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PREFACE

This thesis has been based on convention on double Ph.D. program between Lille University
of Science and Technology (Université Lille 1 — Sciences et Technologies - Ecole Doctorale
Sciences Pour I'Ingénieur Université Lille Nord-de-France) in France and the University of
Belgrade in Serbia. This is the first example of bi-nationally supervised doctoral thesis
between these two universities.

The realization of the thesis was provided by the project ARCUS (Action en Région de
Coopération Universitaire et Scientifique) entitled «Nord — Pas de Calais / Bulgarie — PECO»
and granted by the French Ministry of Foreign Affairs and the Region Nord-Pas De Calais. The
aim of the ARCUS project has been development of mutual research cooperation among the
region Nord-Pas de Calais in France and east European countries, by favoring primarily
conductance of the doctoral theses in the form of bi-national supervision. The financial
support for research within this thesis has been also provided by the projects number
142075 and 11146010, granted by the Ministry of Science of Republic of Serbia.

During the past three and a half years, research presented in this report was done
interchangeably in France and in Serbia, each time in duration of six months. The main
laboratory exploited for research in France was GEMTEX, at ENSAIT, Roubaix, whereas in
Serbia experimental work was performed in laboratories at the Faculty of Technology and
Metallurgy, University of Belgrade, Belgrade.
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GLOSSARY

Chemical compounds and entities

NIPAAmM N-isopropylacrylamide

PNIPAAmM poly(N-isopropylacrylamide)

MBAAmM N,N’-methylenebis(acrylamide)
TEMED N,N,N’,N’-tetramethylethylenediamine
APS ammonium persulfate

SA (Alg;Na; ALG) sodium alginate

CA calcium alginate

MA maleic anhydride

PAAM polyacrylamide

BSA bovine serum albumin

Procaine HCI procaine hydrochloride

PVP polyvinylpirrolidione

AA acrylic acid

IA itaconic acid

EDTA ethylenediaminetetraacetic acid

PEG poly(ethylene glycol)

PET poly(ethylene terephthalate)

PP polypropylene

PES polyester

Tween 80 polyoxyethylene (20) sorbitan monooleate
Tween 20 polyoxyethylene (20) sorbitan monolaureate
Brij 35 polyoxyethylene (35) lauryl ether

AC acetate cellulose

G guluronate residue in alginate

M mannuronate residue in alginate

Physico-chemical dimensions and relative symbols

De Deborah’s number

T characteristic relaxation time (s)

0 characteristic diffusion time (s)

L characteristic length of the controlled release device (m)
Dwp water diffusion coefficient (m*s™)

T temperature (°C)

Tg glass transition temperature

t time (min)

pH potential of hydrogen, measure of the concentration of hydrogen ions
pKa acid dissociation constant (K;) at logarithmic scale

HLB hydrophilic-lipophilic balance

AH enthalpy change during the volume phase transition (J g*)
g needle gauge

Fq gravitational force (N)
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electrostatic force (N)

surface tension force (N)

surface tension (N m™)

radius (m)

density (kg m™)

electric charge (C)

electric field strength (N C*)

inner radius of a needle

storage modulus (Pa)

loss modulus (Pa)

volume-weighted mean diameter (m)

size dispersal coefficient

absolute cumulative amount of drug released at time t (kg)
absolute cumulative amount of drug released at infinite time (kg)
rate constant in Peppas equation

release exponent in Peppas equation

correlation coefficient

weight of the swollen hydrogel at predetermined time interval
weight of the equilibrium swollen hydrogel

weight of the dried gel (xerogel)

weight fraction of a substance

weight per volume fraction of a substance

volume fraction of a substance

General chemical terms and specific terms in characterization of hydrogels

IUPAC
IPN
LA

PE
LBL
CST
LCST
UCST
VPTT
Tonset
SR
ESR
EWC

international union of pure and applied chemistry
interpenetrating polymer network

local anaesthetic

polyelectrolyte

layer-by-layer

critical solution temperature

lower critical solution temperature

upper critical solution temperature

volume phase transition temperature

onset temperature of the volume phase transition
swelling ratio

equilibrium swelling ratio

equilibrium water content

Techniques of instrumental analysis

FTIR
DSC
DMA
SEM
ESEM
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fourier transform infrared spectroscopy
differential scanning calorimetry

dynamic mechanical analysis

scanning electron microscopy

environmental scanning electron microscopy
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GENERAL INTRODUCTION

Polymer science is continuously developing, permanently resulting in new materials with
interesting and unique properties. Among these, hydrogels play a special role and arouse a
considerable interest in scientific public even 50 years after development of the first
synthetic hydrogel (crosslinked poly(2-hydroxyethyl methacrylate)) by Wichterle and Lim [1].
It is interesting to note that hydrogels were the first biomaterials designed for use in the
human body [2]. Advances in polymer science have brought new approaches in hydrogel
design which have resulted in their novel, attractive properties and hence, their expanded
use. Today, application of hydrogels extends to a myriad of fields, from agriculture [3] to
medicine [4].

These crosslinked polymeric structures are able to absorb large amounts of biological fluid
while keeping their three-dimensionality. General properties of hydrogels such as soft and
rubbery consistency and flexibility in size and shape qualify them as desirable materials in
transdermal delivery of drugs. Among them, thermosensitive hydrogels take special
attention due to the ability to respond to changes in temperature of surrounding medium by
absorbing or expelling water from their structure. This change of hydrogel volume triggered
by temperature could be efficiently applied in the field of controlled drug release. Textile
materials appear to be attractive and promising supports for hydrogels intended for that
purpose. However, application of various forms of thermosensitive hydrogels on textile
materials has not been extensively studied. Reports on systems of thermosensitive
hydrogel/textile are mainly based on simultaneous formation of hydrogel layer and its
grafting on textile support [5, 6]. There are a few studies on thermosensitive hydrogel
nanobeads applied on cotton, intended for textile functional finishing [7, 8]. The separation
of hydrogel nanobeads from the liquid medium requires additional efforts and obstacles in
their characterization. Also, concerns have been raised about potential undesirable effects
of possible penetration of nanobeads through human skin. Since transdermal application of
hydrogel/textile systems implies direct and efficient contact of hydrogels with skin, micron-
sized hydrogel beads of diameters close to average fiber diameter could be regarded as
applicable forms in a design of such systems.

Aiming at the realization of a thermosensitive hydrogel-based system for the controlled drug
release via transdermal route, this project focuses on synthesis and characterization of
hydrogels based on the most applicable thermosensitive polymer poly(N-
isopropylacrylamide) (PNIPAAm). Mutual advantages but also shortcomings of the pure
PNIPAAmM hydrogels inspired many researchers to modify them to obtain materials with new
or improved functionalities. An imperative has been put on the improvement of mechanical
properties [9-11], adjustment of the volume phase transitions [12, 13], pore structure [14,
15], alteration of the swelling behavior [16, 17], etc.

The combination of PNIPAAm, as a synthetic polymer, and alginate, as a natural polymer,
was expected to result in hydrogels with improved properties with regard to the pure
PNIPAAmM hydrogels in various aspects. This could be achieved by the formation of
interpenetrating polymer networks (IPNs) whose properties could be controlled more easily
than those of the individual components. Also, the characteristics of individual components

© 2012 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011
General introduction

could be maintained in the resulting structure. PNIPAAm and alginate could be combined to
form semi-IPNs if one component is crosslinked and the other one linear, and to form full-
IPNs when both components are crosslinked. Alginate was chosen as an adequate
interpenetrant in hydrogel structures beside the PNIPAAm due to its biocompatibility and
ability to form ionotropic hydrogel by crosslinking with calcium ions in mild conditions.
Calcium alginate (CA) hydrogel has been widely used in release of physiologically active
agents primarily because of its simple preparation procedure, morphological and mechanical
properties [18, 19].

The main part of this thesis therefore refers to the synthesis and characterization of
thermosensitive hydrogels based on PNIPAAm and alginate. Potential biomedical usage of
these hydrogels in transdermal delivery is justified by the fact that both, PNIPAAm and
alginate are biocompatible materials [20]. The thermosensitive hydrogels will be developed
in the form of films and in the form of microbeads. Results of drug release studies from the
selected hydrogel microbeads will show the possibility of adjusting the release profiles by
temperature changes and thus the potential application of these microbeads as controlled
drug release matrices.

The thesis will be divided into six main chapters. After a state of the art on the subject
presented in Chapter |, the materials, preparation methods and characterization techniques
are reviewed in Chapter .

The PNIPAAmM-based hydrogels in the form of films are described in Chapter Ill. The accent is
put on advantageous properties of hydrogels with full-IPN structure, composed of
crosslinked PNIPAAm and CA, over pure PNIPAAm hydrogels. The influence of the
crosslinking degree of PNIPAAm and alginate content on thermal, swelling, mechanical, and
morphological properties of hydrogels is investigated in detail.

Chapter IV includes study on electrostatic extrusion for the production of thermosensitive
hydrogels in the form of microbeads. The main part of this chapter refers to investigating the
influence of operating parameters on microbeads size and shape. The aim in application of
this technique is to produce thermosensitive hydrogel microbeads of around 20 pm in
diameter and close-to-spherical shape by adjusting values of applied voltage, electrodes
distance, flow rate and choosing adequate needle size.

Another approach in preparation of thermosensitive hydrogel microbeads is elaborated in
Chapter V. Pure PNIPAAm microbeads, PNIPAAm/maleic anhydride copolymer microbeads,
semi-IPN PNIPAAm/sodium alginate microbeads, and full-IPN PNIPAAmM/CA microbeads are
studied thoroughly. Influence of the addition of hydrophilic copolymer and linear and
crosslinked interpenetrant will be investigated using various methods of characterization.

Finally, Chapter VI encompasses the application of selected hydrogel microbeads in the
controlled drug release. The studies are conducted using Franz diffusion cell as a standard
for testing of transdermal pharmaceutical formulations. Different drug release profiles at
temperatures below and above the volume phase transition temperature (VPTT) of
hydrogels serve as a promising point of reference in the future research with the field of
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hydrogel microbeads application on a textile material and formation of intelligent medical
patch.

Contribution of this thesis lies in detailed characterization of macro and micro forms of
thermosensitive hydrogels based on PNIPAAm that are necessary to conduct prior to design
of a hydrogel/textile systems intended for transdermal application. The results elaborated
hereby constitute a valuable starting point in the development of an intelligent textile patch
with a property to release a drug at a rate controlled simply by the patch temperature, i.e.
by heating and cooling the patch.
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.1 Hydrogels

I.1.1 Definition and properties of hydrogels

Hydrogels are defined as three-dimensional polymeric networks capable of swelling in water
or biological fluid while maintaining their shape [21]. In other words, hydrogels represent
water-swollen, cross-linked polymeric structures (Figure 1.1) [22].

Figure I.1. Simplified general structure of hydrogel network

Hydrogels can absorb from 10 % up to thousands of times their dry weight in water [4, 23].
The ability of hydrogels to absorb water arises from hydrophilic functional groups (such as —
OH, —CONH—-, —CONH,, — COOH, and —SOzH) attached to the polymer backbone. On the other
hand, their resistance to dissolution is provided by the crosslinks between the network
chains [24]. A presence of chemical or physical crosslinks provides a network structure and a
physical integrity to the system. This is demonstrated through the specific water-insoluble
behavior of hydrogels when they are in an aqueous medium. During the swelling, the
polymer chains separate to an extent determined by the properties of the solvent in which
the hydrogel has been placed and the extension of polymer chains [21]. In the swollen state,
there are little interactions among the chains, whereas in a dehydrated or deswelled state,
the polymer chains of hydrogel network are in close proximity.

What distinguish hydrogels from other polymeric materials are unique properties like soft
and rubbery consistency, low interfacial tension with water, and a considerable percentage
of water in their structure [25]. Hydrogels are generally biocompatible materials, which is a
direct result of their high water content, and compositional and mechanical resemblance to
the native extracellular matrix. Apart form the biocompatibility, the water content in the
hydrogels also affects other properties like permeability, mechanical and surface properties
[26].

I.1.2 Preparation of hydrogels

The properties of hydrogel network are closely related to the conditions under which the
hydrogels are synthesized. Formation of hydrogel network, governed by desired
characteristics for a given applications, still poses some problems to scientists since a
number of network properties are inversely coupled [27]. There are various techniques and
procedures used for the preparation of hydrogels. The most common synthetic route is free-
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radical cross-linking copolymerization of acrylamide-based monomers with a divinyl
monomer (cross-linker) in agueous solutions [24].

There are two general approaches in hydrogel synthesis:

1. copolymerization/crosslinking reaction between one or more abundant monomers

and one multifunctional monomer, which acts as a crosslinking agent, and
2. crosslinking of linear polymers or a combination of monomer and linear polymeric
chains [28].

The first method implies initiation of polymerization reaction by a chemical initiator. The
polymerization reaction can be carried out in bulk, in solution, or in suspension. In solution
co-polymerization/crosslinking reactions, monomers are mixed with the crosslinking agent
and the polymerization is initiated thermally, by UV-light, or by redox initiator system.
Suspension polymerization results in formation of spherical hydrogel microbeads, with the
size range of 1 um to 1mm [26]. Dispersion of monomer solution in the non-solvent that
results in fine droplets is done in the presence of stabilizer. The polymerization is initiated by
thermal decomposition of free radicals. In the second approach, two methods of polymer
crosslinking are possible: chemical and physical crosslinking. Chemical crosslinking includes
radical polymerization, chemical reaction of complementary groups, high energy irradiation
and enzyme usage [29]. Radiation reactions utilize electron beams, y-rays, X-rays, or
ultraviolet light to excite a polymer and produce a crosslinked structure. When crosslinking is
provided by use of chemical compounds, there should be in the system should be at least
one difunctional, cross-linking agent, which reacts with the functional groups in polymer
chains, usually linking two longer molecular chains. Some of the commonly used crosslinking
agents include N,N'-methylene bisacrylamide, divinyl benzene, and ethylene glycol
dimethacrylate [26]. Physical or ionic crosslinking is a simple and mild procedure. In contrast
to covalent crosslinking, no auxiliary molecules such as catalysts are required and use of
toxic crosslinking agents is avoided.

1.1.3 Swelling properties

One of the most significant properties of hydrogel networks is their swelling behavior, which
may be described using various approaches [30]. Polymer networks are characterized by
highly nonideal thermodynamic behavior in electrolyte solutions. Hence, there are no
precise theories which can predict their exact behavior. Flory-Rehner theory and its
modifications are still widely used for describing the swelling behavior of hydrogels [31]. This
theory regards gels as neutral, tetrafunctionally crosslinked networks with polymer chains
exhibiting a Gaussian distribution. However, it was proved that a Gaussian distribution fails
for chain lengths of less than about 100 monomers [32]. Swelling of a three-dimensional
polymer network, i.e. absorption of a liquid the network is placed in contact with happens
for the same reason that the solvent mixes spontaneously with an analogous linear polymer
to form an ordinary polymer solution [33]. During the absorption of the solvent, the chains
between network junctions are required to assume elongated configurations. This induces
an opposing force (equivalent to the elastic retractive force in rubber) to develop. Process of
swelling is followed by an increase in this force and a decrease in the diluting force.
Eventually, equation of these two forces denotes a state of equilibrium. The elastic reaction
of the network structure may be interpreted as pressure acting on the solution, or swollen
gel. In the equilibrium state this pressure is sufficient to increase the chemical potential of
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the solvent in the solution to equal that of the excess solvent surrounding the swollen gel
[33].

Many dynamic swelling models are based on Fick’s law of diffusion [30]. In numerous
systems that do not exhibit much swelling, where the relaxation time of the polymer is much
shorter than the characteristic diffusion time for solvent transport, standard Fickian diffusion
is observed. However, water diffusion in hydrogels often deviates from the predictions of
Fick’s law, leading to anomalous or non-Fickian diffusional behavior. The deviation from
Fickian behavior has been associated with the finite rate at which the polymer structure
rearranges, to accommodate water molecules, and has been observed for many hydrophilic
polymer systems [26].

One of the important parameters affecting the swelling behavior of hydrogels is their degree
of crosslinking. Highly crosslinked hydrogels have a tighter, more compact structure and
swell less in comparison with loosely crosslinked hydrogels. Furthermore, the chemical
structure of hydrogel forming-polymers also dictates the swelling properties of hydrogels.
The presence of hydrophilic groups on polymer chains of hydrogel network increases
swelling degree in water comparing to the systems containing hydrophobic groups.
Hydrophobic groups aggregate leading to collapse of the hydrogel structure in the presence
of water, thus minimizing their exposure to water molecules [34].

I.1.4 Classification of hydrogels

Classification of hydrogels can be done based on several criteria. Table I.1 gives the summary
of classification from different sources [23, 28]. The most elemental classification of
hydrogels is according to the origin of the materials constituting a hydrogel. A variety of
synthetic and naturally derived materials may be used to form hydrogels. Synthetic
hydrogels are convenient for many biomedical applications because it is possible to control
their properties in a reproducible manner. On the other hand, advantages of natural
materials lie in their availability and suitability for in vivo use. Popular synthetic materials,
particularly in the field of biomedicine, include poly(ethylene oxide), poly(vinyl alcohol),
poly(acrylic acid), poly(propylene fumarate-co-ethylene glycol), and polypeptides. The most
widely used naturally derived polymers are alginate, chitosan, agarose, collagen, fibrin,
gelatin, and hyaluronic acid [35].

Among an array of hydrogel types given in Table I.1, it is important to emphasize the
difference between chemical and physical hydrogels, as well as to explain the properties of
stimuli-sensitive hydrogels that are the subject of the work presented in this report.
Chemical hydrogels, also called “permanent”, are covalently crosslinked polymer networks.
The presence of functional groups like —OH, —COOQOH, _NHz, on the polymer chain, can be

used to prepare hydrogels by forming covalent linkages between the polymer chains and
complementary reactivity, such as amine-carboxylic acid, isocyanate-OH/NH, or by Schiff
base formation [26]. Chemical hydrogels are mainly inhomogeneous, usually due to the
presence of regions of low water swelling and high crosslinking density. Sometimes phase
separation in these hydrogels can occur, creating water-filled “voids” or “macropores” [4].
As opposed to chemical, physical or “reversible” hydrogels are characterized by the presence
of molecular entanglements and/or secondary forces including ionic, H-bonding or
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hydrophobic forces. All these interactions are reversible, and can be disrupted by changes in
the physical conditions or the application of stress. Inhomogeneties in physical hydrogel
originate from the clusters of molecular entanglements, hydrophobically- or ionically-
associated domains, or free chain ends or chain loops. Both chemical and physical hydrogels
may appear in various physical forms such as: solid molded forms, pressed powder matrices,
microparticles, coatings, membranes or sheets, encapsulated solids and liquids [4].

Table I.1. Classification of hydrogels

Criterion Hydrogel type

Natural

Origin of constituting materials Synthetic
Hybrid
Chemical

Type of crosslinks in the network -
Physical

Homopolymer

Copolymer

Method of preparation -
Multipolymer

Interpenetrating polymeric hydrogels

Neutral

Anionic

Nature of side groups —
Cationic

Ampholytic

Affine networks

Mechanical and structural characteristics
Phantom networks

Amorphous

Physical structure of the networks Semicrystalline

Hydrogen-bonded structures

Conventional

Response to environmental stimuli — —
Stimuli-sensitive

Difference between conventional and stimuli-sensitive hydrogels arises from the
“intelligence” of constituting polymers. Intelligent or smart polymers have the ability to
respond to small changes in physiological or biological environment. They form systems in
which slight changes in thermodynamic parameters (pressure, temperature, concentration,
solvent, etc.) cause considerable variations in the physicochemical properties of the
macromolecules (solubility, structure, shape, size) and their solutions (stability) [27].
Inducing the phase transition depends on the appropriate balance of hydrophobicity and
hydrophilicity in the molecular structure of the polymer. Stimuli-sensitive hydrogels usually
contain a hydrophobic domain and may or may not be charged [23]. In comparison with
these, conventional hydrogels are not sensitive to changes in the environment. They are
usually uncharged.
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These “smart” polymers constitute stimuli-sensitive hydrogels (as smart polymer systems),
exhibit volume changes, i.e. shrinking and swelling, in response to small changes in the
environment. According to Galaev [27], “these microscopic changes, which are triggered by
small changes in the microenvironment, are apparent at the macroscopic level as precipitate
formation in solutions of smart polymers, as changes in wettability of the surface to which a
smart polymer is grafted, or as dramatic shrinking/swelling of a hydrogel”. Figure 1.2 gives
elementary physical and chemical environmental stimuli that might cause volume phase
transition of these smart hydrogels.

Temperature

Electric
field

Magnetic
field

lonic
strength

Ultrasonic
radiation

Metabolic
chemicals

Oppositely
charged
pelymer

radiation

Mechanical
stress

Figure 1.2. Environmental stimuli inducing changes in swelling behavior of stimuli-sensitive
hydrogels (adapted from [36])

In 1968, it was predicted that the net repulsion between a polymer network and a poor
solvent (intramolecular condensation) can cause a phase transition and a change in the
swelling degree [37]. Ten years later, Tanaka observed and explained the collapse of polymer
network in polyacrylamide gels [38]. The existence of a critical endpoint when the segment
length of the polymer reaches a certain value was confirmed theoretically and
experimentally. From this discovery of “volume phase transition” phenomena further on,
hydrogels took the important role in research of functional materials. Sensitivity of “smart”
polymers which form hydrogels determines the sensitivity of the whole network.
Temperature, pH, and electric field (signal) are probably the most exploited stimuli for
control of swelling behavior of smart hydrogels. Table I.2 displays several representative
polymers that respond to these three types of stimuli, and are able to form stimuli-sensitive
hydrogels.
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Table I.2. Examples of stimuli-sensitive polymers constituting smart hydrogels [39-45]

Electric signal-sensitive

Thermosensitive polymers H-sensitive polymers
Poly P Poly polymers

Poly(2-acrylamido-2-
Poly(N-isopropylacrylamide)  Poly(acrylic acid) methylpropane sulfonic acid-co-
n-butylmethacrylate)

Poly(acrylamide-co-butyl
methacrylate)

Poly(2-acrylamido-2-

Poly(methacrylic acid) methylpropanesulfonic acid)

Poly(N, N-diethylacrylamide) Poly(dimethylaminoethyl Poly(acrylamide-grafted-

methacrylate) xanthan gum)
Poly(ethylene OXId.e) \ P.OIV(N'N B Poly(acrylic acid)/poly
poly(propylene oxide) block  diethylaminoethyl . L
vinylsulfonic acid
copolymers methacrylate)
Poly(ethylene glycol)-

Poly(vinylacetaldiethyla

poly(lactic-co-glycolic acid)- minoacetate)

poly(ethylene glycol)

Poly(vinyl alcohol)

Xyloglucan Chitosan Agarose

Tanaka et al. showed that ionization of the polymer network plays an essential role in the
volume phase transition of hydrogels [46]. This was demonstrated with the aid of Flory-
Huggins theory, i.e. formula for the osmotic pressure of an ionic hydrogel [33]. Stimuli-
sensitive hydrogels sense a stimulus as a signal and show volume change which may occur
continuously over a range of stimulus level or discontinuously at a critical stimulus level. This
depends on a design of the hydrogel matrices [24, 47]. Stimuli-sensitive hydrogels are able to
sense an external stimulus, evaluate it and take an action. In other words, they possess
sensor, processor and actuator functions [48].

