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Abstract

Design and Synthesis of Novel Hydrogels for Drug Dieery and
Tissue Engineering Applications

The aim of this thesis was to design and syntheseel polyurethane
hydrogels for drug delivery and tissue engineeragplications. Hydrogels are
becoming increasingly important materials in theseas due to their soft 3-
Dimensional structure and compatibility to the ecelitrix. Hydrogels are basically 3-
D network of hydrophilic polymers which are capablebsorbing copious amount of
water without loosing their structural integrity.ydtogels have wide range of
applications such as, scaffolds/implants in tissmgineering, vehicles for drug
delivery, synthetic extra cellular matrix, sensa@stuators, enzyme immobilization,
stimuli-responsive materials etc. However, manthefhydrogels used/or proposed in
tissue engineering and drug delivery applicatioxisitet weak mechanical strength
and are unsuitable to sustain dynamic environmEmtrefore, there is a great scope
for designing and developing novel hydrogel systerth improved mechanical
properties coupled with good biological propertigge.g. biocompatibility,

biodegradability) and controlled pore structure.

In this context, the work was undertaken to desigual synthesize novel
polyurethane (PEG-PU) based hydrogels by solvesd, fone-pot method. PEG-PU
hydrogels were prepared using PEG-4000 as a sgfhes#t, H,MDI as a hard
segment and Hexanetriol (HT) as a crosslinker.r€aetion was catalysed by Dibutyl
tin dilaurate (DBTDL). PEG-PU hydrogels with diféstt crosslink densities were
obtained using different contents of HT. The hyeisegcould be prepared into any
intricate shapes and sizes depending on the slamgesizes of the moulds. Different
types of hydrophilic/hydrophobic diols such as Ralyolactone diol (PCL),
Polycarbonate diol (PCD), Tetraol (FTL) were usedcombination with PEG to
obtain PU hydrogels with tunable properties. Furtiath the focus on synthesizing
hydrogels for drug delivery and tissue engineeriagplications, curcumin
incorporated PU hydrogels were prepared. Curcuniih veactive —OH groups and

having anti-bacterial properties could be easilyomporated into PU hydrogels. The
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porous structure in the hydrogel was created bygegic treatment followed by

lyophilization.

All the synthesized hydrogels were characterized témms of their
structure/microstructure, swelling, mechanical prtips (e.g. tensile strength,
compressive strength, % elongation etc.), bioldgpraperties (cytotoxicity, MTT
assay, anti-bacterial etc.) using FTIR, Solid-shtéR, WAXD, SAXS, DMA, UTM,
SEM, u-CT and biological tests.

In PEG-PU hydrogels, the swelling property whichthi® most important
parameter for drug delivery and tissue engineeajpgications could be controlled by
the amount of HT in the hydrogel. In the case of iBldrogels with different diols,
apart from the HT content, the hydrophobicity o€ ttiol dictated the degree of
swelling. In curcumin incorporated hydrogels, cunini was found to exist in both
chemically linked and physically entrapped fornthie hydrogel structure. The degree
of swelling could be controlled by the amount ofawmin in the hydrogel. The
WAXD and SAXS studies revealed the crystalline [Hamestructure of the gel
originated from the soft segments of the diols. Tgwous structure of all the
hydrogels was evidenced by SEM an€T results. The pore sizes were in the range
of 2-2Qum with the interconnectivity of the pores. All tihgdrogels showed good
mechanical strength at moderate swelling. Intergsti when curcumin was
incorporated into hydrogels, the compressive strergf the hydrogel increased
significantly. The compressive strengths at brea&kewin the range of 1.5-4.5 MPa
with nearly 90% compression. This remarkable irgeea compressive strength was
explained on the basis of heterogeneity in the dyyelr structure and easy dissipation
of energy under deformation. Finally, the cytotityicstudies of the hydrogels
showed the continuous growth of the cells, indigatthe non-toxic nature of the
hydrogels. The in vitro drug release study with arti-cancer drug doxorubicin
hydrochloride from the hydrogels containing differeliols was performed and the
release rates were correlated with the hydrophiyisevelling of gels. All the
obtained hydrogels with the detailed charactemrashow great promise in controlled

drug delivery and tissue engineering applications.
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Introduction

Chapter -1

In the first chapter, a detailed literature survey was done on hydrogels
in terms of their classification, synthesis, properties, advantages and
disadvantages and applications for drug delivery and tissue engineering.
Literature survey on the state-of-the-art of polyurethane (PU) hydrogels is
given. The characterization techniques such as WAXD, SAXS, UTM, p-CT,
biological tests etc., used for studying the micro-structural, surface
morphology, mechanical behaviour and cytotoxicity of the hydrogels were

briefly explained.
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1.1 Introduction

Polymeric hydrogels are becoming increasingly intgoarin recent years due
to their special physico-chemical properties, s@ash softness, bio-compatibility,
stimuli-responsiveness, water permeability, selling etc™® Therefore, they find
wide applications as scaffolds/implants in tissngireering:°** vehicles for drug
delivery}®*® synthetic extra cellular matriX, sensors® actuators® enzyme
immobilization?® robotic$* etc. The existence of hydrogels dates back to , 1@86n
Wichterle and Lim first proposed the use of a sghthhydrogel, Poly (2-hydroxy
ethyl methacrylate) (PHEMA) for contact lens apafion?? Since then the use of
hydrogels has been rigorously extended to varidasédical, controlled release,

pharmaceutical applicationd.22*

Hydrogels are basically three-dimensional (3D) rbptilic polymeric
networks with physical or chemical crosslinks amd eapable of absorbing large
guantities of water or biological fluids. The ambohwater in the fully swollen state
(or equilibrium swelling) is a balance between thedynamic force of mixing and
elastic retractive force of 3D polymeric networkelmixing force mainly arises from
the hydrophilic nature of the polymer backbone Wwhis characterized by the
interaction between the polymer and the solvent.es, the retractive force
strongly depends on the interconnectivity (degréerosslinking) of the network
structure. Consequently, there is a wide scopeesigding hydrogels with different

swelling capacities by modulating the contributajrthese individual forces.
1.1.1 Classification of hydrogels

Hydrogels can be classified based on their sourasaral or synthetic; on the
nature of crosslinking: covalently crosslinked bysgically crosslinked; on the type of
network: homo polymer networks, co-polymeric netwgorinterpenetrating networks;
on the effect of micro-organism: degradable and-degradable; on functional

groups: ionic and non-ionic hydrogels.

A wide variety of synthetic and naturally obtainmedterials have been used to
form hydrogels for drug delivery and tissue engiimge applications. The most
commonly used synthetic polymers include poly (kthg oxide) [PEQ], poly (vinyl
alcohol) [PVA], poly (acrylic acid) [PAA], copolyme of PEO and PPO [Pluronics],
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and some of the poly peptides. Whereas, naturaifiveld polymers include agarose,

alginates, chitosan, collagen, fibrin, gelatin agdluronic acid.
1.1.2 Hydrogel synthesis

In general, hydrogels are prepared by polymerisiydyophilic monomers, in
the presence of a crosslinker and an initiator.otder to control the heat of
polymerization and the final hydrogel propertiesme diluents such as water and
other agueous solutions are invariably used. Sulesdly, the isolation of pure
hydrogel involves treating of formed hydrogel wittater to remove unreacted
monomers, crosslinker, initiator and some unwatmggroducts. One can modulate
the properties of hydrogels by varying the reactommditions and using different
types of monomers, crosslinkers, initiators, cliogsir-to-monomer ratios, and the

monomer concentration.

Synthetic hydrogels are generally prepared vig,bablution and inverse
suspension polymerization technique. The bulk amgtion polymerizations are done
in a homogeneous medium in which the monomer iig)ators and crosslinkers (s)
are easily soluble in water. Using these technidbeshydrogels can be prepared in
any shape and size depending on the mould in wthiglpolymerization takes place.
Further, the solution polymerization is more preddrdue to better control of the heat
of polymerization. Hydrogels can also be preparadmicron sizes (called as
microgels) by inverse suspension polymerizatiorhriegue based on the dispersed
and continuous phase. The monomer is usually disdoh the dispersed phase, and a
surfactant is dissolved in a continuous phase. $hdactant enables uniform
dispersion of the monomer and other reactants én dbntinuous phase. Inverse
suspension polymerization is more suitable for lyigtydrophilic monomers, such as

salts of acrylic and methacrylic acids, as welhas/lamide.
1.1.3 Chemically and physically cross-linked hydrogjs

Covalent bond formation and reversible non-covaletgractions (physical
interactions) constitute two important approaclefotm three-dimensional networks
in polymer gels. Accordingly, the polymer gelsaibed can be defined as chemical
gels or physical gels respectivéfi* The chemical gels can undergo volume-phase

transitions in response to external stimalich as temperature, pH, solvent —
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nonsolvent eté> Wherea physical gels can exhibit reversible -gel transitions in
response to external stimi Traditionally, the covalently crosslinked hydrogelse
prepared by crosslinking -polymerization crosslinking of polymer precursors (-

crosslinking) and crosslinking via polyn-polymer interactions througfunctional
groups. These approaches with undesirable side¢ioeaanay yield hydrogels wit
some defects. Further, if the monoms hydrophilic and the crosslinking agent
hydrophobicthen the aqueotpolymerizationcan give rise to hydrogels with idom

distributions of crodinks in the network structureVariety of monmmers and
crosslinking agents ha been used for the synthesis of hydrogels with a@&wéghge o
chemical compositions. A few examples of typicalnmmers and crosslinking ags

are listed inTable 11.

Table 1.1Examples cMonomers and crosslinking agents for the synthaf
hydrogels

Monomers
CH,

I 2-Hydroxyethyl methacryla
CH,=C - CO - O- CH, —CH, — OH y yethy y

CH,

I N-alkylmethacrylamide
CH,=C - CO - NH-R

CH,=CH-CO-NH-R N-alkylacrylamide
R
CH,=CH-CO-N_ N,N-dialkylacrylamide
R
CH,= CH-CO-OH Acrylic acid
CH,

I Methacrylic aci
CH,=C-CO-OH

CH,
I - ido-
CH, = CH— CO — NH — CH — CH, — SO,H 2-Acrylamido 2_methy| propant
I sulfonic acit
CH,
CH, ?
! /s N,N-dialkylaminoethyl methacryla

CH,=C-CO-0-CH,—CH,-N
SR

CH3 R
I I Methacryloylox\ ethyl tri alkyl
CH,=C~CO~0-CH,~CH, ~-NR _ ammonium bromic

R Br
Crosslinking Agents
CH, CH; )
| [ Ethylene dimethacryla
CH, =C — CO - O- CH, ~CH,— 0-CO-C=CH,
CH, =CH-CO—NH-CH,- NH-CO-CH=CH, Methylenebisacrylamic
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In physically crosslinked hydrogels, the networkusture is formed by
physical (non-covalent) interactions such as colamman-der waals, dipole-dipole,
hydrogen bonding, and hydrophobic interactionstéycirophobic interaction in some
of the hydrophobically modified water-soluble polra can self-assemble into
hydrogels and exhibit reversible sol-gel transiitff° Some of the examples of
hydrophobically associating polymers include hydhmipcally modified alkali-
swellable emulsions (HASE), hydrophobically modifipolyacrylamide¥®>? and
hydrophobically modified ethoxylated urethane (HEUJ®? Thermo-reversible
polymers (based on LCST polymers) exhibiting intdérg reversible sol-gel
transition in response to temperature are alsorbegpextremely important as smart
injectable in controlled release technolddyThe sol-gel transition in thermo-
reversible polymers occur due to reversible hydotyphassociations trigged by small

changes in temperature.
1.1.4 Drawbacks of conventional hydrogels and newractural attributes

Although there are large number of application ofdrogels in tissue
engineering and controlled drug delivery, they suffom certain drawbacks such as
poor mechanical strengths, non-porous nature, dimiself-healing property etc.
Therefore, major research efforts are being madiesigning and developing novel
molecular architectures in hydrogels which includ@o-composite gefé;*” double-
network hydrogel§®*' slide-ring gels?™>* topological gels? and self-healin®’
hydrogels.

Haraguchi and co-workés have reported on the novel nanocomposite
hydrogels based on NIPAm monomer with clay, het#oas a multifunctional
crosslinking agent. The exfoliated clay in the logll matrix exhibited enhanced
mechanical strength to the hydrogels. Osada andg®aaported on the double
network (DN) hydrogels which contain two indeperttiesrosslinked networks, the
first one consisting of highly crosslinked and #aeond one with slightly crosslinked
structure. These hydrogels were found to exhibte&nt mechanical strength when
the molar ratio of second network to the first natwis higher than 10 or more. The
enhanced mechanical properties of these DN hydsdgdbelieved to happen due to
the dissipation of energy by the loosely crosslthketworks. This phenomenon was
demonstrated for DN hydrogels consisting of higigsslinked poly (2-acrylamido-
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2-methyl propane sulfonic acid) and the lightly ssiinked polyacrylamide. Now

efforts are being made to develop other DN hydmbgaked on cellulose.

A new topological networks consisting of novetlsig ring crosslinking mode
was reported by Okumura and fo>* *°In these systems, the linear polymers such as
PEGs were pierced through cyclodextrin moleculeseard capped with bulky groups
like adamantine to prevent the slipping away frame ttyclodextrins. Then the
cyclodextrins were connected together to obtain ileatrosslinks with a figure of
eight (8). These sliding ring gels exhibited a tpuleffect” where the sliding motions
tend to equalize the stresses in the network streiato-operatively resulting into

enhanced mechanical properties.

An excellent review on novel molecular architeeturfor hydrogels with
improved mechanical strengths and toughness awetegpin the literature by Mark
and co-workers and Peak etaf® Recently, conducting hydrogels are also
becoming more and more important in neural netwotklectrochemical
biosensor§? electro stimulated drug relea8eElectrical conductivity can be induced
in hydrogels by incorporating various conductingtenals such as conducting
polymers (eg: polyaniline, polypyrrole, polythiopted, carbon, metal nanoparticles

etc., into the hydrogel matrix.
1.1.5 Hydrogels for controlled release applications

Hydrogels are very upcoming classes of materialgantrolled release of
drugs. Particularly, swelling-controlled and stimm@sponsive hydrogels are
becoming extremely important in controlled drugiviaty. In general, hydrogels in
drug delivery are divided into ‘matrix’ and ‘reseiv types. Hydrogels can be made
into various shapes and sizes and the design sbpgtidosage forms depends on the
routes of administration of drug which include: peroral route — spherical,
cylindrical, discs; implants route — disc shapendishaped; rectal route — tubes, rods;

vaginal — cylindrical etc.

The release of drug from hydrogel involves simmdaus absorption of
water/body fluids and release of drug via a swglltontrolled mechanism. The most
common release mechanism is diffusion. The difiugibthe drug can occur through
a reservoir in which the drug core is surroundeé lpplymer film or the drug can be
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released from the matrix where in the drug is unily distributed in the hydrogel
matrix. The matrix system tend to follow a Higushihodel where in the drug release
is proportional to square root of time ‘t*¢). This may not give uniform release rates.
On the other hand the reservoir system can givecwsstant release rates. The most
important parameters of hydrogels for controlledgddelivery applications include
degree of crosslinking and mechanical strengthyort pore size, drug distribution

in the hydrogel, and diffusion of drug.

Hydrogels can exhibit dramatic changes in theielBag in response to
various stimuli such as, pH, temperature, elediatd, magnetic field, ultrasonic
radiation, glucose, urea etc. These hydrogels hbeen termed as “stimuli-
responsive” or “smart hydrogels” or “Intelligent Ige Some of the examples of
hydrogels with the stimuli and the drug for the laggtions in controlled drug
delivery are given ifable 1.2.

Table 1.2Examples of stimuli-responsive hydrogels in drulgdey

Hydrogels Stimuli Drug Ref
PHEMA pH Salicylic acid 62
) Amoxicillin, 63
Chitosan — PEO pH _
Metronidazole
Gelatin - PEO pH Riboflavin o
Poly (N-isopropyl acrylamide
¥ Propy Y ) Temperature Heparin 65
[PNIPAM]

PNIPAM-co-butyl methacrylate-co- pH & . 66
AA Temperature Calcitonin
Ethylene-co-vinyl acetate [EVAc] | Magnetic field i o7
EVAc Glucose Insulin 68
PHEMA Electric field | Proprandol hydrocloridg ~ °°
EVAC UItra_Lsc_)nlc Insulin 70-71

radiation

Drugs can also be covalently conjugated to thedgal matrix and the release
of the drug can be effected by the rate of chemicaknzymatic cleavage of the
polymer-drug bond. For example, dexamethasone wajsigated to a photo reactive
PEG by a degradable lactide bdfd.
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1.1.6 Hydrogels for Tissue Engineering

Tissue Engineering has become an important feeltleat patients who suffer
from the loss or failure of an organ due to acdidendiseases. In general, tissue or
organ transplantations are a common approach/theoageplace damaged tissues or
organs. However, because of the lack of donors @#piproach has encountered/
severe limitations. In this context, hydrogels hawgerged as promising materials in
tissue engineering where they are used as scdifojolants to mimic many roles of
extracellular matrices and to generate new tissHesvever, there is a significant
challenge in the design and manufacture of hydraggeffold that has good
mechanical strength and possess both highly p@tousture and the ability to control
the release kinetics of growth factors during thesue regeneration. Hydrogel

scaffolds/implants for tissue engineering requne following characteristics:

® Should be non-toxic and biocompatible

® Should mimic the extra cellular matrix (ECM)

® Should have good mechanical strength

® Should have a porous structure with interconnepteds

® Should support cell adhesion and proliferation,litating cell-cell contact

and cell migration

* Preferably biodegradable and bioadsorbable at gterthined time-period,
and the space initially occupied by the scaffoldudt be replaced by growth

tissue.

The average pore size of the hydrogel greatly tffdee growth and penetration
of the cells in the 3-D structure of the hydrogéiere are various techniques used for
creating porous structure in the polymer scaffahglants. These include, solvent
casting’>"* particle leaching>’® freeze-dryind"® gas foamind? by using
porogeng? electrospinninyl etc. The optimum pore sizes of scaffolds in tissue
engineering have been shown to be 5 um for neolasation, 20-125 um for
regeneration of adult mammalian skin, and 100-380 far regeneration of bone.
Besides these, the micro-architecture of the skchffitso plays an important role in

tissue regeneratioit.2®
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A wide variety of synthetic and natural polymersvdiabeen used to form
hydrogels for tissue engineering scaffolds/implarfynthetic polymers include
%43—85

aliphatic polyester&’®® poly anhydride8®® poly orthoester®® polyethylene oxide

(PEO)®¥%3 polyvinyl alcohol (PVA)?*® poly acrylic acid’®®’ polypeptides®*® The

h—iI.OZ 103-104 é?5-106

naturally derived polymers include chitosd collagen, agaros

%1 and hyaluronic acid®**® etc. All these

alginates®’ % fibrin,’*° gelati
materials are generally used in the form of foaspsnges and films.

Hydrogels have been used for tissue engineeringadflage!'* bone'*® neural
tissue™® vocal matrix!*’ ligaments;*® heart valves!® skeletal muscle¥° hair
follicles,*?* trached?? lungs?®® etc. Scaffolds based on terpolymer of gelatin-co-
chitosan-co-hyaluronic acid have been reported tonien natural cartilagé®*
Combination of HA with alginate and poly-L-lysineave been used to develop
scaffolds for variety of tissue engineering applmas'* Hydrogels have also been
used to culture fibrobladt® pre-adipocyte$?” bone-marrow stromal celt§®
pancreatic islet ceff® human umbilical vein endothelial celf€ hepatocyted™
osteoblasts? etc. Some of the polymers used commercially fokinmscaffolds are
mentioned in th&able 1.3below:

Table 1.3Examples of commercial polymers used for makinffada in tissue

engineering applications.

Polymer Application Commercial name
PGA Biodegradable synthetic suture Dexor
PLGA Skin graft Vicryl Mesh

PLDLA Bioresorbable Implant Resomer

PLGA-Collagen| Tissue regeneration membraneCytoplast Resorb

PEU Tissue engineering Degrapol
Collagen Bioengineered skin equivalent Transcyte
HA Bone graft OSSIGEL

Polyanhydride | Chemo-therapeutic application  Gliadel

1.1.7 Polyurethanes for biomedical applications

Recent years have witnessed a great interest yumgthane based hydrogels
because of their excellent biocompatibility, chemhioversatility and superior
mechanical properti€s>'3> Besides other applications in adhesives, coatings,
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synthetic leather etc. PUs have been extensivelyestigated for biomedical
applications including cardiovascular devices saglvascular prostheses, intra-aortic
balloons, cardiac valves, membranes for dialysianiofacial reconstruction, breast
implants etd**** Biodegradable PUs having degradable pebaprolatone

segments are used as implants in tissue engineéfing

PUs are prepared by the reaction between isocyaswad diols to obtain
polymers with urethane linkages (-NH-COO-) in thaiain chain. The chemical and
physical properties of PUs can be tailored to tha&iget applications by selecting
different types of diols/polyols (based on PEG, rofgctone etc.) and aliphatic
(hexamethylene diisocyanate, cyclohexyldiisocygnatel aromatic (TDI, MDI, LDI
etc.) diisocyanates. When difunctional isocyanatas polyols are used, the resulting
polymers are linear PUs. Crosslinked PUs are obtiwvhen tri-(or higher) functional
monomers/crosslinker are used. Therefore, the aamsiructures of diols/polyols
and diisocyantes as well as chain extenders plagnpartant role in determining the

properties of PUs.

PU hydrogels obtained from UV-curable urethane pphgner were
synthesized and their properties were evaluatedcéuotact lenses applicatidft
Physically crosslinked PU-block-poly (glycerol mathlyate) hydrogels have been
reported for tissue engineering applicatiofisPetrini et al., have reported on the
synthesis of porous PU hydrogel by one-step bulkrperization technique for tissue

engineering application’§®

Graham and McN€if®**® have reported on the prolonged delivery of
prostaglandin f caffeine and melatonin from PU hydrogels. Biomsatlapplications
of PUs have been reported by Zdrahala and Zdraftaleransparent PU hydrogels
were obtained by using the combinations of PEG RRG diols™° A review article
has been published which summarizes on the systl@sbiodegradable PUs as
scaffolds for regenerative mediciffé. These biomaterials are designed to undergo
controlled degradation in-vivo and promote in grhowaf new tissue. Thermo-
responsive polyurethane hydrogels based on PEG polgicaprolactone for
biomedical application have been reported recéntlgon et al., have published a
review in which they have described the preparadiopolyurethane with their merits
and demerits as scaffolds in tissue engineeringcaions >

S P Pune University, Chemical Engineering 10  CSIR-National Chemical Laboratory



Introduction Chapter- 1

1.1.8Characterization techniques used in this work
1.1.8.1 WideAngle X-ray Diffraction (WAXD)

X-ray diffraction is a nc-destructive analytical technique used extensive
solid-state chemistry and material science. Particularlyhe crystalline materials t
diffraction dependsrothe crystal structure and the wavelength. Siheentavelengtl
of X-ray is comparable to the size of atoms, the intexssof the diffracted -ray can
be used to probe the structural arrangement ofatomd molecules ia wide variety
of materials.

Bragg’'s lawin X-ray diffraction relates the wavelength X-rays @), to the

angle of incidenced]) and tte interatomic distancell with the following equatio.
N\ = 2d sind (1)

Where, 1’ is the wave length of the -rays, ‘d’ isd-spacing btween atomic
planes (interplanar distances) in the crystal,isnan integral denoting the order
diffraction peaks.
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Figure 1.1: Schematic of WAXD instrument
[Redrawnand modified according (© Rice University, Houst()]

X-rays are produced by collision of high speed aebastrwith a metal targ:
and have the wavelength in the range 0-2.5 A. An X+ay diffractometer contair
three main components namely, (i-ray tube generator, (ii) sample holder and

detector. Xray tube has an evacuated tube containing a catmadian anode (targe
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A high voltage is applied across the electrodesatmelerating the emitted electrc
to the target. X-raygreliminary interact with electrons in atoms and XRD

spectrum is ofained by measuring the diffracted intensity asirection of diffractec
angles, 2 (angle between incident and diffracted be) and orientation of th
specimen. The peaks in-ray diffraction pattern are directly related to ta@mic
distance by Bragg'daw. In our study, we have used XRD investigate the

microstructure of PU based xerog">*

1.1.8.2 SmallAngle X-ray Scattering (SAXS)

SAXS isan analytical method to determimicroscale and nanoscale struct
of particle systems in solid, liquid and gaseoasest Unlike the WAXD (1-90°) the
SAXS offers scanning at an angle betwe-10°. SAXS hasbeen extensively used
studying the partie size and morphology of se-crystalline polymers, micropha
separation in block copolymers, polymer blends &tds technique is also used
understanding the microstructures in metals, cemeits, proteins, foods ar

pharmaceuticals.

