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INTRODUCTION

ABSTRACT

Methotrexate (MTX), a stoichiometric inhibitor of dihydrofolate reductase, is a chemotherapeutic agent
for treating a variety of neoplasms. The objective of the present study was to synthesize nanoparticles
of MTX using hyaluronic acid-polyethyleneglycol-polycaprolactone (HA-PEG-PCL) copolymer for tumor
targeting. Targeting efficiency of HA-PEG-PCL nanoparticles was compared with non-HA-containing
nanoparticles polycaprolactone. The copolymers were chemically synthesized and characterized by IR and
Nuclear Magnetic Resonance (NMR) spectroscopes. The nanoparticles were characterized for shape and
morphology by transmission electron microscopy (TEM), particle size, percentage of drug entrapment and
in-vitro drug release profile. Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) studies
were also performed to appraise the crystalline or amorphous nature of MTX inside the polymer matrix.
Formulations were prepared using different MTX: polymer ratios (1:0.05-3:0.15 w/w) and the optimum
formulation with the drug: polymer ratio of 1:0.05 showed the mean particle size of 185 + 2.21 nm
and entrapment efficiency of 93.16 + 2.1% in the case of HA-PEG-PCL nanoparticles, while the values
were 140 + 1.24 nm and 90.12 + 1.3%, respectively, in the case of PCL nanoparticles. The nanoparticles
prepared using copolymers HA-PEG-PCL showed their potential to sustain the MTX release. MTX-HA-
PEG-PCL nanoparticles showed 95.08 + 2.50% release of MTX in 96 hours while MTX-PCL nanoparticles
released almost 100% of the drug in the same duration. The stability was evaluated in terms of particle
size and residual drug content, the nanoparticles formulations were found to be more stable at 5 + 3°C
and then 40 * 2°C. These results suggest that HA-PEG-PCL nanoparticles could be an efficient delivery
system for MTX for targeted therapy of cancer.

desirable to maintain a steady infusion of the druginto the
tumor interstitium. Advances in nanobiotechnology have

Tumor is a heterogenic, mutagenic architectural unit,
a pathological state with properties which are still
incompletely comprehended.!""?! Targeting of anti-cancer
bioactives at the tumor cells is desirable for two reasons:
first, to maximize cytotoxic effect throughout the tumor
growth phase during which the majority ofthe cells remains
sensitive to pharmacotherapy and secondly, to protect the
surrounding healthy cells from exposure to the cytotoxic
agents. In order to obtain better tumor regression, itisalso
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resulted in the evolution of several novel colloidal carriers
such as liposomes, polymeric micelles, nanoparticles
and nanoemulsions to achieve these above-mentioned
objectives. Polymeric nanoparticles are the mostattractive
colloidal carriers owing several merits such as ease of
purification and sterilization, drug targeting possibility
and sustained release action.®! Polymeric nanoparticles
made from natural or synthetic polymers have drawn
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major attention due to higher stability, maneuverability
for industrial manufacture and opportunity for further
surface nanoengineering. They can be tailor made to
achieve both controlled drug release and tumor targeting
by tuning the polymer characteristics and surface
chemistry. Long circulatory nanoparticles have been
developed over the pastyears. Conceiving long circulatory
nanoparticles that would have controlled degradation,
high entrapment, prolong release of bioactive and possess
a hydrophilic chain to allow easy coupling of ligands at
controlled surface densities, without degrading either the
ligands or the nanoparticles or provoking an uncontrolled
release of the entrapped bioactive is a big challenge. Long
circulation and ligand coupling can be achieved using
polyethyleneglycol (PEG)-coupled copolymers. Ligands
can also be covalently linked to the block copolymer
containing PEG segments prior to nanoparticle formation
by nanodeposition or solvent evaporation. Alternatively,
ligands can also be coupled to preformed nanoparticles
possessing reactive groups at the PEG terminus. In the
recent years, the preparation of targeted drug delivery
systems has attained much enthusiasm due to higher
therapeuticindex of antitumor drugs achieved by increase
in target/non-target drug ratio. In order to develop the
targeted drug delivery systems, identification of such
ligands that are able to recognize specific cancer cells as
target sites has grown enormously. The targeting agents
directed to membrane-bound tumor-associated antigens
or receptors include vitamins, hormones and antibody
derivatives.'! MTX, a folic acid antagonist, is a hydrophilic
small molecule (log P, -1.8, MW, 454.5 and poor aqueous
solubility (0.01 mg/mL) which is commonly used as clinical
chemotherapy agentand highly efficacious antineoplastic
drug.>¢! MTX inhibits dihydrofolate reductase (DHFR)
and interfere with tumor cell DNA, RNA and consequently
protein synthesis, leads to inhibition of the proliferation
of tumor cells.l”! However, using methotrexate has been
restricted because of limitations such as low half-life in
plasma, low penetration into the brain and dose-dependent
systemic side effects.!® To overcome this problem, MTX can
beloaded in various NPs such asliposomes, solid lipid NPs,
cationic bovine serum albumin, poly (butyl cyanoacrylate),
nanogels, dendrimers. Hyaluronic acid (HA), a naturally
occurringlinear polysaccharide and chemically classified
as a glycosaminoglycan, is composed of repeating
disaccharide units of D-glucuronic acid and (1-b-3)-
N-acetyl-D-glucosamine. The polysaccharide contains
between 500 and 50,000 monosaccharide residues per
molecule; thus, its molecular mass ranges from 104 to
107Da.l! The unique physicochemical and biological
properties of HA have highlighted it as a potential targeted
macromolecular carrier of drugs to solid tumors. More
specifically, the amphiphilic nature of the HA enables it to
form a large coiled meshwork at low concentrations, %11
which makes it an ideal vehicle for the solvation and
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entrapment of smaller molecules. Activated HA receptors
are over-expressed by CD44 and receptor for hyaluronan-
mediated motility (RHAMM) on tumor cells, which are
lacking in their non-tumorigenic counterparts.'?! The
unique ability of CD44 to internalize HA!3! reinforced
its potential as a targeted drug transport vehicle. HA
produces an important signal for activating kinase
pathways!'* and regulating angiogenesis in tumors.™!
This application of HA has been previously recognized
and several preclinical studies have chemically conjugated
HA to cytotoxicagents with an end result of highly
effective anticancer agents in-vitro.'®8! The approach
that we pursued in this study used a drug carrier into
which caprolactone-linked oligomers of the HA repeat
units were attached by diamine PEG as a spacer. The
resultant nanoparticles were supposed to have increased
exogenous HA concentrations in ascites tumor fluid.
High molecular weight of HA is believed to be involved
in inhibiting tumor metastasis. MTX-loaded hyaluronic
acid-polyethyleneglycol-polycaprolactone (HA-PEG-PCL)
nanoparticles were able to deliver MTX within the tumor
by enhanced permeability and retention (EPR) effect and
binding to proteins (receptors) of the cell membrane.

