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ABSTRACT

Porous polymeric scaffolds available in form of monoliths, rods, beads, and films
etc. have gained significant interest over past two decades due to their fascinating
properties and applications in various fields. Amongst various techniques to prepare
porous polymeric scaffolds, emulsion templating in the form of high internal phase
emulsion (HIPE, volume fraction of dispersed phase, ¢4 >0.74) polymerization is highly
admired for being a single step process to synthesize porous scaffolds (known as
polyHIPE) of interconnected pore-morphology, tailor-made properties, and customized
functionalities. Aqueous and non-aqueous HIPE templates i.e. water-in-oil (w/0), oil-in-
water (o/w), and oil-in-oil (o/0) stabilized using emulsifiers and/or Pickering stabilizers
have been used to synthesize scaffolds suitable for various applications such as selective-
sorption, adsorption, water-purification, and tissue engineering etc. Amongst different
available polymerization chemistry, free radical polymerization is the most employed
route in HIPE templating to synthesize porous scaffolds from unsaturated vinylic
monomers. Very few reports are available on HIPE templated scaffold synthesis using
other polymerization chemistry such as ATRP, RAFT, ROMP and step growth. Other
polymerization routes such as ring opening polymerization (ROP) to synthesize porous
scaffolds for tissue engineering based on a biodegradable aliphatic polyester specifically
poly(e-caprolactone) (PCL) by HIPE templating are scantly covered. All the PCL based
scaffolds derived from HIPE templating are either based on pre-synthesized high
molecular weight PCL or low molecular weight PCL macromers. Both of those
approaches are multistep processes and require use of organic solvents to obtain low
viscosity PCL solution for emulsification of dispersed phase during HIPE preparation.
The scaffolds also showed poor mechanical strength and are of limited use specially in
tissue engineering. Thus, there is an immense need and research prospects to generate
mechanically strong PCL scaffolds in a single step using monomer (g-caprolactone) (CL)
as the continuous phase of HIPE.

In this study, we developed a single step synthesis of HIPE templated crosslinked
PCL scaffolds via high internal phase emulsion-ring opening polymerization (HIPE-
ROP). The challenges associated with preparation of stable HIPEs of CL and its
polymerization to obtain crosslinked PCL scaffolds were overcome by judicious selection
of dispersed phase, n-hexadecane, emulsifier, pluronic F127 and magnetic stirring (1500

rpm). CL-HIPEs were prepared by dispersing n-hexadecane in continuous phase of HIPE

\%



and HIPEs were polymerized via HIPE-ROP at 120 °C for 8 h in non-inert condition. Bis-
(e-caprolactone-4-yl) (BCY) was used as crosslinker which was melt-dissolved in CL and
it effectively crosslinked the PCL chains during stannous octoate (Sn(Oct),) catalyzed
HIPE-ROP. Different generations of crosslinked PCL scaffolds were synthesized by
varying the crosslink density (Xc) and ¢4. Polymer yield (>95%) and gel content values
(>98%) signified high efficacy of adopted parameters for HIPE-ROP performed with
moisture sensitive monomers and catalyst. The crosslinked PCL scaffolds were of
interconnected pore-morphology, high porosity, high mechanical strength and possessed
significant liquid uptake. The effect of dual confinement on crosslinked PCL chains
locked in typical polyHIPE morphology caused by ¢4 and X; was clearly reflected on the
melting and crystallization temperatures of crosslinked PCL scaffolds. Further, to resolve
the concerns related to high emulsifier content, synthesis of crosslinked PCL
nanocomposite scaffolds at relatively low emulsifier concentration was demonstrated by
incorporating nano-graphene oxide dots, as Pickering stabilizer, in the continuous phase
of HIPE. The in-vitro cell-growth and biomineralization experiments and controlled
hydrolytic degradation study of crosslinked PCL scaffolds proved the suitability of
synthesized crosslinked PCL scaffolds in tissue engineering. Overall, the single step
HIPE-ROP process developed in this work paved a new route to prepare emulsion
templated crosslinked scaffolds of other lactones and lactides. The HIPE-ROP process
executed using as received monomers and reagents has high potential for commercial

viability by conversion from a batch to a continuous process.
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Temperature of crystallization
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Hs Heat of fusion

H]9 Heat of fusion of 100% crystalline poly(e-caprolactone) sample
H. Heat of crystallization

W Crystallinity

" Polarizability

Pa Pascal

MPa Mega-Pascal

p Density

kN Kilo Newton

o Alpha

Chemical shift
o' Solubility parameter
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List of Abbreviations