1.1.5 Thermosensitive hydrogels

Stimuli-sensitive hydrogels represent a class of hydrogels that exhibit considerable changes
in their swelling behavior, and hence, network structure, permeability or mechanical
strength, in response to slight changes in their environment. Among them, thermosensitive
hydrogels have found the broadest application, due to the fact that temperature is an
operational parameter that can be easily controlled. In addition, this type of hydrogels does
not require any chemical stimulus beside temperature to respond.

The volume phase transition of thermosensitive hydrogels is known to result from the
interactions between the thermosensitive polymer chains in hydrogel network and solvent
molecules at shrunken and at swollen states. Thermosensitive polymers exhibit a critical
solution temperature (CST), behavior where phase separation is induced by surpassing a
certain temperature. Lower critical solution temperature (LCST) is characteristic for polymers
that become insoluble in a solvent as the temperature rises above the critical value. On the
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other hand, thermosensitive polymers that undergo the phase transition with decrease in
temperature possess upper critical solution temperature (UCST). Analogous to the CST of
thermosensitive polymers, thermosensitive hydrogels are characterized by the volume
phase transition temperature (VPTT).

Depending on the type of polymer(s) constituting the hydrogel, response of thermosensitive
hydrogels to temperature changes can be positive (corresponding to swelling process with
increase in temperature), negative (corresponding to shrinking process with increase in
temperature), and reversible (that swell and then shrink with rise in temperature).
Accordingly, the thermosensitive hydrogels can be classified into three categories:

1. thermo-shrinking type of hydrogel (temperature-positive response) (Figure 1.3),

2. thermo-swelling type of hydrogel (temperature-negative response), and

3. “convexo” type of hydrogel (shrinking-swelling-shrinking behavior with temperature

decrease [49].

ESveag

T<VPTT T>VPTT

Figure 1.3. General structure of thermo-shrinking type of hydrogel before and after the
volume phase transition

Thermo-shrinking type of hydrogel is made of polymer chains with moderately hydrophobic
groups or contains a mixture of hydrophilic and hydrophobic segments. At lower
temperatures, hydrogen bonding between hydrophilic segments of the polymer chain and
water molecules dominates. As the temperature rises, hydrophobic interactions among
hydrophobic segments become strengthened while hydrogen bonding becomes weaker. The
net result is shrinking of the hydrogels due to inter-polymer chain association through
hydrophobic interactions [39]. So called hydrophobic effect represents the phenomenon of
the entropy increase due to water—water associations, which are the governing interactions
in the system and results in volume phase transition of the hydrogel at high temperatures
[40]. In addition, the phenomena of thermo-shrinking type phase transition can be explained
through the hydrophobic hydration and hydrophobic interactions that take place when
hydrophobic solutes are introduced in water [50]. During the hydrophobic hydration, which
is exothermic and entropically unstable process, the water molecules concentrate around
the hydrophobic solutes. A rise in temperature causes the reduction in the total number of
water molecules structured around the hydrophobic solutes and thus promotes the
hydrophobic interaction. Since hydrophobic interaction is endothermic and entropically
stable, it is favored by temperature increase [51].

Thermo-shrinking type of hydrogel is, in comparison with the thermo-swelling type of
hydrogel, more interesting for the drug release application. This is because in thermo-

12
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swelling systems a drug loading needs to be performed at relatively high temperature, which
may damage some unstable drug molecules and change the drug formulation.

1.2 Poly(N-isopropylacrylamide)-based hydrogels

1.2.1 Properties of linear polymer

Poly(N-isopropylacrylamide) (PNIPAAm) belongs to the group of “smart” or “intelligent”
polymers because it responds to temperature changes by exhibiting phase separation.
PNIPAAmM is soluble in a solvent at low temperatures, but becomes insoluble as the
temperature rises above the critical value [52]. This temperature is known as the lower
critical solution temperature (LCST), but it is also called precipitation threshold since it
represents the extreme temperature at which the phase separation can occur at all [53]. It
corresponds to the minimum in the “temperature—composition” phase diagram (Figure 1.4).
The first thermally sensitive acrylamide derivative polymers have been reported by Heskins
et al. through the elaboration of PNIPAAmM synthesis via radical polymerization method [54].

© two phases
g
>S5
)
o
(]
[oX
S
(]
|_
LCST
one phase
1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Weight fraction of solute

Figure 1.4. “Temperature—composition” phase diagram of a system with thermosensitive
polymer having LCST (adapted from [52])

1.2.2 Phase separation in PNIPAAm solutions

An aqueous solution of pure PNIPAAm exhibits the phase separation upon heating above
31°C [55], usually around 32°C [56]. Dynamic and static light scattering measurements of
diluted PNIPAAm solution indicated that specific dimensional change of the polymer chains
corresponds to coil-to-globule transition, when the temperature of the solution reaches a
critical value [57]. When examining the thermosensitivity of PNIPAAm, its structure should

13
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be firstly considered. The phase separation of PNIPAAm can be explained as a result of the
breakdown of the delicate hydrophilic/hydrophobic balance within a polymer network, due
to the presence of both hydrophilic amide groups and hydrophobic isopropyl groups in its
side chains (Figure 1.5) [58].

o

Figure 1.5. Poly(N-isopropylacrylamide) structure with highlighted hydrophilic/hydrophobic
groups

There are various opinions on whether “hydrophobic effect” [59] and/or “hydrogen bonds”
[60] are major determinants of the coil-to-globule transition in PNIPAAm solution. Certain
authors attribute the chain collapse to changes in both hydrogen bonding and hydrophobic
interactions phenomena [61, 62]. They argue that hydrogen bonds formed around the
polymer coil between the water molecules and the N-H and C=0 groups break when the
temperature of solution of a linear PNIPAAm chains is approaching the phase separation
temperature. This phenomenon induces the collapse of the polymer molecules from
hydrated random coils configuration into packed hydrophobic globules. Isopropyl groups of
PNIPAAmM are distributed on the surface of newly formed globular particles and thus
hydrophobic interactions among them occur [57]. As a result of this phenomenon and
weakening and breakage of hydrogen bonds, the aggregation of individual chain molecules
and the subsequent precipitation of the polymer out of solution take place [53].

More than 20 years ago Fujishige et al. were tracing the phase separation of 1 wt %
PNIPAAmM solution [57]. Their results indicated that the phase separation of linear PNIPAAmM
is sensitive, reversible, and reproducible to the thermal stimulation. Apart from these
properties, PNIPAAm is widely used in an array of fields also because of its LCST, which is
close to human body temperature [27, 63]. This convenient LCST gives advantage to
PNIPAAmM in comparison with other thermosensitive polymers particularly in the controlled
drug delivery applications (Table 1.3).

Applications of linear PNIPAAm in biotechnology and biomedicine are of great importance.
PNIPAAm-grafted dishes for cell culturing are convenient for stimulation of cell adhesion and
detachment through temperature changes [64, 65]. PNIPAAm aids cell adherence above its
LCST, whereas below this temperature it binds water thus pushing the cells away. This fully
reversible phase-transition behavior of PNIPAAm has been utilized by conjugating it, for
instance, to protein kinase A, which responds to an intracellular signal [66], or to enzyme
trypsine [67]. Generally, PNIPAAm homopolymer is rarely used due to the simple structure,
and quite frequently its monomer NIPAAm is copolymerized to give systems with higher
functionality and required properties [68]. In addition, NIPAAm monomer can be grafted
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onto the polymer substrates by electron beam, irradiation or UV-initiated graft
polymerization to achieve special modification of the polymer surfaces intended for
pervaporation of liquid mixtures or separation membranes [64].

Table I.3. List of thermosensitive polymers with different LCST

Thermosensitive polymer LCST, °C  Literature source
Poly(N-ethylacrylamide) 73 [69]
Poly(2-ethyl-2-oxazoline) 65 [70]
Poly(N-ethylmethacrylamide) 50,58 [71],[72]
Poly(N-acryloylpyrrolidine) 56 [71]
Hydroxypropyl cellulose 41 [73]

Poly(methyl vinyl ether) 34 [74]
Poly(N-isopropylacrylamide) 32 [56]
Poly(N-vinylcaprolactam) 26 [73]

Poly (N-acryloyl piperidine) 5.5 [71]

1.2.3 Properties of PNIPAAm-based hydrogels

When PNIPAAm is crosslinked or is combined in linear form with other crosslinked polymers,
it gives thermosensitive hydrogel of thermo-shrinking type. Hydrogels based on PNIPAAmM
respond to temperature changes by shrinking/swelling and possess a volume phase
transition temperature (VPTT). The temperature-induced collapse transition of the hydrogels
is analogous to the phase separation of polymer solutions with a LCST [61]. In other words,
the volume phase transition of hydrogels is a macroscopic manifestation of the coil-to-
globule transition of individual linear chains [75]. Hydrogels based on PNIPAAm shrink with
increase in temperature above their VPTT and swell below it, due to phenomena previously
explained in general for thermo-shrinking type of hydrogels (section 1.1.5 of this chapter). In
simple terms, hydrogel swells to the limit of its crosslinks below VPTT, and collapses above
VPTT to form a dense polymer-rich phase. The kinetics of hydrogel swelling and collapse are
determined mostly by the rate of water diffusion in the hydrogel, but also by the heat
transfer rate to the hydrogel [76].

In spite of the widespread opinion that PNIPAAm hydrogels are hydrophobic in water above
their VPTT [77, 78], recent indications deny this characterization [79]. Measurements of the
contact angle on PNIPAAm hydrogel immersed in water gave values of around zero, below
and above VPTT as well. However, the surface of the same hydrogels appeared to be
hydrophobic above the VPTT, when in contact with air, out of an aqueous environment. This
is reasonable result since the PNIPAAm surface rearranges depending on the energy of the
opposing phase both below and above VPTT. The isopropyl groups concentrate near air and
other hydrophobic phases, whereas PNIPAAm presents hydrophilic domains to water (Figure
1.6).
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Figure I.6. Advancing contact angles on PNIPAAm hydrogels are high whereas receding
angles are ~0 [79]

VPTT of PNIPAAm hydrogels is reported to be in the range 31-35°C [56, 64]. This critical
temperature can be varied by changing chemical structure on incorporating components of
different hydrophilicity/hydrophobicity [68, 80, 81]. Enhancing hydrophilic character could
strengthen hydrogen bonds in the final network and thus cause an increase in VPTT, since
higher energy is needed for their breakage. As opposed to this, addition of more
hydrophobic components to can give PNIPAAm-based hydrogels that exhibit volume phase
transition at lower temperatures in comparison with the pure PNIPAAm hydrogels. Also,
changes of hydrophilic/hydrophobic balance in these hydrogels have an impact on their
swelling abilities [47].

What is also interesting in PNIPAAm hydrogel is its response to a pressure increase. It is
experimentally verified that this hydrogel swells more as pressure increases (at a constant
temperature), as a result of minimizing the free energy of the hydrogel-water system by
increasing the hydrogel-water interactions [82]. Higher pressures reduce the overall free
volume of the system, increasing the mixing of the solvent and polymer, which allows an
expanded hydrogel phase to exist at higher pressures [76].

PNIPAAmM-based hydrogels have found broad application in biomedicine and biotechnology.
They play important role in cell-sheet engineering, as micro-sized valves in the flow control
[48], in separation processes [76], as sensors [24, 83], controlled drug release [84-86], etc.
Application of PNIPAAm-based hydrogels is limited because of their poor mechanical
properties [10, 48]. These disadvantages can be overcome by applying various approaches
[9], among which the formation of interpenetrating polymer networks (IPNs) with different
components appeared to be efficient [10, 87, 88].

1.3 Calcium alginate

Calcium alginate (CA) represents a physical “ionotropic” hydrogel that has been widely used
in immobilization of physiologically active agents and drug release applications [89-91]. The
reasons for this are primarily its biocompatibility and particularly mild conditions of
preparation. The preparation procedures do not require the use of solvents that may
influence the activity of protein. CA is generally formed by ionic crosslinking of sodium
alginate in the presence of two-valent calcium ions.
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1.3.1 Alginate

Alginate (algin, alginic acid) is a linear polysaccharide present in the cell walls of brown algae.
It is commercially available as sodium salt — sodium alginate (SA). It appears as
biodegradable copolymer linear copolymer of (1-4)-linked B-D-mannuronate (M) and its C-5
epimer a-L-guluronate (G) residues, covalently linked together in different sequences or
blocks (Figure 1.7). The orientation of the carboxyl group on the C-5 carbon of the pyranose
ring is above the plane of the ring in the M unit and below the plane in the G unit.

H oNa+

Figure I.7. Structural unit of alginate chain

Alginates® may be organized as homopolymeric G blocks, homopolymeric M blocks, and
heteropolymeric GM blocks [92]. Also, the combinations of all these structures may be
present in a single alginate molecule. Due to the fact that alginates do not have any regular
repeating unit, they may form many different three-dimensional structures.

Alginates in the form of sodium, calcium, potassium and ammonium salts are abundantly
used in food industry, usually as additives for viscosifying, stabilizing, emulsifying, and gelling
aqueous solution [93]. In addition to food industry, alginates are applied in pharmaceutical
formulations [94], in stomatology [94], water treatment [95], textile and paper industry [96],
etc.

1.3.2 Mechanism of formation of calcium alginate

One of the most important physical features of alginates is their ion-binding ability, which is
the basis for their gelling properties. Affinity of alginates toward earth alkaline metal ions
increases in the order Mg2+<<Ca2+<Sr2+<Ba2+. It was found that the selectivity for alkaline
earth metals and transition elements increased considerably with increasing content of a-L-
guluronate residues in the chains, whereas M blocks and alternating blocks were almost
without selectivity [92, 93]. This difference in affinity towards different ions indicated that
the ion-binding is influenced by some kind of chelation apart from nonspecific electrostatic
binding only. This property was explained by the so-called “egg-box” model based on the
linkage conformations of the guluronate residues [97]. According to the “egg-box” model,
calcium ions first bind only to G residues, until saturation is achieved, or rather, until all
places on G residues available for bonding are filled. Afterwards, by further adding of

! Term “alginate” is used for denotation of alginate salts, mainly sodium alginate, in addition
to its primary reference for alginic acid.
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calcium ions, M units start to bind them as well [97]. G blocks chelate Ca** ions in an egg-
box-like structure which results in stronger gels, whereas M-rich alginates bind Ca** ions less
strongly and thus form more flexible gels (13) [98]. G blocks are dominantly responsible for
ion-binding ability of alginates, since they form a “buckled” chain conformation that binds
Ca®* ions [92]. In other words, when two or more polyuronate chains interlink, they create
cavities (as those in the “egg-box”) for disposal of Ca** ions, which is able to fit into these
structures (Figure 1.8).

NP\ VAVAVANV AN
R COOOCS

Figure 1.8. Simplified scheme of placing calcium ions into G-blocks of alginate according to
“egg-box” model (adapted from [97])

Nuclear magnetic resonance studies [99] of lanthanide complexes of related compounds
suggested a possible binding site for Ca** ions in a single alginate chain as shown in Figure 1.9
[99, 100].

Figure 1.9. Formation of the calcium alginate structure according to the “egg-box” model

The simple “egg-box” model of CA structure from 1973 is still regarded as principally correct.
It contributes to the understanding of the characteristic chelate-type ion binding properties
of alginates [93]. The model can be extended to be three-dimensional. The structure of the
guluronate chains gives distances between carboxylate and hydroxyl groups which allow a
high degree of coordination of the calcium [96]. Process of CA formation (i.e. process of
gelling) from sodium alginate (AlgoNa) could be simply presented through the following
monovalent—divalent ion-exchange equilibrium:

AlgoNa + Ca** <> Alg,Ca + 2Na* (1.1)
1.3.3 Properties of calcium alginate
Properties of CA are function of the number and strength of the crosslinks and on the

stiffness and length of the chains between these junction points. According to what was
previously stated, alginate hydrogels that are formed from polymer rich in G residues will
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feature enhanced mechanical rigidity, i.e. improved ionic binding is characteristic of
alginates rich in G residues [101]. On the contrary, those originating from M-rich polymer
will be characterized by softness and elasticity [102]. Alginates from different seaweeds can
have differing ratios of mannuronic acid to guluronic acid in their structures and different
proportions of M, G and MG blocks. Apart from the source (algal species) of the alginate, the
mechanical strength of CA depends also on the concentration of alginate, its degree of
polymerization and the calcium concentration [96].

The greatest popularity of Ca** as divalent ion for gel formation lies in low price of its salts,
their availability and non-toxicity [96]. The structure of CA based on ionic bonds can be heat-
treated without melting [103].CA is stable in the range of temperatures from 0 to 100°C [96].
However, this hydrogel could be_destabilized in the solution with high concentration of
sodium, potassium, magnesium ions or in the presence of phosphate, citrate, and lactate
ions that have high affinity for calcium ions [104]. Alginates form strong complexes with
chitosan, polypeptides such as poly-L-lysin, and synthetic polymers such as polyethylamine.
These cationic complexes make hydrogels stable even in the presence of calcium chelators
[105].

Another important characteristic of CA (and other alginate hydrogels) is their pH-sensitivity.
CA network contains polymer chains composed of guluronate and mannuronate residues
that bear carboxylate groups. Values of pK, for mannuronic and guluronic acid monomers
are reported as 3.38 and 3.65, respectively [106]. At a pH below the pK, of the G/M residues,
carboxylic groups are in nonionic, protonated form. Upon immersion of the hydrogel in
media with higher pH, the carboxylic groups are ionized. Under these conditions, the
electrostatic repulsion between anionic groups within the hydrogel causes it to swell. If the
swollen hydrogel is then placed in an acidic environment, it will collapse because of the
protonation of ionic groups. Hence, the volume changes of the hydrogel are most often due
to changes in the ionic charge within the hydrogel. This ability of CA is of great significance in
studies of controlled drug release via oral route during which a drug-loaded hydrogel comes
in contact with media of different pH [90, 107]. However, in transdermal delivery of a drug,
this property of CA is not of great relevance, and hence it was not studied during the
realization of this thesis.

The most popular forms of CA hydrogels are beads of both macro and micro sizes, due to
their high specific surface area and large inner volumes [108]. Extrusion-dripping methods
are the most exploited in the production of CA beads and are based on extrusion of the
solution of sodium alginate into solution of divalent salt (usually calcium chloride, CaCl,)
[109-111]. Apart from this, CA beads could be formed by dripping CaCl, into SA solution to
form the inner side of the membrane, and then dipping the partially gelled capsules in a
CaCl, solution to finish the gelation from outside [108, 112]. Acceleration of the beads
formation and significant decrease of the droplets size in comparison with simple dripping
method may be achieved by applying electrical potential to polymer solutions passing
through a needle [113, 114]. Spray technique known as electrostatic extrusion or
electrostatic droplet generation has been used for the formation of micro-sized CA beads
[115-120].
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CA has been applied in immobilization of enzymes and living cells [121, 122]. By
immobilization of biocatalysts in these hydrogels, the production time is shortened, costs of
production are reduced, and continuality of the system is achieved. Hence, CA hydrogels are
present in different sectors such as food industry, pharmaceutical industry, or medicine [92,
123]. One of the main advantages of alginate hydrogels is the fact that it they are made of
natural polymer, which boost its use as a scaffold material as well [124]. CA hydrogels have
been widely used as drug carriers primarily due to their biocompatibility, good
morphological and mechanical properties [19].

1.4 Interpenetrating polymer networks

1.4.1 Definition and properties

A group of multicomponent polymeric materials encompasses polymer blends, composites,
or combinations of both [125]. Several structures can be classified under polymer blends,
defined as any finely divided combinations of two or more polymers: the block, graft, star,
starblock, and AB-cross-linked copolymers (conterminously grafted copolymers), and
interpenetrating polymer networks (IPNs). In addition, there is a class of polymer blends
characterized by the absence of chemical bonding between the various polymers making up
the blend [125].

The importance of interpenetrating polymer networks (IPNs) lies in the unique possibility to
combine cross-linked polymers. According to IUPAC, an IPN is a polymer comprising two or
more networks which are at least partially interlaced on a molecular scale but not covalently
bonded to each other and cannot be separated unless chemical bonds are broken [126].
Classification of IPNS “by chemistry” includes two types:
a) sequential (the second network is formed after completion of polymerization of the
first monomer), and
b) simultaneous (the networks are created at the same time during two independent
reactions) [127].

a)

Figure 1.10. Scheme of semi-IPN (a) and full-IPN (b) structures
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IPNs can be formed either in the presence of a crosslinker to produce a fully interpenetrating
polymer network (full-IPN) or in the absence of a crosslinking mechanism to generate a
network of embedded linear polymers entrapped within the original hydrogel (semi-IPN)
[128], as schematically displayed in Figure 1.10. Beside these two structures, there are homo-
IPNs (as a subgroup of full-IPNs, where the same polymer is used in both networks), latex
IPNs (formed by emulsion polymerization), and thermoplastic IPNs (which are moldable and
made of at least one block copolymer) [127].

A strong reason for the application of IPNs is also the absence of phase separation. When an
IPN hydrogel is physically formed from two polymers at a given temperature, a physical
phase separation between two polymers would be almost impossible because of the infinite
zero viscosity of the gel. IPN hydrogels may have more favorable mechanical properties due
to the physical entanglements as compared with individual crosslinked networks [129]. The
main advantage of IPNs comparing to conventional hydrogels lies in the fact that stiffer and
tougher hydrogel matrices could be produced, with more widely controllable physical
properties, and more efficient drug loading [128].

1.4.2 IPN hydrogels based on PNIPAAm

Up to date, many different components were combined with PNIPAAm to form semi- or full-
IPN hydrogels [9, 130, 131]. The preparation of IPN hydrogels based on PNIPAAm has been
conducted with different aims: increasing the response rate to temperature, enhancing the
water uptake capabilities, improving the mechanical properties, adjusting the VPTT, etc.

