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Purpose: Development of hyaluronic acid conjugated metformin-phospholipid sonocom-
plexes (HA-MPS), a biphasic complexation product compiled for enhancing both the lipo-
philicity and targeting potential of Metformin (MET) to CD44 receptors on pancreatic
cancer.

Methods: MET was chemically conjugated to hyaluronic acid (HA) via amide coupling
reaction. Then, the HA conjugated MET was physically conjugated to Lipoid™S100 via
ultrasound irradiation. A combined D-optimal design was implemented to statistically
optimize formulation variables. The HA-MPS were characterized through solubility studies,
partition coefficient, drug content uniformity, particle size and zeta potential. The optimized
HA-MPS was tested via proton nuclear magnetic resonance, infrared spectroscopy to eluci-
date the nature of physicochemical interactions in the complex which was further scrutinized
on molecular level via molecular docking and dynamic simulation.

Results: The solubility and partition studies showed a lipophilicity enhancement up to 67
folds as they adopted inverted micelles configuration based on the packing parameter
hypothesis. The optimized HA-MPS showed 11.5 folds lower ICs, extra 25% reduction in
oxygen consumption rate, better reduction in hypoxia-inducible factor and reactive oxygen
species in MiaPaCa-2 cells.

Conclusion: These results proved better internalization of MET which was reflected by
abolishing hypoxic tumour microenvironment, a mainstay toward a normoxic and less
resistant pancreatic cancer.

Keywords: metformin, pancreatic ductal adenocarcinoma, hypoxia-inducible factor,

MiaPaCa-2, hyaluronic acid

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive and lethal
malignancies facing humanity. PDAC is ranked as the fourth leading cause of
cancer-related mortality and prospected to become the second by 2030." Although
PDAC is characterized by infrequent incidences, it is the culprit behind more than
42,000 deaths in the united stated alone. PDAC has a pessimistic prognosis of 5
years survival for less than 5% of the patients which has not changed since the last
30 years.2

Such dismal prognosis is due to the inherent resistance to chemotherapy, late
diagnosis and the scarceness of efficient targeted therapy.® Furthermore, PDAC is
characterized by the presence of hypoxic microenvironment which boosts its
chemoresistance leading to poor clinical outcomes.*® The stillness of hypoxic
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tumours render them up to 3 folds more resistant to radio-
therapy and chemotherapy relative to normoxic tumours.’

Moreover, PDAC includes around 63 genetic mutations
in a dozen of different signaling pathways, alongside the
high desmoplastic reactions and the hypovasculature repre-
senting a challenging obstacle against chemotherapy which
resulted in inadequate delivery of chemotherapeutics.®
Thus, conventional chemotherapy incapable of differentiat-
ing between normal and mutated cells will cause undesir-
able side effects and inefficient control on tumour
progression. Therefore, there is a great need of targeted
therapy to achieve better clinical outcomes.’

Metformin (MET) is one of the oldest and safest anti-
diabetics used in the late fifties. An expansion in the
clinical indications of MET was announced to be used in
polycystic ovary syndrome as well as in gestational
diabetes.'” MET was spotted for cancer research back in
2010, when a report claimed that MET reduced cancer risk
in diabetic patients by approximately 40% compared to
other antidiabetics."' As of April 2020, 350 clinical trials
on metformin and cancer have been registered.'”

The antitumorigenic properties of MET is by acting on
a systemic and local levels. The systemic level is by low-
ering circulating glucose in case of insulin resistance thus
reducing secondary hyperinsulinaemia, which will indir-
ectly prevents the mutagenic properties of insulin.'®> The
local level is through mitigating the hypoxic tumour
microenvironment via reducing oxygen consumption rate
(OCR), inhibiting hypoxia-inducible factor (HIF-1a) and
protecting DNA from damage caused by reactive oxygen
species (ROS)."

The high polarity of MET — a BCS Class III drug of
high solubility and low permeability — limit its cellular
uptake to organic cation transporters which might reduce
its use in the field of cancer therapy.'> Consequently, to
reach cancerous cells in adequate concentration, MET
must be administered in a hypothetically enormous doses
practically unachievable in patients.'®

Complexation of drugs with phospholipids — being
a component of cell membrane — enhance drug permeation
and cellular uptake.'” The implementation of such com-
plexation reactions via ultrasound irradiation provides an
affordable and efficacious mean for such preparations
unachievable by conventional techniques. The physical
concept adopted in materials synthesis is acoustic cavita-
tion (bubbles formation, expansion and collapse) which
creates peculiar conditions of temperature and pressure,
tailor-made for the synthesis of nanostructured products.'®

Hyaluronic acid (HA) is a glycosaminoglycan, com-
posed of repeating disaccharide 1,3 N-acetyl glycosami-
nyl- B 1,4 glucuronide. HA is a versatile compound, thanks
to its many functional groups that can be easily modified
and conjugated. Direct conjugation of HA offers an effi-
cacious mean for preparing nanosystems which possess
improved stability, solubility, circulation time and target-
ing potential since HA has a strong binding affinity to
CD44 and RHAMM receptors overexpressed in many
tumours including PDAC."

The aim of this study is to prepare hyaluronic acid
conjugated metformin-phospholipid sonocomplexes (HA-
MPS) to enhance the lipophilicity and targeting potential
of MET to CD44 cell surface receptors on pancreatic
cancer, in order to boost its antitumorigenic effect at
physiologically achievable concentration. A D-optimal
combined design was implemented to study and to opti-
mize formulation variables. The partition coefficient and
saturated solubility comparative study were performed to
monitor physical changes of HA-MPS compared to MET.
Molecular docking, fourier transform infrared (FTIR)
spectroscopy and proton nuclear magnetic resonance
(‘H-NMR) were done to scrutinize the nature of physico-
in HA-MPS. Also,
dynamic simulations (MDS) in water and in chloroform

chemical interactions molecular
were done to monitor the spatial arrangement of HA-MPS
when dispersed in both solvents. Finally, we compared
HA-MPS and MET performance in MiaPaCa-2 cells
regarding ICsy, OCR, cell proliferation in presence/
absence of glucose, HIF-1a and ROS to assess their ability

to abolish tumour hypoxic microenvironment.