Collimation System

_—
X-Ray

Source

Scattering
Angle

Detector

Software

Sample Bearmn
Stop

Figure 1.2: Schematic of SAXS instrument
[Redrawnand modified according (© Anton Paar GmbH, Austr)]

When a monochromatic beam o-rays hit the sample, some are absor

some are transmitted without any interaction andesare scattered from the sam|
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The scattered X-ray form a scattering pattern thatetected by a detector situated
behind the sample perpendicular to the primary Xfyaam. The scattering pattern
contains the information on the structure of theplas.

The basic components of all SAXS instruments conefsa source, a
collimation system, a sample holder, a beam stdjpaatetection system (Figure 1.2).
The collimation system makes the beam narrow afidefethe zero-angle position.
The beam stop prevents the intensive incident daging the detector, which would
otherwise overshadow the relatively weak scatteahghe sample and can destroy

some of the detectof®®

The relation between scattering vector (q) andacay angle) is given by,

—4—7Tsin2 (2)
=7 2

Where A’ is the X-ray wavelength (Cu &« = 1.5418 A). The average
distance'd’ between domains can be estimated byp#ek position using a well

established equation as follows

d = 21 (3)

Amax

Where,Qmax IS @ scattering vector at maximum intensity of tdwerelation

peak.

We have used SAXS technique in our study to detratesthe presence of

lamellar microstructure in PU xerogels.
1.1.8.3 Scanning Electron Microscopy (SEM)

SEM is an electron microscopy technique which peedumages of samples
upon scanning with beam of high energy electrohg dlectrons interact with atoms
in the samples and produce signals that contaiarmdtion about the surface
morphology.

The images of the specimen can be captured indmghlow vacuum, in dry
and wet (in environmental SEM) conditions and alemange of temperatures. The
resolution of the images can be better than 1.07Tm. magnification of images can

be obtained from 10 to 500,000 times. The scanalagtron microscope consists of
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an electron gun, column in which electrons travebaigh electromagnetic lens
sample chamber, detectors, vacuum system and dgtataevice. The schematic

SEM is shown irFigure 1.5

When theelectrons hit the sample with high energy, theydpoe secondar
electrons, backscattered electrons and charaateK-rays. If the sample contail
conducting material, its image can be obtainedctire For the no-conducting
samples, the surface ioated with metallic film by sputtering. These silgnare ther

collected by detectors to form images on the coepisplay

atectron gun
electran baam \K
~50
| S gl

o anode
4 s

e =

magnetic lens
backscatterad

H=eH s [=h i S
electron detecto \\E; | sacondary
e | electron detector

S
spacimean !

——H_.____}_W ;?f::/ stage

Figure 1.3: Schematic of a SEM instrument
(© Encyclopaedia Britannica, Inc.

The SEM is widely used to investigethe microstructure of wide range
materialst>®

1.1.8.4 Micrccomputed Tomography (u-CT)

Microcomputed ‘omography (u-CT) is a namvasive, high resolutio
X-ray scanning technique that allows unique possé#slifor precise -dimentional
imaging andquantification of micr-architectural, morphological, and stereoloc
parameters of materials including ceramics, polgneretal forms, composites a
mineralized tissueS’ u-CT combines micro-focal spot Béy projections rotate
through multiple viewing directions to produce-D reconstructed images

materials. The tomographic reconstruction can lsedb@n a cor-beam convolution-
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back projection algorithm. Combined with 3-D sintidas and analyses that are
capable of handling the complexity of microstruesim materials, pu-CT has emerged
as a powerful tool that provides clear insightsoinbe link between materials

processing and properties.

Projection

Sample \

X-ray beam

Collimators and filters Detector

Micro-focus X-ray tube Sample holder

Figure 1.4: Main components and working principle oftaCT scanner.
(© Queen Mary University of Londgn

The p-CT units consists of an X-ray source, a specithat is to be imaged,
an X-ray to — electronic signal — converting imaperray, and a device that either
rotates the specimen or rotates the scanner arthenstationary specimerigigure
1.4).

The method of providing high resolution imagessfatito one of the three
approaches: (i) cone-beam (ii) optical magnificatand (iii) Bragg’s diffraction. pu-
CT can be used to investigate micro structural attarization of wide range of
materials which includes cellular metallic hetemgeus structure, electronic
components, dental materials, polymer scaffolds tissue engineering and drug
delivery, trabecular bone, bio-ceramics etc. In ework, we have used u-CT

technique to investigate the pore structure and fimulation in PU xerogels®

1.1.8.5 Universal Testing Machine (UTM)

UTM is a device which is used to study the mechanproperties such as
tensile, compressive, flexural strength, modulusairs etc., of a wide range of

materials including plastics, elastomers, metdissy paper etc. In UTM, a load or
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deformation is applied to a standard sample ofexifip size and dimension and the
natural resistance of the material to this appleat or deformation is accurately
sensed by a well calibrated load-cell. The sidra@h the load cell is appropriately
converted to the mechanical parameters with thp bkk suitable transducer and a

computer.

The UTM consists of transducer, load-cell, sampliaufe (grips) and a cross-
head for moving (pull or press the sample) theufixtin appropriate directiorrigure
1.5. The movement of the cross-head, and hencextioee, is accurately measured
by means of another transducer of LVDT (linearalale differential transducer) type,

which gives the strain value accurat&ly.

Upper crosshead

Load cell

~ Columns

Accessory (tensile test grips
in this case)

— Lower crosshead

Recirculating ball screw
system

Protection

Gearbox

DC servomotor

Bench

Figure 1.5: Schematic of UTM
(© Instron Illinois Tool works In¢

A typical stress v/s strain curve contains variosagimes of mechanical
property analysisHigure 1.6). The initial linear region is also called the Hean

region is the elastic regime. Then, beyond yiauhp the regime is called the region
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of plastic deformatiot®® The slope of this elastic region will give thestia modulus

or generally termed as Young's modulus of the nateAt the end of this regime is
called the yield point, which demarcates betweenrdgion of reversible and non-
reversible deformation. Further, the highest vatiethe stress obtained from a
material is called its ultimate strength or tensteength (if it is a tensile mode of

testing).

Strain Hardening Necking
Stress I t 4

Ultimate Strength

Fracture

Yield Strength

Rise

Run

Young's Modulus = Rise = Slope
Run

Strain

Figure 1.6: A typical stress v/s strain graph

We have extensively used UTM in our work to studhe tmechanical

properties of PU hydrogels.
1.1.8.6 MTT Assay

A tetrazolium-based colorimetric assay (MTT - 3B(dimethylthiazol-2yl)-
2,5,diphenyl tetrazolium bromide) is often usedet@luate polymer cytotoxicity, or
more precisely the metabolic activity of cells mntact with the material. The MTT
assay is simple, reproducible, and denotes cdiiilitip MTT, when in contact with
the live cells, produces a formazan product tha &a absorbance maximum at
490 nm. Here the MTT are tested with both contetll lme (L929) and cancerous cell
lines (A549, MCF7)These cells arincubated at 37+3C in air with 5% C@ for a
minimum of 24hrs. Cytotoxicity was qualitatively aduated using phase contrast
microscope for general morphology, vacuolizatioetadhment of cells and cell lysis.
Sub confluent monolayers of cells were trypsinizth a multi channel pipette added
100uL of the cell suspension to each well of the 10tr@rcolumn of multi well plate
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containing 0.5 — 1 x focells / well. Growth medium is added and incubtié
attaining sub confluency. Medium is removed and plee is fed with 20QL of
fresh medium and 50L of MTT. Wells were incubated from 4 hrs to oveymi in
humidified atmosphere. Medium and MTT were remo¥w&nn the wells and the
MTT formazan crystals were dissolved by adding 2000f DMSO / Propanol.

Absorbance at 570nm was recorded immediately, shreeroduct is unstabfé*
1.2 Summary

This introductory Chapter-I gives a comprehensasgaw of the literature on
hydrogels, classification of hydrogels, synthedibyarogels, properties of hydrogels
and draw backs of conventional hydrogels and newctiral attributes that cover the
application of hydrogels in all areas. The emphasigiven on the application of
hydrogels in drug delivery and tissue engineeriiig.includes, currently used
hydrogels with their advantages and drawbacks amgbes for newly developed
hydrogels. Background on polyurethane hydrogels twed further scope in drug
delivery and tissue engineering applications isulsed.

The characterization techniques such as WASBXS, SEM, u-CT and UTM
used in this work have been briefly described. Rale references are given at the

end of the chapter.
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In the second chapter, we have discussed the scope and objectives of thesis
work.
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Most of the hydrogels used /or proposed in tissugineering applications
exhibit weak mechanical strength and hence inviriate unsuitable for application
under load. The fracture energy of typical hydregall in the range of 18- 10°
J/nf, which is much smaller than the fracture energysial rubberS.Therefore,
major research efforts are underway in designing developing novel hydrogels
with improved mechanical properties. These includeuble network gel,
nanocomposite gefsslide ring gels/ topological gefsRecently, Jeong Yun Sun et
al.’ have reported on the highly stretchable and tohgtirogels made by the
combination of alginates and poly(acrylamides). Tdngghness in the hydrogel was

introduced by recoverable energy dissipating meishas

Besides good mechanical strength of the hydrogjeésporosity of hydrogels
plays an important role in designing scaffolds anglants in tissue engineering. The
scaffold allows cells to enter in it, proliferatedasecrete their own extra cellular
matrix (ECM), leading to a complete and naturaues replacement in the long run.
The porosity, pore size and pore structure of tadfald is vital for nutrient supply of
cells. The diffusion rate of nutrients increaseshwihe presence of an open
interconnected porous network in the scaffold. &#ht techniques have been used to
fabricate porous scaffolds which include porogeaching®® phase separatioh,

emulsion freeze-dryinf:** solvent evaporatidfi™*and gas foamirgetc.

Lately, Polyurethanes (PUs) are becoming increfsimgportant synthetic
elastomers in variety of medical implants (likediac pace makers, vascular grafts
etc.) because of their excellent mechanical pragseand good biocompatibility. PUs
are also designed to have chemical linkage that degradable in biological
environments® However, a major drawback has been the toxicitydedradation
products, particularly those derived from the dii@mate componelit'’ of PUs.
Accordingly, to address these issues in designeggatiable PUs, diisocyanates such
as lysine diisocyanate (LDI) [2,6-diisocyanatoheoate] and other aliphatic
diisocyanates like hexamethylene diisocyanate (Hi») 1, 4-butane diisocyanate

have been used, which yield non-toxic degradatrodyrcts.

The advantage with PU polymers/hydrogels is thet fgblyethylene glycols
(PEGs) component used for making PUs can impattfesdible nature to the final
structure. The combination of hard (diisocyanate] aoft (PEGs) segments in the
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hydrogel structure can be varied and crosslinkimg lse affected to obtain hydrogels
with desired properties. The diisocyanate and PHE®&ponents provide both
hydrophobic and hydrophilic nature to the obtainedydrogels. The
hydrophilic/hydrophobic balance of the resultansteyn can be optimized with the
control of PEG segments (with different MWs of PEGand accordingly the
lipophilic/hydrophilic therapeutic agents can becdrporated into PU hydrogels
matrices. PU hydrogels can be prepared by one-ploerst free method by the
reaction between neat PEGs and diisocyanates iprésence of a crosslinking agent
such as hexanetriol (HT). The products can be peep@n any shape and size
depending on the mould used. The porous structutbe hydrogels can be induced
by simple cryogenic and lyophilization techniqueuc® a benign and prudent
approach is a most desirable strategy for the sghof polymers for biomedical
applications. Further, the use of diols such as/qagrolactone diols (PCL) and
polycarbonate diols (PCD) can result into degraeldl hydrogels. By employing
PCL and PCD-diols, the modulus as well as the pfbicity of the resultant PU
hydrogels can be tailored to suit end applicatiihse to versatile chemical reaction
of making PU hydrogels with the reactive functiongtoups in PEGs and
diisocyanate, simple biological molecules can m®iporated chemically (covalently
linked) and/or physically dispersed in the PU geltnx. From a few studies reported
in the literaturé®*® on the covalently linked molecules to PU chaihsah be realized
that, there is a good scope in designing and sgizing new drug conjugated PU

hydrogels system for drug delivery and tissue ezgyiimg applications.

Although there are reports on natural and synthsterogels for scaffolds and
implants applications in tissue engineering, tiethnological development is still in
infancy. Therefore, there is a great scope forgihasg and developing new hydrogel
system with good biological properties (e.g., bmpatibility, biodegradability),

having controlled pore structure and having goodhaaical properties.
The objectives of the thesis are:

e To design and synthesize PEG-PU hydrogels by ohepthod using PEG-
4000 as a soft segment and '4pkthylenebis cyclohexyl isocyanate

(H12MDI) as a hard segment with hexanetriol (HT) asasslinker.
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* To induce porous structure in the obtained PEG-Rtrdgels by simple
cryogenic and lyophilization technique.

* Characterization of PEG-PU hydrogels by FTIR, S&tdte NMR, WAXD,
SAXS, Swelling, mechanical strength by DMA and UTMnalysis of
porous structure by SEM and microcomputed tomogr&pkCT).

* To incorporate bio-molecules such as Curcumin PEG-PU hydrogels to
obtain mechanically strong hydrogels and to coreekhe structure with
properties.

* To study the biological properties of the obtaid hydrogels in terms of
Cytotoxicity, MTT Assay, antimicrobial and antibagal activities.

* To demonstrate the potential use of the above esludiew PU hydrogels for
drug delivery and tissue engineering applications.
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In the third chapter, we report the synthesis of porous poly (ethylene
glycol)—polyurethane (PEG-PU) hydrogels using PEG-4000 as a soft segment
and 4,4’ methylenebis (cyclohexyl isocyanate) as a hard segment. The degree
of swelling in the hydrogels could be controlled by varying the amount of
crosslinking agent, namely 1,2,6-hexanetriol. The characterization
techniques such as Solid-state 13C NMR, FTIR, WAXD, SAXS, SEM, DMA, p-
CT, biological tests etc., used for studying the structural, micro-structural,
surface morphology, mechanical behaviour and cytotoxicity of the hydrogels

were briefly explained.
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3.1 Introduction

Polyurethane based hydrogels are attracting inicrgagtention lately in bio-
medical applications because of their flexible naiand versatility in the synthesis.
Guan et al., have reported on the porous, biodabtadoolyurethane scaffolds for
soft tissue applicatiorfsGraham and Mc Neil have reported on the contrakdease
of prostaglandin E caffeine and melatonin from PU based hydroélBadiger et
al., have reported on the porogens for the preparatid®J hydrogels for controlled
drug delivery application. Polyurethane based materials have been used for
immobilization of enzyme and ceff8Wu et al., have synthesized PEG-POSS multi
block polyurethane hydrogels using Polyhedral daibosesquioxanes (POSS)
nanocrystals as physical crossliftksAlthough there are a few reports on PU
hydrogels, their detailed investigation in termsrachanical strength and porosity is

not fully explored.

In this chapter, we report on the synthesis of psrpolyethylene glycol-
polyurethane (PEG-PU) hydrogels using PEG-4000 a®ff segment and 4, 4'-
methylenebis (cyclohexyl isocyanate) as a hard segntHexanetriol (HT) was used
as a crosslinker and dibutyltin dilaurate (DBTDLasvused as a catalyst. The
structural characterization of hydrogels was penfent using FTIR antC solid-state
NMR spectroscopy. The micro structure of the hydisgvas investigated by wide-
angle X-ray diffraction (WAXD), small angle X-raycattering (SAXS), scanning
electron microscopy (SEM) and X-ray microcomputedchagraphy (X-ray p-CT).
The mechanical strength of the hydrogels was eteduasing Dynamic Mechanical
Analyser (DMA). The desired porosity in the hydrtsgevas created by cryogenic
treatment of chemically crosslinked PEG-PU hydrsgdébllowed by removal of
frozen water crystals in the hydrogel matrix thrdedgophilization. Preliminary in

vitro cytotoxicity test was performed on PEG-PU togels.
3.2 Experimental
3.21 Materials

PEG (MW~4000g/mol) and dibutyltin dilaurate (DBTDWwkere obtained from
Merck India; 4, 4' methylenebis (cyclohexyl isocge) (H.MDI) was purchased
from Sigma Aldrich, USA; 1,2,6 hexanetriol (HT) wabtained from Fluka USA.
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Dulbecco's Modified Eagle Medium (DMEM) and Fetabvihe Serum (FBS) was
purchased from Invitrogen USA; Dulbecco's Phosphaittered saline (DPBS) was
obtained from HiMedia India. All the chemicals wereanalytical grade and used as

received.
3.2.2 Synthesis of PEG-PU Hydrogels

Polyethylene glycol [MW~4000g/mol] was dried at 8D for 6 hours in a
rotary evaporator to remove any residual moistae stored molten in a sealed flask
in an oven at 70C until use. To 0.335g of HT in a 50ml glass bealeng of
dibutyltin dilaurate (DBTDL) was added and stirnedmediately using a glass rod.
The mixture was then placed in an oven af®%and 10g of molten dry PEG 4000
was added, mixed well and left in the oven to ateguilibrium temperature. To this
mixture, 1.5ml of 4,4' methylenebis (cyclohexyl aganate) was added using a 5ml
glass syringe under nitrogen atmosphere and miged)lass rod. The mixture was
immediately poured in to pre-silanated glass pisines, kept in the oven under
vacuum to remove evolved gases and facilitate guion 4 hours. After cooling the
hydrogel discs were removed by immersing the pisties in distilled water for 4-5
hours. The unreacted monomers were removed by mgshe hydrogels in excess
distilled water for a few days with frequent repgment of fresh distilled water.
Using the same procedure, hydrogels with diffeigiitcontents were prepared and

the stoichiometry for reactions is given in Table-1
3.2.3 Preparation of porous PEG-PU hydrogels

Porous PEG-PU xerogels were prepared by cryogesatnient of chemically
crosslinked PEG-PU hydrogels followed by removaicef crystals by lyophilization.
The swollen hydrogels (16mm length x 10mm widthmn3 height) were placed in
liquid nitrogen for 15 minutes and then freeze-diiiea lyophilizer (Christ Alpha 1-4,
Germany) for 8-10 hours.

3.3 Characterization

3.3.1 Structural Char acterization
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3.3.1.1 FTIR Spectroscopy

The structural characterization of PEG-PU hydroge&s performed by FTIR
and**C Solid-state NMR spectroscopy. The FTIR spectreenbgels (dried gel) were
recorded using Perkin Elmer spectrum one (USA) indifluse reflectance
spectroscopy (DRS) mode and the samples were muitacdKBr powder.

3.3.1.2 BC solid-state NMR

The'3C Solid-state CP-MAS NMR spectra of samples (xejogere obtained
using Bruker Avance AQS spectrometer (Bruker, Geyhaperating at a carbon
frequency of 75 MHz. The samples were spun at 8 kglag 4mm triple resonance
probe. About 4000 scans were accumulated to get gpectra using inter scan delay
of 2.5s.

3.3.2 Swelling M easur ements

The swelling behaviour of the PEG-PU hydrogels wsiadied using
gravimetric method. The xerogel samples were imeatkis distilled water kept at 37
°C using shaking water bath. The swollen sample® wemoved from the water at
the prescribed time, gently pressed between tvter fjapers to remove any excess
water on the surface, and weighed in an electr@malytical balance (FX300,
Afcoset, India). Weights of the gels were recordater reaching equilibrium

swelling. The swelling ratio (Q) was determinedngsan equation,

_ Wi =Wy

x 100 1
v ™

Where W; andWjy are the mass of swollen and dry samples, resggtiv

3.3.3Micro structural Characterization
3.3.3.1 Wide-angle X-ray diffraction (WAXD)

The wide-angle X-ray diffraction (WAXD) techniqueas used to detect the
microstructure of PEG-PU xerogels with varying desg of crosslinking. The
measurements were made at room temperature on akWRiPMAX 2500
diffractometer operated at 40 kV and 100 mA with Kiuradiation (wavelength, =
1.5418 A). The samples were scanned betwéer 2’ to 40 and the diffraction

patterns were collected at RT and’e0
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3.3.3.2 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) measurementsewmerformed on a
Bruker Nanostar machine (Germany) equipped witlotating anode generator (18
kW) operating at a voltage of 45 kV and current1l00 mA. The X-rays were
collimated through a three-pinhole system, and deda acquired using a 2D gas
filled Hi-Star detector over a g-range of 0.011-84. The detector was calibrated
using a silver behenate sample. PEG-PU samples samchwviched between Kapton
flms and were mounted on the Bruker heating stdma was corrected for
background scattering. The 2D data was reduce®tbylcircularly averaging, using

the software provided with the instrument.
3.3.4 Thermal Analysis

The melting behaviour of the PEG-PU xerogels wasestigated by
Differential Scanning Calorimetry (DSC Q10, TA Inshents, USA) equipped with a
mechanical intercooler under a continuous nitrogerge. The following procedure
was used: after annealing each sample 4€5r 24hrs and dried, the samples (5-10
mg) were cooled to -58C with a ramping rate of 2/ min and then heated up to 70
°C with a ramping rate of 8/ min. The dependence of melting enthalpy (heat of
fusion) and melting point of PEG-PU xerogel as iacfion of degree of crosslinking

was examined.
3.3.5 Mechanical Properties

Mechanical properties of the PEG-PU hydrogels wereasured using
dynamic mechanical analyzer (RSAIlll, TA Instrument®JSA). Uni-axial
compression was performed on cylindrical samplesni8diameter x 3mm height)
mounted on parallel plates with a cross-head spe&chm/min. The pre-tension load
was ~0.03N. Force experienced by the transducerscasded as a function of strain
applied. Dynamic strain sweep was performed on &8t constant frequency of 1
Hz to obtain the linear visco-elastic region. Thealynamic frequency sweep
experiments were carried out from 0.01 to 0.5 Hithiw the linear visco-elastic
region of the specimen in the compression modétai the storage and loss moduli

of the specimen.
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3.3.6 Morphological Analysis
3.3.6.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was employedineestigate the
morphology of hydrogels, xerogels and porous xdsogeing Quanta 200 3D dual
beam ESEM (FEI, Finland). The electron source wagdten (W) filament with
thermionic emission at the resolution of 3nm (30kW)high vacuum. Before SEM
imaging, the hydrogel, xerogel and porous xerogedse sputter-coated with a thin

layer of gold.
3.3.6.2 Microcomputed Tomography or Micro-CT (u-CT)

Three-dimensional non-destructive imaging of porB&s-PU xerogels was
performed using a high-resolution X-ray microconggutomography-CT), model
Versa XRM — 500 (Xradia Inc., USA). Porous PEG-P&fagel was placed in the
sample stage, scanned using X-ray of energy 40ld/Gan microns voxel size. To
study the permeability in porous hydrogel, flow slation was performed on the
resultant three-dimensional model of porous PEG»bgel using Avizo XLab

Hydro (VSG, France) software along the three corateés individually.

Two-dimensional cross-sectional images of porousged were reconstructed
from X-ray projections recorded during scanning #eeér segmented using Avizo
Fire 7.0 (VSG, France) software to generate thisexdsional models of porous
PEG-PU xerogels. Pore size distribution of the spen is obtained after applying
edge-preserving smoothing filter and watershedralgn based segmentation of the

2D images using Avizo Fire 7.0 software.

