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Abstract

Synthesis and Characterization of New Associating Polymers and

Hydrogels for Biological Applications

The thesis work focuses on the design, synthesis and characterization of new
associating polymers (APs), hydrogels and nanogels based on synthetic polymer
poly(acrylic acid) and natural polymer, carboxymethyl cellulose.

Associating polymers (APs) or hydrophobically modified polymers (HMPs) are a class
of partially ordered systems that have attracted a great deal of attention due to their
unique rheological properties such as thermo associating, strain hardening, super
viscosifying and shear thinning/ thickening. Therefore, they find wide range
applications in paints, food, paper, textiles, thickeners for cosmetics and pharmaceutical
industries. They contain large amount of hydrophilic polymer and a small percentage of
hydrophobic moieties in their chemical structure still retaining the solubility in water. In
an aqueous medium, the hydrophobic groups of the polymeric chains self-
assemble/self-associate to form 3-D transient networks above a critical association
concentration (CAC) resulting into dramatic increase in the viscosity of the overall

solution.

Amongst APs, thermo associating polymers containing combination of both hydrophilic
polymers and LCST polymers have become promising materials as injectables for drug
delivery applications due to their response towards temperature as a stimulus. They
show exceptional sol-gel transitions upon heating due to the formation of physical
networks. In the thesis work, thermo associating graft polymers of PAA with LCST
block copolymer, MPEG-b-PCL have been synthesized using dicyclo carbodiimide
(DCC) coupling reaction between carboxylic groups of PAA and terminal hydroxyl
groups of PCL in MPEG-b-PCL. The graft copolymer PAA-g-MPEG-b-PCL exhibited
interesting irreversible thermo thickening behavior which was investigated using

rheology, light scattering and NMR techniques. These thermo associating polymers



show great potential as injectables in controlled drug release systems and as rheology

control agents for cosmetics creams/ ointments.

Hydrogels and nanogels based on both synthetic and natural polymers have been
studied extensively especially for biomedical applications due to their biocompatibility
and high water uptake that mimic the extracellular matrix (ECM). Various nanocarriers
that have been studied in the past for drug delivery applications include liposomes,
dendrimers, carbon nanotubes, metal nanoparticles, graphene etc. A few natural
polymers explored are collagen, gelatin, alginate, agarose, chitosan, and hyaluronic
acid. The advantages associated with natural polysaccharides is that they are
biocompatible and biodegradable and can be easily functionalized due to the presence
of various reactive groups like -NH, -COOH and -OH on the polymer chains. In our
work, we synthesized nanogels based on Mesoporous Silica Nanoparticles (MSNSs)
functionalized with carboxy methyl cellulose (CMC) using an EDC coupling reaction
between amine functionalized MSNs (MSN-NH,) and the carboxylic groups of CMC.
The pores of MSNs were used for the incubation of hydrophobic drug such as
curcumin, which has both anticancer and antibacterial activity. The MSN-CMC hybrid
nanogels were found to exhibit enhanced permeation of MSNs inside the tumor cells.
The nanogels containing carboxymethyl cellulose grafted MSNs show potential in

targeted drug delivery applications.

Hydrogels having control over the release of drug molecules at the required site has
gained much attention towards drug delivery applications in the past few decades. The
hydrogel structure and the degree of crosslinking play a major role in the swelling-
controlled release of drugs. Amongst the synthetic polymers, polyacrylic acid (PAA)
(FDA approved) has been proved to be a good candidate for both drug delivery and
tissue engineering applications due to its biocompatibility in in-vivo conditions. In this
thesis work, we have adopted a strategy of synthesizing double crosslinked Poly(acrylic
acid) hydrogels using two different crosslinking agents namely, Jeffamine (jeff) and
Cystamine (cys) in an aqueous medium. Jeffamine provides a good mechanical strength
while, cystamine with disulphide bonds incorporates redox sensitivity to the hydrogels.

We demonstrated the selective in-situ cleavage of one crosslinking (cys) by DTT and its



implications on the controlled release of an anticancer drug, Doxorubicin (Dox) and
antimicrobial silver (Ag) nanoparticles.

In another study, we also synthesized PAA hydrogels using PEG-bismaleimide as cross
linking agents by Furan-Maleimide “Click-Chemistry” approach. We studied the effect
molecular weight of PEG on the gelation time and mechanical properties of the
hydrogels. These hydrogels show great promise in biomedical applications both as
injectables as well as scaffolds in tissue engineering.
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Chapterl: Introduction and Literature Survey

This chapter gives an introduction to associating polymers, hydrogels and nanogels
for drug delivery and tissue engineering applications along with their preparation
and characterization techniques. It includes the literature survey on these materials
followed by a brief description of the analytical techniques used in the thesis work.

1. Introduction

Associating polymers (APs) or hydrophobically modified polymers (HMPs) are a
class of partially ordered polymer systems which have gained immense interest in
the past few decades.[1, 2] The research towards APs mainly started to overcome
the limitations associated with water soluble polymers which are adversely affected
by the external conditions like temperature, pH, shear and the presence of salt.[3, 4]
APs are water soluble polymers that consist of small number of hydrophobic groups
attached to the hydrophilic polymer backbone. In aqueous media, these hydrophobic
groups self assemble into micro structures to minimize their exposure to water
molecules and form 3-D transient networks. The formation of network structures
manifests into enhanced viscosity of the overall solution compared to their precursor
polymer solutions. Therefore, they find applications as viscosity modifiers in paints,
petroleum recovery, food and pharmaceutical industry etc.[5, 6]

The synthesis of HMPs along with their self assembling
property was first explored by Strauss and co-workers in 1951.[7] They
functionalized poly (2-vinyl pyridine) using n-dodecyl bromide groups to form a
polyelectrolyte that shows self-association in aqueous media. Pluronics composed of
poly(ethylene oxide)-b-poly(propylene oxide) (PEO-b-PPQO) are the most studied
amphiphilic polymers for drug delivery applications wherein the hydrophobic drugs
can be effectively entrapped inside the hydrophobic core of PPO while the
hydrophilic PEO forms hydrogen bonds with the aqueous surroundings and form a
tight shell around the hydrophobic core.[8-11] PEO further helps in resisting protein
or cellular adhesion thus preventing the amphiphiles against hydrolysis and
enzymatic degradation. The copolymers in amphiphilic polymers can be chosen in
order to prolong circulation time, introduction of targeting groups, drug
solubilisation and to suppress multidrug resistance. A few of the hydrophobic groups
in PEG based amphiphilic block copolymers explored are poly(amino acids) with

functional groups [12-14], poly(e-caprolactone) [15, 16], poly(lactic acid) (PLA)
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[17, 18], copolymers of lactic and glycolic acid (PLGA) [19-21], poly(morpholine-
2,5-dione) [22, 23], poly(trimethylene carbonate) [24, 25]etc. Hydrophilic polymers
other than PEG explored for drug delivery applications are poly(l-glutamic acid)
(PGA) [26, 27], poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) [28, 29],
dextran [30], chitosan [31, 32], hyaluronic acid [33, 34]etc. Advantages associated
with block copolymers are a control over the chemical composition, molecular
weight, blocks length ratios which in turn allows one to have a control over the size
and morphology of the associations.

The associating structures of APs/HMPs can also be induced by
temperature and the resulting polymers are termed as “Thermo-associating
Polymers”. Thermo associating polymers consists of LCST polymers/stickers
attached to the hydrophilic polymer back bone and undergo sol-gel transition in
response to small external temperature change as shown in Figure 1.1.[35, 36]

hydrophilic block
hydrophobicblock

~ A
ol
Figure 1.1. Thermogelation in amphiphilic polymer (Figure is adapted from Ref[37]
with permission of Elsevier)

hydrophobic
domains

These polymers are becoming very important as injectables for controlled drug
delivery systems. Bromberg and Hourdet et al have performed extensive studies on
thermo associating polymers by grafting LCST polymers like poly(N-
isopropylacrylamide) (PNIPAM), poly(ethylene oxide) (PEO) and poly(ethylene
oxide)-b-poly(propylene oxide) (PEPO) to the hydrophilic synthetic polymer
poly(acrylic acid).[38-43] Natural polymers like carboxymethyl cellulose exhibiting
thermo associating behaviour have been explored by Bokias et al.[44] These
polymers show inverse solubility with temperature and undergo phase separation in

aqueous media above a characteristic LCST. Interestingly, when these LCST
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polymers are grafted onto hydrophilic water-soluble polymers, the phase separation
is prevented by the strong solubility of the backbone polymer which eventually leads
to gelation. It has been demonstrated that thermo associating polymers have great
potential either as in situ generated implants or they can be used in the form of
liquids as injectables which forms gels at physiological temperature and can be used
as controlled drug delivery systems.

1.1 Hydrogels/ Nanogels

Polymeric hydrogels or nanogels based on both synthetic and natural polymers have
been studied extensively for biomedical applications due to their biocompatibility
and high water uptake that mimic the extracellular matrix (ECM). Hence, they find
wide range of applications as drug delivery vehicles [45], sensors [46], actuators
[47], enzyme immobilizations [48] and scaffolds or implants for tissue engineering
purposes.[49-51] Hydrogels have 3-dimensional polymer network structures which
are either physically or chemically cross linked and are capable of holding copious
amount of water (~90-95% and more than 500% in the case of Superabsorbent
polymers, SAPs). The ability of the hydrogels to hold large amount of water arises
from the presence of hydrophilic functional groups like -NH;, -COOH, -SO3H, -OH
etc. The water holding capacity (i.e. swelling ratio) of a hydrogel is governed by the
hydrophilicity of the polymer backbone and the crosslinking density. The
mechanical strength of a hydrogel also depends on the swelling ratio and the
crosslink density which can be tuned according to the area of application for making
scaffolds in tissue engineering. This opens up a huge scope for developing new and
precise hydrogels to suit the tissue engineering applications.

The term hydrogels was first coined by Wichterle and Lim in
1960s.[52] The first application of hydrogels was shown by scientists in Du Pont in
1960s who worked on poly (2-hydroxyethylmethacrylate) poly(HEMA) which is a
highly water swollen, soft and elastic gel.[52] After their report, a lot of research has
been carried out for application of hydrogels in pharmaceutical and biomedical
field.[50, 53, 54] Hydrogels have structural similarity with extracellular matrix
(ECM) in the body and thus allows easy diffusion of nutrients, growth factors and
other biomolecules in the cells.[37] The high porosity in hydrogels enables them to

incubate a larger amount of drug molecules and their release is controlled by
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swelling of the hydrogel followed by diffusion of drug molecules. The cross linking
in the polymeric hydrogels occurs via physical interactions, van der waals
interactions, hydrogen bonding or through covalent interactions.[55] Hydrogels are
generally classified depending on the type of crosslinking (physical or chemical), on
the type of network (homopolymer, copolymer or interpenetrating networks), on the
type of origin (natural or synthetic) and on the functional groups present (ionic or
non-ionic). Both natural and synthetic polymers have been explored extensively for
the synthesis of hydrogels for drug delivery and tissue engineering applications. A
few of the synthetic polymers explored for synthesis of hydrogels are Polylactic
acids, Polyglycolic acids, Polyhydroxyethyl methacrylate, Polyvinyl alcohol,
Polyphosphazene, Polypeptides, etc. Amongst the synthetic polymers, polyacrylic
acid (FDA approved) has been proved to be a good candidate for both drug delivery
and tissue engineering applications due to its biocompatibility in in-vivo
conditions.[56] On the other hand, natural based polymers explored are collagen,
gelatin, alginate, agarose, chitosan, and hyaluronic acid among others. The
advantages associated with natural polysaccharides is that they are biocompatible
and biodegradable and can be easily functionalized due to the presence of various
groups like -NH,, -COOH and —OH on the polymer chains.

Hydrogels having control over the release of drug molecules or
other active biomolecules at the required site has gained much attention towards
drug delivery applications in past few decades.[57-59] Such smart hydrogels are
sensitive towards various external stimuli like temperature, pH, magnetic and
electric fields etc. One such stimulus is based on redox in which the volume
transition in hydrogels is effected by breaking and reformation of crosslinks
triggered by reduction and oxidation (which we have explored in our research
work). These three dimensional hydrogels can be used as a scaffold for cell
encapsulation[60], drug/ gene carriers[61] or they can be used as a barrier between
material surfaces and tissues.[62]

Nanogels are nano sized hydrogels wherein the size varies from
1-1000 nm and are used as injectables for biomedical applications. Various
nanocarriers that have been studied in the past for drug delivery applications are
liposomes, dendrimers, carbon nanotubes, metal nanoparticles, graphene etc. The

major drawback associated with the most of the above mentioned nanoparticles is
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their stability in in-vivo conditions and enzymatic degradation leading to premature
release of drug and other active biomolecules before reaching the targeted site. In
order to overcome above mentioned limitations polymer-inorganic material
nanoparticles come into picture. Inorganic materials like mesoporous silica
nanoparticles having large surface area and good porosity help in the incubation of
drug molecules and polymer coating on the surface of MSNs help in increasing the
biocompatibility, stability and circulation time in the physiological environment
along with preventing the drug molecules form premature release.[63-65] The
internalization of these polymer functionalized mesoporous particles occur through a
well known pathway, Enhanced Permeation and Retention (EPR) effect.[66]
Literature survey reveals that both synthetic polymers (polyethylene glycol[67],
folic acid[68], B-cyclodextrin[69], polyacrylic acid[70]) and natural polymers
(polyamino acids and polysaccharides)[71] have been used for the surface
modification of MSNs. Polysaccharides are naturally occurring molecules having
inherent biocompatible and biodegradable properties that could be used to enhance
the biocompatibility of the inorganic MSN without any side effects. Few of the
naturally occurring polysaccharides that have been studied for encapsulation of
hydrophobic drug molecules and enhanced permeation of the hybrid silica particles
inside the tumour cells are chitosan[72], hyaluronic acid[73], mannose[74] and
alginate[75]. Polysaccharides are associated with excellent hydrophilicity and hence
they possess gel like properties which enhance the blood circulation of the particles
tremendously. Polysaccharides being biodegradable by various enzymatic actions
inside the cells could be used for surface coating of the drug loaded silica particles
and the release could be achieved by natural phenomenon of the degradation of the

polysaccharide layer inside the tumour cells.

1.2 Polymers in Drug Delivery

Conventional drug delivery systems (DDS) such as oral route and intravenous have
contributed greatly towards the treatment of various diseases in the past. However,
the drawbacks associated with them like premature drug release and toxicity to
healthy cells lead to major research focus on designing intelligent drug delivery
systems. The major challenge however, is to limit the dosage of drugs at the targeted

site with minimal side effects. During the past few decades, controlled drug delivery
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systems at the targeted site have become major area of research to limit toxicity to
the normal cells. Modern drug delivery systems begin with the use of polymers
having inherent biocompatibility for both drug delivery and tissue engineering
applications.[76] They have potential for additional modification and can be easily
prepared at industrial scale. Polymers have played a significant part in the
advancement of drug delivery technology by having a control over the release of
both hydrophilic and hydrophobic drugs and other biomolecules in desired dosages
over a long period of time.[77] Synthesis of new polymeric systems having inherent
biocompatibility and stimuli-responsive property has attracted a lot of attention in
recent years.[78] Polymers must possess the following properties in order to be used
as an efficient drug delivery system:

1.  Biocompatibility

2.  Easy functionalization

3. Mimic biological environment

4.  Efficient cellular uptake or cell adhesion

5. High drug loading efficiency

6.  Control over the drug release for a long period of time

These polymeric systems act as a carrier for the drug molecules preventing their
premature release or degradation in physiological environment before reaching the
targeted site.[79] Both synthetic and natural polymers have been explored

extensively towards drug delivery applications.

Table 1.1: Natural polymers used in Drug Delivery

Natural Polymers

Protein-based Polysaccharides
Gelatin [80, 81] Alginate [82, 83]
Albumin [84, 85] Agarose [86, 87]
Collagen [88, 89] Hyaluronic acid [90, 91]
Silk [92, 93] Dextran [94, 95]

Cyclodextrins [96, 97]
Chitosan [98, 99]
Carrageenans [100, 101]
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Synthetic Polymers

v \
— Biodegradable Non-Biodegradable |—
Polyesters
N Poly(lactic acid), poly(glycolic acid),
poly(hydroxy butyrate), poly(e- Silicones
caprolactone), poly(dioxanones) Polydimethylsiloxane, Colloidal silica <
Polyanhydrides
N Poly(sebacic acid), poly(terephthalic
acid), poly(adipic acid)
Acrylic Polymers
Polyacrylic acid, Polymethacrylates, |¢
Phosphorous based polymers poly (hydroxyethylmethacrylate)
> Polyphcsphazenes,
polyphosphonates, polyphosphates
Polyamides Others
=> Polyamino acids and Polyvinyl pyrrolidone, poloxamers, |«
poly(iminocarbonates) ethylvinyl acetate

Figure 1.2. Synthetic polymers used in Drug Delivery[78, 102]

A few examples of natural and synthetic polymers are given in Table 1.1 and
Figure 1.2 respectively. While natural polymers have an added advantage of
inherent biodegradability and biocompatibility, a varied level of heterogeneity has
led to the exploration of synthetic polymers for biological applications. These
polymeric systems further can be used either in the form of implants or in the form
of nano or micro particles/ assemblies that can be loaded with large amount of drug
molecules. The drug molecules can be loaded in the polymeric systems either
physically through diffusion or by covalent linking with functional groups present in
the polymer backbone. The covalently linked drug can be released by the cleavage
of covalent linkages after reaching the target site in certain conditions.

Smart or intelligent polymers have stimuli-responsive property
wherein  their properties such as volume, shape, size, colour, the
hydrophilic/hydrophobic balance respond to various stimuli like, pH[103, 104],
temperature[105, 106], redox[107], light, magnetic[108, 109] and electrical

field[110, 111] etc. The stimuli- responsive property helps in the controlled release
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of drugs at the desired rate..[112] Polymers that are responsive towards various
stimuli are given in Table 1.2.

Table 1.2: Smart Polymeric Drug Delivery Systems

Stimulus Polymers Ref

Temperature PLGA-PEG-PLGA, Chitosan-beta- [113-116]
glycerophosphate, lonoleic acid
coupled with pluronic F-127,
polybenzofulvene
pH PEO-b-PPO-b-PEO, alginate with [117-120]
carboxymethyl chitosan,
Poly(acrylamide)-g carrageenan
and sodium alginate, Poly(n-
isopropylacrylamide-copropylacrylic
acid-co-butylacrylate)
Glucose responsive Methacrylate derivatives [121, 122]
of dextran and concanavellin, N,N-
(dimethylacrylamide) and
sulfadimethoxine monomer
Light poly(lactide-co-glycolide), N- [123-125]
isopropylacrylamide and sodium
acrylate, pluronic F-127
Redox Polymethacrylic acid, poly(ethylene [126-129]
glycol)-SS—poly(2-(N,N-
dimethylamino) ethyl methacrylate)
with a-cyclodextrin (PRX-SS—
PDMAEMA), poly(ethylene glycol)-b-
poly(lysine)-b-poly(caprolactone),
poly(ethylene glycol)-bl-
poly(propylene sulfide)
Ultrasound Poly DL lactide-co-glycolide, pluronic [130-132]

P105, PLA-b-PEG

Magnetic Field Polyvinyl alcohol containing Fe3Oy, [133-135]
Alginate with iron oxide particles,
poly(ethylene glycol)/ methacrylic acid
with Fe304

Electric Field poly(2-acrylamido-2-methylpropane | [111, 136, 137]
sulfonic acid-co-n-butylmethacrylate),
sodium alginate/ polyacrylic acid
composites, polyvinyl alocohol/
polyacrylic acid
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2. Characterization Techniques used in the thesis work

2.1 Rheology

The rheological properties such as, solution viscosity, linear visco-elasticity, stress
relaxation of APs/HMPs and hydrogels can be measured using rheometer. In
rheometry, the sample is subjected to either dynamic (sinusoidal) or steady (linear)
shear force and the response of the torque is measured by the transducer. Different
geometries are used depending upon the consistency of the polymer solution
viscosity. For example, parallel plate and cone and plate geometries are used for
viscosity, n > 10 m Pa.s, couette (cup-bob) geometry is used when the n < 10 m
Pa.s, and double wall couette is used when the n <1 m Pa.s.
According to Hook’s law for a perfectly elastic solid material the stress (o) is related
to the deformation (y, strain) via a constant, elastic modulus (G), and is given as:
o=Gy 1)

Whereas, for a perfectly viscous fluid, Newton’s law states that, shear stress (o) is
related to the deformation (y, strain) via a constant, viscosity coefficient (1)), and is

given as:

o=ny (2)

APs/HMPs containing long molecular chains exhibit properties of both elastic solids
as well as Newtonian fluids and thus possess visco-elastic properties. Depending
upon the concentration of APs/HMPs, different rheological properties can be
studied. In dilute solution regime (C<C*), intramolecular associations are more
dominant and in high polymer concentrations (C*>C), i.e. above overlap
concentration, the polymer chains forms loops and bridges. Shear thinning/
thickening behaviour and zero shear viscosity can be obtained from steady shear
experiments.

In dynamic experiments, such as oscillatory shear flow, a
sinusoidal varying strain of amplitude, v, is applied to the sample, which is
explained with the equation:

y(©) =7, sin(wt) (3)
Where v is the shear strain, y, is the amplitude, © is the frequency of oscillation and t

is time. It is possible to measure the viscoelastic properties of the polymer without
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affecting the networks at very low amplitude of strain and this regime is known as
linear viscoelastic regime (LVR). Stress generated due to sinusoidal shear will again
be sinusoidal and IS expressed as:

7(t) = 1,sin(wt + 6) 4)

Where 1, is the stress amplitude and & is phase angle. For a perfectly elastic solid,
both stress and strain will be in phase (6 = 0°), while for a perfectly viscous material,
stress and strain will be completely out of phase (6 = 90°). When a viscoelastic
material is subjected to sinusoidal oscillatory stress, there exist a phase lag between
strain and stress wave, which is defined by a phase angle (8) and it varies from 0 to
90 °. An oscillating stress and strain response (Figure 1.3) for a viscoelastic material

is as shown in expressed as:

7(t) = 7,[G (w) sin(wt) + G ) (w)cos(wt)] (5)
Where,

G == cos(6)
= —CO0S
Yo
6" = sin(5)
= —SIn
Yo

Where G' is elastic or storage modulus and G" is loss modulus. The two moduli are
generally used to study the viscoelastic property of the polymer solutions. The
moduli depend only on the frequency in linear range of deformation whereas they
depend upon both strain and frequency in the non linear regime. The complex

viscosity (n*) is given by the equation:

r@= L= [Ep+Ey (6)

Where, G* is the complex modulus and is givenas G* = \/W and o is the
frequency of deformation. In viscoelastic material, at lower frequencies liquid-like
response is observed where the loss modulus (G") is higher than the storage modulus
(G") while at higher frequencies, the storage modulus (G") dominates over the loss
modulus (G").
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Figure 1.3. Oscillatory test response of viscoelastic material at a range of frequencies

The viscoelastic properties of APs/HMPs provide valuable information about the
associating behaviour which helps in designing APs for suitable applications.