MATERIALS AND METHODS

Materials

Methotrexate was received as a gift sample from Fresenius
Kabi Ltd. Gurgaon (Haryana, India).HA and PCL were
procured from Sigma-Aldrich (Bangalore, India). Pluronic
F-68 was purchased from Himedia Lab, Mumbai, India.
N-hydroxysuccinimide (NHS), ethylene diamine (EDA),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
Acetone, isopropyl alcohol, NaOH, DCM (Dichloromethane),
DMSO and acetonitrile were all purchased from Merck
Limited, Mumbai India. PEG and dialysis sacs (MW cut-off
12000-15000 Da) was purchased from Sigma Aldrich (New
Delhi, India). All other chemicals used were of the highest
analytical grade.

Copolymer HA-PEG-PCL Synthesis and
Characterization

Diamine PEG was synthesized as per the method reported
by Zalipsky et al.™! For the synthesis of HA-PEG- PCL
copolymers, diamine PEG (0.125 g) was dissolved in 10 mL
of anhydrous DMSO and stirred overnight at room
temperature. Activated HA (0.574 gof HA in distilled water
anda 1.2- fold molar quantity of 0.23 gof EDCwasadded) was
then added to the reaction flask. The reaction was allowed
to continue for 48 hours atroom temperature. The product
was isolated from the organic (DMSO) phase by dialysis
molecular weight cutoff (MWCO) 12,000-14,000 Da)
against water for 24 hours and vacuum dried. Free amine
groups were determined by ninhydrin test. The free
amine groups in HA-PEG-NH, were found to be 40-45%.
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HA-PEG-NH, (0.136 g) was reacted under anhydrous
conditions with 0.38 g of PCL in 4 mL toluene for 5 hours
at 110°C. The copolymer thus obtained was vacuum dried.
The synthesized copolymer was characterized by fourier-
transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance (NMR) spectroscopies.

