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Abstract

Hyaluronic aail (HA) is a natural polymer that has gained significant attention

as a potential biomaterial for a wide range of biomedical applicatioado its
unique physical and chemical properti@$he mechanical and degradation
properties of HA can be improved pfysically or chemically crosslinking the
chains into hydrogels. HA hydrogels have been extensively investigated as drug
delivery carriers; however, the release of entrapped drugs is rapid and cannot be
sustained significantly. Composite hydrogels of HAthwidrug loaded
particulate carriers have been developed recentlydbmbine advantages of
physical/chemical properties of HA and sustained release property of entrapped
drug carriers. These systems have not been studied in detail in terms of the
transpot behavior of drugs through the crosslinked networks. This transport is
affected by several factors and understanding the mechanisms of drug transport
would help to optimize the design of HBased compositdydrogels for

specific therapeutic applications.

In this work HA based composite hydrogels were developed with drug loaded
egg phosphatidylcholine (EPC) liposomesgply(d,l-lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs), and PLGA microparticles (MPs) and investigated
for in vitro drug release angbhysical stability of entrapped carriers: 5
Fluorouracil (5Fu) andatanoprost (Ltp) were selected as model hydrophilic
and hydrophobic drygrespectively. HA was modified using methacrylic
anhydride (MA) and adipic dihydrazide D) moieties and then crskinked to

obtain hydrogels and characterizédr morphology, swelling behavior,



rheology, andn vitro drug release5Fu was loaded into PLGA MPs and Ltp
was loaded into EPC liposomes, PLGA NPs, and PLGA MPs. The delivery
carriers were characterized folomphology, size distribution, % encapsulation
efficiency (EE) andin vitro drug release. From drug release studies, it was
foundthat 5Fu was rapidly released from HA hydrogels alone but encapsulating
it inside PLGA MPs prolonged the releagetoseveraldays.Ltp was found to
release slowly from HA hydrogels alone but the asée was sustained from
PLGA MPs and EPC liposomes for several days and weaekpectively.In

case of composite hydrogeld)et release obFu and Ltp was significantly
retardedascomparedo MPsand liposomeslone.Retardatiorfrom composite
hydrogelswas dependent upohydragel network structure surrounding the
entrapped particulateariers in case of 5Fu releagmit notfor Ltp release.
Degradation studies showed that there m@slifference in the degradatioate

of drug loaded PLGA MPs with or without hydrogel, thus indicating that the
retardation of drugs from composite hydrog&las due to the additional

diffusion barrier of gel network surrounding tMPs and liposomes

Future work sbuld involve further evaluation and optimization of various
factors that affect drug transport in these HA based composite hydrogels to
develp them into potential sustaineelease carrier for different types of
drugs. Drug release from cowogite hydrogels in the presence of enzyme
hyaluronidase would be useful to study for estimating ithevivo release
behavior In addition quantitative estimation of diffusion coefficients and
resistances would be important to understand the drug releastck of

composite systems in detail and to develop a generalized model.
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Chapter 1 Introduction

1.1 Background

There have alwaybeen extensive efforts direct towards the development of
novel devices with potersi pharmaceutical or clinical significance, for
instance, novel systems for delivery of drugs and other biomolecules. This is to
achieve the target or site specific delivery of therapeutic agents in a rate and/or
time controlled manner for prolonged pespanhancing patient compliance.
Among the several types of polymeric delivery carriers that have been

investigated for drug release, hydrogels have found considerable interest.

On account of their peculiar and remarkable advantages, such as, ability to
swell in physiological environment, biocompatibility, ability to formulate them
into variety of physical forms, tunable structural properties, and exhibiting wide
range of chemical compositions and physical properties, they have been
extensively investigad for several biomedical applicatiofs3]. Among this

wide range of applicationglrug delivery systems based on hydrogel carriers

have attracted significantasearch interest.

Hydrogels offer numerousadvantages as delivery devices, fmstance
protection of drugs from hostile environments (low pH in stomach, presence of
enzymes), high porosity enabling loading of drugs in the gel matrix, and control
of drug release from the matrix by changing its structure in response to
environmental stimuli such as pH, temperature, and electric[#EléHydrogels

can be synthesized using sevVesgnthetic and natural polymers.mfng



various natural polymers used as logkl systemsHA has beenwidely
explored for drug, peptides, proteins, genes, and growth factors delivery
applications.  Bocompatibility,  biodegradability, nontoxicity, non
immunogenicity, wound healing, and high molar mass associated
viscsoelasticityare the versatile propertiesf HA that make it a potential

biomaterial.

Native, soluble HA has found several applications in drug delierg ocular
surgery But its use is linted due to rapid rate of degradation ahehrancen

vivo, and lack of high mechanical strengifl]. These limitations could be
improvead by modifying HA chains wh chemical derivatives and crosslinking
them to obtain insoluble hydrogels. They exhibit favorable mechanical and
degradation properties and still retain the biocompatibility, biodegradability,
and viscoelastic properties of HA chains. Otheeful propeties include high
agueous swelling ratio, high porosity, susceptibility to hyaluronidsasyme

degradation, and resistance to cell adhesianvo[5].

1.2 Problem Statement

HA hydrogelshavebeen widely investigatefdr oral, ocular, nasal, dermalnd
otherapplications forsustainedielivery of manytherapeutic molecules, 7].
Various forms of hydrogel carrigs such as films or membranes, NPs/MPs,
injectable or implanatable gels, etc have been utilized. Although the mechanical
integrity of HA chains is greatly enhanced and the dissolution rate is reduced by
crosslinking, it does not enable significant retaotatin the release of

ertrapped drugs from gels aloriEhe rapid release of entrapped drugs from HA



hydragels could be attributed the macroscopic naturef their structurewith
large mesh sizes andheterogeneous network crosslinked lbgndonty

intercomecedHA chaing[§].

As a resultthere isgrowing interesin composite hydrogel networks wherein

the pharmacological limitations of hydrogatsuld be overcome by entrapping
particulate systems inside the hydrogel mgi8jx Drug loaded liposomes, NPs,
MPs, and other types of particleased drug delivery vehicles haveen
incorporated into synthetic as well as natural polymeric hydrogels to obtain
composite sstems. The combination is advantageous over the polymer or
particles alone because it enables sustained release of drug for prolonged
periodsof time, preserves thbioactvity of drugs,improves thestability of
particulate carriers, and enhantlesbioavailability of drugs byrestrainingthe

carriers frombeing migrated awathe target sit¢3, 9].

HA based compositehydrogels, obtained bdispersing drug loaded nano/micro
carriers within HA hgrogel matrix, are the delivegystemghat have not been
widely explored for applications such as ocular drug delivery. These composite
systems are particularly apprage for oculardelivery applications because

HA is foundinside eye tissuasits natural component and possesses significant
wound healing functiond’he aular residence time afrug loaded particulate
carrierscould be improvedand prolonged sustaine@lease kinetics can be
obtainedby entrapping them inside treosslinked network of HA hydrogels
exhibiting controlled mechacal and degradation properties amdund healing

properties.



Compmsite hydrogel systems basstlidies have mainly focused on aibing
swstained release of drugs (reducingpitial burst, increasg drug
bioavailability) utilizing thedrug-carrier and polymer matrix properties for a
specific application.To date, here have been onlya couple ofstudies to
understand the factors afiting the transport of drugs through these crosslinked
networks.While the transporbehavior and release kinetics sdlutes across
HA ester flmsimembranes have been studied in dg@d13], the same have
not been evaluated fotomposite gels of HAwith drug carriers such as

liposomesor otherpolymeric NPs/MPs.

It would be valuable to understand the transport behavior of drugs in these
composite systems whidk dependent upon the properties of each component
involved. This would improve designing of these delivery devices in terms of
independent tunable properties of individual components. Howeveis i
difficult to propose a unified model for release behawbdrugs from thse
composite systemsSome of the major challenges include complex geometries
that combine hydrogel matrix network and drug carrier, morphologies and
physiological properties of different phases, and complex interaction between
them [14]. All these parameters have to be considered and optimized with
respect to theoverall device to evaluate the transport of drug from such a

heterogeneous system.

In a composite system of drug loadedrticles with HA hydrogelrelease of
drugs depend upon several facttrat are hydrogel matrix, drug carrier, and

drug solute spedfic. Among these factorghysiological propertie®f drug



(size, hydrophilicity charge) composition and structure of drug carriers,
interaction betweerdrugdrug carrier with gel network, and the network
structure of hydrogel matrix are most importadnderstanding the effect of
these factors on the release behavior of drugs would be very useful in devising
means to control theeleaseof drug from thee composite hydrogelsThis
would help in the optimation of HA basedlelivery systems tdargetmore

noveltherapeuti@applicationan ocular drug delivery

Based on the information from literature and identification of the existing gaps
thereof, thedllowing problem statement hasenproposed:
"There is inadequate understanding of drug transparechanismsfor HA

based composite hydrogels systems with drug loaded nano/micro carriers

1.3 Hypothesis

Composite systems, in general, are known to obtain sustained refedrsgys
for prolonged periodsf time,andto improve stability of carriers andrugsdue

to combined benefits from individual components.

However, due to the complexity of these systems and the ladletafled
understanding of these systems in terms of drug transport and release kinetics,
as stated in the problem statement abdaveay be inappropriate to generalize

the release behavior of drugs to HA based composite systems also. In view of

this understanding, following hypothesis has been proposed for this work:



"HA based composite hydrogels, obtained by the incorporation nfgd
loaded nano/micro carriers in HA hydrogel matrix, affect the transport of
hydrophilic and hydroplobic drugs differently and may improve the control

of drug release from these delivery systéms

1.4 Objectives

Based on the problem statement and hypathagntioned above, the primary
objectives of this work are to develop composite hydrogel systems of drug
loaded nano/micro carriers with Heydrogelsand to elucidate the mechanisms

of transport behavior of hydrophilic as well as hydrophobic drug thrtusge
systems. Further, the different systems would be compared and evaluated for
some of the important factors affecting the release behavior of drugs through

these HA based composite hydrogel systems.

1.5 Scope and Strategies

HA would be modified with legemical moieties and crosslinked to obtain
hydrogels. 5Fu and Ltp are selected as mogerdphilic and hydrophobic
drug, respectively for loading either into hydrogels directly or into different
types of nano/micrearriers. The drug loaded nano/miarariers would be
mixed with modified HA macromersolution and then crosslinked to develop
composite hydrogels. For nanocarriers, EPC liposomeda@hA NPs would

be prepared to entrap Ltp. For microcarriers, PLGA MPs would be prepared to
entrap 5Fu and Ltprhese nano/microarriersloadedHA compositehydrogels
would be characterizetbr stability of entrappedirug carriers andin vitro

releasestudyto evaluate the transport behavwdbFu and Ltp



Following strategies would be approached in order toeaehthe objectives of
this project:

1.

Modification and synthesis of HA hydrogdlsHA would be modified with
MA and ADH derivatives and crosslinked via UV light and a chemical
agent poly(ethylene glycol) diglycidyl ethefPEGDB, respectively to
obtain hydogels.

Characterization of HA hydrogels Hydrogels would be characterized for
their morphology, network structure, and mechanical properties.

Loading of drugs into hydrogels aim vitro release 5-Fu and Ltp would
be loaded into HA hydrogels and redegrofile for both the drugs would be
obtained.

Preparation and characterization of drug loaded carfigsBu would be
loaded into PLGA MPs by solith-oil-in-water (s/o/w) emulsification
method. Ltp would be passively loaded into EPC liposomes by ithin f
hydration technique and extrusion. Ltp would also be loaded into PLGA
NPs and MPs via eih-water (dw) emulsion method. Thesarriers would
be charadrized for sizedistribution morphology,% EE andin vitro
release profile of 5Fu as well as Ltp

Preparation of composite hydrogdlsModified HA (HA-MA and HA-
ADH) macromes would be suspended in Ltp loaded EPC liposqgmesed
with 5Fu loadedPLGA MPs, and Ltp loaded PLGA NPs amMPs and
subsequently photocrosslinked or chemicdly crosslinkel to develop
composite hydrogels. Thes$gdrogels would be characterized for vitro
release of Lt@nd 5Fu and physical stability of liposomi$s andMPs.
Evaluation of factors affecting the drugleasebehavior througlttomposite

hydrogelsi



% Type of drg (hydrophilic vshydrophobic druy

% Type of dug loaded carriers (liposomes and PLGA NPs

% Size of drug loaded carriers (liposomes, PLGA NPs, and PLGA
MPs)

% Crosslinking density of hydrogel network (concentratioh
macromer, 26 and 4% HA-MA, and typeof macraner, 4 %

HA-MA and 4% HA-ADH)

1.6 Outline of thesis

The thesis is broadly divided into fivehapters. Chapter 1 presents a brief
background to the field of hydrogels and drug delivery applications of HA
hydrogels. This is followed by a detailed dission of motivation and
identification of the problem statement, hypothesigectives, andcope of the
project and the strategies approached thereof. The chapter ends with a brief
outline of the complete thesis. Chapter 2 deals with the review ofijgaature

with respect to properties (structure, solution, degradation, and rheology),
functions, and applications of HA, HA hydrogels, HA hydrogels based delivery
systems, composite hydrogel drug delivery systems, release mechanisms of
drug delivery systas, a brief discussion of model drugs used in this ek

the composite hydrogel systems that have been investigated for their delivery.
The section of composite hydrogel drug delivery systems mainly focuses on

systems comprising liposomd3_GA NPs ard MPs as the drug carriers.