2.2 Light Scattering

When light passes through a solution containing solute particles of size higher than
the wavelength of light, then part of the light changes its path or get scattered. In
such a case, the transmitted light intensity decreases exponentially depending upon
the thickness of the particles it passes through. The scattered light is analysed either
in terms of the fluctuations or in terms of the intensity. The light detector is used to

measure the scattered light at specified scattering angles.
2.2.1 Static Light Scattering (SLS)

It measures the intensity of the light scattered by the solution at a single time.
Information like molecular weight, size of the particles and interaction between the
particles can be obtained from SLS. Zimm derived the relationship between the
concentration and intensity of the scattered light as:

KC
— =
Rg

1
m"‘ 2A2C (7)

Where, C = concentration, M,, = weight average molecular weight, RS = Rayleigh

ratio, A, = second virial coefficient, constant K which is defined as:
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2,242
_ G
Nalg

(8)

Where, n = refractive index, dn/dc = refractive index increment, Ao = wavelength of
the incident light. P (0) describes the large particle size effect and it is a ratio of

actual scattering ( i) and the scattering that would occur off small particles (iJ ) as:

P(©) = — =2 9)

Ry ="~ (10)

Here, I, is the incident polarized light. Substituting all the values in Zimm equation
(7), one can calculate the value of second virial (A;) coefficient from the slope and

the intercept gives the value of the molecular weight (My,).
2.2.2 Dynamic Light Scattering (DLS)

Dynamic light scattering gives the information related to the size of the particles.
Here, the measurement is performed generally at one scattering angle. Diffusion
coefficient can be calculated from the DLS experiments which are a measure of the

movement of the particles in a solution due to Brownian motion which in turn is

Correlation
coefficient

Large
particles

Small
particles

time

Figure 1.4. Autocorrelation function as a function of particle size
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related to the size of the particles. This is performed by measuring the rate at which
the intensity of the scattered light fluctuates, measured using digital autocorrelator
and the rate of the intensity fluctuation depends upon the size of the particles. The
smaller particles leads to intensity to fluctuate faster compared to the larger
particles. The decay in the correlation indicates the mean size of the particles. For
instance, if the size of the particles is larger, the correlation will persist for a longer
time. On the other hand, the smaller particles diffuse rapidly and the correlation will
decrease more quickly. Figure 1.4 shows the decay of correlation coefficient with
time for smaller and larger particles. The monodisperse samples show steeper lines
whereas polydispersity is indicated by the extended decay. The wave vector that
determines the length scale of the molecular motions is given by:
_ 20nsin )

g=""2 (11)

T
Where, n=refractive index, A= wavelength of radiation and © is the scattering angle.
The correlation function is defined as:

I(t)I(t+
G(r) = I%dt (12)

The correlation function shows single exponential decay under ideal conditions and
is expressed as:
G(7) = 1+ Bexp(—DZ1) (13)

Where Dg is the diffusion coefficient of the molecule and g is the ratio of coherent
signal to incoherent noise. The Stokes-Einstein relation relates the diffusion

coefficient to the hydrodynamic diameter (dy) of the particle as:

__ KpT
- 3nndy

(14)

Where n = viscosity, Kz = Boltzmann constant and T = absolute temperature

2.3 2-D NMR Spectroscopy

NMR techniques have been explored extensively for the study of polymer structures,
their assemblies and interactions among various groups.[138] Jeener in 1971 first

proposed the 2D NMR spectroscopy[139] and the first experiments were performed
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by Ernst et al in 1976.[140] 2D NMR spectroscopy provides much more detailed
information about the molecules compared to that of 1D NMR spectroscopy
especially in  large  molecules like polymers, proteins and other
macromolecules.[141-143] As compared to 1D NMR spectroscopy having single
frequency scale in horizontal direction, 2D NMR spectra contains two frequency
scales at right angle to each other.[144] Different 2D experiments contain different
radiofrequency pulses and delays. In 1D NMR studies a pulse of 90° is applied in a
plane perpendicular to the magnetic field and the time dependent voltage is
measured and the data is acquired in a single time period and thus the final spectrum
has a single frequency scale. In a 2D NMR spectrum, in addition to the free
induction decay a second variable is introduced. With respect to the second time
variable the data are transformed to obtain spectrum having two frequency
coordinates.[145] Correlation experiments are one of the common forms of 2D
NMR spectroscopy which shows the chemical shift positions of nuclei that interact
with each other. The interactions could be due to chemical exchange, J coupling or
through dipole-dipole interactions. They are further divided in to Homonuclear 2D
NMR spectroscopy and Heteronuclear 2D NMR spectroscopy depending on the
interaction between the same kinds of nuclei (*H-'H) or interaction between
different nuclei (*H-'*C).[144, 146] A few examples of Homonuclear 2D NMR
spectroscopy techniques are Nuclear Overhauser effect spectroscopy (NOESY),
Correlation Spectroscopy (COSY), Exclusive correlation spectroscopy (ECOSY)
and examples of Heteronuclear 2D NMR Spectroscopy are Heteronuclear
Overhauser Effect spectroscopy (HOESY), Heteronuclear single-quantum
correlation spectroscopy (HSQC) etc.[146, 147] In this thesis work, we have
performed two important 2D NMR spectroscopy experiments that revealed the
details of interactions among the various groups in thermo-associating polymers

which we have synthesised.

2.3.1 NOESY

NOESY (Nuclear Overhauser Effect Spectroscopy) make use of the nuclear
Overhauser effect in which the spin-spin coupling takes place among atoms that are
present in close proximity to each other through space rather than through bond

coupling.[148] In NOESY spectrum, the *H nuclei interacting with each other
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through dipole relaxation will appear as cross peaks. This is very similar to COSY
spectrum (interactions between the nuclei chemically bonded to each other) with an
exception that additional cross peaks will appear that arises from the interaction
between nuclei through space. Generally, nuclei which are present within a distance
of 5 A could take place in spatial interaction in NOESY spectrum. NOESY
spectroscopy is more useful for the study of large molecules like polymers as they
tend to tumble slowly in solution thereby giving more time for the nuclear
Overhauser effect to develop.[149] Whereas, in the case of small molecules this
phenomenon is seldom observed since tumbling takes place very quickly to allow
any significant development of interactions through space. As the cross peaks in
NOESY arises through special interactions, it is used to study the configurations and
conformations of molecules.[150] In our study, we have used this technique to show
the development of strong hydrophobic interactions in thermo-associating polymers

as a function of temperature.

2.3.2HSQC

HSQC (Heteronuclear single quantum correlation spectroscopy) is used to determine
proton-carbon single bond correlations. It is a 2D spectrum in which one of the
coordinate is plotted with one type of nucleus (*H) and the other coordinate with a
other type of nucleus (**C or **N) coupled with each other.[151] In this experiment,
two different nuclei spin coupled with each other which facilitates identifying
carbons and protons that are directly bonded to each other. Here, the transfer of
magnetization form proton to the carbon takes place via INEPT (Insensitive nuclei
enhanced by polarization transfer) and after a delay time (t;), the magnetization is
transferred back to the proton via retro-INEPT step wherein the signal is then
recorded.[149, 152]

2.4 MTT Assay

MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) is a
tetrazolium based colorimetric assay which is used to evaluate the metabolic activity
of the cells in contact with the material. NAD(P)H cellular oxidoreductases enzymes
present inside the living cells reduce the tetrazolium dye MTT to insoluble formazan

crystals (Figure 1.5) which are purple in color which in turn denotes the cell
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viability. The formazan crystals when dissolved in DMSO give an absorbance
maximum at 570 nm. We have performed MTT assay on MDA-MB-231 breast
cancer cell line. The cells were incubated at 37 °C in air with 5 % CO, for a
minimum of 24 h. Confluent monolayer were trypsinize and were seeded into 96
well plate with a density of 1x10° cells/well. Growth medium and the nanoparticles
were added for another 24 h. MTT reagent was added and the formazan crystals
formed after 4 h were dissolved in DMSO and the absorbance was recorded at 570

nm immediately to calculate cell viability.

= NADH NAD* —
B o \, W
N-N N—NH
A N S e M G s
Il /\""’ \N _{ \V\P ﬁCH l" } J\N \ﬁ \ CH
PN N / 3 A N_ / 3
CH, CH,
MTT Formazan

Figure 1.5. Conversion of MTT to formazan
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Hydrogels/ nanogels continue to attract immense attention in the field of drug
delivery and tissue engineering due to high hydrophilicity, biocompatibility and
their similarity to the extra cellular matrix (ECM).[1-3] Hydrogels are three
dimensional polymer networks that are insoluble in water due to the presence of
cross linking between the polymers chains either physically or chemically. They can
hold large amount of water (even up to thousand times of their dry weight in the
case of super absorbant polymers) depending upon the hydrophilicity and degree of
crosslinking in the polymer chains.[4, 5] A variety of hydrogels based on the natural
and synthetic polymers have been studied in the past few decades for drug delivery
applications. The natural polymers include chitosan, alginate, collagen, gelatin etc.
whereas, a few biocompatible synthetic polymers explored for the synthesis of
hydrogels are poly(ethylene glycol) (PEG), poly(aspartic acid), poly(glycolic acid)
(PGA), poly(L-lactic acid) (PLLA) among others.[6-8] Recently, polysaccharides
like carboxymethyl tamarind [9], carboxymethyl guar [10] and carboxymethyl
cellulose[11] have been explored for biomedical application owing to their bulk
availability, inherent biocompatibility and biodegradability. However, their full
potential is yet to be explored. In the present thesis work, we have synthesized and
characterized carboxymethyl cellulose grafted MSN nanogels as potential drug
delivery carriers inside the cancer cells. Although the natural polymers are desired
for biomedical applications, some of the disadvantages associated with natural
polymers are their difficulty in modification (due to incompatibility with organic
solvents) and their batch to batch variation that affects the overall properties of the
polymers. Synthetic biocompatible polymers on the other hand can be easily
modified with wide variety of functional groups.[8] Poly(acrylic acid) for example,
is one such biocompatible synthetic polymer (FDA approved) that has been studied
extensively for biomedical applications.[12] Also, hydrogels prepared from
synthetic polymers have shown better mechanical strengths compared to that of
natural polymers. Large number of synthetic hydrogels is becoming important as
Smart /Intelligent hydrogels wherein their properties such as swelling, volume-
transitions, size, shape, optical, colour etc. respond to various stimuli like pH,
temperature, redox, light etc. The swelling property of hydrogels strongly depends
on the degree of crosslinking which has large implications in the controlled drug

delivery from hydrogels. The swelling-controlled release of drug or other
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biomolecules incubated inside the hydrogels can be affected by controlling the
degree of cross linking. Accordingly, in this thesis work, we have synthesized
double crosslinked poly(acrylic acid) hydrogels using two different crosslinking
agents namely, Jeffamine (jeff) (amine terminated copolymer of PEO-PPO) and
Cystamine (cys). The cystamine with disulphide linkages can be selectively cleaved
using dithiothreitol (DTT). By selective cleaving of one crosslinking and enhancing
the swelling of hydrogel, we have demonstrated the controlled release of an
anticancer drug, Doxorubicin (Dox) and an antimicrobial Ag nanoparticle from the
PAA hydrogel. Recently, “Click-Chemistry” approach has become important and
considered as Green Chemistry since it does not utilize hazardous chemicals in the
reactions. With this approach, we have synthesized poly(acrylic acid) hydrogels
using furan-maleimide click chemistry approach and showed the in situ
encapsulation of cells or other biomolecules in the hydrogels which have potential in
bio-medical applications.

Besides, chemically crosslinked hydrogels, associating polymers
(APs) or hydrophobically modified polymers (HMPs) undergo physical gelation due
to the self-assembly of hydrophobic groups in an aqueous media and exhibit
interesting rheological properties such as thermo-gelation, shear thickening/thinning,
strain hardening, super viscosification etc. Therefore, they find large number of
applications in areas such as creams, pharmaceutical formulations, paints, textile,
paper, oil recovery etc [13, 14] as thickeners. Different molecular architectures of
APs/HMPs are reported in the literature.[15] Particularly, polymers which undergo
thermo-gelation with temperature as stimuli have become important as injectables
in controlled drug delivery systems.[16] There has been a growing interest in
designing and synthesizing new injectables which are efficient in controlled release
technology. In this context, we have synthesized PAA-g-MPEG-b-PCL polymer and
studied the thermo-thickening behaviour using rheology, light scattering and NMR
techniques. The results revealed the unusual irreversible nature of the thermo-
thickening behaviour which was attributed to the formation of ordered

microdomains in the structure leading to permanent gelation.
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The main objectives of the thesis are:

1. To design and synthesize carboxymethyl cellulose grafted MSN nanogels for
drug delivery applications. The focus of the work is to incubate curcumin, an
anticancer and antibacterial drug inside the pores of MSNs and coat the surface with
CMC to prevent the premature release of curcumin.

2. To study the drug loaded nanogels in cancer cell line, MDA-MB-231 for their
biocompatibility, cellular uptake and drug release.

3. To synthesize PAA-g-MPEG-b-PCL thermo-associating polymers and study
their thermo-thickening behavior using rheology, light scattering and NMR
spectroscopy.

4.  To synthesize double cross linked PAA hydrogels and subsequently in-situ
cleave one crosslinking to enhance the swelling of the hydrogel. The increased
swelling of the hydrogel could be utilized for the controlled release of the

incorporated drug in the hydrogel.

5. To design and synthesize PAA based hydrogels with different degree of
crosslinking using furan-maleimide click chemistry approach in the absence of any
organic solvents and catalyst. These hydrogels show great promise in in-situ loading

of drug molecules and cells for tissue engineering applications.
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3.1 Introduction

Cancer has become a major concern worldwide as most of the drugs effective towards
its treatment are hydrophobic in nature and thus have less bioavailability at the required
site. Chemotherapy, although is a widely accepted treatment towards cancer wherein
high dosages of chemotherapeutic agents are used is associated with major side effects
like insufficient drug concentrations at the tumor site leading to toxicity to the healthy
cells along with cancer cells. [1, 2] Developing controlled-release technology to avoid
premature drug release with targeted drug delivery may provide more efficient and less
harmful solution compared to conventional chemotherapy. The major challenge
however is to limit the dosage of drugs at the targeted site with minimal side effects. In
this context, nanotechnology has emerged as one of the major areas of research for drug
delivery towards cancer treatment to overcome the above mentioned problems.[3, 4]
Various efforts have been made in recent years towards the synthesis of nanocarriers for
drug delivery and preventing the premature release of drugs before reaching the targeted
site. The nanocarriers for drug delivery must possess certain desired properties like
biocompatibility, bioavailability, and improved circulation half time, chemical stability
in in-vivo conditions, inertness towards enzymatic degradation, tissue specificity and
controlled drug release. Although various nanocarriers like liposomes [5], polymeric
micelles [6, 7], dendrimers [8, 9], carbon nanotubes [10] etc. have been studied, they
lack stability in in-vivo conditions and are prone to various enzymatic degradation
before reaching the targeted site and results in premature drug release.[11] Recently,
inorganic mesoporous silica nanoparticles (MSNSs) have attracted increasing attention in
bio-medical applications due to their stability in in-vivo conditions, biocompatibility
and ease of synthesis.[12, 13] The particle and pore size of MSNs can be controlled
depending on their applications which make them highly versatile in nature.[14, 15]
With large surface area, porosity and tunable pore size, control over the
functionalization of surface, ordered mesopores, biocompatibility and stability, MSNs
have great advantages over other nanocarriers.[15] The template synthesis is one of the
strategies to make mesopores in silica particles which has proven to be a potential route

to achieve desired nano architectures.[16] The ordered porous structure in MSNs is

ACSIR/CSIR-NCL/Neha Tiwari 38



Chapter 3: Carboxymethyl Cellulose Grafted Mesoporous Silica Nanogels

important in wide range of applications such as catalysis, adsorption, optics,
photochemistry etc. [17] The control over the dimensions, morphologies, composition
and porosity of MSNs has been exploited for synthesizing integrated nanocrystals
(INCs) in catalytic applications.[18] MSNs have been successfully explored for various
biological applications like drug delivery [19-21], biosensors [22], gene transfection
[23, 24] etc. Particularly, porous MSNs have become important since their porosity can
be successfully utilized for the encapsulation of hydrophobic drugs [25, 26] and other
bio-molecules. The highly porous structure of MSNs facilitates loading of large
amounts of drugs so that minimum amount of the carrier is sufficient for drug delivery
at the cancer site by enhanced cell permeability (EPR) without any potential side
effects. Well established EPR theory postulates that MSNs tend to accumulate at the
cancer site more effectively as compared to normal cells.[27, 28] Further, both the outer
surface and the pores of MSNs can be selectively functionalized with organic moieties
to enhance their biocompatibility and increased circulation time in blood.[29] The
functionalization of MSNs can also help in preventing the drug or other bio-molecules
present inside the porous structure from enzymatic degradation before reaching the
targeted site. Surface functionalization could be achieved by modification of the surface
of MSNs with organic moieties that are biocompatible.

A literature review reveals that surface modifications have been
carried out using both synthetic molecules like polyethylene glycol [30], folic acid [31],
B-cyclodextrin [32] and polyacrylic acid [33] as well as naturally occurring molecules
like amino acids (poly-L-lysine and poly-L-arginine) [34] which are biocompatible with
the cell environment. Polysaccharides are another class of naturally occurring polymers
with inherent biocompatible and biodegradable properties which can be used to enhance
the biocompatibility of MSNs without any potential side effects. For example, chitosan
[35, 36], hyaluronic acid [37], mannose [38] and alginate [39] are a few of the naturally
occurring polysaccharides that have been studied extensively for encapsulation of
hydrophobic drug molecules and enhanced permeation of hybrid silica particles inside
the tumor cells. Other potential polysaccharides like carboxymethyl cellulose (CMC),

carboxymethyl tamarind (CMT) and guar gum (GG) in combination with MSNs are yet
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to be fully explored for drug delivery applications. Another advantage of the
polysaccharides is their degradability by enzymes, they can be coated onto drug loaded
MSNs and the drug can be released by polysaccharide degradation.

In the present work, we carried out the functionalization of MSNs
with a polysaccharide, namely, carboxy methyl cellulose (CMC) using an EDC
coupling reaction between amine functionalized MSNs (MSN-NH,) and the carboxylic
groups of CMC. The pores of MSNs were incubated with the hydrophobic drug
curcumin, which has both anticancer and antibacterial activity. It was observed that
CMC modified MSNs helped in the enhanced permeation of MSNs inside the tumor
cells. MTT assay of both MSN-NH, and MSN-CMC shows high biocompatibility of the
nanoparticles in MDA-MB-231 breast cancer cell line. Also, MTT assay of breast
cancer cell line, MDA-MB-231 revealed that curcumin loaded and CMC coated MSNs
(MSN-cur-CMC) showed better cell inhibition compared to the curcumin loaded MSN-
cur-NH; Therefore, CMC grafted MSNs show great promise in enhanced internalization
of drug molecules inside the cancer cell lines.

3.2 Experimental
3.2.1 Materials

Tetraethylorthosilicate (TEOS) (99%), (3-aminopropyl) triethoxysilane (APTES),
hexadecyltrimethylammonium bromide (CTAB) (99%), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC.HCI), N-hydroxy succinimide
(NHS), sodium  lauryl sulphate (SLS), Potassium  Bromide (KBr),
Polytetrafluoroethylene (PTFE) filters and carboxymethyl cellulose (CMC) were
obtained from Sigma Aldrich, St. Louis, MO, USA. Curcumin was a gift sample from
Arjuna Natural Extracts, Kerala, India. Dulbecco’s modified Eagle’s medium (DMEM)
high glucose, fetal bovine serum (FBS), L-15 medium, Trypsin (0.25% EDTA),
annexin-V FITC, 4',6-Diamidino-2-Phenylindole Dihydrochloride (DAPI), propidium
iodide (Pl), RNAse A, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer, paraformaldehyde (4.7%) and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were procured from Invitrogen, Bangalore, India.
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All chemicals were used as received. The required cell lines for this work (MDA-MB-
231) were purchased from National Center for Cell Science (NCCS), Pune, India.

3.2.2 Synthesis of Mesoporous Silica Nanoparticles

One gram of Cetyltrimethylammonium bromide (CTAB) was dissolved in 480 mL of
deionized water using an overhead stirrer at room temperature followed by the addition
of 2 M NaOH solution (3.5 mL). The solution was allowed to stir for 30 min at 80 °C. 5
mL of tetraethyl orthosilicate (TEOS) was added drop wise to the above mixture. The
mixture was stirred at 6000 rpm for another 2 h at 80 °C. The resultant white precipitate
was collected by vacuum filtration and washed with copious amount of water. The
precipitate was dried in vacuum oven overnight to obtain mesoporous silica in powder

form.
3.2.3 Outer Surface Functionalization of MSNs with amino groups

For the outer surface functionalization of MSNs, 1 g of MSNs were dispersed in 100
mL anhydrous toluene followed by the addition of 200 uL of 3-
aminopropyltriethoxysilane (APTES) in the presence of catalytic amount of
triethylamine (EtsN). The reaction mixture was refluxed for 18 h under argon
atmosphere. The product was obtained using vacuum filtration, washed with toluene (to
remove any unreacted APTES) and finally with ethanol. The template (CTAB) was
removed by refluxing the material in acidic methanol solution for 6 h. The amine
grafted and template removed MSNs were finally washed with methanol and vacuum
dried. The obtained material was denoted as MSN-NHs.

3.2.4 Loading of Curcumin inside the pores of MSNs

To load curcumin into the pores of MSN-NH,, 200 mg of MSN-NH, was dispersed in
20 mL of methanol using probe sonicator. To this dispersion, 30 mg of curcumin
dissolved in 10 mL methanol was added. The dispersion was stirred for overnight at 25
°C. Methanol was then evaporated under vacuum at 50 °C. The curcumin loaded MSNs

were then dispersed in water using a sonicator. The MSNs were centrifuged at 12,000
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rpm for 10 min and washed several times with water in order to remove any curcumin
adsorbed on the surface of MSNs. The particles were then dried under vacuum
overnight to obtain curcumin loaded MSNs. The obtained material was denoted as
MSN-cur-NH,.

3.2.5 Functionalization of MSN-NH; and MSN-cur-NH, with Carboxymethyl
Cellulose

One hundred milligram of MSN-NH; and MSN-cur-NH; were dispersed in 100 mL
deionized water using sonication. To this, a premixed solution of NHS (0.4 g), EDC
(0.2 g) and carboxymethyl cellulose (150 mg) in 20 mL deionized water were added.
[37] The pH of the solution was then adjusted to 9 with an addition of triethylamine.
The solution was stirred overnight at 40 °C. The product was centrifuged at 12,000 rpm
for 10 min followed by 3 times washing with deionized water to remove any unreacted
reactants. The precipitate was then dried under vacuum overnight to obtain curcumin
loaded CMC grafted MSN particles. The material was denoted as MSN-cur-CMC (with

curcumin) and MSN-CMC (without curcumin).
3.2.6 In vitro Curcumin Release Studies

The in vitro release of curcumin from MSN-Cur-NH, and MSN-Cur-CMC were
performed in 0.5 % SLS solution. Both MSN-cur-NH, and MSN-cur-CMC equivalent
to 1 mg of curcumin were suspended in 10 ml 0.5 % SLS solution and kept at shaking
water bath preset at 37 °C. 1 ml of the supernatant was collected at predetermined time
intervals and immediately replaced with equal amount of dissolution medium in order to
maintain the sink conditions. The supernatant collected was centrifuged to remove any
solid particles and appropriately diluted before taking the absorbance at 432 nm using
UV-Vis spectrophotometer. The release profile of curcumin from MSN-cur-NH, and
MSN-cur-CMC was compared in the same dissolution medium under same conditions.

