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ABSTRACT

Purpose A polysaccharide-flavonoid conjugate was develo-
pend and proposed for the treatment of pancreatic ductal
adenocarcinoma (PDAC).

Methods The conjugate was synthesized by free radical grafting
reaction between catechin and dextran. The chemical character-
ization of the conjugate was obtained by UV-Vis, |H-NMR, FT-IR
and GPC analyses, while the functionalization degree was deter-
mined by the Folin-Ciocalteu assay. The biological activity of the
catechin-dextran conjugate was tested on two different cell lines
derived from human pancreatic cancer (MIA PaCa-2 and PL45
cells), and the toxicity towards human pancreatic nestin-expressing
cells evaluated.

Results Both the cancer cell lines are killed when exposed to
the conjugate, and undergo apoptosis after the incubation with
catechin-dextran which resulted more effective in killing pan-
creatic tumor cells compared to the catechin alone. Moreover,
our experimental data indicate that the conjugate was less
cytotoxic to human pancreatic nestin-expressing cells which
are considered a good model of non-neoplastic pancreatic cells.
Conclusion The suitability of newly synthesized Dextran-
Catechin conjugate in the treatment of PDAC was proved
confirming the high potential application of the proposed mac-
romolecula system in the cancer therapy.

KEY WORDS anticancer activity - antioxidant-polymer
conjugates - catechin - pancreatic ductal adenocarcinoma -
polymeric drugs

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease
with a rising incidence such that it nowadays ranks as the
fourth cause of cancer death in the Western world (1). Apart
from cigarette smoking, which has been estimated to cause
about 30% of pancreatic cancers (2), relatively little is known
about the exact etiology of this disease, although other lifestyle
factors have been implicated, including obesity (3) and type-II
diabetes (4). Current therapy for PDAC is surgery followed by
adjuvant radiotherapy and chemotherapy for early-stage and
palliative chemotherapy for advanced disease (5) based on
Gemcitabine as the standard cytotoxic agent (6,7). The vari-
ability of clinical response in PDAC patients is attributed to
inter-individual differences in the pharmacokinetics and phar-
macodynamics of gemcitabine as well as to the emergence of
drug resistance and diminished sensitivity to radiotherapy (8).
Recent studies have shown that gemcitabine therapy has a
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beneficial effect on the quality of life of patients with PDAC
treated with weekly infusions, although the median survival in
these patients is only marginally prolonged (5). Regimens using
combinations of gemcitabine with 5-FU with or without folinic
acid, or combinations of gemcitabine with cisplatinum can
prolong median survival for up to 8.3 months (9—11). The
addition of radiation therapy to combination chemotherapy
with mitomycin C and gemcitabine does not significantly
improve survival (12). From the data previous showed, it is
clear that there is a need for new more effective treatment
against PDAC. This accounts for considerable research inter-
est In newer cytotoxic agents and biological solutions for the
treatment of PDAC, currently regarded as incurable in the
vast majority of patients.

Among the different natural extract with improved biolog-
ical properties, green tea is known to have a cancer chemo-
preventive effect against a broad spectrum of invasive solid
cancers (13), with catechins (CT) as the key components
responsible for these anti-proliferative properties. The major
component in green tea extract, epigallocatechin-3-gallate
(EGCG), has significant anti-tumorigenesis and anti-tumor
growth effects (14). These effects of EGCG, and other struc-
turally related green tea polyphenols, have been investigated
using a variety of rodent tumor models. One of the most
plausible mechanisms of their anti-proliferative activity is at-
tributed to its ability to suppress the promotion of carcinogen-
esis in animals and in cultured cells, partially by the induction
of apoptosis (15,16).

When studying the anticancer drugs, it should also be
considered that most of them are small molecules, penetrat-
ing indiscriminately all cell types without any specific target-
ing, and this carries out to serious systemic toxicity. In the
last few decades, to overcome these drawbacks by improving
the targeted distribution of these drugs, thereby maximizing
their anticancer effects with reduction of adverse effects on
normal tissues, polymer-drug conjugates have been intro-
duced (17). These drug delivery systems, functional materi-
als in which the drug is covalently bonded to a polymeric
carrier (18), carry out to several advantages (19) such as a
passive tumor targeting by enhanced permeability and re-
tention (EPR) (20); a decreased toxicity (21); an increased
solubility in biological fluids (22); the possibility to overcome
certain mechanisms of drug resistance and the ability to
elicit immune-stimulatory effects (23). For the preparation
of these conjugates, a variety of water-soluble polymers, e.g.,
human serum albumin and dextran, have been proposed. In
all instances, the resulting drug-polymer conjugates have
demonstrated good solubility in water, increased half-life
in the body, and high antitumor effects (24).

In recent years, among the family of polymer conjugates,
flavonoid-polymer conjugates have been proposed for bio-
medical applications (25) with the aim to increase the sta-
bility of the antioxidant molecule prolonging its duration of
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action (26). In particular, promising materials have been
prepared through a free radical coupling between a pre-
formed polymer (polysaccharide or protein) and a flavonoid
in the presence of a water compatible redox pair such as
hydrogen peroxide (H5O,) and ascorbic acid (AA). This
approach has been successfully employed for the synthesis
of chitosan, starch, inulin, alginate and gelatin derivatives
with high antioxidant and biological properties, including
anti-cancer activity (27).

In the present paper, for the first time, we report on the
preparation of a catechin-dextran (C'T-Dex) derivative with
increased anticancer activity by comparing its antitumoral
activity with that of free C'T. Dextran (Dex) was selected as
polymer because of its wide range of application in biomed-
ical and pharmaceutical field. In particular, it is readily
available, inexpensive, and it can be easily chemically mod-
ified. Furthermore, other properties such as high stability,
hydrophilic and nontoxic nature and biodegradability ren-
der it an ideal drug delivery carrier (28). Regarding the
cancer treatment, it was previously showed that dextran
conjugation can increase the stability and the penetration
in tumor mass of chemotherapeutic agents (29); moreover, a
poly-L-arginine and dextran sulfate-based nano-sized poly-
electrolyte complex was developed for the treatment of head
and neck cancer (30).