Chapter 3 describes materials and methods followed in the present work

covering all the strategies mentioned above in detail. Results and discussion for



all the experiments conducted in this work are detailed in chapter £¢hapeer

4 has been further divided into different sections similar to chapter 3 for clarity
of understanding of the main results of this work with respect to composite
hydrogel systems. There are 3 main sectidinst, sectiondescribes results of
5Fu loagéd PLGA MPs studies, followed by another sections describing results
of Ltp loaded liposomesPLGA NPs andMPs. Finally, chapter 5 summarizes
important conclusions for the current work, highlights the novelty of this

project, ands followed by recommendins for the future work.



Chapter 2 Literature Review

2.1 Introduction to HA

Hydrogels can be defined as thdimensional, crosslinked networksf
hydrophilic polymers capable of absorbing largeolumes of water, up to
thousand timegheir actual dry weight. The hydrophilic polymers can be
chemically or physically crosslinked to form the gels. Hydrogels have found a
wide range of applications in drug delivery (controlled release systdsssje
engineering, prosthetic and biomedical edices, separation of cells or
biomolecules, regenerative medicine, medical diagnostics, cellular
immobilization, andcoating orbarrier materialsor regulaton of biological
adhesiongl, 3]. Among the several polymers used for hydrogel formulation
HA representsone ofthe most attractive biomatersafor variouscosmetic,
pharmaceutical and clinicalapplications owingto its remarkableproperties
such as biocompidility, biodegradability, no#toxicity, non immunogenicity,
highly hydrated polyanionic structure, and high molar mass associated

viscoelasticity[6, 15].

HA is a linear polysaccharide composed @f disaccharide unitof b-D-
glucuronic acid (GIcUA) and Mcetytb-D-glucosamine (GIcNAc)as the
monomer. The repeatingnits of this naturally occurring polymer ataked
together by alternating (1-3) andb (1-4) glycosidic bonds as shown kigure

1. HA belongs to the group gfolysaccharides known agycosaminoglycans
(GAGS) or mucopolysaccharides. It differs from other GAGS in being

structurally simplest, noesulphated, chain extension by monosaccharide
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addition at reducing end afie chain, synthesis in plasma membrane, and not

beingcovalently linked to a core protein to form proteoglyfh .

1-3 1—4 [ 1-3 144 1-3
P HOH,C P Hooc P CH,0H P COOH B

o/ [/ oo”l*l'—\o
Vasr ke b i LJ\” T/ V

H

o H (|)H H HN 0
GlucNAc \g GlucUA GlucNAc % GlucUA

3 CHy

Figurel Chemical structure of H&howing disaccharidenit linked by
glycosidic bond

2.1.1 Distribution

HA is found ubiquitously in the humardly and other vertebrates. It represents
the major constituent of extracellular matrix and has also been shown to occur
intracellularly[17]. HA is found in high concentrations throughout the body in
several tissues,ighestbeing present irsoft connective tissuesuch asskin,
synovial fluid, vitreoushumor, and umbilical cordlt is also found in the cell
coat or capsules of certain bacteria (e.g., group S&keptococci, S.
zooepidemicus, S pyogejiebut is absent innsects, plants, antungi [18].
Among variousanimal sources, the largest content of HA is found in rooster

combs.Table 1 enlists the concentration of HA from different animal sources.

2.1.2 Synthesis and Turnover

Biosynthesis of HA, a highly controlled process, occurs in the plasma
membrane of cells by the integral membrane protein called HA Synthase

(HAS). HAS synthesizes linear HA molecules by alternate addition of activated

11



UDP derivatives of each disaccharide unitthe reducing end of the growing
chain. HAS has three isoformisHAS1, HAS2 and HAS3. All of them are
capable of synthesizing HA but they differ in their reaction kinetics and the
molecular weight of HA producefb, 16, 17]. Turnover of HA is also highly
organized and controlled as this would affect mahysmlogcal functions.
The haltlife of HA ranges from ay in epidermis to about @ays in vitreous
humor in humans Within tissues, theurnover of HA occurs either through
local degradation or secretion into the lymphatic/vascular system from the
tissues. Loal turnoveroccursthroughenzymesreceptormediated endocytosis,
and freeradicals within the tissues In lymph nodes and liver, receptor
mediated endocytosis is pEmsible for degradation of HA whereas in kidney,
clearance occurs blysosomal degradain by specific enzymeand cellular
uptake[6, 16].

Tablel Occurrence of HA in diffent animal tissues and its contgh]

Tissue or body fluid Concentration (ug/ml)
Rooster comb 7500
Human umbilical cord 4100
Human joint (synovial) fluid 1400 3600
Bovine naal cartilage 1200
Human vitreous body 1401 340
Human dermis 200/500
Human epidermis 100
Rabbit brain 65
Rabbit heart 27
Human thoracic lymph 0.2150
Human urine 0.110.3
Human serum 0.01710.1

2.1.3 Degradation

HA can be degraded by a number of pbg chemicaJ and biologicafactors.

These factors include mechanical (shear) stress, acidic or alkaline hydrolysis,

12



irradiation, oxidation, thermal, and enzymatic degradaft@ri9]. One of the
most common physical fac®causing degradation of HA idtrasonication It
causes a nerandom, mechanical degradation of HA chains resulting into a
bimodal distributionof molecular weight$6, 20]. Thermal degradation, on the
other hand, cause random chain scission of H&raperatures higher than 100

°C depending upon their exposure tifi2Y.

Chemical factors includeH dependent hydrolysend degradation by hydroxyl
radicals during freeze drying. pH dependent hydrolysither at acidic or
alkdine conditions, is due to random chain scission of glycosidic bonds. Under
acidic conditions, nucleophilic attack on glucuronic acid residue leads to chain
scission by ring opening and glycosidic bond cleavagme stepUnder basic
conditions, electrdmlic attack on Nacetylglucosamine residue leads to chain
scission by glycosidic bond cleavaigetwo stepsHA solutions are most stable
around neutral pH range (5<pH<11) and labile under strong acidic or basic pH

[6, 19, 27.

Degradation of HAcan alsooccur during freeze drying via theecondary
reaction of hydreyl radicals derived from the carboxyl residues. It has been
found that freeHA is more susceptible to hydrogen abstraction than sodium
hyluronate and this degradation can be suppressed by using hydroxyl radical

scavengergs, 23].

Freeradical and enzymatic methods are those involved in the degradation of

HA in biological environment. Both methods cause the HAtgwmis to degrade

13



randomly[6, 20]. The enzymes are known as hyaluronidases or hyabkey.
belong to a hetegeneous class of enzymes having broad range of HA
hydrolysis specificitieg24]. There are six associatg@gnes in human genome
and some of their important proteins involved in enzymatic activity include
Hyall, Hyal2, Hyal3, PO, and SPAML [21]. The enzymes are hydrolases

thatcause hydrolytic cleavage of glycosidic bods$iA.

Degradation by hyaluronidases proceeds by addition of water molecule across
the cleavage site via double displacement mechanism while preserving the
substrateconformation of HA[21]. In this mechanism, the carbonyl oxygen of
N-acetyl group is positioned next to the catalytic site of glycosidic bond to form
a covalent intanediate with the €1 carbon of same sugar residue. This causes
cleavage of glycosidic bondsawell asinversionof anomericconfigurationof

C-1 atom Next, tre glucuronic acid group donates a hydrogen atom to the
glycosidic oxygen (deprotonation) leaving the glycone part of HA unaltered.
This is followed by reprotonain of GICUA residue by hydrolytic cleavage of

the intermediate bond betweenlCatom and carbonyl oxygen using water

moleculeand start of next catalytic cycle.

Degradation by reactive oxygen species (ROS) such as singlet oxygen,
hydrogen peroxid€éH,0,), superoxide anionhydroxyl, and nitric oxide can
occur in the presence of thiols or transition metals, UV irradiaéiod freeze
drying. Although ROS have important roles like cell signaling in biological
systems, the excessive production of such spedering inflammatory

processeslsoleads to the degradation of H20, 21, 25].
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2.1.4 Structure

The chemical structure of HA was first determined by Meyer and Weissman in
1954 by chemical and enzymatic meth@@s20]. The linear primary structure
was found to be composed of alternating disacchaeipeatingunits of GICUA
and Gl cNAc | i nk&dand gyedsilicbonddbag shbwn in

Figure 2A.

Data from light scattering, nuclear magnetic resongdiddR) spectroscopy,
viscosity measurementx-ray diffraction (XRD) and molecular modeling
experiments have shown the presence of ordered secondary structure in HA
chains as shown ifigure 2 B. Each disaccharide uni the linear chairis
twisted through 180fvith respecto the units lyingahead and behinaf it and
eachtetrasaccharide unit of HAonsists ofup to five hydrogen bonsl This

leads to the formation of a flat, tajike 2-fold single helix secondary structure

as two twists (totaling 360°) of the helix bribgck the original conformation

[20, 26, 27]. The two side®f this structure of HA are identical but antiparallel,
that is, one side runs in opposite sense to the other. In addition, there exists an
extensive hydrophobic patch formed by axial hydrogen atoms of CH units,
about eight of themstretching along threaeighboring sugar units, on the

alternating sides of thefdld helix of HA.

Bonding betweerthesehydrophobic patches can cause aggregation of large
number of HA moleculeghus forming compbe molecular networks or
matrices. Thismolecular meshwork ofHA, called b-sheet tertiary structure

(Figure 2 C), is stabilized by intermolecular hydrogen bonding, countering

15



electrostatic repulsion and holding the meshwork together. The aggregates form
and dissociate depending upon theurrounding conditions andthis
interconversion between different conformation statesaise the overall
structure to undergovarying degrees of flexibility[28]. The equilibrium
between these states is a result of hydrophaieric,and hydrogen bonding
interactions that occuspecifically betweenHA chains and the surrounding

enviranment[6].

A

Figure2 Primary (A), secondary (B), and tertiary (C) structures of HA in
solutiong[ 6]

2.1.5 Solution properties

The solution properties of HA can be described in the following points:
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. At neutral pH and physiological ionic strength, HA molecule behaves as
expanded and stiffened randomladai solutions. The expanded molecular
conformation could be attributed to the combined effect of intramolecular
hydrogen bonding, electrostatic repulsion between carboxyl grauys

solvent interactiongl7, 27, 29].

. The multiple hydrogen bonds in the molecular structure of HA restrict
rotation and flexion at gbosidic bonds creating a stiff, twisted, but mobile
polymer coil.

. High concentrations strongly favor interchain hydrodynamic interactions
and entanglement of chains influencing the flexibility and permeability of
HA networks. However, the chains do noartsform into gebtate and
remain mobile. This suggests that the solutions possess weak and transient
chain associations contributing to the ndeal behaviof30].

. HA molecules are highly hydrated and show excluded volume effect
restricting the diffusion of other macromolecules through its netyaiik

. Properties of polyanionic HA are strongly dependent upon molecular
weight, concentration, and degree of polymer ionization that in turn is
determined by pH and ionic streng#9).

. The HA chains show entanglement coupling behavior even at low
concentrations contributing to the unique rheological propeiiestonian

to nonNewtoniantransition in characteristics is exhibited thetaqueous
solutionsof HA with increase irconcentrationmolecular weight, and shear
rate Also, the viscoelasticity of solutionsncreases with increase in

molecular weight and concentratif$ 31].
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2.1.6 Rheology

HA solutions exhibit unique rheological behavior. The mechanical cushioning,
lubrication and transport functions in cartilage, synovial flidd vitreous
humor, respectivey can be attributed to the viscoelastic nature of HA.
Viscoelasticity is the property of solutions showing both viscous fluid and
elastic body like behavior while undergoing deformation. That is, they show
both Newtonian and NoeNewtonian fluid behavior gending upon the
magnitude of shear raf82]. Besides shar rate, the viscosity of HA solutions

is also a function ofoncentrationmolecular weighttemperaturepH, solvent,

and frequency of the mechanical impp&t17-19, 32, 33].

Viscoelasticity can be observed by the changes in complex moduli under
dynamic condions. When storage (elastic) and loss (viscous) moduli are
plotted over a range of frequencies two regions can be observed. The point at
which the storage modulus crosses the loss modulus and increase in magnitude
is known as crosever point. The regiobelow this cros®ver point is called
viscous flow region and above the point exists the elastic region. Theowerss

point shifts towards the lower value of frequencies with increase in

concentration and molecular weigBt].