Materials and Methods

Materials

Metformin hydrochloride (MET) was received as a kind
gift from Marcyrl pharmaceutical industries (Cairo,
Egypt).
hydrochloride (EDC), N-hydroxysuccinimide sodium salt

1-(3-dimethylaminopropyl) 3-ethylcarbodiimide

(NHS) were purchased from Sisco Research Laboratories
Pvt. Ltd. (Mumbai, India). Sodium hyaluronate (HA)
molecular weight (1500-1700 kDa) was purchased from
Acros organics (Geel, Belgium). Lipoid™S100 (soybean
phosphatidylcholine > 94%) was received as a kind gift
from Lipoid Kosmetik AG (Steinhausen, Switzerland).
Ortho-phosphoric acid (HPLC grade) was obtained from
Merck (Darmstadt, Germany). N-octanol was purchased
from Alpha Chemika (Maharashtra, India). Methanol,
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chloroform (HPLC grade); were purchased from Sigma-
Aldrich Co. (St. Louis, USA). All other reagents and
chemicals used were of analytical reagent grade.

Preparation of HA Conjugated
MET-Phospholipid Sonocomplexes
(HA-MPS)

In this work, we have adopted a D-optimal combined
design generated by Design Expert® software (Version 7,
Stat-Ease Inc., MN, USA) for investigating formulation
variables. Three factors namely, A: MET% (first mixture
component), B: HA% (second mixture component) and C:
Phospholipid: mixture ratio were investigated as indepen-
dent variables (Table 1). The polynomial equations created
by the software were used for the optimization of the
studied factors, in order to seek an optimized formulation
based on the desirability score and the applied constraints.
The partition coefficient (Y;) was the target response
(Table 1). The compositions of the prepared HA-MPS
are listed in Table 2.

HA-MPS is a two-stages complex, the first stage was
the conjugation of HA with MET via the formation of
amide linkage between the amino group of MET and the
carboxylic acid group of HA. Briefly, we added the
required amount of HA in 20 mL ultrapure water in addi-
tion to equal amounts of 1-(3-dimethylaminopropyl)
3-ethylcarbodiimide hydrochloride (EDC) as an amide
coupling agent and N-hydroxysuccinimide (NHS) to pre-
vent the formation of N-acylurea byproduct to achieve
high purity product. The solution was stirred over mag-
netic stirrer for l1h to allow activation of carboxylic acid
group. After that, the required amount of MET was added
and the solution was stirred overnight for the reaction to
complete.’

The next day, the second stage started by the evapora-
tion of the solution to dryness under reduced pressure.

Then, in the same flask, we added the required amount
of Lipoid in 50 mL of methanol and the mixture was
placed in a sonicating water-bath (Ultrasonic cleaner
S30H, Elma GmbH, Frechen, Germany) to be exposed to
ultrasound waves for 1 hr at room temperature.
Consequently, methanol was evaporated under reduced
pressure and the dried residues were stored in small jars

inside the desiccator till nest use.>'*?

Characterization of HA-MPSs
High-Performance Liquid Chromatography (HPLC)
Analysis

MET was quantified adopting an isocratic reversed phase
HPLC method with few modifications.”> The HPLC sys-
tem includes a Shim-pack VP-ODS column 150 x 4.6 mm,
particle size: 5 um (Shimadzu, Kyoto, Japan) which was
kept at 25.0 + 2.0°C, L-7110 pump, LaChrom D7000
integrator and UV-VIS L-7420 detector (Hitachi, Tokyo,
Japan). The mobile phase is a slightly acidic binary system
composed of methanol and double distilled water (10:90,
v/v, respectively and pH= 3 using ortho-phosphoric acid).
The analysis was performed at constant flow rate of
1.5 mL/min and the detector A,.x was set at 233 nm.
The modified HPLC method was validated regarding its
accuracy, precision, selectivity and linearity.

Determination of Drug Content Uniformity in
HA-MPS

The drug content uniformity of MET in HA-MPS was
aforementioned HPLC method.
Briefly, the total content of MET was determined by dis-
solving 10 mg of the HA-MPS in 20 mL (80:20 methanol:
water) for 15 min. The solution was filtered, evaporated

determined by the

under vacuum to dryness and reconstituted with the mobile
phase. Aliquots of the reconstituted solutions were ana-
lyzed by the abovementioned HPLC method. The drug
content uniformity was calculated as follows:

Table | D-Optimal Combined Design Used for the Optimization of HA-MPS

Independent Variables Type Levels Investigated Optimized Level
Low Actual High Actual

A: Metformin% (MET%) Mixture 10% 90% 10%

B: Hyaluronic acid% (HA%) Mixture 10% 4.87 90%

C: Phospholipid: Mixture Numerical | 5 4.87

Dependent Variables Constraints Expected Observed Residual*

Y = Partition coefficient (P) Maximize 0.171 0.175 —0.004
Note: *Residual = expected value — observed value.
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Table 2 Composition and Characterization of the Prepared HA-MPS

Formula | MET | HA | PL: | Content Partition LEP | Water Particle Zeta PDI?
% % Mix | Uniformity® | Coefficient® Solubility® Size® (nm) Potential®
%ewlw (mg/mL) (mV)