In this work we tested the anti-tumor activity of the C'T-
Dex on two different cell lines derived from human pancre-
atic tumor, one of which was resistant to the standard
chemotherapy agents. In particular, we studied the apopto-
sis induction by C'T-Dex and its effects on the expression of
VEGTF gene, which is highly expressed in pancreatic tumor
cells. Furthermore, its expression level correlates with micro-
vessel density, tumor metastatic potential, local disease pro-
gression and chemo-resistance in a variety of malignancies,
including PDAC (31,32).

MATERIALS AND METHODS
Synthesis of CT-Dex

The CT-Dex conjugate was synthesized according to the
literature as follows (27): in a 50 mL glass tube, 0.5 g of Dex
from Leuconostoc spp (Dex, Sigma, St. Louis, MO, USA) was
dissolved in 50 mL distilled water. Then, 1 mL of HyO9
5.0 M (5.0 mmol) (Sigma, St. Louis, MO, USA) and 0.25 g
of AA (1.4.mmol) (Sigma, St. Louis, MO, USA) was added
and the mixture was maintained at 25°C under atmospheric
air. After 2 h, in separate experiments, different amounts of
CT, from 0.1 to 0.35 mmol, (Sigma, St. Louis, MO, USA)
were introduced in the reaction flask and the mixtures were
maintained at 25°C for 24 h under atmospheric air. The
resultant polymer solutions were introduced into dialysis
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tubes (of 6-27/32" Medicell International LTD, MWCO:
3.5-5000 Da) and dipped into a glass vessel containing
distilled water at 20°C for 48 h with eight changes of water.
The resulting solutions were frozen and dried with a freeze
drier (Micro Modulyo, Edwards Lifesciences, USA) to af-
ford vaporous solids. Each purified conjugate was checked
to be free of unreacted antioxidant and any other com-
pounds by High-Pressure Liquid Chromatography (HPLC)
analysis after the purification step. The HPLC analysis was
carried out using a Jasco PU-2089 Plus liquid chromatog-
raphy equipped with a Rheodyne 77251 injector (fitted with
a 20 pl loop), a Jasco UV-2075 HPLC detector and Jasco-
Borwin integrator (Jasco Europe s.r.l., Milan, Italy). A Trac-
er Excel 120 ODS-A column particle size 5 pm, 15%0.4 cm
(Barcelona, Spain) was employed. As reported in literature
(33), the mobile phase was a mixture of methanol/water/
orthophosphoric acid (20/79.9/0.1) (HPLC grade, Carlo
Erba, Milan, Italy) at a flow rate of 1.0 mL min~ ', while
the detector was set at 260 nm.

Blank Dex, which acts as a control, was prepared when
grafting process was carried out in the absence of CT.

Characterization of the Conjugate

Mn and Mw/Mn were measured by Gel permeation chro-
matography (GPC) using water as eluent at 25°C and at
flow rate 1.0 mL min~' on PL aquagel-OH Mixed, 7.5
300 mm, 8 pm column in series with PL aquagel-OH 30,
7.5% 300 mm, 8 pm (Agilent Technologies, Santa Clara CA
USA) connected to a Jasco PU-2089 pump and a Jasco 930-
RI refractive-index detector (Jasco Europe s.r.l., Milan,
Italy). The columns were calibrated with standard Dextran
samples (Sigma, St. Louis, MO, USA). IR spectra were
recorded as KBr pellets on a Jasco FT-IR 4200 (Jasco
Europe s.r.l., Milan, Italy). Spectrofluorimetric grade water
(Sigma, St. Louis, MO, USA) was used for the photophys-
ical investigations in solution, at room temperature. A Per-
kin Elmer Lambda 900 spectrophotometer (Perkin Elmer,
Waltham, MA, USA) was employed to obtain the absorp-
tion spectra, while the corrected emission spectra, all con-
firmed by excitation ones, were recorded with a Perkin
Elmer LS 50B spectrofluorimeter, equipped with Hama-
matsu R928 photomultiplier tube. "H-NMR spectra were
run on Bruker VM-300 ACP using DMSO-d6 as solvent.

Evaluation of CT Content by Folin-Ciocalteu Method

The amount of C'T equivalents in the C'T-Dex conjugate
was determined using the Folin-Ciocalteu reagent proce-
dure with some modifications (34). Briefly, 5 mg amount
of CT-Dex conjugate was dispersed in distilled water (6 mL)
in a volumetric flask. After dissolution, 1 mL of Folin-
Ciocalteu reagent (Sigma, St. Louis, MO, USA) was added

and the contents of flask were mixed thoroughly. After
3 min, 3 mL of NayCOj3 (2%) were added, and then the
mixture was allowed to stand for 2 h with intermittent
shaking. The absorbance was measured at 760 nm against
a control prepared using the blank polymer under the same
reaction conditions. The C'T content in the conjugate was
expressed as mg per g of dry conjugate by using the equa-
tion of the free CT calibration curve, recorded by employ-
ing five different CT standard solutions. 0.5 mL amount of
each solution was added to the Folin-Ciocalteu system to
raise the final concentration of 8.0, 16.0, 24.0, 32.0, and
40.0x107% mol L', respectively. After 2 h, the absorbance
of the solutions was measured to record the calibration
curve and the correlation coefficient (R?); slope and inter-
cept of the regression equation obtained were calculated by
the method of least squares.

Evaluation of the Antioxidant Properties

The antioxidant properties of CT-Dex conjugate were eval-
uated by determination of the scavenging activity towards
DPPH, ABTS, hydroxyl and peroxyl radicals. All the tests
were performed on CT-Dex conjugate, blank Dex to eval-
uate the interference of the polymeric material on the assay
and free C'T to determine the ICs, values of the free anti-
oxidant (25-27).