Avizo XLab Hydro is a finite volume Stokes solver fabsolute permeability
integrated with Avizo Fire software. The methodglag flow simulation experiment
is based on the computation of absolute permegbijitsimulating an experiment, by
hermetically closing a given sample on four facdslevexperimental set-ups are
added on two opposite faces to guide the flow alomg direction. This solver works
directly on the segmented 3D image without reqgiany meshing step. Thus, it can

be run quickly on different regions of a 3D model.
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Initially, the struts in the segmented 3D datavgete separated and uniquely
identified to generate a 3D mesh for simulationteta3D mesh was optimized and
XLab Hydro solver was used to perform post-procgssmulation of velocity field to
study absolute permeability in x, y and z direcsiowhile simulating along one axis,
rest of the axis/boundaries were closed to allosvahientation of velocity field only
in one axis at a time. The resulting 3D simulatiata sets were coloured by velocity

magnitude and flow visualized using stream lines.
3.3.7 Invitro Biological Test
3.3.7.1 Cytotoxicity Test (Direct Contact M ethod)

For preliminary in-vitro cytotoxicity study, PEG-PWerogels with 8mm
diameter x 2mm height disc (n=3) were sterilizethgs0% ethanol. The sterilized
xerogels were swollen to equilibrium using sted&onized water for the removal of
excess ethanol. Excess water was removed and 7f @MMEM F-12 medium
containing 10% FBS was added, kept at 5 %, GO incubator. Empty wells
containing medium alone were used as controls. dMedis removed after overnight
incubation and one aliquot of the media was subgetd sterility analysis using LB
broth. The hydrogels were placed in 6 well platd549 cells (Adenocarcinomic
human alveolar basal epithelial cells) were seeteapproximately 50000 cells/well
with 3 ml of media volume/well in all wells inclualy controls. Microscopic images
of the well plates were taken at 0, 24, 48 andairhafter seeding.

3.3.7.2MTT assay

MTT assay was performed to assess cell viabilith WEG-PU-1.0 hydrogel.

MTT solution was prepared freshly by dissolving MTY serum free Dulbecco’s
modified eagle medium (DMEM) at a concentration5dd mg/ml. L929 fibroblast
and MCF-7 cells were seeded into 48 well plates éensity of 2.5 x T0cells/well.
Cells were incubated at 3T, 5% CQ, 95% relative humidity. All scaffolds were
washed with 70% ethanol, re-washed with DI watet altowed to dry under laminar
air flow. They were sterilized with UV light for 3tin prior to seeding the cells.
After 72 hrs of incubation cells were washed withriw PBS. Then MTT was added
to each well and kept for 4 hrs incubation. Thectiea mixture was removed and
20QuL of DMSO was added to dissolve the formazan clystawas then kept for 10
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minutes and the absorbance was taken at 550nmcdilsewere washed with PE
along with 4% parafornldehyde and images were taken after staining thetin
nucleus stain.

Avg absorbance of test

0 Il viability = x 100 2
% of cell viability Avg absorbance of control @

3.4 Results and discussion
3.4.1 Synthesis of PEG-PU

Previous reports on the synthesis of PEG ar;MDI based hydrogel

12-13 whereas we

employ toxic solvents, chain extenders and requinedtiple step:
report here on the or@ot, solventfree method for the synthesis of P-PU xerogels
by thereaction between neat PEG an;,MDI in the presence of HT as a cr-
linking agent. Such benign and prudent approathe most desirable strategy for t
synthesis of polymers for biomedical applicatiomge reaction was catalysed

DBTDL. The reactia pathway is shwn in Scheme 3.1.

PEG H4, MDI 1,2,6-Hexanetriol

DBTDLi 95 °C

0 o]
._..-0*_/\0.'”\ ’O/\O\N}LO/Y\/\/O‘”'HK

N
nH H o H o
=0
HN

HN

O)=O
0 o]
O‘I_/NO_]H\H /O/\O\HJ‘L()%\/O\IT H'-L-‘,L
o

Scheme 3.1: Reaction scheme for the synthesis of FRGxeroge
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The urethane linkages were formed through the mtidieaction between the
isocyanate groups of ;pMDI and the hydroxyl groups of PEG. The PEG segmsient
contribute as soft segments, whereas ti@MBI part contributes as hard segments.
The network structure in the gel is induced by ¢hasslinking agent, HT. The gels
obtained were easy to handle both in the dry andllew state and found to be
mechanically quite strong (the details of the madulill be discussed in separate
section). The as-prepared gels after drying al@7h an oven for 24hrs (Xerogels)
were found to be opaque but became transparent lupdnation with water which
indicated the ease of water permeability in thegllg. The flexibility of the hydrogel
strongly depended on the degree of crosslinking Stbichiometry for the synthesis
of PEG-PU Hydrogels with different contents of @loking agent is shown ihable
3.1. The advantage with this method of synthesisas, tine samples can be prepared

into any shape and size.

Table 3.1: Stoichiometry for the synthesis of PEG-PU Hydrogels

Sample Hexanetriol PEG4ooq3 DBTDL_3 HioM DI_3
(mol%) (mol x 107) | (mol x 107) | (mol x 10™)
PEG-PU-0.25HT 0.25 2.5 0.0237 6.35
PEG-PU-0.5HT 0.5 2.5 0.0237 6.35
PEG-PU-1.0HT 1.0 2.5 0.0237 6.35
PEG-PU-1.5HT 15 2.5 0.0237 6.35

3.4.2 Structural Char acterization
3.4.2.1 FTIR Spectroscopy

The structural elucidation of PEG-PU gel was pented by FTIR
spectroscopy. The stacked plots of FTIR spectraaitants, PEG-4000,4DI and

the product, PEG-PU-1.0 HT gel are showikigure 3.1(a).

In Figure 3.1(a) shows the strong absorption band at 2278 @mH;,MDlI is
ascribed to the C=N (Nitrile) stretch in the isotgte group (-N=C=0). Whereas, a
weak, broad absorption band of hydroxyl end groufgd) of PEG-4000 appear at
3400-3500 cnif due to low density of (-OH) groups. In the caséP&G-PU gel, the
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characterist absorption bands 0o—NCO) groups from BMDI (at 2270 cn™) and (-
OH) groups of PEGH00 (at 3400ci™) disappeared indicating the reaction betw
(-NCO) and (©H) to form urethane-NH-COO9) linkages. At the same time, t
new peaks appeared in P-PU spectrum: one at 3310¢mattributed to the -H

stretching in the urethane linkage and the otherlZ80cn™, attributed to th
stretching of ester carbonyl groups (>C=0) withie trethar linkages. Further, w
also observed strong absorption bandthe range of 2808000cn™ which can be
ascribed to GH stretching vibrations. Finally, the absorptiombaat 1115cr” in

PEGPU gel is attributed to the characteris—=C-O-C- stretching vibration of th
repeating unit -G2H,-CH,- of the PEG-4000. Thesebservations in the HR

spectroscopy, clearly confirmed the structure o-PU gels.

— . ; (a) 8 (b)
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Figure 3.1: (a) FTIR Spectra of (i) PE-PU-1.0HT Xerogel, (ii) k2MDI and (iii)
PEG-4000. (b}*C Solic-state CP-MAS NMR Spectrum of PBG-1.0-HT Xerogel.

3.4.2.2 °C Solid-state NM R Spectr oscopy

We show inFigure 3.1(b), the Solid-staté°’C NMR CRMAS spectrum of
PEG-PU-1.0HT xerogel.The inset inFigure 3.1(b) shows the chemical structure
PEGPU gel. It can be readily seen frcFigure 3.1(b) that the methyler groups of
PEG attached to oxygel-CH,-CH,-O-) show a strong peak at 68.70 ppm. T—
CHp) carbon atoms and carbon attached to Nitro—C-NH) appear at 31.6 ar
48.6ppm, respectively. The peak due to carbonybaranf the urethane linkag—
NH-C=0-0-)is slightly shifted to upfield and appear at 154y The observations
in the'3C NMR spectrum clearly confirmed the structure BG-PU gel
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3.4.3 Swelling M easur ements

Swelling in hydrogels is very important in contealldrug delivery and tisst
enginering applications. It strongly depends on the éegsf crosslinking and tf
hydrophilicity of the polymer. In the PE-PU hydrogels that we have synthesized,
degree of crosslinking was controlled by the amowft HT incorporated
Accordingly, we pregred gels byarying the mole ratio of PEG: HT (1: 0.- 1.5)
and keeping the MW of the PEG constant at 4000¢.

Figure 3.2: PEGPU gel: (a) Thin swollen disc (b) Drgnd water swollen disc (
Sheet and (d) Thick dis

The hydrophilicity of the gel which drives the sWaj, comes from PEG
segment and can be controlled by varyinc MW of PEG. We show irFigure 3.2
(b), the dry (Xerogel) and water swollen hydrogels fmual observations. It can |
seen that the xerolgeare opaque and turn into translucent upon hivatvelling.
The opaque nature of the xerogel can be attribicetie presence of crystallinity
the gel matrix exhibited by the PEG segments. H@awneis crystallinity is lost upo
hydration with w#er and the hydrogels become translucent/or pigrtiednsparent
Upon immersing the xerogel in water, the water malles diffuse into the polymer
hydrate the polar/hydrophilic groups, leading te tbxpansion of network ar
eventually coming to an uilibrium swelling capacity. The equilibrium swelg
capacity is determined by a balance between endadlipfavourable watepolymer
interaction and the entropic penalty of networkishexpansion, as given by Fl-
Rehner’s theory?
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We show inFigure 3.3 (a), the equilibrium swelling capacities of P-PU
hydrogels with four different degrees of crosslimki(4 different contents of H”
measured at room temperature. It can be seen tietequilibrium swelling rati
decreases with incrsa in degree of crosslinking and the values redfiroed 900%
to 300% with HT content increasing from 0.25 to Md®6. The decrease
equilibrium swelling can be attributed to the fotoa of more
compact/interconnectivity structure of network withore degree of crosslinkin

which prevents the expansion of netw

10004 (2) (b)
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Figure 3.3: (a) Swelling studies with respect to time for F-PU gels with differen

contents of hexatrol. (b) Swelling ratio with time at the initial stages @fedling.

We show inFigure 3.3 (a), the swelling ratio®@), as a function otime't’ for
PEGPU gels with 4 different contents of HT. In genethk kinetics of swelling i.¢
the time dependence of water uptake in gels cajivies as’’

F(t) = % = kt" (3)

Where K is a swelling rate constanin’ is the swelling exponenW is the
weight of dry samples, Ws and W,, are the swollen weights at timt’ and at
equilibrium, respective. It can be readily seen froigure 3.3 (a) that, the
equilibrium swelling reached within-4 hours for all the mples indicating
reasonably faster diffusion of water molecules e gel matrix. However, it i
important to note here that, the diffusion of wateslecules into hydrogel strong

depends on the polymer chain mobility which in tdepends on the glatransition
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temperatureT() of the polymer?® In general, higher the crosslink density, higter i
the Tg. If the Ty of the polymer is well below the measurement tewpee, then the
polymer chains exist in a rubbery state and exlailsitgher mobility. In this case, the
water uptake follows Fickian diffusion with swelljrexponent, i’ close to 0.5. On
the other hand, if th&y of the polymer is higher than the experimentalgerature,
then the chains are more rigid with a limited mibpiln which the polymer chain
relaxation rate is lower than water molecule diffasrate. In such case, the diffusion
will be non-Fickian and the value of swelling expaty n” will be between 0.5 and
1.0.

We show inFigure 3.3 (b), the log-log plots of swelling kinetics for PEG-PU
hydrogel with 4 different contents of HT. In thetial stage of swelling, the swelling
kinetics profiles increase linearly, following avper law behaviour and then level off
upon approaching the equilibrium state of swellifge swelling exponentn® could
be estimated from the slope of the initial lineagion of swelling profile. The values
of ‘n" are very close to 0.5 indicating the Fickian dgfion of water molecules into
PEG-PU hydrogels.

3.4.4Microstructural Characterization
3.4.4.1 Wide-Angle X-ray Diffraction (WAXD)

We show inFigure 3.4 (a), the Wide-Angle X-ray Diffraction patterns of
PEG-PU xerogels with different contents of HT alongh neat PEG-4000. The
diffraction patterns of neat PEG-4000 shows tworatiristic peaks centered at d-
spacing of 4.6 A @=19.2) and 3.8A (2=23.4) which can be attributed to the 120

and 132 reflections of PEG monoclinic unit ¢éff* respectively.

In order to ascertain the exclusive contribution REG segments to the
crystalline domain of the gel matrix, we perform&@XD experiments of PEG-PU-
1.5HT sample from room temperature to%8D It can be readily seen from tRgure
3.4 (b) that, the diffraction peaks initially observeddaspacing values of 4.6 A and
3.8 A at room temperature disappear and give adopeak at ~4.2 A, which can be
considered as an amorphous halo. This clearly aelécthat the crystalline nature of

the gel mainly arises from the PEG segments.
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Figure 3.4: (a) Wide-Angle X-ray Diffraction patterns oPECG-PU xerogels with
different degrees of crosslinking and comparisothwieat PE(-4000 at 25°C (b)
Wide-Angle Xay Diffraction patternsof PEG-PU1.5HT xerogels at differel

temperatures.

In the case of PE-PU Xerogels with different contents of HT, the dhfftion
peaks appear at the samg @nhgles of pure PEG with a simild-spacing value,
indicating that only the PEG segments are involveexhibiting the semi crystallir
nature of PEQRU gels. It is important to note that inspite o ttrosslinking of th
network, the PEG segments in the gel matrix are &blshow the crystalline natt

with a reasonable ordering in the struct
3.4.4.2 Small-Angle X-ray Scattering (SAXS)

To exploe further on the microstructure of gels, we perldmSAXS
experiments on PEGU gels at both RT and at 6C. The profiles of scatterir

intensity as a function of scattering vector arevamin Figures 3.5 (a-c).

Upon heating PE-PU xerogels closer to the melting of the soft seys
(~45 °C), the scattering peaks in the SAXS spectra dbifthe low ‘q’ region
indicating that the smallelamellaemelt first thereby shifting the average spac
between lamellae targer values (lo ‘g’ shift). Finally, the SAXS peak disappe:i
indicating that these peaks in P-PU xerogels originate exclusively from t

lamellar packings of soft PEG pha
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Figure 3.5: (a) Smal-angle X-ray scattering profiles of PERU Xerogels with
different degrees of crosslinking at °C (b) Small-angle Xay scattering profile o
PEG-PU41.0HT Xeroge at different temperatures Yoverlay of neat PE-4000,
PEG-PU4.0HT at RT and at 6°C and (d)DSC thermograms of neat P-4000 and
PEG-+U xerogels with different degrees of crosslink

The WAXD peaks also disappear concomitantly in teiperature rang
thus further supporting the observation of DSC 8AKXS. At the same time, we (
not see any separate scattering peaks coming fierhdrd segments, since the h
segments amount is lower and consists of aliphditigclohexyl diisocyanate (;2
MDI).

The scattering vector profiles of P-PU gels exhibit a characteris
scattering pak. The relation between scattering vecq) and scattering angl®) is

given as,

4w . 0O
q=—sin> @)
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Where L' is the X-ray wavelength (Cu &« = 1.5418 A). The average
distanced’ between domains can be estimated by the peakigogising a well

established equation as follows:

2T

d=

(5)

Amax

Where, gmax IS @ scattering vector at maximum intensity of ttwerelation

peak.

In the neat PEG-4000, the multiple scattering pegks the third order with
relative angular positions of 1:2:3 are discernibldis suggests the crystalline
lamellar structure of PEG. From the position of ghgx of the first order peakgfax =
0.029&1), thed-spacing of the crystalline lamellae of PEG wasfbto be ~23.3nm
from the Bragg’'s equation mentioned above. FOrRB&-PU xerogels with different
contents of HT, thel-spacing value was found to be ~15nm. The lodsspacing
values of PEG-PU xerogels is attributed to thervamstion of the hard segments in
the regular lamellar packing of the segment. lalso important to note that, the
scattering peaks in PEG-PU gels can arise dueetoristalline soft segments of PEG

or the hard segment domains of isocyanate groups.

However, since the isocyanate content in the PEGxBtdgels is low and
further the isocyanate used is based on aliph@soayanate, we do not expect any
major contribution to the crystalline nature of RBG gels. In the SAXS studies, the
scattering peaks of PEG-PU gels were shifted th figegion (at 0.042A) of the neat
PEG peak. The shift suggests that, the size ofllaemén the PEG-PU gels are of
smaller compared to the lamellar sizes of neat PHts observation was further
corroborated with DSC measurements on neat PEGP&&PU xerogels. From the
Figures 3.5 (d) the melting endotherm of neat PEG-4000 appearee66at°C,
whereas, the melting endotherms of PEG-PU xerageared in the range of 40-45
°C. These low melting endotherms indicate the prasest smaller size of PEG
lamellae in PEG-PU gels.

3.4.5 Mechanical Properties

The mechanical properties of PEG-PU hydrogels atlibgqum swelling were

determined by compression and dynamic oscillatoepmetry at 25C.
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We show in thd=igure 3.6 (a), the dynamic storage modulus as a function of
frequency for PEG-PU xerogels with the crosslink@ntent of 1.0HT. The dynamic
storage modulus (E showed slight frequency dependency in 1.0HT ¥efeamples
with E' value closer to 4.2 MPa. We show kigure 3.6 (b), the visco-elastic
behaviour of porous xerogels by performing uni-Bg@mpression studies in which
the plots of true stress (true compressive stie$be force per instantaneous cross-
sectional area) as a function of strain are giwerttfe xerogel containing 1.0HT. The
curves exhibit an initial linear region and slogemich can give the modulus of the
gel network. The value of modulus, 5.6MPa obtaimedound to be very good
compared to other porous hydrogels based on anéssliPEG-PLLA, which show
moduli in the range of 0.02 — 0.160 MPa.

We show inFigure 3.6 (c), the dynamic storage modulus as a function of
frequency for PEG-PU hydrogels with different comngeof crosslinker, HT. The
dynamic storage modulusjEshowed the frequency independence in all thepkesn
with different contents of HT (0.25 — 1.0HT). HoveeyE increased with an increase
of degree of crosslinking and reached a value clms8.15MPa. This value seems to
be on par/slightly better with the many of the logkls based on crosslinked
poly(ethylene glycol}® We show inFigure 3.6 (€), the plots of true stress as a
function of strain gee equations 6 & 7) for the equilibrium swollen PEG-PU
hydrogels containing different amounts of HT. Ihdae readily seen from the figure
that the curves exhibit an initial linear regiondatme slope of which can give the

modulus of the gel network.

The storage modulus (jEvalues calculated from the slopes of the initradar
region of curves of PEG-PU hydrogels are plotteairsgy concentration of crosslinker
in Figure 3.6 (d). The results indicate that the modulus increasi#s mcrease in
degree of crosslinking in PEG-PU hydrogels andvidees obtained are in the range
of 0.002 — 0.23 MPa. It can be seen that evenghtsincrease in the degree of
crosslinking (HT concentration from 0.25 — 1.5%hances the modulus (obtained
from initial slopes ofFigure 3.6 (€)) significantly in the PEG-PU hydrogels. These
observations clearly indicate that the mechanitahgths of PEG-PU hydrogels can
be easily controlled by the degree of crosslinkargl the degree of swelling in
hydrogels.
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Figure 3.6: (a) Dynamic oscillatoryexperiment on PEG-PW-OHT xeogel as a
function of frequencyb) Uni-axial compression experiment P-PU-1.0HT porous
xerogel(c ) Dynamic oscillatory experiment on P-PU hydrogels in swollen state

a function of frequency with different degrees misslinking @) PECG-PU-0.25HT
(e)PEG-PU-0.5HT A )PEC-PU-1.0HT.(d) Plot of elastic modulus 1) vs crosslinker
concentration in mol% (e) Uni-axial compression experiment of P-PU hydrogels
in the swollen state with increasing cross linkencentration m) PEG-PU-0.25HT
(e)PEG-PU-0.5HT A)PEG-PU-1.0HT (v) PEG-PU41.5HT () Plot of storage

moduli (E) vs equilibrium swelling ratio () of PEGPU hydrogels in water at :°C.

S P Pune University, Chemical Engineering 58  CSIR-National Chemical Laboratory



Design, synthesis and characterization of PEG-PU Hydrogels Chapter - 111

Otrue = normal stress X strain (1) (6)

Gel thickness (h)
Initial thickness (hg)

Strain (1) = (7)

It is also important to note that there existsrarresting relationship betwe
the modulus @’ and the equilibrium svlling ratio (Qe). The classical predicti¢*®

for the relationship betven these two parameters is given by &)n

G~Q, (8)

This relationship is based on the assumptions thatnetwork chains folloy
Gaussian statistics and the network deforms affi We show inFigure 3.6 (f), a
log-log plot of storage modulus ') versus equilibrium swelling rati«Qg) of PEG-PU
hydrogels with different contents of crosslinkei KD.25-1.5 mol %). It can be se
from the figure that, the storage modulus decrelnearly with increasing swellin
ratio (Qe). According to the power lavG' ~ Q. with the value of m = 5.2 is qui
high compared to the value of 0.33 for the affie¢éworks. This clearly indicates tl
striking departure from Gaussiegbehaviour with no affine deformation of th
network.

3.4.6 Inducing Porosity into Hydrogels

To accommodatea large number of cells, the scaffold needs to bénlii
porous with large surface to volume ratio. The pityp pore size and pore structt
of the scaffoldare important for nutrient supply of cells. Opetensonnected porot
network structure enhances the diffusion rate dfrients. Several pore formir
techniques have been reported in the literaturelwiicludes porogen leachin®®?’

saturation and release of ,,23?3-D printing>** andphase separatic*®

Figure 3.7: Process of pore formation: (a) P-PU-1.0HT Xerogel, (b) PE-PU-
1.0HT Hydrogel, (rLiquid Nitrogen Quenched PEG-PUOHT Hydroge (d) Freeze
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dried PEG-PU1.0HT Porou Xerogel (e) SEM image of PH&J-1.0HT Porous

Xerogel.

In our work, we have used cryogenic treatment fodld by lyophilizatior
method to induce pore structure into F-PU hydrogels. The water swollen gels
PEGPU were subjected to rapid cooling in liquid niteog The frozen water was th
removed by sublimation under vacuum leaving behimdidss to create porot
structure in the hydrogels. We showFigure 3.7, the schematics of the process

pore formation in the PE-PU hydrogels.

It can be seen fronFigure 3.7 that, the xerogel (a) is opaque and u
swelling in water it becomes transparent (sligtizy) (b). On liquid nitrogen rap
cooling, the transparent gel becomes opaque agaian@d on lyophilization the g
converts into spongy nature retaining thpaqueness (d). The simple cryoge
treatment method that we have used heremorefaster and templa-free approach
in comparison with time consuming «leachind’* as well as pho-patterning®

methodology reported for porous hydroc
3.4.7 Morphological Analysis
3.4.7.1 Scanning Electron Microscope (SEM)

We show inFigure 3.8, the SEM micrographs of lyophilized samples of |-
PU gels with different contents of HT and compaiéhwhe untreated samples
PEG-PU gels.

orous

c
)
Z
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Figure 3.8: SEM micrographs of the N-porous and porous PEBU gels with

different degrees of crosslinki.

It can be revealed from the figure that, the tréat@mple exhibits porous structi
with the pore sizes in the range «15um. Pore size ranges required for the adeq
growth of different category of cells and/tissues have been already extensi
studied and reportéi.We found thatthe pore sizes obtained in our samples
suitable for hosting the endothelial cell transpdéion process during the initi

stages of tissue regenerat*

3.4.7.2 Microcomputed Tomography or Micro-CT (p-CT)

To investigate further nto the microstructure of porous xerog a
microcomputed tomograptMicro-CT (u-CT)] technique was used. Mi-CT is a
high resolution and neinvasive three-dimensional My imaging technigt.*® The

basic principles of the technique are describedhaptel— I.

Figure 3.9: 2D-3D p-CT patterns of the PEG-PLUOHT xeroge

We show inFigure 3.9 (a), the two-dimensional (2Dgros:-sectional image of
porous PEG-PU1.0HT xerogel obtained from-CT imaging at 700nm resolutio
The crosssectional image shows interconnected pores witliormi struts of sizi
ranging from 1 to 2 microns. In the 2D image, strbetween the porese clearly
visible and show homogenous distribution of pof&isuts of xerogels have adequ

contrast even in the absence of contrast a(

2D images acquired during the ima¢ were subjected to segmentat
(Figure 3.9 b) using Avizo Fire 7.0 softwa (VSG, France) to generate a 3D mc

(Figure 3.9 c) of the porous xerogel. Pore size distribution igleated after applyin
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edgepreserving smoothing filter and watershed algoritheised segmentation of t
2D images. It is important to note that the stnmsthe 2D images should ha

sufficient contrast with respect to their backgrddior accurate segmentatic

Figure 3.10: Simulation study of-CT patterns of the PEGU-1.0HT xerogel.