RL | 50 50 5 99.08 + 454 | 0.1022 + 0.0087 | 38.73 | 0.684 + 0.056 | 587.25 + 25.10 | —47.75 + 0.49 | 0.252 + 0.03
RL 2 90 10 5 9239 +£328 | 0.0318 £0.0011 | 12.03 | 1.232 £ 0.096 | 426.15 + 11.38 | —37.55 + 1.20 | 0.276 + 0.05
RL 3 10 90 | 105.69 + 6.46 | 0.0482 + 0.0071 | 18.26 | 0.246 + 0.021 | 466.05 £ 29.77 | —32.40 + .13 | 0.288 + 0.03
RL 4 30 70 | 4 98.45 * 6.14 | 0.0606 * 0.0047 | 22.97 | 0.466 + 0.019 | 526.35 + 11.95 | —38.15 + 1.48 | 0.231 £ 0.01
RL 5 90 10 | 9281 £ 451 | 0.0095 £ 0.0010 | 3.59 | 2.961 £0.134 | 360.80 + 25.03 | —42.65 + 1.06 | 0.273 £ 0.01
RL 6 90 10 3 95.98 £ 1.30 | 0.0166 + 0.0007 | 6.27 1.380 + 0.080 | 395.65 + 14.35 | —32.45 + 0.92 | 0.227 + 0.0l
RL7 30 70 2 101.61 £8.19 | 0.038] + 0.0073 | 14.44 | 0.608 + 0.022 | 466.45 + 22.56 | —38.95 + 0.78 | 0.226 + 0.0l
RL 8 90 10 5 92.14 £ 433 | 0.0267 £ 0.0015 | 10.11 | 0.940 + 0.043 | 439.40 + 22.20 | —39.45 + 3.04 | 0.260 + 0.0l
RL 9 90 10 | 95.76 £ 6.32 | 0.0097 £0.0022 | 3.67 | 3.710 £ 0.503 | 335.75 £ 29.63 | —41.90 + 0.7] | 0.287 + 0.02
RL 10 50 50 | 9421 +£3.97 | 0.0067 £ 0.0011 | 2.53 1.332 £ 0.022 | 493.45 +31.89 | —31.90 £ 0.28 | 0.260 + 0.03
RL Il 50 50 3 91.15+ 1.84 | 0.0335 +£0.0015 | 12.68 | 1.133 +£0.038 | 533.24 +28.11 | —37.75+0.92 | 0.210 £ 0.05
RL 12 10 90 5 102.66 + 3.86 | 0.1764 + 0.0125 | 66.83 | 0.102 + 0.004 | 668.65 + 36.70 | —37.75 £ 0.78 | 0.304 = 0.03
RL I3 10 90 3 9331 £420 | 0.1077 £ 0.0061 | 40.79 | 0.142 + 0.003 | 586.85 + 23.4] | —41.15 + .06 | 0.289 + 0.04

Note: *Data represented as mean + standard deviation (n=3).
Abbreviations: PL, phospholipid; mix, mixture.

Drug content uniformity % = Wa/th 100

Where Wa is the actual content of MET, and Wt is the
theoretical content of MET.

Solubility Studies, Determination of n-Octanol/
Water Partition Coefficient (P) and Lipophilicity
Enhancement Parameter (LEP)

Solubility Studies

The saturated solubility of MET and HA-MPS were deter-
mined by adding known excess amounts of the inspected
sample inside capped glass vials containing 10 mL of
water. All vials were shaken at 100 strokes/min for 1 day
at 37°C. Consequently, the vials were centrifuged to sepa-
rate the excess undissolved solids at 15,000 rpm for 30
min. The supernatant was decanted and filtered, then an
aliquot (1 mL) was diluted with the mobile phase to be
injected in the HPLC system for quantification.*

Determination of n-Octanol/Water Partition Coefficient
(P) and Lipophilicity Enhancement Parameter (LEP)

The determination of n-octanol/water partition coefficient
(P) and lipophilicity enhancement parameter (LEP) were
done to evaluate the imparted lipophilicity on MET in HA-
MPS. Concisely, we added a known weight of MET or HA-
MPS in capped glass vials containing 10 mL of water and
shaken for 1 day at 37°C. Then, the solutions were centri-
fuged at 4,000 rpm for 15 min and decanted to separate the
clear aqueous solution from the excess undissolved resi-
dues. Then, we added 10 mL of n-octanol to the clear

aqueous solution to be shaken for another day at 37°C.
After that, the solutions were centrifuged at 4,000 rpm for
15 min in order to separate the two phases, where each
phase was individually filtered through a 0.45 pm mem-
brane filter. Using the abovementioned HPLC method, the
concentrations of MET in each phase to calculate the parti-
tion coefficient (P) through following equation:

p= CO/Cw

Where Co is the concentration of MET in organic
phase (n-octanol), Cw is the concentration in aqueous
phase (water). The lipophilicity enhancement parameter
(LEP) was calculated through the following equation:

LEP = P of HA-MPS/P of MET

Measurement of Particle Size, Polydispersity Index
(PDI) and Zeta Potential

We dispersed 10 mg of HA-MPSs per 10 mL of water, the
solution was filtered to remove macro-aggregates and then
adequately diluted (1:20) to measure the average particle
diameter (z-average) and the polydispersity index (PDI)
through diffraction light scattering technique at 173°. The
zeta potential ({) was measured through electrophoretic
analysis, using Zetasizer Nano ZS (Malvern Instrument
Ltd., Worcestershire, UK).

Statistical Optimization
The optimized formula was chosen based on the desirabil-
ity factor generated by Design Expert® software through
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the applied constraint on the partition coefficient as shown
in Table 1. The aim was enhancing the lipophilicity of
MET through sonocomplexation with phospholipid while
attaching HA which is a hydrophilic targeting moiety.
Then, the suggested optimized formula was prepared and
evaluated to compare the actual partition coefficient with
that predicted by the software.

Characterization of the Optimized

Formula

Proton Nuclear Magnetic Resonance (‘H-NMR)

The AVANCE III Nano Bay 400 MHz FT-NMR spectro-
photometer (Bruker, USA) was used to record the
"H-NMR spectra of MET, HA, Lipoid and optimized HA-
MPS in deuterated methanol. Chemical shift values ()
were recorded in ppm. The purpose was to inspect the
type of interactions between the HA conjugated MET and
Lipoid™ S100 besides confirming the FTIR data concern-
ing the formation of amide linkage between MET and HA.

Fourier-Transform Infrared Spectroscopy (FTIR)
FT-IR spectra of MET, HA, HA conjugated MET, Lipoid
and optimized HA-MPS were recorded by FT-IR spectro-
photometer (Shimadzu, Kyoto, Japan) using potassium
bromide discs. The purpose of the comparative spectro-
photometric analysis was to confirm the formation of
amide linkage between MET and HA as well as the sono-
complexation of HA conjugated MET with Lipoid. All
samples were scanned over 4000-500 cm ' range at
room temperature. Spectral smoothing techniques and
baseline correlation were implemented.