Viscosity increases with increase in concentrat@om molceular weighas
shown inFigure 3 A and B, respectively33]. Differences in viscosity among
samples are more pronounced towards the lower values of shear rate. It
decrases with increase in shear rate up to a certain extent and then again
stabilizes at higher shear values. This is the shear thinning behavior of HA

18



solutions, observed due to the disruption of weak network interactions,
stretching, and alignment of the amsitowards the flow direction. The constant
viscosity at low shear rates can be represented as zero shear viscosity of the

solution (hat is, theviscosity of solution at resting state).

log Viscosity (mPas) log Viscosity (mPas)
1000 000 1 000 OO

4300 000 Concentration: 10 mg/mi 10 engsmi Mol. mass 4 300 000

3 200 000

100000 100 000k

10 000 10 aoof-

10! 10 " "
0.001 0.01 0.1 1 10 100 1000 o.001 a.01 0.1 1 10 100 1000

tog Shear rate (1/s) log Shear rate (1/s)

A B
Figure3 Shear rate dependence of viscosityconcentration (A) and molar

mass (B) 33
Viscosification (increase in viscosity with shear rate) has also been observed for
dilute solutions of HA at very low shear rates. As the solution is sheard, th
HA chains extend and this might cause them to interact and form hydrogen
bonds with each other forming networks increasing the viscdsig}.
However, this occurs for a very short period of time as the viscosity becomes
constant and the shear rate is too low to hefthe formed network. High shear
rates donot allow chains to interact and form network and the polymer chains

just stretch and align in the flow field decreasing the viscosity.

Figure 4 shows the change in spic viscosity of solutions with increase in
concentration. It could be observed that for dilute solutions, the viscosity is
proportional to concentration. As concentration increases and reaches c*

(overlapping concentration), solution starts behavingeasdilute unentangled
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wh e rspecs"‘.cEntangIement concentration)(¢s reached with further increase

in concentration making the solutions to behave as semidilute entf8gled
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Figure4 Specific viscosity of NaHA in phosphate buffer salin®BS at 25°C
[36]

Another important factor affecting the viscosity of HA solutions is pH.
Viscosity is independent of pH around the neutral pH range; below and above
this range, the HA solutions undergo reversible or irreversible change in
viscosity dependig upon the exposure time. This occurs due to random chain
scission (cleavage of glycosidic bonds) of HA chains under extremes of acidic
and basic conditiong37, 38]. Another important observation wahe sudden
increase in viscosity at pH 2.5 unlike other pH values. This fi&ster gel

like behavior of HA solutions at pH 2.5 might be due to the balance of

attractive and repulsive forces acting between the HA molecular di3djns

Viscosity of HA is also affected by temperature conditions. Viscosity reduces
with increase in temperature and this attributed to the breaking of
intermolecular hydrgen bonds and enhanced mobility of chains at elevated

temperatureg35]. Cohesiveness of polymer can be defined as the degree to
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which the molecular chains adhere to themselves. It depends on factors
including concentration, molecular weight, and complex viscositycamdbe
measured in terms of cohesidispersion index (CDI). For HA, increase in
molecular weighincreass the CDI whereasnd increase in concentration and
complex modulidecreases.ifThe cohesive nature of H&an also be described

by theviscosity andoss modulus valuest high fregqiency[39].

Viscosity of aqueous solutions of HA can also be affected by presence of a
small molecular agent, for example, phospholipids, guanidine, sodium chloride,
and suges [6]. While the former three lead to reduction in both elastic and
viscous moduli, sugars appear to promote both the moduli. These effects on
complex moduli are lmught about by reduction of intermolecular interactions
and entanglements between chains. Phospholipids present competition for
binding to the hydrophobic patches present betwedtA chains whereas
guanidine and sodium chloridend toshield the electrostia repulsionpresent
between chaings]. Sugars such as glucose and sucrose increase hydrodynamic
radius and radius of gyrationfirstly, by immobilizing water moleules by
hydration of sugars and secondly by introducing structural changes through new

hydrogen bond interactiof6, 40].

2.1.7 Functions

HA has several physiological and biological functions owing tourgjue
solution and rheological properties. Biological functions of HA, although wide
in range, often regulate opposing effects inside body depending upon thei

molecular sizeHigh molecular weight HAhaving more than 1000 to 5000
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saccharides, exhibit spati#ing, anti-inflammatory, antrangiogenic, and
immunaosuppressive properties. Low molecular weight HA having up to 500
disaccharideunits have opposite fictions; they are inflammatoryhighly
angiogeni¢c andimmuno-stimulatory. Smaller oligosaccharides@4ize range)
function as endogenous danger signals by inducing heat shock proteins and

inhibiting apoptosi$18, 41].

The various functions of HA includé, 16, 17, 42-44]:

Water homeostasis HA networks exhibit a barrier against bulk flow of water,

preventing rag and excessive fluid fluxes through tissues. HA solutions also

have osmotic buffering capacity usefultive regulaton of tissue water content.

Exclusion and Transpoit HA chainstend toexclude other macromolecules

from the space ofheir network sygem. These properties regulate the transport
of proteins through extracellular space and their distribution between the tissue

compartments.

Matrix and cell surface interactiofisHA plays structural role in cartilage and

other tissues by virtue of its atrix interactions. In cartilage, HA binds to
proteoglycan aggrecan through link proteins and form aggregates. HA also
binds to certain cell surface receptor proteins known as hyaladherins, for
instance, CD44 (cluster of differentiation 44), RHAMM (receptior
hyaluronan mediating motility), and LEC (liver endothelial cell clearance)
receptor. By activation of signaling cascades through cell surface interactions,

HA regulates many cellular activities such as mitosis, proliferation, migration,
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differentiaton, gene expression, angiogenesis, phagocytosis, and immune

reactions.

Pericellular HAT Certain type of cells, like fibroblasts and mesothelial cells,

form a thick pericellular layer of HA around themselves. This layer has
functions of preventig direct contact between cells and givingotecton
against viruses, bacteria, and immune cells. Also, manysabétrate

interactions are regulated by this layer.

Other functions- HA is involved in inflammatory reactions, wound healing,

growth factor action,tumorigenesis (cancer invasiveness and metastasis),
morphogenesis, and embryonic development. It can also be used in the
development of vascular grafts and stents due to its ability to inhibit platelet
adhesion and aggregation and to stimulate angiogefiesi Role of HA in
wound healing has been attributed to phagocytosis, cell migratioliferation,

detachment, and mitodi45)].

HA in joints i The main functions of HA in joints include space filling,
scavenginglubrication, and cushioninddA is being constantlysecreted into

the joint cavity and removed by synovium. This keeps the cavity open allowing
extended joint movements. This synovial fluid shows viscous fluid and elastic
body behavior under different conditions of mechanical impact (rate or
frequency of eargy input)[33, 46]. For example, under conditions of low shear
rates or no load, the synovial fluid behaves as a viscous solution lubricating the

joints. During conditions of high shear rates, the synovial fluid behaves as an
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elastic body absorbing the mechatienergy (shock absorber) and preventing

the surrounding cells and tissues from damage.

HA in vitreous humor i

The posterior cavity of the vertebrate eyes is filled with a transparent gel
between the lens and retina. This gel, known as vitreous hisnardelicate,
complex, and highly hydrated double network of proteins and GAGS. It is
composed of ~ 99 water and ~0.96 salts by weighf47]. The three main
network components, collagerblA, and proteoglycan (PG) chondroitin
sulphate represent thest of the small fraction of vitreous. Vitreous humor is
avascular and nearly acellular apart from the presence of a few cells in the
periphery called halocytegl7, 48]. The main functions of vitreous include
developmental, to maintain the growth and shape of eye; optical, to maintain a
clear path from lens to the retina by inhibiting migration and diffusibcells

and macromolecules and allowing circulation of nutrients and metabolites; and
mechanical, to support and protect ocular tissues such as retina by absorbing
shocks due to sudden compression, high oxygen tensions or other physical

activities[29, 47-49].

The fine collagen protein fibrils (diameter~fafh) found in vitreous humor are

type Il, V/XI and VI. The ordered network of wat@soluble proteinfibrils
immersed in the viscoleastic matrix of highly hydrated HA and PGs makes the
vitreous humor a natural composite. The collagen fibrils run almost parallel to
each other in small bundles except a few being orthogonal. The PGs can be

linked to collage fibrils making bridges between the bundles in the network.
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They can also interact with HA through noovalent bonding forming

complexes that enable linking HA to the other network components.

The viscoelastic properties of vitreous body are mainlytrobed by
synergistic functions of collagen fibrils and HA chajds]. Collagen fibrils
behave as the &mtbearing component maintaining the shape, strength, and
flexibility of the network and providing resistance to tractional forv#seous
network is kept hydrated by the swollehainsof HA. They also provide
chemical stability to collagen fibrils anptevent their aggregation by filling the
space between them.elNvork hydration is to achieve the donnan equilibrium
state which in turn keeps the collagen fibrils under internal tension. This tension
would prevent any deformation in their structure therebgreasing the
modulus. This swelling pressure keeps the collagen fibrils apart in the network
and provides resistance to any compressive forces. Other factors involved might

be the binding of HA with the fibrils and its excluded volume effé4¢; 48].

The composition of vitreous can undergo changes due to ageing and diseases.
This mainly involves change @eduction in HA concentration and molecular
weight[46]. In healthy vitreous, HA concentration rangesrfré5 to 40 g / ml
and average molecular weight from 2 to MDa [48]. Vitreous related
complications including diabetic proliferative retinopathglaucoma, and
tractional retinal detachment (retinal teahnproidal deachmentmacular holes

or edemayitreous hemorrhage) occas a result of changes in macromolecular

organization and viscoelastic propertiés, 47, 50].
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2.1.8 Applications

HA has found several therapeutind pharmaceuticapplicdions owing to its
versatileproperties of biocompatibility, biodegradability, rRonmunogenicity,

and viscoelasticity. The various applications are as follows:

Ophthalmologyi The two main applications of HA in eye include viscosurgery

and viscoprotectio. For viscosurgery, HA functions to protect delicate tissues
as well asprovide space for surgical manipulatiom3uring cataract surgery
andbr lens implantationany loss invitreous fluidis substituted by HAIt is
also used tg@romote healing of tmie surfaces angrotectthemfrom dryness

and harmful environmental agehg9, 33, 51].

Orthopedic _applicationsi The main use of HA in joints include

viscosupplementation. HA solution is injected irsréicularly to supplement or
replace the synovial fluid and alleviate pain caused by arthritic disorde

(osteoarthritis and rheumatoid arthritigg, 20, 51].

Anti-adhesion/ViscoseparatidnHA pastes and hydrated membranes or films

have been used to separate surgically traumatized connective tissue surfaces to
prevent excessive scar formation during abdominal and pelvic surgery. These
preparations preveérposttraumatic granulation that in turn prevents fibrous
tissue formation and finally adhesiqB3, 51]. HA can also increase blood
compatibility of cardiovascular implants like vascular grafts and stents by

reducing platelet adhesion and thrombus formdtigh
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Otolaryngologyi HA has been used to repair injured or scarred vocal cords,

laryngeal or glottal insufficiency, and hearingalders by viscoaugmentation

[18].

Dermatologyi HA has viscoaugmentation effect on skin. It can be used to fill
in the facial wrinkles and depressed scars. Cosmetic preparafidha are
used to moisturize the skin and restoring elasticity to achievevantle or

regenerative effedtl8, 33].

Wound healing Topical preparations of HAas beeremployedfor treating

skin wounds. HA also promotes healing of cornea, diabetic foot, nasal mucosa,
and venous leg ulcef§]. The antioxidant properties dflA also enable its use

in wound dressing materghsan antiinflammatory componerjtL§].

Drug deliveryi HA based carriex have been used for a number of sustained

drug delivery systems. These include dermal, ocular, nasal, pulmonary,

parenteral, liposomal, implantable, and gene delivery syq@& s

Tissue engineering HA has been explored to develop scaffolds or matrices to

support growth of various types of cells for tissue engineering applications. It is
either used alone or icombination with other polymers like collagen or
chitosan(CS), to mimicin vivo matrix organization towards the reconstruction

of many tissues including cartilage, bone, dermal, and adipose [t(B3ue
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2.2 HA Hydrogels

2.2.1 Introduction

A large number of drugs have been formulated with HA solutions for
nonparenteral as well as parenteralivégly. For instance, pilocarpine and

gentamicin dissolved in HA solutions have been used for ocular delivery with

i mproved bioavailability or ocul ar resid
biocompatibility and mucoadhesive property. HA solutions with wviassmn

enhanced the nasal absorption via mucosal tissues. @aldf HA have been

shown tomaintain the stability oprotein and peptide drggntact and have

been investigatedof sustained release of proteins like human insulin like

growth factorl (hIGFI) after parenteral deliver, 7].

Although unmodified and soluble HA has been utilized for many therapeutic
applications, poor mechanical properties, rapid degradation, and clearance
vivo still exist as some of its limitationf4]. These limitations could be
improved bymodifying aqueous solutions of HA with chemical derivatives and
then crosslinking them to obtain insoluble hydrogels. These hydrogels are not
only mechanically and chemically robust but also retain the desirable properties
of native HA chains including bcompatibility, biodegradability, and
viscoelasticity. Other useful properties of these hydrogels are high aqueous
swelling ratio, high porosity, susceptibility to hyaluronidasmzyme

degradation, and resistance to cell adhesiofivo[5].