1.4.2.1 Miscellaneous IPN hydrogels

Very interesting work is reported by Zhang et al. who synthesized IPN hydrogels from two
PNIPAAM networks in order to overcome the drawbacks of a normal PNIPAAm hydrogel
[10]. Due to the incorporation of the second network component, the mechanical properties
of these IPNs (with unchanged VPTT) were significantly improved with regard to
conventional hydrogel. In addition, it was demonstrated that the initial burst and
subsequent sustained release rates from the IPN PNIPAAm hydrogels could be successfully
slowed down when comparing to the corresponding normal PNIPAAm hydrogels. This was
explained by the higher mass per unit volume, more intermolecular interactions, and the
slower release of bovine serum albumin (BSA) release at 37°C than at 22°C by contracting of
PNIPAAmM structure due to the volume phase transition.

Guilherme et al. investigated the water uptake and permeability properties of
thermosensitive membranes from poly(acrylamide) (PAAm) networks with entangled
PNIPAAmM chains [131, 132]. They concluded that the presence of PNIPAAm not only
increases the concentration of polymer chains compared to PAAm hydrogels but also
decreases the average mesh size, resulting in a reduction of the Orange Il dye permeability.
However, the greater shrinking of PNIPAAm in PAAmM/PNIPAAmM hydrogels is avoided in the
presence of PAAm network. Depending on the hydrophilicity/hydrophobicity of permeating
molecules across the hydrogel membrane, the solubility of the permeant could be higher or
smaller and controllable by temperature changes.
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1.4.2.2 IPN hydrogels with alginate

An early study referring to combination of PNIPAAm and alginate to design thermosensitive
hydrogels was based on preparation of semi-IPN structures [133]. These hydrogels were
composed of linear PNIPAAm chains and CA as a crosslinked component. The researchers
investigated the permeability of Orange Il dye through the prepared thermosensitive
hydrogel membranes at different temperatures. It was proposed that above the VPTT of
hydrogels the CA networks mechanically support the collapsed PNIPAAm chains, but the
system became more hydrophobic and the permeability of orange Il is minimized.

The IPN hydrogels based on full-IPNs of CA and PNIPAAm intended for use as scaffolds for
adherent cells growth and detachment (and as separation membranes) were prepared by
Guilherme et al. [134]. This work was one of the first dealing with formation of CA network
inside PNIPAAm network by reaction of SA with Ca®* ions. The full-IPN hydrogels developed
in this work showed decrease in pore sizes at temperature above their VPTT, causing the
slower diffusion of the Orange Il dye through the hydrogel membrane. The same authors
reported the full-IPN hydrogels of PNIPAAm and CA that possess better mechanical
properties in comparison with those of individual networks [135]. The combination of CA
with crosslinked PNIPAAm results in hydrogel with a more regular structure when compared
to the structure of each of its components (Figure 1.11). Also, the compressive stress of these
full-IPN hydrogels is dependent on the content of CA and PNIPAAm at temperatures below
VPTT, but that at temperatures above VPTT, it depends only on PNIPAAmM network.

Figure 1.11. SEM micrographs of: pure CA (a), PNIPAAm (b), and PNIPAAm/CA IPN hydrogel
(c) (after swelling at 25 °C) [135]

To obtain biocompatible thermosensitive hydrogels that exhibit VPTT close to 37°C and good
gel consistency, Muniz et al. associated crosslinked PNIPAAm with CA to form full-IPN
hydrogel [13]. The heating of the IPN hydrogels up to VPTT region drastically increases the
solubility of hydrophilic Orange Il dye in the polymer networks. Above VPTT, hydrophobic
interactions in hydrogel become dominant and Orange Il interacts more with the
surrounding water molecules rather than the IPN hydrogel. It is shown that the hydrogel
compaction and VPTT values increase with increase in PNIPAAm and CA contents.

Zhang et al. have prepared semi-IPN hydrogels by introducing linear alginate (sodium
alginate, SA) into the crosslinked PNIPAAm hydrogel network with the aim to obtain
hydrogels with high deswelling rates in response to both, pH and temperature changes
[136]. These hydrogels exhibited the porous structure within the hydrogels in the presence
of the ionized SA during the polymerization process of NIPAAm and this phenomenon
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caused higher deswelling rates than pure PNIPAAm hydrogels (Figure 1.12). The hydrogels

developed in this work have potential application as temperature-sensitive actuators and
chemical valves.
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Figure 1.12. Deswelling kinetics of the semi-IPN hydrogels at 45°C (pH 6.8) [136]

With the aim to improve the response rate of PNIPAAm hydrogels to temperature changes,
Hernandez and Mijangos [137] synthesized cylindrically-shaped hydrogels with semi-IPN
structure of alginate and crosslinked PNIPAAm incorporating iron oxide nanoparticles. They
combined these two components due to higher porosity and more homogeneous pore
structure of semi-IPN hydrogels than pure PNIPAAm hydrogel. Obtained hydrogels featured
faster deswelling rate at 37°C and higher porosity than pure PNIPAAm hydrogel. This
qualifies them as efficient systems for hyperthermia treatment of cancer, which consists of
raising the temperature of tumor-loaded tissue to 40-43°C by means of an alternating
magnetic field.

Dumitriu et al. prepared a novel covalently crosslinked PNIPAAm/alginate “mixed-IPN”
hydrogels [138]. Although ionic crosslinking of alginate is the most widely spread procedure
for the formation of alginate hydrogel, covalent crosslinking could be also applied. In this
system, alginate was covalently bonded to PNIPAAm chains through MBAAm units, which
also crosslinked PNIPAAmM chains. The obtained hydrogels showed rapid response to
temperature changes and enhanced swelling capacity with increase in alginate content. This
qualifies them as promising pulsatile drug delivery devices.

Kim et al. synthesized hydrogels composed of thermosensitive PNIPAAm grafted on the
surface or bulk of the macroporous pH-sensitive CA. These hydrogels exhibited fast response
to changes in pH and temperature and showed suitable mechanical strength without
collapsing during repeatable shrinkage and expansion changes, as opposed to conventional
porous hydrogels. Hence, they are qualified as a rapid pH/thermosensitive drug release
system, or as biomimetic actuators in biomedical fields [139].
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I.5 Hydrogels as controlled drug release systems

The main function of systems that release drugs in a controlled manner is maintenance of a
desired blood plasma level of a drug for longer periods, without reaching a toxic level or
dropping below the minimum effective level (Figure 1.13). In addition, control of a drug
release implies prediction and reproducibility of release rates over a longer period of time. It
provides better patient compliance by eliminating frequent drug dosing [127].

A
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Figure 1.13. Drug levels in the blood with controlled-delivery dosing [140]

In spite of rather large number of corresponding pharmaceutical products, there are only
several distinct mechanisms for controlled drug release (Table 1.4). General classification of
controlled release mechanisms encompasses chemical and physical mechanisms. The
chemical mechanisms are based on breakage of covalent bonds between drug molecules
and a release vehicle, such as polymer chains, by either chemical or enzymatic degradation.
Hence, it implies modification of a drug molecule, as opposed to physical mechanism, which
relies on diffusion of drug through polymer matrix, dissolution/degradation of polymer
matrix, osmotic pressure, or use of ion exchange [141]. Hence, physical mechanisms are
predominant in comparison with the chemical ones.
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Table 1.4. Classification of controlled release systems [142]

Type of system Rate controlling mechanism

Diffusion controlled

Reservoir devices Diffusion through membrane

Monolithic devices Diffusion through bulk polymer

Water penetration
controlled

Osmotic transport of water though semipermeable

Osmotic systems
membrane

Swelling systems Water penetration into glassy polymer

Chemically controlled

Either pure polymer erosion (surface erosion) or
combination of erosion and diffusion (bulk erosion)
Combination of hydrolysis of pendant group and diffusion
from bulk polymer

Monolithic systems

Pendant chain systems

Regulated systems

External application of magnetic field or ultrasound to
device

Use of competitive desorption or enzyme-substrate
reaction; rate control is built into device

Magnetic or ultrasound

Chemical

I.5.1 Mechanisms of drug release from hydrogels

Among various biomedical applications of hydrogels [40, 143], drug release systems
represent a particularly interesting target field. The main reason for that is the possibility of
controlling and modifying the drug release profiles [26, 144]. The ability of molecules of
different sizes to diffuse into (drug loading), and out (drug release) of hydrogels, permits
their use in drug release. The most convenient classification of drug release mechanisms,
describing the drug release from hydrogel-based delivery systems, includes four
mechanisms:

e diffusion-controlled,

e chemically-controlled,

e swelling-controlled, and

e modulated release [127].

Since hydrogels feature high permeability for water soluble active substances, the most
common mechanism of drug release from the hydrogel system is diffusion. Actually, ordinary
diffusion takes place in each of these mechanisms to a certain degree. An active agent can
diffuse through the pores in the polymer matrix, or by passing between the polymer chains.
In pure diffusion-controlled release system, there is no change induced in the polymer itself,
i.e. swelling or degradation does not occur. In matrix diffusion-controlled systems the drug
can be either dissolved or dispersed throughout the network of the hydrogels, while
reservoir diffusion-controlled systems drug makes a core that is separated from the external
environment by a polymer membrane [145].

25

© 2012 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011
Chapter | State of the art

Chemically-controlled release is governed by reactions that occur within hydrogel systems.
There are erodible and pendant chain systems referring to this mechanism. In erodible
systems, the drug release rate is controlled by degradation or dissolution of the polymer. In
pendent chain systems, cleavage of polymer chains between the polymer network and a
drug occurs via hydrolytic or enzymatic degradation [145].

Swelling-controlled release is characteristic for the system in which diffusion of a drug is
faster than hydrogel swelling. In general, this mechanism refers to dry hydrogel loaded with
a drug when it comes in contact with water of other biological fluid. The polymer matrix
begins to swell and two phases can be observed, the inner glassy and the swollen rubbery
phase.

Release of a drug from stimuli-sensitive hydrogels belongs can be classified under modulated
drug release. However, certain scientists categorize it in swelling-controlled drug release
systems [146]. Stimuli-sensitive hydrogels possess the ability to change their swelling
behavior as a result of changes in the environment. This directly impacts the diffusion of the
drug out of the matrix, contributing to the control over drug release [27].

Several possible ways of drug release from hydrogel-based drug delivery systems, are given
in Figure 1.14, in the form of more comprehensible, simplified schemes.

a) Drug dissolved in hydrogel d) Drug dissclved in stimuli-sensitive hydrogel

¢) Swallen hydrogel from which drug is released

Figure 1.14. Examples of mechanisms of drug release from hydrogels: diffusion-controlled
(a,b), swelling-controlled (c), modulated release (d) and chemically-controlled (e)(adapted
from [41])
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I.5.2 Parameters influencing drug release from hydrogel

Factors like polymer composition, water content, crosslinking density, and crystallinity, can
be used to control drug release rate and drug release mechanism from hydrogels. The size
and shape of drug molecule, its degree of hydrophilicity/hydrophobicity are also of
importance regarding its permeation through hydrogel matrix [23]. In addition, significant
role in drug permeation have its net charge, groups of the polymer chains making a
hydrogel, as well as the availability of free water molecules to hydrate and dissolve the
solute molecules. Important factors are also the addition of partition enhancers to the
solution, temperature, pH, ionic strength, and possible drying method [4].

The adsorption and diffusion of drug molecules through the hydrogel are the function of the
volume fraction of water in hydrogel. The character of water in hydrogel is of considerable
significance, since it can determine the overall permeation of active substance in and out of
the gel. Primary bound water comprises of the water molecules entering the matrix of a dry
hydrogel which hydrate the most polar, hydrophilic groups. As the polar groups are
hydrated, the network swells, and exposes hydrophobic groups, which also interact with
water molecules, leading to secondary bound water. After the polar and hydrophobic sites
have interacted with bound water molecules, the network will imbibe additional water. The
continued swelling is due to osmotic forces. These forces are in opposition with the elastic
retraction forces of the network (due to the covalent or physical crosslinks) [23]. Thus, the
hydrogel reaches an equilibrium swelling level. The additional swelling is caused by water
that is imbibed after the ionic, polar and hydrophobic groups become saturated with bound
water, and it is called free water or bulk water. This type of water is assumed to fill the space
between the network chains, and/or the centre of larger pores, macropores or voids [4].

The main factors that control the pore volume fraction of hydrogel, the pore sizes and their
interconnections are the compositions of the polymer chains and the crosslinking density.
What is crucial in designing a hydrogel network for controlled release of a drug is matching
the polymer composition and crosslinking density with the particular size and composition of
the drug molecule to be delivered [4]. Two basic approaches for control of drug diffusion out
of the hydrogel are modification of its bulk structure and surface-specific modifications
[128]. If an agent is a sensitive therapeutic drug, hydrogel should be designed in a way to
maintain its integrity. This can be achieved by controlling degree of crosslinking, cristallinity,
or complexation [34].

In spite of many advantageous properties, hydrogels have several limitations. The low tensile
strength of many hydrogels limits their use in certain applications and can result in the
premature dissolution or rupture of the hydrogels in the targeted local site. Also, the
guantity and homogeneity of drug loaded into hydrogels may be limited, particularly in the
case of hydrophobic drugs. The high water content and large pore sizes of most hydrogels
often result in relatively rapid drug release, over a few hours to a few days. The ease of
application can also be problematic [128].

However, design of adequate hydrogel matrices for drug loading and release demands
modification of properties that are often inversely coupled. Swelling capacity, mechanical
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properties, regular porous structure and rate of response to temperature changes could be
regarded as the most important parameters in engineering of thermosensitive hydrogels.

I.5.3 Transdermal drug delivery

Benefits of transdermal route in drug delivery encompass the easiness of interruption of
drug delivery by simply removing the transdermal device, and avoidance of undesired early
drug metabolism. Furthermore, the blood level peaks and troughs produced by oral dosage
forms are in this way eliminated.

The major limitation of transdermal drug delivery is the intrinsic barrier property of the skin.
Many drugs have difficulties in permeation through human skin. There are chemicals that
have ability to improve diffusion through the skin, through different mechanisms. Some of
these excipients are: ethanol, isopropyl palmitate, lauryl alcohol, glyceryl monolaurate, oleic
acid, propylene glycol, etc [147]. Many of these compounds are regularly used in
transdermal devices such as those given in Table I.5. Also, supersaturation of a drug can
improve the flux though the skin. Efficient physical method for increasing the skin
permeation is iontophoresis (low voltage electrical current drives charged drugs through the
skin), electroporation (short electrical pulses of high voltage create transient aqueous pores
in the skin) and sonophoresis (low frequency ultrasonic energy disrupts the stratum
corneum) [147].

Table I.5. Examples of transdermal patches [147, 148]

Active agent Brand name
Fentanyl Duragesic®
Nitrodisc®
Nitroglycerin Nitrol®
NTS®
Estraderm®
Estradiol Climara®
Vivelle®

Testosterone Androderm?®

Scopolamine Transderm-Scop®
Clonidine CatapresTTS®
Nicotine Nicotrol®, Nicoderm CQ®

Apart from their ability to easily penetrate the skin barrier, certain classes of drugs are not
appropriate for transdermal applications due to other properties as well. This primarily
refers to chemotherapeutic and cytotoxic agents, drugs with doses greater than 50 mg,
drugs that are unstable in acid pH, and drugs with narrow therapeutic margins. Drug
candidates for transdermal delivery should have molecular weight around 200 to 500 Da
according to Doh et al. [149].
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Hydrogel-based drug delivery devices can be used for oral, rectal, ocular, transdermal and
subcutaneous application [145]. Advantage of using hydrogels in transdermal delivery lies in
their relative deformability that enables them to conform to the surface they are applied to
[128]. Furthermore, swollen hydrogels can provide better feeling for the skin in comparison
with conventional ointments and patches, due to their high water content. Some of
hydrogel-based systems intended for transdermal delivery of various physiologically active
agents are given in Table I.6. It is important to emphasize conspicuous role of formulations
based on hydrogels for use in occlusive enhancement of topical therapies of psoriasis [150].

Table I.6. Hydrogel-based transdermal delivery systems

Hydrogel-forming polymers Active agent Source
Poly(2-hydroxyethyl methacrylate) Nitroglycerin [151]
Copolymer of bovine serum albumin Theophylline, acetaminophen, [152]
and poly(ethylene glycol) cortisone, etc.
Block copolymers of lactic acid Urokinase, tissue plasminogen [153]
oligomers and polyethylene glycol activator
- releasi

Polyacrylamide Gonadotropin releasing [154]

hormone

i I I

Sodium polyacrylate and Triclosan [155]

carboxymethylcellulose

I.5.4 Local anesthetics

A pharmacologically active substance that could be delivered through the skin may belong to
the group of therapeutic drugs, vaccines, or cosmetic substances. Local anesthetics (LAs)
belong to the class of pharmacologically active compounds used to eliminate pain.

Principle of LA action is based on cutting the signal of nerve impulses in nerve cell
membranes through the shutting of voltage-gated Na* channels. Clinical LAs belong to one of
the two classes: amino esters (Figure 1.15-a) and amino amide (Figure 1.15-b). Ester-based
LAs are hydrolyzed and inactivated by plasma esterase, primarily plasma cholinesterase.
Amide-based LAs are degraded by hepatic endoplasmic reticulum, leading to a slower
removal from the body and higher concentration in the plasma [156].

a) (@] b) |'|‘|
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Figure 1.15. General chemical structures of LAs amino ester (a) and amino amide (b)

The use of LA could be limited by relatively short therapeutic action and systemic toxicity
related to high drug plasma concentration as a result of fast systemic uptake [156].
Improvement of regional administration of LAs could be achieved by incorporating them into
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an adequate carrier. Thus, control of drug release rate could be achieved. With the aim to
control delivery of LAs and thus ensure their prolonged effect and reduced toxicity, the
encapsulation of the LA molecules is required. Many LAs are delivered by oral or injection
route, and hence the studies referring to controlled release (delivery) of LA are in general
referring to nanoscale systems [156-158]. It is important to note that hydrogels figure as one
of most popular types of LA drug carriers [156].

1.5.4.1 Procaine hydrochloride

Procaine hydrochloride (procaine HCI) is a synthetic drug that belongs to the therapeutic
family of LAs (Figure 1.16). Its structure of amino ester resembles natural compounds actively
participating in nerve impulse transmission. It is believed that the cationic form of the drug,
which seems to be the active principle, joins the Na* channels on the nerve membrane, thus
blocking the initiation and transmission of nerve impulses [159]. The result of this is a
reversible loss of sensation. Microencapsulation of procaine HCl may reduce undesirable
effects due to its short duration of action causing cardiac and neurological toxicity,
accompanied sometimes by allergic reactions.

0 N
S N
HCl
HaN

Figure 1.16. Structural formula of procaine HCI

Procaine HCI, or 2-diethylaminoethyl p-aminobenzoate hydrochloride, may suffer hydrolysis
in aqueous media. Its cationic form is in equilibrium with its nonionized form, as follows
[160]:

H,N-Ph-COO-(CH,),-NH(CsHs), Cl" <5 H,N-Ph-COO-(CH,),-N(C,Hs), + H'ClT (1.2)

Where K, is the equilibrium constant. A certain study has demonstrated that in aqueous
solution of procaine HCl with the concentration from 0.6x10” M to 11.1x10” M the ester is
not hydrolyzed and the above given equilibrium is almost totally shifted toward the ionized
form of the drug, with a negligible contribution of the nonionized form [159].

Table 1.7 summarizes the main properties of procaine HCI. Instrumental methods such as
spectrophotometry, high-performance liquid chromatography, gas chromatography,
chemiluminescence, fluorometry, ultraviolet-visible spectrophotometry and
electrochemistry, have been used for determining the concentration of procaine HCl in drug
release studies [160].
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Table I.7. Properties of procaine HCI [161]

Molecular formula C13H2oN,0,'HCI
Molecular weight 272.77
Melting point 154-158°C
Water solubility soluble

pK, [160] 9.3

I.5.4.2 Release of procaine hydrochloride from hydrogels

Procaine HCl has been used in the studies of drug release from hydrogels that were mainly
of sub-micron sizes. Tan et al. developed hydrogel-based system aimed at intracorporeal
controlled release of procaine HCl [162]. They synthesized pH-responsive hydrogel
nanobeads consisting of methacrylic acid-ethyl acrylate crosslinked with di-allyl phthalate.
The drug release was higher at nanogels with lower crosslinking density. Furthermore, the
release is promoted at higher pH when nanogels are in swollen state and of high porosity
(Figure 1.17). This study proved that the drug could be released from the carrier in different
regions of the physiological environment.

Low pH
Low pomsuty

Low release

@2 Py

e Cross-inked junction

Figure 1.17. Schematic display of procaine HCl release from pH-responsive nanogel under
different pH [162]

Tan et al. investigated the release of procaine HCl from methacrylic acid-ethyl acrylate
nanogels that were modified using layer by layer (LBL) technique [163]. This technique
makes use of electrostatic attractions between oppositely charged polyelectrolytes (PE) to
construct layers with controllable thickness at nanometer length scale onto planar or curved
surfaces. The examined nanogels were intended for enteral administration and LBL coating
was applied to alleviate the undesirable initial burst release. (LBL coating included
alternating layers of poly(allylamine hydrochloride) (cationic) and poly (sodium 4-
styrenesulfonate) (anionic) polyelectrolytes). The bare nanogels without coating possessed a
hydrodynamic radius of 47 nm, and with the addition of the fifth layer, the radius
approached 56 nm. Nanogels with more PE layers swelled the least, resulting in a
corresponding lower diffusion of procaine HCI.

Thermosensitive bulk hydrogels based on PNIPAAmM and poly(vinylpyrrolidone) (PVP)
intended for oral delivery of procaine HCl were investigated by Greever et al. [146]. These
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hydrogels were prepared by free-radical polymerization using ultraviolet light and had VPTT
near human body temperature (~38°C). Dried samples loaded with procaine HCl at 1 wt %
were employed in drug release studies as a function of temperature. It was observed that
the drug was released at a slower rate at temperatures above VPPT (Figure 1.18). Drug
release is delayed for the period of time required for hydration of the matrices, and since
the hydrophobic interactions become more dominant above VPTT, the rate of water
sorption is considerably slowed and thus the drug release time.
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Figure 1.18. Effect of temperature on the release rate of procaine HCl from chemically
crosslinked PNIPAAm/PVP hydrogels in distilled water [146]

1.5.5 PNIPAAmM-based hydrogels as drug release systems

Pure PNIPAAmM hydrogels in the form of disks of 15 mm in diameter were examined for the
use in pulsatile drug delivery systems using a range of model probe molecules with different
solubility, size and chemical nature [164]. It was demonstrated that the hydrogel swelling
rate was decreased by the presence of hydrophobic drugs and may be increased by the
osmotic influence of hydrophilic drug molecules. The shrinking of hydrogels with increase in
temperature resulted in a drug pulse. Wu et al. reported the study of the interactions
between proteins (bovine serum albumin and insulin) and pure PNIPAAm hydrogels (in the
form of slabs) and their influence on protein loading and release kinetics [165]. The presence
of proteins in hydrogel matrix led to increase in VPTT. The release of proteins above VPTT of
hydrogels the release was retarded due to the formation of skin layer.