Transmission Electron Microscopy (TEM)

The morphological shape of the optimized HA-MPS after
water dispersion was determined using TEM (Joel JEM
1400, Tokyo, Japan). Briefly, an aliquot of the dispersed
sample was adequately diluted with water, filtered through
0.2 um syringe filter and mixed with 1% phosphotungstic
acid. Consequently, a carbon-coated copper grid was
impregnated with the mixture then was left at room tem-
perature to drain off any excess and to dry to be examined
using TEM.**

Molecular Docking and Molecular Dynamics
Simulation (MDS)

Molecular docking was used to predict the interactions
between the HA conjugated MET (HA-MET) and
Lipoid. The molecular docking was divided into two
steps, the first step was to draw the HA-MET using

ChemDraw® ultra-version 19.0.0.22 (PerkinElmer infor-
matics, inc., Waltham, MA, USA), both HA and MET
structures were drawn in 2D form using ChemDraw™
and were linked by forming amide bond between MET
primary amine group and the carboxylic acid group of the
D-glucuronic acid moiety of HA. Then, the 2D structure
was converted to 3D using Chem3D®.

The second step was done using MOE version 2015.10
(Chemical Computing Group Inc., Montreal, Canada),
the HA-MET
Phosphatidylcholine (PLPC the main component in

where and  Palmitoyl-Linoleoyl
Lipoid) were drawn, charges were assigned and their
energy was minimized using Amberl0: EHT force field
to an energy gradient of 0.1 kcal/mol.>> HA-MET was then
docked into PLPC. The best docked module was chosen
based on the binding energy scores, '"H-NMR and FTIR
characterization results.

The molecular dynamic behaviour of one monomer of
the most favorable HA-MPS obtained from the docking
step was investigated in water and chloroform systems
through MDS using MOE software. The simulation system
was set up using Amberl0: EHT force fields, we have
selected a cubic box containing 2850 water or chloroform
molecules, with periodic boundary conditions and dimen-
sions of 44.7 A x 44.7 A x 44.7 A. The non-bonded cutoff
distance was set to 10 A. Consequently, the energy was
minimized and the system was heated by Nose-Poincare
thermostat following gradual increments up to 310
K. Finally, a simulation was run for 1 nano second (ns).*!

MiaPaCa-2 Cell Line

MiaPaCa-2 cell line, acquired from the American Type
Culture Collection (Manassas, VA), were cultured at
VACSERA (Giza, Egypt). Cells grown in
Dulbecco’s  modified Eagle’s medium DMEM
(Invitrogen/Life Technologies, CA, USA). DMEM was
supplied with 10 pg/mL of insulin, 10% fetal bovine
serum FBS (Hyclone, UT, USA) and 1% penicillin-
streptomycin. The cells were allowed to mature in an
incubator at 37°C, 95% relative humidity and 5% CO,.

were

Antiproliferative Assay (MTT) and Cell Proliferation

in Presence/Absence of Glucose

The MTT assay is a fundamental test for the assessment of
the cytotoxicity of the optimized HA-MPS. The MTT
assay is based on the production of a bluish-purple for-
mazan reduction product of 3-[4,5 dimethylthiazol-2-yl]-
2,5 diphenyltetrazolium bromide (MTT) by mitochondrial
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reductase enzyme in living cells.?® Stock solutions of MET
(positive control) and the optimized HA-MPS in DMSO
were individually diluted into serial dilutions (0.39, 1.56,
6.25, 25 and 100 pug/mL). A 96-well plate (1.2-1.8 x10*
cells/well) was used. Before the MTT assay, 100 pL of
growth medium + 100 pL of the dilutions of the investi-
gated compounds were incubated in each well for
48 h. Then, the MTT solution was added in each well
and incubated for 2 h. the formed formazan crystals were
dissolved using MTT solubilization solution (Sigma cata-
log no. M-8910). The cellular metabolic activity was esti-
mated spectrophotometrically at 450/690 nm by Robonik
P2000 Elisa Reader. After that, the concentration—effect
relationship curves were constructed to determine the I1Cs
(ug/mL) by interpolation. The ICs, values were repre-
sented as the mean + standard error pooled from three
experiments.

In a 96-well plate (1.2—1.8 x10* cells/well), wells were
treated individually with the ICsy concentration of HA-
MPS or MET and incubated for 24 h either in presence or
absence of glucose. Subsequently, the cells were trypsi-
nized and counted by Vi-Cell (Beckman-Coulter, Brea,
CA, USA). Cell count was expressed as viability percen-
tage employing trypan blue exclusion.?’

Oxygen Consumption Rate (OCR) Measurement
The XF24 Seahorse Extracellular Flux Analyzer
(Seahorse, Bioscience, North Billerica, MA, USA) was
used to measure the oxygen consumption rate. In the sea-
horse cell plate, MiaPaCa-2 (1.3-1.6 x10* cells) were
incubated overnight. After that, the MiaPaCa-2 cells
were treated with the ICsq concentration of either MET
or HA-MPS and incubated for 2 h for conditioning then
the OCR was measured for 2.5 h. The results were
expressed as percentage OCR.?’

Hypoxia-Inducible Factor (HIF-la)

The HIF1AN ELISA Kit (MyBioSource, San Diego, USA,
catalogue no. MBS9305423) was used to measure HIF-1a
concentration. In a 96-well plate, the plates were divided
into either test, standard or control. We added 50 pL of
cell lysate to each well incubated with either HA-MPS,
MET or sample diluent, respectively. After that, the wells
were incubated for 1 h with 100 pL of HRP-conjugate
reagent at 37°C and wrapped with a closure membrane.
Then, we washed the plates for 4 consecutive times.
Subsequently, the wells were incubated with 50 pL chro-
mogen solution A + 50 pL chromogen solution B for

15 min at 37°C. Finally, 50 uL stop solution was added
to each well, we waited for 5 min to allow colour trans-
formation from blue to yellow. Then, the optical density
was measured using Robonik P2000 ELISA reader at 450
nm. The HIF-la concentrations were obtained through
converting the measured densities

optical using

a standard calibration curve and expressed as pg/mL. The

results were expressed as mean *+ S.D. of three
experiments.