Chemical modification of HA include methods of conjugation as well as

crosslinking. Conjugation involves graftjrof a moleculdy a single bonanto
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HA chainwhereasn crosslinking, different HA chains are linkéodgetherby

two or more bond§52]. The carboxyl group of glucuronic acid unit;adetyl
group of glucosamine unit, and hydroxyl groups (primary as well as secondary)
are the main functional groups targeted for chemical modification of HA
chains Modifications of carboxylic acid groups includesterification,
carbodiimidemediated reactionsand amidation, and for hydroxyl groups it
mainly includes etherification and esterification. Carboxyl groups can be
crosslinkedby dialdehyds, dihydrazides,or disulfide crosslinkers whereas

hydroxyl groups can be crosslinked by divisylfone or bisepoxide[4, 6, 53].

The crosslinking methods of HA can be broadly divided into 3 types: direct
crosslinking, crosslinking of modifiedlerivatives of HA, and crosslinking
between different HA derivatives tget hybrid hydrogels. Direct crosslinking

can be achieved by addition and condensation reactions of which the important
modifications include thiol or disulfide, haloacetate, dihydrazide, aldehyde,
tyramine, and huisgen cycloaddition (click chemistry). For examplectdir
crosslinking using chemical agents such as butanddijbjicidyl ether (BDDE)

and divinyl sulfone. HA hydrogels have also been obtained by douislink
strategy which involved exposing HA to alkaline and acidic conditions

sequentiallyf52, 53].

The second type of crosslinking can be done by photopolymerization and
electropolymerization of functionalide HA. These reactions includ§lA,
glycidyl methacrylate, qrosslinking by UV light at 365 nm using a

photoinitiator such as Irgacure 2952959, by freeradical polymerization)
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and electropolymerizable pyrreléA. HA-hydrazide or HA-amine
functionalizedderivatives can be crosslinked with homo or heterofunctional
crosslinkers Thiol modified HA, preparedby carbodiimideactivaed hydrazide

method can be crosslinked by oxidation of thiols to disulfigeair.

Thiolated HA can be crosslinked using miultictional electrophiles by
Michaeltype addition reaction. It involves reaction between a nucleophilic
thiolate and an electrophilgb4]. The reactive form of thiol reacts with an
unsaturated ester macremto form a thioether linkagd&hese multifunctional
macromers include vinyl sulfones and acryladesh as PEG diacrylatélA
gels capable ofin situ crosslinking, have been developed by crosslinking
tyramine (Tyr) grafted HA. Tyramine modification is done usingtiyl3-[3-
(dimethylaminojpropyl]-carbodiimide (EDC) and HOBt {1
hydroxybenzotriazoleand crosslinking of modified HA is achieved by mixing

HA-Tyr with H,O, and horseradish peroxidase (HRP) in two syrif§2s53].

2.2.2 Characterization of hydrogels

Following are the major characterizations conducted for HA hydr¢g&ls
Structural characterization i NMR spectroscopy, a quantitedi method, is
used for the identification of modified derivatives and the peak integrals can be
used to calculate the degree of substitution. Infrared spectroscopy (IR),
especially, fourier transform IR (FTIR), is used to identify the type of bonds
formed during the process of HA modification and complements the data
obtained from NMR. Ninhydrin assay is a colorimetric test to detect and

guantify free primary amine groups; for instanceaminefunctionalized HA.
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Morphology i Scanning electron microscopbEM), field emission SEM
(FESEM), and transmission electron microscopy (TEM) are used to
characterie the surface morphology dfied HA hydragels andNPs Particle

size and shape can also be estimated. Atomic force microscopy (AFM) allows
surface charactgation (topography, roughness) of HA samples in aqueous
conditions. Dynamic light scattering (DLS) is used to characterize the
hydrodynamic behavior oNPs or MPsof HA in solution. It also enables

guantification of diameter and size distribution of plagticles.

Physical characterizationi It includes swelling measurements, compression
test, thermal analysis, molecular weight, and rheological measurements.
Measurement of swelling is expressed in terms of swelling ratio that can be
defined as a ratiodiween the swollen wet mass to the dried mass. Higher the
density of the HA network, smaller is the mesh s@el lower is the swelling
ratio or water uptake. Crosslinking density of HA gels can be estimated by
uniaxial compression test. A defined foregeand compression rate is used to
calculate the swollen modulus, .GHigher the modulus, higher is the
crosslinking densityand lower is the swelling ratidhe thermal properties of

HA hydrogels are analyzed by ifferential scanning calanetry (DSC)
technique. These thermograms also provide information regarding the hydration
properties of gels. Dynamic mechanical thermal analysis (DMTA) can be used
to study the effect of differenypes of crosslinkers and absorhedter content

on complex moduli antbss factor of gels.
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Size exclusion chromatographassociatedwith multi angle light scattering
(SEGMALS) and asymmetric flowield-flow fractionation (AFFFF) are used

to measure molecular weights. In SBALS, absolute molar masss
calculated using feactive index increment (dn/dc) defined for a polymer in a
specific solvent and measurement parameters. Rheological measurements
including steady shear and oscillatory mode can be used to study the HA gels.
In steady shear experiment, viscosity is obtdias a function of shear rate. In
oscillation mode, storage modulus"(Geflecting elasticity) and loss modulus

(G, reflecting viscous nature) can be determined as a function of frequency.

2.3 HA based drug delivery systems

2.3.1 Introduction

HA or HA derivatives have been extensively investigated as delivery vehicles
for sustained release of drugs, peptides, proteins, antigens, growth factors, and
genes in many applications such as ocular, nasal, pulmonary, and parenteral
delivery. Several forms of oaers such as films/membranes,
injectable/implantable hydrogelshanomicrospheres, coatings, hybrid or
composite systems with NPs/MPs, other polymers, and liposomes have been
investigated. Drugs can be loaded into the carriers by physical incorporation or

by covalent linkage.

One of the first HA derivatives to be studied was the ester films and membranes
prepared by esterification of the carboxyl groups with therapeutically active

and/or inactive alcohols such as benzyl alcqii]. In these studies, transport
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properties (diffusion and release kinetics) of different tesludrugs such as
hydrocortisone, 5Fu, and peptides/proteins) from HA ester films and

membranes were evaluated in detail to develop controlled release sj&@ems

13,

HA-ADH-Poly (ethylene glycol (PEG)dialdehydecrosslinked HA films were
evaluated forin vitro release of antbacterial and aninflammatrory drugs
[55. HA was modified with ADH followed by crosslinkng with the
macromoleular reagent PEG propiondialdehyde to obtain a&rosslinked
network. This fasgelling and high swelling gel was characterized for
morphology, thermal behavior, sliveg kinetics, enzyme degradatioand in

vitro release.

Besides films and membranes, another important HA hydrogel based carrier
system includes injectable gels. A biocompatiblesitu hydrogel system was
synthesized using HA'yr conjugates by the alytic enzyme HRP and
evaluated forgelation kineticsand enzymatic degradation vitro andin vivo

[56]. The degradability of hydrogels was studied to provieuable

information towards developing an ideal implantable system for drug delivery.

Injectable HA microhydrogels were developed for cotgwbrelease of protein
drug eryhropoietin (EPO)57, 58]. HA was first modified into HAADH and
then crosslinked in presence of the drug. In one study, theABIA was
thiolated to obtain HAS and EPO was loadédl situ during hydrogel synthesis

by disulfide bond formation of H/AH. In another study, EPO was loaded
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situ into the hydrogels through selective crosslinking reaction of the modified
HA-ADH with bis(sulfosuccinimidyl) suberate. The microhydrogels were
evaluatéd for morphology, thermal behavior, degradation, and drug release

vitro and in vivo. These microhydrogels could birther developedas

controlled release systems of protein and peptide drugs.

Human growth hormone (hGH) is another protein for whicleatgble HA
hydrogels were developed by crosslinking of thiolated HA {&#A) and
aminoethyl methacrylated HA (HAEMA) through michael addition for
prolongedcontrolled delivery59]. The hydrogels were evaluated for enzymatic

degradationin vitro, andin vivodrug release

Another form of modifiedandbr crosslinked HA drug carriers includéPs,

MPs, and nanogels. HA microspheres were developed for delivery of plasmid
DNA using combination of carbodiimide and ADH along with inverse emulsion
method [60]. HA esters, prepared from alkyl halides, were used to form
microspheres as carriers for delivery of hydrocortisone. Thiolated HA prepared
using carbodiimide chemistry and containing SiRNA, were crosslinked by

disulfide bond formation to obtain nanoggrfs.

Among the various types of ogates for delivery systems, one of the first to
be developed was HArug conjugates. It was shown that covalent conjugation
of drugs to HA derivatives would enhance their therapeutic effect. Several
drugs such as ibuprofen, hydrocortisone, paclitaxisplatin, anthracycline

antibiotics, peptides, proteinsand DNA have been conjugated to HA
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derivatives for different applicatiorj$2]. The most commonly used derivative

was HA-ADH and crosslinkig method using EDC and NHS.

HA was conjugated to other polymers to form-pmymeric physical or
chemical gels. HA gels were used to encapsulate pullulan nanogels to obtain a
hybrid system for sustained delivery of therapeutic peptides and prffgins

HA was combined witfCS to devédop an insulin containing implant and drug
release from this implant depended on quantity and composition of the
formulation [6]. Another example includes -gmlymeic HA-poloxamer
hydrogels that were investigated for protein and drug delivery to enhance

bioavailability and duration of activity.

In one study, graft copolymers were synthesized with mono aternanated
poloxamer (MATP) and HA using EDC and NHS asugiing agents for
sustained release of ciprofloxac[®1]. In another study, hydrogels were
prepared by blafing HA with two types of poloxamers (F68 and F127) to
obtain anin situ forming thermosensitive hydrogel for controlled delivery of
drug acyclovir [62]. These hywbgels were characterized for gelation
temperature, viscoelastic properties, mucoadhesive ,fame in vitro drug

release.

Copolymers of HA with poly{-isopropylacrylamide) (PNIPAAmM) were
developedto obtain injectable gels for controlled drug delivegplications
These temperaturesensitive gels were characterized for phase transition,

viscosity measurements, and drug releasatro andin vivo[63)].
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HA has also been conjugated to NPs and liposomes to form hybrid delivery
carriers to enhance targeting and biocompatibility. HA was complexed with
iron oxide Fe03) NPsand the formulation was investigated for intracellular
delivery of peptide§7]. In another study, HA was conjugated to REGGA to
prepare 5Fuloaded NPs for Ehrlich ascites tumor inhibitio [64]. SiRNA

delivery has also been investigated recently usinglipdsome conjugates

[65].

Paclitaxel loaded phosphoethanolamine lipiEls were covalently conjugated
with HA to obtain tumottargeted nanovectof52]. Doxorubicin loaded PLGA
NPs were conjugatedot HA by covalent bonds via PEG spa¢Bg]. Amino
groups of phophatidylethanolamine of drug loaded liposomes were linked to
carboxyl groups of HA using carbodiimide chemistry to obtain covalently

conjugated HAliposome carrierg52].

2.3.2 HA based composite systems

Crosslinking of HA into hydrogels greatly enhances the mechanical integrity
and reduces the dissolution rate of its chattmwever, the entrapped drugs are
rapidly released from these hydrogels alone and sustained release cannot be
obtained. This could be attributed to the macroscopic nature of these hydrogels
having large mesh sizes and inhomogeneity in the crosslinkingegsoc

(randomly crosslinked heterogeneous network of HA chfir&)%6].

For this reaon, there is growing intest n composite hydrogel networks
wherein the pharmacological limitations of hydrogels could be overcome by
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entrapping particulatecarriers inside the hydrogel matri{3]. HA-basd
composite hydrogel systemsyherein drugloaded nano/micro carriers are
homogeneouslgispersed within the HA hydrogel matrix, could be potentially

explored as the sustanheeleasa@rugdelivery systems.

Drug loaded liposomed\NPs MPs and other types of partickased drug
delivery vehicles have been incorporated into synthetic as well as natural
polymeric hydrogels to obtain composite systems. The combination is
advanageous over the polymer or particles al
half-life, preserves the bioactivity of drugs, improves the stability and
biocompatibiliy of particulate carriers, and enhandbe bioavailability of

drugs by confimg the carries and preventingheir migration away from the
target site. Further, the composite system could enable sustained release of drug
for prolonged or extended periodstime by reducing the burst release and also

by providing an additional resistance or barrio the diffusion of entrapped
drugs (combination of carrier and surrounding gel network diffusion

resistanceq)3, 9].

Composite hydrogels of HA, that can be developed by dispersing drug loaded
nano/micro carriers within the matrix of HA hydrogel, have not been widely
explored as the carrier systems for drug delivery applicatibids.based
composite hydrogels dve been mainly investigated for tissue engineering

applications to utilize the properties of HA chaj6g, 68].
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Among the various drug delivery applicatioh$) based cormposite hydrogel
systems araspecifically appropriate for oculakelivery because HA is present
inside eye as its natural component and also possesses significant wound
healing functionsSo if we can develop approaches to cohtiize release of
drugs from hydrogel matrix for prolonged periods then these HA based

composite hydrogel systems can target many therapeutic applications.