Dually responsive PNIPAAm-co-acrylic acid (AA) hydrogel nanobeads with cage-like structure
have been prepared by Gu at al. [166]. They applied SiO, emulsion copolymerization method
resulting in hollow spheres of diameters between 300 to 370 nm at 25°C. The hydrogel
spheres were used for controlled release of hydrophilic drug isoniazid and were aimed for
the oral delivery route. Cavity structure of spheres brought a more profound volume
transition than a solid PNIPAAmM/AA sphere, as well as higher drug loading capacity. Also, the
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drug was encapsulated in both, shell and cavities and its release was governed by
dissociation of the drug-matrix interactions.

One of the methods for synthesis of micro-sized PNIPAAm hydrogels is inverse suspension
polymerization. Certain studies dealing with this system resulted in PNIPAAm microbeads
from around 60 um up to 400 um in diameter, depending on the amount of the crosslinker
in reaction mixture or the addition of comonomer [62, 167]. The characterization of these
microbeads implied their potential use in drug delivery.

A study of drug release from PNIPAAm-based hydrogel microbeads was conducted by
Tasdelen et al.,, who also applied method of inverse suspension polymerization for
microbeads synthesis [168]. The polymerization reactions were performed without addition
of emulsifier and resulting microbeads had diameters in the range from 180 to 250 um.
Lidocaine hydrochloride and viagra were incorporated into the pure PNIPAAm microbeads
(Figure 1.19) and PNIPAAmM microbeads modified with itaconic acid (IA) by irradiation induced
grafting. P(NIPAAmM/IA).

Magn Det Exp F——— 100um 35

200x 3SE 37 pure polymer[PHIPAAM) stay
’ R 7% - ) 7 /

Figure 1.19. ESEM micrograph of pure PNIPAAm microspheres [168]

The P(NIPAAmM/IA) microbeads featured improved drug loading capacity, possessed pH-
sensitivity enabled but kept thermosensitivity that affected the drug release profiles (Figure
1.20). This qualified the modified microbeads for the local therapeutic application of cationic
drugs under controlled pH and temperature conditions.
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Figure 1.20. Release percentage of nonspecific adsorbed lidocaine (LD) and viagra (VG) from
P(NIPAAm/IA) microspheres in phosphate-buffered solution of pH 7.4 at two different
temperatures (20 and 37°C)

1.5.6 PNIPAAmM/CA hydrogels as drug release systems

Temperature-dependent release of bovine serum albumin (BSA) from full-IPN bulk hydrogels
of PNIPAAmM and CA was reported by de Moura et al. [169]. The authors prepared the IPN
hydrogels in the form of 3mm-thick films by free-radical polymerization/crosslinking reaction
of NIPAAm followed by crosslinking of alginate with Ca®* ions. The transport of BSA from
these bulk thermosensitive hydrogel was governed by the diffusion and chain relaxation. The
importance of the chain relaxation in the BSA release increased with the PNIPAAm and/or
alginate content in the hydrogel. The chain relaxation was almost exclusive mechanism of
drug release from the hydrogels at 37°C, above VPTT of PNIPAAmM. The rate of BSA release
from hydrogels was inversely proportional to both amount of PNIPAAm and temperature. In
addition, the full-IPN hydrogels showed improved mechanical properties in comparison with
the pure PNIPAAmM hydrogel.

There are many studies on PNIPAAmM/CA hydrogels in the form of beads above 1 mm in
diameter that will be referred to as macrobeads. The principle of the macrobeads formation
is based on the extrusion-dripping of adequate polymer solution into solution with Ca** ions
where crosslinking of alginate occur.

Shi et al. synthesized hydrogel macrobeads with semi-IPN structure of linear PNIPAAm and
CA and used them for the release studies of indomethacin [170]. The hydrogel macrobeads
were prepared by dispersion of indomethacin and PNIPAAm (previously synthesized) in an
alginate aqueous solution, and subsequent dropping of the mixture into a solution of
calcium salt where gelling occurred. Furthermore, analogous biomineralized macrobeads
were prepared using calcium phosphate associated with alginate/chitosan outer membrane.
In addition to thermosensitivity of synthesized macrobeads, their pH-sensitivity contributed
to the enhanced release of the drug at higher pH as a result of higher swelling ratio, and at
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higher temperature (Figure 1.21), due to the squeezing effect. This study is of interest for
hydrogels application in oral drug delivery.
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Figure 1.21. Temperature-dependent release profiles at pH 7.4 for sample B based on
PNIPAAm/alginate weight ratio 1:6 (a) and sample E based on PNIPAAm/alginate weight

ratio 1:1.3 (b), measured at 25°C (e) and 37°C (&) [170]

An interesting approach in modifying the drug release profiles from semi-IPN hydrogels of
linear PNIPAAm and CA was also proposed by Shi et al. [171]. They prepared drug-loaded
hydrogel macrobeads with biomineralized polysaccharide coating (based on phosphate and
chitosan) using the same principle as in previously described study [170]. It was shown that
the mineralized polysaccharide membrane could prevent the permeability of encapsulated
drug (indomethacin) and reduce the drug-release rate effectively when the temperature was
below VPTT of hydrogels.

A work reported by Kim et al. encompassed study of the preparation of thermosensitive
hydrogel macrobeads from the graft copolymer of alginate and PNIPAAm [19]. The solution
of this copolymer with dissolved model drug (blue dextran) was dropped into calcium
chloride solution and the drug release studies were performed using the prepared hydrogel
macrobeads. A distinctive feature of these macrobeads is higher drug release rate at
temperature above VPTT of the hydrogel in comparison to temperature below it. This is
explained by the presence of PNIPAAmM side chains that act as a thermosensitive valve for
the pores of the macrobeads.

Khorram et al. synthesized hollow hydrogel macrobeads (Figure 1.22) with full-IPN structure
of PNIPAAm and CA [172]. The solution of monomer (NIPAAm), crosslinker (MBAAmM),
catalyst (TEMED) and SA was added to the solution of calcium chloride and initiator (TEMED)
where the polymerization was carried out (in nitrogen atmosphere). The IPN beads were
eventually chelated in EDTA/phosphate solution and dried. The authors studied the
influence of the drug loading method on encapsulation. Prepared macrobeads had a
diameter of around 3 mm in dried state and were used for loading of diltiazem
hydrochloride and acetaminophen. Injection of the drug into the hollow macrobead
enhanced loading efficiency of drug with low aqueous solubility, while no advantage exists
compared to the soaking method for highly soluble drugs.
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Figure 1.22. SEM of hollow beads of chelated PNIPAAm [172]

Novel CA macrocapsules with aqueous core and thermosensitive membrane of PNIPAAmM
were reported by Wang et al. [108]. They employed co-extrusion minifluidic approach, as
presented in Figure 1.23. The outer solution was SA solution blended with previously
prepared and freeze-dried PNIPAAmM nanobeads (using precipitation polymerization). The
core was made of aqueous solutions of poly(ethylene glycol) (PEG) of different molecular
weights and vitamin B12.

Figure 1.23. Schematic illustration of the apparatus and process for preparation of CA
capsules with aqueous core and alginate membrane. Constant flow pump for core solution
(a); constant flow pump for SA solution (b); co-extrusion minifluidic device (c); container of

CaCl, solution (d); container for CA capsule storage (e) [108]

The hydrogel macrocapsules in this work showed retarded release of model drug at
temperature below their VPTT due to the closure of “gates” in CA capsule membranes by
swollen PNIPAAmM nanobeads. The opposite is observed at higher temperature (40°C) (Figure
1.24).
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Figure 1.24. Schematic illustration of the thermo-responsive characteristic of CA capsule with
aqueous core and thermo-responsive membrane [108]

Fabrication of thermosensitive microcapsules (and ultrathin multilayer films) could be also
achieved by layer-by-layer (LBL) assembly of charged polyelectrolytes. Wang et al.
synthesized microcapsules by LBL assembling the PNIPAAm and alginate onto manganese
carbonate and melamine formaldehyde cores, and subsequently removing the templates
[20]. In addition, they examined release profile of recrystallized taxol coated with multilayer
films of PNIPAAm and alginate ((PNIPAAM/ALG);,). The results showed that the drug release
rate is almost equal at 25°C and 37°C (Figure 1.25). This was explained by the fact that
compact structure of PNIPAAm at high temperature (above VPTT) reduced the permeability
of the multilayer films and counteracted the effect of increasing release rate.
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Figure 1.25. Release profile of coated and uncoated recrystallized taxol with multilayer films
of (PNIPAAmM/ALG)12 at 25°C and 37 °C [20]

1.6 Hydrogel-based functional textiles

1.6.1 Smart textiles

The original and main function of textile materials has always been clothing. Clothing items
improve the quality of people’s life, providing them protection and comfort. Recent decades
are marked with a progress in manufacturing of textile materials that feature additional
properties apart from esthetic and decorative. These materials have been known as
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technical textiles [173]. This definition of technical textiles sometimes refers to functional
textiles. One of the increasingly exploited and developing type of textiles, which can be
classified under the technical textiles, are smart textiles. These materials are regarded as
“smart” because they are capable of sensing changes in environmental conditions or body
functions and responding to these changes [174].

Major medical applications of smart textiles encompass textile sensors for different
monitoring purposes and transdermal drug delivery systems [175]. The latter application
implies added biofunctionality to these special types of textile materials. The use of textile
materials to support and release a drug is ancient, as found for example in the application of
an ointment to a fabric for covering a wound [174]. However, design of textile-based
transdermal drug delivery vehicles is a complex process. It implies fulfilment of requests
such as concerning optimal release properties and bioavailability of the drug [175]. As
discussed in the section 1.5.3, transdermal drug delivery has multiple advantages over the
other routes.

Development of textiles based on stimuli-sensitive linear polymers or stimuli-sensitive
hydrogels belongs to the field of smart textiles. Application of thermosensitive hydrogels and
other types of smart hydrogels onto textile substrates has been increasingly exploited in last
two decades, which is testified through several reviews [176-178]. Among the ultimate aims
of extensively growing interest in this area is development of efficient and controllable drug
release systems, whether in tissue engineering, as degradable implants, or in transdermal
delivery, which encompass an array of potentially promising medical applications.

Environmentally friendly activation of textile materials enhances adhesion capabilities and
binding efficiency toward hydrogel formulations [176]. Plasma treatment generates different
plasma constituents like electrons, ions, free radicals, meta-stables and UV photons that
contributed the introduction of reactive groups and free radicals onto the surface [179].
Thus, interactions with polymer solutions or hydrogels are improved usually though
hydrogen bonds, Van der Waals forces or dipolar interactions [180].

Taking into consideration a contact of the “intelligent”, hydrogel-based textile system with a
skin, a cotton fabric appeared to be good choice, due to its unique physical and aesthetic
properties combined with its natural origin and biodegradability. Knitted cloths have high
porosity (among textile materials), providing high capacity of a medicine (in the case of
medical bandages) [181] and better substrate for application of various polymeric materials,
such as hydrogels. On the other hand, nonwovens are particularly popular in the production
of medical and surgical textiles. The reasons for this are properties of nonwovens such as
high porosity, short production cycles, higher flexibility and versatility, and lower production
costs [173].

1.6.2 PNIPAAm-based functional textiles
Adding thermosensitivity to textile materials could be done achieved using polymer

solutions having this property. The aims of developing thermosensitive textiles could be
various, from achieving better thermal isolation necessary for divers [182], over wound
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management [183] to the drug delivery [155]. Among these, controlled drug release systems
are one of the most intriguing and demanding to design.

Applications of linear PNIPAAm on textile materials are far more studied than applications of
PNIPAAm-based hydrogels. One of the most common methods of hydrogel attachment to
the textile substrate surface is coating [178]. In a considerable number of studies dealing
with the application of linear PNIPAAmM to textiles, researchers mainly focused on grafting
reactions. For instance, cotton cellulose fabric was used as a textile substrate for grafting of
linear PNIPAAm by Jiangin et al [184]. They used pre-irradiation process in air by ®Co-y ray,
followed by immersion of the treated fabric in a grafting solution (aqueous NIPAAmM
solution). The main active particles initiating reaction were the trapped radicals located in
the interphase between the crystal and amorphous regions of cotton cellulose. Measured
LCST was 35.4°C that is close to that of pure PNIPAAm. Research group of Gupta et al. [185]
applied a similar principle of preparation to obtain thermosensitive textile material. They
have achieved graft copolymerization of monomers NIPAAm and acrylic acid on polyester
fabric in two steps. First, the radiation activation (by ®Co-y source) of polyester backbone
was performed. This was followed by grafting of the monomer mixture on the activated
surface was accomplished. Obtained system was proven to be potentially applicable as
thermosensitive textile patch, which provides enhanced transdermal release of a drug
(antibiotic tetracycline hydrochloride) at temperature above its relatively high LCST (around
37°C). Above given examples are based on pre-irradiation grafting of NIPAAm solutions on
textile substrate. Beside pre-irradiation method, direct radiation is also appropriate and
efficient in preparation of thermosensitive textiles [186, 187].

Apart from irradiation processes, chemical grafting of NIPAAm in different systems on textile
materials was a topic of research interest as well. For instance, free-radical graft
copolymerization of NIPAAm and vinyl-capped polyurethane anionmer was achieved on
nonwoven fabric (70 % cellulose fiber, 30 % polyester), initiated by ammonium persulfate
[188]. The authors labeled their system as hydrogel-grafted fabric that exhibit a type of
elasticity and a high degree of swelling. The grafted nonwoven fabric was characterized by
pH- and temperature sensitivity (VPTT around 33°C), potentially applicable as smart wound
dressing and skin care cosmetic materials. Possible modification in the grafting process of
PNIPAAmM hydrogel on a textile surface is in the presence of ammonium cerium nitrate,
having a function to initiate the grafting reaction on the cellulose fabric surface [6]. Treated
fabric possessed thermosensitivity that qualifies it for use as wound dressing material and
drug release device.

Another possible method of preparation of grafted thermosensitive hydrogel onto
nonwoven fabric is a photo-induced graft polymerization. Chen et al [189] grafted pure
PNIPAAmM hydrogel on a polyethylene terephthalate (PET) film and a polypropylene (PP)
nonwoven fabric surface (Figure 1.26). The bonding between PNIPAAmM hydrogel and PET film
(as well as PP surface) was enhanced by argon (Ar*) plasma treatment of the nonwoven,
probably due to peroxy groups on the polymer surface formed by Ar* plasma. The
experimental procedure involved placement of plasma treated fabrics in feed mixture
containing NIPAAm, crosslinker MBAAm, initiator APS, and a catalyst TEMED, followed by
irradiation using a high-pressure mercury lamp.
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Figure 1.26. SEM of freeze-dried PNIPAAm hydrogel onto: a) PP nonwoven and b) Ar* plasma-
treated PP nonwoven (UV-graft + APS +TEMED+ MBAAm) [189]

According to several reports, grafting of PNIPAAm-based hydrogels on textile materials is
enhanced by the presence of hydrophilic monomers with free carboxylic groups that easily
react with modified surface of a textile substrate. For instance, the controlled substrate
surface modification by introduction of new chemical groups could be effectively done by
the low temperature plasma technique [190]. Maleic anhydride (MA) as a hydrophilic
comonomer was employed in the preparation of PNIPAAm-based copolymer hydrogels with
improved swelling capacities [191-194]. Therefore, MA is regarded as proper component for
development of thermosensitive hydrogels based on PNIPAAm and intended for formation
of smart textiles for controlled drug release applications.

Above given examples of studies on hydrogel-based textile structures refer to the formation
of hydrogel films on the textile surface. However, the studies dealing with hydrogel nano- or
microbeads are quite poor. One such study was done by Kulkarni et al. who prepared
hydrogel nanobeads of PNIPAAm and chitosan copolymer by surfactant-free emulsion
method [7]. This research encompassed functional finishing of cotton fabric with the pH and
thermosensitive hydrogel nanobeads of around 200 nm in diameter (Figure 1.27). The
hydrogel nanobeads were covalently bonded to cotton fabric using polycarboxylic acid as
crosslinking agent, which was followed by the simple pad-dry-cure application method. The
water uptake of the functionalized fabric was controlled by pH and temperature.

Figure 1.27. ESEM images of cotton with incorporated hydrogel nanoparticles at 20°C (a) and
36°C(b)[7]

Coating of textiles with suitable polymeric materials for drug depot and release is a
demanding and challenging task for chemical and textile engineers. The theoretical
possibilities for design of smart clothes for controlled transdermal drug delivery are
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numerous. Whether the drug to be released is a hormone (corticoids for patients suffering
from neurodermitis or insulin for diabetes patients), an antiseptic substance or a local
anesthetic, the crucial step in creation of the textile-based drug release system is an
adequate design of polymeric materials in which the drug will be encapsulated. Among a
myriad of novel multifunctional polymeric materials, thermosensitive hydrogels are good
candidates in the mentioned application.

I.7 Conclusion

This literature review has shown an interest of using thermosensitive hydrogels as drug
release system whose properties could be easily controlled via thermal stimulus. The choice
of PNIPAAmM, combined with alginate, seems to be an adequate one in view of the
biomedical application intended. For these hydrogels, both macro form (patch) and micro
forms (microbeads, nanobeads) can be found in drug release applications, though few
studies can be found concerning their application on textiles. Considering this textile end-
use, the first form, hydrogel film, usually implies simultaneous processes (hydrogel
formation and grafting on textile material) that would industrially be interesting. On the
other hand, there are many advantages of micro forms of thermosensitive hydrogels over
macro forms like faster response to temperature changes and higher drug loading capacity.
The applicability of both physical forms on a textile material is therefore worth consideration
and their properties will hence be studied in this thesis.
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1.1 Chemicals

Chemicals employed for the preparation of thermosensitive hydrogels of all structures and
physical forms presented in this report were:

e N-isopropylacrylamide,

e N,N’-methylenebis(acrylamide),

e N,N,N’,N’-tetramethylethylenediamine,

e Ammonium persulfate,

e Sodium alginate salt,

e Calcium chloride,

e Paraffin oil,

e Polyoxyethylene (20) sorbitan monooleate (Tween 80),

e Maleic anhydride, and

e Procaine hydrochloride.

Apart from these chemicals, solvents n-hexane and acetone were also used. General
information on the relevant chemicals used in synthesis of all types of hydrogels is presented
in the following sections.

I.L1.1 N-isopropylacrylamide

Monomer N-isopropylacrylamide, NIPAAm (Table 11.1) was employed in the synthesis of all
analyzed hydrogels, giving them thermosensitivity via its polymerization to PNIPAAmM.

Table I1.1. Properties of NIPAAm (Sigma-Aldrich)

Chemical formula Appearance Molgcular Assay, % Melting point, °C
weight
O CH . .
White to light yell
Ho A A e o I YETOW 11316 97 60-63
N 3 crystalline powder

1.L1.2 N,N’-methylenebis(acrylamide)

N,N’-methylenebis(acrylamide), MBAAm (Table I1.2) was used as a crosslinking agent for
PNIPAAmM in the preparation of thermosensitive hydrogel films by solution polymerization
and thermosensitive hydrogel microbeads by inverse suspension polymerization.

Table I1.2. Properties of MBAAm (Sigma-Aldrich)

Molecul
Chemical formula Appearance © e.cu ar Assay, % Melting point, °C
weight
H H White, crystalline 154.17 99 5300
Hzcéj]/ ~ \II/\\CHz powder '
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I.L1.3 Ammonium persulfate

Ammonium persulfate, APS (Table 11.3) was used as an oxidizing agent with N,N,N’,N’-
tetramethylethylenediamine to catalyze the polymerization of NIPAAm.

Table I1.3. Properties of APS (Panreac)

. Molecular . )
Linear formula Appearance weight Assay, % Melting point, °C
&
NH," \,j;o
R Whi ll
° oo 'te, crystalline 55620 98 120
\ 0 substance
o
Oc/ AN
\O_ NHy

1.L1.4 N,N,N’,N’-tetramethylethylenediamine

N,N,N’,N’-tetramethylethylenediamine, TEMED (Table 11.4) was used with APS to catalyze the
polymerization of NIPAAmM.

Table 11.4. Properties of TEMED (Sigma-Aldrich)

. -3
Structural formula  Appearance M\/?/:eigkjmltar Assay, % Boiling point, °C Denatg,oi)cm
N Yell
Hyo- N~y - erow 11620 99 120-122 0.775
H, liquid

I.L1.5 Sodium alginate

Sodium alginate, SA (Table II.5) was used in the preparation of PNIPAAm-based
thermosensitive hydrogels with full-IPN and semi-IPN structures in different physical forms,
and for preparation of pure CA hydrogel beads using electrostatic extrusion.

Table I1.5. Properties of SA (Sigma-Aldrich)

Viscosity, cP

Structural formula of unit Appearance (2 %, 25 °C)

Cream colored

powder 250
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1.L1.6 Polyoxyethylene (20) sorbitan monooleate

Polyoxyethylene (20) sorbitan monooleate, Tween 80 (Table 11.6) is nonionic emulsifier used
in synthesis of hydrogel microbeads by inverse suspension polymerization using paraffin oil
as a continuous phase.

Table I1.6. Properties of Tween 80 (Riedel-de Haen)

Molecular Density,

Structural formula of unit Appearance weight o J HLB
(o]
O\/}”OJ\/\AMI
N fo~yo 1 Yellow viscous 1310 1.06- 15
HOof, o’\%;OH — \L liquid 1.09

1§

I.L1.7 Maleic anhydride

Maleic anhydride, MA or furan-2,5-dione (Table 11.7) was used in the synthesis of
PNIPAAmM/MA copolymer hydrogel microbeads by inverse suspension polymerization.

Table II.7. Properties of MA (Duga holding a.d.)