For the DPPH assay, in five different test tubes, different
amount of CT-Dex comjugate (1.0; 2.0; 3.0; 4.0; 5.0 mg)
were dispersed in 10 mL of a DPPH solution in ethanol
(100%107° mol L™', Sigma, St. Louis, MO, USA). The
tubes were incubated in a water bath at 25°C and, after
30 min, the residual DPPH concentration was determined
colorimetrically at 517 nm. The decrease (%) in DPPH
absorbance was used to calculate the IC5( according to the
following equation 1:

Ay — 4,

0

inhibition(%) =

x 100 (1)

where Ay is the absorbance of a standard prepared in the
same conditions, but without any polymers, and A, is the
absorbance of polymeric samples.

The ABTS assay was performed as follows: ABT'S radical
cation was generated by incubation of ABTS (7.0X
107 mol L', Sigma, St. Louis, MO, USA) and potassium
persulfate (2.45X 107° mol L7, Sigma, St. Louis, MO,
USA) in the dark at room temperature for 16 h. The
solution was further diluted with ethanol to an absorbance
of 0.70+0.02 measured at 734 nm and equilibrated at 30°
C. Polymeric samples (10; 20; 30; 40; 50 pg) were added to
2.0 mL of ABTS radical cation solution and the absorbance
at 734 nm was recorded 6 min after mixing. The 1C5( value
was calculated according to the equation 1.
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The scavenging effect on hydroxyl radical was evaluated by
studying the competition between the CT-Dex conjugate and
the deoxyribose for hydroxyl radical formed by HyoOo/Fe/
ascorbate system using the Fenton reaction. Differen amounts
of CT-Dex (1.0; 1.5; 2.0; 2.5; 3.0 mg) were dispersed in
0.5 mL of 95% ethanol and incubated with 0.5 mL deoxyri-
bose (3.75x107° mol L', Sigma, St. Louis, MO, USA),
0.5 mL H,0, (1.0x107 mol L', Sigma, St. Louis, MO,
USA), 0.5 mL FeCl3(100x 10~ mol L™', Sigma, St. Louis,
MO, USA), 0.5 mL EDTA (100x 10~ mol L.”', Sigma, St.
Louis, MO, USA) and 0.5 mL ascorbic acid (100 X
10~* mol L', Sigma, St. Louis, MO, USA) in 2.0 mL potas-
sium phosphate buffer (20% 10~ mol L™!, pH 7.4, Sigma, St.
Louis, MO, USA) for 60 min at 37°C. Then samples were
filtered and to 1 mL amount of filtrate were added to 1 mL of
thiobarbituric acid (1% w/v, Sigma, St. Louis, MO, USA) and
1 mL of trichloroacetic acid (2% w/v, Sigma, St. Louis, MO,
USA) were added, and the mixtures were incubated at 100°C
for 20 min. After cooling, the absorbance of the mixture was
read at 535 nm against reagent blank. The antioxidant activity
was expressed as a percentage of scavenging activity on hy-
droxyl radical according to equation (1).

The inhibition of lipid peroxidation was evaluated by
performing the linoleic acid p-carotene test. In this assay,
1.0 mL of P-carotene solution (0.2 mg/mL in chloroform,
Sigma, St. Louis, MO, USA) was added to 0.02 mL of linoleic
acid (Sigma, St. Louis, MO, USA) and 0.2 mL of Tween 20
(Sigma, St. Louis, MO, USA) and then the chloroform was
removed in a rotary evaporator. After evaporation, 100 mL of
distilled water was added slowly to the mixture and agitated
vigorously to form an emulsion. The emulsion (5.0 mL) was
transferred to different test tubes containing different amounts
of CT-Dex conjugate (5.0; 10.0; 15.0; 20.0; 25.0 mg). The
tubes were then gently shaken and placed in a water bath at
45°C for 60 min. The absorbance of the filtered samples and
control was measured at 470 nm against a blank, consisting of
an emulsion without p-carotene. The measurement was car-
ried out at the initial time (/=0) and successively at 60 min.
Data are expressed as inhibition (%) according to the follow-
ing equation (2):

Ay — A
Ay = <1 _7)
A()iAGO

where Ay and Ag° are the absorbance values measured at the
initial incubation time for samples and control, respectively,
while Agyand Ag° are the absorbance values measured in the

(2)

samples and in control, respectively, at (=60 min.

Freeze-Thaw Stability

Tubes containing free CT and CT-Dex conjugate (1.0
107 mol referred to C'T) were kept at 2-8°C: for 2 days, and
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then heated at 40°C for 2 days per cycle; three cycles of
freeze-thaw were conducted (35). After this time, 10 mL of
water were added to the samples and the solutions were
analyzed by Folin Ciocalteu method. The freeze—thaw sta-
bility was evaluated by comparing the results after each
cycle to the CT calibration curve.

Cell Culture

The human pancreatic cancer cell line (MIA PaCa-2) and
the pancreatic ductal adenocarcinoma cell line (PL45) were
obtained from American Type Culture Collection (ATCC,
Rockville, MD). These cell lines were grown in a complete
culture medium consisting of DMEM (Lonza, Milan, Italy)
supplemented with 2 mM L-glutamine, 100 TU mL~" pen-
icillin, 100 ug mL~" streptomycin and 10% heat inactivated
fetal bovine serum (FBS, Lonza, Milan, Italy).

The human pancreatic Nestin-expressing cells (HPNE)
generously provided by Prof. Daniela Campani (University
of Pisa) were used as a control cell line. These cells were
derived from non-neoplastic pancreatic tissue and immortal-
ized using hTERT (36). We maintained HPNE in DMEM
high glucose supplemented with 2 mM L-glutamine,
100 TU mL™" penicillin, 100 pg mlL ™! streptomycin,
10 ng mL~" human recombinant EGF. Moreover, in the
starving medium we added 2.5% of inactivated FBS and in
the complete culture medium (for proliferating cells) we used
10% of nactivated FBS. Cells were maintained at 37°C in a
saturated humidity atmosphere of 95% air and 5% CO,.