The 3D image irFigure 3.9 ¢ shows the overall view of the struts as wel
pores in three dimensions which can help to qualély evaluate their homogenea
distribution. Pore sizedistribution histogram Kigure 3.11), obtained after
segmentation of the 2D images shows that the demoéfpores in the porous xerof
ranges from 2 to 16 microns, wherein the pores ®Rithicrons diameter has higt
contribution of up to 40%. This inrmationcompliments the data obtained fr SEM
image of PEG-PW-.0HT xeroeel, which is shown ifrigure 3.8.
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Figure 3.11: Pore size distribution in porous PE-PU-1.0HT xeroge

Flow simulation performed on the 3D model of F-PU-1.0HT xerogel as

shown inFigure 3.10, is a direct replication of the mass flow takinigqge in ar
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implanted scaffold for applications in tissue ergnng and regenerative medicine.
3D simulation data sets were coloured by velocitygmtude and flow visualized
using stream lines. Red colour end denotes thecemifrflow into the 3D model of
the porous xerogel, which then bifurcates itsetb imarious colours based on the
difference in permeability across the specimen.wFlsimulation is performed
individually on three axes, viz. X, Y and Eigure 3.10 (a-c) in one direction after
arresting rest of the four faces and permeabilitthe flow is measured using XLab
Hydro 7.0 module software (VSG, France).

Among the three co-ordinates, Y axigure 3.10 (b) shows higher
permeability of the order of 8 and 5 times highkart that of X and Z axis
respectively (se€igure 3.10 (a-c)). This variation in the permeability along Y axss i
attributed to the method adopted for pore generatio these xerogels. Forced
sublimation taking place during lyophilization @dzen hydrogels follows a uni-axial
direction dependent upon the position of the spenintHence, the resulting porous

xerogel exhibits orientation of the struts along ame direction.

The porous xerogels with tunable micro porositybdmao attain desirable
permeability which is very essential for its ence umpplication. Flow simulation
provides direct precise permeability analysis basedhe exact 3D geometry of the
scaffold apart from the diffusion model based asialywhich requires additional

fluorescent dyes as well as theoretical assumptions
3.4.8 In vitro Cytotoxicity Test
3.4.8.1 Direct Contact Method

Preliminary studies demonstrate that cells areleiab this substrate. The
vitro cytotoxicity of PEG-PU-1.5HT hydrogels was exantingsing direct contact
method. The morphology of cells in direct contaghvhe surface of PEG-PU-1.5HT
hydrogels Figure 3.12 e-h) at different intervals (0, 24, 48 and 72 hoursjrev
similar to that of the cells in the control welBidure 3.12 a-d) and were viable as

indicated by optical micrographs.

Figure 3.12 (a,b) shows that the cells in control wells at 0 anch@drs shows

exponential increase in their population. Similacrease in population of cells was
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visible in the PEQRU-1.5HT gels at 0 and 24 hoursigure 3.12 ef). Figure 3.12
g,h shows continuous cells growth in P-PU-1.5HT gels at 48 and 72 hot
respectively, which is in terms with the corronding control wells shown iFigure
3.12 ¢,d. Since the direct contact method shows good cytpedibility evenafter 72

hours further viability analysis were not perform

Figure 3.12: Optical phase contrast images of P-PU-1.5HT hydrogels in direc
contact with A549 cells for 72 h at °C. Morphologies of cells in control wells ai
those in cordct with PEC-PU-1.5HT hydrogels arshown in figures (-d) and (e-h)
respectively at 0, 24, 48 and 72 ho

34.82MTT Assay

Cytotoxicity of PEC-PU-1.0.HT hydrogels was evaluated by MTT as:
which is based on the principle of reduction ofyene succinate dehydrogenase

the presence of dye MTT to puricoloured formazan crystals.

Figure 3.13: Optical phase contrast images of PEG-PU-1.0 Rydrogels in MTT
Assay with L 929 fibroblast cells for 72 h at °C. (a) Control for L929 Fibroblas
cell linesan optical image () Control for L929 Fibroblast cell linean fluorescent
image (¢ L929 Fibroblast cell after 72hrs treating withetihydrocels.
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Figure 3.13 shows that L-929 fibroblast cells showed almostilaimcell
viability as compared to the control. Results dieamdicate that PEG-PU-1.0.HT
hydrogels are non toxic and exhibit biocompatipitd L-929 fibroblast cells.

3.5 Conclusions

In conclusion, we have synthesized PEG-PU hydrogsisg PEG-4000 as
soft segment and bEMDI as the hard segment by solvent-free one-pothotkt
Different degree of crosslinking was effected usdifjerent contents of HT in the
gel. The chemical structure of the gels was corditrby FTIR and solid-stateC
NMR spectroscopy. The micro-structural charactéioraof gels by WAXD and
SAXS indicated the presence of crystallinity whighs attributed to the ordering of
PEG segments in the gel structure. The present@rdilar structure was shown by
the SAXS studies. The DSC studies on PEG-PU geldtaneat PEG-4000 showed
comparable decrease in the crystalline meltingTgj 6f PEG-PU gels compared to
neat PEG-4000. This can be due to the formatiorsméller size of crystalline
lamellae of PEGs in the gel structure. The swelhglies on PEG-PU gels at 37
showed Fickian diffusion of water into the hydragerhe mechanical properties of
gels were studied in dry and swollen states usimgxial compression and dynamic
oscillatory rheometry. The results showed an irszeim the strength of hydrogels
with increase in crosslink density. The porositytlre hydrogel was induced by a
method of cryogenic treatment followed by lyophalibn. The morphological
characterization by SEM, X-ray Micro-CT revealed fhorous structure with 2-jibn
pore size and the presence of interconnectivitpares. The cytotoxicity studies of
PEG-PU hydrogels showed the continuous growth ti$,c&hich indicated the non-
toxic nature of the hydrogels. These hydrogels slaowgreat potential in Tissue

Engineering applications.

S P Pune University, Chemical Engineering 65  CSIR-National Chemical Laboratory



Design, synthesis and characterization of PEG-PU Hydrogels Chapter - 111

3.6 References

1. Corneillie, S.; Lan, P. N.; Schacht, E.; Davié, Shard, A.; Green, R.;
Denyer, S.; Wassall, M.; Whitfield, H.; Choong, ®¢lyethylene glycol-
containing polyurethanes for biomedical applicadiddolymer International
1998, 46, (3), 251-259.

2. Petrini, P.; Fare, S.; Piva, A.; Tanzi, M. Cediyn, synthesis and properties of
polyurethane hydrogels for tissue engineerilmurnal of Materials Science:
Materials in Medicine2003, 14, (8), 683-686.

3. Patel, A.; Mequanint, K., Novel Physically Crosised Polyurethane-block-
Poly(vinyl pyrrolidone) Hydrogel Biomaterialdlacromolecular Bioscience
2007, 7, (5), 727-737.

4. Hu, J.; Chen, B.; Guo, F.; Du, J.; Gu, P.; D, Yang, W.; Zhang, H.; Lu,
M.; Huang, Y.; Xu, G., Injectable silk fibroin/palyethane composite
hydrogel for nucleus pulposus replacemeldurnal of Materials Science:
Materials in Medicin€2012, 23, (3), 711-722.

5. Gradinaru, L.; Ciobanu, C.; Vlad, S.; Bercea, Mopa, M., Synthesis and
rheology of thermoreversible polyurethane hydrogé€lentral European
Journal of Chemistrg012, 10, (6), 1859-1866.

6. Guan, J.; Fujimoto, K. L.; Sacks, M. S.; Wagnéf, R., Preparation and
characterization of highly porous, biodegradabléyyethane scaffolds for
soft tissue application8iomaterials2005, 26, (18), 3961-3971.

7. McNeill, M. E.; Graham, N. B., Vaginal pessariesm crystalline/rubbery
hydrogels for the delivery of prostaglandin Baurnal of Controlled Release
1984, 1, (2), 99-117.

8. Graham, N. B.; McNeill, M. E.; Rashid, A., Thelease of prostaglandin E2
from a novel crystalline-rubbery poly (ethylene @) network crosslinked by
3,4-dihydro-2H-pyranyl-2-methyl-(3,4-dihydro-2H-@yr-2-carboxylate).
Journal of Controlled Releask®85, 2, 231-244.

9. Badiger, M. V.; McNeill, M. E.; Graham, N. B.pRgens in the preparation of
microporous hydrogels based on poly(ethylene o}idi@ematerials1993, 14,
(14), 1059-1063.

S P Pune University, Chemical Engineering 66  CSIR-National Chemical Laboratory



Design, synthesis and characterization of PEG-PU Hydrogels Chapter - 111

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Romaskevi T. B., Saulut; Pielichowski, Krzysztof; Pielichowski, Jan,
Application of polyurethane-based materials for ioflization of enzymes
and cells: a reviewChemija2006, 17, (4), 74.

Wu, J.; Ge, Q.; Mather, P. T., PEG-POSS Multkl Polyurethanes:
Synthesis, Characterization, and Hydrogel Formatibacromolecule2010,
43, (18), 7637-7649.

Wen, T.-C.; Chen, H.-H., Soft segmental eftdatnethylene bis(p-cyclohexyl
isocyanate) based thermoplastic polyurethane inmateg with lithium
perchlorate/propylene carbonate on ionic condugtiviournal of Applied
Polymer Scienc2001, 80, (7), 935-942.

C-H. Yang; W-C. Lin; Liu, F.-J., Waterborne ywlethane single-ion
electrolyte from aliphatic diisocyanate and varioon®lecular length of
polyethylene glycolPolymer Letter2007, 1, (3), 142-149.

Flory, P. J.; Rehner, J., Statistical mechaniagoss-linked polymer networks
| Rubberlike elasticityJournal of Chemical Physid®943, 11, (11), 512-520.
Flory, P. J.; Rehner, J., Statistical mechanicgoss-linked polymer networks
Il Swelling. Journal of Chemical Physid®43, 11, (11), 521-526.

Gusler, G. M.; Cohen, Y., Equilibrium Swellirgf Highly Cross-Linked
Polymeric Resinsindustrial & Engineering Chemistry Researtl94, 33,
(10), 2345-2357.

Peppas, N. A., Analysis of Fickian and Non-EokDrug Release from
PolymersPharmaceutica Acta Helvetid®85, 60, (4), 110-111.

Bajpai, A. K.; Shrivastava, M., Swelling kiregi of a hydrogel of
poly(ethylene glycol) and poly(acrylamide-co-styggnJournal of Applied
Polymer Scienc2002, 85, (7), 1419-1428.

Tadokoro, H.; Chatani, Y.; Yoshihara, T.; Tah&.; Murahashi, S., Structural
Studies on Polyethers, [-(Ch-2)M-O-]N .2. Moleculatructure of
Polyethylene OxideMakromolekulare Chemi&64, 73, 109-127.

Takahash, Y.; Sumita, I.; Tadokoro, H., Streetustudies of Polyethers .9.
Planar Zigzag Modification of Poly(Ethylene Oxide)ournal of Polymer
Science Part B-Polymer Physit873, 11, (11), 2113-2122.

S P Pune University, Chemical Engineering 67  CSIR-National Chemical Laboratory



Design, synthesis and characterization of PEG-PU Hydrogels Chapter - 111

21. Takahash, Y.; Tadokoro, H., Structural StudieRolyethers, (-(Ch2)M-O-)N
.10. Crystal-Structure of Poly(Ethylene Oxids)acromoleculed973, 6, (5),
672-675.

22. Chiu, Y.-C.; Kocagoz, S.; Larson, J. C.; Brey,M., Evaluation of Physical
and Mechanical Properties of Porous Poly (Ethyl&igcol)-co-(L-Lactic
Acid) Hydrogels during DegradatioRlos One2013, 8, (4), e60728.

23. Nguyen, Q. T.; Hwang, Y.; Chen, A. C.; VargheSe Sah, R. L., Cartilage-
like mechanical properties of poly (ethylene glyedibcrylate hydrogels.
Biomaterials2012, 33, (28), 6682-6690.

24. Flory, P. J.Principles of polymer chemistrornell University Press: Ithaca,
1953.

25.  Treloar, L. R. G.,The physics of rubber elasticityOxford Univ. Press:
Oxford, 2005.

26.  Suh, S. W,; Shin, J. Y.; Kim, J. H.; Kim, J; Beak, C. H.; Kim, D. I.; Kim,
S. J.; Jeon, S. S.; Choo, I. W., Effect of différparticles on cell proliferation
in polymer scaffolds using a solvent-casting andti@aate leaching
techniqueAsaio Journalk002, 48, (5), 460-464.

27. Zhang, J.; Wu, L.; Jing, D.; Ding, J., A conmgdare study of porous scaffolds
with cubic and spherical macropor@alymer2005, 46, (13), 4979-4985.

28. Cansell, F.; Aymonier, C.; Loppinet-Serani, Rgview on materials science
and supercritical fluidsCurrent Opinion in Solid State & Materials Science
2003, 7, (4-5), 331-340.

29. Barry, J. J. A.; Gidda, H. S.; Scotchford, C; Mowdle, S. M., Porous
methacrylate scaffolds: supercritical fluid fabtioa and in vitro chondrocyte
responsesBiomaterials2004, 25, (17), 3559-3568.

30. Quirk, R. A.; France, R. M.; Shakesheff, K. Mowdle, S. M., Supercritical
fluid technologies and tissue engineering scaffollarent Opinion in Solid
State & Materials Scienc2004, 8, (3-4), 313-321.

31. Barry, J. J. A.; Silva, M. M. C. G.; Popov, K.; Shakesheff, K. M.; Howdle,
S. M., Supercritical carbon dioxide: putting thezzfiinto biomaterials.
Philosophical Transactions of the Royal Society attdmatical Physical and
Engineering ScienceX)06, 364, (1838), 249-261.

S P Pune University, Chemical Engineering 68  CSIR-National Chemical Laboratory



Design, synthesis and characterization of PEG-PU Hydrogels Chapter - 111

32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

Tai, H.; Popov, V. K.; Shakesheff, K. M.; HowdS. M., Putting the fizz into
chemistry: applications of supercritical carbonxdiie in tissue engineering,
drug delivery and synthesis of novel block copolggn8iochemical Society
Transaction2007, 35, 516-521.

Dhariwala, B.; Hunt, E.; Boland, T., Rapid mtyping of tissue-engineering
constructs, using photopolymerizable hydrogels stedeolithographyTissue
Engineering2004, 10, (9-10), 1316-1322.

Hollister, S. J., Porous scaffold design fesdie engineerindgNature Materials
2005, 4, (7), 518-524.

Arcaute, K.; Mann, B. K.; Wicker, R. B., Stelidtigraphy of three-
dimensional bioactive poly(ethylene glycol) constsu with encapsulated
cells.Annals of Biomedical Engineerir206, 34, (9), 1429-1441.

Ricciardi, R.; D'Errico, G.; Auriemma, F.; Duget, G.; Tedeschi, A. M.; De
Rosa, C.; Laupretre, F.; Lafuma, F., Short timeashyits of solvent molecules
and supramolecular organization of poly (vinyl &lob hydrogels obtained by
freeze/thaw techniqueslacromolecule005, 38, (15), 6629-6639.

Chang Mo, H.; Shilpa, S.; Mahdokht, M.; NezadiodN. K.; Behnam, Z.;
Sang-Hoon, L.; Ali, K., Fabrication of three-dimersl porous cell-laden
hydrogel for tissue engineeringiofabrication2010, 2, (3), 035003.

Park, J. H.; Chung, B. G.; Lee, W. G.; Kim,Brigham, M. D.; Shim, J.; Lee,
S.; Hwang, C. M.; Durmus, N. G.; Demirci, U.; Khadeosseini, A.,
Microporous cell-laden hydrogels for engineered sugs constructs.
Biotechnology and Bioengineeri2§10, 106, (1), 138-148.

Bryant, S. J.; Cuy, J. L.; Hauch, K. D.; Ratn@r D., Photo-patterning of
porous hydrogels for tissue engineeriBjomaterials2007, 28, (19), 2978-
2986.

Nasim Annabi, J. W. N., Xia Zhong, Chengdong Sindeep Koshy, Al
Khademhosseini, Fariba Dehghani, Controlling the roBity and
Microarchitecture of Hydrogels for Tissue EnginegriTissue Engineering
Part B: Review2010, 16, (4), 371-383.

Lee, M.; Wu, B. M.; Dunn, J. C. Y., Effect afadfold architecture and pore
size on smooth muscle cell growtlournal of Biomedical Materials Research
Part A2008, 87A, (4), 1010-1016.

S P Pune University, Chemical Engineering 69  CSIR-National Chemical Laboratory



Design, synthesis and characterization of PEG-PU Hydrogels Chapter - 111

42. Narayan, D.; Venkatraman, S. S., Effect of mize and interpore distance on
endothelial cell growth on polymerslournal of Biomedical Materials
Research Part 2008, 87A, (3), 710-718.

43. Ho, S. T.; Hutmacher, D. W., A comparison ofcrai CT with other
techniques used in the characterization of scadfdibmaterials2006, 27,
(8), 1362-1376.

S P Pune University, Chemical Engineering 70  CSIR-National Chemical Laboratory



Influence of hydrophilic/hydrophobic
diols on the properties of polyurethane
hydrogels

Chapter - IV

In the fourth chapter, we have synthesized and characterized PU
hydrogels using different diols namely, Polycaprolactone diol (PCL), Poly
(hexamethylene carbonate) diol (PCD), and Tetraol (FTL) in combination with
Polyethylene glycol (PEG). The characterization techniques such as, FTIR,
WAXD, SEM, in vitro drug release, in vitro degradation, biological tests etc.,
used for studying the structural, micro-structural, surface morphology,
mechanical behavior, drug release kinetics, degradation profile and

cytotoxicity of the hydrogels were briefly explained.
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4.1 Introduction

A great variety of building blocks are commerciadlyailable that allow the
chemical and physical properties of polyurethaneels) to be tailored to their
biomedical and pharmaceutical applicatiofis.In PUs, the hard segment block
consists of a diisocyanate and a chain extendezresls the soft segment is usually a
polyol, either hydroxyl- or amine- terminated pdier, polyether, or
polycarbonaté®? The flexible soft segment gives the PUs greattielas whereas
the hard segment contributes strength. Generakdalspg, the two segments are
incompatible with each other and tend to form a osamle phase-separated
morphology. It has been recognized that polyesésed polyurethanes are not
suitable for long-term implant because of their cepsibility to hydrolytic
degradation. Polyether based polyurethanes, wideolytically stable, are subject to
oxidative degradatiorf*°

In this chapter, we have synthesized and charaeterPU hydrogels using
different diols namely, polycaprolactone diol (PChbly (hexamethylene carbonate)
diol (PCD), and tetraol (FTL) in combination witlolgethylene glycol (PEG). The
ratio of PEG to other diol was varied in three eliéint samples. The objective was to
study the influence of different types of diols @me properties of the obtained
hydrogels and their effect on the controlled retead active pharmaceutical

ingredients from the hydrogels.
4.2 Experimental
4.2.1 Materials

PEG (MW~4000g/mol) and dibutyltin dilaurate (DBTDwkere obtained from
Merck India; 4,4' methylenebis(cyclohexyl isocya)atH ;MDI), Polycaprolactone
diol (MW~2000g/mol), Poly (hexamethylene carbonat®) (MW~2000g/mol) and
Amano Lipase PS, from Burkholderia cepacia washmsed from Sigma Aldrich,
USA; 1,2,6 Hexanetriol (HT) was obtained from Flu&A. Dulbecco's Modified
Eagle Medium (DMEM) and Fetal Bovine Serum (FBS)revepurchased from
Invitrogen USA; Dulbecco's Phosphate buffered salibPBS) was obtained from
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HiMedia India. Tetraol (gifted sample from Solvdigly). All the chemicals were of

analytical grade and used as received.
4.2.2 Synthesis of PU Hydrogels

PEG [MW = 4000 g/mol] and PCL [MW 2000 g/mol] was vacuum-dried at
60 °C and 70 C respectively for 6 h in a rotary evaporator émove any residual
moisture and stored in a sealed flask in an over0atC until use. To the 10 g of
molten PEG, 5 g of molten PCL and 0.335 g of HTevadded and kept in a rotary
evaporator for 2 h to form homogeneous solution.tfise solution, 1.5 mL of 4,4
methylenebis (cyclohexyl isocyanate) and 13l6of DBTDL were added using a
syringe under nitrogen atmosphere. The whole mextwas kept in a rotary
evaporator for 20—-30 min at 70 °C until the mixtbecomes more homogeneous and
then poured in to presilanated glass Petri-distieappropriate Teflon molds (as per
the dimensions required for studies). The Pethektmolds were kept in oven at 95
°C for 4 h for gelation. After gelation, the Petlishes/molds were cooled, and the
hydrogel discs were removed by immersing the Rlethes in distilled water for 4-5
h. The unreacted PEG was removed by washing theobgt$ in excess distilled

water for a few days with frequent replenishmenifre$h distilled water.

Table 4.1: Stoichiometry for the synthesis of PU Hydrogel$wlifferent polyols

Sample Hexanetriol PEG 4000 DBTDL H ;M DI PCL 5000 PCDo00 FTL 2150
(malx10%) | (molx10% | (molx10% | (molx10®) | (molx10%) | (molx10®) | (molx10%)

PEG-PCL-0.25 2.5 2.5 0.0237 6.66 0.62
PEG-PCL-0.5 2.5 2.5 0.0237 7.01 1.25
PEG-PCL-1.0 2.5 2.5 0.0237 8.19 2.5
PEG-PCD-0.25 2.5 2.5 0.0237 6.66 - 0.62
PEG-PCD-0.5 2.5 2.5 0.0237 7.01 - 1.25
PEG-PCD-1.0 2.5 2.5 0.0237 8.19 - 2.5
PEG-FTL-0.25 2.5 2.5 0.0237 6.66 - - 0.62
PEG-FTL -0.5 2.5 2.5 0.0237 7.01 - - 1.25
PEG-FTL -1.0 2.5 2.5 0.0237 8.19 - - 2.5

By using the same procedure, hydrogels with diffefl@CL contents were
prepared with 0.0, 0.25, 0.5, and 1.0, mol % of R®Ghreviated as PU-PEG (without
PCL), PU-PCL-0.25, PU-PCL-0.5, and PU-PCL-1.0, eesipely. Using the same
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procedure, hydrogels with different content of eiént diols (PCD [MW~ 2000
g/mol] and FTL [MW~= 2150 g/mol]) were also prepared and the abbrewiatand
stoichiometry used for all the reactions is givei able 4.1.

4.2.3 Preparation of porous PU hydrogels

Porous PU xerogels were prepared by cryogenicntesat of fully swollen
PU-hydrogels followed by removal of ice crystalsiygphilization. The fully swollen
hydrogels (20 mm diameter x 10 mm height) were g@daia liquid nitrogen for 15
min and then freeze-dried in a lyophilizer (ChA§pha 1-4, Germany) for 10-12 h.

4.3 Characterization
4.3.1 Structural Characterization
43.11FTIR

The structural characterization of PU-PCL, PU-PGId ®#U-FTL hydrogels
was performed by FTIR. Experimental details areegivn Chapter 3 (Section-
3.3.1.1).

4.3.2 Swelling M easur ements

The swelling behaviour of the above hydrogels wadised using gravimetric

method. Experimental details are given in Chapt&ettion-3.3.2).
4.3.3 Micro structural Characterization
4.3.3.1 Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD) technique wassad to detect the
microstructure of PU-PCL, PU-PCD, PU-FTL xerogdixperimental details are
given in Chapter 3 (Section-3.3.3.1).