Structural formula Appearance Molecular weight  Assay, %  Melting point, °C

o 0
°v white solid 98.06 99.5 52.8

11.L1.8 Procaine hydrochloride

Procaine hydrochloride, procaine HCl (Table 11.8) was selected as a model drug for release
studies from thermosensitive hydrogel microbeads. Its properties are already described in
detail the section 1.5.3.1.2 of the Chapter Il.

Table 11.8. Properties of procaine HCI (Fisher Scientific)

Molecul
Structural formula Appearance © e.cu ar Assay, % Melting point, °C
weight
o ™
/@/‘LO/\/N“/ white solid 272.77 99 154-158°C
Hal HE|
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1.2 Methods of hydrogel preparation

The basic principles underlying the formation of thermosensitive hydrogel films and
thermosensitive hydrogel microbeads using two approaches will be presented in the
following sections.

1.2.1 Theory

11.2.1.1 Free-radical polymerization

Among the methods used for preparation of thermosensitive polymers, the most popular
method is conventional free-radical polymerization (FRP) [195]. FRP proceeds via a chain
mechanism, which basically consists of four different types of reactions involving free
radicals. The generation of free radicals can be done by UV-light or by a redox initiator
system. The most commonly used methods for free-radical polymerization are bulk
polymerization, polymerization in solution, suspension polymerization, and emulsion
polymerization.

1.2.1.1.1 Polymerization in solution

In this work, full-IPN PNIPAAm-based hydrogels in the form of films were prepared by
solution copolymerization/crosslinking. Polymerization of NIPAAm can be performed in an
organic solution, or in aqueous media using redox initiator system [61]. This is possible due
to solubility of monomer NIPAAm in organic solvents such as toluene, dimethyl sulfoxide,
but also in water. The shortcomings in use of organic solvents are understandable from the
ecological and health point of view given that the final application of the polymers/hydrogels
is in biomedical field. We opted for the most common redox system for polymerization of
NIPAAm in an aqueous media. It consist of ammonium persulfate (APS) as an initiator and
N,N’,No,No’-tetramethylethylenediamine (TEMED) as a catalyst. Scheme of free-radical
generation using redox system presulfate-TEMED is given in Figure II.1.
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Figure Il.1. Generation of free-radicals in the most common redox system for polymerization
of NIPAAm

Free radicals that are able to initiate the polymerization of NIPAAm are persulfate and
hydroxyl radicals that are very sensitive to oxygen presence. In general, FRP is inhibited or
retarded by the presence of oxygen since it is highly reactive toward propagating polymer
radicals, forming peroxides and hydroperoxides, which are unable to propagate the
polymerization [196]. Hence, the reaction is carried out under an inert atmosphere, usually
of nitrogen. General reaction synthesis of linear PNIPAAm by free-radicals is given in Figure
1.2.

VSN _ﬁm

A +  HLC= CIH — » R—CH, C = clH
25~ 25N 25
0% Twm 0¥ I‘ilH a® T
cH CH CH
-~ AN -~
CH; CH, CHg CH, CH; CH,
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0¥ e
CH
P
CHg CH,
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Figure I1.2. Reaction of free-radical polymerization of NIPAAm
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For the formation of a polymer 3D network, i.e. PNIPAAm hydrogel, a crosslinker is added in
the initial reaction solution. In our aqueous system it was difunctional crosslinker N,N’-
methylene bisacrylamide (MBAAm). Thus, a simultaneous copolymerization—crosslinking
reaction between one monomer and crosslinker is achieved. Figure 1.3 displays the structure
of such a PNIPAAm hydrogel, i.e. PNIPAAm crosslinked with MBAAm.

Figure I1.3. Structure of PNIPAAm crosslinked with MBAAm (adapted from [197])

1.2.1.1.2 Inverse suspension polymerization

Heterogeneous (or particle forming) free-radical initiated chain polymerization in general
includes suspension, emulsion, dispersion, and precipitation polymerization. In suspension
polymerization, monomer phase is suspended in a continuous liquid phase in the form of
micro droplets. This is done by means of a stirrer and an adequate droplet stabilizer.
Polymerization occurs inside the drops and usually proceeds via a mechanism similar to that
found in bulk free-radical polymerization, depending on the absence or presence of a
monomer diluent in the monomer droplets [198]. The products of the polymerization are
corresponding polymer microbeads, of approximately same size as the monomer
microdroplets. In suspension polymerization water-insoluble monomers are suspended in
water. In inverse suspension polymerization, solutions of the monomer and initiator are
suspended in an oil phase. The size of droplets depends, in addition to reactor design, on
stirring speed, volume ratio of water to monomer, concentration, and type of emulsifier and
viscosities of both phases [199]. The stability of dispersed droplets is enhanced by addition
of emulsifiers. The small amounts of emulsifier hinder coalescence and agglomeration and
break-up the droplets during polymerization.

Polyacrylamide and water soluble acrylates are well known examples of polymers produced
by inverse suspension polymerization. Regarding the formation of 3D polymer networks (i.e.
hydrogels), acrylamide is usually copolymerized with bisacrylamide, using the most popular
system of initiator and catalyst, persulfate-TEMED. Hence, reactions displayed in the
previous section (I1.2.1.1.1) are applicable in this case, in the formation of PNIPAAm hydrogel
microbeads. Emulsifiers used in acrylamide inverse suspension polymerization include
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sorbitan esters [200], polyoxyethylene-polyoxypropylene block co-polymers [167], various
amphiphilic oligomers such as Span and Tween [198], etc.

11.2.1.2 lonic crosslinking

Sodium alginate (SA) as sodium salt of linear polysaccharide was used in the preparation of
the following hydrogel types:
a) thermosensitive hydrogel films with full-IPN structure (crosslinked PNIPAAmM/CA),
b) thermosensitive hydrogel microbeads with semi-IPN structure formed using
electrostatic extrusion (linear PNIPAAmM/CA),
c) CA hydrogel beads formed using electrostatic extrusion,
d) thermosensitive hydrogel microbeads with semi-IPN structure obtained by inverse
suspension polymerization (crosslinked PNIPAAmM/SA), and
e) thermosensitive hydrogel microbeads with full-IPN structure obtained by inverse
suspension polymerization (crosslinked PNIPAAmM/CA).
In the last step of certain preparation procedures (a, b, ¢, and e), alginate was crosslinked by
means of ionic interactions in the solution of calcium salt. During the crosslinking of alginate
in aqueous solution, which is composed of guluronate and mannuronate residues, sodium
ions are replaced with calcium ions. The structure of guluronate residues accommodating
calcium ions in formed network is displayed in Figure 11.4.

a)

® calciumion
o carbon atom
0 oxygen atom

hydrogen atom

b)

Figure I1.4. Helix of Ca-poly-a-L-guluronate: view along the axis with a display of hydrogen
bonds and binding places of calcium (a) and view perpendicular to the axis (b) [201]
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11.2.1.2.1 Electrostatic extrusion

A technique of electrostatic extrusion was applied with the aim of producing
thermosensitive hydrogel microbeads having a structure of semi-IPNs, composed of
PNIPAAmM as linear component CA as crosslinked component.

This spray technique has overcome the drawbacks of the simple dropping method, with
regard to the reduction of the beads size as well as the higher rate of beads formation.
Electrostatic extrusion is based on the extrusion of a polymer solution through a needle in
the presence of an electric field, established between the needle tip and a collecting solution
which reacts with the droplets to form hydrogel microbeads. Electrostatic forces contribute
to the disruption of the liquid filament at the needle tip by forming a charged stream of
small droplets [114, 202]. Collecting solution is also known as hardening since gelation of the
extruded droplets occurs in it. In the case of alginate, calcium ions are responsible for the
crosslinking, i.e. gelling of the forming beads. There are three main system geometries into
which electric field can be applied to liquid extrusion, as shown in Figure II.5.

a) b) c)
Needle

+ Voltage *I Side view
! + Voltage — (cross section)
T

0 Needles
Bottom view

Figure I1.5. Different geometries of the electrostatic extrusion process: parallel-plate setup
with plate charged positively (a), positively charged needle setup (b), and multi-needle
parallel-plate device (c) (adapted from [118])

/Air pressure head

Needle

+ Voltage —

Electrostatic force depends on geometry of a system and since it is relatively small,
reduction of droplet diameters is mainly caused by the decrease in surface tension and
voltage. However, its effect on the extrusion is expected to increase considerably near the
critical electrical potential [118]. When taking into consideration a negatively single needle
configuration with positively charged plate, i.e. the collecting solution, it can be easily
concluded that resulting droplets will be of significantly larger size because of the reduced
diffusional mobility of negatively charged functional groups of polyelectrolyte (in our case of
alginate) in comparison with the counterions (Na* ions). Therefore, due to the lower surface
density of a droplet in the second configuration, the surface tension value increases and
hence, the droplets of greater size are formed [114]. In the case of sodium alginate solution,
it is proved that the most efficient configuration for microbeads production is a system with
positively charged needle [114, 116, 203]. As opposed to the geometry of parallel plates, in
this system a significantly smaller surface (needle tip) is available, having as a consequence
higher surface charge at the same value of applied voltage, and hence, formation of much
smaller droplets. Furthermore, due to the mutual charge repulsion resulting in an outwardly
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directed force, the surface tension, acting against the gravitational force, is decreased, and
droplets of smaller diameter, in comparison with the absence of electric field, are formed.

The main components of the setup for electrostatic extrusion in this study were: a syringe
pump that forces a polymer solution through a plastic syringe with a needle, a high voltage
power supply, and a solution of a salt of multivalent cation in which a gelling of droplets
occurs (Figure 11.6).

Syringe pump

Polymer solution

Gelling solution

High voltage
power supply T

Figure I1.6. Setup for the electrostatic extrusion (adapted from [116])

When positive pole is applied on a needle tip, it induces charge separation, and, in the case
of sodium alginate solution, the concentration of small positive sodium ions on a surface of a
droplet. The mass of a formed droplet at the moment of its detachment from the needle tip
is determined by the balance among three forces: gravitational, electrostatic and surface
tension [114]:

Forke=F, (11.2)

4
5r3pg +qE =27,y (U) (1.2)

Where r is the droplet radius, p the density of extruded solution, g the charge on a droplet, E
the strength of the electric field, ro the inner radius of a needle, and y is the surface tension
of the polymer solution. The moment of detachment of a droplet from a needle tip is
determined by the acquirement of the state of the lowest energy (corresponding to the
formation of many small drops rather than the large one). Rayleigh [204] proved that the
disruption occurs when the charge, g, on a droplet of radius, r, is given by:

q28nle,pr®)” (11.3)

Where g is the permittivity of air (g,=8.85x10™"* C? N'm™). Surface tension drops down
when the applied voltage is increased and theoretically becomes zero when the voltage
reaches a certain critical value that corresponds to the diameter of a formed drop. The
process of electrostatic extrusion is a complex function of a number of parameters that
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influence beads size and shape. In the case of pure CA beads, it is proved that the final
diameters can be varied by changing applied voltage, needle diameter, the distances from
the needle tip to the surface of the gelling solution (electrodes distance), or by modifying the
properties of polymer solution [114, 205]. There are several extrusion modes that depend on
the strength of electric field such as dripping mode, pulsating mode, stable jet mode, and
unstable jet mode [206]. In comparison with other extrusion techniques, electrostatic
droplet generation can give much smaller particles [113].

1.2.2 Experimental

11.2.2.1 Thermosensitive hydrogel films

Two types of hydrogel films were prepared: pure crosslinked PNIPAAm and full-IPNs based
on crosslinked PNIPAAm and calcium alginate (CA). The synthesis implied the
copolymerization/crosslinking in solution of NIPAAm based on free-radical polymerization
mechanism. In the case of full-IPN films, (sodium) alginate was crosslinked in the presence of
two-valent calcium ions by means of ionic interactions. Hence in the preparation of full-IPN
hydrogel films, in addition to free-radical polymerization in solution than encompassed
copolymerization/crosslinking reactions (synthesis of PNIPAAm network), ionic crosslinking
was conducted (synthesis of crosslinked alginate, CA).

In the following procedure description, all quantities in wt % are based on the amount of
monomer (NIPAAmM) employed. NIPAAm was purified prior to use by recrystallization from n-
hexane. Initially, an aqueous solution of 5 wt % NIPAAm monomer and crosslinker MBAAmM
(2 and 3 wt %) was prepared and purged with nitrogen, while kept on a magnetic stirrer in
an ice-water bath. The synthesis of IPNs based on PNIPAAm and CA was performed in the
same manner, with a difference in the first step, which implied dissolution of predetermined
amount of sodium alginate in distilled water prior to adding NIPAAm and MBAAm. In all
cases, after completion of deoxygenation in duration of 40 min, the solution was quickly
transferred in a desiccator were vacuum was established for 20 min. Afterwards, the
solution was removed from vacuum and under the stream of nitrogen an initiator APS (1 wt
%) in the form of freshly prepared 10 w/v % aqueous solution and a catalyst TEMED (1 wt %)
were added. After a short homogenization on a stirrer (around 20 s), solution was injected
with a syringe in a glass mould, composed of two glass plates separated by a 1.5mm-thick
gasket. The moulds were stored at 4°C for 24 h. Afterwards, in the case of pure PNIPAAm,
the films were removed from the moulds and placed in distilled water. Concerning the IPN-
hydrogel films, instead of water, the moulds were placed into 1.5 w/v % aqueous solution of
CaCl,, after removing gaskets, for 24 h. Then the films were removed from the glass plates
and placed into a fresh CaCl, solution for 24 h more. The basic steps in preparation of IPN-
hydrogel films are displayed in Figure I1.7.
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Figure II.7. Steps in synthesis of full-IPN hydrogel films

Finally, all synthesized hydrogel films were kept in fresh distilled water with daily
refreshment for a week, with the purpose of purification and removal of excess reagents.
Eight different hydrogel films were prepared: 2 pure PNIPAAmM films (P-0-5-2 and P-0-5-3)
and 6 IPN films based on PNIPAAm and calcium alginate (IPN-1-5-2, IPN-2-5-2, IPN-3-5-2,
IPN-1-5-3, IPN-2-5-3 and IPN-3-5-3). Letters P and IPN in the name codes describe pure
PNIPAAM network and interpenetrating polymer network respectively. The first number
stands for the weight fraction of SA, the middle one defines the weight fraction of the
monomer NIPAAm and the last one represents the weight fraction of the crosslinker MBAAmM
based on the weight of NIPAAm, all referring to the composition of the initial reaction
solutions. Absolute amounts of chemicals and their concentration employed in preparation
of these hydrogel films are given in Table II.9.
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Table 11.9. Composition of feed solutions in the synthesis of hydrogel films

Sample SA, NIPAAmM, MBAAm, APS (10w/v%), TEMED,
g g (mmol) g (mmol) ul (mmol) ul (mmol)

P-0-5-2 0 1.25(11.05)  0.0252 (0.165)  125(0.055)  16.3 (0.110)
IPN-1-5-2 0.2399 1.25(11.05)  0.0252 (0.165)  125(0.055)  16.3(0.110)
IPN-2-5-2 0.4847 1.25(11.05)  0.0252 (0.165)  125(0.055)  16.3 (0.110)
IPN-3-5-2 0.7350 1.25(11.05)  0.0252 (0.165)  125(0.055)  16.3 (0.110)
P-0-5-3 0 1.25(11.05)  0.0378 (0.248) 125 (0.055) 16.3(0.110)
IPN-1-5-3 0.2399 1.25(11.05)  0.0378 (0.248)  125(0.055)  16.3 (0.110)
IPN-2-5-3 0.4847 1.25(11.05)  0.0378(0.248)  125(0.055)  16.3 (0.110)
IPN-3-5-3 0.7350 1.25(11.05)  0.0378 (0.248) 125 (0.055) 16.3 (0.110)

11.2.2.2 Thermosensitive hydrogel microbeads obtained by inverse
suspension polymerization

Inverse suspension polymerization was applied as one of the methods for syntheses of
thermosensitive hydrogel microbeads based on PNIPAAm. The first type of hydrogel
microbeads was synthesized without addition of emulsifier, for comparison purposes. In all
other syntheses a nonionic emulsifier Tween 80 was used.

The procedure of synthesis of pure PNIPAAm microbeads is further explained in detail.
Polymerization was carried out in a 500-ml round bottom reactor equipped with a stirrer,
reflux condenser, sampling port, and inlet for nitrogen supply (Figure 11.8). The stirrer blade
was kept at a constant distance of 0.5 cm from the bottom of the reactor.

Figure 11.8. Setup used in synthesis of hydrogel microbeads by inverse suspension
polymerization

The reactor was maintained at 25°C in a water bath throughout the whole procedure.
Initially, paraffin oil and emulsifier Tween 80 were introduced into reactor, and stirred at a
rate 280 min™ in an atmosphere of nitrogen during 45 min. Simultaneously, monomer
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NIPAAm, crosslinker MBAAm and initiator APS were added to water, previously
deoxygenated by nitrogen bubbling for 20 min. Bubbling was continued for the following 20
min, after the addition of chemicals. Afterwards, the aqueous solution was poured into
reactor, and 1 min later, catalyst TEMED was added. The mixture was kept under nitrogen
until polymerization was finished, 3 h after TEMED addition.

In the preparation of PNIPAAm/MA copolymer hydrogel microbeads, comonomer MA was
added to aqueous phase along with NIPAAm, MBAAm, and APS. The syntheses of the semi-
IPN PNIPAAmM/SA and full-IPN PNIPAAM/CA microbeads encompassed initial dilution of SA in
water, followed by addition of NIPAAm, MBAAm, and APS. All further steps were as
previously explained for the pure PNIPAAm hydrogel microbeads. The last step in the
preparation of full-IPN microbeads encompassed the incubation of purified microbeads in
CaCl, solution (1.5 w/v %) to achieve alginate crosslinking by calcium ions. Table 11.10 gives
compositions of the feed mixtures in synthesis of various types of hydrogel microbeads by
inverse suspension polymerization.

Table 11.10. Composition of oil and aqueous phase in the synthesis of hydrogel microbeads
by inverse suspension polymerization

sample Pa_raffin Tween 80, MBAAmM, SA, MA,
oil, ml ml (mmol) g (mmol) g g (mmol)

M-50/1 (10/1)-E 0 200 0 0.054 (0.350) 0 0
M-50/1 (10/1)-E 1 200 2.00(1.64) 0.054 (0.350) 0 0
M-50/1 (5/1)-E 0.5 100 0.50 (0.410) 0.054 (0.350) 0 0
M-25/1 100 1.00 (0.821)  0.109 (0.710) 0 0
M-50/1 100 1.00(0.821) 0.054 (0.350) 0 0
M-75/1 100 1.00 (0.821) 0.036 (0.234) 0 0
M-100/1 100 1.00 (0.821) 0.027 (0.175) 0 0
M-25/1-MA 2.5 100 1.00 (0.821)  0.109 (0.710) 0 0.044 (0.444)
M-25/1-MA 5 100 1.00(0.821) 0.109 (0.710) 0 0.087 (0.887)
M-25/1-MA 10 100 1.00 (0.821)  0.109 (0.710) 0 0.174 (1.77)
M-25/1-SA 0.5 100 1.00 (0.821) 0.109 (0.710) 0.100 0
M-25/1-SA 1 100 1.00(0.821) 0.109(0.710) 0.200 0
M-25/1-SA 2 100 1.00(0.821) 0.109 (0.710)  0.400 0
M-25/1-CA 0.5 100 1.00 (0.821) 0.109 (0.710) 0.100 0
M-25/1-CA 1 100 1.00 (0.821) 0.109 (0.710) 0.200 0

* The components whose amount in all syntheses were kept constant were: NIPAAm -2.000 g (17.7 mmol), APS
-0.04 g (0.175 mmol), TEMED - 0.120 ml (0.810 mmol), and distilled water — 20 ml.

After the completion of synthesis, hydrogel microbeads were separated from the oil phase
by multiple washing in a mixture of acetone and water (1:1), and finally with pure water. The
first step in purification of microbeads included the addition of 40 ml of water into the
reactor and gentle stirring followed by centrifugation of the mixture for 35 min at a rate of
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2000 rpm. After careful removal of the oil phase with emulsifier at interface of phases, the
main part of aqueous phase was pipetted off. The next step was re-suspending of
microbeads into 100 ml more water and performing another cycle of centrifugation under
the same condition. After centrifuging and removal of oil and aqueous phases, the
microbeads were transferred into a 100 ml mixture of acetone and water (1:1) and washing
steps in this mixture, including centrifugation, were repeated 3 times (30 min at 2000 rpm).
Hydrogel microbeads were then stored in a beaker with 100 ml of water. The following day,
the microbeads were re-suspended in fresh water. After 24 h, another set of washing was
performed. After the removal of water, 50 ml of acetone was added and the suspension was
placed in ultrasonic bath two times for 5 min. Then, one centrifugation cycle was conducted
(30 min at 200 rpm), sedimented microbeads were suspended in fresh 100 ml mixture of
acetone and water (4:1) and again centrifuged under the same conditions. Finally, the
microbeads were stored in water with periodical refreshment of agueous medium once a
day for the following 3 weeks. At the end of these purification steps, oil, emulsifier,
monomer and other unreacted chemicals were considered removed and hydrogel
microbeads purified.

I1.2.2.3 Formation of thermosensitive hydrogel microbeads using
electrostatic extrusion

Solutions aimed at electrostatic extrusion were prepared from previously synthesized
PNIPAAm (in purified, solid form) and sodium alginate. The principle of linear PNIPAAmM
synthesis based on polymerization in solution was previously explained in the section
[1.2.1.1.1. Microbeads obtained in this manner had a structure of semi-IPNs.

1.2.2.3.1 Synthesis of linear PNIPAAm

Preparation of linear PNIPAAm was performed according to the similar procedure employed
for the first part of the synthesis of hydrogel films, but without a crosslinker. A 5 wt %
solution of NIPAAm in distilled water was mixed with a 2 wt% amount of initiator APS. After
stirring and deoxygenation with nitrogen for 30 min, the catalyst TEMED was added to the
solution (2 wt %). Weight percentages of APS and TEMED are relative to the monomer
weight used. After 24 h storage in a refrigerator, PNIPAAm solution was purified by
interchangeable precipitation in hot distilled water and dissolution in cold distilled water,
according to the procedure found in [171]. Purified PNIPAAm was then dried in air for 24 h,
followed by 48 h drying in vacuum oven at 50 °C. Finally, polymer solutions containing
PNIPAAmM and sodium alginate were prepared for the extrusion in an electric field. Figure 11.9
represents the steps in preparation of pure PNIPAAm in solid form.
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Figure 11.9. Experimental steps in synthesis of linear PNIPAAm

11.2.2.3.2 Process of electrostatic extrusion

The setup displayed in Figure 11.10 was used for the formation of pure CA microbeads and
semi-IPN hydrogel microbeads (composed of linear PNIPAAm and CA). The configuration
encompassed: vertically positioned syringe pump (Model R99-E, Razel, Scientific
Instruments), plastic syringe with a stainless steel needle, a high voltage power supply unit
(Model 30R, Bertan Associates Inc.) with a maximum current of 0.4 mA and variable voltage
of 0 to 30 kV, and a collecting solution in a Petri dish (CaCl,).