In Vitro Studies for Evaluation of Cytotoxic Activity
of CT and CT-Dex

Pancreatic cancer cell lines were chosen as an in vitro model
system to test the cytotoxicity of C'T and C'T-Dex at differ-
ent concentration (referred to C'T concentration). Cells were
grown in T75 ecm” or T25 em? tissue culture flasks (Costar,
Cambridge, MA, USA), in an atmosphere of 5% COj at
37°C, and were detached with a solution of trypsin-EDTA
when they were in logarithmic phase of growth.

Trypan Blue Assay

Cell viability was assayed using a trypan blue exclusion test
with slight modifications (37). We used this assay to find the
concentration of C'T-Dex complex with the best antitumor
activity in the MIA PaCa-2 and PL45 cell lines. The tripan
blue assay was also used as double check of the results
obtained in the other assays and to identify the IC5, of CT
and CT-Dex in pancreatic tumor cell and on HPNE cell
monitored for 12 h after the treatment.
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MTT Cell Proliferation Assay

Cytotoxicity was also assessed by 3-(4,5-dimethylthiazole-2-
yD)-2,5-diphenyl tetrazolium bromide, (MTT, Sigma, St.
Louis, MO, USA), In this assay, the mitochondrial dehy-
drogenase of viable cells reduces the water-soluble M'TT to
water-insoluble formazan crystals. The MTT-containing
medium is then replaced with 100 pL. of DMSO (Sigma
St. Louis, MO, USA) and left for 10 min on a platform
shaker to solubilize the converted formazan. The absor-
bance is measured on a Versamax microplate reader (Mo-
lecular Devices, Sunnyvale, CA, USA) at a wavelength of
570 nm with background subtracted at 690 nm. Cells were
seeded in 96-well sterile plastic plates (Costar, Cambridge,
MA) at 25x10° cells/100 pL into each well and allowed to
attach for 6 h. Firstly, we performed the MTT after the
incubation for 12 h with 100 pg mL™', 150 pg mL ™",
200 ug mL~', 300 pg mL™", 500 ug mL~', 800 pg mL~"
and 1200 pg mL™" of CT and CT-Dex to calculate the
IC50. Starting from the data obtained by the trypan blue
and the MTT assays for the IC5 calculation, we decided to
investigate the effect of time of incubation of two concentra-
tions of CT and CT-Dex (150 pg mL™" and 300 pg mL ™).
Cells were then treated with 6 different media: 1) complete
DMEM (control); 2) DMEM supplemented with Dex; 3)
DMEM supplemented with CT 150 ug mL™"; 4) DMEM
supplemented with CT 300 ug mL™"; 5) DMEM supple-
mented with CT-Dex 150 pg mL™"; 6) DMEM supplemented
with CT-Dex 300 pg mL™". We performed the MTT assays
at three different time of incubation: 24 h, 48 h and 72 h. Cell
growth inhibition will be expressed as percentage of live cells
in control cultures and the % of live cells in treated cultures.

Effect of CT and CT-Dex on Non-Neoplastic Cells

We used the HPNE cells as model to compare the different
effect of the CT and C'T-Dex on non-neoplastic and tumour
cells. In these experiments we starved HPNE cells by incubat-
ing them with culture medium with 2% of FBS, 16 h before to
add the G'T and CT-Dex. When cells are starved they do not
proliferate and remain in GO phase of the cell cycle similar to
the primary cells. MTT and trypan blue assay were per-
formed as previous described, to investigate if drugs have an
effect only on highly proliferative cell without compromising
the viability of non-neoplastic pancreatic cells.

Oxidative Stress

CT is generally well known as an antioxidant; however in
certain conditions it can induce reactive oxidative stress spe-
cies (ROS) in tumor cells (38). In order to study the ROS
production in cells treated with C'T and CT-Dex was detected
by using the Image-IT Green Reactive Oxygen Species

Detection kit (Invitrogen, Milan, Itay). The assay is based on
5-(and-6)-carboxy-2',7"-dichlorodihydrofluorescein diacetate
(carboxy-HoDCFDA), a fluorogenic marker for ROS in viable
cells. Tert-butyl hydroperoxide (TBHP, Invitrogen, Milan,
Italy) was used as a positive control because it is a known
inducer of ROS production (39). We studied the ROS pro-
duction in cells after 30 min of incubation with C'T" and CT-
Dex by following manufacturer’s instructions. We examined
the cells by Nikon’s epi-fluorescence microscopy (Nikon,
TE2000 model) using a filter set for FITC. The number of
positive ROS green cells was counted on five randomly se-
lected areas from three cover slips from each experimental
group. Results are expressed as percentage of ROS positive
cells of the total number of cells.

Annexin V Staining for Evaluation of Apoptotic Cell
Death

Annexin V was used as a probe to detect cells that have
expressed phosphatidylserine on the cell surface, a feature
found in apoptosis cell death. 20x 10" cells cultured on
cover slips were exposed for 30 min to modified culture
media as previously described; control cells were incubated
with complete culture medium. MIA PaCa-2 and PL45 cell
death was evaluated by the ApoAlert Annexin V assay
(Clontech-Takara Bio Europe, Saint-Germain-en-Laye,
France), to detect apoptosis at a very early stage, following
the instruction of ApoAlert” Annexin V User Manual. In
addition, we co-stained the cells with blue fluorescent with
0.5 pg mL~" Hoechst 33258 (Sigma, St. Louis, MO, USA)
to distinguish blue nucleus from green annexin V on the cell
membrane. Finally, we examined the cells by Nikon’s epi-
fluorescence microscopy (Nikon, TE2000 model) using a
dual filter set for FITC & DAPI. The number of annexin
V green cells was counted on five randomly selected areas
from three cover slips from each experimental group.
Results are expressed as number of apoptotic cells as a
percentage of the total number of cells and compared to
the control sample.