2D

3D

RT
FDA
HLB
rpm
RP
SFF
CAD
SLS
FDM
TIPS
wt.%
w.r.t.
Xc

Pd

w/o
o/w
o/o
HIPE
PolyHIPE
FRP
RAFT
ATRP
AGET-ATRP
ROMP
ROP
HIPE-ROP
PGA
PLLA
PDLA
PTMC

Two-dimensional
Three-dimensional

Room temperature

Food and drug administration
Hydrophilic-lipophilic balance
Revolution per minute

Rapid prototyping

Solid freeform fabrication
Computer aided designs
Selective laser sintering

Fused deposition modeling
Thermally induced phase separation
Weight percentage

With respect to

Crosslink density

Volume fraction of dispersed phase

Water-in-oil
Oil-in-water
Oil-in-oil

High internal phase emulsion
Polymerized high internal phase emulsion

Free radical polymerization

Reversible addition fragmentation chain transfer

Atom transfer radical polymerization

Activator generated electron transfer-atom transfer radical polymerization

Ring opening metathesis polymerization

Ring opening polymerization

High internal phase emulsion-ring opening polymerization

Poly(glycolic acid)
Poly(L-lactic acid)
Poly(D,L-lactide)

Poly(trimethylene carbonate)
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PVA Poly(vinyl alcohol)

PEO Poly(ethylene oxide)
PPO Poly(propylene oxide)
PCL Poly(e-caprolactone)

4-PCLMA 4-arm PCL methacrylate
PEGDMA Poly(ethylene glycol) dimethacrylate

MPS Methacryloxypropyltrimethoxysilane
AA Acrylic acid

AM Acrylamide

LA Lauryl acrylate

MMA Methyl methacrylate

SMA Stearyl methacrylate

HEMA 2-Hydroxyethyl methacrylate

GMA Glycidyl methacrylate

DXO 1,5-dioxepan-2-one

PDL Pentadecanolide

CL g-Caprolactone

CL-HIPE High internal phase emulsion of g-caprolactone
BCY Bis(e-caprolactone-4-yl)

MBA N,N’- methylene bisacrylamide

DVvB Divinyl benzene

VBC 4-Vinylbenzyl chloride

EHA 2-Ethylhexyl acrylate

BDA 1,4-Butanediol diacrylate

EGDMA Ethylene glycol dimethacrylate

KPS Potassium persulphate

AIBN 2,2'-Azobisisobutyronitrile

APS Ammonium persulfate

TEMED N,N,N’,N’-Tetramethylethylendiamine
Sn(Oct), Stannous octoate

MSA Methane sulphonic acid

m-CPBA m-Chloroperbenzoic acid

ECM Extracellular matrix
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SBF
PBS
MTT
TPO
SSNa
LiTFSI
CTAB
P123
F108
F127
CNC
GO
nGO
mSiNP
nHAp
MMT
Ca/P
CO,
scCO;
DCM
CDCl;
DES
THF
DMF
DMSO
'H-NMR
SEM
FE-SEM
TEM
SAED
WAXD
EDS
FTIR

Simulated body fluid

Phosphate-buffered saline
3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl tetrazolium bromide
Trimethylbenzoyldiphenyl phosphine oxide
4-Vinylbenzenesulfonic acid sodium salt
Bis(trifluoromethane) sulfonimide lithium salt
Cetyl trimethyl ammonium bromide

Pluronic P-123

Pluronic F-108

Pluronic F-127

Cellulose nanocrystals

Graphene oxide

Nano-graphene oxide dots

Hydrophobically modified silica nanoparticles
Hydroxyapatite nano particles
Montmorillonite nanoclay

Calcium to phosphate ratio

Carbon dioxide

Super critical carbon dioxide
Dichloromethane

Deuterated chloroform

Deep eutectic solvent

Tetrahydrofuran

N,N'-Dimethyl formamide

Dimethyl sulfoxide

Proton nuclear magnetic resonance spectroscopy
Scanning electron microscopy

Field emission-scanning electron microscopy
Transmission electron microscopy

Selected area electron diffraction

Wide angle X-ray diffraction

Energy dispersive X-ray spectroscopy

Fourier transform infrared spectroscopy
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ATR

DSC

TGA
LDI-MS
TOF

Cu

K

Hg

HCI

NaOH

NaCl

KCI

Na,SO4
NaHCO;
CaCl,.6H,0
CaCl,.2H,0
K;HPO,4.3H,0
MgCl,.6H,0

Attenuated Total Reflectance

Differential scanning calorimetry
Thermogravimetric analyzer

Laser desorption ionization-mass spectrometry
Time-of-flight

Copper

Potassium

Mercury

Hydrochloric acid

Sodium hydroxide

Sodium chloride

Potassium chloride

Sodium sulfate

Sodium hydrogen carbonate

Calcium hexahydrate

Calcium chloride dihydrate

Dipotassium hydrogen orthophosphate trihydrate

Magnesium chloride hexahydrate

Xxviii



	Thesis of Anil kumar Lalchand Yadav.pdf