The release profile was performed at 37 °C on a shaking water bath for 72 h.
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3.2.7 In vitro Cytotoxicity assay

The sensitivity of MDA-MB-231 cells to the curcumin loaded MSNs was determined
by MTT dye uptake as described previously. Briefly, 1 x 10° cells/mL was seeded in a
flat bottomed 96-well plate. Next day, the cells were treated with increasing
concentrations of blank (3.125-200 pg/mL final concentrations) and curcumin loaded
MSNs (0.12-16 pg/mL final drug concentrations) in sterilized MilliQ water and
incubated at 37 °C with 5 % CO, for 24 h. An untreated group was kept as a negative
control and cells treated with free curcumin (0.12-16 pg/mL) were used as positive
control. Wells containing culture medium and MTT but no cells acted as blank. After
incubation, the MTT solution (5 mg/mL solution in PBS) was added to each well and
the cells were incubated for another 3.5 h at 37 °C in 5 % CO, incubator. The formazan
crystals formed were dissolved by addition of 200 pL of 0.04 N acidified isopropanol.
After 15 min, the amount of colored formazan derivative formed was determined by
measuring optical density (OD) using the microplate reader at 570 nm. All experiments
were conducted in triplicates and the results were presented as average with + standard
deviation. The percentage inhibition was calculated as:

(OD of control well —0OD of treated well)

0 e
% Inhibition (0D of control well —0OD of blank)

x 100 (1)

3.2.8 Intracellular uptake of MSN particles in cancer cells

The fluorescence of curcumin was used to determine the uptake of curcumin loaded
MSNSs inside the breast cancer cell line MDA-MB-231. Briefly, 1 x 10° cells/mL was
seeded in a glass bottomed black 96-well plate. Next day, cells were treated with MSN-
NH; and MSN-CMC (200 pg/mL), curcumin (16 pg/mL) and MSN-cur-NH; and MSN-
cur-CMC (Glso= 7 and 1.5 pg/mL final drug concentrations respectively) in sterilized
MilliQ water (Merck, Darmstadt, Germany) and incubated at 37 °C with 5% CO, for 1
hr. Following incubation, the cells were washed with PBS and stained with DAPI. An
alteration in released curcumin level was detected using Laser Scanning Confocal
Microscope (LSCM) (Thermo Fischer, Waltham, MA, USA) by measuring the green

fluorescence (excitation 490 nm, emission 530 nm).
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3.2.9 Apoptosis by Annexin V-FITC /PI staining

Apoptosis was evaluated by binding of annexin V-FITC to phosphatidylserine that gets
externalized to the outer leaflet of the plasma membrane, followed by high content
screening. After 48 h of incubation of the cells with MSN-NH; and MSN-CMC (200
Hg/mL), curcumin (16 pg/mL) and MSN-cur-NH; and MSN-cur-CMC (Glso= 7 and 1.5
Mg/mL  final drug concentrations respectively), the cells were harvested and
subsequently treated with annexin V-binding buffer comprising annexin V-FITC (3
pg/mL), DAPI (1 pM) and propidium iodide (10 pg/mL). The number of cells
undergoing apoptosis were examined using LSCM (20x magnification, Olympus
FV1000) (Olympus, Melville, NY, USA and Thermo Scientific™ HCS studio™ 2.0
software (Thermo Fischer Scientific, Waltham, USA) was used for three-dimensional
multichannel-image processing. The apoptotic ratio was calculated as:

. . (Number of cells positive for Annexin V—FITC)
0 =
% ApOptOth ratio (Number of cells positive for DAPI) x 100 (2)

3.3 Characterizations
3.3.1 Structural Characterization
3.3.1.1 FT-IR

FT-IR spectra were recorded on Perkin Elmer FT-IR spectrum GX instrument (Perkin
Elmer, Waltham, MA, USA) using KBr pellets. Pellets were prepared by mixing 3 mg
of sample with 97 mg of KBr.

3.3.1.2 Thermo Gravimetric Analysis

Thermo gravimetric analysis (TGA) of the MSNs were carried out using a TA
Instrument SDT Q600 analyzer (TA Instruments, New Castle, DE, USA) between 50
and 800 °C in air (flow 50 mL.min™) at an heating rate of 10 °C.min™*. All samples
were dried under vacuum at 80 °C overnight prior to TGA runs (to remove all traces of
water). The graft density of the grafted moiety on the silica surface was determined by

thermo gravimetric analysis (TGA) as described before.
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3.3.1.3 Nitrogen Adsorption/Desorption

Nitrogen adsorption/desorption studies at -196 °C were carried out using Quadrasorb Sl
instrument (Quantachrome Instruments, Burlington, ON, Canada). The samples were
degassed overnight under vacuum using FloVac Degasser (Quantachrome Instruments,
Burlington, ON, Canada) at 100 °C before nitrogen adsorption measurements. Multi-
point Brunauer-Emmett-Teller (BET) surface area was obtained from the nitrogen
adsorption isotherm in the relative pressure range from 0.1 to 0.3. Pore sizes were
calculated using the Barrett, Joyner and Halenda (BJH) method from adsorption branch
of the isotherm in the relative pressure range from 0.3 to 0.99 units and total pore
volume was calculated at P/P, of 0.99.

3.3.1.4 { Potential and Size Determination

The hydrodynamic diameters of dilute aqueous solutions of the MSNs, MSN-NH; and
MSN-CMC were determined by dynamic light scattering (DLS) (Brookhaven
Instruments, Holtsville, NY, USA) equipped with a He—Ne laser operating at 632 nm.
The particle size was calculated using 90 Plus particle Sizing Software Ver. 3.94
(Brookhaven Instruments). Sample solutions 1 mg/mL were dispersed in water and
were filtered using a 0.8 um Polytetrafluoroethylene (PTFE) filter.

Aqueous electrophoretic data for the above mentioned MSNs were
obtained using Brookhaven Instruments. For each sample three measurements were
taken and the average value is reported. { potentials were calculated using PALS (

Potential Analyzer Software Ver. 3.54 (Brookhaven Instruments).
3.3.2 Morphological Analysis
3.3.2.1 Scanning electron microscopy (SEM)

Scanning electron Microscopy (SEM) was used to investigate the morphology of the
MSNs using Quanta 200 3D (FEI) dual beam having electron source of tungsten (W)
filament with emission at resolution of 20 kV in high vacuum. All the samples were

sputter-coated with a thin layer of gold.
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3.3.2.2 Transmission electron microscopy (TEM)

HR-TEM images were taken on a FEI Technai F30 operating (FEI, Hillsboro, OR,
USA) at 300 kV with Field Emission Gun (FEG). The samples were prepared by
dispersing a 0.1 mg/mL of MSNs in methanol by sonication, dropping the resulting
suspension on a copper grid of 400 meshes for 30 s and allowing it to dry in air.

3.4 Results and discussion
3.4.1 Synthesis and functionalization of Mesoporous Silica Nanoparticles (MSNs)

Mesoporous silica nanoparticles (MSNs) were synthesized according to the previous
reports.[20, 40] The synthetic route of MSNs and its functionalization with amine
moieties and carboxymethyl cellulose is given in Scheme 3.1. Briefly, the synthesis of
MSNs was carried out by sol-gel method using cetyltrialkyl ammonium bromide
(CTAB) as a structure-directing agent and tetraethyl orthosilicate (TEOS) as a silica
precursor in the presence of base as a catalyst.[34, 41]

NH, R NH,
X K7 I !

‘ APTES, . ’ CH;0H,
... ." g (<
‘. toluene 7 ‘.‘ Cl L ) E[?('. NHS )

> N .
N-~4

llt,r/ | o~ 1
||N “HN

MSNs

Scheme 3.1. Synthesis of CMC grafted MSNs

Functionalization of the outer surface of MSNs with amine moieties was performed
using aminopropyl triethoxysilane (APTES) in the presence of a catalytic amount of
triethylamine. The amino groups were introduced to further functionalize the MSN
surface with carboxymethyl cellulose (CMC). The amine groups on MSNs covalently
react with the —-COOH groups of CMC to form amide linkages in the presence of N-
hydroxy succinimide (NHS) using EDC coupling chemistry. TEM images of as-
prepared MSNs show uniform discrete spherical nanoparticles with particle sizes in the
diameter range of 12020 nm for MSN, MSN- NH; and MSN-CMC. The images also

show that MSNs and amine-functionalized MSNs have a porous structure under high
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Figure 3.1. Transmission electron microscopy (TEM) images of (a) MSN, (b) MSN-NH, and
(c) MSN-CMC

magnification (Figure 3.1 (a&b)). However, this porous structure is completely
disappeared upon subsequent CMC grafting on to the surface of MSNs which is evident
from Figure 3.1(c). The observed particle size form TEM is in agreement with the sizes
obtained from Scanning Electron Microscopy (SEM) (Figure 3.2) which shows a
uniform size of particles over a long range order.

Figure 3.2. SEM image of as synthesized MSNs

Further, the particle size distribution and multimodal size
distribution of MSNs with and without functionalization was determined using dynamic
light scattering (DLS) experiments (Figure 3.3 (a&b)). As shown in Table 3.1, the
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Figure 3.3. Particle (a) and Particle size distribution (b) of MSN and functionalized MSNs
obtained by DLS experiments

diameters of MSNs were found to be larger as compared to diameters observed from
TEM which could be due to the presence of a hydrated layer in the aqueous
environment. The MSN-CMC showed a larger diameter of ~333 nm since CMC
undergoes gelation and swelling in agueous medium.

Aqueous electrophoresis experiments were performed on MSNSs to
determine their  potential. It was observed that { potential changed from a negative to a
positive value upon amine functionalization and later changed to negative value after
CMC grafting. This clearly indicated the successful reaction between the —~NH, groups
on MSNs and the -COOH groups of CMC (Table 3.1).

Table 3.1: Physical properties of various MSNs

Sample Name | Weight Loss (%) | Hydrodynamic |Mean Zeta Potential
Diameter (nm) (mV) in water
MSN 7.3 167 -34.2+2
MSN-NH; 17.5 210 38.48+3
MSN-CMC 30.7 333 -3.07%2
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Figure 3.4. (a) Nitrogen adsorption-desorption isotherms of MSN, MSN-NH, and MSN-cur-
CMC and (b) Pore diameter of MSN, MSN-NH, and MSN-cur-CMC using BJH method from
N-adsortion desorption studies

Nitrogen adsorption desorption isotherms of MSN, MSN-NH, and
MSN-cur-CMC showed type 1V isotherms, which indicated the mesoporous nature of
MSNs as shown in Figure 3.4(a). Barrett, Joyner and Halenda (BJH) method was used
for the pore size analysis (Figure 3.4(b)).[42] MSNs showed a pore size of ~3 nm,
which decreased to 2.7 nm on amine functionalization. This small decrease in the pore
size could be due to the presence of some amine groups inside the pores of MSNs. The
pore size was further reduced to 2 nm in the case of MSN-cur-CMC as a result of the
successful incorporation of curcumin inside the pores of MSNs. The curcumin
incorporation also resulted in the decrease of surface area and the pore volume of MSNs
as shown in Table 3.2. The XRD studies of MSNs and MSN-NH, showed a well
resolved diffraction peak at 20 of 2.44 assigned as 100 plane confirming the

mesoporous structure of MSNs (Figure 3.5(a)).
Further confirmation of the functionalization of MSNs with amine

groups and CMC was indicated in the TGA analysis. Figure 3.5(b) shows the
percentage mass loss profiles as a function of temperature for MSN-NH, and MSN-
CMC. It can be seen that after heating the samples up to 800 °C, MSNs, MSN-NH, and
MSN-CMC show a mass loss of ~7.3 %, 17.5 % and 30.7 % respectively (Table 3.1).
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Table 3.2: Nitrogen adsorption-desorption analysis of MSNs

Sample Name Surface Area Pore Diameter Pore Volume
(m%/gm) (hm) (cm®/gm)
MSN 939.618 3 0.738
MSN-NH; 659.111 2.6 0.642
MSN-cur-CMC 262.981 2 0.339
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—MSN = MSN
—— MSN-NH 1001 o MSN-NH,
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Figure 3.5. (a) X -Ray Diffraction (XRD) patterns of MSN and MSN-NH, and (b) Thermo
gravimetric Analysis (TGA) curves of MSN, MSN-NH,and MSN-CMC

From these results, the percentage grafting of CMC onto MSNs was calculated to be
~13.2 %. We also show in Figure 3.6, the FT-IR spectra of MSNs, MSN-NH, and
MSN-CMC. All the samples showed characteristic peaks at 1650 and 800 cm™* due to
Si-0 stretching and at 480 cm ™ due to Si-O-Si bending. The broad peak at 3400—3500
cm * corresponds to —OH groups in the samples. MSN-NH, showed a peak at 2907
cm * due to the C— H stretching of the poly-amino groups and 1508 cm™* due to the —
NH bending. However, the peak at 1508 cm * disappeared in MSN-CMC due to the
functionalization of amine groups with CMC. Further, an additional peak appears in
MSN-CMC at 1570 cm * due to the amide bending which is absent in MSN-NH,. This

further confirms the successful functionalization of MSNSs surface with CMC.
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Figure 3.6. Fourier Transform Infrared Spectroscopy (FT-IR) Spectra of MSN, MSN-NH, and
MSN-CMC

3.4.2 Synthesis of curcumin loaded MSN-CMC nanoparticles

Curcumin, an anticancer drug was effectively loaded in the pores of MSNs in order to
increase its bioavailability (since it is hydrophobic in nature) and also to prevent its
enzymatic degradation before reaching the cancer cells by EPR effect. For curcumin

incubation, MSNs surface was first grafted with amine moieties using APTES.
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Scheme 3.2. Synthesis of curcumin loaded carboxymethyl cellulose grafted MSN

Curcumin was then physically incubated into the pores of MSN-NH, by stirring MSN-

NH; in methanol containing curcumin overnight. The curcumin adsorbed on the surface
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was removed by washing with excess water multiple times. The incorporation of
curcumin inside the pores of MSNs was confirmed from the reduction in the pore
diameter of MSNs from N, adsorption-desorption isotherms (Table 2). In the next step,
CMC was grafted onto the surface of curcumin-loaded MSN-NH; by EDC coupling
reaction between —NH, groups of MSN-NH; and —COOH groups of CMC. The
unreacted reactants and side products if any were removed by washing with distilled
water. The synthetic pathway for the curcumin incorporation in MSN-CMC is shown in
Scheme 3.2. In order to calculate the amount of curcumin loaded into MSN-NH; and
MSN-CMC, 1mg of each material was dispersed in methanol and sonicated for 20 min
using probe sonicator. Nanoparticles were then centrifuged and UV absorbance of the
supernatant was carried out at 430 nm. The amount of drug loaded in the MSN
nanoparticles is given in Table 3.3. The drug loading content and the drug entrapment
efficiency were calculated using the following equations [30]:

. Weight of curcumin in MSNs
Drug loading content (%) = 100 3
8 8 (/0) Total weight of loaded MSNs ( )

Weight of curcumin in MSNs

Drug Entrapment Efﬁdency (%) - Initial weight of curcumin added x 100 (4)
Table 3.3: Curcumin loading in functionalized MSNs
Sample Name Drug Loading Content Drug Entrapment Efficiency
(%) (%)
MSN-cur-NH; 10.7 71.3
MSN-cur-CMC 80.0 53.3

3.4.3 Release Study of Curcumin from MSNs in 0.5 % Sodium Lauryl Sulphate
solution

The in vitro release of curcumin from MSN-cur-NH, and MSN-cur-CMC was studied
by dispersing curcumin loaded MSNs (with same amount of drug loading) in 10 mL of
0.5 % sodium lauryl sulphate (SLS) solution at 37 °C in a water bath with continuous
shaking. The SLS (0.5 %) was used as a drug-releasing medium since curcumin is

known to degrade in neutral to basic solutions within a few hours.[23] An aliquot was
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taken out at fixed time interval and UV absorbance of curcumin at 432 nm was
measured. A total of 45 % curcumin release was observed in MSN-cur-NH, whereas;
only 15 % curcumin could be released from MSN-cur-CMC over a period of 72 h
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Figure 3.7. In vitro cumulative release (%) of curcumin from MSN-cur-NH, and MSN-cur-
CMC in 0.5 % sodium lauryl sulphate (SLS)

(Figure 3.7). A relatively slower release of curcumin from MSN-cur-CMC could be
attributed to the presence of CMC on the surface which creates a barrier to the curcumin
molecules to release from the pores of MSN. The slower release of curcumin from
MSN-cur-CMC is beneficial since the drug molecules are protected inside the pores of
MSNs for a longer period and will be released only after reaching the targeted cancer
cells by EPR effect. The drug molecules inside the cells could be easily released by the
cleavage of amide linkages (between CMC and MSN-NH>) by enzymatic action.

3.4.4 In vitro Cytotoxicity Assay

The in vitro cell cytotoxicity of MSN-NH,;, MSN-CMC, MSN-cur-NH,, MSN-cur-
CMC and free curcumin to MDA-MB-231 cells was investigated using MTT assay. It
can be seen from Figure 3.8 (a) that the MSN-NH, and MSN-CMC show almost no
toxic effect to the cancer cells up to a concentration of 200 pug/mL after incubation for
24 h. The results indicate that MSN-NH, and MSN-CMC are highly biocompatible with

the cancer cell line used. Figure 3.8 (b) showed the in vitro cellular toxicity of MSN-

ACSIR/CSIR-NCL/Neha Tiwari 53



Chapter 3: Carboxymethyl Cellulose Grafted Mesoporous Silica Nanogels

cur-NHz, MSN-cur-CMC and free curcumin in MDA-MB-231 cells at different
concentrations. It is observed that free curcumin showed negligible cytotoxicity to the
cancer cells. This could be due to curcumin being hydrophobic in nature and has very

less solubility in the dispersed medium that might affect least contact with the
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Figure 3.8.(a) % Cytotoxicity of MDA-MB-231 cells incubated with MSN-NH,and MSN-
CMC and (b) % Cytotoxicity of MDA-MB-231 cells incubated with free curcumin, MSN-cur-
NH, and MSN-cur-CMC keeping the amount of curcumin same in all the samples (x axis
represents concentration of free curcumin and curcumin incubated in MSN-NH, and MSN-
CMC)

cancer cells. A comparison of the MTT results of MSN-cur-NH; and MSN-cur-CMC
with the same concentration of curcumin inside the pores indicated that MSN-cur-CMC
has higher cell inhibitory effect as compared to that of MSN-cur-NH,. The Glso of
MSN-cur-NH, and MSN- cur-CMC are found to be 7 and 1.5 pg/mL respectively
(Figure 3.8 (b)). This clearly indicates that CMC functionalization helps with better
internalization of curcumin-loaded MSNSs, resulting in better inhibition of the cancer

cells as compared to MSN-cur-NH,.
3.4.5 Intracellular Uptake of MSN Particles

For the cellular uptake studies, breast cancer cell line MDA-MB-231 was incubated
with free curcumin (16 pg/mL), MSN-cur-NH, and MSN-cur-CMC (Gls, conc. of ~7
and 1.5 pg/mL respectively). The Glso concentrations were selected to ensure that the

same amount of drug enters the cells (as calculated from MTT assay). Similarly, MSNs
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Figure 3.9. Intracellular uptake of -NH, and -CMC functionalized MSNs using fluorescence
microscopy. Images of MDA-MB-231 incubated with 16 pug/mL of free curcumin, MSN-cur-
NH, (Glso= 7 pg/mL) and MSN-cur-CMC (Glsp= 1.5 pg/mL). Control refers to the non-treated
MDA-MB-231 cells. Blue fluorescence is due to nucleus staining of cells with 4', 6-Diamidino-
2-Phenylindole Dihydrochloride (DAPI) and green is due to fluorescence of curcumin release
inside the cells effectively in MDA-MB-231 cancer cells, which is also in agreement with the
MTT assay where the comparable % cytotoxicity in the cells is absent

without curcumin (MSN-NH, and MSN-CMC) were used as a control at a
concentration of 200 pg/mL. The fluorescence of curcumin inside the cells was
captured after 1 h of incubation of the MSNs (with and without curcumin) and free
curcumin. It was observed that free curcumin does not show any fluorescence after 1 h,
whereas MSN-cur-NH, and MSN-cur-CMC showed fluorescence of curcumin
molecules indicating that curcumin molecules are not able to entre inside the cells in the
absence of carriers. It was also evident from the images that MSN-cur-CMC showed

much better fluorescence due to curcumin as compared to that of MSN-cur-NH,
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Figure 3.10. Intracellular uptake of MSN-NH,and MSN-CMC without curcumin using
fluorescence microscopy. Images are at a magnification of 200 um of MDA-MB-231 incubated
with a concentration of 200 pg/ml. Blue fluorescence is due to nuclei staining of cell with DAPI

(Figure 3.9). This confirms that CMC-grafted MSNs help with better internalization of
curcumin inside the cells as compared to MSN-NH; since the Glso of MSN-cur-CMC is
much lower compared to that of MSN-cur-NH,. The control experiments with MSN-
NH, and MSN-CMC do not show any fluorescence, as expected (Figure 3.10). The
results indicate that the CMC-coated MSNs are internalized inside the cells more

effectively as compared to MSN-cur-NHs,.

3.4.6 Apoptosis by Fluorescein Isothiocyanate (FITC)-Labelled Annexin V
(Annexin V-FITC)/ Propidium lodine lodide (PI) Staining

In order to find out whether the curcumin-loaded MSNs mediate decreases in cell
growth due to apoptosis, we investigated apoptosis in MDA-MB-231 cells using
annexin  fluorescein isothiocyanate (FITC)-labelled annexin V (annexin V-
FITC)/propidium iodide (PI) and 4',6-Diamidino-2-Phenylindole Dihydrochloride
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Control
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Figure 3.11. Apoptosis of MDA-MB-231 cells using fluorescence microscopy. Images of
MDA-MB-231 incubated with 16 pug/mL of free curcumin, MSN-cur-NH, (Glso = 7 pg/mL) and
MSN-cur-CMC (Glsy =1.5 pg/mL). Control refers to the non-treated MDA-MB-231 cells. Blue

fluorescence is due to nucleus staining of cells with DAPI and green fluorescence is due to

staining of cells by annexin V-FITC

Annexin V-FITC Merge

- — .