Composite gels of HA and liposomes were developed by Lajavardi and
coworkers for endotoximduced uveitis in order to achieve sustained release of
a peptide and prolong ocular residence time while utilizing the- anti
inflammatory properties of HA69]. The liposomes loaded with vasoactive
intestinal peptide (VIP) were conjugated with rhodamine and then combined
with HA solution as the gel matrix. So the composite system did not use a
crosslinked network of HA with peptide loadl liposomes. These composite

gels were characterized for morphology, rheology,iandktro drug release.

2.3.2.1 Composite Hydrogel Systems with Liposomes

Liposomes are sphericdamellar vesides composed ofin aqueous core
surrounded byne or morghospholipid bilayerFigure 5 shows the structure

of a liposomein which the aqueous coras surrounded by one bilayer.
Liposomesare selassemblecamphiphilic systems ranging in size from few
nanometers to micrs. Upon exposure tan agueous environmenthese
phospholipiddirst spontaneously arrange themselves into bilayer sleetso
hydration, and then fold themselves into closed vesicles known as multilamellar

vesicles (MLVs) to minimize free energg slown inFigure 6 [70-72].
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Figure6 Schematic showing theelfassembly process of phospholipids into
vesicleq72]

These MLVs can be further downsized to small unilamellar or large unilamellar
vesicles (SUVs or LUVS) using vars techniques such as extrusion and
sonication Figure 7 shows the classification of these lamellar vesicles based on
their size Liposomes can be prepared by mechanical dispersion, solvent
dispersion, or detergeremoval methodgr2, 73]. Theyhave been widely used

for therapeutic and diagnostic applications iredigine owing to their
advantages such as ability to encapsulate hydrophilic and hydrophobic drugs,

biocompatibility,  biodegradability,  netoxicity, = norimmunogenicity,
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protection of entrapped moieties from external conditions or protection of
healthy cdbk from exposure to toxic drugs, ease of tailoring their properties for
specific applications, and targeteélivery of biomolecules. They ta been
used as sustained release carriers for delivery afrakebioactive molecules
including hydrophilic and hgirophobic drugs (such as doxorubicin,
daunorubicin, amphotericin B, vincristine, cisplatin, acyclovir, cytarabine,

topotecan, nystatin), genes, protein, peptides, and va¢einés76)].
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Figure7 Schematic showing the classification of lamellar vesicles based on size
[72

Despite the numerous advantagepodiomal delivery systems face certain
drawbacks suclas rapid clearance vivo, inability to retain the entrapped
drugs for prolonged periods of time, low solubility, short Hiéf and
instability [9, 76]. To improve upon these limitations, recently, a novel
approach of composite systems of polymers and liposomes have been
investigated to combine advantagésach component for sustained release of
drugs for prolonged periods Liposomal hydrogels, wherein drug loaded

liposomes are entrapped inside hydrogel matrix (with or without drug), have
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beeninvestigated fosseveral drug delivery applicatiomsingvarious synthetic

and naturapolymers.

Collagen was among the first natural polymer to be used with liposomes to
develop composite hydrogels for the delivery of insylity]. Mulik and
coworkers investigated the thermosensitive composite hydroge&Safith
liposomes for the delivg of cytarabine[78] and carboxyfluoresceif79].
These studies showed that multiple dosing could be avoided or reduced by
obtainng sustained release afugs for long periods from liposomal hydrogels.
Microencapsulation of liposomes insidrosslinked microspheres, composed of
alginate [80] and dextran[81] hydrogels, was investigated to evaluate the

sustained release behavior of liposomes as well as the associated molecules.

Besides carboxyfluorescein, another low molecular weight molecule, Tirofiban,
was loaded into liposnes which in turn were entrapped@%-fibrin hydrogel

and were shown to release the drug in a sustained manner maintaining the
bioactivity of drug[82]. Liposomalhydrogels with gelatiPEGwere developed

by DiTizio and coworkers as a coating for catheters and investigated for
sustained release of the antibiotic ciprofloxacin and reduction in the bacterial

adhesion to cathetef83].

Carbopols, polyvinyl alcohol (PVA), and poloxamers are some of the major
synthetic polymers that have been widely explored for developing liposomal
hydrogels. Release of liposome loaded ciprofloxacin was prolonged and its

bioavailability was improved upon combining them with carbopol 940847
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and PVApolymethyl methacrylate (PMMA)[85 for ocular delivery
applications. In another study, Mourtas and coworkers prepared griseofulvin
and calcein loaded liposomes and complexed with carbopol 974 and
hydroxylethytcellulose to investigate the effect of lipid and gel properties on

drug release kirtees [86)].

Liposomal hydrogels with poloxamdO7 were developed in order to obtain
sustained release @fiomolecules such as nucleic acif&/] and anticancer
hydrophobic drug paclitaxdl88 for nonparenteral and parenteral delivery
applications respectively. Poly (N-isopropylacrylamide) (pNIPAAm)
hydrogels embedded with calcein loaded liposomes were developed to study the
interactions between drug carrier and hydrogel matrix, stability of the
liposomes as well as the release kinetics of the encapsulated88ugn
another study, MacKinnon and coworkers immobilized liposomes in NIPAAmM
acrylic acid copolymeric microgel beads and evaluated them for the stability
vesicles and their ability to sustain the release of encapsulated hydrophilic

moleculeqd90Q].

2.3.2.2 Composite Hydroge| Systems with PLGA Nano/Microparticles

PLGA is aU.S. food and drug administratioR[)A) approved biodegradable
copolymer of poly lactic acid (PLA) and poly glycolicid¢PGA) (Figure 8)

and belongs to the class pblyesters. PLGA and its various derivatives have
been extensively investigated as controlled drug delivery carriers in the form of
NPs as well asMPs for delivery of drugs, proteins, peples, nucleic acids,

vaccines and other moleculef91-96]. This wide usageof PLGA as drug

42



delivery carriers could be attributed tits several advantages such as
biocompatibility, biodegradability, tunable mechanical and erosion properties,

sustained release, and ease of administration.
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Figure8 Chemical structure of PLGAY( and narelacticand glycolicacid units
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PLGA is most commonly synthesized by the roygening copolymerization of

two different monomers which are cyclic dimers of lactic acid and glycolic
acid. The lactiddo-glycolide (L:G) ratio can be varied leading to different
compositons of PLGA with varying crystallinity and hence varying glass
transition (Tg) and melting temperaturé3 ) [93]. PLGA is degraded by the
process of hydrolysis via breakage of its ester linkages in the presence of water.
It undergoes bulk erosion and the acidic-gsgducts of its degraded

components are netoxic and usé up in the metabolic pathways of the body

[97].

The most common method of formulation of PLGAPs and MPs is
emulsificationsolvent evaporation technique (single or double emulsibBs
can also be fabricated using coacervation and spray drying technique®snd
can be fabricated by nanoprecipitatioaydrby-layer (LBL), and emulsion
diffusion techniqueq92, 93, 98-100. Recently, NPs and MPs have been

combined with polymers to obtain composite hydrogel systems that would
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prolong the sustained lease of encapsulated drugs, imprdkie stability of

particles, and their retention time at the target site.

Bovine serum albuminBSA) loaded alginateMPs were combined with
collagen hydrogels for ocular applications. The composite hydrogels were
proposed to be useful as therapeutic lens for sustained release dfl@djghn
another study, BSA loaded PLGAPswere combined with alginate to develop
composite hydrogelsand evaluated as injectable,cdbzed drug delivery
systems[10Z. BSA was found to be released for extended periods of time
when conpared with the microspheres or hydrogels alone suggesting that the

combination can overcome the limitations of each carrier alone.

pNIPAAmM-block-PMMA micelles loaded with prednisone acetate were
entrapped iImPNIPAAmM to prepare composite hydrogels andrelcterized for
morphology, swelling and thermal properties, andvitro drug release. The
controlled release property of composite hydrogels was better than hydrogels or
micelles alone due to the presence of dwddasebarriers fordiffusion of

predni®ne acetatfl03.

Composite hydrogels ofPVA incorporated with ibuprofenloaded PLA
microspheres were developed by Behnoodfar and coworkers and characterized
for morphology, swelling and thermal propertieadin vitro drug releaseThe
reduction in retase rate as well asitial burst of ibuprofen from composite

hydrogels indicat that they could besuitableas controlled release carriers

[104.
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Controlled delivery of basic fibroblast growth facteFGF)was obtained by
entrappingthe growth factointo heparirconjugatedPLGA nanospheres and
dispersing them in fibrirnydragel. The release rate was nearly zerder and
could be controlled by varyinfiorinogen concentration. The biological activity
of releasedyrowth factorwas unaffected and localized, sustained release could

be obtained105.

Dexamethasoneobded PLGA microspheres were entrapped in polyacid
containing PVA hydrogels to develop controlled delivery systems. These
composite hydrogels were characterized for morphology, swelling, mechanical
and degradation properties, aimdvitro release. Dexamedisone was found to

be released in a controlled manner for more than a month from the composite
hydrogels as compared to the hydrogels alone. Further, the release rate was
approximately zermrder. These hydrogels were proposed to be suitable as
localized ontrolled delivery systems for coating applications on implantable

devices such as glucose biosen$bfs .

A multi-component system was developed by dispersing levonorgestrel loaded
poly-UcaprolactondPCL) microspheres in poly (Bydroxyethyl methacrylate)
based hydrogel matrix for potential applications in implantable devices. The
composite hydrogels were characterized for morphology, swelling and thermal
properties, andh vitro release kinetics. The drug was foundotoreleasd in
zercorder kinetics for extended periods and involved a complex combination
of different release mechanisms (permeability, degradation of microspheres,

and diffusion through hydrogel matrix).ydrogel matrix not only provided
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physical support to the drug loaded microspheres but could also act as another

medium for additional drug loadiridg07].

PCLi PEG PCL microspheres were loaded with camptothecine and entrapped
in the thermosensitive hydrogels to develop injectable and biodegradable
composite hydrogels for colorectal peritoneal carcinomatosis therapy. The
composite gels were characterized for morpholegtotoxicity, in vitro andin

vivo release behavior of drug. The releasecamptothecindrom composite
hydrogels was found to be much slower and sustained than the microspheres or

drug alond108§,.

Growth factor TGFb1 was encapsulated in PLGA micr
then embedded into PEG based biodegradable hydrogels for cartilage repair.

The composite hydrogels were characterized for morphology, degradation,

bioactivity assay, anmh vitro release. The burst release of FTGR was r educed
due to incorporation of microspheres into the hydrogels and release was more

controlled as compared to the microspheres glbdg .

In situ crosslinkable HA composite hydrogels were developed by entrapping
PLGA NPsto obtain a hybrid system for intraperitoneal drug delivery and for
preventing posbperative surgical adhesions. eltmydrogel part would offer
biocompatibility, ease of application, act as an additional barrier, prevent the
migration of NPs whereas theNPs would allow controlled releases of
encapsulated drugs. The hydrogels were characterized for morphiolagtyo

cell viability assayand biocompatibility tests. Incorporation Psdid not not
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affect the crosslinability and the mechanical properties of the composite

hydrogel[11Q.

PLGA MPs were entrapped in th@osensitive copolymeric hydrogal
composed oPLGA andPEG copolymers to develop composite hydrogels for
controlled release of proteins. Ribonuclease A was loaded intdRisas well

as in the hydrogel matrix artie composite hydrogels were characterized for
morphology, rheology, anth vitro drug release. The release of proteins was
controlled differentlyfrom MPs and hydrogel matrixnd hence these composite
hydrogels could be explored for delivery of multipleugs with different

release kineticgl1]].

Composite systems of doxorubicin loaded polg(utamic acidjb-
poly(propylene oxidep-poly (L-glutamic acid) micelles with aspirin loaded
PVA-CS or PVA hydrogels were developed and characterizednfositro
release kingcs of the two different drugs. Aspirin was found to have a faster
release profile as compared to the sustained release of doxorubicin. Analyzing
the release profile using Peppas power law equation, aspirin showed anomalous
transport and doxorubicin hadckian type or anomalous transport depending

upon the component of composite hydrogel systdrhg.

2.4 Drug release mechanisms

ADrug releaseo could be defined as a

or dispersed in a polymeric delivery carrier migrates from their initial position
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towards the outer surface of therger and then into the release medifti 3.

Drug release in a delivery system could occur by many different mechanisms
depending on various factors related to the drug sotigleyery carrier, and
release medium. The release might be either due to one mechanism, or a
combination of different type of mechanisms and in the latter case, these
mechanisms could either occur simultaneously at a given time or at different

time pointsof the complete drug release procgkk].

It is important to elucidate and understand the detailed release mechanisms
involved in drug delivery systems. This helps to impréve designing and
manufacturing of these systems and to evaluate any failure modes in the process
all of which would be significant in developing controlled release formulations

or systems[114. Moreover, elaborate and clear description of these
mechanisms is essential in the quality control and intellectual property

procedures.