4.3.4 Mechanical Properties

Tensile tests were carried out with Instron Uniaémesting Machine (UTM-
33R) with a load cell of 10 kN, at room temperatui¢gh an elongation rate of 10
mm/sec. The hydrogel samples for tensile testiegewhaving dimension of 35mm
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length x 10mm width x1mm thickness. Compressivast@gere carried out in the
same machine with a load cell of 10 kN, at roomperature with a compression
speed of 10 mm/sec. The swollen hydrogel samplesdmpression testing were

having length to diameter ratio of 1:1.
4.3.5 Morphological Analysis
4.3.5.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used tostiyate the morphology
of the hydrogels, xerogels and porous xerogelsgu§imanta 200 3D dual beam
ESEM (FEI, Finland). Experimental details are giwveiChapter 3 (Section-3.3.6.1).

4.3.6 In vitro Degradation study

The mass loss (ML) study was conducted by immerathgng xerogel (n = 3)
into 5 mL of PBS (pH = 7.4) and incubating at 37 AT various time intervals, the
hydrogel was washed with deionized water and weigisemilarly, mass loss study
was also conducted with Amano lipase PS enzymeimbmation with PBS (7.4).

The mass loss was monitored as a percentage ofngaght as shown in eqn (1).

N

M
% degradation = X 100 (D

max

Where, Ms is hydrogel sample were collected at regular irgksnand their

mass after swelling andnaxequilibrium swollen hydrogel.

4.3.7 In vitro Release Study

Previously weighed dry hydrogel samples were loadé&d doxorubicin by
immersing them in PBS 7.4 solution of a drug ueguilibrium was reached. The
loaded hydrogels were then dried at room tempezator 5 days and weighed to
obtain the concentration of drug in the hydrogéts study the drug delivery kinetics,
the loaded hydrogels were immersed in 5 ml PBStisolpH 7.4) at 37 C, which
was kept in shaking water bath and maintainedhtllcomplete release. To follow the
kinetics of release, aliquots (1 ml) were withdraatnspecific intervals of time and
replenished with an equal amount of fresh pH sotuto as to maintain the constant
volume. These aliquots were analyzed by UV spebtstgpneter (UV-1601 PC,
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Shimadzu Scientific Instment) at wavelength 480 nm and the drug conceoir

was determiad using calibration curv

4.3.81n vitro Biological Test
43.81MTT assay

MTT assay was performed to assess cell viabilitthvall PU hydrogels.

Experimental diils aregiven in Chapter 3 (Section-3.3.7.2).
4.4 Results and discussion
4.4.1 Synthesis of PU hydrogels

PU xerogelsvere synthesed by the reaction between neat F, PCL, PCD,
FTL and H,MDI in the presence of HT as a cr-linking agent. The reaction wi

catalysed by DBTDlandthe reaction pathway is shown$oheme 4.1.

(a)
OH
o F
H »{./\Drf + ’O/\O\ + HO\)\/\/I\ + ®—t0H)m
n OCN NCO OH

PEG H,; MDI 1,2,6-Hexanetriol
DBTDL | 95°C
Wo'f-’""oir{'LN NJLO O‘ﬂf"
H H
o]
o]
L“NJ'LO
H H H o. N
o, N N_.O .
OOy
0 o LA
HN
]
0 0

Polycaprolactone diol (PCL)

(OH), = HO o, .0 OH
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OH
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(b)

Foess
PEG
+
[ )
PCLorPCD  95°C

+ —
‘ DBTDL

Hexanetriol

+
[

Diisocynate

Scheme 4.1: Reaction scheme for the synthesiPU xerogel(a) schematic

representation and (b) graphical representatis

The urethane linkages were formed through the mtdreaction between tf
isocyanate groups of1,MDI and the hydroxyl groups of PE®CL PCD and FTL.
The PEG,PCL, PCD and FT segments contribute as soft segments, wheree
H1,MDI part contributes as hard segments. The netwttlcture in the gel is induct
by the crosslinking agent, HT. TIPU gels obtained were easy to hat both in the
dry and swollen state and found to be mechaniaglije strong (the details of tl
modulus will be discussed in separate section).ak-prepared gels after drying at
°C in oven for 24hrs (Xerogels) were found to bequeabut becamtransparent upon
hydration which indicated the ease of water perntigabn the dry gels. The
flexibility of the hydrogel strongly depended orethiegree of crosslinking. TI
advantage with this method of synthesis is tha,sdimples can be prepareco any

shape and size.
4.4.2 Structural Characterization
4.4.2.1 FTIR Spectroscopy

The structural elucidation ofPU hydrogels was performed by FIR
spectoscopy. The stacked plots of IR spectra of reactants, P-4000, PCL-2000,
PCD-2000, FTL2150 H;1,MDI and the product, PU gelse shown irFigure 4.1 (a,
b and c). These observations in the IR spectroscopy, clearlgonfirm the structure

of PU gels.
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In Figure 4.1 (a, b and c), the strong absorption band at 227C* in H;,MDI
is ascribed to the=N (Nitrile) stretch in the isocyanate groupN&C=0). Whereas,
weak, broad absorption band of hydroxyl end grof-OH) of PEC-4000 appear at
3400-3500 cnf due to low density of-OH) groups. In the case PU gels, the
characteristic absorption bands(~NCO) groups from BMDI (at 2270 cn™) and (-
OH) groups of PEGH00 (at 3400ci™) disappeared indicating the reaction betw
(-NCO) and (©H) to form urethane-NH-COO, linkages. At the same tir, two
new peaks appeared PPU spectrums: one at 3310¢mattributed to the -H
stretching in the urethane linkage and the otherlZ80cn™, attributed to th
stretching of ester carbonyl groups (>C=0) withie trethar linkages. Further, w
also observed strong absorption bands in the rah@80(-3000cn™ which can be
ascribed to GH stretching vibrations. Finally, the absorptiombtat 1115cr” in PU
gelsis attributed to the characteris—C-O-C- stretching vibration of the repeati
unit -O-CHx-CH,- of the PE(-4000.

|— PEG-PCL-1.0 —— PEG-PCD-1.0 —— PEG-FTL-1.0
=0 C=0 =0
—— PCL-2000 |—— PCD-2000 —— FTL-2000
@ @ @
o | -on o | -on o -OH
1~ c c
[l o q
: : !
g |—wmo @ [— w1zmo1 2 |—wuizmo
m o (1]
1™ bl T
- - =
= 2 =
e NCO -NCO -NCO
-OH / | / -OH j N -oH
ORI I S LA I
r W I T T WS TS WSS N U SN U RPN P R S
3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
-1 o -
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm”)

Figure4.1: FTIR Spectra o(a) PU-PCL Xerogel, (b) PU-PCRerogel,and (c) PU-
FTL Xerogel.

4.4.3 Swelling M easur ements

Swelling in hydrogels strongly depends on the degrfecrosslinking and th
hydrophilicity of the polymer.In the PU hydrogels that we have synthesized,

degree ofcrosslinking was controlled | the amount of HT incorporated and -
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hydrophobicity of diols. Accordingly, we prepareéelgy with different contents of

diols.

400

350-.
300:
250:
200-.
150-.

100 4

Equilibrium Swelling Ratio (Q))

(41
o
L

o
L

0.25 0.5 1.0 0.25 0.5 1.0 0.25 0.5 1.0
PU-PCL PU-PCD PU-FTL
Different hydrophobic diol content (mol%)

Figure 4.2: Equilibrium swelling ratio of PU gels with diffexehydrophobic diols.

We show inFigure 4.2, the equilibrium swelling capacities of PU hydrisge
with three different hydrophobic diols incorporaied different levels. It can be seen
that, the equilibrium swelling ratio decreases witbrease in different hydrophobic
diols content and the values reduced from 400%b86.7The decrease in equilibrium
swelling can be attributed to the increase in therall hydrophobicity of the gels. It
shows that hydrophobic character of the gels iarlstenanifested in the swelling of

gels.

The hydrophilicity of the gel which drives the sl comes from PEG
segment and can be controlled by varying the MWBEG. Higher the MW of PEG,
higher will be the swelling ratio. We show kingure 4.3, the dry (Xerogel) and water
swollen PU hydrogels for visual observations. Ih ¢ee seen that the xerogels are
opaque and turn into translucent upon hydratiorilswge The opaque nature of the
xerogel can be attributed to the presence of dtiysta in the gel matrix exhibited by
the PEG, PCL and PCD segments. However, this dlipgiais lost upon hydration

with water and the hydrogels become translucepiaially transparent.
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PU-PCL-0.25 PU-PCL-0.5 PU-PCL-1.0 PU-PCL-1.0

PU-PCD-0.25 PU-PCD-0.5 PU-PCD-1.0 PU-PCD-1.0

PU-FTL-0.5 PU-FTL-1.0

Figure4.3: PU- PCL, PU- PCD and PU- FThels
4.4.4 Micro structural Characterization
4.4.4.1 Wide-Angle X-ray Diffraction (WAXD)

The versatility of polymeric materials, widely u: in various forms, arise
from the complex structur organization in these materials. r&y diffraction has
been successfully used to study various aspedtsesi structures in ser-crystalline
polymers.lt could be hypothesized that a hydrophobic segnmmeghi adversely affect
the stability of thematerials However, these hydrogels may behave Isemi-
crystalline polymers utilizing both crystalline regions and aplwu: regions.
Crystallinity is known to have a positive effect the mechanical properties a
solubility of polymersilt is assumed that the hydrophilic segments coutdide the
water absorption, fluid flow, and lubricious propes needed while the hydrophol
segments (crystishe regions) provide the strength, tear, and shesistanceThe
polymer poperties may be varied based on the of hydrophobic to hydrophili
composition.Further, because the polymers must overcome the dreh entrop)
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factors associated with trcrystalline regions during dissolution, the polymeare

expected to have excellent dissolution resistamt¢ied body

We show inFigure 4.4, the Wide-Angle Xray Diffraction patterns oPU
xerogels containin@CL, PCL and FTL along with neat PE@00.In Figure 4.4 (a)
the diffraction patterns of neat P-4000 shows two characteristic peaks centere
d-spacing of 4.6 A @=19.2°) and 3.8A (B=23.4) which can be attributed to the 1

and 132 reflections of PEG monoclinic unit 38

respectively The diffraction
patterns of neat PCRO00 shows two characteristic peaks center«d-spacing of 4.1
A (26=21.4) and 38 A (20=23.7) which can be attributed to the 110 and
reflections of PCL monoclinic unit cell, respectiueln Figure 4.4 (b) the diffraction
patterns of neat PGR000 shows two characteristic peaks centered-spacing of
4.4 A (0=20.18) and 3.8A(20=23.48) which can be attributed to the 110 and
reflections of PCD monoclinic unit cell, respectix. As shownin Figure 4.4 (b),

two sharp reflection peathave appeared on the broad hump of amorphous re

d-spacing () d-spacing (8) d-spacing (R)
591 444 356 298 591 444 356 298 591 444 356 298

(a) (b) : (c) :
Ao PU-PCD-1.0 : :

i 3 : i\ _PU-FTL-1.0

; : :\_PU-FTL-0.5

A\ _PU-PCL-1.0

PU-PCL-0.5

\_PU-PCL-0.25

Intensity (a.u)
Intensity (a.u)

Intensity (a.u)

PEG-4000 “ [\ PEG-4000 : '\ PEG-4000

s 20 25 30 B2 25 0 15 20 25 30
20 (degree) 20 (degree) 20 (degree)

Figure 4.4. WideAngle Xray Diffraction patterns of th®U xerogels with differer
hydrophobic diolsand comparison with neat PE-4000, PCL2000 and PCI-2000 at
25 °C WAXD patterns o(a) PUPCL xerogels with different PCcontent (b) PU-
PCD xerogels with different PCicontent and (c) PU-TL xerogels with differer
FTL content.
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In the case of PU xerogel with different conterft®GL, the diffraction peaks
appear at the samé 2ngles of pure PEG with a simildrspacing value, indicating
that only the PEG segments are involved in exmgithe semi crystalline nature of
PU-PCL-0.25 xerogel. As the PCL content increasies,intensity of peak at 4.1A
increases indicating the higher amount of PCL ie tAU-PCL gels. Similar
observations were made in the WAXD studies of PUDPEhd PU-FTL xerogels
where in, the diffraction peaks appears at the sainangles of pure PEG with a
similar d-spacing value. However, at the higher amount afrtyyhobic diols (PCD,
FTL), the crystallinity of the gels decreases and amorphous nature of the gels
ensue. It is important to note that inspite of ¢hesslinking of the network, the PEG,
PCL and PCD segments in the PU gel matrix are aiilé to show the crystalline

nature with a reasonable ordering in the structure.
4.4.5 Mechanical Properties

The mechanical properties of PU-PCL, PU-PCD andA¥U-hydrogels were
determined in compression and extension modes usistgon Universal Testing
machine (UTM-33R) with a load cell of 10kN. A typictensile stress-strain and
compressive stress-strain curves are showkigure 4.5 (a) and (b). The tensile
strength and compressive strength, percentagealiongand percentage compression
at break are determined for all the samples. Theltseare summarized Table 4.2.

Table 4.2: Mechanical properties of the hydrogels.

PU-
PU-PCL PU-PCD PU-FTL

PEG

1.0 025 | 05| 10 J025| 05| 10|025| 05 | 10
Qe 405 260 | 175 140 340 280 190 350 275 5

Tensile Strength
(MPa) 0.22 | 0.41| 1.02 1.48] 0.46| 0.94| 1.05] 0.28| 1.04| 2.82
a

Elongation (%) 72 240 | 35| 1961 921 68 2 50 43 13

Compressive 092 | 2.88| 3.37 29.3| 1.65/ 5.44| 23.6] 1.92| 4.6 | 145
Strength (M Pa)

Compression (%) 59 66 51 89 43| 72| 84 51 69 83
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It can be readily seen from tTable 4.2 that, replacing some part of PEG ¢
with PCL, PCD and FTLdiols has improved the mechanical properties of
hydrogels. Compared to the tensile strength of R&-PEG hydrogels (0.22 MPe
the tensile strength of F-PCL, PU-PCD and PWB-TL hydrogels increased from O
MPato 1.48 MPa; 0.46 MPa to 1.05 MPa ar.28 MPa to 2.82 MPa, with increase
diol content from 0.25 to 1.0 respectively. Simifathe compressive strength a
increased from 2.88 MPa to 29.3 MPa; 1.65 MPa t6 ®R8Pa and 1.92 MPa to 1<
MPa respectively for P-PCL, PU-PCD and PU-FTL hydrolge The percentage
elongation has increased significantly from 709~200% in the case of F-PCL and
PU-PCD hydrogels but decreased considerably in the cBBL-FTL hydrogels. The
decrease in % elongation for -FTL hydrogels can be attributed to fact that,
fluoro based polyol can induce extra crosslinkingthe structure and make t
hydrogel harder resulting into decrease in % elbogaand compressive streng
Further, the hydrophobic characteristic of the lgef increase due to the prece of

fluoro groupsin the hydrogels which also can play a role in desing the %

elongation.
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Figure 4.5: A typical tensile stre-strain (a) and compressive str-strain curves (b)
for PU-PCL hydrogels

From theTable 4.2, it is disernible that the overall tensile and compres
strength have increased significantly fall the gels compared to the -PEG
hydrogels. This could be due to the fact that tpglgrium swelling ratios of the F-
PCL, PUPCD and P-FTL hydrogels have deeased as compared to the-PEG
hydrogels. Further, there is also a significantrelase in the swelling ras as the

S P Pune University, Chemical engineering 83 CSIR-National Chemical Laboratory



Influence of hydrophilic/hydrophobic diols on the properties of PU hydrogels Chapter - IV

PCL, PCD, FTL content increases. However, it isangnt to note that, even at tl
swelling ratio the values of tensile aicompressive strengths are good for
application in tissue engineering. All the hydragebuld be compressed to 70-
80% without breaking. This is indeed an importaatapneters required for hydrog

when they are used as implants and scaffolds deformation/load.
4.4.6 Inducing Por osity into Hydrogels

In our work, we have used cryogenic treatment fodld by lyophilizatior
method toinduce pore structure intPU hydrogels The water swollen gels (PU
were subjected to rapid cooling in liquictrogen. The frozen water was then remo
by sublimation under vacuum leaving behind voidsreate porous structure in t
hydrogels. Brosity, pore size and pore structurequiredfor the cell growthis
explained in ChapteB-(Sectior3.4.7).

4.4.7 Morphological Analysis
4.4.7.1 Scanning Electron Microscope (SEM)

We show inFigure 4.6, the SEM micrographof lyophilized samples (PU
gds with different contents of hydrophobic di. It can be revealed from the figL
that, the sampkeexhibi porous structure with theore sizes in the range c-20um.
Pore size ranges required for the adequate grofdkfferent category of cells and/
tissues have been already extensively studied @paoited. We found that the pc
sizes obtained in ouramples are suitable for hosting the endotheliall

transplantation process during the initial stagdsssue regeneratit.

Figure 4.6: SEM mcrographs of thqporous xerogels. (a) PU-PCGL.0 (b) PU-PCD-
1.0 and (c) PU-FTLE.C.
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4.4.8 In vitro degradation

Understanding degradation mechanisn critical in designing hydrogels f
drug deliveryapplications since the rates of matrix swelling degradation gover
the diffusion of encapsulated tethered drug molecules. Witppropriate desigof
polymer synthesisand network structure, degradable hydr matrices can be
engineered with proper degrada profiles for achievingdesirable dru release
regimes. Bzymatically degradable hydrog are becoming more important
controlled releasepplications.In view of this, we have studied the degradatioouot
hydrogels using enzyme in PBS soluti

Enzyme concentration determines whethe degradation occurs via surfi-
erosion (rate of enzyn substrate reaction greater than rate of en: transport) or
bulk-degradation (rate of enzyme transport greater rate of enzyme/substra
reaction). Therefore, the accur. of predicting gel degradatiolargely depends on

understanding theellular physiolog and cellmaterial interaction

It wasfound that PE«-based polyurethanes degrade at a faster rate ced
with PCL-based polyurethanes due to their hydrophilicity #vat this effecis more
pronouncedwhen using high molecular weight PEMaterials containing a high
ratio of PEG exhibithigher water absorbance, higher degradatior in vitro, and
lower mechanical strength in the hydrated < It was also found that mo
amorphous PU (i.e. exhibiting more phase mixing d#nerefore more urethal
linkages Hbonded with the soft segme, such as those prepared with HM

degrade faster as they absorb more w

0
(a) R)J\DR' + H,O\H —_— /\OR = i 0|-| + R'OH
/+\
o) H’O\
(b) RNOJ-LN,R' ROH + R'NH, + CO,
H

Figure 4.7: Hydrolytic degradation mechanism polyester (aand Polyurethar(b).

S P Pune University, Chemical engineering 85 CSIR-National Chemical Laboratory



Influence of hydrophilic/hydrophobic diols on the properties of PU hydrogels Chapter - IV

Aliphatic polycarbonates and their copolymers aimdé&gradabl. Aliphatic
polycarbonates may have advantages aliphatic polyesters such as polylactide
lactide-glycolide copolymer, because of their relativelyv rate of hydrolysis ir
aqueous mediand their more amorphous naturoly (hexamethylene carbone has

been shown to be successfully biodegraded by emvienital microbe.

The hydrogels that we have synthesized compriseBEg3, PCL, FTL an
H1,MDI andthe degradation considered to be due hydrolysis of the ester grot,
urethane groups and ' carbonate groups. Attack of water lexules to the estt
groups, urethangroups and carbonate group resultsdegradation of polymers. Tl
degradation can happen through bulk erosion viencbassion leading to the weig
loss in the hydrogel. The memism of hydrolytic degradation in Polyester Ureth
and Polyurethane is shown Figure 4.7. Further it is observed that ester linkag
hydrolyse faster than urethane linkages. The swgelbf hydrogels also plays
important role in the hydrogel degation. Higher the swelling, higher is the rate
degradation. We show Figure 4.8, % degradation versus time (in days) and th
degradation was measured by the weight loss meth®BS and in the presence
enzyme, Aminolipase PS. The PBS solution and PBS + enzyme salutias

replaced every 48hrs during the period of degradattudy.
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Figure 4.8: Percentag Degradation of PU hydrogels (a) with PBS 7.4 angwiih

PBS + enzyme.

In PBS 7.4 the P-PEG hydrogels were found to be stable up to 80 datys
the degradation of 46%. Similarly, the -PCL, PUPCD and P-FTL hydrogels in
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PBS 7.4 showed the stability only up to 35, 28 4dlays Figure 4.8 (a)). Further,

it can be seen from thEigure 4.8 (b) that, the presence of enzyme catalyses the
degradation significantly and the stability of thgdrogels reduces considerably.
Particularly, the PU-PCL and PU-PCD hydrogels dégranuch faster due to the

attack of enzyme on ester and carbonate linkages.

Table 4.3: Percentage Degradation of PU hydrogels with titned@ys).

PU-PEG PCL-1.0 PCD-1.0 FTL-1.0
PBS 46% 26% 48% 64%
Days 84 35 28 49
PBS + Enzyme 35% 63% 55% 58%
Days 36 15 12 24

4.491n vitrodrug release

In order to study the influence of hydrophobic di@ind its content on the
release of an anticancer drug, doxorubicin hydaritd (Dox.HCI) from PU-PEG,
PU-PCL, PU-PCD and PU-FTL hydrogels, we have perémt Dox.HCIl release
experiments in PBS (pH = 7.4) at®3€. We show inFigure 4.9 (a, b and c) the
cumulative release profile of Dox.HCI from all thgdrogels over a period of 7 days.
In all the samples, a small burst release was wéden the first 4 hours, followed by
a relatively constant release of Dox.HCI in the aening period. It can be seen that as
the hydrophobic diol content increases, the rele&&ox.HCI is reduced.

The release of Dox.HCI is mainly controlled by thegree of swelling of the
hydrogels. With increase in the hydrophobic diohtemt, the equilibrium swelling
ratio of hydrogels decreased and subsequentlyethase of Dox is reduced. There is
a decrease from 90% to 60% and 80% to 25% in Dolkrel€ase as the hydrophobic
diol content increases in PU-PCL, PU-PCD and PU-Rydlrogels. We also show in
Figure 4.9 (d), a comparative study ddox.HCI release from the above hydrogels
containing the same ratio of PEG and hydrophobit @U-PCL-1.0, PU-PCD-1.0,
and PU-FTL-1.0) It can be readily seen that as the hydrophobicitythe diol
increase, the equilibrium swelling ratio of hydrisgdecrease and consequently, the
release of Dox.HCI also decreases. In the cas&JaPPG with the swelling ratio of
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~400, nearly 100% relee of Dox.HCI is observed. Wherea®r PL-PCL-1.0, PU-
PCD-1.0 and PUFTL-1.0 with swelling ratios of 130, 190, 75 tDox.HCI release
was only80%, 60% and 25% respective

_ 1204 —=—PU-PEG (a) __120{ —=—PU-PEG (b)
¥  {—=—PuU-PCL-0.25 = —=—PU-PCD-0.25
";’ 1004 —— PU-PCL-0.5 o 1004 —+—PU-PCD-0.5
@ {——PU-PCL-1.0 @ —v— PU-PCD-1.0
@ 804 @ 804
2 e
o 604 @ 60-
2 =
- =
& 40 & 404
E £
g 20 5 20
(&) o
o T T T o T - T i T - T o L L L v L L3 T L T o T
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__ 1204 ——PU-PEG (c) 120| —=—PU-PEG (d)
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Figure 4.9: Cumulative releas (%) profile of doxorubicin from doxorubici
incorporated PU hydrogels over 7 days. (a) -PCL hydogels, (b) PLPCD
hydrogels (c) PU-TL hydrogels and (d) Combination of hydroc

However, it is interesting to note here that altffolP.-PCD hydrogels ha
higher equilibrium swelling ratio, the release Dox.HCI is lower (only~60%) as
compared to PURCL hydrogel which gives near~80% release oDox.HCI. This
could be attributed to the fact that the positivetyhharged Dox.HCI can
electrestatically bind witl the negative ions of the carbonate diol and for
complex® As a result, there could ta decrease in the reductiohDox.HCI release
from PU-PCD1.0 hydrogel. All the above cervations clearly indicate théby
the diol by uwmiing the
hydrophobic/hydrophilic balance in the hydrogelseooan tune the release
Dox.HCI at the dased rate.

controlling hydrophobic content and
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4.4.10 In vitro Biological Test
44101 MTT Assay

Cytotoxicity of PU hydrogels (PU-PCL-1.0, PU-PCDO and PW-FTL-1.0)
was evaluated by MTT assay which is based on timeiple of reduction of enzym
succinate dehydrogen: in the presence of dye MTT to purple cured formazan
crystals. Figure 4.10 shows that L-929 fibroblast cells exhibitatinost similar cell
viability as compared to the coni. Results clearly indicate thall the PUhydrogels

are non toxic andiocorrpatible to L-929 fibroblast cells.