Reactive Oxygen Species (ROS)

ROS detection assay Kit (Catalog no. K936-250,

Biovision, California, USA) was used for the quantifica-
tion of ROS. The principle of the assay depend on
a fluorogenic probe (H2DCFDA), which is converted
inside the cell into H2DCF (non-fluorescent) by cell
esterases. Then, H2DCF is re-oxidized into a highly fluor-
escent product by ROS inside the cells depending on their
concentration. In brief, a 96-well plate (1.3—1.6 x 10° cells/
well) was incubated with ROS inducer besides either MET
or HA-MPS. The cell suspension was harvested at room
temperature using centrifugation at 300 x g for 5 min.
Subsequently, we have re-suspended the cell pellets with
ROS assay buffer together with ROS label and incubated
for 30 min. Then, the fluorescence was measured at 495/
529 nm by Robonik P2000 ELISA reader. We have sub-
tracted the background to determine the change in
fluorescence.”’

Quantification of Intracellular MET/MPS Using HPLC
MiaPaCa-2 cells were incubated with the ICs, concentra-
tion of either MET or HA-MPS for 24 h on dishes (10 cm
diameter) with full growth medium. Then, the cells were
harvested after washing with Dulbecco’s Phosphate-
Buffered Saline (DPBS). Subsequently, the cells were
homogenized in DPBS and extracted using methanol:
methylene chloride (1:2) for 3 times. The organic layers
were collected together and evaporated under vacuum. We
have reconstituted the residues with the mobile phase to be
quantified using the aforementioned HPLC method.?®

Results

Determination of Drug Content
Uniformity in HA-MPS

The range of drug content of the prepared HA-MPS was
found to vary from 92.14% + 4.33% to 105.69% + 6.46%,
as represented in Table 2, indicating the reproducibility of
the preparation technique.
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Solubility Studies, Determination of
n-Octanol/Water Partition Coefficient (P)

and Lipophilicity Enhancement Parameter
(LEP)

The aqueous solubility of the prepared HA-MPS ranged
from 0.102 £ 0.004 to 3.710 = 0.503 mg/mL as shown in
Table 2. Obviously, the aqueous solubility of the prepared
HA-MPS is reduced relative to pure MET (486.324 +
11.608 mg/mL), this reflects the imparted lipophilicity of
HA-MPS.

The results of n-octanol/water partition coefficient
were in accordance with the aqueous solubility results,
where it ranged from 0.0067 + 0.0011 to 0.1764 +
0.0125 as shown in Table 2 relative to that of pure
MET (0.0026 + 8.88E-06), the lowest value of LEP
was about 2.5 fold in formula RL 10 and the highest
value was about 67 fold in formula RL 12. ANOVA
results showed that the combined cubic mixture linear
process model was significant and fitting for the data
(R?=0.9735).

Measurement of Particle Size,
Polydispersity Index (PDI) and Zeta

Potential

Particle size is a pivotal factor that affects the pharma-
cokinetic parameters of the formed complexes. The pre-
pared HA-MPS formed vesicular structures in aqueous
dispersion being a phospholipid-based system. The par-
ticle size of the prepared HA-MPS was ranging from
335.75 £ 29.63 to 668.65 + 36.70 nm. Generally, tumors
are distinguished by their leaky vasculature along with
the presence of intercellular gaps of 100-600 nm, thus

the prepared HA-MPSs exhibited a reasonable size for
cellular penetration especially with the presence of HA
targeting moiety.”’

The PDI values were in the range of 0.210 + 0.047 to
0.304 £ 0.027, indicating satisfactory degree of size uni-
formity. The zeta potential is a crucial parameter concern-
ing the stability of the dispersed HA-MPS. It is clear that
all of the aqueous dispersions of the prepared HA-MPS
exhibited a high negative value above —30 mV, ranging
from —31.90 + 0.28 to —47.75 £+ 0.49 mV, which is related
to the presence of carboxylic groups of HA imparting such
anionic nature.*® This may point the reasonable stability
of the dispersed HA-MPS resulting from electrostatic

repulsion.”!

Statistical Optimization

The Design Expert® software, based on the applied con-
straint on partition coefficient, suggested a formula to be
prepared with a desirability= 0.967. Then, we prepared the
suggested formula to measure its partition coefficient.
Consequently, we calculated the residual between the pre-
dicted and observed responses. The small residual calcu-
lated validate the optimization process. The composition
of the optimized formula is shown in Table 1.

Characterization of the Optimized
Formula

Proton Nuclear Magnetic Resonance (‘H-NMR)

The '"H-NMR spectra of MET, HA, Lipoid and the opti-
mized HA-MPS are shown in Figure 1A-D respectively.
The "H-NMR spectrum of MET showed methyl protons in
[~ N(CH3;),] represented by signals at the region 2.8-3.3 ¢
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Figure I 'H-NMR spectra of (A) MET, (B) HA, (C) Lipoid and (D) optimized HA-MPS.
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(ppm), while shift values at 6.4 and 7.1 ¢ (ppm) were
attributed to amine and imines protons, respectively.!

The "H-NMR spectrum of HA showed a shift value at
2-2.2 & (ppm) corresponding to the acetamide moiety of
the N-acetyl D-glucosamine. The CH groups attached to
oxygen were indicated by signals at 3.3-3.8 6 (ppm) and
the shift value at 4.7-4.9 & (ppm) corresponding to protons
from D-glucuronic and N-acetyl glucosamine units.*® The
"H-NMR spectrum of Lipoid showed the methyl protons
and methylene protons of the aliphatic carbon chain repre-
sented by shift values at 0.9 and 1.3 J (ppm) respectively,
protons of methyl groups in [~ N"(CHs)s] represented by
signals at 3.2-3.3 ¢ (ppm), a shift value at 3.6 J (ppm) is
attributed to the methylene protons of the choline moiety
in [- CH, - N"]and P — O group in [- P — O — CH, —].
Also, shift values at 4.1 and 5.2 J (ppm) represented
methylene protons of glycerol-n and glycerol-ng
respectively.*

The 'H-NMR spectrum of the optimized HA-MPS
showed marked changes in the appearance of shift values
at 2-2.5 & (ppm) corresponding to the acetamide moiety of
the N-acetyl D-glucosamine, which suggest the involve-
ment of the carbonyl group of HA in intermolecular
H-bond with amino group of MET. Methylene protons of

the choline moiety near N atoms [- CH2 — N+] and P —

O groups [- P — O — CH2 —], glycerol-n and glycerol-ng
methylene protons were shielded which suggest their
involvement in H-bond with amino groups of MET, sug-
gesting that the proximity of the HA-MET molecule
caused a stronger electrical environment.

Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of MET, HA, HA conjugated MET,
Lipoid and optimized HA-MPS are shown in Figure 2A—
E respectively. The FT-IR spectrum of MET showed the
N — H primary asymmetric and symmetric stretching
vibration represented by broad absorption bands at
3371 cm ' and 3294 cm ' respectively, while the N —
H in plane deformation appeared as a strong band at
1539 ecm.”*??

The FT-IR spectrum of HA showed broad absorption
band at 3417 cm ! is related to the intra- and intermole-
cular hydrogen bond between stretching vibration of OH
group with the stretching vibration of NH group.
Absorption bands at 1616 cm™ ' and 1411 cm ™" are belong-
ing to symmetric and asymmetric vibration of COO™
group, respectively. Absorption band at 1045 cm™" is cor-
responding to the hemiacetylic C — O — C of the saccharide
unit.*

The FT-IR spectrum of HA-MET complex showed

1

changes in the absorption bands at 3371 cm = and

Figure 2 FTIR spectra of (A) MET, (B) HA, (C) HA conjugated MET, (D) Lipoid and (E) optimized HA-MPS.
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3336 cm ' belonging to the N—H primary asymmetric
and symmetric stretching vibration respectively which
may infer their involvement in amide bond formation.
Sharp band at 1635 cm™ ' corresponding to amide bond
CO —-N between the carboxylic group of HA and the
primary amine group of MET. A strong band at
1539 cm™!
has shifted to 1566 cm ™' this could be taken as an extra

involving the N — H in plane deformation

evidence for the formation of amide bond between the
primary amine of MET and carboxylic acid group of
HA>’

The FTIR spectrum of Lipoid showed the C—H stretch-
ing of long fatty acid chain represented by absorption
bands at 2924 cm ™' and 2854 cm™ ', while a strong char-
acteristic to the C = O stretching band appeared at
1742 ¢cm'. The P=O and P-O-C stretching bands
appeared as 1230 cm™!

1091 ecm ™" respectively, while N*(CH;); stretching band
~134

absorption band at and
appeared at 968 cm.

The FTIR spectrum of the optimized HA-MPS
showed the masking of absorption bands at 3371 cm™'
and 3294 cm ' belonging to the N — H primary asym-

metric and symmetric stretching vibration respectively

due to their involvement in the amide bond formation
with HA. The absorption band at 1742 ¢cm ' character-
istic to the C = O of Lipoid stretching band has shifted to
1732 cm ™! and became more prominent suggesting its
involvement in the formation of H-bond with HA-MET.
Sharp band at 1651 cm™' corresponding to amide bond
CO —N between the carboxylic group of HA and the
primary amine group of MET. Absorption band at
1230 cm ™' belonging to P = O stretching become more
sharp and prominent suggesting that it is involved in
a H-bond formation.*°

Transmission Electron Microscopy (TEM)

TEM micrographs of the aqueous dispersion of the opti-
mized HA-MPS are shown in Figure 3A and B. It is clear
that the optimized HA-MPS appeared in the form of vesi-
cular structure in water with the appearance of micellar
vesicles below 100 nm.

Molecular Docking and Molecular Dynamics
Simulation (MDS)

Molecular docking was implemented to reveal the nature
of the interactions between HA-MET and the phospho-
lipid. The optimized formula contained Lipoid as the

Figure 3 (A and B) Transmission electron micrographs of the optimized HA-MPS, HV= 80 KV and direct magnification = 15000-25000 x showing nanosized vesicles. (C)
A snapshot of the minimum energy complex showing the interaction between (1) MET molecule and (2) PLPC polar head and non-polar tail using MOE 2015.10 software
(D) (I) Inverted cone configuration of the optimized HA-MPS in chloroform, (2) Micellar configuration of the optimized HA-MPS in water.
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phospholipid which was
Linoleoyl Phosphatidylcholine (PLPC) the main consti-
tuent of Lipoid® as per manufacturer data. The

represented as Palmitoyl-

optimized HA-MPS was selected for the molecular
docking and the following dynamics simulation studies.
Figure 3C shows a snapshot of the minimum energy
complex demonstrating the interaction between the HA-
MET molecule and PLPC. The computed energy of
docking was —7.73 kcal/mol.

It can be concluded from Figure 3C that the amino
groups of MET molecule interacted with the phosphate
group of the polar head and with carbonyl group of the
non-polar tail of the phospholipid molecule through
strong hydrogen bond interactions, van der Waals
forces and hydrophobic interactions. The results of
both proton NMR and molecular docking showed
a strong interaction at the polar head and non-polar
tail of phospholipid.

Molecular dynamic simulations were performed to
thoroughly inspect the spatial conformation adopted by
the optimized HA-MPS when dispersed in water/chloro-
form on molecular level. Five snapshots captured at 0.2
nanoseconds interval during the simulation are shown in

Figure 4A and B respectively.

MiaPaCa-2 Cell Line

Antiproliferative Assay (MTT) and Cell Proliferation
in Presence/Absence of Glucose

The MTT assay was used to determine the antiproliferative
effect of the optimized HA-MPS relative to MET against
MiaPaCa-2 cells. The concentration capable of inhibiting the
viability of half the cells (ICsq) was used to estimate such
effect. The optimized HA-MPS (ICsq=121.48 £ 7.39 pg/mL)
had significantly (P < 0.05) 11.5 folds lower ICs relative to
MET (IC50= 1392.7 + 63.2 ug/mL) as shown in Figure 5A.
This was predicted based on the targeting ability of HA and the
enhanced lipophilicity discussed in partition coefficient
section.

Consequently, we used the ICsy concentration to eval-
uate the antiproliferative effect of the optimized HA-MPS
and MET in presence/absence of glucose. The optimized
HA-MPS showed significantly (P<0.05) enhanced antipro-
liferative effect in terms of reduced % cell viability in
presence/absence of glucose (66.39% + 2.14%/57.93% +
2.06%) relative to MET (95.52% =+ 3.84%/90.02% +
5.17%) as shown in Figure 5B.