There are several different mechanisms proposed in literaiumrdg release
process from any polymeric delivery system. These mechanisms are also
interdependent in the complete release process. However, we should note that
although different mechanisms might be responsible for drug release, the rate
controlling or ratelimiting mechanism is the one that occurs with slowest
release ratelable 2 describes some of the major mechanisms involved and the
factors affecting them depending upon the individual components of the

process.
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Table2 List of drug release mechanisifgempiled from[113 114)])

Type of mechanism Factors affecting release mechanism

Drugbs physicochemical
molecular weight, charge, interaction witfatrix,
Diffusion distribution within thematrix)

Matrix properties (structure and composition,
swelling, degradatn)

Dissolution Drugd6s physicochemical
charge)

Matrix properties (structure and composition,
swelling, degradation)

Release/Sink medium (pH, temperature, ionic
strength, enzymes)

Swelling Matrix properties (structure drcomposition)
Release/Sink medium (pH, temperature, ionic
strength, enzymes)

Degradation and | Matrix properties (structure and composition)
Erosion Release/Sink medium (pH, temperature, ionic
strength, enzymes)

Drug6s phy s opertes (hotbiityc a |
Partitioning charge, interaction withatrix, distribution within
the matrix)

Release/Sink medium (pH, temperature, ionic
strength, enzymes)

Drugbs physicochemical
molecular weight, charge, interactiontivmatrix,
Osmosis distribution within thematrix)

Matrix properties (structure and composition)
Release/Sink medium (pH, temperature, ionic
strength, enzymes)

2.4.1 Hydrogels

The transport and release mechanisms of drugs and other solutes from hydrogel

neworks involve a complex combination of diffusion/dissolution in the
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polymer network, matrix swelling, hydrogel erosion, and mass transfer
limitations occurring at the boundary of the polymeric carri@s well asits
surroundings[2, 14, 115 11€4. For all therelease systems, the diffusion
coefficient of drugs or solutes from the polymeric networks depends on several
factors including structuref pores, meshsize of network,water content,
polymer composition, method of drug loading, and natudesaze of thesolute.
Depending upon the mechanism of drug release from a particular system,
hydrogel systems could be classified broadly into three categories. These
include diffusioncontrolled, swellingcontrolled, and chemicaHlgontrolled

release systenjg, 14, 115 116].

Diffusion-controlled systems i Diffusion is one of themost common
mechanisra determining the release kinetics of drugs from hydrogels. Drug
diffuses through the network mesh or water filled pores into the surrounding.
These systems are of two tgoé reservoir and matrix. Reservoir systems
include geometries such as slabs, cylinders, capsulepheres. These systems
comprise of a polymeric membrane surrounding a core drug depot and allows
for time-independent, constant release rate that isdonity diffusion through

the outer membrane. The constant release rate could be facilitated by using

excess of drug in the core. This type of one dimensional release could be

defined by Fickdés first | aw of diffusion:
. — _p; (dCi)
Ji = P \ax

where, Jrepresentsnolar flux ofdrug (mol/cnf), G, the concentration afrug,
and B, is the diffusion coefficient ofdrug in the polymer. For steadyate
diffusion, the release could be defined as:
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DipACi
ok
Ji ( g )

w h e r egpresénts thickness dfydrogel matrix and K is the partition
coefficientroughly given by theatio of drug concentration in the gel to that in

the solution.

The matrix system is comprised of hydrogels in which the drug is distributed
uniformly throughout the thredimensional structure. The release rate of drug
is time depedent and is proportional tonehalf powerof time. This non

steady diffusion of drugs in matrices cou

- = D' —_
at  ax \F

dCi d ( aCi)
dx
The above equationsedfor one dimensional transpodan also baised for

constant diffusion and concentration dependent diffusion coefficients.

Swelling controlled systemg In these systems, the drug is distributed in the
glassy polymer chains. As the gel comes in contact wilogical fluid, the

fluid enters the network, lowers the glass transition of polymer, and relaxes the
macromolecular chains. Drug diffuses through the swollen rubbery parts of the
hydrogel and is releaseadto the surrounding. fie velocity and position dhe
moving front that separats the glassy and rubbery phases of the polymer
controls the drug release ratrdthe time scale of polymer chain relaxatien

the rate limiting stepThe type of transport governing these systemsfesred

to as Case Itransport andt leads tozero order kinetics. Several models have
been proposed to explain the release kinetics from the swelling controlled

systems. Drug release can also occur due to a combination of chain relaxation

51



and diffusion. The significance ofaaiomolecular relaxatiordor drug release
can be evaluated by fittinghe experimental release data to the following

equation opower law function:

Mt
— =k t"
Moo
wher e, Mtreprasenthe Ehibuats of drug released at timeahd at

equilibrium, respectively. k represengzroportionality constant and n is the

diffusional exponent.

Chemically controlled systemsi These systems include two types, namely,
erodibledrug delivery systems and pendant chdetiverysystemsThe release

of drugs n erodible systems is dependentdissolution and/odegradation of

the polymer. In pendant chain systettg drug islinked to the polymer chains

via degradable linkages.rily release is mediated by the degradation of these
linkages. In erodible matrices, drug is distributed within the tbmeensional
structure and release is controlled by the diffusete of drug through the gel
matrix as the polymer erodes. In pendasystems, the linkages can be
enzymatically or hydrolytically broken down and release rate either follows
first order kinetics or more complex kinetics depending upon the type of

degradation.

Drug release mechanism from HA hydrogels

In case of HA hydroge]drug diffusion and release were studied in detail only

in the ester derivatives of HA. Partition coefficient of solute, membrane
permeability, rate and extent of membrane hydration were the factors used as

indicators of drug release profile in these s#8d10-13] . The degree of
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hydration of the membrane (Hhe drug diffusivity in the hydrophobic ()
and hydrophilic () domains of the hydrated polymer, and tbleserved
partition coefficient (K)were all related to thebserved diffusivity () in the
following equation:

Diot = [HDo + (K i H) Dy/K

It was observed that there exists a correlation between natural logarithm of
diffusivity and inverse of membrane hydration for @ik differenttypes of
drugs and membranes studied. For hydrophilic drugs, a linear relationship was
found whereas for hydrophobic drugs, a tioear relationship was observed.

For proteins, the logarithm of diffusion coefficient was foundhawe a linear
relationship wih the logarithm of solute molecular weight. The coefficients
were calculated from membrane permeability and partition coefficients. The
latter was not correlated to the solute size. All these studies indicated that the
main parameters governing the solutelease from HA ester films or
membranes included solute hydrophilicity/hydrophobicity, membrane
permeability, polymer solubility (and/or ester hydrolysis), and type of drug

loading.

2.4.2 Liposomes

Release of drug from liposomes occurs mainly by teehanisms of diffusion
and patrtitioning, each of which is affected by the properties of drug solute and
liposomes[117-12(. Diffusion of drug solute is affectdaly its physiological
properties such as solubility, charge, size, and molecular weight. Low

molecular weight, smaller size drugs with higher aqueous solubility would be
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released faster from liposomes and weesa. Charge of drugs might result in
slower @ faster release depending upon the charge of liposomes and ionic

strength of the sink or release medium.

Size, lamellarity, and the bilayer permeability of liposomes are very important
factors affecting the diffusion of drugs. Bigger the size of lipassnor higher

the order of lamellarity of liposomes, slower would be the release of drug due
to increase in the diffusion path length. However, for similar size and type of
lipids, the release of drugs from unilamellar vesicles might be faster than that
from multilamellar liposomes because of the shape and lipid chain ordering
effects. The unilamellar liposomes have greater curvature and subsequently

weaker packing order of lipids resulting in faster release of dduig.

Drug loading and concentration of lipids also affect the diffusion rate of drugs
from the liposomes. The bilayer permeability is related to the packing order of
acyl chainsand is a major determinant of drug diffusion. The bilayer chains are
more fluidic and less rigid at temperatures above their transition temperature
which varies with type of lipids. This would result in faster release of drugs.
Inclusion of molecules likeholesterol reduces the fluidity, and increases the

order and rigidity of chains ithe bilayerdecreasing the rate of drug release.

Partitioning of drugs is mainly affected by the interaction of drug with the lipid
bilayer. The interaon is in turn dpends uporhe type of drug and lipifiL17-
119. Permeability is one factor which is not only related to the diffusion

coefficient across the lipid bilayer menabe but also to the partition coefficient
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of drugs. As mentioned above, permeability of liposomes is mainly affected by
their structure and compositiofl18 12Q. It is also affected by the
physicochemical properties of drugs, size/lamellarity of liposomes, charge of
lipids, pH and temperature of the release medium.

Lower the permeability of bilayer membrarteghe is the diffusion of drugs,
slower is the partitioningand hence faster is the release of drugs. Higher the
interaction of drugs with lipid bilayer, higher is the partitioning, and slower is
the releaseateof drugs. This interaction is mainly @emined by the charge of

drug, charge of lipids, lipophilicity of drugs, and pH of the release medium.

2.4.3 PLGA NP$MPs

The release of drugs from PLGKWPs and MPs is mainly governed by the
mechanisms of diffusion, dissolution, and degradation/erofid3 121].
Osmotic pumping is another mechanism that also has been observed to be
responsible for drugetease from PLGA matrices. Each oéslamechanism is
affected by a number of factors which are either drug, drug carrier, and/or
release environment dependent. Moreover, all the mechanisms are
interdependent and the drug release process from PLGA partislea

combination of all threenechanisms

Diffusion is affected by the solubility of drugs, loading of drugs, size and shape
of PLGA patrticles, structure and compositidnparticles, pH and temperature

of release medium, and presence of enzymes inntadium [114, 121].
Diffusion of drugs from PLGA particles occurs through the wétied pores

and/a the polymer matrix. This in turn depends upon the solubility and
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crystallinity of drugs, molecular weight of PLGA, and degreergstallinity of
PLGA (L:G ratio, Tg, D-L ratio of lactide)[122, 123. Higher the porosity of
PLGA particles, faster is the release of drugs. Lower the crystallinity of drugs

and PLGA particles, faster is the drug release.

Sizeand shape of particles also affect the diffusion of drug solutes through the
PLGA polymer matrix. Dissolution of drugs depends upon their size and
crystallinity and is governed by the rate of water uptake or diffusion into the
polymer matrix[114]. Lower the size of drug solutes and their crystallinity,

higher is the dissolution rate of the drugs.

Degradation of particles is one of the majetedminants of drug release and it
also affects the rate of diffusion and thus dissolution. It is mainly affected by
the size, shape, structure and composition of PLGA partiatesiemperature

and presence of enzymes in the sink medil&8-125. Higher the molecular
weight of PLGA, higher the concentration of PLGA, higher the ratio of L:G,
higher is thely and hydrophobicity and thus slower is the water abgor@nd
degradation of particles. Smaller the size of particles, higher is the surface
area:volume ratio, and faster is the release of drugs. The morphology and

surface roughness of particles also affect the drug release of particles.

Finally, the end giups of PLGA chains also significantly affect the rate of
degradation. The PLGA chains with acid end group degrade much faster than
those with ester end groups thus facilitating higher release of drugs from the

former[12]]. This is because of the autodgtiz nature of the random scission
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process of PLGA chains. Enzymes and reducing agents are known to enhance

this process of polymer chains cleavage causing bulk erfiklgh

As the drug release from PLGAPsandMPs can occur due to combination of
any of the 3 mechanisms (diffusion, dissolution, and degradation), tlaseele
profile of drugs from PLGA is generalgither biphasic (lirst am diffusion
controlled) ortri-phasic (burst, diffusion, and erosion controll¢d}3 121,

125 126. The phases of release profiles include burst and rapid release, burst

and zereorder release, burst, short slow phase and then rapid release.

2.4.4 Composite hydrogel systems

Drug loaded nano/micraarriers in combination with many synthetic and
natural polymers have been investigated as potential drug delivery systems.
Studies based on these composite hydrogel systems have mainly focused on
obtaining sustaed release of drug$®y reduang initial burst, increasingdrug
bioavailability) utilizing the drugcarrier and polymer matrix properties for a
specific application. It is difficult to understand the transpgwmehaviorand
release kinetics of drugs ingbe composite systems due to the complexity of
these systems in terms of the numerous parameters of the different phases
involved. These parameters might act independently or in relation with each

other to affect the drug transport and release.

To datethere have been very few studies to understand the factors affecting the
transport of drugs through these crosslinked networks. Mourtas and coworkers,

from their studies on liposomal hydrogels, have indicated that the major factors
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determining the releasef hydrophiic and hydrophobic drugs include rigidity

of liposome membrane and drug loading levels inside liposorasgectively
[127]. Pjanovic and coworkenssed effective diffusion coefficients, calculated
from the mathematical model for drug diffusion from solids, to deternmiee t
diffusion resistances diydrogels, liposomesand liposomal hydrogelgl2§.

They found thatthe diffusion resistances of drugs was higher in liposomal
compaite hydrogels as compared liposomes or gels alone thus concluding
that presence of liposomes in the gel network leads to increaseerallo
diffusion resistanceprolonging the release oflrugs in complex systems.
Phospholipid composition and method of liposome preparation were indicated

as the main &rriers to drug diffusion in thieydrogel systems.