Figure 3.12. Apoptosis of MDA-MB-231 cells using fluorescence microscopy. Images are at a
magnification of 200 um of MDA-MB-231 incubated with 200 pg/ml of MSN-NH, and MSN-
CMC. Blue fluorescence is due to nuclei staining of cell with DAPI

Control

200 um

MSN-NH,

MSN-CMC
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(DAPI) as the staining agents. We observed that treatment of cells with free curcumin
(16 pg/mL) and Glso concentrations of MSN-cur-NH; (7 pg/mL) and MSN-cur-CMC
(1.5 pg/mL) resulted in an increase in the apoptotic cells in 48 h (Figure 3.11). The
MSNs without curcumin, taken as a control, did not show any green fluorescence due to
annexin V-FITC/PI, indicating no apoptosis in the cells, and are thus biocompatible
(Figure 3.12). The calculated apoptotic ratios in 48 h for control, curcumin, MSN-cur-
NH2 and MSN-cur-CMC were found to be 2.5 %, 9.7 %, 49 % and 69 % respectively

9

4 I Control
80 4 @l Curcumin
i Bl MSN-cur-NH,

B MSN-cur-CMC

Apoptotic Ratio (%)
h

48 h

Incubation Time

Figure 3.13. Apoptotic ratios of free curcumin, MSN-cur-NH, and MSN-cur-CMC in 48 h

(Figure 3.13). The high apoptotic value of MSN-cur-CMC compared to free curcumin
and MSN-cur-NH; further confirmed that CMC coating on the MSN surface helps with
better uptake of MSNs inside the cells and hence more curcumin molecules are released
effectively at the targeted site.

We also observed that Pl positive cells were not observed in the
experiment suggesting the absence of necrosis. In order to prove that the green
fluorescence observed in the cells after treatment with MSN-cur-NH; and MSN-cur-
CMC is due to staining of the cells with annexin V-FITC and not due to fluorescence
due to curcumin molecules, we performed the imaging of the cells without annexin V-
FITC after 48 h (Figure 3.14). We observed that in absence of annexin V-FITC, green
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Figure 3.14. Intracellular uptake of -NH, and —-CMC functionalized MSNs using fluorescence
microscopy after 48 h. Images of MDA-MB-231 incubated with 16 pg/ml of free curcumin,
MSN-cur-NH; (Glse= 7 pg/ml) and MSN-cur-CMC (Glsp= 1.5 pg/ml). Control refers to the non
treated MDA-MB-231 cells. Blue fluorescence is due to nuclei staining of cell with DAPI and
green due to fluorescence of curcumin release inside the cells

fluorescence was absent in the cells as the fluorescence due to curcumin do not last for
longer time due to quenching (i.e., degradation of curcumin).[23] This experiment
proves that MSN-cur-CMC induces cell death in the MDA-MB-231 cell line via
apoptotic pathway.

3.5 Conclusion

In conclusion, we have successfully synthesized MSNs with particle sizes in the range
of 120-130 nm and pore size of 2-3 nm as confirmed by TEM, SEM and N,
adsorption—desorption studies. The grafting of MSNs with -NH, and CMC moieties on
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the surface was confirmed by a decrease in the surface area by N,— adsorption data and
weight loss by TGA data. Also, the zeta potential showed a change in the sign of the
charge from positive to negative upon grafting with -NH, and CMC, which also
confirmed the functionalization. The drug release profile in 0.5 % SLS solution showed
only a 15 % release of curcumin molecules from MSN-cur-CMC as compared to 45 %
from MSN-cur-NH; over a period of 72 h. The release profile indicated that CMC
helped in preventing curcumin molecules from experiencing premature release over a
longer period of time. An MTT assay showed the negligible toxic effects of MSN-NH,
and MSN-CMC on breast cancer cell line MDA-MB-231 up to a concentration of 200
pg/mL, thus indicating biocompatibility of the functionalized MSNs. MSN-cur-CMC
showed enhanced cellular uptake and percent cytotoxicity as compared to MSN-cur-
NH, as observed in the MTT assay (from Gls values) on MDA-MB-231 breast cancer
cell line. Apoptosis studies performed over a period of 48 h showed that MSN-cur-
CMC induces cell death in the MDA-MB-231 cell line via apoptotic pathway. All the
above-mentioned observations indicate that CMC grafting on the surface of MSNs
enhanced the cellular uptake and cytotoxicity of the cells at remarkably lower
concentrations of the curcumin drug. These studies demonstrate that MSN-CMC
nanogels could be used as model systems for enhanced cellular uptake and drug

delivery applications.
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4.1 Introduction

Water soluble polymers (WSPs) and hydrophobically modified water soluble polymers
(HMPs)/ Associating polymers (APs) are important class of materials and find
extensive applications as thickening/ rheology control agents in paints, coatings, textiles
pastes, pharmaceutical creams and ointments, food formulations etc.[1] However, the
viscosity of these polymer solutions decreases with increase in temperature which is in
line with the Arrhenius law for flow. This can be a severe drawback especially for their
high temperature applications. Therefore, it becomes important to use polymers where
the viscosity of their solutions remain independent of temperature or even increase upon
heating. In this context, thermo thickening polymers are attracting increasing attention
recently in which the viscosity of aqueous solutions of these polymers increase upon
heating and undergo sol-to-gel transition at certain critical temperature and polymer
concentration. The basic requirement of the thermo thickening polymer is the co-
presence of a highly water soluble hydrophilic polymer and the partial hydrophobic
polymer exhibiting the thermodynamic lower critical solution temperature (LCST)
property. Owing to their LCST property, the hydrophobic moiety of the polymer self
associate reversibly into micro domains when the temperature is raised above the
LCST. But the ultimate phase separation in the solution is prevented by the hydrophilic
polymer which eventually leads the polymer solution to undergo sol-to-gel transition.
Thermo thickening polymers have great potential as injectables in
controlled release technology (CRT).[2-5] These polymers do not require surgical
operations for implantation and both hydrophilic and hydrophobic drugs can be
incorporated by simple physical mixing. Extensive work on thermo thickening
polymers has been reported in the literature. For example, Hourdet et al [1] have
developed a whole family of thermo thickening polymers by grafting LCST side chains
like PEO, PNIPAM, and PEPO on to a hydrophilic polymer, sodium polyacrylate
(PAA-Na). An excellent review on thermo thickening polymers with fundamental
aspects and applications has been reported in the literature.[6] The thermo thickening
behaviour of amphiphilic systems based on diblock, triblock and multi block

copolymers of PEG and PCL have also been studied extensively.[7-10] These block
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copolymers in aqueous medium can form micelles at certain polymer concentration due
to the hydrophobic associations of PCL chains when the temperature is increased. The
tendency of partial crystallization of PCL chains which contributes to the gelation is
also reported in the literature.[11-13] Although, extensive studies have been performed
on the sol-gel transition of these polymers, a molecular insight in the thermo thickening
behaviour of MPEG-b-PCL grafted poly(acrylic acid)(PAA) has not been made.
Besides synthetic polymers, some of the natural polymers like polysaccharides namely
chitosan [14], hyaluronic acid [15], carboxymethyl cellulose [16], alginate [17],
pullulan [18] and dextran [19] have been used along with LCST polymers for the
synthesis of thermo thickening polymers.

In the present work, we have studied the thermo thickening
behaviour of MPEG-b-PCL grafted poly(acrylic acid) aqueous solutions using rheology,
light scattering and NMR techniques. The controlled synthesis of block copolymers of
MPEG-b-PCL with equal molecular weights was carried out by ring opening
polymerization (ROP) taking a known molecular weight of MPEG as an initiator.
Subsequently, the grafting reaction of MPEG-b-PCL onto PAA was carried out between
the carboxylic groups of PAA and terminal hydroxyl groups of PCL in MPEG-b-PCL.
The structural characterization of the obtained thermo thickening polymers was
performed using NMR spectroscopy and gel permeation chromatography. The results
from multiple experimental techniques give insights into the molecular level mechanism

of the thermo thickening process.
4.2 Experimental
4.2.1 Materials

Poly(acrylic acid) (PAA) solution (80% in water, MW= 2,50,000 g/mol), e-caprolactone
(CL), stannous octoate (Sn(Oct),), polyethylene glycol mono methyl ether (MW=2,000
g/mol) (MPEG), dicyclohexyl carbodiimide (DCCI) and N, N-dimethyl amino pyridine
(DMAP) were procured from Sigma Aldrich, USA. Dry dimethyl sulphoxide (DMSO),
diethyl ether and sodium bicarbonate (NaHCO3) were purchased from Merck, India. All

the chemicals were of analytical grade and used as received.
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4.2.2 Synthesis of block copolymer of MPEG-b-PCL

The block copolymer MPEG-b-PCL was synthesized via ring opening polymerization
in a bulk state, using e-caprolactone (CL) as a monomer, MPEG as a macro initiator and
stannous octoate (Sn(Oct),) as a catalyst. All glasswares were dried at 80 °C for 12 h to
avoid any moisture contamination. In a typical synthesis, 4 g (3.5 mmol) of MPEG was
dissolved in anhydrous toluene (100 ml) and toluene was distilled off completely under
vacuum in order to remove moisture present in the polymer. To the above solution, CL
(0.0175 mmol) and Sn(Oct), (0.874 mmol) was added and the reaction mixture was
stirred at 100 °C for 24 h under N, atmosphere. The product obtained was then
dissolved in chloroform and precipitated in diethylether. The precipitation was carried
out twice in diethyl ether to obtain the pure product. The product obtained was finally
dried in a vacuum oven at 50 °C. (Yield = 95 %)

'H NMR (CDCl;) of MPEG-b-PCL copolymer: & 1.38 (-OCH,CH,CH,CH,CH,CO-), &
1.65 (-OCH,CH,CH,CH,CH,CO-), ¢ 2.31 (-OCH,CH,CH,CH,CH,CO-), 6 3.38
(terminal -CH3z of MPEG), & 3.65 (-OCH,CH,0-), & 4.06 (-
OCH,CH,CH,CH,CH,CO).

4.2.3 Grafting of MPEG-b-PCL block copolymer onto PAA (PAA-g-MPEG-b-
PCL)

The PAA powder was obtained by lyophilization of PAA solution received from Sigma
Aldrich. PAA (5 g, 69.4 mmol) was dissolved in 100 ml dry DMSO in a 250 ml two
necked round bottomed flask. The dissolution was carried out by stirring the solution
for 2 h at room temperature under N, atmosphere. To this solution, DCC (6.94 mmol)
and DMAP (6.94 mmol) pre-dissolved in 10 ml dry DMSO were added and the reaction
mixture was stirred for an additional 4 h at room temperature for the complete
activation of carboxylic groups in PAA. After 4 h, MPEG-b-PCL (0.694 mmol, 1
mol%) solution in dry DMSO was added drop wise to the reaction mixture under
stirring in N, atmosphere. The reaction mixture was allowed to stir for 24 h at 40 °C.

The product obtained was precipitated in CHCIs, filtered and dried under vacuum at 50
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°C for further purification. The dry product obtained was further dissolved in distilled
water, dialyzed for 48 h with frequent changes of distilled water. Finally, the solution
was neutralized using sodium bicarbonate and lyophilized to get the pure product, PAA-
g-MPEG-b-PCL-1 (1mol% grafting) in the powder form. (Yield = 90 %)

The same procedure was followed to obtain PAA-g-MPEG-b-PCL-1.5 with 1.5 mol%
grafting (Yield = 92 %). PAA was also neutralized using NaHCO3 in order to have

similar conditions in all experiments unless otherwise mentioned.

'H NMR (D,0:CD;OD, 70:30) of PAA: § 1.57 (-CH,CH(COOH)-) and & 2.18 (-
CH,CH(COOH)-).

'H NMR (D,0:CD;0D, 70:30) of PAA-g-MPEG-b-PCL (1mol% grafting): & 0.5-2.8 (-
OCH,CH,CH;CH,CH,CO-), (-OCH,CH>CH;CH,CH,CO-), (-
OCH,CH,CH;CH;CH,CO-), (-CH,CH(COOH)-), (-CH,CH(COOH)-), & 3.66 (-
OCH,CH,0-), 3 4.07 (-OCH,CH,CH,CH,CH,CO-).

'H NMR (D,0:CDs0D, 70:30) of PAA-g-MPEG-b-PCL (1.5 mol% grafting): 5 0.5-2.8
(-OCH,CH,CH,CH,CH,CO-), (-OCH,CH,CH,CH,CH,CO-), (-
OCH,CH,CH,CH,CH,CO-), (-CH,CH(COOH)-), (-CH,CH(COOH)-), & 3.66 (-
OCH,CH;0-), § 4.07 (-OCH,CH,CH,CH,CH,CO-).

4.2.4 Sample Preparation

Polymer solutions (g/L) of desired concentrations were prepared by dissolving a known
amount of polymer in de-ionized water. All solutions were gently stirred at room

temperature for 24 h to obtain homogenous solutions.
4.3 Characterizations
4.3.1 NMR Spectroscopy

'H NMR spectra for characterization of mono methoxy terminated PEG (MPEG), PAA,
MPEG-b-PCL and PAA-g-MPEG-b-PCL-1 and PAA-g-MPEG-b-PCL-1.5 were
recorded on Bruker AV-200, AV-500 NMR spectrometers operating at *H frequency of
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200 and 500 MHz, respectively. 'H spectra of MPEG and MPEG-b-PCL were recorded
in CDCls, whereas PAA and PAA-g-MPEG-b-PCL-1 and PAA-g-MPEG-b-PCL-1.5
samples were recorded in D,0O:CDsOD (70:30) mixtures (concentration of polymer
=100 mg mL™). The samples were homogenized for 24 h before recording the NMR
spectra.

Variable temperature NMR, spin-lattice and spin-spin relaxation
time (T1, T2) measurements and 2D NMR experiments were carried out on Bruker
Avance 500 and Avance I11 HD 700 spectrometers using 5 mm BBO probes with z-axis
gradients. Experiments were carried out on PAA-g-MPEG-b-PCL-1 and PAA-g-MPEG-b-
PCL-1.5 samples in D,O at concentrations of 10 mg/ml or 25 mg/ml. *H and **C 1D
spectra with 64 and 4800 scans respectively, were recorded using a flip angle of 30°
with an interscan delay of 3 s in the temperature range of 25 — 60 °C. 'H T
measurements were carried out by employing the inversion recovery scheme with 22
recovery delays while T, measurements were carried out employing the recently
reported PROJECT CPMG scheme [20] with 22 delays. 2D NOESY spectrum was
recorded at a mixing time of 64 ms with 512 x 2 K data points. 2D *H-"3C heteronuclear
correlation experiment (HSQC) was carried out with 128 x 1 K data points. **C T; and
T, measurements were performed in a pseudo 3D manner with 10-12 time delays for

relaxation forming the third dimension of the HSQC experiment.
4.3.2 Gel Permeation Chromatography
Calibration method

Molecular weights and molecular weight distributions of MPEG and MPEG-b-PCL
were determined using gel-permeation chromatography (GPC) equipped with spectra
series UV-100 and spectra system RI-150 detectors using chloroform (Thermo
Separation Products) as an eluent at a flow rate of 1 mL/min at 25 °C. Sample

concentration was 2 mg/mL and polystyrenes were used as calibration standards.
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4.3.3 Rheology

At lower polymer concentrations, Ubbelohde viscometer and at higher polymer
concentrations rheometer were used to calculate the zero shear viscosity (ZSV).
Viscosity measurements were performed on Schott Viscometer and rheological
measurements were performed using MCR-301 (Anton Paar) stress and strain
controlled rheometer. Zero shear viscosity (ZSV) was calculated by steady shear and
creep measurements. Newtonian viscosity was taken into account for the calculation of
ZSV in case of steady shear measurements. For creep measurements, long time
compliance was used to calculate the slope, wherein the inverse of slope gives ZSV.
The ZSV (Pa.s) obtained by rheometer was converted into specific viscosity (ns,). The
forward and reverse temperature cycle was performed in the range of 25-60 °C at a
ramp rate of 1 °/min. The cup and bob geometry (cup radius 9 mm, bob radius 8.33 mm,
gap length 25 mm, and cone angle 120) and a cone and plate geometry (cone 25 mm/2°,
plate 50 mm) were used for the measurements. Temperature control on MCR-301
rheometer was achieved using a peltier system. Evaporation of water from the free
surface of the sample was minimized by a solvent trap and also by spreading a thin
layer of low viscosity silicon oil on the edges of the sample. The storage (G') and loss
(G™ moduli were measured at a frequency of 20 rad/s in the temperature range 25-
55°C.

4.3.4 Light Scattering

The hydrodynamic radius (Ry) and diffusion coefficient (Ds) of dilute aqueous solutions
of PAA-g-MPEG-b-PCL-1.5 with various polymer concentrations as a function of
temperature were determined by dynamic light scattering (DLS) using a Brookhaven
Instruments equipped with a He-Ne laser operating at 632.8 nm. The particle size was
calculated using 90Plus particle Sizing Software Ver. 3.94. The 3-D dynamic light
scattering (LS instruments AG, Switzerland) with a laser wavelength of 632.8 nm was
used to study structure and dynamics of PAA-g-MPEG-b-PCL-1.5. A special beam
splitter is used to generate two identical parallel laser beams from the H-Ne laser and

cross-correlation geometry is utilized to eliminate the contributions from multiple
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scattering. The temperature of the sample was maintained using bath circulator with
water circulating channels around a toluene bath where the sample was kept. All the
polymer solutions were prepared in distilled water and were filtered using a 0.45 um
Millipore filter in a dust free cylindrical Pyrex cell. Samples were homogenized
overnight before carrying out the experiments. In the temperature dependent studies, the
samples were kept at a desired temperature for an hour in order to provide sufficient
time for the samples to attain equilibrium.

4.4 Results and discussion

441 Synthesis of MPEG-b-PCL block copolymer using Ring Opening
Polymerization (ROP)

The ring opening polymerization of g-caprolactone was performed in a bulk state using
the terminal alcohol of MPEG (M= 2,000) as an initiator (Scheme 4.1) in the presence
of Sn(Oct); as a catalyst. The polymerization was successfully carried out with almost
quantitative yield. The M, value of PCL in MPEG-b-PCL was easily controlled with the
feed ratio of e-caprolactone in the polymerization reaction. Figure 4.1 shows the *H
NMR spectrum of MPEG-b-PCL. The peaks at 6 3.38 and 6 3.65 were attributed to the
terminal methyl protons and methylene protons of MPEG respectively. The molecular
weight of the PCL segment in the diblock copolymer was determined to be ~2000 from
the ratio of intensity of the terminal methoxy proton signal of MPEG at & 3.38 and the
methylene proton signal of PCL at & 2.31 in *H NMR spectrum. Also, the M, values

o OH + 0
/
e
0,
MPEG Snoct),| 100°C,  pPCL ©
24h
0o (o) H
- \é/\oax/\/ Woi
0]
MPEG-b-PCL

Scheme 4.1: Ring opening polymerization of e-caprolactone
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Figure 4.1. '"H NMR spectrum of MPEG-b-PCL copolymer in CDCl;
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Figure 4.2. GPC data in CHCIlz using polystyrene as standard

calculated from the NMR spectroscopy showed good agreement with the values
obtained from GPC. The peaks of MPEG and MPEG-b-PCL appear at 44 and 42.5 min

in the chromatogram respectively (Figure 4.2). The molecular weights (M,) and

polydispersity determined by GPC is given in Table 4.1.
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Table 4.1. Molecular weight of MPEG and MPEG-b-PCL polymers

Sample [CL]o/[MPEG], "M, "M, °pPD|
MPEG - 2145 2930 1.2
MPEG-b-PCL 20 4140 5630 1.3

aDetermined from *H NMR in CDCl,
®Determined from GPC using polystyrene standards

4.4.2 Synthesis of PAA-g-MPEG-b-PCL polymer

PAA-g-MPEG-b-PCL polymer was synthesized by coupling reaction between
carboxylic group of PAA and the hydroxyl group of MPEG-b-PCL using DCCI as a
coupling agent and DMAP as a base in DMSO (Scheme 4.2). The incorporation of
MPEG-b-PCL in the polymer was effected with 1.0 and 1.5 mol% on the basis of PAA
and the stoichiometry is given in Table 4.2. The polymers are abbreviated as PAA-g-
MPEG-b-PCL-1 and PAA-g-MPEG-b-PCL-1.5 respectively. The water soluble

polymer PAA was chosen due to its ease of functionalization with hydrophobic moieties

HO o

T e
B o MPEG-b-PCL

PAA DCC, DMAP | 40 °C,

DMSO 24 h

/°w(\/\0{\/°Mo o
o]

PAA-g-MPEG-b-PCL

Scheme 4.2: Hydrophobic modification of PAA with MPEG-b-PCL copolymer
Table 4.2: Stoichiometry of synthesis of PAA-g-MPEG-b-PCL polymers

Sample PAA DCC DMAP | MPEG-b-PCL
(mmol) (mmol) (mmol) (mol%o)
PAA-g-MPEG-b-PCL-1 69.4 6.94 6.94 0.694
PAA-g-MPEG-b-PCL-1.5 69.4 6.94 6.94 1.041
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in both aqueous and organic solvent. In the present work, we have performed the
grafting of MPEG-b-PCL onto PAA in organic solvents using DCCI coupling
chemistry. The side product dicyclohexyl urea (DCU) was easily removed as it is
insoluble in the aprotic solvent used for the coupling reaction. The copolymer MPEG-b-
PCL is expected to be randomly grafted along the PAA backbone chain. We show in
Figure 4.3 (a), the *H spectrum of PAA-g-MPEG-b-PCL-1.0 recorded in a mixture of
D,0:CD30D in the ratio of 70:30. CD;0OD was added to decrease the viscosity of the

(a) 473 366
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o 8 o e < j/f
~ V\OK\/ o o
g d P
[+]

abc,de
51
| 134
3 |
f I 227 176
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Figure 4.3.: "H NMR spectrum of (a) PAA-g-MPEG-b-PCL-1.0 and (b) PAA-g-MPEG-b-PCL-
1.5 in D,O:CD30D (70:30)
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solution. The peak at &6 4.07 corresponds to the methylene protons of PCL (-
OCH,CH,CH,CH,;CH,CO-). On assigning an integration value of 2 to the peak at &
4.07, the peaks at & 0.5-2.8 corresponding to the three protons of PAA and the
remaining protons of PCL were calculated to be 29.78. On subtracting an integration
value of 8 protons from PCL, a value of 21.78 is obtained which corresponds to the
three protons from PAA, thus giving a PCL: PAA ratio of 1:7.26. Now considering 18
repeat units of PCL (~MW=2,000), we obtain 0.80 mol% grafting on PAA. Similar
calculations carried out in PAA-g-MPEG-b-PCL-1.5 gives around 1.31 mol% grafting
(Figure 4.3 (b)).