-~ s——— |

Figure 11.10. Laboratory setup for the electrostatic extrusion
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Extrusion of the polymer solution in an electric field is a complex process where size and
shape of the obtained microbeads are function of different parameters. Hence, to more
clearly understand this process, different operational parameters have been varied in a set
of experiments, primarily implying change of: applied voltage, distance between the needle
tip and a surface of the collecting solution (electrodes distance), flow rate of the extruded
solution and solution composition. The study of these different parameters also aimed at
establishing the optimal conditions for the formation of thermosensitive hydrogel
microbeads of required micro sizes and close-to-spherical shape.

Polymer solutions with different ratios of PNIPAAmM (synthesized as previously described in
the section 11.2.1.1) and SA were prepared. Optimization of microbeads production also
encompassed variation of formulation parameters, i.e. concentration of PNIPAAm and SA in
the extruded solution. The concentration of collecting CaCl, solution was always kept
constant at 1.5 w/v %. After each extrusion run, a collecting solution with forming CA beads
was kept on a magnetic stirrer for the following 30 min to allow uniform gelling to be
completed, prior to further manipulation with the beads.

I1.3 Methods of hydrogel characterization

11.3.1 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to analyze the chemical structure of
hydrogel films and hydrogel microbeads, i.e. to investigate the success of polymerization and
crosslinking that should result in formation of full- and semi-IPNs. FTIR is important
spectroscopic technique for structural elucidation and compound identification and it
measures the absorption or transmittance of the light at each different wavelength. A
molecule absorbs the IR radiation when a frequency of specific vibration of its atom is equal
to the frequency of the IR radiation.

The preparation of the hydrogel samples for the FTIR analysis included initial drying in a
vacuum oven at 60°C until reaching constant weight. Dried gels (xerogels) were then grinded
into fine powder, mixed, further grinded with potassium bromide and pressed into pellets.
For each type of xerogel, powder sample was mixed and grinded with potassium bromide (at
sample concentration of 1.5 wt %) in a mortar and pressed in a pellet using a laboratory
press. FTIR spectra were recorded at room temperature in transmission mode using a
BOMEM spectrometer (Hartmann & Braun), in the range 4000 — 600 cm™ and with a
resolution of 4 cm™,

11.3.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was employed to characterize the thermosensitivity
of hydrogel films and hydrogel microbeads, as well as their thermal stability on a molecular
level. DSC instrument monitors the changes in thermal energy that occur as a sample is
heated, cooled or held isothermally, together with the temperature at which these changes
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occur [207]. Thus, the information about the possible transitions in the materials could be
obtained.

Thermosensitivity of hydrogel films and hydrogel microbeads that were obtained by inverse
suspension polymerization were analyzed through a heating-cooling-heating cycle using a
Q1000 DSC (TA Instruments). Three consecutive temperature ramps were applied at a
heating rate of 3°C min™, in the range from 15 to 50°C, and under a nitrogen flow of 50 ml
min’’. For determination of VPTT of microbeads prepared by electrostatic extrusion by 2920
modulated DSC (TA Instruments), a temperature ramp from 20 to 50°C was applied, at a
same heating rate of 3°C min™, and under a nitrogen flow of 50 ml min™. All runs were
conducted in hermetically sealed aluminum pans, with distilled water used as a reference
material. Calibration was performed using a high purity indium as standard. Temperature of
the endothermic maximum was referred to as VPTT [208]. In all analyses, the scans were
performed in triplicates.

For determination of the Ty using 2920 Modulated DSC (TA Instruments), the samples were
prepared by drying under vacuum until reaching a constant weight. Each sample was placed
in hermetically sealed aluminum pan, while the reference pan was empty. The scanning
procedure involved initial heating from 20 to 200°C at a rate of 20°C min™ for the removal of
any thermal history and residual moisture. Immediately afterwards the samples were
exposed to cooling down to 10°C at a rate of 10 °C min™, and this was followed by reheating
from 10 to 200°C at a rate of 20°C min™. The scans were conducted under a nitrogen flow of
50 ml min™ and calibration was performed using high purity indium as standard. The Ty was
determined as the inflection point of the endothermic drift in the second heating curve of
thermogram.

11.3.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was used to investigate the viscoelastic properties of
the hydrogel films at temperatures below and above VPTT. The measurement principle
consists in applying a sinusoidal strain and the resulting stress is measured. The nature of
applied forces can be compression, stretching, shearing or torsion [209]. The obtained
results can be expressed as values of storage modulus, stiffness and damping values of the
treated material [210].

The mechanical viscoelastic properties of hydrogel films were investigated in compression
mode using a Dynamic Mechanical Analyzer Q800 (TA Instruments) in a compression mode.
Behavior of the hydrogel in a frequency sweep mode was measured. Finally, a scan in
temperature (temperature sweep) was applied with a purpose of comparing the storage and
loss modulus of hydrogel samples before and after the phase change temperature.
Dimensions of the samples used are selected according to the mode of measurement, i.e.
disk-shaped samples had a diameter of 13 mm (thickness of 1.5 mm).

Initial tests of strain sweep to determine the linear viscoelastic region have permitted us to
choose an amplitude of 10 um, a value close to the one used in the analysis of dextran
methacrylate hydrogels [211]. Due to the high water content of the hydrogels, a thin water
layer between the hydrogel surface and the geometry acted as a lubricant [212]. To
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overcome this problem, a thin spunbond nonwoven fabric was placed on both, upper and
lower surfaces of disk-shaped hydrogel samples. Table 1l.11 summarizes the parameters
adjusted for the mechanical testing of hydrogel films.

Table 11.11. Operational parameters set in compression tests of hydrogel disks

Mode Multi-frequency strain

Test Isothermal / Frequency sweep
Amplitude 10 um

Preload force 0.5N

Isothermal temperature 30°C/40°C

Frequency 0.1-100 Hz

I1.3.4 Gravimetry

Gravimetrical measurements were used for the study of swelling behavior of both, macro
forms (films) and micro forms (microbeads) of thermosensitive hydrogels. All measurements
were done using analytical laboratory scale.

11.3.4.1 Swelling behavior of hydrogel films

Swelling behavior of hydrogels films was studied through the dependence of the equilibrium
swelling ratios on temperature, kinetics of swelling from the dried state, kinetics of
deswelling, and kinetics of reswelling. The hydrogel samples were punched from the films in
the form of disks and further used in the gravimetrical measurements of the swelling
characteristics in distilled water.

Equilibrium swelling ratio (ESR) of hydrogels over a range of temperatures (from 25°C to
50°C) was obtained after the incubation of hydrogels in thermostated water, until they
reached equilibrium swollen state. ESR was calculated according to the following formula:

Ws _Wd

ESR = (11.4)

d

Where W;represents the weight of equilibrium swollen hydrogel disk at a given temperature
and W, the weight of the dried gel (xerogel). The weight of the swollen hydrogel was
measured after blotting the excess surface water with wet filter paper. The weight of the
xerogels was obtained after drying the samples under vacuum at 60°C until reaching
constant weight.

Swelling kinetics was investigated when completely dried samples were immersed in
thermostated water at 25°C and their weight was measured at predetermined time
intervals. For the study of deswelling kinetics, the hydrogels were allowed to swell to
equilibrium in water at 25°C, then transferred into thermostated water at 40°C, and
periodically weighed. Reswelling kinetics of hydrogels was obtained by immersing
preweighed equilibrium swollen hydrogels at 40°C in thermostated water at 25°C, and

60

© 2012 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011
Chapter Il Materials and methods

weighing them at predetermined time intervals. Swelling, deswelling, and reswelling kinetics
of hydrogels were interpreted through the change of swelling ratio (SR) over a time scale,
using the following equation:

SR=—1t (11.5)

where W; is the weight of hydrogel at predetermined time interval. The values of ESR and SR
were calculated as the average of 3 measurements.

11.3.4.2 Swelling behavior of hydrogel microbeads

ESR of hydrogel microbeads obtained using electrostatic extrusion and by inverse suspension
polymerization was determined in different manner than of hydrogel films due to their
micrometer sizes. The microbeads were incubated in dialysis membranes (tubings) closed on
both ends. The used membranes were Spectra/Por® 4 regenerated cellulose membranes
(Spectrum Laboratories Inc.). These membranes carry no fixed charge and have molecular
weight cutoff (MWCO) 12-14000, flat width 25 mm, diameter 16 mm, and volume-to-length
ratio 2 ml cm™. The pieces of 6 cm in length were cut and soaked in distilled water at room
temperature for 1 h to remove the preservative (glycerin). Then, the membranes were
rinsed thoroughly in distilled water and dried in an oven at 60°C for 2 h, followed by vacuum
drying at 60°C for 3 h. For each type of hydrogel microbeads, 5 membranes were prepared.
One hundred milligrams of filtered microbeads with carefully removed excess water were
weighed into the dry piece of membrane whose both ends were sealed with Spectra/Por®
weighted closures of 35 mm in width (Figure 11.11).

Figure 11.11. Spectra/Por® dialysis tubing and closures [213]

Prepared microbeads in sealed membranes were kept in water at 25°C in a thermostat. The
weighing was done after 24 h incubation. Prior to each weighing and after the removal of
closures, the membranes were blotted with filter paper. Finally, the membranes containing
microbeads were dried until constant weight. First, they were dried in an oven at 60°C for 2
h, and then in vacuum oven at the same temperature for 3 h.
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11.3.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was applied for studying the hydrogel morphology. SEM
is a powerful microscopy technique that uses electrons to form an image and reveals
information about sample morphology, chemical composition, crystalline structure and
orientation of the materials making up the sample.

It is particularly important to adequately prepare the sample for SEM, taking into
consideration vacuum conditions and electrons used in the analysis. This implies complete
removal of water that would vaporize in vacuum and covering the non-conductive sample
with a thin layer of conductive material. The latter is done in a sputter-coater, where metal
target positioned above the sample is bombarded with ionized atoms of a heavy gas (usually
argon) produced in an electric field, in a low vacuum environment. As a result, metal atoms
ejected from the target deposit on the surface of the specimen making it conductive [214].

The morphology of the freeze-dried hydrogel disks and microbeads was analyzed using a
JEOL 5800 SEM (JEOL). Prior to SEM observation, freeze-dried hydrogel disks were carefully
fractured in liquid nitrogen and fixed on the sample holder using colloidal carbon paint. In
the case of microbeads, certain amount of powder was carefully deposited on carbon
double-sided tape adhered on the sample holder. Afterwards, the cross section of each
sample was coated with Ag-Pt-Pd alloy by sputtering for 30 s. The scanning was performed
at an accelerating voltage of 10 kV and at magnifications ranging from x75 to x2500.

11.3.5.1 Freeze-drying

Procedure of freeze-drying or lyophilization was applied as a pretreatment for hydrogel
samples intended for SEM analysis. During this procedure, water is controllably removed
from the specimen structure. Hence, it is responsible for maintaining hydrogel pore
structure that exists in hydrated state, as opposed to regular air drying when the network
structure simply collapses.

The freeze-drying is carried out via three main phases: freezing, primary drying, and
secondary drying. During freezing of the sample all fluids take solid state, either crystalline,
amorphous, or glass. Primary drying or sublimation is performed under vacuum and at
higher temperatures in order to induce ice sublimation. The secondary drying or desorption
phase is the last stage of freeze-drying treatment when bound water is extracted. This phase
is carried out at a higher vacuum than primary drying and at above-zero temperatures.

The aim of the SEM analysis of hydrogel films and microbeads was to obtain information
about the pore structure of hydrogels in the swollen state below and above their VPTT.
Concerning hydrogel films, the disk-shaped samples of 10 mm in diameter were incubated in
distilled water at 25°C and at 40°C for 48 h, before a treatment in a freeze-dryer GAMMA 1-
16 LSC (Martin Christ) for 48 h. Each disk was placed in a small cosmetic container with 2 ml
of water and covered with perforated parafilm. Freeze-drying process included freezing at -
30°C followed by primary vacuum drying at —23°C and secondary vacuum drying at 20°C.
Hydrogel microbeads obtained by inverse suspension polymerization were freeze-dried in
another device, using a different procedure. A small cosmetic container was filled with 0.1 g
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of equilibrium swollen microbeads at 25°C. After addition of 1 ml of water, each container
was covered with perforated parafilm. The treatment was conducted in a freeze-dryer
ALPHA 2-4 LD plus (Martin Christ). Freeze-drying was conducted at —70°C and 80 mbar and
lasted for 4h. Dried samples were kept in the same containers sealed with lids and additional
layer of parafilm and stored in a desiccator.

11.3.6 Optical Microscopy and Image Analysis

11.3.6.1 Optical microscopy

Hydrogel microbeads obtained by electrostatic extrusion (semi-IPN structure) were observed
under optical microscope Axioskop (Zeiss) in transmission mode and equipped with a
camera IVC 800 12S. Hydrogel microbeads synthesized by inverse suspension polymerization
were recorded under another optical microscope Ergaval (Carl Zeiss-Jena) equipped with TP-
1001C Topica CCD camera (Kriss). A drop of the microbeads suspension was deposited on a
microscopic slide and covered with a cover slip prior to observation. The magnifications
ranging from x10 to x40 were used. In the case of microbeads whose diameter was
approaching or entering the millimeter range, a digital camera (Fuji, Finepix F455) was used
for generation of microbeads images instead. Determination of the microbeads size and
shape was done using adequate image analysis software.

11.3.6.2 Image analysis

Image analysis was employed to determine the size and size distribution of hydrogel
microbeads obtained by electrostatic extrusion and by inverse suspension polymerization. In
addition, study of the pore size of freeze-dried hydrogel films and microbeads was
conducted with help of image analysis.

Software Image-Pro Plus 6.0 (Media Cybernetics) was used on images obtained from optical
microscope for characterization of hydrogel microbeads produced by electrostatic extrusion.
Examination of microbeads under a microscope provides a two-dimensional image. A mean
diameter defined by this software is as an average of the diameters measured at 2 degree
intervals. In addition to calculation of size and size distribution, degrees of roundness were
also determined. Used formula for roundness within Image Pro Plus v. 4.0 software was
(perimeter?) (4*m*area), with 1.0 indicating a perfect circle and larger values indicating
oblong and non-circular forms.

Another software, Image) 1.44g was applied for determination of mean diameters of
hydrogel microbeads obtained by inverse suspension polymerization.

In addition to images from optical microscope, image analysis was also used on SEM
micrographs, for closer study of hydrogels morphology. The average pore size and pore size
distribution of hydrogels films and hydrogel microbeads (obtained by inverse suspension
polymerization) were determined using a software SmartTiff Image Viewer V1.0.0.10 (Carl
Zeiss SMT, Ltd.).
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11.3.7 Laser diffraction

A technique of laser diffraction or static laser light scattering was employed for the
determination of the mean diameter and size distribution of hydrogel microbeads obtained
by inverse suspension polymerization. This technique is more valid, precise and reliable than
image analysis based on optical microscopy images.

Laser diffraction is one of the most used particle sizing techniques. It has a wide dynamic
range, from 0.2 to 2000 microns and is very fast and reliable. Laser diffraction analyzers
measure particles sizes based on their interaction with light. The particles that pass through
a focused laser beam scatter light at an angle that is directly related to their size. Large
particles therefore scatter light at narrow angles with high intensity, whereas small particles
scatter at wider angles but with low intensity. The angular intensity of the scattered light is
then measured by a series of photosensitive detectors (Figure 11.12).
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Figure 11.12. Scheme of light diffraction measurement in Mastersizer 2000, Malvern
Instruments (adapted from [215])

Particle size distribution is calculated by comparing obtained scattering pattern with an
appropriate optical model. Mie theory, based on Maxwell’s electromagnetic field equations,
accurately predicts scattering intensities for all particles, small or large, transparent or
opaque. It is important to have information about the optical properties of the particles and
the surrounding medium (the refractive index difference). Within this theory, Fraunhofer
approximation is relevant for larger particles since it assumes that particles measured are
opaque and scatter light at narrow angles [216].

The measurements of microbeads size and size distribution were conducted using
Mastersizer 2000 equipped with micro unit Hydro pu (Malvern Instruments). This micro unit
enabled use of small sample quantity and ultrasonic treatment required for adequate
dispersion of the sample and disruption of possible aggregates of hydrogel microbeads
obtained by inverse suspension polymerization. Index of refraction was adjusted at 1.51
[217]. After the dosing of suspension (hydrogel microbeads in water) into a flow cell, the
ultrasound in duration of 3 min was applied to disrupt any microbead aggregates that were
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possibly present. This was followed by a scanning step and resulted in size distribution
histograms. As representative mean diameter, volume moment mean or De Brouckere mean
diameter D[4,3] is automatically calculated since laser diffraction measurements produce an
initial distribution around volume terms. This mean represents, in analogy to the moment of
inertia in mechanics, the center of gravity of volume distribution [218]. Accordingly, surface
area has d® dependence and volume d* dependence, where d is size of a particle (Equation
11.6). D[4,3] or equivalent volume mean is identical to the weight equivalent mean if density
is constant.

D[4,3]= % (11.6)

1.4 Methods of characterization of polymer solutions

1.4.1 Viscosimetry

Selected polymer solutions intended for electrostatic extrusion were submitted to
determination of dynamic viscosity. For this purpose, a rotational viscosimeter with
concentric measuring system (Rheomat RM108E/R, Mettler) was used. This system uses a
motor driven bob that rotates within a fixed cylinder, providing a defined geometry (Figure
[1.13). The shear resistance of the sample in the gap allows for the measurement of motor
torque (shear stress) [219]. Viscosity is obtained as ratio of the detected shear stress and
previously set shear rate.

Figure I11.13. Concentric measuring system for determination of dynamic viscosity by
rotational viscosimeter
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11.4.2 Surface tension measurements

Various polymer solutions intended for electrostatic extrusion were further characterized by
the measurement of their surface tension. Applied Wilhelmy plate method, is based on
interaction of a thin platinum plate with the surface of the solution being tested (Figure
[1.14). The container with the solution is raised until the contact between its surface and the
plate is achieved. The downward force due to wetting is measured by a tensionmeter.
Resulting surface tension (mN m™) is the force divided by the perimeter of the plate. The
tensionmeter used was a Prolabo TD 2000. Prior to each measurement, the plate was
cleaned in the flame.
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Figure I1.14. Measurement of the surface tension using Wilhelmy plate

II.5 Methods of drug loading and release

1.5.1 Hydrogel microbeads obtained by electrostatic extrusion

I1.5.1.1 Drug loading

The drug release experiments were performed using procaine hydrochloride (procaine HCI)
as a model drug. Procaine HCl was loaded into selected hydrogel microbeads by sorption
from concentrated solution (1 mg ml™). The weight ratio of the swollen beads and the drug
solution was 1:10. The incubation was done in a beaker placed on a magnetic stirrer for 24 h
at room temperature. Afterwards, swollen drug-loaded hydrogel beads were removed from
the loading solution and kept for 5 min in pure distilled water while stirring. Finally, the
beads were filtered, carefully controlling the removal of excess surface water and used in
drug release tests.

To quantify the total amount of the drug entrapped in the microbead sample, 0.8 g of drug-
loaded hydrogel beads were placed in 4 ml of sodium citrate solution (1mol dm?) for 24 h.
The role of the citrate ion is to chelate the calcium ion, thus destroying the hydrogel network
to release the drug. Drug concentration was determined using a UV spectrophotometer
(UV3100 spectrophotometer, MAPADA). The absorption spectrum of procaine HCl in sodium
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citrate was initially recorded and maximum absorption was detected at 291 nm. A
calibration curve was determined with 5 different concentrations of procaine HCl in sodium
citrate.

11.5.1.2 Drug release using dissolution test

Drug release experiments were conducted at two temperatures, above (40°C) and below
(25°C) the VPTT of the microbeads. To control the drug release at different time intervals, 2
series of 0.8 g samples of drug-loaded microbeads were prepared. Each sample was weighed
and placed in a beaker with 4 ml of distilled water, covered with parafilm and kept in a water
bath with a shaker at 25°C for the first series, and at 40°C for the second one.

At predetermined time intervals, a beaker was removed from the shaker, the suspension
was filtered and drug concentration was determined spectrophotometrically, as described in
the previous section for drug loading. Absorbance was recorded at maximum of 291 nm and
was correlated with concentration using previously determined calibration curve of procaine
HCl solutions in water. The spectrophotometrical analysis was carried out on a UV3100
spectrophotometer MAPADA. Drug release profiles were presented as a fraction of drug
released in ratio to initially loaded amount of drug, i.e. as cumulative percentage drug
release in time.

1.L5.2 Hydrogel microbeads obtained by inverse suspension
polymerization

I1.5.2.1 Drug loading

Procaine HCl was loaded into the microbeads by simple sorption from concentrated solution
(10 mg ml™"). Dried microbeads (150 mg) were incubated in procaine HCl solution (30 ml) for
20 h at room temperature. Afterwards, the solution was removed from the swollen drug-
loaded microbeads that were dried until constant weight for use in drug release studies. The
amount of entrapped drug was determined by analyzing the solutions prior and after the
loading period using HPLC-UV system that will be further described in the following section.

11.5.2.2 Drug release using Franz diffusion cell

Franz diffusion cell was employed for investigation of drug release profiles from hydrogel
microbeads obtained by inverse suspension polymerization. The most popular application of
Franz diffusion cell is in the development of transdermal pharmaceutical formulations. It is
mainly applied for determination of diffusion coefficient from porous solid or semi-solid
materials and suspensions using skin-like membranes.