RT-PCR Characterization of mRNA Expression
of VEGF Gene in Pancreatic Tumor Cell Lines

The RNA from pancreatic cancer cells was extracted using the
QiaAmp RNA mini-Kit (Qiagen, San Diego, CA), according
to the manufacturer’s instructions. Genomic DNA was re-
moved by a DNase treatment with RNase-free DNase set
(Qiagen, San Diego, CA). The amount of extracted RNA
was quantified by measuring the absorbance at 260 nm. The
purity of the RNA was checked by measuring the ratio of the
absorbance at 260 and 280 nm, where a ratio ranging from
1.8-2.0 was regarded as pure. The absence of degradation of
the RNA was confirmed by RINA electrophoresis on a 1.5%
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agarose gel containing ethidium bromide. Total RNA (0.5 pg)
was reverse-transcribed into cDNA by using VersoTM cDNA
Kit (Thermo Fisher Scientific, Milan, Italy) according to the
manufacturer’s instructions. RT product was aliquoted in
equal volumes and stored at —20°C. The conditions for the
reverse transcription were incubation at 50°C for 30 min,
followed by inactivation at 85°C for 5 min.

Real-time quantitative RT-PCR (qRT-PCR) was per-
formed by using the SYBR Green Master Mix technique,
according to the manufacturer’s instructions. The reactions
were prepared in a total volume of 25 pL. containing: 5 pL.
volume cDNA, 1 pL of each primer (forward and reverse
10 pM), 12.5 uLL of SYBR Green master mix, and 5.5 pL of
sterile water. All samples were run in triplicate on 96-well
reaction plates with the 1 Q™5 Multicolor Real-Time PCR
Detection System©. The real-time amplification conditions
included 3 min at 95°C, followed by 40 cycles at 96°C for
30 s and at 56°C for 1 min. Baseline and threshold values were
automatically determined for all plates using the Bio-Rad 1Q5
Software 2.0. PCR efficiencies were calculated from a standard
curve, derived from a five cDNA dilution series in triplicate and
gave regression coeflicients greater than 0.98 and efficiencies
greater than 96%. The standard curves were obtained using
the GAPDH and VEGF gene primers, amplified with 1.6, 8,
40, 200 and 1000 ug pL.~" of total cDNA. Gene expression
variation was calculated for individual reference genes based
on cycle threshold (Ct) values, correlation coeflicient (R2), real-
time PCR efliciencies (E) and slope values, generated of each
standard curve. The curves obtained for each cell line showed a
linear relationship between RNA concentration and the Ct
value of PCR real time for all genes. Real-time was calculated
from the given slopes in the i) Real Time PCR System
software according to the equation: (E = 10— (1/b) —1;
where b = regression coefficient).

All the amplifications were carried out with normalization
of gene expression against the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) reference gene. Estimation of gene
expression was calculated according to the 2-AACt method
(Table I shows the primers used in the Real Time PCR).

Statistical Analysis
Each experiment was carried out in triplicate. For the anti-

oxidant experiments, data are expressed as means (£SD).
For the calculation of the fluorescence assays, five random

microscopic fields per cover slip were counted and three
cover slips/ treatment were used for each test. Statistical
significance was assessed by one way analysis of variance
(ANOVA) followed by post-hoc comparison test (Tukey).
Significance was set at 5%.

RESULTS AND DISCUSSION
Synthesis and Characterization of CT-Dex Conjugate

The synthesis of CT-Dex was performed by free radical
reaction induced by HyOy/AA redox pair. As reported
elsewhere, this synthetic strategy allows functionalizing nat-
ural polymers with bioactive molecules without the genera-
tion of toxic by-products and without using any kind of
chemical reactant or organic solvent (26). We used only
water, hydrogen peroxide and ascorbic acid for the covalent
insertion of CT into the polymeric chain of Dex. The
reaction mechanism involves a complex radical reaction
between Dextran and Catechin. In particular, the interac-
tion between the redox mitiator pair (HoOy and ascorbic
acid) carries out to the formation of hydroxyl radicals attack-
ing the hydrogen atoms on dextran in the a-methylene
(CHy) position and hydroxyl position (OH) of dextran (26).
The subsequent linkage of the C'T molecules involves reac-
tion with these reactive sites. The possibility to obtain a
radical coupling of phenolic compounds is proved in litera-
ture (40), and involves the reaction between the ortho- and
para- positions relative to the hydroxyl group of the flavo-
noid and the heteroatoms of the biomacromolecule (27).

To maximize the functionalization of Dex with CT, the
optimization of the reaction conditions was performed by
varying the amount of CT from 0.1 to 0.35 mmol (the
highest amount of C'T which can be dissolved in the reac-
tion feed). Each of the resulting polymer-antioxidant con-
jugates was purified and characterized by Folin-Ciocalteu
method to determine the functionalization degree. The
most performing material was obtained when 0.35 mmol
of C'T were used: a lower amount of C'T, indeed, carried out
to materials with lower antioxidant properties.

The absence of free CT in the sample was confirmed by
checking the absence of peak at the retention time of C'T in
the HPLC analysis of the washing media employed in the
dialyses process. HPLC and "H-NMR analyses were used to

Table 1 Primers used in the Real

Time PCR PRIMERS forward and reverse

VEGF
CGAAACCATGAACTTTCTGC
GAPDH

CTCAAGATCATCAGCAATGCCTCCT

CCTCAGTGGGCACACACTCC

TTGGTATCGTGYAAGGACTCATGACC
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assess that the reaction condition did not affect the CT
structure. After the dialysis process, indeed, the residual
CT in the washing media were analysed and no differences
in the CT retention time and in the peak resolution were
indeed detected by HPLC, as well as no changes in the 1H-
NMR spectra were recorded.

Indications of the covalent modification of Dex with CT
were obtained by UV-Vis, "H-NMR and FT-IR analyses.

As previously reported (25-27), the covalent insertion of
a flavonoid into a polymeric chain is highlighted by a bath-
ochromic shift of the UV-Vis absorption and emission peaks
related to the aromatic region of the antioxidant. By virtue
of the linkage with the hetero-atoms of Dex, an extension of
the conjugation of the C'T aromatic part occurs with a shift
of the absorption peaks from 207 and 230 nm to 241 and
286 nm (moving from free to conjugated form) and of the
emission peak from 319 to 411 nm (Fig. 1). Blank Dex
showed no peaks in the aromatic region.