(a) (c) ()]
200um 200pum ZDQm

Figure 4.10: Optical phase contrast images of PU-PCL, @D and PLFTL
hydrogels in MTT Assay with L 929 fibroblast cdtis 72 h at 37°C Fluorescent
image of &) Control for L929 Fibroblast cell ling(b) PU-PCLwith L929 Fibroblast
cell linesafter 72hrs treating with the hydrog (c) PU-PCLwith L929 Fibroblast
cell lines after 72hrs treating with the hydrog and (d) PLFTL with L929

Fibroblast cell linesafter 72hrs treating with the hydrog.
4.5 Conclusions

In the present wk, we have synthesizeBU hydrogels by incorporatir
different type of diols in combination with PEG bby solventfree on-pot method.
The chemical structu of the gels was characterized byIRTspectroscopy. Th
micro structural characterizatic of gels by WAXD indicated the presence
crystallinity, which was attributed to the orderio§PEC, PCL, PCIL segments in the
gel structureThe equilibrium swelling ratios of the hydrogel desed with increas
in the hydrophobic diocontent. Consequently, the tensile and compresstireagth
of the hydrogels increased. All the hydrogels et good mechanical strength
moderate swelling of the hydrogeThe porosity in the hydroc was induced by a
method of cryogenic treatmerfollowed by lyophilization. The morphologic:
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characterization by SEM revealed the porous straciith 2-2Qum pore size and
indicated the interconnectivity of pores. The cgkitity studies of PU hydrogels
showed the continuous growth of cells, which intkdathe nontoxic nature of the
hydrogels. The in vitrdrug release was studied using an anticancer dmgrdbicin
hydrochloride. These hydrogels show potential @agibns in controlled drug
delivery and tissue engineering.
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Introduction

Chapter -1

In the first chapter, a detailed literature survey was done on hydrogels
in terms of their classification, synthesis, properties, advantages and
disadvantages and applications for drug delivery and tissue engineering.
Literature survey on the state-of-the-art of polyurethane (PU) hydrogels is
given. The characterization techniques such as WAXD, SAXS, UTM, p-CT,
biological tests etc., used for studying the micro-structural, surface
morphology, mechanical behaviour and cytotoxicity of the hydrogels were

briefly explained.



Scope and Objectives

Chapter - 11

In the second chapter, we have discussed the scope and objectives of thesis
work.



Design, synthesis and characterization
of polyethylene glycol — polyurethane
hydrogels

Chapter - 111

In the third chapter, we report the synthesis of porous poly (ethylene
glycol)—polyurethane (PEG-PU) hydrogels using PEG-4000 as a soft segment
and 4,4’ methylenebis (cyclohexyl isocyanate) as a hard segment. The degree
of swelling in the hydrogels could be controlled by varying the amount of
crosslinking agent, namely 1,2,6-hexanetriol. The characterization
techniques such as Solid-state 13C NMR, FTIR, WAXD, SAXS, SEM, DMA, p-
CT, biological tests etc., used for studying the structural, micro-structural,
surface morphology, mechanical behaviour and cytotoxicity of the hydrogels

were briefly explained.

Polymer International. 2015; 64: 397-404



Influence of hydrophilic/hydrophobic
diols on the properties of polyurethane
hydrogels

Chapter - IV

In the fourth chapter, we have synthesized and characterized PU
hydrogels using different diols namely, Polycaprolactone diol (PCL), Poly
(hexamethylene carbonate) diol (PCD), and Tetraol (FTL) in combination with
Polyethylene glycol (PEG). The characterization techniques such as, FTIR,
WAXD, SEM, in vitro drug release, in vitro degradation, biological tests etc.,
used for studying the structural, micro-structural, surface morphology,
mechanical behavior, drug release kinetics, degradation profile and

cytotoxicity of the hydrogels were briefly explained.

Patent Application No: 3555DEL2015 (Prov. Date: 02/11/2015)



Curcumin in polyurethane hydrogels

Chapter -V

In the fifth chapter, we report the one-pot synthesis and
characterization of curcumin incorporated polyethylene glycol - poly
urethane (PU-CUR) hydrogels using PEG-4000, 4,4'-methylenebis (cyclohexyl
isocyanate), curcumin in the presence of a cross-linker, 1,2,6-hexanetriol
(HT). Besides the physical entrapment, curcumin also provides a partial
crosslinking in the 3-D structure of the hydrogel. The characterization
techniques such as, FTIR, UV-Vis, HR-MS, WAXD, SAXS, UTM, Confocal
microscopy, SEM, p-CT, biological tests etc., used for studying the
structural, micro-structural, surface morphology, mechanical behavior and

cytotoxicity of the hydrogels were briefly explained.

Chemistry of Materials. 2016, 28, 2120-2130.
Patent Application No: 3555DEL2015 (Prov. Date: 02/11/2015)



Summary and Conclusions

Chapter - VI

In the sixth chapter, we have discussed the summary and conclusions of
thesis work.



Curcumin in polyurethane hydrogel Chapter -V

5.1. Introduction

As mentioned in the previous chapters, a solvesg;fone-pot synthesis of
PEG-PU hydrogels was achieved. The obtained hytagdibited reasonably good
tensile and compressive strengths. Additionallyfedent types of diols were also
used in combination with PEG diol to synthesize Rydlrogels. These hydrogels

showed significant improvement in the mechanicapprties.

In order to focus our work on the hydrogels fop-biedical applications, we
were interested in designing and synthesizing hyelsowith biological properties
such as, antibacteri&f, anticancerols’ and antifungaf'® To achieve this goal, we
identified a biomolecules namely, curcurtif® which can be easily integrated into

the hydrogel matrix both chemically and physically.

Accordingly, in this study, we have incorporategotmin in the preparation
of PU hydrogels. The hydrogels were prepared uBB&-4000, 4,4'-methylenebis
(cyclohexyl isocyanate) (HMDI), Curcumin in the presence of a cross linker
namely, 1,2,6-hexanetriol (HT). Curcumin is a 1ig-{8-methoxy-4-hydroxy
phenyl)-1,6-heptadiene-3,5-diene having phenoliactires connected by twop-
unsaturated carbonyl groufs.t is well established that, curcumin exhibitgtbanti-
microbial and anticancerous propertiés’ The obtained hydrogels showed good
antibacterial properties. Besides 1,2,6-hexanefHdl) cross linking, curcumin with
reactive -OH groups also took part in partial croeking as well as entrapment
during the reaction indicating the presence of hgtizsical and chemical linking in
the hydrogel structure. The quantitative estimmatad curcumin in the PU-CUR
hydrogels was made by extraction of hydrogels mambl:water mixture (65:35),
where the physically entrapped curcumin is expetdetiffuse out of the gel matrix.

The structural characterization of hydrogels wasfgomed by FTIR and
Solid-state  NMR spectroscopy. Interestingly, thetaoied hydrogels showed
enhanced mechanical properties in terms modulusl|o¥tgation and recovery. The
micro structure of the hydrogels was investigatsith@ wide-angle X-ray diffraction
(WAXD) and small-angle X-ray scattering (SAXS). élkryogenic treatment with
lyophilization was used to generate porosity in ltigdrogel matrix. The preliminary

antibacterial property and cytocompatibility studighowed the ability of cells to
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proliferate in the hydrogel. This is one of the mdssirable properties of hydrogels

for biomaterials application.
5.2. Experimental
5.2.1 Materials

Polyethylene glycol (MW~4000g/mol), Dibutyltin diueate (DBTDL) and
Tetrahydrofuran (THF) were obtained from Merck di4,4'-methylenebis
(cyclohexyl diisocyanate) (HAMDI) was purchased from Sigma Aldrich, USA; 1,2,6
Hexanetriol (HT) was obtained from Fluka USA. Cursn was a gift sample from
Arjuna Natural Extracts, India. Dulbecco's Modifighgle Medium (DMEM) and
Fetal Bovine Serum (FBS) were purchased from logeégn USA; Dulbecco's
Phosphate buffered saline (DPBS) was obtained Hadviedia India. Escherichia coli
(NCIM 2685) were obtained from National CollectiohIndustrial Microorganisms

(NCIM), India. All the chemicals were of analytigglade and used as received.
5.2.2 Synthesis of Curcumin incorporated Polyurethae (PU-CUR) Hydrogels

PEG [MW~4000g/mol] was vacuum-dried at 8D for 6 hours in a rotary
evaporator to remove any residual moisture ancdtaorolten in a sealed flask in an
oven at 7°C until use. To the 10 g of molten PEG, 0.06 g ofddmin and 0.335 g
HT were added and kept in a rotary evaporator férodrs to form homogeneous
solution. To this solution, 1.5 mL of 4;fhethylenebis (cyclohexyl diisocyanate) and
13.6 uL of dibutyltin dilaurate (DBTDL) were added usiagsyringe under nitrogen
atmosphere. The whole mixture was kept in a rotagporator for 20-30 min at 70
°C till the mixture become more homogeneous and fimmred in to pre-silanated
glass petri-dishes, or appropriate teflon molds ges the dimension required for
studies). The petri-dishes/moulds were kept in ate®5°C for 4 hours for gelation.
After gelation, the petri-dishes/moulds were cookew the hydrogel discs were
removed by immersing the petri-dishes in distiNeater for 4-5 hours. The unreacted
monomers were removed by washing the hydrogelgdass distilled water for a few
days with frequent replenishment of fresh distilladter. By using the same
procedure, hydrogels with different curcumin cotdemnere prepared with 0, 0.5, 1.0,
and 1.5 wt % of curcumin abbreviated as PU-CUR@i€hout curcumin), PU-CUR-
0.5, PU-CUR-1.0, and PU-CUR-1.5, and the stoichioynesed for the reactions is
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given inTable 5.1 The reaction between PEG;,MDI, HT, and curcumin is shown

in Scheme 5.1

Table 5.1: Stoichiometry for the synthesis of PU-CUR Hydrsgel

Sample Curcumir; Hexanetrigl PEG40003 DBTDL . H1,MDI .
(mol x 10°%) | (molx 10°) | (mol x 10°) | (mol x 10%) | (mol x 10%)
PU-CUR-0.0 0 2.5 2.5 0.0237 6.35
PU-CUR-0.5 0.162 2.5 2.5 0.0237 6.35
PU-CUR-1.0 0.325 2.5 2.5 0.0237 6.35
PU-CUR-1.5 0.488 2.5 2.5 0.0237 6.35

5.2.3 Synthesis of Curcumin with Phenyl Isocyanat@CUR-PI).

To establish the chemical reaction between curcandcthe HbMDI to form
the cross linking in the network structure, a magelction of curcumin with phenyl

isocyanate was carried ofcheme 5.2)

Table 5.2: Stoichiometry for the synthesis of CUR-PI compound

Reagents Mw Eq | mmol Density Amount
(g/moal) (g/cc) taken
Curcumin 368.38 1 0.998 - 0.368g
Phenyl Isocyanate| 119.12 1 0.001 1.078 0.12ml
Phenyl Isocyanate| 119.12 2 0.002 1.078 0.25ml
Phenyl Isocyanate| 119.12 3 0.003 1.078 0.37ml

In a typical reaction procedure, to a solution wfcamin (0.368 g, 1mmol) in
dried THF (5 mL), phenyl Isocyanate (0.12 mL, 1 niinveas added followed by the
addition of Dibutyltin dilaurate (DBTDL) (1 mg) as catalyst. After 12 hours, the
reaction mixture was diluted with dried THF (5 mOhe THF was evaporated to
obtain the crude product, redissolved in THF angstatlized. Using the same
procedure, curcumin was reacted with phenyl Isoateawith different mole ratio as
shown inTable 5.2
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5.2.4. Preparation of porous PU-CUR hydrogels

Porous PU-CUR xerogels were prepared by cryogemiatrhent of fully
swollen PU-CUR hydrogels followed by removal of iceystals by lyophilization.
The fully swollen hydrogels (20 mm diameter x 10 rheight) were placed in liquid
nitrogen for 15 min and then freeze-dried in a hibper (Christ Alpha 1-4,
Germany) for 10-12 h.

5.3. Characterization
5.3.1 Structural Characterization
5.3.1.1 FT-IR

The structural characterization of PU-CUR hydrogeds performed by FTIR.
Experimental details are given in Chapter 3 (See83.1.1).

5.3.1.2 UV-Vis Spectrophotometer

UV-Vis Spectrophotometer (JASCO V-570) with DRS moaas used to

obtain spectra.
5.3.1.3 Fluorescence Spectrophotometer

Steady-state fluorescence studies were performend) d$oriba Jobin Yvon
Fluorolog 3 spectrophotometer having a 450 W xeftamp. The emission and
excitation slit width was maintained at 1 nm thrioogt the experiments, and the data

was obtained in “S1/R1” mode (to account for theateons in lamp intensity).
5.3.2 Swelling Measurements

The swelling behaviour of the PU-CUR hydrogels wstsidied using

gravimetric method. Experimental details are give@hapter 3 (Section-3.3.2).
5.3.3 Micro structural Characterization

5.3.3.1. Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD) technique wassad to detect the
crystalline morphology of PU-CUR xerogels. Expennta¢ details are given in
Chapter 3 (Section-3.3.3.1).
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5.3.3.2. Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) technique weasedi to detect the
microstructure of PU-CUR xerogels. Experimentaladstare given in Chapter 3
(Section-3.3.3.2).

5.3.4 Mechanical Properties
5.3.4.1. Tensile tests

Tensile tests were carried out with Instron Uniaémesting Machine (UTM-
33R) with a load cell of 10 kN, at room temperatuiéh an elongation rate of 10
mm/sec. The test specimens for tensile testinge waving dimension of 35mm

length x 10mm width x 2mm thickness.
5.3.4.2. Compressive tests

Compressive tests were carried out on the sameingawiith a load cell of 10
kN, at 25°C with a compression speed of 10 mm/sec. The swolelrogel samples

for compression testing were having Length to Digmeatio of 1:1.
5.3.4.3. Cyclic compression test

The force-gap experiments were carried out withiigtruments ARES-G2, a
strain controlled rheometer under ambient condtiohe cylindrical hydrogel

samples which are swollen in DI water were haverggth to diameter ratio of 1:1.
5.3.5 Morphological Analysis
5.3.5.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was employedineestigate the
morphology of the?U-CUR hydrogels and porous xerogels. Experimetetdils are
given in Chapter 3 (Section-3.3.6.1).

5.3.5.2. Microcomputed tomography g-CT) or Micro-CT

Three-dimensional nondestructive imaging of PU-CURrogels was
performed using a high-resolution X-ray microconggutomography-CT), model
u-CT 40 (Scanco Medical AG, Switzerland). PU-CURogals were scanned using
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X-ray of energy 45 kV and 12m voxel resolution. Two-dimensional cross-sectional
images of xerogels were thresholded to suppredgy@md noise, and the region of
interest was marked to discriminate between polgnes well as pores in the
xerogels. The 2D images were compiled, and 3D imafexerogels were generated
using the software provided by the manufacturercrtdarchitectural parameters of
the xerogels such as porosity, pore size, and thalkness distribution, etc., were
evaluated by applying a distance transformationhodlogy with the aid of a

software supplied by the manufacturer.
5.3.61n vitro Biological Test
5.3.6.1 Cytotoxicity Test (Direct Contact Method)

For in vitro cytotoxicity study, PU-CUR xerogels ttvi8mm diameter disc
(n=3) were ethanol sterilized. The sterilized xetegwere swollen to equilibrium
using sterile deionized water for the removal ofess ethanol. Experimental details

are given in Chapter 3 (Section-3.3.7.1).
5.3.6.2 MTT Assay

MTT assay was performed to assess cell viabilitthvall PU hydrogels.

Experimental details are given in Chapter 3 (See88.7.2).
5.3.6.3 Quantification of Cytostatic Dosage

Cytostatic dosage of the curcumin was quantitatiesisessed by MTT which
measures the metabolic reduction of yellow colouBe@,5-dimethylthiazol-2yl)-
2,5,diphenyl tetrazolium bromide to a purple cotaliformazan by viable cells. L-
929 cell lines cultured and seeded 10000 cell/vell96 well multiwall plate
containing different concentration of curcumin. ubated at 37+3C in air with 5%
CQO, till a sub confluent monolayer is formed. Cultunediam is removed and added
to aliquot of extract at definite dilution to lalexl wells along with aliquots of blank
reagent. Liquid extracts of positive as well asatig control material and reagent
control were added onto additional triplicate weltcubated at 37+2C in air with
5% CQ for a minimum of 24hrs. Cytotoxicity was qualitadly evaluated using phase
contrast microscope for general morphology, vaeatibn, detachment of cells and
cell lysis. Sub confluent monolayers of cells wasgsinize. With a multi channel
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pipette added 1QQ of the cell suspension to each well of the 10tr@rcolumn of
multi well plate containing 0.5 — 1 x i@ells / well. Growth medium is added and
incubated till attaining sub confluency. Mediunrésnoved and the plate is fed with
200 pL of fresh medium and 5QL of MTT. Wells were incubated from 4 hrs to
overnight in humidified atmosphere. Medium and Mi@@&re removed from the wells
and the MTT formazan crystals were dissolved byiragdd®00 uL of DMSO /
Propanol. Absorbance at 570nm was recorded imnedgiasince the product is

unstable.
5.3.6.4 Antibacterial study

Bacterial stains were obtained from National Cditet of Industrial
Microorganisms (NCIM), India.Staphylococcus aureus (S.aure®)CIM 2079)
were used to test the antibacterial potential efgéls by using the Kirby—Bauer disc

diffusion method®*
5.4. Results and Discussion
5.4.1 Synthesis of Curcumin incorporated PEG-PU Hyabgels (PU-CUR)

In the present work, curcumin is incorporated dyitime synthesis of PU-CUR
xerogels. The idea of using curcumin in the hydtogas to obtain hydrogels with
excellent antimicrobial, antifungal, antiinflammeato properties. Curcumin,
commonly known as diferuloyl methane, is a hydrdpbgolyphenol derived from

the rhizome (turmeric) of the herb curcuma longa.

Chemically, curcumin is a bistp-unsaturated-diketones that exhibits keto-
enol tautomerisnfigure 5.1 The enol form has been found to be the stabkken
ground state. Because of the keto-enol tautomereanmcumin can undergo end-
capping, chain extension and crosslinking in théyyethane addition reaction.
Further, curcumin is soluble in PEG and can belyascorporated into PU-CUR
xerogels without the requirement of any solvenie Téaction between PEG DI,
HT and curcumin is shown icheme 5.1 and Figure 5.2The network structure in
the gel is induced by both HT and curcumin craskitig in the reaction.
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Figure 5.1: Tautomeric form of curcumin.
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Scheme 5.1Reaction scheme for the synthesis of ®UR xeroge.

A

Curcumin

i
bad

Diisocynate  95°C

o .9 DBTDL

Hexanetriol

Figure 5.2: Graphica representation of the PGQUR hydrogel formatic.

Since the reactivity of the pnolic -OH groups in curcumin is not high

compared toOH groups in HT towards isocyanate groups, alldineumin may no
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take part in the chemical reaction and hence samsuat of the curcumin may |
present asphysically entrapped curcumirThe curcumin ncorporated P-CUR
xerogels obtained were opaque and orange in cololiney exhibited modera
swelling in water and upon swelling they became tiparent. Interestingly,
dependhg on the amount of curcumin iorporated, the gel showed viion in the

mechanical properties which will be discussed inltter sections.
5.4.2 Synthesis of Curcumin with phenylsocyanate (CURPI) compounc

To confirm reaction between curcumin and diisocye a model reaction we
performed in which, curcumin was reacted with phesycyanate in different mol
ratios. The reaction was carried out in THF at &0 catalysed by DBTDLThe

reaction pathway ishown inScheme 5.2.

0 OH NCO
MeO > H A= OMe
® L, *
HO | OH
Y : DBTDLl RT, THF : Y
NS S L
0 0’&0 : o 0o : o oo
MeO ~ M-l - OMe ‘MeQ ~ N = OMe : MeO | oMe
HOG 134 GOHEHOG 15 Go OG 1:3 Oo
: OJ‘NH : HN’&O OJ‘NH

Scheme 5.2Reaction scheme for the synthesis of -Pl compound:

The products were analyzed by-IR and highresolution masspectrometry
(HR-MS).

5.4.3Preparation of porousPU-CUR hydrogels

Cryogenic treatment followed by lyophilization methwas usecto induce
pore structure intd?U-CUR hydrogels. The water swollen gels PU-CUR were
subjected to rapid cooling in liquid nitrogen. Tihezen water was then removed
sublimation under vacuum leaving behind voids teat# porous structure in t
hydrogels. We show itFigure 5.3 the schematics of the process of pore formatic
the PU-CURhydrogels
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Figure 5.3: Process of pore formation: (a) FCUR-1.0 Xerogel, (b) PFCUR-1.0
Hydrogel, (c) Liquid Nitrogen Quenched FCUR-1.0 Hydroge(d) Freeze drie PU-
CUR-1.0 Porouerogel (e) SEM image of FCUR-1.0 Porous Xeroge

It can be seen fronFigure 5.3 that, the xerogel (a) is opaque and u
swelling in water it becomes transparent (sliglzy) (b). On liquid nitrogen rap
cooling, the transparentel becomes opaque again @) lyophilization the ge
converts into spongy nature retaining the ojeness (d)and (e)show the SEM
images, which display t/ porosity in the xerogelThe simple cryogenic treatme
method that we have used here is a faster and aé-free approach in comparis:
with time consuming séleaching as well as photo-patternimgthodology reporte

earlierfor porous hydrogel

5.4.4. Structural Characterization
5.4.4.1 FTR spectroscop)

The structural elucidation olPU-CUR gel was performed by HR
spectoscopy. The stacked plots of IR spectra of reactants, P-4000, H,MDI,
Curcuminand the producPU-CUR-1.0 gel are shown kigure 5.4.

The strong absorption band at 2270 in H;,MDI is ascribed to the C=l
(Nitrile) stretch in theisocyanates group N=C=0). Whereas, a weak, bro
absorption band of hydroxyl eigroups (-OH) of PEGKO00 appear at 34-3500 cm
! In the case of PWGUR gel, the characteristic absorption bands—NCO) groups
from HyMDI (at 2270 cn') and (-OH) groups of PE@O00 (at 3400c™)
disappeared indicating the reaction betwe-NCO) and (©H) to form urethane-
NH-COO-) linkages.
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Figure 5.4: FTIR Spectra of (a) PEG-4000 (b)MDI (c) Curcumin and (d) PU-
CUR-1.0 Xerogel.

At the same time, a new peak appeared in PU-CURtrspe at 1716cm,
attributed to the stretching of ester carbonyl geooy>C=0) within the urethane
linkages. Further, we also observed strong abswrdtands in the range of 2800-
3000cm" which can be ascribed to C-H stretching vibratidfisally, the absorption
band at 1115cthin PU-CUR gel is attributed to the characteristO-C- stretching
vibration of the repeating unit of -O-GHCH,- of the PEG-4000. These observations
in the FTIR spectra clearly confirm the structufét-CUR gels.
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Figure 5.5: FTIR Spectra of (a) Curcumin (b) phellsocyanatgc) CUF-PI 1:1, (d)
CUR-PI 1:2, and (e) CU-PI 1:3

Similarly, the structural elucidation ¢he products from threaction between
Curcumin andPheny Isocyanate (CUR-Pljyvas performed by FIR spectroscopy.
The stacked plots of HR spectra of reactantsyrcumin, phenyisocyanate and the
product CURPI (1:1, 1:2, 1:3 and 1:6) are shownFigure 5.5 These obseations
in the FTIR spectralearly confirmed thereaction between curcumin—-OH groups

and isocyanate groups phenyl isocyanate.
5.4.4.2 High Resolution Mass Spectrometr (HR-MS)

The confirmatiol of the products from the reaction between curcuamd Pl
at different mole ratios was performed using-MS spectroscopyFigure 5.6: HR-
MS: m/z calculated for ,gHsNO; for CUR: Pl 1:1 = 487.1, Figure 5.7:
CssH30N20g for CUR: Pl 1:2 =607.21,Figure 5.8: C42H3sN3Og for CUR: PI 1:3 =
725.21.
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Figure 5.6: HR-MS of Curcumin — Phenldocyanat 1:1
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Figure 5.7: HR-MS of Curcumin — Phenldocyanat 1:2
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Figure 5.8: HR-MS of Curcumin — Phenldocyanat 1:3
5.4.4.3 UV-Vis &Fluorescenc: Spectrophotometer

The presence of curcumin the PU-CUR gel was furtheonfirmed by solid
state UV-Visand Fluoresence spectroscoFigure 5.9 (a)shows the U-Vis spectra

of PU-CUR xerogels with different contes of curcumin.