2.5 5-Fluorouracil and Latanoprost for Ocular delivery

2.5.1 Introduction

5Fu is a hydophilic drug (molecular weight30.1 Da) mainly used for the
treatment of several types of cancers. It is a fluorinated pyrimidine anasgue
shown inFigure 9 and belongs to the class of antimetabolites. SFatioims by
interfering with nucleoside metabolism and inhibiting thymidylate synthase

[129 130.

Figure9 Chemical structure of 5Fu
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It can get incorporated into nucleic acids and cause base mismatch leading to
chain termination and cell death. Besides its use as anticancer drug, the
antifibrotic property ifihibition of proliferation of fibroblasts) of 5Fu has also
enabled its use & antimetabolite in clinical applications of ophthalmology.
5Fu is used as an antiscarring agent in glauefiitegation surgery. Glaucoma

is the secondeading cause for blindness and occurs due to increased fluid
pressure inside eye (aqueous hunidd]]. If left untreated, his intraocular
pressure (IOP), could lead to optic nerve damage with time and finally

blindness.

The conentional surgical method is glaucoma filtration surgery that introduces

an alternative path for drainage of excess fluid thus reducing IOP. However, as
bodyos natur al heal ing response, t he
proliferate and close the opeg created in the surgery leading to failing and
encysted blebs[132 133. To prevent this scarring of fdting blebs
subconjunctivalserial injectionsof 5Fu is given eithepostoperatively or as

single intraoperative injection. However, due to high toxicity of 5Fu (that might

affect healthy cells), low retention of drug at target side, and poor patient
conpliance for serial injections, it is desirable to develop a delivery system for

5Fu that would sustain the release of 5Fu at target site for prolonged pEriods

time and reduce multiple dosing regimen.

Ltp is a lipophilc drug (molecular weig32.6Da) mainly used for treatment
of primary operangle glaucoma and ocular hypertension by reducing IOP. It is

a prostaglandin ;/analogueas shown irFigure 10 and is an isopropyl ester of
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its acid form[134]. Upon hydrolysis by esterases inside eye this ester prodrug
yields isopropyl alcohol(IPA) and Ltp acid, latter of which is the main

biologically active constituent in treatmdiB5 134.

Figure10 Chemical structure of pt[134]

Ltp is given in thdorm of eye drops either as milater emulsion, commercially
known as Xalantdh(Pfizer, Catalent Pharma Solutions, Woodstock,dt as
lipid/buffer emulsion137]. Ltp functions by increasing the outflow of aqueous
humor via trabecular or uveoscleral pathway by mediating extracellular

remodeling via matrix metalloproteinadds86, 139.

2.5.2 Composite hydrogel systems for 5Fu and Ltp

Several polymeric (synthetic and natural) carriers have been used for delivery
of 5Fu, mostly for therapeutic applications againstedéht types of cancer
[129. 5Fu has also been investigated for ocd&ivery application$132 139

141]. Among them, a couple of studies have focused on composite hydrogels
using 5Fu loaded nanocarriers for ocular delivery. 5Fu loaded stable
plurilamellar vesicles (SPLVs) were loaded into hydroxypropylmethyl cellulose
(HPMC) to prepare liposomal hydrogels and characterizednfeitro release
[142). The release from liposomal hydrogels was found to be slower than the
free drug solution as well &om the liposomes alone. Release from liposomes
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alone varied depending upon the type and composition of lipids (addition of
cholesterol reduced the initial release rate). The burst release, rate of release,
and the extent of release of 5Fu over the stpdyiod were reduced by

incorporation of liposomes into the hydrogels.

In another similar study, 5Fu loaded liposomes were entrappges lnydrogels

and in vitro release was characteriz¢ti43. The release rate of 5Fu from
liposomal hydrogels was found tee Isignificantly slower than 5Fu solution,
hydrogels or liposomes alone. The release from liposomal hydrogels was found
to depend upon formulation variables such as lipidybdl@omposition and the
hydration conditions of dry lipid film. The steadjaterelease of 5Fu from
composite hydrogels indicated the reserayistem like function of liposomes

inside the hydrogels for continuous delivery of 5Fu.

The nanocarriers investigated fdrtp delivery include liposomes and
CSalginate nanosheets. Natarajamd coworkers developed a liposomal
delivery system fomprolonged sustained release dp Lthat shows excellent
efficacy in vitro as well asin vivo [135 137, 144]. Ltp isopropyl ester was
loaded intoCYalginate degradable nanosheets and thksets were applied to

rat cornea and assessed for locdlerse effects, eye scratching movements,
and I0P reduction to evaluate the potential of this delivery system for glaucoma
managementl45. To date, HA basedompositehydrogelsystems with 5Fu

or Ltp loaded nano/micrearriers have not been explored for ocular delivery

applications.

61



Chapter 3Materials and Methods

3.1 Materials

HA (molecular weightlt MDa) was purchased fronsamich (HK) Limited,
China. BPC, Dipalmitoyl- phosphatidylcholindDPPQ, andl,2-dimyristoyksn
glycero-3-phosphocholinglDMPC) were purchasedrom NOF Corporation,
JapanCellulose ester (CHJialysismembranesverepurchasedrom Spectrum
labs, USA.Polycarbonate (PC) filter membraresd drain discs werabtained
from Northern Lipids Inc., Canada. Ltp (molecular weigl32.6 Da) was
purchasedfrom Chemical testing and Calibration Laboratories, Chiieu
(molecular weightLl30 Da) and CS rhediummolecular weight were obtained
from Signa Aldrich, USA. PLGA was purchased froRurac Asia Pacific Pte
Ltd., Singapore. Chemicals sodium chloride (NaCl), sodium phosphate
(NaoHP(Oy), potassium phosphate monobasic anhydrous,PKY), potassium
chloride (KCI), PVA, sodium azide, cholesterol, soditmydroxide (NaOH),
hydrochloric acid (HCI), mannitol, trisodium polyphosphate (TPP), MA
([H2C=C(CH)CO],0), and deuterium oxideDLO) were obtainedfrom Sigma
Aldrich, USA and useddirectly without purification. PEGDE (C3Hs0,-
(C:H40),-C3HsO), was obtained from  Polysciences Inc, USA. ADH
(NH2NHCO(CH,),CONHNH,), and EDC(CgH17N3.HCI) were purchased from
Alfa Aesar, USA. 12959 was purchased from Ciba Speciality Chemicals,
Switzerland. Ethanol (§s0H), chloroform (CHG), dichloromethane (DCM),
methanol (CHOH), andIPA (CsH;OH) were obtained from Fisher Scientific,
USA. Acetonitrile (ACN) (HPLC grade, 0.9% purity) was purchased from

Tedia, USA. Sieves (106 m, ¢€lmb,0 d4Z2edm)2 and sonication pr
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mm and @nm) were obtained from Cole Parmer, USA. Syringe filters (.22
and 0.45¢ m) were purchased from MITEMi por e, U

were purchased from Ted Pilla, Inc., USA.

3.2 Synthesis of HA Hydrogels Modification of HA

3.2.1 Modification of HA into HA -MA

Methacrylated derivative of HA, HMA, was synthesized as described
previously[14€]. Figure 11 shows the chemical structure of MAA powder
was dissolved in deionisg®l) water and allowed to stir at room temperature
(RT) overnightto prepare 1.3% (w/v) solution. Next day, pH of the HA
solution was adjusted to 8 usingMb NaOH while slowly adding20 molar
excess of MA to it. Afteaddition of MA, HA was allowed to react with it for 2
hrs by maintaining the pH at 8. The HWA solution was stored at 4C for 24
hrs. It was then dialyzed against large volume ofN).NaCl solution using a
dialysis membrane (Spectra/Por 6 dialysisrigbilOkDa molecular weight cut
off (MWCO), 29 mm diameter, flat width 45mm) at RT for 48hrs. Sink
medium was completely replaced at intervals bf$on1® day and then 1Brs
subsequently. After 48rs, HA-MA solution was dialyzediganst alternating
solutions of 1:4 @HsOHi H,O (v/v) and ultrapure D for 2 cycles. Finally,
the HA-MA solution was frozen &it80 °C for 2 hrs and then transferred o

freezedryingjar and lyophilized for 72rs(ChristAlpha 1-4 LSC, Germany).

CH, CH,

HyC CH,

Figurell Chemical structure of MA derivative
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3.2.2 UV Crosslinking of HA-MA

After freeze drying, the dried HMA fluffy powder was used to prepare%a
and4 % (w/v) solution in PBS, pH.4. HA-MA solutions wereallowed to stir

at RTovernight. Next dg 0.2% or 0.4% (w/w) of photoinitiator 12959, with
respect tdotal mass of solutigmprepared from 106 (w/v) stock solution in 70

% ethanol, was added into the HMA solutions and manally mixed manually

for few mins. 1 ml of this solution was thenansferred into a stainless steel
cylindrical mould (inner diameter 1.@m, height 1cm) and exposed to UV
lamp (VL-8.LC, Vilber Lourmat, Franceat 365nm for 10mins. Crosslinked
hydrogel was carefully taken out from the mould and used for further

experinents.

3.2.3 Modification of HA into HA -ADH

Dihydrazide derivative of HA, HAADH, was synthesized as described
previously[147]). Figure 12 shows the chemical structure of ADHA powder
was dissolved in DI water and allowed to stirRT overnight to prepare 0%
(w/v) solution. Next day, 40molar excess of ADH was added to this solution
undercontinuous stirring. pH of the solution was adjusted to 4.75 usikly 5
HCI. After all ADH is dissolved, 4nolar excess of EDC was added to the
solution. After addition of ADH and EDC, HA wadlowed to react with them
for 2 hrs at RT and the pH of the reaction was maintacwtistentlyat 4.75
using 5M HCI. After continuing the reaction for #rs, pH of HAADH
solution was adjusted back to 7 to stbe reactionHA-ADH solution was then
dialyzed against large volume of OMlI NaCl solution using a dialysis

membrane at RT for 48rs. Sink medium was completely replaced at intervals

64



of 6 hrs on1® day and then 12rs subsequently. After 4Brs, HAADH

solution was dialyzeadganst alternatingsolutions of 1:4 gHsOHi H,O (v/v)

and ultrapure kD for 2 cycles. Finally, the HADH solution was frozen &t

80 °C for 2hrs and then transferred to a freelzging jar and lyophilized for 72
hrs.

T’ T\’

HoN——NH——C——(CH,),——C——NH——NH,

Figure12 Chemical structuref ADH derivative

3.2.4 Chemical Crosslinking of HA -ADH

After freeze drying, the dried HADH fluffy powder was used to prepare’d
(w/v) solution in PBS. HAADH solution was allowed to stir at RT overnight
Next day, crosslinkePEGDE (Figure 13) was added into the HADH
solution in 5molar excess to the degree of modification and mixed thoroughly
manually and allowed to stand at RT for 24 for completion of crosslinking
reaction. Next day, the crosslinkgel was carefully taken out from the glass
vial and used for further experiments.

0
/\
H,C——CH

0

/\

CH,—O [CHZ CH, o] CHy,——HC——CH,

Figure13 Chemical structure of PEGDE crosslinker

65



3.3 Characterization of HA hydrogels

3.3.1 Nuclear magnetic resonance
Proton {H) NMR spectra dr unmodifiedHA and modified HA (HAMA and

HA-ADH) powders were obtained using Bruker NMR Spectrometer (Bruker
DRX 400, Germany) at 40MHz to determine the degree of modification. 20
mg of HA/HA-MA/HA -ADH powder was dissolved in @l of DI water and
stired at RT overnight. Next day, the pH of the solutions was lowered to 4
using 1M HCI and then incubated inside an oven at 2Q0for 2 hrs with
intermittent stirring every 1fnins to degrade them completely. Aftehi3, the

pH of the degraded samples vwajusted back to neutral usinglLNaOH and

the samples were then lyophilized. The lyophilized degraded samples were
dissolved in Iml of D,O inside NMR tubes and analyzed fot spectral data

with 200scans per sample.

3.3.2 Size exclusion chromatogra phy-Multi angle light scattering

SEGMALS was used to estimate the absolute molar mass of HA before and
after modification. SEC systerfAgilent 1100 series, Agilent Technologies
Singapore Pte L)dwas associated with light scattering detector (Wyatt
Techrology, USA) to estimate the molar mass oA .HUltrapure wate with
0.08 % (w/v) sodium azide and B'M sodium phosphatewas used as the
mobile phase. Ing/ml solution of HA, HAMA, and HA-ADH were prepared

in the same mobile phase and all samples wereefiltéhrough 0.2um filter
before runningn the systemThe injection volume was 54l and ¢/d. value of

0.165 was used for all the samples. The samples were run at a temperature of 35
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°C for 21 mins with a postun of 1min. The light scattering data wasllected
and analyzed to calculatmimber average (M molar mass, weight average
(My) molar mass, and Pif all the samplesTable 3 showsraw data forthe
calculated values of thedkree parameterdor unmodfied and modified HA

samples.