4.4.3 Viscosity (nsp) as a function of polymer concentration (C,)

We show in Figure 4.4 (a), the specific viscosities of PAA, PAA-g-MPEG-b-PCL-1.0
and PAA-g-MPEG-b-PCL-1.5 as a function of polymer concentration measured at 25
°C. It can be seen that the neat PAA shows a gradual increase in viscosity with increase
in concentration. Whereas, the viscosity behaviour of PAA-g-MPEG-b-PCL-1.0 and
PAA-g-MPEG-b-PCL-1.5 follow some distinct concentration regimes. In dilute regime,
where C < C* (C* ~ overlap concentration), the macromolecular chains are isolated and
the ‘n’ is essentially controlled by the intra chain interactions. The viscosity increases
gradually and scales 0.5 to the polymer concentration. Here, the viscosities of the
grafted polymers are slightly lower compared to the precursor, PAA polymer. This is
attributed to the compaction of chain as a result of the intramolecular hydrophobic
interactions originating from the PCL chains. In the semi dilute entangled regime,
where C > C*, the intermolecular hydrophobic interactions begin to dominate and the
viscosity increases moderately. The viscosity scales to 1.5 to polymer concentration and
the macromolecular chains are likely to obey Rouse dynamics. In the semi dilute
entangled regime, where C >> C*, the viscosity increases rapidly and scales to 4-5 to
the polymer concentration. The inter chain hydrophobic associations coupled with
molecular entanglements strongly contribute to the dramatic increase in viscosity. The
visco- elastic response of these systems can be explained by sticky reptation model.
Finally, in concentrated regime, there is an exponential increase in viscosity leading to

the formation of a gel.
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Figure 4.4. (a) Viscosity of PAA and PAA-g-MPEG-b-PCL as a function of concentration and
(b) Temperature ramp experiments on (a) PAA-g-MPEG-b-PCL-1_4 %, (b) PAA-g-MPEG-b-
PCL-1_6 %, (c) PAA-g-MPEG-b-PCL-1_7 % and inset PAA_7 %

4.4.4 Thermo thickening behaviour: nvs T

We show in Figure 4.4 (b), the viscosities of PAA-g-MPEG-b-PCL-1.0 as a function
of temperature for three different polymer concentrations (C, = 4.0, 6.0 and 7.0 wt %).
It can be clearly seen from the figure that the precursor polymer, PAA did not show
thermo thickening behaviour and on the contrary, the viscosity decreased slightly with
increase in temperature range of 30- 60 °C (inset in Figure 4.4 (b)). This is expected
largely due to the absence of any associating groups in the polymer which are
supposed to form hydrophobic associations. However, the modified PAA polymers
exhibited thermo thickening behaviour due to the presence of LCST side chains of
MPEG-b-PCL. The viscosities of this polymer solution decreased in the range of 30-
40 °C indicating the sol state and started to increase above certain critical association
temperature and eventually resulted into gel state. The critical association temperature
for PAA-g-MPEG-b-PCL-1.0 with concentrations of 4.0, 6.0 and 7.0 wt% was found
to be in the range of 42-45 °C. The magnitude of thermo thickening however
decreased with an increase in the polymer concentration. Nevertheless, the
phenomenon of thermo thickening was clearly observed in these polymers. In order to
see the reversibility of the thermo thickening behaviour of these polymers, we
performed n vs T experiments in the forward and reverse cycle of temperature
ramping. We show in Figure 4.5 (a) n vs T data for PAA-g-MPEG-b-PCL-1.5 at a
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concentration of 1.5 wt%. It can be clearly seen from the figure that the polymer
showed thermo thickening behaviour in the forward temperature ramping experiment
indicating the sol-gel transition due to the temperature induced hydrophobic
associations and the tendency of partial crystallization leading to the ordering of the
PCL chains. However, the reversibility of the thermo thickening behaviour was not
observed and n vs T data of reverse temperature cycle did not superimpose with the n
vs T data of the temperature increase. This can be attributed to the fact that the
relaxation of the associated structures could be extremely slow. Further, at high
temperature, there can be a strong interaction between the MPEG-b-PCL chains
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Figure 4.5. (a) Temperature ramp experiments in forward and reverse direction on PAA-g-
MPEG-b-PCL-1.5 at a concentration of 1.5 wt% , Inset is PAA-g-MPEG-b-PCL-1.5 2.5 wt%
solution (1) without heating and (2) after heating at 60 °C and (b) Oscillatory Temperature
ramp experiment on PAA-g-MPEG-b-PCL-1.5 at 1.5 wt% concentration

leading to some permanent compact ordered structures. These ordered structures in the
gel prevent the reverse transition from gel to sol state on cooling. The sol-gel transition
is clearly visible in inset of Figure 4.5(a) wherein, the PAA-g-MPEG-b-PCL-1.5 (2.5
wt%) solution is easily flow able at RT in sol-state (Figure 4.5 (a), (1)) and transforms
into gel-state (Figure 4.5(a), (2)) upon heating to 60 °C. It is also important to note that
the gel-state material becomes increasingly transparent indicating the presence of some
ordered structure.

The thermo thickening behaviour of PAA-g-MPEG-b-PCL-1.5
polymer was also examined by oscillatory rheological experiments as a function of
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temperature. The sol-gel transition was monitored from the storage (G') and loss (G")
moduli. Figure 4.5. (b) shows the change in G' and G" as a function of temperature at
a frequency of 20 rad/s. At temperature below ~40 °C, G' is lower than G" (G' < G")
indicating that the sample remains in the sol state. However, upon increasing the
temperature, at certain temperature (in this case at ~40 °C), there is a cross over
between G' and G" which can be considered as the gelation point and the transition
from liquid like behaviour to elastic gel like behaviour occurs. Above this temperature,
the value of G' becomes higher than G" (G' > G") which implies that the sample is in
the gel state. These observations which are macroscopic in nature clearly demonstrate
the phenomenon of sol-gel transition in thermo thickening polymers. In order to get
further insights into the sol-gel transition, we performed dynamic light scattering and
NMR studies on these polymers.

4.4.5 Light Scattering Experiments
4.4.5.1 Dynamic Light Scattering (DLS)

In a wide variety of polymer solutions and gels, the light scattered by the fast
fluctuations of polymer chains is accompanied by the slow motions of large clusters or
quasi-state inhomogenities that are associated with the elastic strain in the network. Due
to this difference in the relaxation rates, the fast and slow components can be
distinguished in the time correlation function of the scattered intensity. In the DLS of
associating polymers, the decay of the correlation function is initially described by a
single exponential decay followed at longer times by a stretched exponential decay

which is described by,
9'© =45 exp (=) + Asexpl~ (D) @

where g'(t) is a correlation function, As and As are the amplitudes for the fast and slow
relaxation modes respectively, t is the time and B is the stretched exponent. We
performed dynamic light scattering experiments on PAA-g-MPEG-b-PCL-1.5 (at C, =
0.125 mg/mL) sample using the Brookhaven 90 plus analyzer at a fixed angle of 90° in

the temperature range of 25 °C to 55 °C both in the heating and cooling cycle. We show
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in Figure 4.6 the decay of the correlation function with time at different temperatures. It
can be observed from the figure that the correlation function decays faster as the
temperature increases. This implies that the size of the polymer particles decrease due to
compaction of chains resulting from the temperature induced hydrophobic associations.
The decrease in the size of the polymer molecules is clearly reflected in the decrease of
hydrodynamic radius of polymer molecules with the increase in temperature (Table
4.3). Further, the decrease in particle size resulted in a faster decay of the correlation
function with increase in temperature and is also manifested in the increased diffusion
coefficients (Table 4.3). Eventually, the smaller particles aggregate into bigger particles
leading to gelation at higher temperature. However, it is interesting to note that, upon
cooling back to 25 °C (the polymer solution was kept for two hours to cool back to
room temperature), the decay of the correlation function did not match the decay of the
correlation function obtained at initial 25 °C. This indicates that the sol-gel transition is
not fully reversible and there could be some permanent structure formation in the
heating cycle of the polymer. This finding indeed supports a similar observation in our

earlier rheological measurements at heating/ cooling cycles.
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Figure 4.6. Correlation function of PAA-g-MPEG-b-PCL-1.5 (0.125 mg/ml) on heating from
25 °C to 55 °C (forward direction) and then on cooling back to 25 °C (reverse direction)
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Table 4.3: R, and Ds of PAA-g-MPEG-b-PCL-1.5 (0.125 mg/ml) with change in temperature

Temperature (°C) | Hydrodynamic Radius, | Diffusion Coefficient,
Rn (nm) D¢ (m?%/s) x10™
25 354 6.92
30 320 7.67
35 283 8.67
40 271 9.05
45 242 10.1
50 222 11.0
55 114 21.5
25 (reverse) 171 14.3

4.4.5.2 Static Light Scattering (SLS)

We also performed static light scattering experiments at various angles from 15° to 135°

on PAA-g-MPEG-b-PCL-1.5 at four different concentrations (0.4, 0.7, 1.3 and 1.6
mg/mL). As expected, at 25 °C (Figure 4.7 (a)), we observed that intensity of the

particles increases with an increase in concentration of modified polymer at lower

angles. Also, nature of the graph indicates mono disperse particles in the system. On

heating the polymer to 55 °C (equilibrated for 1 h), the scattering intensity decreases at
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Figure 4.7. Scattering intensity of PAA-g-MPEG-b-PCL-1.5 as a function of concentration at
(@) 25 °C and (b) 55°C
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all concentrations as compared to that at 25 °C (Figure 4.7 (b)). Also, at 55 °C, the
nature of plot at a polymer concentration of 1.6 mg/mL indicates polydispersity of the
particles. This implies that PAA-g-MPEG-b-PCL-1.5 tends to aggregate at higher
temperature probably due to inter chain hydrophobic associations which is further in
line with the observation made by rheology and NMR studies (see below). Also, this
aggregation or assembly of the hydrophobes is concentration dependent which is
evident from Figure 4.7 (b).

4.4.6 NMR Studies

The changes induced in PAA-g-MPEG-b-PCL on heating were examined in more detail
by various NMR techniques to gain further insights into the mechanism of thermo
thickening at the molecular level. Experiments were carried out on 10 mg/mL or 25
mg/mL solutions of PAA-g-MPEG-b-PCL-1 and PAA-g-MPEG-b-PCL-1.5 in D,0O. A
comparison of the spectrum of PAA-g-MPEG-b-PCL-1.5 with that of the individual
constituents, PAA and MPEG-b-PCL at 25°C indicates considerable broadening of
signals in PAA-g-MPEG-b-PCL-1.5 (Figure 4.8 (a)). Broad signals corresponding to

the protons from the grafts are an indication of some level of assembling in addition to
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Figure 4.8. (a) Comparison of 700 MHz *H NMR spectra of PAA, MPEG-b-PCL and PAA-g-
MPEG-b-PCL-1.5, (b) Comparison of the *C NMR spectra of PAA, MPEG-b-PCL and PAA-
g-MPEG-b-PCL-1.5 and (c) Overlay of diffusion filtered spectra of PAA-g-MPEG-b-PCL-1.5
at 25 °C showing the "f" proton of PCL (1) before heating and (2) after heating. Black traces
correspond to gradient strength of 2 % and colored traces are at gradient strength of 95 %
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the overall increase in molecular weight on grafting. Also, both *H and *3C spectra
indicate that PCL signals have multiple environments in PAA-g-MPEG-b-PCL when
compared to the spectrum of MPEG-b-PCL (Figure 4.8 (a) and (b)). Even though
MPEG-b-PCL is insoluble in water, it is known to form micellar structures in aqueous
medium by solvent displacement from an organic solvent.[21] The micellar structures
have a hydrophobic core comprising of PCL and surrounded by a corona of MPEG
which is hydrophilic.[22, 23] In PAA-g-MPEG-b-PCL, it is reasonable to assume that
some of the MPEG-b-PCL grafts can associate to form micellar assemblies in which
the hydrophobic PCL blocks are loosely associated while MPEG stays hydrated
similar to the hydrophilic PAA backbone. Thus, the multiple environments of PCL
signals in the spectrum could correspond to PCL blocks in the assembled
microdomains and individual graft side chains. This is also supported by the fact that
the signal from one of the PCL environments has a faster local diffusion compared to
the other (Figure 4.8 (c)). A comparison of the spectra of PAA-g-MPEG-b-PCL
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Figure 4.9. Expansion of the 500 MHz *H spectra of PAA-g-MPEG-b-PCL-1.0 at different
concentrations (0.5-25 mg/ml) recorded at 25 °C showing the "f" proton signal of PCL. The
deshielded (a) and shielded (b) components of the "f" proton signal correspond to unassembled
and assembled environments. A plot of the fraction of assembled environment, b (estimated
from the peak integral) as a function of concentration is shown on the right.
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obtained at different concentrations indicates that the signal corresponding to one of
the environments increase in area with increase in concentration (Figure 4.9). The
change in signal area parallels the variation of viscosity with concentration shown in
Figure 4.4 (a). An increase in concentration maybe expected to be conducive to more
interactions between side chains leading to the formation of assemblies. Thus, the
multiple environments of PCL signals in the spectrum could correspond to PCL blocks
in the assembled microdomains and individual graft side chains as depicted in Scheme
4.3. This is also supported by the fact that the signal from one of the PCL
environments has a faster local diffusion compared to the other (Figure 4.8 (c)).
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Figure 4.10 (a) Temperature dependent ‘H NMR spectra of 25 mg/ml PAA-g-MPEG-b-PCL-
1.5 in D,O on a 700 MHz spectrometer. The upper trace shows spectrum at 25 °C after cooling
down from 60 °C. (b) Variation of the signal area of the PCL proton "f" with temperature. Open
symbols show the temperature dependence on reheating the sample (25 — 55 °C) after
equilibration at 60 °C

The changes induced in PAA-g-MPEG-b-PCL-1.5 on heating
were monitored by recording NMR spectra in the temperature range 25 — 60 °C
(Figure 4.10 (a)). PCL signals corresponding to one of the environments become
sharper as temperature increases, the most significant effect being observed for protons
"f* and "e" from methylene groups located adjacent to -OCH, and carbonyl groups.
Similar changes are also observed in the *3C spectra (Figure 4.11 (a)). Even though

PCL blocks of the MPEG-b-PCL grafts associate to form hydrophobic microdomains,
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initially at room temperature it is likely that water molecules are present in the vicinity
of the carboxyl and -OCH; groups of PCL. As temperature increases, these water
molecules rearrange thereby strengthening the hydrophobic associations in the PCL
microdomains. Figure 4.10 (b) shows that the variation in the area of one of the "f"
proton signals (narrow component) with temperature follows a pattern very similar to
the variation of viscosity, with a sharp increase occurring at ~ 42 °C. As hydrophobic
interactions begin to dominate on heating, the MPEG-b-PCL side chains reorganize,
resulting in a greater proportion of microdomains which enhances the area
corresponding to the signal from the assembled environment. Also, the increased
ordering within the microdomains results in narrowing of the signals. The signal which
increases in area and undergoes narrowing with increase in temperature corresponds to
the component which diffuses slowly, further indicating that it belongs to the
assembled microdomains (Figure 4.8 (c)). The temperature induced changes are
irreversible as seen by comparing spectra recorded at 25 °C before and after heating to
60 °C (Figure 4.11 (b)). Figure 4.10 (b) shows a clear difference in the temperature
dependence of "f" signal area before and after heating to 60 °C, the pattern being very

similar to the trends seen in the viscosity measurements shown in Figure 4.5 (a). The
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Figure 4.11. (a) Temperature dependent **C NMR spectra of 25 mg/ml PAA-g-MPEG-b-PCL-
1 in D,O obtained on a 500 MHz spectrometer. The upper trace shows the spectrum at 25 °C
after cooling down from 60 °C and (b) Comparison of the *H and **C spectra recorded at 25 °C
before (red) and after (blue) heating PAA-g-MPEG-b-PCL-1.5. Sections from the 2D HSQC
spectrum clearly shows the irreversible enhancement of signal intensity of one of the
environments corresponding to the PCL methylene protons "e" and "f"
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irreversible changes on heating observed in NMR spectra are consistent with the results
from rheology and light scattering experiments.

In order to examine the changes occurring in the molecular
interactions with temperature, we compared the NOESY spectra of PAA-g-MPEG-b-
PCL-1.5 at 25 °C recorded before and after heating to 60 °C (Figure 4.12). The
NOESY spectrum recorded before heating shows crosspeaks between the protons of
PCL but no strong cross peaks to the MPEG segment. However, the spectrum obtained
after heating to 60 °C and then cooling down, shows much stronger cross peaks
between the PCL protons as well as crosspeaks between PCL and MPEG protons. This
implies that there is a significant reorganization of the side chains in the micro- domains
on heating; they probably rearrange to more ordered tightly packed structures which
bring the PCL and MPEG segments closer as depicted in Scheme 4.3. An increased
ordering of the grafted side chains would also lead to restriction in molecular dynamics

in the system. We carried out proton relaxation time measurements as a function of
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Figure 4.12. 700 MHz NOESY spectrum of a 25 mg/ml solution of PAA-g-MPEG-b-PCL-1.5
in D,O at 25 °C obtained with a mixing time of 64 ms before (red) and after heating (blue)
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Scheme 4.3: Reorganization of the MPEG-b-PCL after heating

temperature on PAA-g-MPEG-b-PCL-1.5 before heating and after heating to 60 °C and
equilibrating at this temperature (Table 4.4). Figure 4.13 shows the dependence of *H
spin-lattice relaxation time (T;) on temperature, measured before and after heating the
sample. Clearly, the protons of the PAA backbone and those of the PCL and MPEG
segments fall in different dynamic regimes in a classical T1 versus correlation time
plot.[24] PAA protons show a decrease in T; with increasing temperature which is
expected for a high molecular weight polymer with very slow motions corresponding to
a larger motional correlation time. The protons of PCL shows a slow increase in T; with
temperature which corresponds to intermediate timescale motions in the vicinity of the
minimum in the T, vs correlation time curve. On the other hand, the protons of MPEG
show a sharp increase in T; with temperature, which is expected in the fast motion
regime. This behaviour is in accordance with the expected increase in side chain
flexibility on moving away from the backbone. Initially, the T, values of PCL and
MPEG protons vary evenly with temperature however there is a sudden jump in the
interval 42 to 55 °C which correlates well with the temperature interval during which a
sharp rise is observed in viscosity and rheology experiments. During this interval the
dehydration of the side chains is probably significant enough to make hydrophobic
interactions the dominating factor in determining the organization of the side chains

within the microdomains.
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Table 4.4. Temperature dependence of *H T; (700 MHz) of 25 mg/ml PAA-g-MPEG-b-PCL -
1.5

T4, s (17 heating cycle)
T,°C | PAA(a) |PCL(c) | PCL(d) |PCL(e) | PCL() | MPEG
(@)
25 0.824 0.664 0.631 0.655 0.624 0.801
35 0.767 0.701 0.663 0.668 0.675 1.248
45 0.716 0.718 0.681 0.685 0.711 1.537
55 0.667 0.893 0.846 0.856 0.921 2.459
T1, s (2" heating cycle)
25 0.838 0.700 0.679 0.699 0.698 0.829
35 0.766 0.699 0.666 0.689 0.699 1.374
45 0.715 0.730 0.694 0.717 0.730 1.632
55 0.671 0.786 0.745 0.770 0.798 2.041
1.1 1.1 C
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Figure 4.13. Dependence of *H T, on temperature measured for a 25 mg/ml solution of PAA-g-
MPEG-b-PCL-1.5 in D,O on a 700 MHz spectrometer, showing plots for protons corresponding
to PAA, PCL and MPEG. Data obtained before and after heating are shown in red and blue
respectively. Temperature increases from right to left opposite to the direction of increasing
correlation time for molecular motions

The dependence of T; on temperature after heating and
equilibrating PAA-g-MPEG-b-PCL-1.5 at 60 °C shows the same behaviour for the PAA
proton. The PCL protons on the other hand show a slight shift in the T, versus

temperature curve towards the lower mobility direction (Figure 4.13 and Table 4.4).
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This is indicated by the fact that we begin to see the minimum of the T; versus
temperature curve which occurs when wgt. = 1, where ay is the Larmor frequency and
Tc IS the motional correlation time. MPEG protons continue to be in the fast motion
regime but the T, at the highest temperature is somewhat lower indicating some degree
of slowing down relative to before heating. The **C T; values in the PCL segment are
also reduced slightly after heating as expected (Figure 4.14, Table 4.5).

Spin spin relaxation times (T) are also very sensitive to molecular
flexibility and is reflected in spectral linewidths. However, in a polymer sample,
polydispersity, microstructure variations etc. can also be factors contributing to the
linewidths and hence T, measurements would be a true indicator of mobility changes.
Both *H and *3C T, relaxation decays are best fit by biexponential decay curves (Figure
4.15, Table 4.6). The short and long relaxation times probably correspond to different
environments viz. assembled and nonassembled/ loosely assembled side chains which
have lower and higher mobilities respectively. Biexponential T, decay curves are
known to occur in micellar systems due to restricted mobility in the micellar core and
faster motions in the periphery.[25, 26] Both PAA and PCL protons show a greater
contribution from the fast relaxing component (slow moving) while MPEG proton
relaxation is dominated by the slow relaxing component (fast motion), so that the T,

relaxation data can also fit well by a single exponential decay. This is also evident from
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Figure 4.14. Exponential fits to experimental **C T, relaxation data (700 MHz) of PCL carbons
¢ and e of 25 mg/ml PAA-g-MPEG-b-PCL-1.5 before (red) and after (blue) heating. Intensities
(arbitrary units) were determined from contours in the HSQC plane of a pseudo 3D experiment
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Table 4.5. °C T, values (700 MHz) of PCL carbons of 25 mg/ml PAA-g-MPEG-b-PCL-1.5 at

25 °C
"CH," T4,S
Before heating After heating
c 3.08 3.03
d 3.52 3.43
e 2.86 2.78
f 3.48 3.39
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Figure 4.15. (a) Biexponential fits to experimental *H T, relaxation data (500 MHz) of PAA,
PCL and MPEG proton in 25 mg/ml PAA-g-MPEG-b-PCL-1 before (red) and after (blue)
heating. (b) Biexponential fits to experimental **C T, relaxation data (700 MHz) of PCL
carbons ¢ and e in 25 mg/ml PAA-g-MPEG-b-PCL-1.5 before (red) and after (blue) heating. In
(b), intensities (arbitrary units) were determined from contours in the HSQC plane of a psuedo-
3D experiment.
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Table 4.6. 'H T, (500 MHz) and **C T, (700 MHz) values at 25 °C in PAA-g-MPEG-b-PCL-1
and PAA-g-MPEG-b-PCL-1.5

PAA-g-MPEG-b- HT, ms PAA-g- BC T, ms
PCL-1 MPEG-b-
PCL-1.5
"CH," Before After "CH," Before After
heating heating heating heating
PAA (a) Slow Slow PCL (c) Slow Slow
component: component: component: component:
57.67 49.07 167.79 131.41
(26%) (28%) (43%) (38%)
Fast Fast Fast Fast
component: component: component: component:
9.74 8.11 5.98 5.35 (62%)
(74%) (72%) (57%)
PCL (d) Slow Slow PCL (e) Slow Slow
component: component: component: component:
200.0 207.0 87.18 70.47
(50%) (39%) (39%) (37%)
Fast Fast Fast Fast
component: component: component: component:
19.18 18.51 8.38 7.07 (63%)
(50%) (61%) (61%)
MPEG (g)* Slow Slow
component: component:
531.9 515.5
(95%) (92%)
Fast Fast
component: component:
14.33 7.0
(0.05%) (0.08%)
* Biexponential fit is not a significant improvement over single exponential fit (T, values
515.5 ms and 505.1 ms before and after heating) in case of proton "g". The results of
biexponential fit is shown because spectra at higher temperatures clearly shows that there is
a broad, fast relaxing component associated with the MPEG segment which is an indicator
of the involvement of MPEG in the increased hydrophobic interactions of sidechains after
heating.
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the narrow signal observed for MPEG protons before heating, however an underlying
broad signal of MPEG becomes visible in the spectrum obtained at 55 °C (Figure
4.8.(a)), indicating a low mobility component in the MPEG segment. *H and *C T,
values measured in PAA-g-MPEG-b- PCL after equilibration at 60 °C are lower with a
slight increase in the fraction of the fast relaxing component (Table 4.6). These results
indicate a slowing down of motions in the assembled microdomains due to increased
ordering as temperature is raised; with the compact ordering being retained on cooling
back to 25 °C.