There are different types of Franz diffusion cells depending on the joint type between the
two chambers, absence or presence of jacket, glass type, receptor and donor volumes, etc.
[220]. The Franz diffusion cell used in this report had jacketed both donor and receptor
chamber (Figure 11.15). The reason for controlling the temperature of the donor chamber is
application of hydrogels as drug delivery matrices that are sensitive to temperature changes.
Thus, by controlling the temperature of donor chamber the drug release rate is controlled.
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The solution in acceptor chamber is stirred and always kept at the same temperature,
usually 37°C, since it corresponds to temperature of the human body. The concentration
change is tracked in receptor chamber by continual sampling during the experiment through
the sampling port. The drug release studies were conducted using distilled water as a
receptor fluid and as a medium in microbeads suspensions in donor chamber. The receptor
chamber with capacity 5.65 ml was always maintained at constant temperature of 37°C by
circulating thermostated water from the water bath via peristaltic pump to the jacket of the
chamber. Acetate cellulose (AC) membrane (0.45 um mesh size, Fisher Scientific) was used
as semi-permeable membrane to mimic a human skin. Surface of area available for drug
diffusion was 0.687 cm?. Prior to each drug release experiment, AC membrane that was
equilibrated at 37°C in distilled water for 1 h.
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\\‘
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Figure I1.15. Vertical Franz diffusion cell with jacketed donor and acceptor chambers

Two series of drug release studies were performed: when donor chamber was thermostated
at 25°C and at 37°C. In this way the difference in cooling/heating the potential hydrogel
microbeads-based patch was simulated. After filling the receptor chamber with
thermostated water at 37°C and membrane equilibration, the cell was assembled and 10 mg
of drug-loaded dried microbeads were carefully added to donor chamber. Then, 0.5 ml of
fresh distilled water was added to donor chamber to hydrate dried microbeads and serve as
a medium of donor suspension. Temperature of the added distilled water was 25°C or 37°C,
depending on the temperature of water circulating through the jacket of this chamber). The
sampling from receptor chamber was performed through long sampling port, using Teflon
tubing as the extension of the needle mounted on a 1 ml graduated syringe. The aliquots of
0.5 ml were periodically withdrawn, after 5, 10, 15, 20, 25, 30, 40, 50, 60, 90, 120, 150, 180,
210, and 240 min. Withdrawn aliquots were replaced with the same volume (0.2 ml) of fresh
distilled water (thermostated at 37°C) at each sampling.
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I1.5.2.3 High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) was applied for detection of procaine HCI
concentration in drug release studies using Franz diffusion cell. HPLC is one of the most used
analytical methods for the separation of the components of the mixture and very reliable
method in quantification of drugs. The advantage of HPLC over UV spectrophotometry is in
its higher specificity, sensitivity and applicability in formulations with low dose of a drug
[221]. In general, chromatography is a separation process in which the components of a
mixture are separated on an adsorbent column in a flowing system [222]. One phase of a
system is stationary (adsorbent material), while the other is mobile and passes through the
chromatographic bed. In HPLC the mobile phase is liquid and it is mechanically pumped
through a column that contains the stationary phase [223]. A detector placed at the exit
from the column and connected with a recorder allows obtaining a chromatogram [222].
Each component of the elution is identified by its retention time (the time at which elution
from column occurs). The data derived for the chromatogram are usually generated through
a refractive index detector, which measures the concentration of substance in the elution at
a given point in time [223]. The area under the curve and the height of the peak for a specific
compound is a function of the concentration of that component in the original solution.

Content of the procaine HCl in obtained samples was determined using a HPLC-UV system
(Surveyor HPLC system, Thermo Fisher Scientific, Waltham, USA). Separation was
accomplished using a Zorbax Eclipse® XDB-C18 column of dimensions 4.6 mm x 75 mm x 3.5
pum (Agilent Technologies, Santa Clara, USA). A forecolumn (dimensions 4.6 mm x 12.5 mm x
5 um) from the same manufacturer was set in font of the column. The mobile phase was a
mixture of methanol (A) and deionized water (B) at ratio 75%A:25%B. The elution
parameters were a flow rate of 0.8 ml min™ and an injection volume 10 pl. UV spectrum of
procaine HCl was obtained by Surveyor PDA detector. It contained two maxima at
wavelengths 220 and 290 nm. Absorption maximum at 290 nm was used for quantitative
determination of procaine HCI.
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A research on thermosensitive hydrogels intended for application on textile materials and
drug release purposes have started with synthesis and characterization of macro forms of
hydrogels. The literature review on hydrogel/textile systems [184, 185, 188, 189] showed
that grafted layers of hydrogels are most extensively investigated forms and hence we have
chosen to initially study hydrogel films, supposing the possibility of using previously
activated textile material (e.g. by plasma treatment) as a support at one side of a mould in
which the reaction mixture for the formation of hydrogels will be poured into. Hence,
thermosensitive hydrogel films of pure PNIPAAm and with full-IPN structure of crosslinked
PNIPAAmM and CA will be described in this Chapter.

l1l.1 Synthesis

Thermosensitive hydrogels in the form of films were synthesized by free-radical
polymerization in solution at 4°C. Among eight hydrogel types, two were pure PNIPAAmM
hydrogel (pure PNIPAAm), whereas the other six had a structure of interpenetrating
PNIPAAmM network and CA network (full-IPN). The concentrations of monomer (NIPAAm),
initiator (APS), catalyst (TEMED), and solution for crosslinking of alginate (CaCl,) were kept
constant throughout all syntheses. The fraction of crosslinker for PNIPAAm (MBAAmM) was
2.0 and 3.0 wt %, with respect to monomer (NIPAAm), whereas sodium alginate (SA)
concentration in reaction mixture was 1.0, 2.0, and 3.0 wt %.

Hydrogel films (~80x80x1.5 mm) were prepared using a glass mold, as displayed in Figure
[1l.1. During and after the purification procedure described in the section 11.2.2.1 of Chapter
I, the hydrogels were stored in refrigerator.

Figure Ill.1. A glass mold used for the preparation of thermosensitive hydrogel films

What is relevant to mention is the complete transparency of pure P-0-5-2, P-0-5-3, IPN-1-5-2
and IPN-1-5-3 hydrogels. This can be attributed to low polymerization temperature (4°C),
since it is known that synthesis temperature affects the optical clarity and the heterogeneity
of the microstructure of PNIPAAmM hydrogels [224, 225]. Due to low temperature, formation
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of clusters during synthesis of hydrogel network was avoided and hence, no final opacity
appeared. Although polymerization/crosslinking at lower temperatures leads to more
regular hydrogel structure, it is proven that degree of swelling of such hydrogels is lower
than of hydrogels prepared at higher temperatures. This indicates a decrease in crosslinking
efficiency with rise in preparation temperature [226]. Figure 1Il.2 presents all eight types of
hydrogels punched from equilibrium swollen films at 4°C using a metal cylinder of 10 mm in
inner diameter. The full-IPN hydrogels with higher fraction of alginate featured a slightly
opague appearance, as a result of the dominant influence of alginate network.

ARCLESERTERTR YN

Figure I1.2. Equilibrium swollen hydrogels disks at 4°C: P-0-5-2, P-0-5-3, IPN-1-5-2, IPN-1-5-3,
IPN-2-5-2, IPN-2-5-3, IPN-3-5-2, and IPN-3-5-3 (in order from left to right)

I11.2 Chemical structure

The results of FTIR analysis of thermosensitive hydrogel films with higher crosslinking degree
of PNIPAAM (3 wt % MBAAm) are presented in Figure 1Il.3. The spectra of all full-IPN
hydrogels are similar. The samples of pure CA, based on 3 wt % alginate (CA-3) were also
analyzed and presented for comparison. The spectra of hydrogels with lower crosslinking
degree of PNIPAAm are given in the Appendix since they provide equivalent information as
spectra given in Figure 111.3.

In the spectra of P-0-5-3, IPN-1-5-3, IPN-2-5-3, IPN-3-5-3, characteristic absorptions of
PNIPAAm are observed: the amide | band at 1653 cm™ (C=0 stretching) and amide Il band at
1543 cm™ (N-H bending) of the amide group [227]. The bands at 1388 cm™ and 1367 cm™
are assigned to C-H vibrations of isopropyl group of PNIPAAm [228]. Another characteristic
absorption band of PNIPAAm, clearly seen in the spectra of all IPN samples, appears around
2974 cm™ and is attributed to the C-H stretching vibration of -CH- bridges of PNIPAAmM
network [227]. Thus, the successful polymerization of NIPAAm was verified. This is
supported by the fact that characteristic peaks of this monomer are not present in the
corresponding spectra, primarily implying the bands at 1617 cm™ (C=C), at 1409 cm™ (CH,=),
as reported elsewhere [229].

The characteristic asymmetric stretching vibration of COO- groups in CA network is
manifested through the peak 1635 cm™ [19, 230]. In the spectra of IPNs, this peak is hidden
by a broad amide Il band of PNIPAAm at 1653 cm™, as noted earlier. The absorbance at 1082
cm™ and 1090 cm™ in the spectra of CA and IPNs, respectively, is a result of C-O-C stretching
of the pyranose ring in mannuronate (M) and guluronate (G) residues [231]. The band at
around 1028 cm™ in spectra of CA and IPNs is assigned to O-H bending vibrations [231], as
well as to C-O stretching of alginate structural units.
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Figure I1l.3. FTIR spectra of hydrogels with 3 wt % MBAAm (characteristic peaks of PNIPAAmM

chains indicated by full lines and those of CA network by dotted lines)

In all analyzed spectra a broad peak between 3600 and 3200 cm™ is present due to O-H
stretching vibrations, primarily as a sign of moisture absorption. Concerning CA and IPNs,
this broad peak arises from hydroxyl groups in G and M residues of alginate chain, indicating
the formation of intermolecular hydrogen bonding [232]. Furthermore, in the case of P-0-5-3
and IPNs, there is contribution of N-H stretching of the repeating units of NIPAAm in the
same range [227]. Hence, FTIR analysis confirmed the presence of both polymer networks,
crosslinked PNIPAAm and CA, in IPN samples.

Figure IIl.4 presents a reaction scheme for the formation full-IPN hydrogels. It shows
polymerization/crosslinking of NIPAAm (in the presence of SA), the subsequent step of
crosslinking of alginate by calcium ions according to the egg-box model [97] and the

probable full-IPN structure.
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Figure l1l.4. Formation of the IPN hydrogel structure: copolymerization/crosslinking of
NIPAAm (adapted from [197]) (a), crosslinking of alginate (b), and resulting PNIPAAm/CA
full-IPN structure (c)

I11.3 Thermal characteristics

111.3.1 Volume phase transition temperature

Thermosensitivity of hydrogel films were analyzed through heating-cooling-heating cycle in
the range from 15 to 50°C. Three consecutive temperature ramps were applied to examine
the reversibility of the volume phase transition. The results obtained by this analysis are
given in Table Ill.1 and include, beside VPPT, onset temperature of the volume phase
transition (Tonset), and enthalpy change during the volume phase transition (AH).
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Table Ill.1. Results of DSC heating-cooling-heating cycle of hydrogel films

Heating | Cooling Heating Il

Sample 1 ¥ VPTT* AH** Ty VPTT  AH  Toner VPTT  AH

(C) (0 (egh) (o (¢ @eg) (o (o (g
P-0-5-2 33.8 349 1.10 340 333 1.15 33.8 349 1.18
P-0-5-3 340 350 1.06 342 335 105 338 349 1.06
IPN-1-5-2 33.8 35.0 1.03 33.6 315 1.01 33.6 346 1.04
IPN-1-5-3  33.8 351 1.01 338 31.7 100 335 348 1.04
IPN-2-5-2  34.0 354 097 336 315 1.01 334 349 100
IPN-2-5-3 340 35.7 1.01 341 31.8 1.02 33.2 348 1.01
IPN-3-5-2 341 355 1.07 340 323 1.01 33.5 348 0.94
IPN-3-5-3 339 356 1.01 343 321 1.01 332 349 100

*Standard deviations for Tyt and VPTT values were +0.2°C.
** Standard deviation for AH values was +0.12 J g™

VPTT values of P-0-5-2 and P-0-5-3 are slightly higher than the characteristic value generally
obtained for chemically crosslinked pure PNIPAAmM hydrogels (around 33°C) [212, 233]. This
is understandable taking into consideration low preparation temperature of hydrogels that
affects the increase in VPPT [226].

In comparison with pure PNIPAAmM hydrogels, formation of the full-IPN structures based on 1
wt % alginate has not resulted in change of VPTT, whereas full-IPN hydrogels with higher
amount of alginate have slightly higher VPTT. Incorporation of CA network was expected to
give prominent rise to VPTT values of the final structures, due to greater number of
hydrophilic groups of alginate chains. However, similar VPTT values of pure PNIPAAmM
hydrogels and full-IPN hydrogels mean that the presence of alginate chains in full-IPN
hydrogels does not provide enough interactions to considerably influence the
hydrophilic/hydrophobic balance of PNIPAAm chains. This could be explained by the
formation of a complex between the carboxylate groups of alginate and the amide groups of
PNIPAAmM, which is responsible for the lower than expected hydrophilicity of the full-IPNs
than expected in comparison with alginate fraction [234]. Furthermore, the number of
hydroxyl groups in alginate chains that rises with increase in alginate fraction could not
induce proportional increase in number of hydrogen bonds between them and water
molecules due to tighter network structure that could not accommodate great amounts of
water. Additional reason for negligible differences in VPTT of analyzed hydrogels might lie in
relatively high monomer concentration for the preparation of hydrogels. Similar study of
PNIPAAmM hydrogel networks interpenetrated with CA networks showed that, only at low
initial NIPAAm monomer concentration (2.5 wt %), the phase transition is favored at higher
temperatures due to easier motion of PNIPAAm chains [13]. This requires greater energy for
driving hydrophilic-hydrophobic transition, and hence it should result in higher VPTT. Also,
DSC analysis indicated that the structure of each network forming the full-IPNs is retained
during the synthesis since the incorporation of CA does not cause any significant deviation
from VPTT of pure PNIPAAm network [235]. Graphic representation of the volume phase
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transition during the first heating step is given in Figure 11l.5, and it demonstrates similarity
of DSC thermograms of all analyzed hydrogels.
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Figure Ill.5. DSC thermogram of the first heating step of all hydrogels

The obtained results show that analogous hydrogels with the same crosslinking degree of
PNIPAAm display the same VPTT value. Hence, increasing crosslinker (MBAAm)
concentration from 2 to 3 wt % in the feed solution (i.e. decreasing molar ratio of NIPAAm
and MBAAm from 68.1 to 45.4) does not influence VPTT of the hydrogels. This is in
accordance with literature data stating that crosslinking degree of PNIPAAm does not affect
the [59]. The onset temperatures that indicate the initiation of the phase transition process
are very similar in all cases.

What is also noticeable from DSC results (Table IIl.1) is that cooling cycle results in lower
VPTT in comparison with both heating cycles. This hysteresis is typical for first order type
phase transitions [236, 237]. Upon cooling, water expelled from gels during heating was re-
absorbed, hydrogen bonds with water were re-established and the network expands. The
process is delayed, i.e. a hysteresis in heating-cooling cycle appears due to the formation of
some additional hydrogen bonds between the >C=0 and H-N< groups of PNIPAAmM chains
only in the collapsed state, which is confirmed by laser light scattering and FTIR analysis of
PNIPAAmM aqueous solution [238]. Thus, established interchain hydrogen bonds act as “the
crosslinking” points among different chains resulting in hysteresis.

In all cases, phase transition enthalpy values of the full-IPN hydrogels upon cooling were the
same as those upon heating steps. This indicates that almost same amount of hydrogen
bonds was created during cooling process with respect to the previous and the following
process of heating. Furthermore, AH values during heating steps obtained for the full-IPN
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hydrogels are similar to AH values of pure PNIPAAm hydrogels. It is known that during
thermal induced volume phase transition, the structured water molecules around the
hydrophobic isopropyl groups of PNIPAAm are released [239]. This means that water
molecules around hydrophilic part of PNIPAAm and alginate chains might not be influenced
considerably [236]. It can be concluded that the amount of water around the isopropyl
groups is not affected by the hydrophilic chains of alginate and as a result enthalpy changes
associated with the volume phase transition are similar for all analyzed hydrogels. The IPN
hydrogels composed of PNIPAAmM and poly(sodium acrylate) reported by Chen and Hsieh
exhibited very close enthalpy changes during phase transition to that of pure PNIPAAmM
hydrogels [240].

Complete DSC thermographs (heating-cooling-heating cycle) of all hydrogel types showed
that the volume phase transition is a reversible process, according to almost identical shape
and position of endothermic peaks in the first and the second heating step of the thermal
cycle. This is clearly seen from the complete thermogram of the hydrogel P-0-5-2 displayed
in Figure lII.6 (other individual thermograms are given in the Appendix).
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Figure I11.6. DSC thermogram of heating-cooling-heating steps of hydrogel P-0-5-2

111.3.2 Glass transition temperature

Results of glass transition analysis by DSC are given in the form of thermograms in Figure
[1l.7. Literature values of the glass transition temperature of linear PNIPAAmM range between
85 and 130°C [241]. With regard to crosslinked PNIPAAmM, the results obtained by Zhang et
al. [10] indicate a Ty of 131.4°C for the PNIPAAm hydrogel based on 6.7 wt % monomer
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solution with 2 wt % crosslinker MBAAmM (based on monomer), which is close to our results

for both P-0-5-2 and P-0-5-3.
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Figure I1l.7. DSC thermograms for determination of T, values of hydrogels with lower (a) and
higher (b) crosslinking degree of PNIPAAm

In the case of pure PNIPAAm crosslinked by gamma radiation, noticeably higher values of the
Ty were reported [242], e.g. a T, of 149°C was obtained for a PNIPAAm hydrogel based on 10
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wt % monomer solution and irradiated at 70 kGy with a 60-Co source, signifying stronger
network in comparison with a chemically crosslinked PNIPAAm. However, T, of chemically
crosslinked PNIPAAm hydrogel could be increased by the presence of interpenetrants [10].
Our study shows that the CA network considerably contributes to the improved stability of
the full-IPNs, in contrast to pure chemically crosslinked PNIPAAmM hydrogel. An increase in
fraction of the second network (CA) results in the increase in T, values, owing to hindering of
the chain mobility. This is clearly showed in Figure 111.8 where uprising trend of T, values is
noted for hydrogels with both crosslinking degrees of PNIPAAm. A value of T, of IPN-1-5-2 is
not clearly understood since it is unexpectedly higher with respect to T, of IPN-2-5-2 and

IPN-3-5-2.
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Figure I11.8. Influence of the SA weight fraction on the glass transition temperature of
hydrogel films

The full-IPN hydrogels are characterized by strong interactions among polymer chains, since
a temperature above 153°C in the case of IPN-2-5-3 and IPN-3-5-3 is necessary to promote
the chain mobility (Figure 111.7b). This T, value can be compared to the T; of 149.7°C obtained
for hydrogels composed of two interpenetrating networks of PNIPAAm [10]. Therefore, CA
network leads to the improvement in strength of the interactions on a molecular level when
it is combined with PNIPAAm to form full-IPN.

I11.4 Swelling behavior

111.4.1 Equilibrium swelling ratio of hydrogels

Thermosensitivity of synthesized hydrogels was expressed through the values of equilibrium
swelling ratio (ESR) over the range of temperatures from 25°C up to 50°C. The swelling
profiles in Figure 111.9 indicate that the ESR of the IPN samples at lower temperatures (<31°C)
is decreasing with increase in alginate concentration due to reduced mobility of PNIPAAmM
chains in these more compact hydrogel networks. Also, there is a noticeable difference in
the ESR at 25°C between the samples with different crosslinking degree of PNIPAAm. Higher
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concentration of crosslinks in PNIPAAm network of IPN-1-5-3 resulted in around 18 % lower
ESR, in comparison with IPN-1-5-2. The ESR value of pure PNIPAAm hydrogels (22.5 and 19.8
for P-0-5-2 and P-0-5-3, respectively) is lower than those of full-IPN hydrogels based on 1 wt
% alginate (24.5 and 21.3 for IPN-1-5-2 and IPN-1-5-3, respectively), which indicates the
ability of the latter hydrogels to accommodate more water. This was confirmed by SEM
analysis and calculation of the average pore size of the samples at 25°C (see Figure 111.17).
More developed porous structure of IPN-1-5-x than P-0-5-x (x=2,3) provided higher water
swelling capacity. The analogous conclusion could be deduced for the relation of the ESR and
the average pore size at 40°C.
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Figure I11.9. Equilibrium swelling ratio of hydrogels with lower (a) and higher (b) crosslinking
degree of PNIPAAm as a function of temperature

The difference in ESR at lower temperatures (25, 28°C) between two hydrogels with higher
fraction of alginate (IPN-3-5-2 and IPN-3-5-3) is only slightly pronounced due to predominant
influence of CA network. It probably masks the differences arising from different crosslinking
degree of the other network (PNIPAAm) in full-IPNs. The concentration of crosslinker
MBAAm in hydrogels with the same amount of alginate affects neither the general shape of
the curve, nor VPTT values that could be determined from the inflection point of each
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swelling curve. It is estimated that VPTT increases depending on the presence and moiety of
CA in full-IPN hydrogels. VPTT values of full-IPN hydrogels based on 2 and 3 wt % of alginate
are close to 37°C, which is not in good agreement with the DSC results, since the different
methods of measurement can give small changes in this temperature [243].

Obtained swelling profiles confirm well known property of pure PNIPAAm hydrogels to have
weaker response to temperature variations, as a result of the formation of a skin layer [244,
245]. The formation of dense, polymer-rich phase due to the collapse of polymer chains
results in the opacity of a hydrogel, as shown in Figure 111.10.

Illllllll

Figure I11.10 P-0-5-2 hydrogel in swollen state after removal from aqueous medium at 25°C
(a) and in shrunken state in aqueous medium at 40°C (b)

A dense skin layer is formed and it hinders the diffusion of water molecules out of the gel
during the deswelling process at higher temperatures (>VPTT). Addition of alginate, as
hydrophilic component, primarily due to hydroxyl groups, reduces hydrophobic aggregation
in the surface layer of hydrogel and formation of the skin layer. It reflects in higher rate of
decrease of ESR with the increase in the temperature of IPN hydrogels. The sharpest volume
phase transition is exhibited by hydrogel IPN-1-5-2, whose ESR rapidly decreases once the
VPTT (34.5°C) is exceeded and drops from 20.1 down to 1.2 between 34°C and 40°C,
respectively (Figure I11.9a). Hydrogels with higher fraction of alginate have slower response
rate than IPN-1-5-2 and IPN-1-5-3. This could be explained by stronger interactions
(hydrogen bonds) between hydrogen of hydroxyl groups of alginate and nitrogen of amide
groups of PNIPAAm, due to more compact and denser full-IPN structures, and hence, weaker
influence on the reduction of hydrophobic aggregation in surface layer.