Preparation of MTX-Loaded HA-PEG-PCL
Nanoparticles

MTX-loaded HA-PEG-PCL nanoparticles were prepared
by the nanoprecipitation method. Briefly, 0.1 g of MTX in
the presence of 6.2 mL of NaoH was stirred on a magnetic
stirrer for 24 hours at room temperature under nitrogen
atmosphere. Then 0.005 g of HA-PEG-PCL copolymer was
dissolved in 5 mL of DMC and to this MTX solution was
added with stirring. This organic solution containing
the drug and the polymer was added dropwise to 10 mL
distilled water containing different concentrations of
Pluronic F-68 under magnetic stirring. The nanoparticles
were formed immediately. The organic solvent was
removed by simple evaporation by keeping the mixture at
room temperature, followed by centrifugation at 10,000
rpm for 30 minutes. The supernatant was discarded and
the pellet containing the nanoparticles was washed thrice
with water by repeated re-suspension in water followed by
centrifugation to discard the supernatant. The final pellet
was lyophilized to obtain a dry powder of nanoparticles.
The process variables like the amount of copolymers
and Pluronic F-68 concentration were optimized. The
amount of copolymer was varied from 5 to 15 mg, while
keeping Pluronic F-68 concentration constant (0.5% w/v).
Similarly, the nanoparticles were also prepared using
different concentrations of Pluronic F-68 (0.5-1.5% w/v),
while keeping the amount of copolymer constant (5 mg).

Preparation of DOX-Loaded PCL Nanoparticles

MTX loaded PCL nanoparticle were prepared by the
nanoprecipitation method. In briefly 0.1 g of MTX in the
presence of 6.2 mL of NaoH was stirred on a magnetic
stirred for 24 hours at room temperature under nitrogen
atmosphere. Then 0.005 g of PCL polymer dissolved in
5 mL of dimethylchloride and to this MTX solution was
added with stirring. This organic solution containing the
drug and polymer was added in to drop wise in 10 mL
of distilled water containing different concentration of
Pluronic F-68 under magnetic stirring. The nanoparticle
was formed immediately.

Optimization

There are various parameters which affect the preparation,
property and stability of nanoparticle. This formulation
parameter were identified and optimized to get uniform
preparation and highest encapsulation efficiency. Different
type of studies includes concentration of polymer, amount
of surfactant concentration and process variables include
stirring time and sonication time. All these parameter were
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optimized by taking effect on particle size, entrapment
efficiency.

Characterization of Nanoparticles

Shape, Morphology and Particle Size

The shape and the morphology of the prepared
nanoparticles were investigated by transmission electron
microscopy (TEM; Morgagni 268 D, Fei, The Netherlands)
of the nanoparticles in aqueous medium after negative
staining with 1% phosphotungstic acid. Particle size was
determined using laser diffraction-based particle size
analyzer (Malvern- Zetasizer 3000hs, Malvern, UK).[2]

Differential Scanning Calorimetry

The transition temperatures of pure MTX, copolymers
(HA-PEG-PCL and PCL) and MTX loaded nanoparticles of
the copolymers (HA-PEG-PCL and PCL) were measured
by differential scanning calorimetry (DSC; TA Instrument
2910 MDSC V4.4E, Shin, Osaka, Japan) under a flow of
nitrogen between 0 and 500°C at a scanning rate of 108°C
per minute.

X-ray Diffraction Study

X-ray diffractograms of MTX, HA-PEG-PCL, MTX loaded
HA-PEG-PCL nanoparticles, were obtained with a Rigaku
D/Max 1200 diffractometer (Rigaku Denki Co. Ltd, Tokyo,
Japan) using Ni-filtered Cu-Ka radiation (35 kV, 15 mA).

Estimation of Drug Entrapment Efficiency

The drug entrapment efficiency was determined
using a dialysis method for separating unloaded MTX
from the nanoparticles. It is a method to estimate
indirectly determines the amount of drug bound with the
nanoparticles. Taken 5 mL of MTX loaded nanoparticle
dispersion was placed into adialysisbag MWCO 1200-1500
KDa and dialyzed against 50 mL of 0.1 N NaoH for 15
minutes with magnetic stirring 100 rpm, after 15 minutes.
Dialysis bag were taken out and drug in reservoir were
estimate in UV spectrophotometer.

In-vitro Drug Release Profile

Nanoparticulate formulations (10 mg) were suspended
in 2 mL phosphate-buffered saline (PBS) (pH 7.4) and
subsequently transferred into a dialysis tube (MWCO 2000
g/mole). The dialysis tube was placed into a 100 mL bottle
containing 50 mL PBS (pH 7.4), maintained at 37°C, and
the medium was stirred at 100 rpm. A whole media change
method was used for prevention of drug saturation in the
drug release study. At specific time intervals, the whole
medium (50 mL) was taken and replaced with the same
volume (50 mL) of fresh PBS (pH 7.4). The concentration
of released MTX in the PBS was determined by the UV
spectrophotometer (GBC Citra 10) at 300 nm.