The results from relaxation experiments (T;, T,) indicate that
mobility of the assembled sidechains in the microdomains is reduced after heating. This
is consistent with the increased ordering induced when hydrophobic interactions
between side chains become more dominant compared to hydrophilic interactions
involving sidechains and water. The enhanced hydrophobic interactions are strong
enough to induce a stable interchain network cross linked through the ordered
microdomains which are not disrupted on cooling down. In contrast to PAA grafted
with PEG, which shows reversible thermo thickening [27], the presence of hydrophobic
PCL units maybe the reason for the enhanced stability of hydrophobic interactions
which leads to irreversible thermo thickening in PAA-g-MPEG-b-PCL.

4.5 Conclusion

Hydrophobically modified poly(acrylic acid) was prepared using MPEG-b-PCL block
copolymer using DCC coupling reaction. The incorporation of MPEG-b-PCL onto PAA
backbone with two different mol% was confirmed using 'H NMR spectroscopy.
Rheology experiments on the hydrophobically modified PAA shows that the polymer
possesses thermo thickening property which is irreversible in nature. An understanding
of the molecular level changes was studied using light scattering and NMR techniques.
Light scattering studies indicate that the polymer become smaller in size leading to the
increase in diffusion upon heating. Also, temperature dependent NMR studies show
decrease in mobility of the MPEG-b-PCL side chains on heating. All these observations

indicate the formation of enhanced hydrophobic interactions upon heating the modified
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polymer which results in the formation of ordered microdomains leading to gelation

which is irreversible in nature.
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Chapter 5: Double Crosslinked Poly(acrylic acid) Hydrogels

5.1 Introduction

Hydrogels contain hydrophilic polymeric chains that are crosslinked either
physically[1-3] or chemically[3, 4] thus imparting a 3-dimensional network structure to
the hydrogel. Hydrogels have become extremely important materials in tissue
engineering and drug delivery application because of their biocompatibility,
hydrophilicity and flexible nature which mimics the native extra cellular matrix.[5-8]
The controlled release of active ingredients such as drugs, proteins and other
micronutrients at the required site on demand is a biggest challenge in medical and
pharmaceutical areas. In this context, smart responsive polymeric hydrogels have
become promising materials for drug delivery [9, 10] and tissue engineering
applications [11-13] due to their controlled swelling-deswelling kinetics and tuneable
properties. Major efforts are being continuously made in designing and synthesizing
smart hydrogels that are sensitive to external stimuli such as temperature [14, 15] pH [9,
15-19] magnetic [20] and electric field [21] etc. Recently, redox stimuli have attracted
much attention in hydrogels [22-24]. In redox stimuli, the volume transition is effected
by breaking and reformation of crosslinks triggered by reduction and oxidation. Further,
the redox stimuli provide a rapid and reversible switching between the oxidized and
reduced states.

Zrinyi et al. [25] have reported on the redox-responsive,
biocompatible hydrogel based on Poly (aspartic acid) [PASP]. They have synthesized
Poly (aspartic acid) hydrogels simultaneously using two different crosslinking agents
namely cystamine and diaminobutane. The advantages of Poly (aspartic acid) hydrogels
in terms of their biodegradability, biocompatibility, and non-toxicity have been
highlighted. The cystamine crosslinking agent, which contains disulphide (S-S) bonds
could be cleaved using reducing agents such as glutathione and dithiothreitol (DTT).
Consequently, the degree of crosslinking of the hydrogel was reduced which resulted in
increasing the swelling ratio of the hydrogel. However, the hydrogels based on Poly
(aspartic acid) exhibited weak mechanical strength and were prepared in toxic solvents
such as DMSO, DMF etc. and the gelation times were long and in the order of 2-3 days.

Gyarmati et al. [26] have reported on the reversible response of the poly (aspartic acid)
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hydrogel to the external redox and the pH stimuli. The hydrogels were prepared with
the pendant thiol linkages and covalent bonds were formed by in-situ crosslinking with
diaminobutane. The formation of dual crosslinking was later demonstrated by oxidation
resulting into di-sulphide linkages. However, the implication of this on the swelling
controlled drug delivery has not been reported. Ming Zhong et al. [27] have reported on
the dual crosslinked poly (acrylic acid) hydrogels which showed superior mechanical
properties with high water absorbency. The dual crosslinking was affected by covalent
linking with bis-acrylamide and reversible dynamic linking by Fe®*" ions. However, the
dynamics of breaking and reformation of the ionically linked network under
deformation is not clear. Further, the selective breaking of one network and its influence
on swelling and controlled drug delivery in these networks has not been reported. This
concept of making double crosslinked hydrogels and breaking of one crosslinking
independently is quite interesting and can have important technological implications
which are not explored.

In this chapter, we have synthesized double crosslinked Poly
(acrylic acid) based hydrogels using two different crosslinking agents namely Jeffamine
(jeff) (Huntsman, amine terminated copolymer of PEO-PPO) and Cystamine (cys). The
jeffamine provides a good mechanical strength due to presence of additional H-bonding
while the cystamine with disulphide bonds incorporates the redox sensitivity to the
hydrogels. The hydrogels were easily prepared in aqueous medium at room temperature
and the gelation could be completed within a few minutes. Poly (acrylic acid) (PAA)
based hydrogels have been extensively studied for controlled drug delivery
applications.[15, 18, 28, 29] Large number of pharmaceutical formulations of creams,
ointments etc. contain PAA (Carbopols) with FDA approval and acts as a rheological
control agent. The double crosslinked hydrogels based on PAA showed remarkable
increase in the mechanical strength as compared to the double crosslinked PASP
hydrogels. With one step ahead, we also demonstrated the selective cleavage of one
crosslinking by DTT and its implications on the controlled release of an anticancer

drug, Doxorubicin (Dox) and an antimicrobial Ag nanoparticle.

5.2 Experimental
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5.2.1 Materials

Poly (acrylic acid) (MW= 2,50,000) (PAA), Cystamine di-hydrochloride, 1-Ethyl-3-(3
dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCI), dithiothreitol (DTT)
were obtained from Sigma Aldrich, USA. Jeffamine (MW=2,000) was obtained from
Texaco Chemical Company, USA. Doxorubicin HCI was obtained from Prolab
Marketing Pvt. Ltd., New Delhi. Silver nitrate (AgNOg3) was procured from S.D. Fine
chemicals Ltd (India) and sodium borohydride (NaBH,4) was purchased from Merck
(India). All the chemicals were of analytical grade and used as received.

5.2.2 Synthesis of cross linked PAA hydrogels

300 mg of Poly(acrylic acid) was dissolved in distilled water and stirred until the
solution became homogeneous. To this solution was added varied compositions of
cystamine dihydrochloride and jeffamine dissolved prior in small amounts of distilled
water. The solution was kept stirring for about 10 min or till it became homogeneous.
The pH of the solution was adjusted to 7.5-8.0 by adding 1M NaOH solution followed
by the addition of EDC.HCI to it. The total volume of the reaction was kept constant at
10 ml for all the experiments. After stirring for approx 10 sec, the solution was poured
immediately into cylindrical teflon moulds of different sizes. The gelation took place in
10-15 min. Then the gels were removed from moulds and used for further studies. The
gels were then kept in distilled water for 4 days with periodic replenishment with fresh
water for the removal of any unreacted reagents and polymer. PAA hydrogels
containing both the crosslinking agents in different molar ratios were prepared. The
stoichiometry for the synthesis is given in Table 5.1. The obtained PAA hydrogels are
denoted by PAA-xcys or PA-xjeff where x denotes the mol % of the cys/ jeff added.

5.2.3 Preparation of Porous cross linked PAA hydrogels

Porous PAA hydrogels were prepared by cryogenic treatment of fully swollen
hydrogels followed by removal of ice crystals by lyophilization. The fully swollen PAA
hydrogels (12 mm x12 mm) were placed in liquid nitrogen till complete freezing and

then freeze dried in lyophilizer for 24 h to obtain porous hydrogels.
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5.3 Characterization
5.3.1FT-IR

The structural characterization of PEG-PU hydrogels was performed by FT-IR. FT-IR
spectra of the hydrogels were recorded on Perkin Elmer (USA) in a diffuse reflectance
spectroscopy mode (DRS). The pellets of the dried hydrogels were made using KBr

powder.
5.3.2 Swelling Measurements

The swelling behaviour of PAA hydrogels was studied using gravimetric method. The
as-prepared hydrogels were immersed in distilled water at room temperature for several
days to remove any unreacted reactants. The hydrogels were then dried completely in an
oven till the constant weight. These xerogels were then immersed in four different
solvents namely distilled water, PBS (pH 7.4, 0.01 M), sodium citrate- citric acid buffer
(pH 3, 0.01 M) and NaCl (0.1 M) kept at 37 °C. The gels were removed and gently
pressed between two filter papers to remove any excess solvent on the surface and
weighed in an analytical balance. The equilibrium swelling ratio (Q.) was determined

using the formula:

L= W= We 100 )
Wi

Where W and Wy are the weights of the swollen and dried samples respectively.

For the kinetics studies, the swelling ratio was measured as a function of time and the

time dependent water uptake was determined using,

F(t) = kt" (2)
Where Kk is the swelling rate constant, n is the swelling exponent.
5.3.3 Mechanical Properties

The stress-strain measurements in the unidirection were carried out using Instron 5943

mechanical tester at room temperature. The compressive tests were performed on both
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as-prepared hydrogels and equilibrium swollen hydrogels in PBS (pH 7.4, 0.01 M). The
cylindrical test specimens were having dimension of 15 mm diameter x 15 mm height.
The compression speed was 2 mm/min with a pre tension load of 1 kN. For each test, 3-

representative samples were taken and the average value of the result is taken.
5.3.4 In-situ Gelation

The in-situ gelation of PAA with two crosslinking agents in aqueous medium was
studied using Anton Paar MCR-301 controlled stress rheometer with cup and bob
geometry (CC17). PAA aqueous solutions with different molar ratio of crosslinking
agents (Cystamine: Jeffamine) and EDC coupling agents were taken in a cup and bob.
The parameters, storage modulus (G') and loss modulus (G") were measured as a
function of time at 25 °C. The percentage strain was 0.15 % and the frequency was 10
Hz throughout the experiment. The time at which the crossover between G' and G"

occurs is taken as the time of gelation.
5.3.5 Scanning electron microscopy (SEM)

Scanning electron Microscopy (SEM) was used to investigate the morphology of the
hydrogels using Quanta 200 3D dual beam having electron source of tungsten (W)
filament with emission at resolution of 20 kV in high vacuum. The hydrogels were
lyophilized and sputter coated with a thin layer of gold. EDAX measurements were
carried out to confirm the presence of AgNPs in the hydrogels. Transmission Electron
Microscopy (TEM) was performed on JEOL (JEM 2000) operating at 200 kV. The
sample was prepared by sonicating the AgNPs obtained in the supernatant and

dispersing it over a copper grid. The copper grid was dried for a day before analysis.
5.3.6 In-vitro Release Studies
5.3.6.1 Doxorubicin loading and release from the hydrogels

For the drug loading into the hydrogel, fully dried double crosslinked PAA gel (xerogel)
was immersed in 10 ml of PBS (pH 7.4, 0.01 M) solution containing 0.5 mg of drug,

doxorubicin hydrochloride. The container was kept in a shaking water bath at 37 °C for
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36 h. After the gel reached the equilibrium swelling, the swollen gel was removed and
dried in oven at 30 °C till the constant weight. The supernatant liquid was collected and
assayed by UV-Vis spectroscopy at 478 nm. The percentage loading of dox in PAA
hydrogel was estimated by the following formula:

Wi —Wy

X

%Loading of dox =

x100 3)

Where W, is the amount of dox added in PBS solution, Wy is the amount of dox in
supernatant solution after the swelling of the hydrogel.

The release of dox from the PAA xerogels was studied using the
following procedure: The dox loaded PAA xerogels were immersed in 10 ml of PBS
solution containing 1 mM DTT in a sample tube kept in a water bath at 37 °C with a
gentle shaking. The control xerogels were immersed in 10 ml PBS solution without
DTT. At predetermined time intervals, 1 ml aliquot was withdrawn from the tubes and
replenished with same amount of fresh PBS. The amount of dox present in the collected
PBS was determined by UV-Vis spectrometry. The % dox release was calculated using
the equation:

%Cumulative dox released = W x100 4

e

Where W; is the weight of the dox released at time ‘t> and W, is total amount of dox
loaded.

5.3.6.2 Silver Nanoparticles loading and release from the hydrogels

Preparation of Ag nanoparticles in the hydrogels was carried out using the following
method [30]: The completely dried PAA-5cys-5jeff hydrogels were immersed in 5 mM
solution of silver nitrate for overnight to reach equilibrium. The gels were then washed
thoroughly to remove any silver nitrate from the surface. The swollen gels were then
immersed in 10 mM sodium borohydride solution for about 2 h to obtain AgNPs in the
gels. The formation of the AgNPs was observed by the change in the colour of the gels
to dark brown. The percentage loading of AgNPs in PAA hydrogel was estimated by
completely degrading the hydrogels embedded with AgNPs using probe sonicator and

measuring the UV absorbance of the outside solution. The formation of AgNPs in the
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hydrogels was confirmed by UV-Vis spectroscopy.

The release of AgNPs from the PAA hydrogels was studied using
the following procedure: The AgNPs loaded PAA hydrogels were immersed in 10 ml of
distilled water containing 1 mM DTT in a sample tube kept in a water bath at 37 °C
with a gentle shaking. The control hydrogels were immersed in 10 ml PBS solution
without DTT. At the predetermined time intervals, 1 ml aliquot was withdrawn from the
tube and replenished with same amount of fresh distilled water. The amount of AgNPs
present in the collected distilled water was determined by UV-Vis spectroscopy at 400
nm. The % AgNPs release was calculated using equation 4, where W; is the weight of
the AgNPs released at time ‘t> and W, is total amount of AgNPs loaded.

5.4 Results and discussion
5.4.1 Synthesis of cross linked PAA hydrogels

The double crosslinked PAA hydrogels were prepared using two different crosslinking
agents namely cystamine and jeffamine simultaneously. The coupling reaction between
the -COOH groups of PAA and the -NH, groups of crosslinking agents was performed
using water soluble EDC coupling agent. Unlike the previous report on the synthesis of
double crosslinked Poly(aspartic acid) hydrogels in DMSO solvent, which is toxic and

undesirable [25], we have prepared double crosslinked PAA hydrogels in an aqueous

Cystamine
dihydrochloride

H,N s
2ZEN"8""""NH, . 2HCI
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Scheme 5.1: Reaction scheme for synthesis of PAA-cys-jeff double crosslinked hydrogels
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Figure 5.1. Cross linked PAA-5jeff hydrogel (a) dried in oven (b) as-prepared and (c) fully
swollen in distilled water

medium under mild basic conditions (pH= 8). The coupling reaction was found to be
faster at this pH. Further, the hydrogels could be synthesized within 3-5 min depending
on the amount of crosslinking agents used for the reaction. Hydrogels containing both
the crosslinking agents in different mole ratios were prepared and the stoichiometry for
the synthesis is shown in Table 5.1. The reaction pathway for the crosslinking between
PAA and the two crosslinking agents is shown in Scheme 5.1. The advantages of both

Table 5.1. Stoichiometry for the synthesis of PAA hydrogels

Sample PAA Cystamine | Jeffamine EDC.HCI

(molx10?®) | (molx10®) | (molx10®) | (molx1073)
PAA-5cys 4.17 0.208 0 1.04
PAA-7.5cys 4.17 0.312 0 1.56
PAA-10cys 4.17 0.417 0 2.085
PAA-5jeff 4.17 0 0.208 1.04
PAA-7.5jeff 4.17 0 0.312 1.56
PAA-10jeff 4.17 0 0.417 2.085
PAA-2.5cys+7.5jeff 4.17 0.104 0.312 2.085
PAA-5cys+5jeff 4.17 0.208 0.208 2.085
PAA-7.5cys+2.5jeff 4.17 0.312 0.104 2.085
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jeffamine and cystamine are that, they are soluble in water and can provide a
homogeneous aqueous reaction medium for the crosslinking reaction. The obtained
hydrogels were completely transparent in the dry and swollen state and exhibited good
mechanical strength in the swollen condition. We show in Figure 5.1, the images of

dry, as-prepared and fully swollen hydrogels in water.

5.4.2 Porous PAA hydrogels

Scanning Electron Microscopy was performed on lyophilized mono and double cross
linked equilibrium swollen PAA hydrogels in order to observe the change in the

Figure 5.2. SEM micrographs of dried (in oven) and lyophilized PAA hydrogels with different
cross linking ratios: (a)PAA-5jeff (dried in oven), (b) PAA-5cys+5jeff(dried in oven), (C)PAA-
5cys+5jeff, (d)PAA-5cys, (e)PAA-7.5¢cys, ()PAA-10cys, (9)PAA-5jeff, ()PAA-7.5jeff,
()PAA-10jeff
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morphology with variation in cross linking density (Figure 5.2). The SEM images
clearly indicate the porous structure in crosslinked PAA hydrogels upon lyophilization
of the equilibrium swollen gels. Also, the porosity clearly decreases as the cross linking
density of the cross linking agents increases. The porosity was absent in the dried
hydrogels (in oven) (Figure 5.2 (a) & (b)) due to the collapse of the hydrogel structure.

5.4.3 Structural Characterization
5.4.3.1 FTIR Spectroscopy

The structural elucidation of PAA-cys-jeff gel was performed using FT-IR
spectroscopy. The stacked plots of FT-IR spectra of PAA-cys-jeff gel before and after
the addition of DTT reagent are shown in Figure 5.3. In the FTIR spectra, the
characteristic peaks at 1560 cm™ and 1654 cm™ appear due to stretching mode of —~NH
groups and —C=0 groups respectively. These two peaks in the hydrogels indicate the
formation of amide linkages between PAA and Cystamine/Jeffamine by EDC coupling
reaction. Further, we observed that on addition of DTT, in PAA-5cys+5jeff hydrogel, a
sharp peak appears at 2874 cm™. This peak is attributed to the formation of —SH groups
by successful breaking of S-S groups selectively in PAA hydrogel in the presence of
DTT asshown in Figure 5.3.

—— Scys+5jeff
—— Scys+5jeff(DTT)

% Transmittance

<

1654 1560

2874

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber(cm™)

Figure 5.3. FTIR spectra of PAA-5jeff in presence and absence of DTT
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5.4.4 Swelling Measurements
5.4.4.1 Swelling Behaviour of mono cross linked PAA hydrogels

We show in Figure 5.4, the comparative study of equilibrium swelling ratios of mono
crosslinked PAA hydrogels using jeffamine and cystamine independently. The mole %
of crosslinking agent was 5.0, 7.5 and 10.0. The equilibrium swelling ratios were
measured in water, 0.1 M NaCl and the two buffer solutions, PBS (pH 7.4, 0.01 M),
sodium citrate-citric acid buffer (pH 3, 0.01 M). It can be readily seen that all the
hydrogels showed very high swelling in water but exhibited low swelling in NaCl and
buffer solutions. This is indeed expected. The hydrogels being polyelectrolyte in nature,
the polymer chain dimensions are strongly affected by the presence of salt and reduce
the electrostatic repulsion in the expanded polymer chain resulting into contraction of
the chains. This in turn reduces the equilibrium swelling of hydrogel. Similarly, in the
case of buffer solutions, the cations effectively screen the charge repulsion and reduce
the degree of swelling. It is well known that the swelling in hydrogels strongly depends
on the degree of crosslinking. The swelling decreases as the degree of crosslinking

increases. This is clearly observed in equilibrium swelling ratios of all the hydrogels in
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Figure 5.4. Equilibrium swelling ratios of mono crosslinked PAA hydrogels in water, NaCl
(0.1M), PBS (pH 7.4, 0.01M), sodium citrate-citric acid buffer (pH 3, 0.01M)
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water, NaCl and buffer solutions. However, it is important to note here that the
equilibrium swelling ratios of cystamine crosslinked hydrogels were found to be higher
than the equilibrium swelling ratios of jeffamine crosslinked hydrogels at the same mol
% of the cross linkers. This is contrary to the fact that, cystamine is a small molecule
and can undergo more crosslinking with tight network structure and expected to show
lower equilibrium swelling ratios. The higher swelling ratios in this case can be
explained on the basis that disulphide bonds in cystamine are susceptible to basic
environment and can be cleaved at the reaction pH of 8.0. Therefore, the incorporation
of cystamine molecules which form the effective crosslinks in the network structure

could be less and as a result show higher equilibrium swelling ratios.
5.4.4.2 Swelling Behaviour of double cross linked PAA hydrogels

We show in Figure 5.5 (a), the equilibrium swelling ratios of double crosslinked
hydrogels in different solvents. The kinetics of swelling of double crosslinked hydrogels
in three different solvents- water, PBS (pH 7.4, 0.01M), NaCl (0.1M) was also studied
using xerogels of known weight with precise dimensions (cylinders of 12 mm height x
12 mm diameter). The swelling ratios of hydrogels were measured with respect to time
till they reached the equilibrium swelling which took about ~25 h. The plots of swelling

ratios vs time were constructed (Figure 5.5 (b)). The swelling exponent ‘n’ was

| . Water 3780 (a) —=— PAA-2.5cys + 7.5jeff (b)
~o 3500 -| I NaCl o PAA-5 cys+5 jeff
g | I PBS(pH7.4, 0.01M) 14— PAA-7.5 cys+2.5 jeff
S 3000 - 1
T .
S 2560
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©
=
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Figure 5.5. (a) Equilibrium swelling ratios of double crosslinked PAA hydrogels in water,
NaCl (0.1M), PBS (pH 7.4, 0.01M) and (b) Fickian curve with respect to time of dual cross
linked PAA with different mol% of cystamine and jeffamine in water
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calculated from the slope of the linear region in the initial swelling profile. The value of
swelling exponent ‘n’ was found to be between 0.5-1.0 indicating the non Fickian

behaviour of the swelling.

5.4.4.3 Selective breaking of one crosslinking in a double crosslinked hydrogel and its

influence on swelling

The double crosslinked PAA hydrogels that we have synthesized contain both
Cystamine and jeffamine crosslinking agents. The disulphide linkage (S-S) in cystamine
can be cleaved by redox reagents such as dithiothreitol (DTT) due to significant
difference in their redox potentials.