Oxygen Consumption Rate (OCR) Measurement
The OCR of MiaPaCa-2 was compared after treatment with
the ICs, of the optimized HA-MPS and MET. The optimized

Figure 4 Snapshots from molecular dynamics simulation of the HA-MPS in water (A) and in chloroform (B), with the molecules of both solvents hidden at (1) 0.2
nanosecond, (2) 0.4 nanosecond, (3) 0.6 nanosecond, (4) 0.8 nanosecond, (5) | nanosecond and (6) 3D surface of the complex after | nanosecond using MOE 2015.10

software.
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HA-MPS or MET. (F) Intracellular and extracellular concentration after MiaPaCa-2 treatment with either the optimized HA-MPS or MET.

HA-MPS showed significantly (P < 0.05) lower OCR (73%)
relative to MET (48%) as shown in Figure 5C.

Hypoxia-Inducible Factor (HIF-1a)

We compared the generation of HIF-1a the after treating
MiaPaCa-2 with the ICsq of the optimized HA-MPS and
MET as shown in Figure 5D. The optimized HA-MPS
showed significantly (P < 0.05) lower concentration of
HIF-1a (1.828 pg/mL) relative to MET (2.55 pg/mL)
which is compatible with OCR data.?’

Reactive Oxygen Species (ROS)

As shown in Figure 5E, we compared the production of
ROS after treating MiaPaCa-2 with the ICs, of the opti-
mized HA-MPS and MET. The optimized MPS (63.43%)
showed significantly (P < 0.05) better reduction of ROS
relative to MET (21.63%).

Quantification of Intracellular MET/MPS Using HPLC
We measured the intracellular and extracellular concentra-
tion, following MiaPaCa-2 treatment with the ICs, of the
optimized HA-MPS and MET, to assess the targeting
potential and the imparted lipophilicity as shown in
Figure 5F. The optimized HA-MPS showed significantly
(P < 0.05) higher intracellular and lower extracellular
concentration (222.46 and 82.79 £ 3.21 pg/mL, respec-
tively) compared to MET (75.53 and 238.74 pg/mL,

respectively) proving the better internalization and uptake.
These findings were in accordance with the abovemen-
tioned data demonstrating the targeting potential and
enhanced lipophilicity of HA-MPS relative to MET.

Discussion
MET belongs to BCS class III drugs which demonstrate
high water solubility but low permeability. MET targets
the mitochondria to induce cytotoxic effects in tumor cells,
albeit not very effectively. Therefore, this study aimed to
measure the enhancement of MET lipophilicity imparted
through physical sonocomplexation with phospholipid.
The partition coefficient comparative study of the pre-
pared HA-MPS demonstrated that HA: MET ratio showed
a significant (p=0.0258) antagonistic interaction on n-octa-
nol/water partition coefficient as shown in Figure 6A and B,
this means that increasing HA on the behalf of MET will
eventually increase partition coefficient. This could be pos-
sibly due to the formation of intramolecular hydrogen bonds
between MET and HA which is expected due to the fact that
HA exhibits (14 H-bond donor and 23 H-bond acceptor)
while MET exhibits (3 H-bond donor and 1 H-bond accep-
tor). Thus, increasing HA on the behalf of MET provided the
possibility to form more intramolecular H-bonds which dis-
guised the polar groups of both compounds leading to the
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Figure 6 (A) Response surface plot of (XI: MET, X2: HA) mixture and X3: phospholipid: mixture ratio, (B) Line plot of (XI: MET, X2: HA) mixture, (C) Line plot of X3:
phospholipid: mixture ratio showing their effect on the n-octanol/water partition coefficient of the prepared HA-MPS.

formation of less polar and more lipophilic conformer exhi-
biting higher passive lipoidal membrane permeability.*”

Phospholipid: mixture ratio showed a significant (p<
0.0001) synergistic interaction with HA on n-octanol/water
partition coefficient as shown in Figure 6A and C, this
means that increasing phospholipid: mixture ratio from 1:1
to 5:1 while increasing the proportion of HA on the behalf of
MET as abovementioned enhanced the n-octanol/water par-
tition coefficient of MET relative to MET alone. It was
previously proved that the phospholipid complexation of
active ingredients enhanced their partition coefficient hence
their permeability and systemic bioavailability.*® These find-
ings are in agreement with results obtained from
Rosuvastatin-phospholipid complexation where increasing
phospholipid: drug ratio increased the n-octanol/water parti-
tion coefficient comparably.?!

Phospholipids with high molecular weight are known
for their poor aqueous solubility, so they adopt a spatial
arrangement in water that shield their non-polar tails.
Israelachvili et al explained the geometrical constraints
that predict such assembly through calculating the packing
parameter value.

The packing parameter (v/a,l.) is a fraction calculated
through dividing (v) the hydrocarbon chain volume by (a,)
the surface area multiplied by (1) the critical chain length.
Accordingly, the shape of spherical micelles is acquired
when v/a,l, < 1/3, rod-like micelles when 1/3 < v/ayl, < 1/
2 or bilayered vesicles if 1/2 < v/a,l. < 1 and extended
bilayers when v/ajl;=1. They could acquire an inverted
cone configuration when v/agl, > 1, the inverted cone
configuration is achieved by amphiphiles with double
chains, very small head or polyunsaturated bulky chains.’