Stability Study

Stability study of optimized PCL nanoparticle and
hyaluronic acid anchored PCL nanoparticles formulation
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were stored in screw caped, amber colored and white
transportsmall glass bottles at 5 + 3°C and 40 £ 2°C (as per
ICH guideline). Analysis of sample was made for particle
size and residual drug content after a period of 30 days.

RESULTS AND DISCUSSION

Nanoparticles that had no targeting group (i.e., PCL,
MPEG-PLGA) containing hydrophobic drugs have been
by reported by numerous research groups.[??2l Some
researchers have attempted to increase the tissue
specificity of the drug carriers by coupling targeting
agents, such as monoclonal antibodies, peptide, biotin23!
and folic acid,’®¥ to achieve tumor-specific targeting. In
order to attach the targeting agents on the nanoparticles,
the HA-PEG-PCL conjugates were prepared by attaching
one amino group of diamine PEG with the carboxylic
group of HA and attaching the second free amino group of
diamine PEG with carboxylic acid of polycaprolactone. This
approach was based on the idea that the HA presentin the
supernatant of ascites fluid and the HA receptors are also
over-expressed in most of the tumor cells. In the current
study, we prepared the nanoparticles from by conjugating
the biodegradable polymers HA, PCL and PEG and from PCL
alone. These polymers are well known for biodegradability,
biocompatibility and shows the targeting potential to

the cancer cells.?>2% MTX loaded nanoparticles then
optimized on the basis of copolymer, dug, surfactant
concentration, stirring time and sonication time, which
affect characterization of developed nanoparticles such
as particle size, surface morphology and entrapment
efficiency. The nanoparticles were prepared by varying
the concentration of copolymer while keeping the other
variables constant. The effect of polymer concentration
was directly observed on particle size and %EE. The
maximum %EE 90.8 + 2 and optimum size 120 * 2 nm
was observed when the 5 mg of copolymer was used, this
mightbe due to aggregation of the particles, increasing the
concentration did not affect the %EE. While at maximum
concentration of copolymer (15 mg) the average size of
particle was found to be 168 * 3 nm and 82.2 * 3% EE.
The surfactant concentration showed great impact on
%EE and particle size while all other variables were kept
constant. When it was increased from 0.5 to 1.0% the
particle size was decreased from 185 * 2 nm to 158 + 4
nm. When the concentration of surfactant was increase (1,
1.5%) so the particle size was increase (158 + 4, 190 £ 5)
and entrapment efficiency was decrease (90.3 + 4, 88.3 + 2).
When the concentration of drug was increase from
(100, 200 mg) so the particle size was decrease (164 * 2,
122 # 1) and entrapment efficiency was increase (72.5
3,90.0 £ 1). When the concentration of drug was increase

Table 1: Optimization of formulation and process variables in preparation of nanoparticles

Copolymer Drug Surfactant
F code concentration concentration concentration

(mL) (mg) (%)
Copolymer concentration
F1 5 100 0.5
F2 10 100 0.5
F3 15 100 0.5
Drug concentration
F1 5 100 0.5
F2 5 200 0.5
F3 5 300 0.5
Surfactant concentration
F1 5 100 0.5
F2 5 100 1.0
F3 5 100 1.5
Stirring time
F1 5 100 0.5
F2 5 100 0.5
F3 5 100 0.5
Sonication time
F1 5 100 0.5
F2 5 100 0.5
F3 5 100 0.5
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. L . Average

fzilrgl(rfﬁ ) fsoencz)catlon tme  pp (%) particle size*
(nm)

10 30 90.8 + 2 120+2
10 30 85.1+1 145+2
10 30 82.2+3 168 +3
10 30 725+9 164 +2
10 30 90.5+9 1221
10 30 543+7 180+6
10 30 723+5 185+2
10 30 80.5+7 158 + 4
10 30 90.3+2 190 +5
10 30 70.2+7 182+ 4
12 30 80.3+4 160 +2
14 30 90.2+3 144 +3
10 30 60.5+4 180 +5
10 60 80.3+2 155+ 7
10 90 90 +3 140+ 2
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Table 2: Optimization of particle size and entrapment efficiency of