In Fig. 2, the "H-NMR spectra of CT (a), Dex (b) and
CT-Dex (c) are reported. By comparing these spectra, the
presence of the antioxidant in the polymeric backbone is
confirmed. In the CT spectra, aromatic and phenolic 'H
can be recorded at 6.6-6.9 and 8.8-9.2 ppm respectively,
while the blank Dex shows no signals in this range typical of

aromatic systems. In the conjugate, broad signals at 6.4-6.7
related to aromatic 'H and at 8.6-9.0 ppm related to
phenolic 'H are detected. The wide chemical shift range
in the aromatic and phenolic 'H of CT-Dex are related to
the grafting reaction, which randomly involves the phenolic
groups of the flavonoid as well as the position 6 and 8 of CT
A ring and 2" and 5’ of CT B ring (Fig. 2) as reported in
literature (25).

The FT-IR spectra analyses of Dex, CT-Dex and CT
confirmed the appearance of the carbon to carbon stretch-
ing band within the aromatic ring in the conjugate (Fig. 1).

To assess that the reaction conditions did not affect the
Dex structure, GPC analysis was performed to determine
the average molecular weight of native and conjugated Dex.
The results showed an average molecular weight of 4000 Da
(M,,/M,,<2.5) of Dex which is almost unchanged in CT-
Dex (4000 Da with M,,/M,,<2.6).

A key characterization of the conjugate is the determina-
tion of the amount of CT into the polymeric backbone. This
was performed by using the Folin-Ciocalteu assay, which
determines the efficiency of the antioxidant residues in re-
ducing a molybdenum complex within the Folin-Ciocalteu
reagent (34). Specifically, the amount of CT into the conju-
gate was determined by comparison of the reducing power

a C
1 1
cT
— — DEX-CT
A A y
\ Plrv CT \-‘f‘"'_ |;|J If‘.r. i r'J":‘"WJ
g | ‘ | ]F '|| :
A'\ L ru I | I
|
0,5 4 | __I! ” l
|I rl’
\ J
0 — 1
400
b
—r
— — DEX-CT
AN
1 1 " 1 L 1 L
3800 3000 2000 1000 400
0 T T Wavenumber [cm-1]
280 380 480

Fig. I (a) UV-Vis spe ctra: CT (—), CT-Dex (- -); (b) Emission spectra CT (—), CT-Dex (- -), (c) FT-IR spectra of CT, Dex and CT-Dex.
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L SN

Fig. 2 'H-NMR spectra of CT (a), DEX (b) and DEX-CT (c).

of CT and CT-Dex to form the spectrophotometrically
detectable blue species (PMOW]IO40>47. As a result, 1.0 g
of polymer contains 19.94+0.6 mg of C'T. To assess that the
reducing power of C'T was not significantly affected by the
conjugation process with Dex, four different tests measuring
the CT antioxidant efficiency were performed and the
recorded ICs5( values obtained for CT-Dex were compared
with those of the free antioxidant. In particular, the reduc-
ing power towards two stable free radicals, the hydrophobic
DPPH and the hydrophilic ABTS radical, were determined,
and the IC5 values collected in Table II and, by considering
the functionalization degree obtained by the Folin-
Ciocalteu assay (19.9 mg of CT per g of conjugate), also
expressed as CT equivalent concentrations. These values
were found to be very similar to the ICj5q of free CT,
confirming that the conjugation process did not interfere
with the CT properties and the suitability of calculating the
functionalization degree by means of the determination of
the reducing power by Folin-Ciocalteu method.

In addition, the ability of the C'T-Dex conjugate in inhi-
bition the free radical formation was evaluated. The

@ Springer
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deoxyribose and linoleic systems were used as source of
hydroxyl and peroxyl radicals, respectively, and the results
confirmed that CT-Dex was able to inhibit the formation of
these radicals with efficiency comparable to those of free
CT. In all the antioxidant experiments, the interference of
Dex was very low (below 2%).

Finally, the increased stability of CT in the conjugate
with respect to the free form was assessed by Freeze—thaw

Table Il Antioxidant Properties of Free CT and CT-Dex Conjugate
(Expressed as Polymer Concentration and CT Equivalent Concentration)

Free radical ICso

CT CT-Dex

uM mg/ml CT equivalents (UM )
DPPH 19.0+04 0.28+0.2 19.9+0.5
ABTS [.16+0.5 0.02+0.1 1.37+04
Hydroxyl 25314 0.38+0.3 26.1 0.5
Peroxyl 254.1 1.5 3.89% 1.1 2669+ 1.3
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stability test. After three temperature cycles, the antioxidant
power of free CT was reduced by 77.0+ 1.4%, while only a
4.1+ 1.6% of reduction was recorded for C'T-Dex, confirming
our hypothesis that the conjugation to a macromolecular
system significantly increases C'T' stability, leading to a sus-
tained activity of the flavonoid.

Evaluation of the Anticancer Activity

In our study we investigated the effectiveness of the CT-Dex
to kill pancreatic tumor cells. We used the trypan blue
exclusion test and the MTT assay for the estimation of the
IC5p of the new conjugate CT-Dex on pancreatic tumour
cells after the incubation for 12 h with 50 pg mL™',
100 pg mL™', 150 pg mL™', 200 pg mL™" and
300 ug mL~" of CT-Dex. Moreover we investigated the
IC5 of this conjugate on starved HPNE cells, which repre-
sent a good model to study the possible side effects on non-
neoplastic pancreatic cells. HPNE are not tumor cells, how-
ever they are immortalized cells lines and, in order to mimic
the non neoplastic behavior, we starved these cells by incu-
bating them with culture medium with 2.5% of serum. In a
different experiment, cells were incubated with 10% of serum
in order to make them grow and duplicate like cancer cells do;
the high proliferation rate is, indeed, indicative of the neo-
plastic progression (41).