Unsaturated phospholipid like Lipoid are known to
have a large hydrocarbon chain volume (v) represented
by its two acyl chains. The lack of flexibility of the acyl
chains is attributed to the double bonds which kept their
shape rigid, atomic rotation around the double bonds is

prohibited by their steric hindrance. Thus, the two acyl
chains remained stretched without bending.*®

In case of dynamic simulation in chloroform, as shown
in Figure 3D, the carbonyl group of the acyl chains of the
phospholipid formed two H-bonds, one with the amino
group of MET and the other with the hydroxyl group of
the N-acetyl D-glucosamine portion of hyaluronic acid. The
two hydrogen bonds pulled both acyl chain apart from each
other like an opened compass, thus increasing chain volume
(v). At the same time, the HA-MET complex formed
numerous H-bonds with polar head of phospholipid, thus
keeping surface area (a,) small. Consequently, the opti-
mized HA-MPS acquired an inverted cone structure —
based on the packing parameter theory — keeping the hydro-
philic drug MET together with the hydrophilic polymer HA
attached to the polar head within the hydrophilic core while
the hydrophobic tail directed towards chloroform forming
w/o inverted micelles. Therefore, the complexation of HA-
MET and unsaturated phospholipid, the packing parameter
of the phospholipid alone which was normally around unity
was changed into modified packing parameter value
exceeding unity in chloroform.*

On the contrary, in the case of water, as shown in
Figure 3D the HA-MPS acquired entirely different spatial
arrangements. MET and HA being both very hydrophilic,
the HA moiety stretched vertically while keeping the
attached MET molecules on both sides in a horizontal
manner like a cross in order to form as many H-bonds
with water as possible in all directions. At the same time,
the phospholipid molecule formed only H-bonds with its
polar head at the center of the cross structure and stretched
vertically in a parallel manner as an extension of the HA
moiety with both acyl chains close to each other as they
formed only one H-bond between one carbonyl group with
a hydroxyl group of the vertical HA molecule, so they
were not pulled apart but they were like a closed compass

to avoid contact with water molecules.
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Consequently, it acquired a micellar configuration thus
keeping the hydrophilic drug MET along with the hydro-
philic polymer HA towards water and very stretched hor-
izontally while keeping the phospholipid molecule
directed toward the hydrophobic core in a very tight man-
ner to offer maximum protection of the rigid hydrophobic
tail.>®

These findings are also supported by the partition
coefficient and saturated solubility studies, where the par-
tition coefficient increased about 67 fold, the saturated
solubility in n-octanol increased suggesting the assembly
of inverted cone structure complex into w/o inverted
micelles and the saturated solubility in water decreased
due to the extremely high molecular weight as well as the
attachment of a lipophilic moiety leading to decreased
water solubility compared to MET alone.

MET is a polar drug which is absorbed through organic
cation transporters.*’ The cell membrane contains phos-
pholipid as a main component, so we wanted to test our
hypothesis on the ability of sonocomplexation of MET
with phospholipid along with the effect of attaching HA
as a targeting moiety to target the CD44 cell surface
receptors to enhance its cellular uptake and to alleviate
MiaPaCa-2 cell line hypoxic microenvironment.'®

Consequently, we noticed that HA-MPS required lower
ICsq (11.5 folds) relative to MET which proved the enhanced
cellular uptake, this was also confirmed by measuring the
intracellular concentration which was tripled in case of HA-
MPS relative MET. Also, we found that the antiproliferative
effect of HA-MPS and MET in absence of glucose is rela-
tively better than in presence of glucose. Wheaton et al have
also found similar results as they discovered that in presence
of glucose MET inhibit cell proliferation while it could
induce cell death when they are deprived of glucose.?’

Abnormal vasculature is a common feature among solid
tumours including pancreatic cancer, such abnormality
caused a hypoxic microenvironment where oxygen supply
is insufficient to fulfill oxygen demand. Hypoxia is the culprit
behind the poor prognosis such as high recurrence chances,
inefficiency of radiotherapy and metastasis.” It is not manda-
tory to completely inhibit oxygen consumption to abolish
tumour hypoxic microenvironment, as Grimes et al found
that even 30% inhibition is capable to overcome severe
hypoxia.*' Accordingly, through testing OCR we found that
HA-MPS reduced OCR by 25% more than MET at even
lower concentrations.

Radiotherapy acts by generation of ROS through water
radiolysis, ROS generates reversible DNA radicals by

attacking DNA. In presence of normoxic conditions, the
DNA radicals are converted into harshly repairable stabi-
lized DNA peroxides. Gray et al discovered the “oxygen
enhancement effect” highlighting the necessity of nor-
moxic condition in cancer radiotherapy.**

Hypoxic microenvironment induce ROS production via
mitochondrial complex III which activate HIF-1a to sup-
port tumorigenesis.* Therefore, we comparatively mea-
sured the HIF-1a which resulted in HIF-1o concentration
reduced by 28% more with HA-MPS relative to MET.
OCR and HIF-1a data proved the ability of HA-MPS to
abolish hypoxic tumour microenvironment as a result of
better cellular uptake and targeting relative to MET.

In normal cells, ROS generation cause the damage and/
or mutation of mitochondrial DNA and protein creating an
that
progression.*® Wheaton et al revealed that MET directly

endless loop triggers cancer initiation and
inhibits complex I by acting on the flavin site in an
upstream manner thus reducing ROS production, while it
inhibits the electron flow from mitochondrial complex I to
complex IIT thus indirectly reducing ROS production.?’
The comparative measurement of ROS production
revealed that HA-MPS reduced ROS production by 3
folds relative to MET at lower concentration. This indi-
cates that HA-MPS might be better in preventing the
initiation of pancreatic cancer as a prophylactic precaution

relative to MET.

Conclusion

In this work, HA-MPS was successfully prepared via two-
stage complexation technique, where we first chemically
conjugated MET with HA using amide coupling reaction,
then we physically complexed the HA conjugated MET
with Lipoid using ultrasound irradiation followed by eva-
poration under vacuum. The prepared HA-MPS showed
enhanced partitioning and reduced aqueous solubility rela-
tive to MET. A D-optimal combined design was imple-
mented for the statistical optimization of formulation
The prepared HA-MPS showed 67 folds
enhancement in the n-octanol/water partition coefficient

variables.

relative to MET with reasonable particle size. MiaPaCa-2

comparative studies statistically tested by one-way
ANOVA showed the significant improvement of the opti-
mized HA-MPS relative to MET including 11.5 folds
lower ICs, extra 25% reduction in OCR, 28% extra reduc-
tion in HIF-1a concentration, 3 folds lower ROS produc-

tion and tripled intracellular concentration. These findings
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demonstrated the imparted lipophilicity and targeting
potential of the optimized HA-MPS compared to MET.

Concisely, HA-MPS provided a versatile mean for

enhancing the lipophilicity and the targeting ability of

MET to abolish tumour hypoxic microenvironment effec-

tively. An ideal chemotherapy regimen is a riddle yet to be

solved, but the use of MET in such regimens might pro-

vide a closer step towards normoxic and less resistant
cancers like PDAC.
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