PCL NPs and HAPCLNPs
. Entrapment  Particle size Zeta potential
S.no.  Formulation Efficiency (nm) (nV)
1 PCL-NPs 90.12+1.3 140+1.24 -6.9+0.2
2 HA-PCL-NPs 93.16 +2.1 185#%2.21 -184 0.7

- (b)

Fig. 1: TEM photomicrograph of (a) PCL nanoparticles (b) HA-PEG-
PCL nanoparticles

(200, 300 mg) so the particle size was increase (122 + 1,
180 * 4) and entrapment efficiency was decrease (90.0
+ 1, 54.4 = 1). When the increase the string time of the
sample from (10, 12, 14 hrs) the particle size was decrease
(182 £ 4,160 * 2,144 * 3) and entrapment efficiency was
increase (70.2 +£2,80.0 £ 1,90.1 + 3). When the sonication
time increase from (30, 60, 90sec) the particle size was
decrease (180 * 2,155 + 3,140 + 1) and entrapment
efficiency was increase (62.0 + 3,80.3 £ 2,90 * 4) (Table 1).
The shape and morphology of the prepared nanoparticles
was investigated by TEM, and was found to be spherical,
irrespective of the polymer/surfactant concentration
used Fig. 1(a) and (b). Differential scanning calorimetries
measure the heat loss or gain result from physical
and chemical changes within a sample as a function of
temperature. DSC thermogram of MTX, PCL, MTX loaded
PCL-NPs and MTX loaded HA-PCL-NPs was perform and
thermogram shown in Fig. 2(a-€) in case of MTX peak was
found at 105°C, in case of PCL 61.7°C in case of HA-PCL-
NPs peak observed at 69°C HA ,51°C PCL, 99°C MTX. XRD
of MTX, HA are shown in Fig. 3 (a, b) in case of HA intense
peak were found at between 2 value of 10-30 which are
very collates. The average size of the PCL-NPs was found
tobe around 140 *+ 1.24 nm. While the size of the HA-PEG-
PCL NPs was 185 # 2.21 nm, the increase in size might be
due to the use of polymer conjugate for NPs development.
The zeta potential of PCL NPs and HA-PEG-PCL NPs was
foundto-6.9 +0.2 and -18.4 + 0.7 mV, respectively (Table 2).
The NPs prepared using copolymers such as HA-PEG-PCL
showed their potential to sustain the MTX release (Fig. 4).
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Initially burst release of MTX was observed which might
be due to the release of surface adsorbed drug. MTX-HA-
PEG-NPs showed 95.08 = 2.50% release of MTXin 96 hours
while MTX-PCL NPs released almost 96.43 + 1.28% of the
drugin 72 hours. The sustained release of drug might be
due to their hydrophobicity and entrapment in the inner
core of co polymeric NPs. The stability of MTX-HA-PEG-
PCL NPs was observed by storing the NPs formulations
at 5 + 3°C and 40 + 2°C; the stability was evaluated in
term of particle size and residual drug content. Storage
stability studies were completed to examine the integrity
of formulations under varied environmental conditions.
The stability was determined by storing formulations for
30 days. At 5 * 3°C the particle size was not significantly
affected while the size was found to be increased at 40 +
2°C due to aggregation of the polymer matrix. Similarly,
significant alteration in residual drug content was noticed
at 40 * 2°C compared to formulation when stored at 5 *
3°C, this might be due to the leakage or degradation of the
drug at this temperature.

Wl
-
b

(b)

(©)

(d)

w0
Tempernture /€

(e)

T T 75

0 7%
Temporsuure /€

Fig. 2: DSC thermogram of (a) MTX, (b) PCL, (c) MTX loaded PCL
NPs, (d) HA-PEG-PCL nanoparticles (without MTX), (e) MTX-
loaded HA-PEG-PCL nanoparticles
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Fig. 3: (a) XRD Thermogram of MTX, (b) HA.
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Fig. 4: In-vitro MTX release from MTX-PCL NPs and MTX-HA-PEG-
PCL NPs

CONCLUSION

In order to deliver MTX in the tumor cell, HA-PEG-PCL
copolymers were synthesized and used to prepare MTX
loaded nanoparticles. The nanoparticulate system was
found to be safe for administration, more hemo-compatible
and biocompatible. On the basis of the above studies, it can
be concluded that HA-PEG-PCL nanoparticles can serve
as efficient tools to ferry large doses of anti-cancer drug
to tumor sites, with reduced access to non-tumor tissues.
These observations suggest that the present NPs offer an
exciting mode of target delivery for potent MTX.
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