The data showed that CT-Dex has an ICs5y of
838.33 ng mL ™" on the starved HPNE incubated with
2.5% serum and 416 ug mL™' on the HPNE incubated
with 10% serum, 377.7 pg mL ™" on the MIA PaCa-2 and
295.34 ng mL ™" on the PL45. We also calculated the IC5,
of CT on MIA PaCa-2 and PL45 cells and the values were
1.197 mg mL ™" and 1.032 mg mL~" respectively. Moreover
we did not observe any negative effect in starved HPNE
incubated for 12 h at all the tested concentrations of C'T.

Our experiments showed that catechin-dextran conju-
gate had different ICs, values for pancreatic tumour cells
and for starved HPNE, suggesting that the activity of our
drug strongly depends on the cells proliferation rate and
metabolism. Even if we cannot claim the cancer-cell-
selective cytotoxicity of the conjugate, our results under-
line an increased susceptibility of high proliferative cells at
the dextran-catechin. Furthermore, these results are inter-
esting because they confirm the increased antitumor activity
of the C'T-Dex on pancreatic cancer cell compared with the
free CT.

The MTT assay was used to detect the viability of cells by
measuring the formation of a formazan product as an index
of the cellular mitochondrial dehydrogenase activity. After
obtaining the I1C5( results, we decided to study the effect of
CT and CT-Dex at two different concentrations
150 pg mL~" and 300 ug mL ™" after long time of exposure:
24 h, 48 h and 72 h of continuous incubation. As shown in

Fig. 3, data obtained with the MTT test indicated about
97% loss of viability after 72 h of incubation with CT-Dex
at 150 pg mL ™" and 300 pg mL™' in both pancreatic
tumour cell lines. Furthermore, in the PL45, which are
usually refractory at the treatment with gemcitabine and
other cytotoxic agents, C'T-Dex killed the 80% of cells after
24 h of incubation (Fig. 4), whereas we have the same effect
on MIA PaCa-2 after 48 h of incubation. The time depen-
dent MT'T results showed that CT-Dex conjugate is more
effective in cells with a high metabolism such us the PL45.

The increased anticancer activity of C'T-Dex conjugate
in comparison with the free flavonoid is related to both
chemical and biological effects. The chemical effect is an
increase in the CT stability after conjugation, as showed by
the specific stability tests. In order to evaluate the biological
component, we performed additional experiments in which
the pancreatic tumor cell lines were incubated with a fluo-
rescent dextran and, as a result, we observed that dextran
was fast internalized by the cells. In particular, the FITC-
dextran was observed inside the cells after 20 min of incu-
bation (data not shown but available from the authors), and
according to several literature data, we suggest that Dex
mmproves the C'T transport inside the cells by macropinocytosis
process (42).

Regarding the molecular mechanism of the cytotoxicity,
there are some reports in the literature showing that C'T can
induce many damages in cancer cell leading to their apo-
ptosis: oxidative stress, depolarization of mitochondrial
membrane, release of cytochrome P450, downregolation
of transcripition factors (13—15). We investigated the possi-
bility of CT-Dex to induce reactive oxygen species and
apoptosis. In Fig. 5 we showed the studies about the ROS
generation in cells after treatment with C'T and CT-Dex.
Our results clearly showed that CT-Dex is more active in
inducing oxidative stress at both concentration (150 and
300 ug mL™") and in both tumour cells. The level of ROS
production in cells treated with the conjugate was signifi-
cantly higher in comparison with free CT at the same
concentration. Because the ROS induction can lead cells
towards an apoptotic fate, we performed the labeled
annexin V to detect the cells in early stage of apoptosis after
their incubation for 30 min with C'T and CT-Dex. As it is
shown in the Fig. 6 MIA PaCa-2 cells showed 62% of
annexin positive cells after 30 min of incubation with C'T-
Dex 150 pg/ml, whereas it was observed a 73% of positive
cells with 300 pg mL ™" of the conjugate. Moreover, PL45
tumour cells counted 67% of positive cells with CT-Dex
150 ug mL ™" and 85% of green positive cells with CT-Dex
300 pg mL™". These results are in accordance with the
studies about the ROS generation in cells incubated with
CT-Dex. To confirm that our new C'T-Dex conjugate can
represent a good candidate for the treatment of PDAC, we
performed real time PCR to study the expression level of the

@ Springer



2610 Vittorio et al.

MIA PaCa-2-24h PL45-24h
> 140% - > 120%
= 120% = 100%
21 - g
m  60% m
40%
28 ST s
= & @ = ©
§ @?é &Q‘*} céga’} QQ\*‘} .g\“‘ % QQ @} Q @Q
(;0 0 1\'\‘? <7 d_’\ d} (Jo Q ‘\'\“0 ‘(”Q '\?, d:b
& F 8 S & &S S
& & [¢5 &
MIA PaCa-2-48h PL45-48h
> 1%0% | T
2 e i i i ﬁ i E
m 0% m ?
S B S % g
FE E E E E =L BB Tt
* . N Q & & & - re s & & & &
go‘i& 06&} ,@“’Qé %@@ ,{-,Q\}é ,,,Q@p} boé& o&\q? '\3,0‘7*} QGQQ) @Qé QQQQ)
S A & o « <
& & S S & & & S
& & [¢5 &
MIA PaCa-2-72h PL45-72h
> . > .
E }ﬁﬁ. t}gﬁ.
= 100% - = 80% -
@ 20 @ 0%
< 0% < 0% * . .
:; 28’; , I — = a2 :; 28: i oL = —t
o 3 o & & o & & & &
(..°§ Qf ’@G}é %@Q}} ’@Q@ %&\&} @é& Of ﬁ’ﬁ@ 0@& @Q@ @00@
s & & F & &

Fig. 3 Histograms of cell proliferation (MTT) of MIA PaCa-2 and PL45 cells after 24 h, 48 h and 72 h of incubation with dextran, catechin and dextran-catechin
conjugate at 150 pg/ml and 300 ug/ml. An increased loss of viability was observed in cells treated with dextran-catechin conjugate compared with the catechin
alone. Results are expressed as means = S.E.M.(vertical bars) of three experiments each carried out in sixplicate. (* P<0.05 in comparison with controls).