COOH COOH COOH COOH
o} o

(o)
HN !
CH, OH Z CH;
? + /YK/SH ﬂ.. SH HO s
o) o) * Ho s
OH
%;C Dithiothreitol (FC

H O NH °0H ONH 00|-|

COOHY  COOH \/ COOH

PAA Hydrogel

Scheme 5.2: Selective cleavage of cystamine in the presence of DTT in double cross linked
PAA hydrogels

Accordingly, the equilibrium swollen double crosslinked PAA hydrogels were
immersed in water, NaCl and PBS solutions containing DTT. The schematics of
selective breaking of S-S bonds in cystamine without affecting the jeffamine crosslinks
is shown in Scheme 5.2. The selective breaking of S-S bonds in cystamine resulting
into decrease in the degree of crosslinking was manifested in the increase in equilibrium
swelling ratios of hydrogels. We show in Figure 5.6, the equilibrium swelling ratios of
PAA hydrogels in water, NaCl and PBS (pH 7.4, 0.01 M) solution after the cleavage of
cystamine crosslinking. It can be seen that there is a significant increase in the swelling

ratio due to decrease in the degree of crosslinking as a result of the breaking of S-S
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bonds in cystamine. By varying concentration of DTT judiciously, one can think of
controlling the degree of swelling in hydrogels which can have large implications in the
controlled drug delivery applications. These aspects will be discussed in the later

sections.

Em Water In DTT 20800
20000 -| mm NaCl
| mmm PBS(pH7.4, 0.01M)

Equilibrium Swelling Ratio(Q,)

2.5cys+7.5jeff Scys+b5jeff 7.5cys+2.5jeff

Figure 5.6. Equilibrium swelling ratios of double crosslinked PAA hydrogels in water, NaCl
(0.1M), PBS (pH 7.4, 0.01M) in presence of DTT

5.4.5 Mechanical Properties

The mechanical strength of mono and double crosslinked hydrogels in terms of elastic
modulus (E") in the as-prepared and equilibrium swollen (in PBS) state were determined
using Instron 5943 in the compression mode (Figure 5.7). Typical stress-strain curves
(in compression) for mono crosslinked PAA hydrogels (as-prepared) with cystamine
and jeffamine are shown in Figure 5.7. The elastic modulus (E') was determined from
the slope of the initial linear region of the stress-strain curves. The results are shown in
Table 5.2. It can be seen from the results that as expected the elastic modulus increased
with increase in degree of crosslinking in all the hydrogels. The equilibrium swollen
hydrogels in PBS showed lower elastic moduli compared to the as-prepared hydrogels.

Interestingly, in the case of mono crosslinked hydrogels, the jeffamine crosslinked
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Figure 5.7. (2) The image of an Instron 5943 during compression study of as-prepared PAA-
5jeff hydrogel; Compressive strength studies of mono crosslinked PAA hydrogels with (b)
Cystamine, (c) Jeffamine

Table 5.2: Elastic moduli of mono cross linked PAA hydrogels with different degree of

crosslinking
Hydrogel samples Elastic Modulus (E") (kPa)
As Prepared Equilibrium
swollen in PBS
PAA-5cys 9.0 3.0
PAA-7.5¢cys 9.5 8.0
PAA-10cys 10.0 4.0
PAA-5jeff 55.0 50.0
PAA-7.5 jeff 110.0 90.0
PAA-10 jeff 160.0 100.0
PAA-7.5cys+2.5jeff 25.0 20.0
PAA-5cys+5jeff 100.0 65.0
PAA-2.5cys+7.5jeff 130.0 100.0
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hydrogels showed higher elastic moduli as compared to cystamine crosslinked PAA
hydrogels. This is also reflected in double crosslinked PAA hydrogels where the
jeffamine content increased systematically. This clearly indicates that jeffamine
undergoes more efficient crosslinking in the hydrogels formation. Further, the values of
E' obtained for both mono and double crosslinked PAA hydrogels in the as-prepared
and fully swollen state are quite high as compared to the earlier PASP hydrogels. Also,
the equilibrium swollen hydrogels shows lower mechanical strength as compared to the
as-prepared hydrogels. This could be attributed to the fact that equilibrium swollen
hydrogels contain large amount of fluid which makes them soft resulting in to lower
mechanical strengths. Further, the values of E' obtained for both mono and double
crosslinked PAA hydrogels in the as-prepared and fully swollen state are quite high as
shown in Table 5.2. With this range of mechanical strengths they are easy to handle and
show great potential in controlled drug delivery applications.

5.4.6 In-situ Gelation

In the in-situ gelation study, PAA, jeffamine, cystamine, NaOH was homogeneously
mixed and charged to the cup. Immediately, after the addition of EDC coupling agent,

G'and G" were measured as a function of time. The crossover point of G' and G" was
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Figure 5.8. Gelation time for PAA hydrogels with different crosslinking
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taken as the gelation time (Figure 5.8). We show in Table 5.3, the time of gelation
(averaged with repetition of 3 samples) for hydrogels with different molar ratios of
jeffamine and cystamine. It can be readily seen from the results that in all the samples,
the gelation could take place in 1 min. Particularly, the crosslinking agent, jeffamine
seems to be more reactive than cystamine wherein, the sample with more jeffamine
showed faster gelation in 30 sec. A similar gelation times were also observed outside
the rheometer in moulds where one can visualize the gelation with naked eye. These
remarkable fast gelation times were comparable to gelation times observed in photo

crosslinking methods.

Table 5.3. Gelation time for PAA hydrogels with different crosslinking

Sample Time of Gelation
(seconds)
PAA-2.5cys+7.5jeff 30
PAA-5cys+5jeff 45
PAA-7.5cys+2.5jeff 60

5.4.7 Morphological Analysis

Scanning Electron Microscopy was performed on dried AgNPs incubated gels in order
to observe the change in morphology of the gels (Figure 5.9 (a)). The SEM image
clearly indicates the porous structure in PAA-5cys+5jeff hydrogels with AgNPs present
on the surface. To further confirm the formation of AgNPs, Transmission Electron
Microscopy (TEM) was performed by collecting the supernatant from the gel. From
Figure 5.9 (b), it is clear that the AgNPs were successfully formed inside the hydrogel
matrix with an average size of 10 nm. The AgNPs were spherical in shape with a face
centered cubic (fcc) structure, clearly observed as diffraction rings. Further
confirmation of the presence of AgNPs in the hydrogel was obtained using Energy
dispersive X-ray analysis (EDAX). Optical absorption peak at approximately 3 keV due

to surface Plasmon resonance confirms the presence of Ag in hydrogel (Figure.5.10)
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Figure 5.9. (a) SEM and (b) TEM image of AgNPs in PAA-5cys+5jeff

We show in Table 5.4, the % of each element present in the hydrogel as obtained from
EDAX.
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Figure 5.10. EDAX image of Ag embedded in PAA-5cys+5jeff hydrogel
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Table 5.4: Weight % of each element by EDAX

Element Ag embedded in
PAA-5cys+5jeff
hydrogel
C (K) 63.44
O (K) 3.83
S (K) 454
Cu (K) 22.30
Ag (K) 5.86

5.4.8 Doxorubicin loading and release from the hydrogels

In order to see the implication of selective breaking of one crosslinking in the drug
delivery applications, we incorporated an anticancer drug, doxorubicin hydrochloride
into double crosslinked PAA hydrogel (PAA-5cys+5jeff) and studied the release of dox
in PBS (pH 7.4, 0.01 M) upon selective breaking of disulphide (S-S) bonds in
cystamine using DTT. The loading of dox into the hydrogel was performed by
immersing the dry PAA-5cys+5jeff xerogel into PBS containing dox hydrochloride.
The swelling of the hydrogel induced the diffusion of dox into the hydrogel. We show
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Figure 5.11. (a) Cumulative release of DOX with time from PAA-5cys+5jeff in the presence
and absence of DTT and inset shows Structure of Doxorubicin. HCI and (b) Fractional release
of dox form PAA-5cys+5jeff in the presence and absence of DTT

AcSIR/CSIR-NCL/Neha Tiwari 115



Chapter 5: Double Crosslinked Poly(acrylic acid) Hydrogels

in Figure 5.11 (a), the cumulative release of dox from PAA-5cys+5jeff as a function of
time with and without the treatment of DTT. It is seen from the figure that, the hydrogel
without the treatment of DTT showed ~15.0 % dox release in 40-80 h whereas, the DTT
treated hydrogel cleaved the di-sulphide linkage and reduced the degree of crosslinking
and in turn increased the swelling of hydrogel. The increase in swelling of the hydrogel
influenced the faster and higher amount (~ 60 %) of dox release from the hydrogel over
a period of 40-80 h. The release of dox from the DTT treated hydrogel was clearly
visible upon the colour change of the hydrogel from deep red to almost transparent
which is shown in Figure 5.12. The release of dox from the xerogel involves the
simultaneous absorption of water/buffer and desorption of dox via a swelling controlled
diffusion mechanism. The mechanism of dox release from the PAA-5cys+5jeff was

determined by fitting the data to Ritger-Peppas equation mentioned below[31]:
M, /M =kt" (5)

Where M{/M., denotes the fractional release of the drug from the hydrogel, ‘k’ denotes
the proportionality constant, ‘n’ is the release exponent and ‘t’ is the time. The release
exponent was calculated from the slope of natural logarithmic plot of fractional release
(initial linear region of the 60 % release) vs. time. We show in Figure 5.11 (b), the
fractional release of dox from PAA-5cys+5jeff hydrogel with respect to time in the
absence and presence of DTT. It is observed that, the dox release from the hydrogel
with DTT follows Fickian behaviour (n<0.5) and without DTT shows a non-Fickian

behaviour (n>0.5).

Figure 5.12. PAA-5cys+5jeff loaded with DOX (a) dried in oven, (b) swollen in PBS (pH7.4,
0.01M) without DTT and (c) swollen in PBS (pH7.4, 0.01M) with DTT
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5.4.9. Silver Nanoparticles loading and release from the hydrogels

We also studied the release of AgNPs from the double cross crosslinked PAA hydrogels
by selectively cleaving the cystamine bonds using DTT. The release of AgNPs in the
DTT treated gels is clearly visible in Figure 5.13 where the hydrogel which has
released AgNPs becomes transparent. Figure 5.14 (a) shows the cumulative release of
AgNPs from the gel as a function of time in the presence of DTT. It is observed that the
hydrogel in the absence of DTT shows 5% AgNPs release in 7 days whereas in
presence of DTT, a faster release has been observed (48 %). This slow release of
nanoparticles from hydrogels could be explained by strong coordination bond between

Figure 5.13. PAA-5cys+5jeff loaded with (a) AgNPs (without DTT treated) and (b) AgNPs
(with DTT treated)
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Figure 5.14. (a) Cumulative release of AgNPs with time from PAA-5cys+5jeff in the presence
of DTT and (b) UV spectra of AgNPs embedded in PAA-5cys+5jeff hydrogel
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Ag and —COONa groups of the gels. On addition of DTT, there is an increase in the
swelling of gels that helps in the release of nanoparticles. The total AQNPs present
inside the gel was calculated by probe sonicating the gel for 10 min and calculating the
UV absorbance at 400 nm (Figure 5.14 (b)).

5.5 Conclusion

In conclusion, we have successfully synthesized double crosslinked PAA hydrogels
simultaneously using two crosslinking agents namely, cystamine and jeffamine. The
two diamines were coupled to PAA using EDC coupling agent. All the hydrogels were
characterized in terms of structure, morphology, swelling and mechanical strength. The
hydrogels obtained showed good mechanical strength in terms of compressive strength
and exhibited strong dependence on the degree of crosslinking and extent of swelling.
Jeffamine showed more efficient crosslinking compared to cystamine. The selective
breaking of disulfide linkage in the cystamine was affected using DTT which resulted in
decrease in the degree of crosslinking and increase in the swelling of the hydrogels.
This phenomenon of in-situ breaking of one crosslinking and increasing the swelling
ratio could be used in the swelling-controlled drug delivery systems. The implication of
selective breaking of crosslinks on the swelling-controlled release of an anti-cancer
drug, doxorubicin was demonstrated. Further, in order to incorporate antimicrobial
properties to the hydrogels, we successfully prepared AgNPs inside the gels. The gels
could be used for controlled release of AgNPs over a period of time by selectively
cleavage of Cystamine bonds. These double cross linked hydrogels show great promise

in drug delivery and tissue engineering applications.
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Chapter 6: Poly(acrylic acid) Hydrogels Crosslinked with PEG Cross Linkers using
Furan-Maleimide Click Chemistry

6.1 Introduction

In view of the importance of Hydrogels in drug delivery and bio-medical fields, Green
Chemistry approaches to synthesize hydrogels are gaining lot of interest these days.
Various chemical methods have been explored for the synthesis of hydrogels in the
absence of toxic organic solvents and other catalysts/ initiators in order to minimize the
side effects in physiological/ biological environment.[1] Over the past few decades,
research has been focused on reactions that fulfill important criteria such as, selectivity,
efficiency and versatility.[2] Accordingly, “click” reactions have become very
prominent.[3-5] Diels-Alder (DA) reaction which is an important type of click reaction
(commonly called as Huisgen 1,3-dipolar cyclo addition reaction), has gained much
attention as it provides efficient and clean method for making new bonds by intra or
intermolecular coupling reactions.[6-8] DA reaction is a [4+2] cycloaddtion reaction
that involves reaction between diene and dienophile and the reaction is highly chemo
selective in nature which generally takes place without the use of any protecting
groups.[6, 9-12] In addition to experimental convenience of DA reactions, they are
associated with negligible side reactions and thermal degradation which gives DA
reactions an edge over other click reactions like thiol-ene coupling. In addition to this,
the furan reagents used in furan-maleimide click chemistry are derived from renewable
resources, thus such reactions could be safely categorized under green chemistry.[13]
Extensive work has been reported in the literature on DA reactions utilized for
crosslinking of polymers in organic solvents. However, there are very few reports in
which water has been used as a reaction medium and suggests that water induces an
accelerating effect on the rate of DA reactions thus making water a highly suitable
solvent for the reaction.[14, 15] Since water could be used as a solvent, DA reactions
show great promise in preparing smart hydrogels as injectables.[16] The gelation time
in DA reactions strongly depends on temperature and it decreases as the temperature
increases.[16] DA reactions are thermally reversible in nature and the furan-maleimide
bonds can be cleaved at higher temperatures in presence of DMSO as a solvent.
However, in the present work, our focus is mainly on the furan-maleimide bond

formation in aqueous media to prepare hydrogels for biological applications.
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Wei and co-workers first reported the thermo responsive hydrogels
based on the aqueous DA reactions using various polymer chains bearing pendant
furfuryl groups and PEO bismaleimide as a cross linking agent.[17-19] Hydrogels
synthesized using DA reactions have been explored in areas such as drug delivery,
tissue engineering and sensor technology.[20, 21] Although a large number of reports
have been published on polymer preparation via DA reaction, [22-25] a limited study
has been carried out for the preparation of hydrogels in aqueous medium. In order to
further increase the mechanical strength of the hydrogels synthesized using DA
reaction, inorganic nanoparticle could be incubated inside the polymer matrix like clays,
Ag or Au nanoparticles, carbon nanotubes, graphene, fullerenes etc.[26-28] Along with
enhancing mechanical properties, nanoparticles of Au and Ag incubate antimicrobial
properties to the hydrogels.[29, 30] Mesoporous silica nanoparticles composites with
chitosan hydrogels have been studied recently in order to enhance the mechanical
properties of the hydrogels.[31] MSNs along with enhancing the mechanical properties,
act as a sustained drug delivery carrier due to the presence of extensive mesoporosity in
the particles.[32-34]

In the present work, we have synthesised poly(acrylic acid) based
hydrogels via click chemistry approach. Poly(acrylic acid) was modified by the reaction
of free carboxylic groups of the main backbone with furfuryl amine using DCC
coupling reaction. Polyethylene glycol with different molecular weights was modified
to obtain their respective bismaleimides. The hydrogel formation could be achieved in
aqueous medium by simply mixing the two reagents (both FDA approved) in the
absence of any catalyst. The effect of temperature was studied on gelation time. The
main focus of the work is to study the effect of chain length of PEG cross linkers on the
gelation time and the mechanical strengths of the hydrogels formed. The hydrogels
formed shows decreasing gelation time and increasing mechanical strength with
increase in the molecular weight of the PEG cross linkers which could be possibly due
to the additional strength provided by the hydrogen bonding between carboxylic groups
in PAA and oxygen molecules in PEG. Further, in order to enhance the mechanical

properties of the hydrogels, we incorporated Mesoporous Silica Nanoparticles inside the
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hydrogels.[35, 36] Another advantage associated with MSNs is the presence of uniform
pores in nanometres range which could be utilized for the encapsulation hydrophobic
drug inside the pores which is otherwise difficult in highly hydrophilic hydrogel system.
The hydrogels obtained using furan maleimide click chemistry approach has potential
application for in-situ encapsulation of cells/ biomolecules for drug delivery and as
scaffolds for tissue engineering.

6.2 Experimental
6.2.1 Materials

Poly(acrylic acid) (MW=125000 g/mol), poly (ethylene glycol) (MW=2000 g/mol,
6000 g/mol and 8000 g/mol) dicyclohexyl-carbodiimide hydrochloride (DCC), dimethyl
amino pyridine  (DMAP), furfurylamine, triethylamine, hydroquinone, maleic
anhydride, p-amino benzoic acid, tetraethylorthosilicate (TEOS) (99%), (3-
aminopropyl) triethoxysilane (APTES), and cetyltrimethylammonium bromide (CTAB)
(99%) were obtained from Sigma Aldrich, St. Louis, MO, USA. All chemicals were

used as received.
6.2.2 Synthesis of furan grafted poly(acrylic acid) (PAA-furan)

Ten grams (0.14 mol) of poly(acrylic acid) was dissolved in 150 ml N-methyl
pyrrolidone by stirring at room temperature. After complete dissolution (for 6 h),
furfuryl amine (1.35 g, 0.014 mol) and dicyclohexyl carbodiimide predissolved in 50 ml
NMP was added to the solution and the reaction was carried out at 60 °C for 24 h. After
24 h, the reaction mixture was cooled down to room temperature followed by the
addition of 1 M NaOH solution (to convert remaining carboxylic groups to sodium salt).
The precipitate obtained was filtered under vacuum and washed with excess NMP to
remove unreacted molecules. The precipitate was then dissolved in water, dialyzed
against distilled water for 48 h (with frequent change of water) and finally lyophilized
to obtain pure product in the solid form. (Yield= 90 %)

'H NMR (400 MHz, D,0) of PAA-g-furan copolymer: & 1.48 (-CH, of PAA), & 2.08 (-
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CH of PAA), 6 4.31 (2H, -NH-CH,-C=C of furan side chain), 6 6.35 (2 H, -NH-CH,-
C=CH- of furan side chain), 6 7.42 (1H, -OCH=CH-).

6.2.3 Synthesis of N- (4-Carboxyphenyl) maleamic acid (p-CPMA)

Maleic anhydride (10 g, 46 mol) and p-amino benzoic acid (14 g, 46 mol) were
dissolved in N,N-dimethyl formamide (DMF) and the reaction mixture was stirred at
room temperature for 6 h under inert atmosphere. After completion of the reaction, the
product was precipitated in large amount of water to obtain crude p-CPMA. The crude
product was then filtered, dried and recrystallized three times with water to obtain pure
p-CPMA. (Yield= 75 %)

'H NMR (200 MHz, DMSO) of p-CPMA: & 10.61 (H, COOH), & 7.89 and 7.75 (4 H in
phenyl), & 6.46 (1 H, CO-CH=CH-COOH), 4 6.35 (1 H CO-CH=CH-COOH).

6.2.4 Synthesis of N- (4-Carboxyphenyl) maleimide (p-CPMI)

In a round bottomed flask, added p-CPMA (5 g, 0.022 mol), sodium acetate (0.3 g) and
acetic anhydride (12 ml) and the reaction mixture was stirred at 55 °C for 2 h. The
reaction mixture was then cooled down to room temperature and the product was
precipitated in large amount of water to obtain crude p-CPMI. The product was then
filtered, dried and recrystallized three times in methanol: water mixture (6:1) to obtain
pure p-CPMI. (Yield= 80 %)

'H NMR (200 MHz, DMSO) of p-CPMI: & 13.07 (H, COOH), & 8.03 and 7.53 (4 H in
phenyl), 8 7.22 (2 H, CO-CH=CH-CO).

6.2.5 Synthesis of N- [ 4- (Chlorocarbonyl)phenyl] maleimide (p-CPMIC)

A mixture of p-CPMI (2 g, 9.2 mmol), thionyl chloride (10 ml, 134 mmol) with a
catalytic amount of hydroquinone (3 mg, 0.03 mmol) was taken in 100 ml round
bottomed flask and the reaction mixture was refluxed for 3 h. After completion of
reaction, thionyl chloride was evaporated out and the residual product was recrystallized
from diethyl ether to obtain pure solid product. (Yield= 75 %)

'H NMR (200 MHz, DMSO) of p-CPMIC: & 8.07 and 7.48 (4 H in phenyl), § 7.21 (2 H,
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CO-CH=CH-CO).
6.2.6 Synthesis of bismaleimide of poly(ethylene glycol) (PEG-bismaleimide)

PEG-2000 (29, 1 mmol) was dissolved in 50 ml to toluene in a round bottomed flask
and 30 ml of toluene was distilled off under vacuum in order to remove any traces of
water in PEG. To the solution was the added triethyl amine and p-CPMIC (3 eq) drop
wise and the reaction was allowed to take place at room temperature for 24 h under inert
atmosphere. The solution was then precipitated in diethylether twice. The precipitate
was filtered under vacuum and dried to obtain pure product in the solid form. (Yield=
90 %)

The same procedure was used to synthesize PEG-bismaleimide of 6,000 and 8,000
molecular weights.

'H NMR (200 MHz, D,0) of PEG-bismaleimide (2,000): 5 8.15 (4 H in phenyl), & 7.49
(4 Hin phenyl), 8 7.01 (4 H CO-CH=CH-CO) and 4 3.65 (209.75 H, OCH,CH,0).

'H NMR (200 MHz, D,0) of PEG-bismaleimide (6,000): & 8.15 (4 H in phenyl), & 7.49
(4 H in phenyl), § 7.01 (4 H CO-CH=CH-CO) and & 3.65 (609.81 H, OCH,CH,0).

'H NMR (200 MHz, D,0) of PEG-bismaleimide (8,000): & 8.15 (4 H in phenyl), & 7.49
(4 H in phenyl), § 7.01 (4 H CO-CH=CH-CO) and & 3.65 (870.63 H, OCH,CH,0).

6.2.7 Gelation between PAA-furan and PEG-bismaleimide using Furan-Maleimide
Click Chemistry

30 mg of PAA was dissolved in 300 ul of distilled water. In a separate vial, PEG
bismaleimide (MW 2000 g/mol, 6000 g/mol and 8000 g/mol) were taken in the same
mol % with respect of furan groups on PAA and dissolved in 300 ul of distilled water.
After complete dissolution, the two solutions were mixed together, votexed for 5 min
and kept at room temperature for 4 h for gelation to take place completely. The gels
formed were then used for various studies mentioned in the later sections. The gelation

was confirmed by vial inversion method.