I T 1
1.104 (a) ! ! ——PU-CUR-0.0 8.0x10" (b) ——PU-CUR-0.0
i i —— CURCUMIN ~——— CURCUMIN

1
. : |  ——PU-CUR-05 ——PU-CUR-0.5
. i ==FULLR10 6.0x10°+ ——PU-CUR-1.0
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Figure 5.9: (a) Solidstate UV-Vis spectra of PQUR Xerogels and (b) So-state

Fluorescence spectra of FCUR Xerogels
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It can be clearly seen that the gels with curcusfiow excitation at 500ni
and this peak is absent in the gel without curcur8imilarly, Fluoresence spectra
xerogel with curcumiiFigure 5.9 (b)showed emission at 520nm which is not see
the spectrum of PWGCUR matrix. These observations clearly confirm phesence o
curcumin in the xeroge
5.4.5Swelling Measurement

Swelling, an important property of the hydrogelosggly depenc on the
degree of crosslinking and hydrophilicity of thedhggel. In P-CUR hydrogels, th
contribution to the swelling comes from the hydntiptpart, PEG and controlled &
the content of HT and hydrophobic curcumin. It waserved that P-CUR xerogels
were opaque in nature which was attributed to ttystallinity of PEG in the ge
matrix. However, the gels became transparent upailiag due to the loss of th
crystallinity Figure 5.1C (d).

Figure 5.10: PU-CUR-1.0 gels. (a) Flexible and thitubes, (b) resistivi to cutting
the sample. (c) Dry and water swollen hollow tube. thick film with transparency,
(e) block ofhydrogel (opaque), (f, transparent thick tube and its cr-sectional

view.
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We show inFigure 5.13(a), the equilibrium swelling capacities PU-CUR
hydrogels with three different contents of curcun@ constar HT) measured at
room temperature. It can be seen that, the equifibswelling ratio decreasdrom
800% to 200% with curcumin content incrng from 0.5 to 1.5v%. The decrease in
equilibrium swelling can be attributed to the formation of more com|
interconnectivityin the network structurenvith more degree of crosslinking whi
prevents the expansion of netw(

The degree of crosslinkinin the gel matrix is likely due to both HT a
partial covalent linking of curcumin into the netkastructure. Therefore, these g
can be effectively termed as dou crosslinked gels.

In general, the kinetics of swelling i.e. the tidependence of wer uptake in
gels can be given as,

W — Wy
F(t) = ———— = kt" 1
= 5y M
Where K is a swelling rate constanin’ is the swelling exponenW is the
weight of dry samples, Ws and W,, are the swollen weights at timt’ and at
equilibrium, respectively. It ci be readily seen fronkigure 5.11(a) that, the
equilibrium swelling reached within . hours for all the samples indicati

reasonably faster diffusion of water moleculeshim gel matrix
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Figure 5.11:(a) Swelling studies with respect to time for-CUR gels with differer
amount of curcumin. (tSwelling ratio with time at the initial stages efedling and
inset shows isotropic swelling studies of -CUR gels with different amount

curcumin.
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However, it is important to note here that, thdusiion of water molecules
into hydrogel strongly depends on the polymer cmaability which in turn depends
on the glass transition temperaturg)(of the polymer. In general, higher the
crosslink density, higher is thk,. The water uptake follows Fickian diffusion with
swelling exponent,’ close to 0.5 when the chains are mobile. On tiverochand, if
the chains are more rigid with a limited mobilithen the polymer chain relaxation
rate is lower than water molecule diffusion raté #ime diffusion will be non-Fickian

with the value of swelling exponenty ‘between 0.5 and 1.0.

We show inFigure 5.11(b),the log-log plots of swelling with time for PU-
CUR hydrogel with 3 different curcumin contentscahstant HT. At the initial stage
of swelling, the swelling kinetics profiles increalnearly, following a power law
behaviour and then level off upon approaching tpgldrium state of swelling. The
swelling exponent,’ could be estimated from the slope of the iniliaéar region of
swelling curve. The values afi“are very close to 0.5 indicating the Fickian dgion
of water molecules into PU-CUR hydrogels. We albsesved an isotropic swelling
nature in PU-CUR-1.0 gel.

5.4.6. Micro structural Characterization
5.4.6.1 Wide-Angle X-ray Diffraction (WAXD)

We show inFigure 5.12(a),the Wide-Angle X-ray Diffraction patterns of PU-
CURO0.0 and PU-CUR xerogels with different contesit£urcumin. The diffraction
patterns of neat PEG-4000 shows two charactepstis centered dtspacing of 4.6
A (20=19.7) and 3.8A (R=23.4) which can be attributed to the 120 and 132

reflections of PEG monoclinic unit cell, respectye

In the case of PU-CUR Xerogels with different co$éeof curcumin, the
diffraction peaks appear at the sanfieagles of pure PEG with a simildtspacing
value, indicating that only the PEG segments cbated to the semi crystalline
nature of PU-CUR gels. We performed WAXD experimenf PU-CUR with

different content of curcumin at the same contém{Dat room temperature.
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Figure 5.12: (a) WideAngle X-ray Diffraction patterns of PGUR-0.0 and PU-CUR
xerogels at room temperatures. Small-angle X-ray scatteringrofile of PUCUR-

1.0 Xerogel at different temperatur

It can be readily seen from ttFigure 5.12(a) that, the diffraction peak
initially observed atd-spacing values of 4.6 A and 3.8 A at room tempee:
corresponding to PEG crystalline segment starthtmvsdecrease in intensity wi
increase in curcumin content from -CUR-0.5 to PU-CURL.5. A substantial
decrease in the peak intensity clearly indicates tile curcumin is covalently linke

to the polyner backbone.
5.4.6.2 SmallAngle X-ray Scattering (SAXS)

To explore further on the microstructure of gelse werformed SAX
experiments on PACUR gels at different temperatures sting from room
temperature to 68C. The profiles of scatterinintensity as a function of scating
vector are shown ifrigures 5.14(b). The sattering vector profiles cPU-CUR gels
exhibit a characteristic scattering peak. The i@tabetween scattering vectq) and
scattering angled] is given as

4n 6

q = TSin 5 (2)

Where A’ is the X-ray wavelength (Cu & = 1.5418A). The average
distanced’ between domains can be estimated by the peak gosiging a wel

established equation as follo
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2T

d = (3)

qmax

Where,gmax iS @ scattering vector at maximum intensity of¢berelation peak.

Upon heating PU-CUR xerogels closer to the meltihghe soft segments
(PEG, ~45°C), the scattering peaks in the SAXS spectra shithe lowq region
indicating that the smaller lamella melt first thley shifting the average spacing
between lamellae to larger values (lowshift). Finally, the SAXS peak disappears
indicating that the peaks in PU-CUR xerogels oaggnexclusively from the lamellar
packing of soft PEG chains. Further, we do not &eg separate scattering peaks

coming from the hard segments, since their contetiite gel matrix is very low.
5.4.7 Mechanical Properties

The mechanical properties of the curcumin incoratd?U-CUR hydrogels
were determined using compression, extension anlicoyompression experiments
(see Table 5.3)The large deformation experiments are carriedbyutmechanical
testing machine (Instron UTM 33R with a load céllLOkN) in uniaxial compression
or tensile mode. Whereas, the cyclic compressiopemxents for mechanical
hysteresis are carried out using ARES G2 strairtrotbed rheometer. We show in
Figure 5.14 (a)the tensile stress-strain curve for hydrogel samythout and with

different contents of curcumin.

Table 5.3:Mechanical properties of PU-CUR hydrogels

. . Compression Strength

Tensile Compression (%) at break (MPa)

Samples St . With Without With Without
rength | Elongation d d d d

(MPa) (%) entrapped | entrapped | entrapped | entrappe

curcumin | curcumin | curcumin | curcumin

PU-CUR-0.0| 0.22 72 - - - -
PU-CUR-0.5] 0.48 46 92 83 1.6 0.7
PU-CUR-1.0| 0.64 284 92 78 4.6 2.7
PU-CUR-1.5] 0.73 76 75 63 3.7 1.5

Hydrogels with no curcumin (PU-CUR-0.0) showed tienstrength of 0.22
MPa with a percent
of PU-CUR-0.5, PU-CUR-1.0 & PU-CUR-1.5 showed tnstrengths of 0.48MPa,

elongation of 72%. Whereasdydgels with curcumin content

S P Pune University, Chemical Engineering 114 CSIR-National Chemical Laboratory



Curcumin in polyurethane hydrogel Chapter -V

0.64MPa and 0.MPa with percentage elongatioof 46%, 284% and %

respectively.

We have shown iilFigure 5.14 (b),the compressive stre-strain curves for
equilibrium swollen PI-CUR hydrogelscontaining curcumin (a) 0.5 (b) 1.0% and
(c) 1.5%and compared the results with hydrogels containmgurcumin 0.0%). It
can be seen from the figure that, all curves exhibit an initial linear region, t
slope of which can give e modulus of the gel networK.he hydrogels with n
curcumin (PU-CURD.0) breaks at 0.%Pa with % compression of 58% & 58%).
Whereas, hydrogels with FFCUR-0.5 and PU-CUR-1.0curcumin showed
compressive strength of : MPa and 4.8Pa respectively, and could be compres
upto 92% without breakir Figure 5.13 (a)

PU-CUR-0.5

(b)

PU-CUR-1.0

PU-CUR-1.5

1
|

Figure 5.13 Photographs of compression study demonstratingamadiility of (a)
PU-CUR®.5 at higher compressic(90% strain), (b) PU-CURE.0 (90% strain), an:
(c) PU-CURA4.5 (75% strain), respective

S P Pune University, Chemical Engineering 115 CSIR-National Chemical Laboratory



Curcumin in polyurethane hydrogel Chapter -V

(<]

l(a) (b)

B
1

Comgressive atess (MPa}

w
i

PU-CUR 0.0
PU-CUR 0.5
PU-CUR 1.0
PU-CUR 1.5

n
h

PU-CUR 0.0
PU-CUR 0.5
PU-CUR 1.0
PU-CUR 1.5

-
1

4 > & B

Tensile stress (MPa)
o
B

. 4 p =

(=]
1

Compressive stress (MPa)

0.0 . . v , . - r . Y r .
0 50 100 150 200 250 300 0 20 40 60 80 100
Tensile strain (%) Compressive strain (%)
_ 012 'E 5
= 4 PU-CURO0.5
o
= 0.10+4 « PU-CUR1.0 =3 £ (d)
® i = PU-CUR1.5 g = PU-CURO0.5
¢ 0.08 ® ,| * PUCUROS5SDS
= g 1 » PU-CUR1.0
i Rl . + PU-CUR 1.0 SDS
N P | S 21+ PUCUR1S
s Pt ‘» < PU-CUR 1.5 SDS
o - e n 14
et . A [+}]
= 0.02 e bt
£ m‘h‘ﬁ"‘n g— 0
9 0.00- 4
o o T o T T T L T . T T
f Y o 0 20 40 60 80 100

Strain (%) Compressive strain (%)

Figure 5.14: (a) Tensile data for the different amount of curcunmoorporated Pl

CUR hydrogels, (b) U-axial compression experiment of RIJR hydrogels in th
swollen state with increasing the amount of curecurooncentration, (c) Cycli
compression study of different amount of curcumeoiiporated PL-CUR hydrogels
(d) Comparison ofmechanical strength (once svell samples vs. samples after S

Cycle of PUCUR hydrogels an overlay pl

The hydrogels wittPU-CUR-1.50f curcumin however, showea rupture at
compression of 75% with a compressive strength .6f MP¢ (Figure 5.13 (c))
These observations clearly indicate that the cunecumcorporation intoPU-CUR
hydrogels enhanced the mechanical strength of tlydrobels with higt

compressibility (~ 90%).

The increase in both compression and tensile dtriergf curcumin
incorpordaed hydrogels can be attributed to the fact thatcumin in the hydroge
network is present as partially covalently linkeol the network and partial
physically entraped in the network structurThe covalently linked curcumin, alol

with the HT can povide a dual cross linking nature to the hydrogetwork. The

S P Pune University, Chemical Engineering 116 CSIR-National Chemical Laboratory



Curcumin in polyurethane hydrogel Chapter -V

dual cross linking can induce uneven distributidncss links resulting into the
heterogeneity of the network structure. On thesotiand, the physically entrapped
curcumin can assist in the efficient dissipatiorenérgy. Therefore, both the degree
of heterogeneity and energy dissipation play ingdrtrole in determining the
strength of the hydrogels and the presence of eolfances the mechanical strengths

of the hydrogels.

To evaluate the energy dissipation in these ghks,clclic test of loading-
unloading were carried out using ARES-G2 straintrdled rheometer, in the
compression mode. IRigure 5.14 (c)shows the loading-unloading curves of stress
vs. strain for hydrogel samples containing différeontents of curcumin. A total of
25 cycles were carried out for each sample withilggrunloading speed of 0.25mm/s
and at constant compressive strain amplitude. Agpdrysteresis loops are observed
on loading-unloading curves, suggesting that hyelogissipate energy effectively.
Despite the observation of hysteresis loops in Iltteding-unloading cycle, the
recovery in the hydrogel was maintained. Intenggyi it was observed that the
curves superimposed for all the 25 cycles in thepdas, indicating the breaking and
reforming of the network structure in the dynamiode. This observation also
further implies that there is no permanent damagéhé network structure in the

applied limits of compressive amplitudes.

To understand the influence of physically entrappmircumin on the
mechanical properties of the hydrogels, the engdpurcumin was extracted out by
immersing the hydrogels in ethanol:water mixtur:86 by vol). The samples PU-
CUR-0.5, PU-CUR-1.0 and PU-CUR-1.5, with initialrcumin loading of 15, 30 &
45mg/g were subjected to ethanol:water mixtureaekion for almost 10 days. After
10 days the release of curcumin from the hydroged almost stopped as seen by the

constant value of curcumin release as shokiguare 5.15 (b)

The rationale for selecting ethanol:water mixtufé5:35(vol%) was mainly
due to the maximum swelling of gels at this solvenituresFigure 5.15 (a) This
will also ensure the easy diffusion of entrappedtigmin from the hydrogel due to the
loosening of the network structure at the highestlleng ratio. The removal of

physically entrapped curcumin was monitored by ORBasurement in UV-VIS
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spectroscopy. Extraction with ethanol:water mixtuesulted in the release of
entrapped curcumin in varying extents accordingthi® initial curcumin loading
during the synthesis of hydrogelBable 5.4 gives an account of chemically linked
and physically entrapped curcumin into the hydregel

Table 5.4:Release of Curcumin in EtOH/@ (65:35v/v) mixture

Curcumin | Curcumin | Curcumin | Curcumin
Sample loaded released | remaining | Remaining
(mg) (mg) (mg) (%)
PU-CUR-0.5 15 10.27 4.73 31.5%
PU-CUR-1.0 30 17.06 12.94 43.1 %
PU-CUR-1.5 45 29.65 15.35 34.1 %

It can be readily seen from the table that abouI@% curcumin is present in
the gels as a physically entrapped. After compieteoval of the physically entrapped
curcumin, the gels were dried and reswollen in Rtex to the equilibrium value. In
this process, the gels were subjected to swellexywelling-swelling cycle. We
propose to term it as swell-deswell-swell (SDS)ley&he SDS cycle might influence
the mechanical properties of the hydrogel to soxtent. These aspects however,
have not been looked at in this study. The mechhrpcoperties in terms of %
compression and compression strength at break agam measured and compared
with the data of samples with entrapped curcumin.

From theFigure 5.14 (d)it was observed that the % compression decreased
from 92% to 83%, 92% to 78% and 75% to 63% fordhmples, PU-CUR-0.5, PU-
CUR-1.0 and PU-CUR-1.5 respectively. Similarly, t@npression strength at break
also decreased from 1.6MPa to 0.7MPa, 4.6MPa twRa’and 3.7MPa to 1.5MPa
for PU-CUR-0.5, PU-CUR-1.0 and PU-CUR-1.5 respatyiv

These observations clearly indicate that, curcumoorporated in the PU
hydrogels as both crosslinked as well as physiaailyapped form exhibit enhanced
mechanical properties to the hydrogels. The presehcurcumin in the chemically
linked and physically entrapped states inducesbgémeity in the hydrogel structure
and easy dissipation of the energy under deformatspectively. These combined
effects are desirable for the enhancement of meéchlastrengths of hydrogels which

can be tuned for application in tissue engineerigther, curcumin being non-toxic
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and antibacterial can give added advantage to tlgskogels in biomedic:

application.
40
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Figure 5.15:(a) Swelling studies with respect to Ethanol/water orxt(65:35) for
PU-CUR (b) Curcumin release in Ethanol/water mixtué&:85) (c) UV absorbanc
of curcumin from Day 1 to Day 29 and (Plot of storage moduli () vs equilibrium
swelling ratio (Q) of PU-CUR hydrogels in water at 5.

It is also important to note that there existsrarresting relationship betwe
the modulus (G and the equilibrium swelling ratiQe). The classical predictié?3?

for the relationship between these two paramesegs/en as en (4),

-1/3

G~Q.

(4)

It is known that this relationst is based on the assumptions that, the net
chains (PEG chains in this case) follow Gaussiatissics and the network dems
affinely. We show inFigure 5.15 (d) a logiog plot of shear modulusE’) versus
equilibrium swelling ratio Qg) of PU-CUR hydrogels with ifferent contents o

curcumin (PU-CURD.5- 1.5). It can be readily seen from the figure that, sharage
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modulus decreases linearly with increasing swelliatio (Qg). According to the
power law:G' ~ Q. ™ with the value of m = 5.2 which is quite high comgzhto the
value of 0.33 for the affine networks. This cleamylicates the striking departu
from Gaussian behavior with no affine deformatiéthe network

5.4.8.Morphological Analysis
5.4.8.1.Scanning Electron Microscopy (SEM

We show inFigure 5.16, the SEM micrographs of lyophilized samplesPU-CUR
gels with different contents of HT and compare wite untreated samples PU-
CUR gels.

Figure 5.16: SEM micrographs of the porous FCUR xerogels with differer

curcumin content.

It can berevealed from the figure that, the treated samplabés porous
structure with the pore sizes in the range-15um. Pore size range required for -
adequate growth of different category of ceand/or tissues have been alre
extensively studied and reported. We found that gbes sizes obtained in o
samples are suitable for hosting the endothelidk@asplantation process during t

initial stages of tissue regenerat|
5.4.8.2.Microcomputed Tomography (@u-CT).

To investigate the mic-architectural parameters of porous xeroc

microcomputed tomographyi-CT) technique was use@d-CT is a high resolutio
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and noninvasive thr-dimensional Xray imaging technique, which has k
advantages over other techniques used forcharacterizatiorof porous systernr
Porous xerogels were imaged usi-CT, and their micr@rchitectural characteristi
such as porosity, pore size distributiwall-thickness distributionyere evaluated.

Figure 5.17: (a) 3D image of the porous FCUR-1.0 xerogel obtained from ti
reconstruction of 2D -ray projections using:-CT, (b) poresize distribution of th
xerogel, and (c) walthickness distribution of the xerogel. All images with 1 mn

scale bar.

Figure 5.17 (a), shows the thredimensional image of porous PUC- 1.0
xerogel obtained fromu-CT, which shows homogeneous distribution of pu
throughout its volume with an overall porosity of%. Pores in the xerogel we
imaged by inversion of tl 3D image, and their size distribution based on lausc

scale is shown ifigure 5.17 (b).
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Figure 5.18: (a) Histogram of the porsize distribution in PUZUR-1.0 xerogel and
(b) Histogram of the wa-thickness distribution in PU-CUR-0 xeroge
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Histogram of the po-size distribution illustrated ikigure 5.18 (a shows the
distribution of pores with respect to the totalgeplume. It is evident that the pol
ranging from 2086400 um contribute to the majority of pore populati Figure 5.17
(c), shows the wall thickness distribution of the xeltaggh a colour-coded thickness
distribution profile. Histogram of the thickn«distribution shown irFigure 5.18 (b)

shows a major thickness contribution fron—=108um.
5.4.8.3.Confocal Microscopy

Sincecurcumin has the fluorescence property, its presémdhe gel matri:
could also be determined by confocal microsccThe confocal microscopy wi
performed on a sample which was subjected to 29 dthanol/water mixture (65:3

extraction forextracting the physically entrapped curcumin ingample

Curcuminin THF Curcuminin THF solution 3D image

PU-CUR Xerogel PU-CUR Xerogel 3D image

Figure 5.19: Confocal microscopy image of curcumin in THF and-CUR xerogels

from both in 2D and -D view.
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Confocal micrographs indice the presence of curcumin chemice
crosslinked with the isocyanatThese results were compared with a solutiol
curcumin in THF. FronFigure 5.19 it could be concluded that the curcumir
chemically crosslinked after the removal of all sieglly entrapped curcumi
moreover, the compiaon between the 3D images were also found to lagrieemen

with the above conclusions
5.4.9. In vitro Biological Tes
5.4.9.1 Cytotoxicity Tesl (Direct contact method)

A549 (adenocarcinomic human alveolar basal epithelidk) cell line was
used for peliminary studie. Studiesdemonstrate that cells are viable on
substrate.The in vitro cytotoxicity of PU-CUR-1.Chydrogels was examred using
direct contact methot

Control

PU-CUR-1.0

Figure 5.20: Optical phase contrast images of -CUR-1.0 hydrogels in direc
contact with A549 cells for 72 h at 37°C. Morpho&sggof cells in control wells ar
those in catact with PL-CUR-1.0 hydrogelsshown in figures (-d) and (e-h)
respectively at 0, 24, 48 an?2 hours.

The morphology of cells in direct contact with teerface ofPU-CUR-1.0
hydrogels at different intervals (0, 24, 48 andhturs) were similar to that of tl
cells in the control wells and were viable as iatkd by optical micrograpt Figure
5.20(a,b)shows that the cells in control wells at 0 and &dirb shows exponenti
increase in their population. Similar increase apylation of cells was visible in t
PU-CUR-1.0 gels ta0 and 24 hoursigure 5.20 (e,f) Figure 520 (g,h) shows
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continuous cells growth in PU-CUR-1.0 gels at 48 @8 hours respectively, which is
in terms with the corresponding control wells shawrrigure 5.20 (c,d) Since the
direct contact method shows good cytocompatibiéitsen after 72 hours, further

viability analysis were not performed.
5.4.9.2. MTT Assay

Cytotoxicity of PU-CUR 1.0 hydrogel was evaluatgd\dTT assay, which is
based on the principle of reduction of enzyme swtei dehydrogenase in the
presence of dye MTT to purple coloured formazarstatg. L-929 fibroblast cells
showed cell viability for PU-CUR-0.0 and PU-CUR-1(®7.1 and 94.6%,
respectively, as shown kigure 5.21), but the MCF-7 did not show cell viability for
PU-CUR-1.0 (6.4% as shown kigure 5.21). Results clearly indicate that PU-CUR-
1.0 hydrogels are selectively nontoxic, which idés biocompatibility to L-929
fibroblast cells in Figure 5.22 (a and b)Jand toxic to MCF-7 cell line as shown in
Figure 5.22 (c and d) With these observations, it can be concluded F#CUR
gels are selectively toxic to human breast canektine (MCF-7 cell line).

