, 8 and 24 hours along with associated

signal intensity measurements.
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Figure 6. (a) In vitro study of gemcitabine release from c(RGDfE)-pMMSNs. At 1 hour, less than 10% of gemcitabine
was released from the particles. At 8 hour, almost 50% of the gemcitabine was released. 90% of gemcitabine was
released at 60 hours. (b) Cytotoxicity of ¢c(RGDfE)-pMMSNSs in three pancreatic cancer cell lines. (¢) Gemcitabine
dosage dependent cell viability in three different human pancreatic cancer cell lines (BxPC-3, CFPAC-1 and Panc-1).
(d) Comparison of therapeutic effects on the three cell lines incubated with ¢(RGDfE)-pMMSNs loading with

gemcitabine for different time intervals (1h, 8h, 24h).
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