6.2.8 Synthesis of Mesoporous Silica Nanoparticles
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One gram of Cetyltrimethylammonium bromide (CTAB) was dissolved in 480 mL of
deionized water using an overhead stirrer at room temperature followed by the addition
of 2 M NaOH solution (3.5 mL). The solution was allowed to stir for 30 min at 80 °C. 5
mL of tetraethyl orthosilicate (TEOS) was added drop wise to the above mixture. The
mixture was stirred at 6000 rpm for another 2 h at 80 °C. The resultant white precipitate
was collected by vacuum filtration and washed with copious amount of water. The
precipitate was dried in vacuum oven overnight to obtain mesoporous silica in powder

form.
6.2.9 Outer Surface Functionalization of MSNs with amino groups

For the outer surface functionalization of MSNs, 1 g of MSNs (containing CTAB) were
dispersed in 100 mL anhydrous toluene followed by addition of 200 pL of 3-
aminopropyltriethoxysilane (APTES) in presence of catalytic amount of triethylamine
(EtsN). The reaction mixture was refluxed for 18 h under argon atmosphere. The
product was obtained using vacuum filtration, washed with toluene (to remove any
unreacted APTES) and finally with ethanol. The template (CTAB) was removed by
refluxing the material with acidic methanol solution for 6 h. The amine grafted and
template removed MSNs were finally washed with methanol and vacuum dried. The

obtained material was denoted as MSN-NHs,.
6.2.10 Gelation between PAA-furan and PEG-bismaleimide incubated with MSNs

30 mg of PAA was dissolved in 300 ul of distilled water and added to it amine grafted
MSNs in different ratios. The solution was sonicated for 30 min for complete dispersion
of the MSNs in the polymer solution. In a separate vial PEG-bismaleimide (MW 8000)
was taken in the same mol % with respect of furan and dissolved in 300 ul of distilled
water. After complete dissolution, the two solutions were mixed together, votexed for 5
min and kept at room temperature for 4 h for gelation to take place completely. The gels

formed were then used for various studies mentioned in the later sections.

6.3 Characterizations
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6.3.1 Scanning electron microscopy (SEM)

Scanning electron Microscopy (SEM) was used to investigate the morphology of the
hydrogels using Quanta 200 3D dual beam having electron source of tungsten (W)
filament with emission at resolution of 20 kV in high vacuum. The hydrogels were
lyophilized and sputter coated with a thin layer of gold. EDAX measurements were
carried out to confirm the presence of porosity in the hydrogels. EDAX measurements
performed on the MSNs loaded hydrogels further confirmed the presence of MSNs in
the hydrogels by the presence of a characteristic peak of silicon.

6.3.2. Tomography

Three-dimensional non-destructive imaging of as-prepared hydrogels loaded with
MSNs was performed using high-resolution X-ray p-CT (Versa XRM-500, Xradia Inc.,
USA) and compared with hydrogel without MSNs. The hydrogels were placed on a
sample stage and scanned using X-rays of 40 KV energy and 0.7 um voxel size.

6.3.3 In-situ Gelation

The in-situ gelation of PAA with two crosslinking agents in aqueous medium was
studied using Anton Paar MCR-301 controlled stress rheometer with cone and plate
geometry (CC17). PAA aqueous solutions with 10 mol% of furan grafting and PEG-
bismaleimides with different molecular weights as crosslinking agents were taken in a
plate and the gelation was monitored. The parameters, storage modulus (G') and loss
modulus (G") were measured as a function of time at different temperatures. The
percentage strain was 0.15 % and the frequency was 10 Hz throughout the experiment.
The time at which the crossover between G' and G" occurs is taken as the time of

gelation.
6.3.4 Mechanical Properties

The stress-strain measurements in the unidirection were carried out using Instron 5943
mechanical tester at room temperature. The compressive tests were performed on as-

prepared hydrogels in distilled water. The cylindrical test specimens were having
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dimension of 15 mm diameter x 15 mm height. The compression speed was 2 mm/min
with a pre tension load of 1 kN. For each test, 3-representative samples were taken and
the average value of the result is taken.

6.4 Results and discussion
6.4.1 Synthesis of furan grafted poly(acrylic acid) (PAA-furan)

The grafting of furfuryl amine onto poly(acrylic acid) backbone was carried out using
DCC coupling reaction between amine groups of furfurylamine and carboxylic groups
on PAA using NMP as a solvent at 60 °C. The reaction scheme is given in Scheme 6.1.
Different mole% of furfurylamine (5, 10 and 15 mol%) was grafted onto PAA.
However, we observed that when the grafting exceeds 10 mol%, the product becomes

H
0. _OH
o) DCC, o..N_ o
\%jq v BN NMP, 60°C QU
n

PAA Furfurylamine

Scheme 6.1: Reaction scheme for synthesis of PAA-furan
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Figure 6.1. '"H NMR spectrum of PAA-g-furan (10 mol%) copolymer in D,O
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insoluble in water (due to increase in hydrophobicity of the PAA). Thus, in all the
experiments, 10 mol% grafting was kept constant. The successful formation of PAA-10
mol% furan was confirmed by comparing the ratios of area under the peaks at 6 2.08
(one proton of PAA) and the peaks at 6 7.42 and & 6.35 (one and two protons
respectively of furan groups) as shown in Figure 6.1.

6.4.2 Synthesis of bismaleimides incorporated poly(ethylene glycol) (PEG-
bismaleimide)

The synthesis of PEG-bismaleimide with three different molecular weights of PEG
(2000 g/mol, 6000 g/mol and 8000 g/mol) was carried out in four steps as depicted in
Scheme 6.2. All the products in four steps and the end product, PEG-bismaleimides
were characterized by the *H NMR spectroscopy as shown in Figure 6.2,6.3,6.4 and
6.5. The formation of PEG-bismaleimides was confirmed by comparing the ratios of
area under the peaks at 6 3.65 (due to methylene protons of PEG) and the peaks at 6
3.65 (due to phenyl groups). The integration values were well corroborated with the

formation of bismaleimide at the telechelic position of PEGs as shown in Figure 6.5.

° COOH
Maleic p-amino benzoic acid N- (4-Carboxyphenyl)maleamic Acid
anhydride
Ac, 0, AcONa
60°C
[o] [o]

N- [ 4- (Chlorocarbonyl)
phenyl] maleimide

EgN,

OH
toli
oluene J HONm

N- (4-Carboxyphenyl) maleimide

RT, 24hrs

) otononoyd O

PEG-bismaleimide

Scheme 6.2: Reaction scheme for synthesis of PEG-bismaleimide
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Figure 6.3. '"H NMR spectrum of N-(4-carboxyphenyl) maleimide in DMSO-ds
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Figure 6.5. "H NMR spectrum of PEG-bismaleimide (2000, 6000 and 8000) in D,O
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6.4.3 Gelation between PAA-furan and PEG-bismaleimide using Furan-Maleimide
Click Chemistry

PAA hydrogels were synthesized using furan-maleimide click chemistry using PEG
with different molecular weights (2000 g/mol, 6000 g/mol and 8000 g/mol) as cross
linking agents. The schematics of the click reaction between PAA-furan and PEG-
bismaleimides are given in Scheme 6.3. The furan maleimide click reaction takes place
in the absence of any catalyst in aqueous medium at room temperature within few
hours. In the present work, we studied the effect of molecular weight of PEG on the
gelation time and mechanical properties of the hydrogels formed which will be
discussed in details in the following sections. Figure 6.6 shows the samples of as-

prepared and fully swollen PAA hydrogels prepared using PEG-bismaleimide-8000 as a

cross linker.
2 o
H
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PAA-furan ‘grgtfé PEG-bismaleimide
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Scheme 6.3: Furan-Maleimide click reaction between PAA-furan and PEG-bismaleimide
(MW= 2000, 6000 and 8000)

AcSIR/CSIR-NCL/Neha Tiwari 134



Chapter 6: Poly(acrylic acid) Hydrogels Crosslinked with PEG Cross Linkers using
Furan-Maleimide Click Chemistry

Figure 6.6. Cross linked PAA hydrogel (a) as-prepared and (b) fully swollen in distilled water
6.4.4 In-situ gelation studies

The gelation studies were performed at different temperatures to study the effect of
temperature on the gelation time. In the in-situ gelation study, PAA-furan and PEG-
bismaleimide (MW= 2000, 6000 and 8000), were homogeneously mixed and charged in
the parallel plate geometry of the rheometer. Immediately after charging, the G' and G"
were measured as a function of time. The crossover point of G' and G" was taken as the
gelation time (Figure 6.7). We show in Figure 6.8, the time of gelation (averaged with

;s |—=—G'
10 G"

L} ' I v I ' I v I '
0 20 40 60 80 100
Time (min)

Figure 6.7. Gelation time for PAA hydrogels as indicated by the crossover point of G' and G"
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repetition of 3 samples) for hydrogels with different PEG-bismaleimide and at five
different temperatures. It can be readily seen from the results that in all the samples, the
gelation time decreases with increase in temperature. It is intriguing to note that the
gelation time decreases with increase in the molecular weight of the PEG-bismaleimide
cross linker. This could be attributed to the fact that with increase in the molecular
weight of PEG-bismaleimide, the hydrogen bonding between the oxygen atoms of the
PEG and the free carboxyl groups of the PAA increases significantly. Longer the chain
of PEG (i.e. higher MW), higher is the H-bonding interaction between the two
complimentary clicking moieties which dramatically accelerates the Diels Alder
reaction resulting into shorter gelation time. This observation is in-line with the
previous report where it is demonstrated that the presence of H-bonding interaction
between the complimentary clicking moieties rapidly increases the Diels-Alder
cycloaddtion between a furan and a bismaleimide. [37]

. B 20 °C
] I 30 °C
T B 40 °C
] Il 50 °C
40 - I 60 °C

Time (min)

2000 6000 8000
PEG-bismaleimide

Figure 6.8. Gelation time for PAA hydrogels on crosslinking with different molecular weights
of PEG-bismaleimide (MW= 2000, 6000 and 8000) at different temperatures

In order to observe any change in the morphology of hydrogels upon click reaction, we
performed Scanning Electron Microscopy on the lyophilized fully swollen PAA

hydrogels (Figure 6.9).
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Figure 6.9. SEM images of lyophilized PAA hydrogels crosslinked with (a) PEG-bismaleimide
(MW= 6000) (b) PEG-bismaleimide (MW= 8000)

The SEM images clearly indicate the porous structure in the crosslinked PAA hydrogels
upon lyophilization of the swollen gels. Also, the porosity clearly decreases as the
molecular weight of PEG cross linker increases. This could be again due to the efficient
crosslinking of PEG-bismaleimide-8000 which has more number of oxygen atoms
giving rise to greater H-bonding interactions in the click reaction and more compactness

in the hydrogels.
6.4.5 Mechanical Properties
6.4.5.1 PAA hydrogels cross linked with PEG-bismaleimides

The mechanical strength of the crosslinked PAA hydrogels in the as prepared state with
different molecular weights of PEG-bismaleimide (MW= 2000, 6000 and 8000) were
determined using Instron 5943 in the compression mode. Typical stress-strain curves (in
compression) are shown in Figure 6.10 from which the percentage compressibility and
compressive strengths were determined. The results are shown in Table 6.1. It can be
readily seen from the results that although the percentage compressibility remains in the
range of 65-70% for all the samples, the compressive strength of the PAA hydrogels
progressively increase with increase in the molecular weights of the PEG cross linkers.

This indicates the efficient crosslinking of PEG-bismaleimides of higher MWs as
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mentioned in the previous sections.

70
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Figure 6.10. Compressive strength studies of PAA hydrogels with different molecular weights
of PEG-bismaleimides (MW= 2000, 6000 and 8000)

Table 6.1: Mechanical Strengths of PAA hydrogels cross linked with different molecular
weights of PEG-bismaleimide

Sample % Compressibility | Compressive Strength (kPa)
PAA-PEG-2000 73.774 271.227
PAA-PEG-6000 63.964 38.739
PAA-PEG-8000 71.972 65.966

Thus, increase in the mechanical strength of the hydrogels with increase in the
molecular weight of PEG can be attributed to the efficient crosslinking of PEG-
bismaleimides of high MWs facilitated by the H-bonding interactions. In order to
further enhance the mechanical strength of the hydrogels, we thought of incorporating
functionalized mesoporous silica nanoparticles (MSNSs) in to the hydrogels during the
click reaction. Accordingly, we first prepared amine-functionalized MSNs and

homogeneously mixed with PAA-furan before the click reaction.
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6.4.6 Synthesis and functionalization of Mesoporous Silica Nanoparticles (MSNs)

The synthesis of MSNs was carried out by sol-gel method using cetyltrialkyl
ammonium bromide (CTAB) as a structure-directing agent and tetraethyl orthosilicate
(TEOS) as a silica precursor in presence of base as a catalyst. Functionalization of the

& L
~ ~
2. 72
APTES, - ? CH,0OH, - ?
toluene - HC1
! & ! F
‘HN ‘HN

Scheme 6.4. Synthesis of amine grafted MSNs

outer surface of MSNs with amine moieties was performed using aminopropyl
triethoxysilane (APTES) in presence of catalytic amount of triethylamine (Scheme 6.4).
SEM images of amine grafted MSNs show uniform discrete spherical nanoparticles
with particle sizes in the diameter range of MSN-NH, (120+10 nm) as shown in Figure
6.11.

Figure 6.11. SEM image of as amine grafted MSNs

6.4.7 Gelation between PAA-furan and PEG-bismaleimide incubated with MSNs
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PAA hydrogels incubated with amine grafted MSNs were synthesized using furan-
maleimide click chemistry using PEG-bismaleimide (MW= 8000) as cross linking

XY
#497 /994
C 16367 W 2014

Figure 6.12. (a) 2-dimensional and (b) 3-dimensional u-CT images of MSNs incubated PAA
hydrogels crosslinked with PEG-bismaleimide (MW= 8000)

agent. The idea of amine functionalization of MSNs was mainly to felicitate the reaction
between the —NH; groups of MSNs and the free -COOH groups of PAA which will
form ionic bonding between the MSNs and the hydrogel and prevent the leaching of
MSNSs from the hydrogel. The incorporation of MSNs (5 mg) in PAA hydrogels cross
linked with PEG-bismaleimide (MW= 8000) was confirmed by X-ray u-CT, SEM and
EDAX techniques as shown in Figure 6.12 and 6.13.

. | cC (b)

CPS:1051  DT:08 Lsec 300 10Cnts 2910 keV. Det: Octane Eite Flus

Figure 6.13. (a) SEM and (b) EDAX of MSNs loaded PAA hydrogel crosslinked with PEG-
bismaleimide (MW= 8000)
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6.4.8 Mechanical strengths PAA hydrogels incorporated with MSNs

The mechanical strengths of PAA hydrogels with increasing amounts of MSNs were
determined using Instron 5943 in the compression mode and were compared with the

100
——8000_w/o MSNs
1——8000_5mg MSNs
80 |——8000_10mg MSNs

——8000_15mg MSNs

Stress (kPa)

Strain (%)

Figure 6.14. Compressive strength studies of PAA hydrogels with different amounts of MSNs
cross linked with PEG-bismaleimide (MW= 8000)

Table 6.2: Mechanical Strengths of PAA hydrogels cross linked with PEG-bismaleimide (MW=
8000) by varying amounts of MSNs

Sample % Compressive
Compressibility Strength (kPa)
PAA-PEG_w/o MSNs 72 66
PAA-PEG-5mg MSNs 65 74
PAA-PEG-10mg MSNs 65 90
PAA-PEG-15mg MSNs 65 97

hydrogel without MSNs. The results of the stress-strain curves and the compressibility
and compression strengths are given in Figure 6.14 and Table 6.2 respectively. The
results clearly indicate that, incorporation of MSNs in the PAA hydrogels significantly
increase the compression strength of the hydrogels. However, the percentage

compression decreased compared to the sample without MSNs which is expected due to
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the formation of rigid structure in the hydrogel. Further, with the improved mechanical
strength, the porous structure created in the hydrogel by MSNs will be an added
advantage to incorporate drugs in the pores for controlled release applications.

6.5 Conclusions

We synthesized PAA hydrogels using PEG-bismaleimide as cross linking agents by
Furan-Maleimide “Click-Chemistry” approach. PEGs with different MWs were
modified with maleimide groups at telechelic positions and furan groups were
introduced onto PAA to facilitate the Diels-Alder cycloaddtion between a furan and a
bismaleimide. The in-situ gelation times due to click reaction were determined using
rheometer with parallel plate geometry. The studies reveal that the gelation time is
inversely proportional to the temperature and decreases with increase in the molecular
weight of PEG-bismaleimide cross linker. This was attributed due to the presence of H-
bonding interaction between the complimentary clicking moieties which rapidly
increases the Diels-Alder cycloaddtion between a furan and a bismaleimide. The
mechanical strength of the hydrogels showed an increasing trend with increase in the
MW of PEG-bismaleimide. The high MW of PEG-bismaleimide provided greater
intermolecular H-bonding and efficient crosslinking in the click reaction. This was
manifested in the increasing trend of the compressive strengths. Further, amine
functionalized MSNs were incorporated in to PAA hydrogels with the aim of generating
pore structure and improved compressive strengths. This could be achieved
successfully. The presence of pores gives an advantage of incubating drug molecules

within and show great promise as injectables in controlled drug delivery.
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Chapter 7: Summary and Conclusions

The objective of the thesis was to design and synthesize new associating polymers
(APs) and hydrogels/ nanogels based on synthetic polymer poly(acrylic acid) (PAA)
and natural polymer carboxymethyl cellulose (CMC) for drug delivery and tissue
engineering applications. Although extensive work is carried out and reported on APs
and hydrogels in terms of synthesis, stimuli responsive properties and their wide
applications in various areas including biomedical, still there is an enormous scope in
designing and developing new APs and hydrogels with improved mechanical properties
for controlled drug delivery and tissue engineering applications. Exploring new
methodologies and green chemistry approach to synthesize APs and hydrogels has
attracted major attention of the researchers. Amongst APs, thermo-associating polymers
have become important as injectables in controlled release technology. In this thesis
work, we have synthesized new thermo-associating polymers based PAA-g-PCL-b-PEG
copolymers and studied their thermo-thickening behavior in aqueous medium using
rheology, light scattering and 2-D NMR techniques. We also prepared Mesoporous
Silica Nanoparticles (MSNs) and functionalized with polysaccharide for the controlled
release of anticancer drug. Further, a double crosslinked hydrogel based on PAA was
synthesized and characterized for controlled drug delivery application using a strategy
of selective breaking of one crosslinking molecule in the hydrogel. Finally, a “click-
chemistry approach was used in preparing PAA based hydrogels through Diels-Alder
cycloaddtion reaction between furan modified PAA and telechelically bismaleimide

modified PEG. The details of these studies are discussed in the foregoing sections.

In the first chapter, an elaborate literature survey is reported on APs, thermo-associating
polymers, hydrogels and nanogels with respect to their synthesis, properties and
applications specifically for drug delivery and tissue engineering. Characterization
techniques like rheology, light scattering, 2-D NMR spectroscopy for studying the
various properties of associating polymers and hydrogels were briefly explained. The

second chapter explains the scope and objectives of the thesis work.

In the third chapter, we report on the synthesis of Mesoporous Silica Nanoparticles

(MSNs) and functionalization with amine groups. Further, the amine functionalized
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MSNs were reacted with a polysaccharide, namely, carboxy methyl cellulose (CMC)
using an EDC coupling reaction. The presence of porosity and grafting of CMC on to
the surface of MSNs was confirmed by XRD, N, adsorption, TGA, SEM, TEM,
Potential and DLS techniques. The pores of MSNs were incubated with hydrophobic
drug, curcumin, which has both anticancer and antibacterial activity. It was observed
that CMC modified MSNs helped in the enhanced permeation of MSNSs inside the
tumor cells. The MTT assay of breast cancer cell line, MDA-MB-231 revealed that
curcumin loaded and CMC grafted MSNs (MSN-cur-CMC) showed better cell
inhibition compared to the curcumin loaded MSN-cur-NH, or free curcumin and cells
undergo apoptotic pathway. The nanogels containing carboxymethyl cellulose grafted
MSNs show great potential in targeted drug delivery applications.

In the fourth chapter, we investigated on the thermo thickening behavior of PAA grafted
LCST block copolymer MPEG-b-PCL (PAA-g-MPEG-b-PCL) in agqueous medium
using rheology, light scattering and NMR techniques. The controlled synthesis of block
copolymer PEG-b-PCL with equal molecular weights was carried out by ring opening
polymerization (ROP) taking a known molecular weight of MPEG as an initiator.
Subsequently, the grafting reaction of MPEG-b-PCL onto PAA was carried out between
the carboxylic groups of PAA and terminal hydroxyl groups of PCL in MPEG-b-PCL.
The structural characterization of PAA-g-MPEG-b-PCL was performed using NMR
spectroscopy and gel permeation chromatography. The results from multiple
experimental techniques gave insights into the molecular mechanism of the thermo
thickening process. The modified polymer shows great potential as injectables in
controlled drug release systems and rheology control agents for cosmetics creams/

ointments.

In the fifth chapter, we report on the synthesis of double crosslinked Poly(acrylic acid)
hydrogels using two different crosslinking agents namely, Jeffamine (jeff) and
Cystamine (cys). Jeffamine provides a good mechanical strength while cystamine with
disulphide bonds incorporates redox sensitivity to the hydrogels. The hydrogels were

easily prepared in aqueous medium at room temperature and the gelation could be
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completed within a few minutes. We demonstrated the selective cleavage of one
crosslinking (cystamine) by DTT and its implications on the controlled release of an
anticancer drug, Doxorubicin (Dox) and antimicrobial Ag nanoparticles.

In the sixth chapter, we report on the synthesis of PAA based hydrogels using Furan-
Maleimide “Click-Chemistry” approach. PEGs with different MWSs were modified with
maleimide groups at telechelic positions and PAA was modified with furan groups to
induce click reaction with the maleimide groups of the PEGs. The gelation process and
gelation times were studied using a rheometer. The studies reveal that the gelation time
is inversely proportional to the temperature and decrease as the molecular weight of
PEG-bismaleimide cross linker increases. The correlation between the length of the
PEG-bismaleimide and the mechanical strength of the hydrogels was investigated. It
was observed that the mechanical strength of the hydrogels increased with the MW of
the PEG-bismaleimide. This was attributed due to the presence of greater H-bonding
interaction originating from high MW PEG between the complimentary clicking
moieties which rapidly increases the Diels-Alder cycloaddtion between a furan and a
bismaleimide resulting into higher crosslinking with more strength. The mechanical
strengths of hydrogels were further increased by incorporating MSNs inside the
hydrogels. The porous structures of the hydrogels could be utilized for incubation of
drug molecules for the controlled release applications. These hydrogels show great
promise in biomedical applications both as injectables and as scaffolds in tissue

engineering.
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