B CONTROL
120 - B PU-CUR-0.0
I PU-CUR-1.0
2 |
B
S 80+
>
©
(&)
‘S 40+
X
0-

L-929 ' MCE-7

Figure 5.21:MTT absorbance of PU-CUR-1.0 with L-929 fibroblastd MCF-7 cell

lines.
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Control After 72 hrs

L929 Fibroblast

Figure 5.22: Optical phase contrast images of -CUR-1.0 hydrogels in MT Assay
with MCF-7 and L 929 fibroblast cells for 72 h at 37°C. @pntrol for L929
Fibroblast cell lines (b) L929 Fibroblast cell afté2hrs treating with the hydrogel:
(c) Control for MCF7 cell lines (d) MCF# cell lines after 72hrs treated with t
hydrogels.

5.4.9.3. Gitostatic concentration of curcumir

An in vitro cytotoxicity test using ‘Test on Extract’ methodsyaerformecon
curcumin with concentrations 0.25, 0.5, 1.0, 2.6d &.0 pg/mL (Figure 5.23)
Extract was prepared by incubating curct with DMSO (0.5% in culture mediurnr
for 72 £ 2 h at 37 £ 2 °C. A 98L of culture medium was mixed withl of extract
of test samplesA 100uL of test samples, negatiw®ntrol, and positive control
triplicate were placed « subconfluent monolayer of 829 cells. After incubation ¢
cellswith extract of test samples and control at 37°€Zor 24 h the cell culture wa

examined microscopically for cellu responséFigure 5.24)

An in vitro MTT assay was performed with - curcumin samples and swed
100%, 63%, 33%, 17.45%, a 7.5% metabolic activity, respectiv. It is known that

curcumin is not stable physiological pH and undergoes chemical degrad:
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througha—p unsaturate@-diketo moiety. However, this degradatiol significantly
reduced when curcumin is attached to lif liposomes, and polymer structur
Further, it is quite stat when it is used with FBS buffeln our work, curcumin
chemically attached with the PU matrix as well hggically entrapped in the netwo
structure. Therefore, the chemi degradation is least anticipated.

N

00 05 1.0 15 20 25 30 35 4.0
Curcumin conc (ng/mL)

Metabolic activity (%)
5 3 2 3 B

N
o
1

Figure 5.23: Histogram showing the metabolic activity of variashcentrations ¢
curcumin (0.25, 0.5, 1.0, 2.0 and 4.0ug/r

0.25pg/mlCurcumin  0.5pug/ml Curcumin

1.0pug/ml Curcumin  2.0pg/ml Curcumin

4.0pg/ml Curcumin Positive control Reagent control Negative control

Figure 5.24 MTT Assay of curcumin with differecaincentratior
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5.4.9.4. Antibacterial Study

Figure 5.25shows the results of in vitro antibacterial scragnof different
hydrogels againsE. aureus The screening was performed using the Kirby—-Bauer
disc diffusion method and the LB Broth method. Taetericidal effects of neat gel
and curcumin loaded (0.0%, 0.5%, 1.0%, and 1.5%urnin content) hydrogels were

then comparatively evaluated by observing inhibizones.

Figure 5.25: Antibacterial activity of PU-CUR-0.0 and curcumioabded PU-CUR

hydrogels againss.aureus

As shown inFigure 5.25 no inhibition zones were found around the hydroge
PU-CUR-0.0 (no curcumin), indicating that this hygel exhibit no antibacterial
property. On the other hand, the curcumin contginlmydrogel exhibited an
antibacterial effect on Gram-positi&aureusas seen by a distinguished inhibition
zone. However, the zone of inhibition was highestRU-CUR-0.5, which decreases
as the concentration of curcumin increases. Thgghtbe because of limited diffusion

of curcumin on the agar plate due to a complex akwf the hydrogel.

5.5. Conclusions

In the present work, we synthesized curcumin inocajed PU-CUR
hydrogels using PEG-4000,#DI, Curcumin, HT by solvent-free one-pot method.
Different amounts of curcumin were incorporatednwibnstant amount of HT in the
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gel. The chemical structure of the gels was corddray FTIR, HR-MS, UV-Vis and
Fluorescent spectroscopy. The micro-structural adtarization of gels by WAXD
and SAXS indicated the presence of crystallinitychwas attributed to the ordering
of PEG segments in the gel structure. The presehdamellar structure was also
indicated by the SAXS studies. This can be duéhéofbrmation of smaller size of
crystalline lamellae of PEGs in the gel structurbe swelling studies on PU-CUR
gels at 37C showed Fickian diffusion of water into the hydetsy The curcumin was
found to be present in the hydrogel in two formsavalently linked to the hydrogel
structure and ii) physically entrapped in the galtnix. The mechanical strengths of
the curcumin incorporated PU-CUR gels increasedtdube presence of curcumin.
This was attributed to the heterogeneity in therbgdl structure and easy dissipation
of the energy under deformation from the entrappactumin. These combined
effects are desirable for the enhancement of mechlastrengths of hydrogels. The
porosity in the hydrogel was induced by a methodrgbgenic treatment followed by
lyophilization. The morphological characterizatidnay SEM revealed the porous
structure with 2-1pm pore size and the presence of interconnectiviitgooes. The
cytotoxicity studies of PU-CUR hydrogels showed tmmtinuous growth of cells,
which indicated the non-toxic nature of the hydtegerhese hydrogels show

promising applications in vascular graft and TisEBngineering applications.
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Chapter - VI

In the sixth chapter, we have discussed the summary and conclusions of
thesis work.
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The objective of the thesis was to design and ®gitle novel hydrogels for
drug delivery and tissue engineering applicatigxdghough there are wide variety of
hydrogels used for the above applications they tsmxere limitations in terms of
poor mechanical strength, less biocompatibilityn4perous nature etc. Therefore,
there is a big scientific challenge to design amVetbp novel hydrogels with
improved properties. In this context, Polyurethéiased hydrogels have emerged as
important class of materials due to their good doaipatibility, excellent chemical
resistance and good mechanical properties. In dodenprove the properties of PU
hydrogels further and to investigate on their dtrtad attributes in detail we have
under taken the work on synthesis and charactemzabf new polyurethane
hydrogels with tunable properties. A solvent free-@ot synthesis method with the
combination of different hydrophilic/hydrophobicot8 was used to obtain PU
hydrogels. Curcumin with the antibacterial, anta@mproperties was incorporated in
the preparation of PU hydrogel. These aspects of hpdrogels have not been
reported earlier.

In the first chapter, a detailed literature surwes done on hydrogels in terms
of their classification, synthesis, properties, attages and disadvantages and
applications for drug delivery and tissue enginagriLiterature survey on the state-
of-the-art of polyurethane (PU) hydrogels is givéhe Characterization techniques
such as WAXD, SAXS, UTMu-CT, biological tests etc., used for studying the
micro-structural, surface morphology, mechanicaiawsour and cytotoxicity of the

hydrogels were briefly explained.

In the second chapter, we have discussed the stapebjectives of the thesis

work which includes the following:

e To design and synthesize Polyurethane based hydrbgesolvent free
one-pot method with improved mechanical propeffoeshe applications
in drug delivery and tissue engineering.

e To create porous structure in hydrogels which istnuesirable feature
for the efficient nutrient diffusion for scaffolds tissue engineering.

* To use combination of hydrophilic/hydrophobic didis obtain PU

hydrogels with tunable properties.
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e To characterize hydrogels in terms of their striedmicrostructure,
swelling, mechanical properties, biological projert etc., using
techniques such as FT-IR, NMR, WAXD, SAXS, DMA, UTM-CT,
SEM and biological tests like cytotoxicity, MTT agsand antibacterial.

 To obtain bio-compatible and bio-active hydrogels ibcorporating
biomolecules such as curcumin.

* To demonstrate the potential use of the above lyaiisdor drug delivery

and tissue engineering applications.

In the third chapter, we have synthesized PEG-Rd¥dgels using PEG-4000 as
soft segment, BMDI as the hard segment and HT as a crosslinkesdbhyent free
one-pot method. Hydrogels with different crosslidénsities were obtained using
different contents of HT. The chemical structureghs gels was confirmed by FT-IR
and solid-staté°C NMR spectroscopy. The micro-structural Charazsgion of gels
by WAXD and SAXS indicated the presence of crystayl which was attributed to
the ordering of PEG segments in the gel structline. presence of lamellar structure
was also shown by the SAXS studies. The DSC stughesved a decrease in the
crystalline melting of T,) of PEG-PU gels as compared to neat PEG-4000. i$his
attributed to the formation of smaller size of ¢ajltne lamellae of PEGs in the gel
structure. The swelling studies on PEG-PU gels7diC3showed Fickian diffusion of
water into the hydrogels. The mechanical propexiegels were studied in dry and
swollen states using uniaxial compression and dymascillatory rheometry. The
results showed an increase in the strength of lgadlsowith increase in crosslink
density. The porosity in the hydrogel was inducgd method of cryogenic treatment
followed by lyophilization. The morphological Chaterization by SEM, X-ray
Micro-CT revealed the presence of porous structuith the interconnectivity of
pores having pore size in the range of a#h5 The cytotoxicity studies of PEG-PU
hydrogels showed the continuous growth of cellsjcivhindicated the non-toxic
nature of the hydrogels. These hydrogels show pfiatem tissue engineering

applications.

In the fourth chapter, we have synthesized PU hy@leoby incorporating
different type of diols in combination with PEG Hidhe chemical structure of the

gels was characterized by FT-IR spectroscopy. Tiweonstructural Characterization
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of gels by WAXD indicated the presence of crystathi, which was attributed to the
ordering of PEG, PCL, PCD segments in the gel &irac The equilibrium swelling
ratios of the hydrogel decreased with increasehm hydrophobic diol content.
Consequently, the tensile and compressive stresfgtie hydrogels increased. All the
hydrogels exhibited good mechanical strength ateraid swelling of the hydrogels.
The porosity in the hydrogel was induced by a metled cryogenic treatment
followed by lyophilization. The morphological Chatarization by SEM revealed the
porous structure with 2—2@n pore size and indicated the interconnectivityoffes.
The cytotoxicity studies of the obtained hydrogg&t®wed the continuous growth of
cells, indicating the nontoxic nature of the hydssg The in vitrodrug release was
studied using an anticancer drug doxorubicin hyldlm@de and the release was
correlated with the hydrophobicity/swelling of thgels. These hydrogels show

potential applications in controlled drug delivenyd tissue engineering.

In the fifth chapter, we synthesized curcumin ipooated PU-CUR
hydrogels. Different amounts of curcumin were ipoyated with constant amount of
HT in the gel. The chemical structure of the geswonfirmed by FT-IR, HR-MS,
UV-VIS and Fluorescent spectroscopy. The microestmal Characterization of gels
by WAXD and SAXS indicated the presence of crystay which was attributed to
the ordering of PEG segments in the gel structline. presence of lamellar structure
was indicated by the SAXS studies. The swellinglistsi on PU-CUR gels at 3¢
showed Fickian diffusion of water into the hydragelrhe curcumin was found to be
present in the hydrogel in two forms: i) covalerihked to the hydrogel structure and
i) physically entrapped in the gel matrix. The imagical strengths of the curcumin
incorporated PU-CUR gels increased due to the poesef curcumin. This was
explained on the basis of presence of heterogemettye hydrogel structure and easy
dissipation of the energy under deformation. Thes®mbined effects contributed to
the enhancement of mechanical strengths of hydsodéle porosity in the hydrogel
was induced by a method of cryogenic treatmenoWadd by lyophilization. The
morphological Characterization by SEM revealedgbmus structure having 2-20
pore size with the interconnectivity of pores. Tdyotoxicity studies of PU-CUR
hydrogels showed the continuous growth of cellsjctvhndicated the non-toxic
nature of the hydrogels. These hydrogels show iogpiapplications in Vascular

graft and Tissue Engineering applications.
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Finally, we made an attempt to achieve our objestito develop PU
hydrogels for drug delivery and tissue engineerapplications. These hydrogels
could be prepared in any intricate shape and sjzenle-pot synthesis method. The
hydrophilic/ hydrophobic balance of the hydrogedsild be tuned by using different
types of diols in the preparation of PU hydrogeds the controlled drug delivery
applications. The enhancement in the mechanicgbepties could be achieved by
varying the crosslink density, hydrophobicity ofetldiols and incorporation of
biomolecules such as curcumin. The obtained hydsagéibited excellent biological
properties with enhanced mechanical strength wisickery important for biomedical
applications. These hydrogels show great potenimal drug delivery, tissue
engineering, vascular graft, patches, tissue exgandarious implants in the body
etc.
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GRAPHICAL ABSTRACT

» Gold NPs were immobilized on
polyethylene  glycol-polyurethane
(PEGPU) hydrogels.

» Such immobilized NPs can be used as
catalysts.

» This is a generic method and can be
extended to other metals as well.

» Gold NP catalyzed 4-nitroaniline
reduction with NaBH4 was used as
the test reaction.

» These catalysts are re-usable with
appreciable turnover numbers and
frequencies.
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Turn over numbers

demonstrated.

A simple and convenient method for generating and immobilizing gold NPs into polyethylene glycol-
polyurethane (PEGPU) matrices is presented. The gold NP immobilized PEGPU (Au NP-PEGPU) hydrogel
matrices are easy to handle and can be used as catalysts. The efficiency, reusability and durability of
the Au NP-PEGPU catalyst matrices were investigated using the reduction of 4-nitroaniline (4NA) to p-
phenylenediamine (p-PDA) by sodium borohydride in the presence of the catalyst as a test reaction. The
Au NPs in the PEGPU matrix got aggregated after 3 cycles of catalysis but dispersion could be regenerated
by the addition of N-bromosuccinimide (NBS). After this regeneration process the Au NPs-PEGPU matrix
showed excellent efficiency without any aggregation, leaching or degradation. The reusability of the
catalyst for 28 cycles yielding a total turnover number of 3220 and turn over frequency of 0.152s! is

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanoparticles (NPs) are being used in a wide range of applica-
tions, such as catalysis [1-3], biomedicine [4], sensors [5-7] and
optoelectronics [4,8-10], due to their unique electronic properties

* Corresponding author. Tel.: +91 20 25902013; fax: +91 20 25902636.
E-mail address: pl.bhagavatula@ncl.res.in (B.L.V. Prasad).

0927-7757($ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.colsurfa.2012.08.026

and high surface to volume ratio. In fact, the catalytic activity of
some systems gets enhanced remarkably upon decreasing the NP
size. However, issues like aggregation, non-dispersibility of NPs in
the desired solvent (especially in aqueous media) are big impedi-
ments in the path to realize the full potential of NPs as catalysts.
The best way to overcome these barriers is to immobilize them on
a support.

Polymer matrices could be the prominent candidates for
incorporating such metal NPs, where the well defined spatial
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Porous poly(ethylene glycol)-polyurethane
hydrogels as potential biomaterials
Anumon V Divakaran, Arun Torris AT, Ashish K Lele and Manohar V Badiger”

Abstract

We report the synthesis of porous poly(ethylene glycol)-polyurethane (PEG-PU) hydrogels using PEG-4000 as a soft segment
and 4,4'-methylenebis(cyclohexylisocyanate) as a hard segment. The degree of swelling in the hydrogels could be controlled
by varying the amount of crosslinking agent, namely 1,2,6-hexanetriol. Structural characterization of the hydrogels was
performed using solid-state '>C NMR and Fourier transform infrared spectroscopy. Wide-angle X-ray diffraction studies
revealed the existence of crystalline domains of PEG and small-angle X-ray scattering studies showed the presence of lamellar
microstructures. For generating a porous structure in the hydrogels, cryogenic treatment with lyophilization was used. Scanning
electron microscopy and three-dimensional micro-computed tomography imaging of the hydrogels indicated the presence
of interconnected pores. The mechanical strength of the hydrogels and xerogels was measured using dynamic mechanical
analysis. The observed dynamic storage moduli (E’) for the equilibrium swollen and dry gels were found to be 0.15 and 4.2 MPa,
respectively. Interestingly, the porous PEG-PU xerogel also showed E’ of 5.6 MPa indicating a similar mechanical strength upon
incorporating porosity into the gel matrix. Finally, preliminary cytocompatibility studies showed the ability of cells to proliferate

in the hydrogels. These gels show promise for applications as scaffolds and implants in tissue engineering.

© 2014 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: hydrogels; poly(ethylene glycol); polyurethane; porosity; permeability
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INTRODUCTION

Hydrogels have emerged as promising materials for engineer-
ing scaffolds and implants because of their biocompatibility,
hydrophilicity and similarities to native extracellular matrix."~*
However, precise control of hydrogel properties such as porosity
remains a challenge. The porosity and the pore architecture play a
significant role in cell survival, proliferation and nutrient diffusion
to cells.>$

Hydrogels are three-dimensional networks of hydrophilic
polymers with high water absorption capacity. Depending on the
degree of crosslinking and hydrophilicity of the network, the water
content can range from ca 20% to thousands of times their dry
weight like, for example, in superabsorbent polymers.” ~° A variety
of hydrogels, naturally occurring and synthetic, biodegradable
and non-biodegradable, have been used in tissue engineer-
ing applications. The naturally occurring hydrogels include
collagen'®~'2 and collagen-alginate gels.”> The synthetic hydro-
gels include poly(glycolic acid) and poly(L-lactic acid) or their
composite mixtures.'* Some non-biodegradable polymers such
as polytetrafluoroethylene,’” polymethacrylate'® and hydroxyl
apatite/Dacron composites'” have also been studied for tissue
engineering applications. An excellent review of natural and syn-
thetic hydrogels for tissue engineering applications is that by Lee
and Mooney.'®

Hydrogels can be chemically crosslinked with covalent bond-
ing or physically crosslinked with non-covalent interactions such
as molecular entanglements and/or secondary forces that include
ionic, hydrogen-bonding or hydrophobic interactions.’®?° Most
of the hydrogels used or proposed in tissue engineering exhibit
weak mechanical strength and are unsuitable for application

under load. The fracture energy of typical hydrogels falls in the
range 107'-10°Jm=2, which is much smaller than the fracture
energy of usual rubbers.?! Therefore, major research efforts are
underway in designing and developing novel hydrogels with
improved mechanical properties. These include double network
gels,?? nanocomposite gels,?* slide ring gels and topological gels.?*
Recently, Sun et al.?> reported highly stretchable and tough hydro-
gels made by the combination of alginates and polyacrylamides.
The toughness was explained by recoverable energy-dissipating
mechanisms.

Besides good mechanical strength, the porosity of hydrogels
also plays animportantrole in designing scaffolds and implants for
tissue engineering. The scaffold allows cells to enter it, proliferate
and secrete their own extracellular matrix, leading to a complete
and natural tissue replacement in the long run. The porosity,
pore size and pore structure of the scaffold are vital for nutrient
supply of cells. Various techniques have been used to fabricate
porous scaffolds which include porogen leaching,?~2¢ phase
separation,? emulsion freeze-drying,*®*' solvent evaporation,3%33
gas forming,3* etc. We used cryogenic treatment followed by
lyophilization to fabricate scaffolds in our work.

In the present article, we report the synthesis of porous
poly(ethylene glycol)-polyurethane (PEG-PU) hydrogels using
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Mechanically Tunable Curcumin Incorporated Polyurethane
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ABSTRACT: We report here on the one-pot synthesis and

characterization of curcumin incorporated polyethylene gly-
col—polyurethane (PU-CUR) hydrogels using PEG-4000, 4, 4'-
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infrared spectroscopy, high-resolution mass spectrometry, UV and fluorescence spectroscopy. The wide-angle X-ray scattering
studies revealed the existence of crystalline domains of PEG, and the small-angle X-ray scattering studies showed the presence of
lamellar microstructures. Porous structure in the hydrogel was created by cryogenic treatment and lyophilization. Scanning
electron microscopy and microcomputed tomography imaging of hydrogels showed the presence of interconnected pores. The
mechanical strength of the hydrogels was measured using a universal testing machine. The observed tensile and breaking
compression strengths for the equilibrium swollen gels were found to be in the range of 0.22—0.73 MPa and 1.65—4.6 MPa,
respectively. Detailed in vitro biological experiments showed the biocompatibility of gels, cytostatic dosage of curcumin, selective
toxicity toward cancer cell lines, and antibacterial property. These gels show promising applications as scaffolds and implants in

tissue engineering.

Bl INTRODUCTION

Hydrogels are 3D polymer network structures that are
hydrophilic in nature and are capable of absorbing copious
amount of water without losing their structural integrity.' ™
Over the past two decades, hydrogels have received increasing
attention from researchers because of their special phys-
icochemical properties such as softness, biocompatibility,
stimuli-responsiveness, water permeability, self-healing, etc.
They find applications as scaffolds/implants in tissue engineer-
ing,"® vehicles for drug delivery,”® synthetic extracellular
matrix,() sensors,10 actuators,11 enzyme immobilization,12 smart
hydrogels,"* etc. However, a large number of applications of
hydrogels are often severely limited by their low mechanical
strength due to structural inhomogenity or lack of effective
energy dissipation mechanism, and they are unsuitable for
applications under load. For example, the fracture energy of a
typical hydrogel falls in the range of 0.1—10 J/m? which is
much smaller than the fracture energy in natural polymers
(~1000 J/m*) and natural rubber (~10000 _]/rnz).H_16
Therefore, major efforts are now devoted to synthesizing
hydrogels with improved mechanical properties."’~>* Novel
concepts and strategies that have been developed to make
tough hydrogels that are capable of withstanding large
deformations include double-network (DN) hydrogel,23726
nanocomposite (NC) hydrogels,”” ~* slide-ring hydrogels,*"**

< ACS Publications  © 2016 American Chemical Society
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topological or tetra-PEG (polyethylene glycol) hydrogels,33_35
etc. In this context, there is a large scope for designing and
developing new hydrogels with the combination of good
mechanical strength, elongation, and good self-recovery
properties. Polyethylene glycol—polyurethane (PEG—PU)
based hydrogels represent a class of materials that possess
favorable characteristic of PUs along with the ability to mimic
soft tissues. In our previous work,>* we have reported on the
porous PEG—PU hydrogels for potential biomedical applica-
tions.

In this study, we have incorporated curcumin in the
preparation of PU hydrogels. Interestingly the obtained
hydrogels showed enhanced mechanical properties in terms
of modulus, percent elongation, and recovery. The hydrogels
were prepared using PEG-4000 as a soft segment and 4,4’
methylene bis(cyclohexyl isocyanate) (H;,MDI) as a hard
segment in the presence of a cross-linker, namely 1,2,6-
hexanetriol (HT). Curcumin is a 1,7-bis(3-methoxy-4-hydroxy
phenyl)-1,6-heptadiene-3,5-diene having a phenolic structure
connected by two a,f-unsaturated carbonyl groups. It is well
established that curcumin exhibits both antimicrobial and
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Abstract Palladium-decorated chitosan catalyst was synthesized by an impregna-
tion method by varying the Pd loading in the range of 1-6 %, and was evaluated for
the regioselective hydrogenation of styrene oxide. In order to correlate the chemical
and textural properties with the catalytic activity, all the prepared catalysts were
characterized by techniques such as Fourier transform infrared spectroscopy, X-ray
diffraction, scanning electron microscopy, transmission electron spectroscopy,
thermo-gravimetric analysis, temperature-programmed desorption of NH3, and CO,
and N, physisorption. The synthesized catalysts were utilized for the efficient and
regioselective ring opening of styrene oxide by hydrogenation under different
conditions. The complete conversion of styrene oxide with 65 % selectivity for
2-phenyl ethanol and 33 % for 1-phenyl ethanol were obtained using 4 % Pd/CS
catalyst at 70 °C temperature and 3 MPa pressure. The mechanism for the regio
selective ring opening of styrene oxide to 1- and 2-phenyl ethanol was also proposed
on the basis of properties of the catalyst support, catalytic activity and selectivity.
These results indicated that the catalytic activity and selectivity of the catalysts were
affected by the nature of support. Further, the basic properties of the support play an
important role in the selectivity of the styrene oxide hydrogenation reaction.

Electronic supplementary material The online version of this article (doi:10.1007/s11164-016-2554-3)
contains supplementary material, which is available to authorized users.
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