3.3.3 Swelling behavior of HA hydrogels

The HAMA and HA-ADH hydrogels were characterizedrftheir swelling
behavior to evaluate their network structu?e% (w/v) HA-MA, 4 % (w/v)
HA-MA, and 4% (w/v) HA-ADH solutions wergrepared in PBS and allowed

to stirat RT overnight Next day, they were crosslinked to obtain hydrogels,
immersed in large volume of PB&nd incubated in an oven at 3. The
hydrogels were weighed everydegrefully removing the extra watandwet
mas was recorded until day. ®BS was then discarded and each sample was
lyophilized for 72hrs. After 72hrs, dry mass of each sample was weighed and
used to calculate swelling ratio. The swelling ratio values were then used for
estimationof mesh size androsslinking density of HAMA and HAADH

hydrogels.

3.3.4 Morphology of HA hydrogels

The morphology of HAMA and HA-ADH hydrogels was observed under SEM
(JSM 6360A JeoglJapain 2 % (w/v) HA-MA, 4 % (w/v) HA-MA, and 4 %
(w/v) HA-ADH hydrogels, swollen if°BS buffer at 37 °C for 6 days, were cut

longitudinally and transversely using a sharp cutter and rapidly quenched in
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liquid nitrogen for few secs. The frozen samples were lyophilized for 72 hrs.
Dried hydrogel samples were mounted on carbon tape ovaluamnum stub
and sputter coated with gold for 80 secs. The hydrogels were then imaged under

different magnifications at an acceleration voltage-aD%kV.

Table3 SEGMALS raw data for estimated Mn, Mw, and PDI of HA samples

HA Samples
Unmodified | Unmodified | Unmodified | Avg Std
HA 1 HA 2 HA 3 dev
Number
average
molecular
weight, 1.02E | 45009.
M 1.03E+06 1.02E+06 1.02E+06 +06 25
Weight
average
molecular
weight, 1.06E| 11718
Mw 1.07E+06 1.05E+06 1.05E+06 +06 .93
Polydisper
sity index, 1.03E | 0.007
PDI 1.042 1.028 1.03 +00 572
MA MA MA
modified HA | modified HA | modified HA | Avg Std
1 2 3 dev
Number
average
molecular
weight, 9.32E| 19071
Mn 9.40E+05 9.10E+05 9.46E+05 +05 71
Weight
average
molecular
weight, 9.94E | 10070
Mw 9.92E+05 9.85E+05 1.01E406 +05 .92
Polydisper
sity index, 1.07E| 0.013
PDI 1.056 1.082 1.062 +00 614
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ADH ADH ADH
modified HA | modified HA | modified HA | Avg Std
1 2 3 dev
Number
average
molecular
weight, 1.24E | 33194
Mpn 9.66E+05 1.61E+06 1.15E+06 +06 8.5
Weight
average
molecular
weight, 2.03E | 18805
M 1.87E+06 2.23E+06 1.98E+06 +06 3.2
Polydisper
sity index, 1.68E| 0.274
PDI 1.932 1.387 1.72 +00 73
HA Samples Average My Standard
deviation
Unmodified HA 1055666.667 11718.93055
MA modified HA, HA-MA 994033.3333 10070.91522
ADH modified HA, HA-ADH 2025000 188053.184

3.3.5 Rheology of HA hydrogels

HA-MA and HAADH hydrogels were also characterized for their rheological
propertiesusinga stresscontrolled rheometefPhysica MCR501, Anton Parr,
USA). Parallel plate geometrgPP25/TGSN6539, diameter 25nm) was used

as the measuring systdor all the tests. All the experiments were performed at
RT of ~23°C and with zero normal force on samples to minimize the damage
on to them. 26 (w/v) HA-MA, 4 % (w/v) HA-MA, and 4% (w/v) HA-ADH
hydrogelswere swollerto equilibriumin PBS for 6daysat 37°C andthen used

for amplitude and frequency sweep tests.

Amplitude sweep wasonductedat an angular frequency of 1@d/s to

determine linear viscoelastic range (LVE). Dynamic modgie obtained as a
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function of % strain rate and the rates were varied from @0tb 100 %.
Oscillation shar tests were carried out at @4 strain to determine storage
moduli, loss moduli, and complex viscosity as a function of frequency, varying
it from 0.1 to 10Hz. Table 4 shows the summary of all the characterization
techniques used to evaluate the modified HA as well as the crosslinked

hydrogels.

Table4 Summary of characterizathotechniques for modified and crosslinked
HA

Characterization Type of
Samples (n=3) technique Characterization
'H NMR - degree of Structural
Unmodified HA modification
MA modified HA
ADH modified HA SEGMALS - molecular Physical

weight measurements

SEM Morphology

2 % HA-MA hydrogel | Swelling measurements
4 % HA-MA hydrogel | swelling ratio (volumetric Physical
4 % HA-ADH hydrogel| and mass), crosslinking
density, mesh size

Rheological measuremen Physical
- amplitude and frequenc
sweep

3.4 Delivery Carriers for 5Fu

3.4.1 Preparation and Characterization of 5Fu loaded liposomes
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Passive and Active loading of 5Fu into EPC liposomes
Liposomes were prepared using thin film hydration technique and 5Fu was

encapsulated into EPC lipomes by active as well as passive loading.

For passive loading, 5Fu powder was dissolved in PBS buffer to make the
solution for hydration of lipid. 10nM EPC (with and without cholesterol
60:40) was dissolved in @-solvent mixture othloroform:methaal, keeping
a ratio of 2:1 (v/v)in a round bottom flaskdrug to lipid ratiowas0.23). The
lipid was manually mixedn the solventsand th@& transferred toa rotary
evaporatormaintained a#0 °C waterbath, to remove the orgarsolvents for
2 hrs. After 2 hrs ofsolvent evaporation, a thin film afried lipid wasformed
on the walls of round bottom flask which was tlgdrated using the 5HEBS
solution. MLVs were formed upon complete hydration of the lifidn by
manual shaking sidea water bathmaintained at 60C, for 10-15 mins. The
MLVs suspension wathenextruded 15imes through PC filters ofizes 0.2
pm and 0.08um that werefitted with drain disconto a bench top extruder to

obtain5Fu loaded LUVs

The 5Fu loaded LUVs suspension waansferred into a dialysis membean
(Spectra/PoCE dialysis tubing, 108Da MWCO, 10mm diameter, flat width
16 mm) and dialyzed againstlitre of PBS to remove the unentrapped drug. At
different time points (every 3fhins), 1ml aliquot was withdrawn fim PBS
dialysis medium, filtered through 0.2um filter, and analyzed using high
performanceliquid chromatogaphy (HPLC) Agilent 1200 series, Agilent

Technologies Singapore Pte Ltd ml sink medium was replaced with fresh
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PBS buffer. After srs, the LU\S suspension was transferred from the dialysis
membrane into an amber glass vial and stored &C 4overnight before

characterization of % EE amal vitro release study.

For active loading, 5Fu powder was dissolved in 0 N&SO, + 1.2mM Ca
acetate saition. 10 mM EPC (with and without cholesterol 60:40) was
dissolved in aco-solvent mixture of chloroform:methandteeping a ratio of
2:1 (v/v),in a round bottom flasklhe lipid was manually mixed in the solvents
and then transferred & rotaryevapor#or, maintained a0 °C waterbath, to
remove the organic solvents fohgs. After 2 hrs of solvent evaporatioa, thin

film of dried lipid was formed on the walls of round bottom flask which was
then hydrated usind20 mM Ca acetate solution (pH adjudtéo 6). MLVs
were formed upon complete hydration of the lipid film by manual shaking
inside a water bath, maintained at°&) for 1015 mins.The MLVs suspension
wasthenextruded 18imes through PC filters of size O2n and 0.08um that
were fitted wih drain discon to a bench top extruder to obtain LU\Adter

extrusion, the LUVs were characterized for size and pH.

The LUVs suspension was transferred into a dialysis membrane and dialyzed
against 4ditres of 120mM N&SQ, + 1.2mM Ca acetate solutio(pH adjusted

to 7) for 3hrs to establish the pH gradient. After creating the gradient, the
LUVs suspension was taken out from the dialysis membrane and characterized
for size and pH. For loading, the LUVs suspension and 5Fu solution were
heated for 23 mins inside a water ba{fPolyscience, USpat 60°C. The LUVs

suspension was then added into 5Fu solution and active loading was allowed to
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continue for 1hr at 60°C with intermittent manual shaking of the solution
every 10mins. After 1hr of loading, he 5Fu loaded LUVs was quenched in ice
for 10 mins and then allowed to stand at RT fet®mins. The LUVs were

characterized for size and pH.

Finally, the 5Fu loaded LUVs suspension was transferred into a dialysis
membrane and dialyzed againditte of 1220mM NaSO, + 1.2mM Ca acetate
solution (pH adjusted to 7) to remove the unentrapped drug. Evamyr?) 1

ml aliquot wascollectedfrom thePBSdialysis medium, filtered through Opén

filter, and analyzed using HPLC.nl of sink medium was repladewith fresh
buffer. After 4 hrs, the LUVs suspension was transferred from the dialysis
membrane into an amber glass vial and stored &C 4overnight before

characterization of % EE and release study.

Characterization of 5Fu loaded EPC liposomes

(a) Size

The average sizas well as size distributiofpolydispersity indexPDI) of 5Fu
loaded EPC liposomesere estimated using the Malvern Zetasik@no ZS
(Malvern Instruments LtdUK). A small aliquot of liposome suspension was
diluted with a large volumeof PBS (~1:100 v/v) and used for DLS
measurementThe sizewas measured &T with 3 runs (12imes in each run)

for each sample.

(b) % EE
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To determine the amount of entrapped 5Fu after extrusion, the LUVs (passively
or actively loaded) were first brek down by adding IPA (1:4 v/v) and then the
lipid mass was separated from the aqueous phase by centrifuging (Mikro 20,
Hettich, Germany) the suspension at 13,0060 for 30 mins at RT. The
supernatant was diluted 5X (total 25X) times using PBS buffereatichated

by HPLC. The concentration of 5Fu, calculated from clear supernatant,
indicates the amount entrapped in the core of liposomes and the concentration
from dialysis sink medium indicated the unentrapped amount present in

continuous buffer phase.

HPLC system was used to estimate the amount of 5Fu entrapped in liposomes
and also the unentrapped concentration in continuous phase. A reverse phase
EclipseXDB C18 column (5pum, 4.6 mm IDX250 mm) was used with the
mobile phase of pD:CH;OH at 90:10 (v/vyatio. The column was maintained

at a temperature of 2Z&. Each sample was run at a flow rate ofrhlfimin for

5 mins including Imin of postrun with the detector wavelength sebat 266

nm. The retention time of 5Fu was ~32ins. Collected data wasnalyzed
using Agilentos of f | 5Fa soluti@d witnskboart i o n
concentration$0.025 to 25 g/ml) were prepared by dissolving the 5Fu powder

in PBS buffer. The solutions were filtered through Q8 filter and run in

HPLC to obtain a staradld curve R? =0.99). Concentrations of 5Fu for the test
samples were calculated using this calibration of HPLC system. This data from

HPLC was used to calculate the % EE of EPC liposomes.
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3.4.2 Preparation of 5Fu loaded C hitosan NPs

5Fu loaded CS NPwere prepared by ionic gelation using a polyanion @8BP
shown inFigure 14. Briefly, CS solution was prepared in%4 acetic acid and
allowed to stirat RT overnight. 1mg/ml TPP solution was also prepared and
allowed to stirat RTovernight.The commercial 5SFu powder was crushed using
a mortar and pastel to reduce its grain séf&u powder was dissolved in CS
solution and filtered through 0.48n filter. The pH of 5FuCS was adjusted to
4.7 using 5M NaOH. The sdlon was fixed to an overhead stir(dKA RW 20

digital, Germanyand speed was adjusted to 7.

TPP solution was filtered through 0.2@n filter and then added to 5HLS
solution dropwise over-%0 mins. As TPP was added, the clear solution started

to turn opalescent. The ionic gelation reaction was allowed to continuenhfor 1
After 1 hr, a small aliquot was withdrawn from the solution for size
measurement. The solution was then ultracentrifu@sdvall WX 100 Ultra
Series, Thermo Electron Corpdion, USA at 25,000rpm for 30 mins.
Supernatant was used to detect unentrapped 5Fu amount and pellet was
resuspended thoroughly withn® of ultrapure water, frozen a80 °C for 1hr,

and lyophilized for 24rs.
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Figurel14 Fabrication of 5Fu loaded chitosan NPs via o/w emulsification

Characterization of 5Fu loaded CS NPs

(a) Morphology and Size

The shape and surface morphology of 5Fu loaded CS NPs were observed under
FESEM (JSM 6340F Jeol, Japagnd TEM (Carl Zeiss Libra 1@ Plus
Germany). Dry NPs samples were suspended in ultrapure water in large dilution
and sonicated for few secs in an ultrasonic cleaner (S60H Elma, Germany). For
FESEM, 1620 pl of NPs suspension was spread over clean silicon wafer
substrate and allowetb dry overnight at RT. Next day, these wafers were
mounted on doublsided adhesive carbon tape over an aluminum stub and
sputter coated with platinum for &kcs. The NPs were then imaged under
different magnifications. For TEM,-80 ul of NPs suspensiowasspread over

a lacey formvar/carbon coated copper grid (300 mesh) and allowed to dry
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