vascular endothelial growth factor (VEGF). It is well known  level often correlates with tumor metastatic potential, local
that VEGF is an over expressed gene, involved in the new  disease progression and chemo-resistance in a variety of
vessels formation in the tumour mass and its high expression  malignancies, including PDAC (32). We performed the real

Cells after 24 h of incubation

Control Dextran Cat Cat Cat-Dex Cat-Dex
(300 pg/ml) | (150 pg/ml) | (300 pg/ml) | (150 pg/ml) | (300 pg/ml)

| z-eOed VIN |

S¥ 1d

Fig. 4 Bright field pictures of MIA PaCa-2 and PL45 cells after 24 h of continuous incubation with dextran, catechin and dextran-catechin conjugate. In the
picture of both tumor cell lines there is a strong effect of the dextran-catechin conjugate at both tested concentration. There are many died cells in the
samples trated with the dextran-catechin conjugate. In sharp contrast, the catechin alone at the same concentration was harmless on the tumor cells.
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Mia PaCa-2 ROS ASSAY

Catechin 150 pg/ml Catechin-dextran 150 pg/mi

Catechin 300 pg/ml Catechin-dextran 300 pg/ml

Catechin 150 pg/ml

Catechin 300 pg/ml

% ROS positive cells

catechin 150ugiml catechen-dextran 150ugimi catechin Jobugimi catechin-dextran Jodwg/mi

MIA PaCa-2

100 ~
90 4
80

70+

% ROS positive cells

catechin 150ugiml catechin-dextran 150ug/mi catechin Jodugimt  catechindextran Jodug'ml

PI-45

Fig. 5 Detection of intracellular ROS in Mia PaCa-2 and PL45 cells treated with catechin and catechin-dextran at 150 ug/ml and 300 ug/ml. We
represented the percentage of ROS positive cells in the plots. (* P<0.05 n=3).

time PCR of both cells treated with the CT and C'T-Dex for
different time of incubation: 15 min, 30 min, 1 h, 2 h, 4 h
and 24 h (data not shown but available from the authors). In
Fig. 7, we report the results obtained after 30 min of incu-
bation because this was the most representative time espe-
cially for the MIA PaCa-2. In fact in the MIA PaCa-2 we
observed a decrease of the VEGF expression level in the
cells treated with C'T and CT-Dex proportionally to the
increased concentration of the CT. However we did not
obtain the same result with PL45 cells, in which we did not
observe at any time and concentration any significant de-
crease of the VEGF expression levels. This confirms that

PL45 cells are very resistant against the chemotherapeutic
drugs, and the high level of the expression of VEGF can be
considered one of the features increasing the malignancy of
the cells.

CONCLUSION

In this study, we have successfully produced a catechin-
dextran conjugate and confirmed the cytotoxicity of this
polymeric anticancer drug against pancreatic ductal adeno-
carcinoma cell lined. The conjugate was synthesized by free
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Control Dextran

| z-eoed Vi |

Sv 1d

(300 pg/mi) ||

Cat-Dex
(150 pg/ml)

Cat-Dex
(300 pg/ml)

Fig. 6 Evaluation of apoptotic cells after 30 min of incubation dextran-catechin conjugate at 150 ug/ml and 300 g/ml. These images confirm that both
pancreatic tumor cell lines go in apoptosis after incubation with dextran-catechin conjugate. Apoptotic cells are represented by green fluorescent cells. MIA
PaCa-2 cells showed 62% of annexin positive cells after 30 min of incubation with catechin-dextran |50 ug/ml, whereas it was observed 73% of positive
cells with 300 g/ml of the conjugate. PL45 tumour cells counted 67% of positive cells with catechin-dextran 150 ug/ml and 85% of green positive cells

with catechin-dextran 300 ug/ml.

radical grafting reaction induced by ascorbic acid/hydrogen
peroxide redox pair which allows coupling the free radical
formed in ortho- and para-positions relative to the hydroxyl
group of the flavonoid and the heteroatoms of the polysac-
charide without the generation of any toxic reaction products.
"H-NMR, FT-IR and UV-Vis analyses confirmed the chem-
ical incorporation of the flavonoid into the polymeric chain
without alteration of the polysaccharide structure as demon-
strated by GPC analysis. Folin-Ciocalteu reagent was used to
determine the amount of CGT bonded per g of conjugate and
to assess the increased stability of catechin in the conjugate
compared to the free form. The results of the biological tests
indicate that the conjugate could be considered for future
application in the chemotherapy against pancreatic ductal

adenocarcinoma. The MTT assays confirmed significant
cytotoxicity against cancer cells, with lower effects on HPNE
non neoplastic cells, indicating its potential for reducing sys-
temic cytotoxicity on normal tissues commonly associated
with standard chemotherapy regimens. Two different cell
lines were studied: MIA PaCa-2 and PL45. Both cell types
were dramatically killed (apoptosis) by the conjugate with
more efficiency than free CT. However the PCR study
showed that, while in the MIA PaCa-2 cells CT and CT-
Dex reduced the expression of VEGF, in the PL45 we did not
observe any significant difference in the gene expression of
VEGEF. Future work 1s envisaged to investigate the effects of
CT-Dex conjugate in healthy mice and in a mouse model of
pancreatic ductal adenocarcinoma

Fig. 7 Quantitative RT-PCR VEGF GENE EXPRESSION
amplification plots of VEGF after 16
30 min of incubation with the * 16
dextran, catechin and dextran-
catechin conjugate. 1.4 1.4
12 12 |'Tk
1 1 T 1 — | mconTRoL
B DEXTRAN (300 ug/mi)
08 1 os | | | OCATECHIN (150 ug/mi)
! O CATECHIN (300 ug/mi)
B CAT-DEX (150 ug/mi)
06 06 1 | OCAT-DEX (300 ugimi)
0.4 0.4 =
02 + 0,2 +] —
0 T U T
MiaPaca-2 PL-45
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