An increase in alginate content in the full-IPN hydrogels leads to the reduced mobility of
PNIPAAmM chains in these networks and consequently weaker water uptake ability, as was
also the case in similar systems [133]. It is shown that different concentration of alginate in
the feed mixture influences swelling properties of IPN hydrogels. Degree of PNIPAAm
crosslinking impacts ESR at lower temperatures. This is confirmed by SEM analysis, and
presented through the values of the average pore size at 25°C and 40°C (see Figure 111.17).
After exhibiting phase transition, well above their VPTT (at 50°C), the full-IPN hydrogels
show relatively similar swelling ESR values, which indicates the transition of their network
into a similar tightly compact structure.
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For better understanding of the swelling abilities of the hydrogels at temperatures below
and above VPTT, the values of equilibrium water content of hydrogels at 25°C and 40°C are
calculated. The ESR of hydrogels is directly related to their equilibrium water content (EWC):

W,-w, ESR
W,  ESR+1

s

EWC of our full-IPN hydrogels at 25°C ranges from 93.2 wt % (IPN-3-5-3) up to 96.1 wt %
(IPN-1-5-2) (Table III.2). These data suggest high capacity and ability of the hydrogels to
release important amounts of immobilized drug in response to temperature and good
diffusive properties [152]. Furthermore, IPN-1-5-2 looses more than 40 % of water from its
structure when it is equilibrated at 40°C. This efficient loss of water from the network
qualifies the full-IPN hydrogel based on 1 wt % alginate as promising matrices for controlled
drug release.

EWC = (I11.1)

Table Ill.2. Equilibrium water content of hydrogels at 25°C and 40°C

Hydrogel t=25°C t=40°C
P-0-5-2 95.7% 80.8%
P-0-5-3 95.1% 81.3%
IPN-1-5-2 96.1% 55.0%
IPN-1-5-3 95.5% 57.9%
IPN-2-5-2 95.1% 76.4%
IPN-2-5-3 94.8% 73.7%
IPN-3-5-2 93.5% 83.2%
IPN-3-5-3 93.2% 81.4%

Incubation of hydrogels at temperatures above their VPTT results in obvious reduction in
dimensions. As displayed in Figure 1ll.11, the strongest difference in diameter at equilibrium
state at 25 and 40°C are shown by IPN-1-5-2 and IPN-1-5-3 disks. This is in accordance with
the values of their water content at higher temperature that are smaller by almost two-fold
than at 25°C (Table 1l1.2).

-

25°C ittt

Figure I1l.11. Equilibrium swollen hydrogel disks at 25°C (a) and 40°C (b) in order (from left to
right): P-0-5-2, P-0-5-3, IPN-1-5-2, IPN-1-5-3, IPN-2-5-2, IPN-2-5-3, IPN-3-5-2, and IPN-3-5-3
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One of the main factors governing the permeation of a drug through a thermosensitive
hydrogels is the hydration of polymer chains that depends on a temperature causing
swelling change and hence water content within the polymer network [246, 247]. Sato et al.
showed that the solubility of solute through the hydrogel increases with hydrogel hydration
[248].

111.4.2 Swelling kinetics

When dried pure PNIPAAm and full-IPN gels are immersed in water at 25°C, they all show
similar swelling trend (Figure 111.12). The rates of swelling are high during the first hour and
than gradually decrease until the equilibrium swelling is reached. The difference between
the osmotic pressure in bulk water and in the swelling samples is the highest at the
beginning of the process and it decreases with time.
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Figure 111.12. Swelling kinetics of dried hydrogels with lower (a) and higher (b) crosslinking
degree of PNIPAAm at 25 °C

The first hour of swelling was characterized by high water uptake rate that is governed by
diffusion of water molecules into the dry sample. This is followed by the relaxation of the
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hydrated polymer chains and finally expansion of the hydrogel network [249]. Therefore, all
given profiles are marked by slow second phase of swelling. After the initial 30 min of
swelling, the highest increase in SR in comparison with the equilibrium value (ESR) is
obtained for pure PNIPAAmM hydrogels (45 %), followed by IPN-1-5-2 (41%), reaching SR close
to 10. These samples have the least compact dried structure with the lowest polymer chain
per unit volume, which enables easier water penetration into the gel. Increased presence of
alginate network induced slower swelling process so that SR of IPN-2-5-2 and IPN-3-5-2
equaled 15.1 and 10.6 respectively, in comparison with 16.7 obtained for P-0-5-2 after the
second hour of swelling. Measurements of the swelling kinetics up to 48 h indicated that the
equilibrium swelling time is slightly shortened when the fraction of alginate in the full-IPNs is
raised, due to the increased content of hydrophilic segments that favors the absorption of
water. The impact of crosslinking degree of PNIPAAm is negligible for the full-IPN samples
with high alginate concentration and it is the most pronounced for the full-IPN based on 1 wt
% alginate.

111.4.3 Deswelling kinetics

The kinetics of water loss from hydrogels at high temperature, displayed in Figure 111.13,
clearly indicates rather slow shrinking rate of pure PNIPAAm hydrogels in comparison with
the other samples. In general, formation of IPN structures considerably enhanced the
deswelling rate of the hydrogels. SR of P-0-5-2 and P-0-5-3 decreased to around 9 and 19 %
(respectively) after 2 h of deswelling at 40°C, comparing to the initial state at 25°C. As
opposed to them, full-IPN hydrogels based on 1 and 2 wt % alginate showed considerably
higher deswelling ability within the same period. Decrease in SR was more than 80 % in 2 h
for IPN-1-5-2 and IPN-1-5-3. As already noted, the incorporation of CA network weakens the
hydrophobic interactions among isopropyl groups of PNIPAAm in the surface layer. Thus, the
formation of a dense skin layer (which blocks the outflux of entrapped water from the
hydrogel network) is weakened, leading to a higher deswelling rate of full-IPNs. Rapidly
structured skin phase of P-0-5-2 and P-0-5-3 does not allow the water molecules inside these
hydrogels to be easily squeezed out. Hence, they feature minimal decrease in SR after the
initial 30 min. Furthermore, pure PNIPAAm hydrogels reach equilibrium at 40°C after 48 h,
whereas full-IPN hydrogels needs only around 4 h. The given deswelling profiles near
equilibrium state correspond to the pore structure of hydrogels at 40°C, i.e. their average
pore size that decrease in the order P-0-5-x>IPN-3-5-x>IPN-2-5-x>IPN-1-5-x (see Figure
1.17).

When comparing deswelling behavior of the full-IPN hydrogels with different fraction of
alginate network, it is observed that increased concentration of alginate chains slows down
the shrinking process. According to the obtained results, after the first 30 min of deswelling
process, swelling ratio of IPN-1-5-3 equals 4.6, while that of IPN-2-5-3 is almost doubled
(Figure 111.13b). This lower response rate might be caused by more compact and denser
structure of IPNs with higher content of CA due to the additional crosslinking of alginate
chains by calcium ions. As a consequence, mobility of PNIPAAmM chains in these networks is
reduced, and it affects a decrease in the intensity of hydrophobic interactions among
isopropyl groups. Hence, the release of entrapped water is the most retarded for hydrogels
based on the highest fraction of alginate in comparison with other full-IPN hydrogels, in spite
of strong prevention of skin layer formation. Obtained deswelling curves indicate that the
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difference in the crosslinking density of PNIPAAm network in full-IPNs is too low to have a
substantial impact on deswelling kinetics of analogous hydrogels.
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Figure 111.13. Deswelling kinetics of hydrogels with lower (a) and higher (b) crosslinking

degree of PNIPAAm at 40°C

111.4.4 Reswelling kinetics

Reswelling kinetics of the full-IPN hydrogels was studied in water at 25°C, after they reached
equilibrium state at 40°C (Figure Il1.14). Reswelling profiles of P-0-5-2 and P-0-5-3 hydrogels
are not given since it was difficult to manipulate them due to their fragile structure. In the
first period of incubation, all analyzed hydrogels have similar trend of reswelling. What is
noticeable after 1 h is weaker water uptake ability of hydrogels with higher crosslinking
density of PNIPAAm and the same alginate concentration (Figure 11.14b). At that time, IPN-1-
5-2 has around 26 % higher SR than IPN-1-5-3. Stronger hydrophobic interactions within
hydrogel with higher crosslinking degree of PNIPAAm influence the resistance against the
influx of water, but only in the first period of reswelling. This is in accordance with the
results of other authors who reported that increase in concentration of the crosslinker
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MBAAmM decreases the rate of swelling of the PNIPAAm hydrogels, found in the case of a
crosslinker below 5 wt % [15].
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Figure Ill.14. Reswelling kinetics of hydrogels with lower (a) and higher (b) crosslinking
degree of PNIPAAm at 25°C

The full-IPN hydrogels with lower fraction of alginate feature looser networks enabling
increased mobility of polymer chains during rehydration. This leads to a better exposure of
hydrophilic segments of polymer chains to water and its easier penetration into the matrix,
i.e. rate of water uptake. Hence, after the first hour of reswelling, IPN-1-5-x showed around
80 % increase in water uptake in comparison with initial equilibrium state at 40°C, whereas
this increase was around 60 % and 40 % for IPN-2-5-x and IPN-3-5-x, respectively (x=2,3).
IPN hydrogels based on 1 wt % alginate kept the highest rate of water uptake over other IPN
hydrogels until the end of the observed period. After the second hour of reswelling all
hydrogels exhibited slowing of water uptake rate, governed by the expansion of polymer
chains into the solvent that is more restricted in denser hydrogel matrices [250]. Hydrogels
reached equilibrium swollen state after almost 30 h of incubation at 25°C, although the
greatest part of swelling capacity is demonstrated after the initial 6 h of reswelling.
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l11.5 Morphology

The pore structure of hydrogels was examined by SEM. Figure I1l.15 and Figure 111.16 show
the SEM micrographs below and above VPTT of the hydrogels. Freeze-drying procedure
could be regarded as successful and hydrogel structured preserved since disk-shaped
samples retained their dimensions after the treatment. The dependence of the interior
morphology on hydrogel composition and their thermosensitivity could be clearly seen.

Figure I1l.15. SEM micrographs of hydrogel films with lower crosslinking degree of PNIPAAM:
comparison of interior morphology below and above VPTT

At room temperature, full-IPN hydrogels with the lowest fraction of alginate feature the
most porous structure, even more porous than corresponding pure PNIPAAm hydrogels.
High porosity of these full-IPN samples can be partly explained by the preparation
procedure. The initial phase of hydrogel synthesis encompassed 24 h polymerization and
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crosslinking of PNIPAAmM in the presence of SA. During this period, electrostatic repulsions
among carboxylate groups of alginate chains contribute to the expansion of forming network
[136]. This is the case with the samples with the lowest concentration of alginate. In
contrast, the structures of the full-IPN samples based on 2 and 3 wt % alginate are more
compact than pure PNIPAAmM, due to the over dominant influence of crosslinking of alginate
with calcium ions in the last step in their preparation. Hence, these hydrogels feature
smaller average pore sizes than pure PNIPAAmM hydrogels at 25°C (see Figure I11.17). This was
reflected through the values of ESR at lower temperatures (below VPTT) as well as the
results of swelling kinetics (see Figure I11.11 and Figure 111.12).

W\ A >~

Figure Il1.16. SEM micrographs of hydrogel films with higher crosslinking degree of PNIPAAmM:
comparison of interior morphology below and above VPTT

According to the SEM micrographs, the full-IPN matrices become denser and exhibit more
emphasized non-uniformity at room temperature with rise in alginate content. It is also clear
that the structures of hydrogels become more compact and far less porous after the
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incubation at 40°C. This can be ascribed to the strong hydrophobic interactions among
hydrophobic segments of PNIPAAm, which prevail above VPTT. As a result, the collapse of
the polymer chains and restructuring of the hydrogel matrix occurs. Furthermore, it is
reported elsewhere that probable formation of the complex between carboxylate groups of
CA and amide groups of PNIPAAm is favored at temperatures higher than the VPTT [134].
The reason for this can be found in the orientation of apolar isopropyl groups towards the
surface of the pores, thus decreasing the interaction with water molecules. According to
literature data, pure CA hydrogels feature irregular and elongated structure and looser than
pure PNIPAAm hydrogel [135]. However, combination of these two networks resulted in
more regular structure, emphasizing one of the numerous advantages of full-IPNs in the field
of hydrogels [251].

The pore sizes of hydrogels, equilibrium swollen below (25°C) and above (40°C) their VPTT
are presented in Figure IIl.17. Existence of smaller pores in the structure of the full-IPN
hydrogels based on higher alginate content is understandable due to the higher possibility of
the intermolecular association for formation of junction points [252]. The most pronounced
influence of PNIPAAm crosslinking density is noticed for the full-IPN hydrogels based on 1
and 2 wt % alginate. High standard deviations of pore sizes, as a measure of heterogeneous
interior morphology might be the result of steric hindrances caused by higher concentration
of alginate chains in the system during free-radical polymerization process of NIPAAm [253].
In addition, inhomogeneous distribution of PNIPAAm cross-links throughout the hydrogel
sample could be induced by this micro phase separation. Since crosslinker MBAAmM has two
vinyl groups, its molecules are incorporated into the growing polymer chains faster then
NIPAAm molecules. Hence, network regions formed earlier are more crosslinked than those
formed later [254].
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Figure lll.17. Pore size values of hydrogels below and above VPTT

The pore size values and SEM micrographs are in accordance with the swelling abilities of
hydrogels. The higher the average pore size of the network the higher will be the swelling
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ratio (see Figure II1.9). At temperatures above VPTT, pure PNIPAAm hydrogels have the
largest pores, which is in accordance with the results of deswelling kinetics. As previously
mentioned, the strongest collapse of polymer chains when temperature is raised from 25°C
up to 40°C (deswelling) is observed in the case of IPN-1-5-2, corresponding to over 97%-
decrease in the average pore size (from around 87 um down to 2 um).

Taking into account these results, the full-IPN hydrogels developed in this work could be
regarded as supermacroporous or macroporous since they are characterized by pores of
micron-sizes [255]. High values of pore sizes could be ascribed to the impact of low
preparation temperature of hydrogels, causing water to remain in the gel phase throughout
the polymerization and thus the formation of expanded polymer network [256]. Taking into
consideration the impact of hydrogel pore structure on diffusive characteristic and overall
swelling behavior, that hydrogels IPN-1-5-2 (Figure I11.15) and IPN-1-5-3 (Figure 111.16) are the
most desirable as matrices for drug loading and release application [257].

111.6 Mechanical properties

The DMA curves for different full-IPN hydrogels are presented in Figure 111.18-Figure 111.20.
The pure PNIPAAm hydrogels have not been analyzed because they were too fragile for
adequate manipulation, indicating their mechanically weak structure.
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Figure 111.18. DMA results for the full-IPN hydrogel films below VPTT (30°C): influence of
alginate content

Figure I11.18 shows the loss and storage moduli as a function of frequency for hydrogel films
at 30°C. The storage modulus (G’) accounts for an elastic “solid-like” behavior, while the loss
modulus (G”) is in relation with viscous properties. In all cases, G’ is higher than G”,
indicating that elastic response prevail in all tested hydrogels. Moreover, an improvement in
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mechanical properties is observed when the alginate content rises, as a result of the increase
in overall crosslinking density of hydrogels. This means that an increase in values of the
compression moduli corresponds to the weaker swelling capacity of hydrogels. The loss or
viscous moduli are considerably smaller than the storage or elastic moduli, which is general
characteristic of hydrogels and solid-like materials [258, 259]. Obtained values of storage
moduli of analyzed hydrogels are considerably higher than those of nanocomposite
PNIPAAmM hydrogels with incorporated hydrophobic polysiloxane nanoparticles tested in the
same DMA mode [212]. Also, our DMA analysis showed that formation of full-IPN of
PNIPAAmM and CA results in mechanically much stronger hydrogels than PNIPAAm-based IPN
hydrogels incorporating 3-methacryloxypropyl- trimethoxy silane, reported by Zhang et al
[260]. These hydrogels, when exposed to dynamic strain and frequency sweep tests in the
range from 0.1 to 100 rad s, featured storage modulus below 1 kPa.
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Figure 111.19. DMA results for the full-IPN hydrogel films below VPTT (30°C): influence of
crosslinking degree of PNIPAAmM

According to Figure 111.19, an increase in the crosslinking degree of PNIPAAmM slightly
decreases loss and storage moduli of hydrogels. This confirms that the difference in molar
ratio of NIPAAm and MBAAm of 68.1 and 45.4 (in IPN-1-5-2 and IPN-1-5-3, respectively) does
not influence the mechanical properties of resulting networks. These results might be also
considered as a consequence of the network imperfections. In comparison, the increased
concentration of alginate observed above, has more emphasized impact on the
improvement of dynamic compressive properties (Figure I11.18). Analogically, it contributes
to a decrease in swelling capacities, as shown earlier (see Figure 111.9). These phenomena are
in agreement with the theory of rubber elasticity which could be applied on hydrogels [261].
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Figure 111.20. Comparison of DMA results for the full- IPN hydrogel films below and above
VPTT

Another set of experiments was done at 40°C. The G’ results are compared to those
obtained at 30°C for three full-IPN samples (Figure 111.20). Around VPTT (~35°C), analyzed
thermosensitive hydrogels undergo a change in hydrophilic/hydrophobic balance that leads
to the volume phase transition process. According to the results, a large increase in elastic
modulus is observed for all hydrogel samples when operational temperature was 40°C,
primarily due to the collapse of polymer chains. Thus, more compact and tight network
structure is formed, contributing to the improved mechanical properties to 3D polymer
network. Relative increase in G’ is the highest for sample IPN-1-5-3, and the lowest for IPN-
3-5-2. This is in relation with the results of pore size values obtained by analysis of SEM
micrographs and referring to equilibrium states of hydrogels at 25°C and 40°C (Figure 111.17).

1.7 Conclusions

Synthesized thermosensitive hydrogel films aimed at transdermal delivery of a drug in a
controlled manner have been characterized in detail. Thermal, swelling, mechanical and
morphological properties demonstrated the advantages of full-IPN hydrogels composed of
crosslinked PNIPAAm and CA over pure PNIPAAm hydrogels. The presence of alginate
network in IPN hydrogels has considerable influence on VPTT values. CA considerably
contributes to the improved strength of the interactions on a molecular level of the full-IPNs,
as indicated by T, values. The swelling studies showed that increase in alginate content
significantly lowers the equilibrium swelling ratios of the full-IPN hydrogels, in particular at
temperatures below VPTT. However, full-IPN hydrogels based on 1 wt % of alginate show
better swelling capacity than pure PNIPAAm hydrogels at temperatures below VPTT. They
also have the most rapid response to temperature increase from 25°C up to 40°C in
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comparison with other studied hydrogels. The pure PNIPAAm hydrogels exhibit the lowest
rate of deswelling due to the formation of dense skin layer. Different crosslinking densities
of PNIPAAm have slight impact on the swelling behavior of analogous full-IPN hydrogels.
Higher alginate content contributes to the improved mechanical properties of full-IPN
hydrogels. The same effect is observed when the temperature is increased above VPTT,
resulting from the formation of tighter network structures. The full-IPN hydrogels based on 1
wt % of alginate feature more porous network comparing to pure PNIPAAm hydrogels at
23°C. The full-IPN hydrogels with 1 wt % of alginate also exhibit the greatest changes in pore
size values in response to temperature increase. In comparison with pure PNIPAAm, these
hydrogels feature better mechanical properties, greater pore sizes and improved swelling
behavior, i.e. response to temperature changes.

The presented results qualify thermosensitive full-IPN hydrogel films based on PNIPAAm and
CA as potential matrices intended for a controlled release of a drug. Performed syntheses
and characterizations of hydrogels provide a good base for additional study on their
combination with heating textiles as a part of drug delivery system for transdermal
applications.
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After studying thermosensitive hydrogel films with full-IPN structure, we will in this Chapter
describe formation of thermosensitive hydrogels in the form of microbeads using a spray
technique, electrostatic extrusion. These micro-sized hydrogels will have semi-IPN structure
due to the fact that PNIPAAm will be used in the linear form, previously synthesized by free-
radical polymerization in solution. Such hydrogel structures have been reported in literature
but only in spherical macro form (>1 mm) and prepared by simple extrusion in the gelling
solution for crosslinking of alginate [170, 171, 262]. Since we aim at development of
thermosensitive hydrogel microbeads with sizes close to average textile fiber diameter
(around 20 um for cotton [263]), an accent will be put on studying the influence of several
operating parameters on microbeads size and shape.

IV.1Preparation of hydrogel microbeads by electrostatic
extrusion

Prior to formation of thermosensitive semi-IPN microbeads, pure SA solution was employed
for the initial studies on electrostatic extrusion with a purpose of establishing general
starting conditions of the process by revealing a nature of impact of several operating and
formulation parameters.

IV.1.1 Pure CA hydrogel microbeads

Aqueous SA solutions of different concentrations (1, 2 and 3 wt %) were used for
electrostatic extrusion at various combination of operating parameters. Depending on the
concentration of extruded SA solution, microbeads were labelled as CA-1, CA-2, and CA-
3.The liquid flow rate was varied from 143 ml h™ to 26.1 ml h™, used needle types were 21-
gauge (21g°) and 26-gauge (26g>), while the distances from the needle tip to the surface of
the gelling solution (electrodes distance) was set at 3, 5, and 8 cm. The applied voltage was
in the range from 8 kV to 20 kV. The average microbead diameters and the standard
deviations were determined according to 100 microbeads per sample, using optical
microscopy images and applying an image analysis.

Initial electrostatic extrusion processes were performed using a 21g needle, setting the
electrodes distance at 5 cm, and at maximum possible flow rate (when using 50 ml-syringe).
The reason for starting with such a high flow rate of 143 ml h, atypical for the processes of
electrostatic extrusion in general [205, 265] lies in achieving high beads productivity,
although it is known that high flow rate generally results in beads of higher diameters of CA
beads [266]. SA solutions of various concentrations were extruded at given electrodes
distance, flow rate, and voltage of 8, 11, and 14 kV. The obtained hydrogel beads are
displayed in Figure IV.1. Due to their great size, images of microbeads were obtained by a
digital camera and not under the optical microscope.

2 21g corresponds to inner diameter of 0.495 mm [264]
3 26g corresponds to inner diameter of 0.241 mm [264]
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Figure IV.1. Hydrogel beads CA-1 (a-c), CA-2 (d-f), and CA-3 (g-i) and under the flow rate 143
ml h™, at the electrodes distance 5 cm, using a 21g needle and at various voltages as
indicated

It can be observed that the CA beads are of regular spherical shape and of uniform size
distribution. However, the size CA beads in these initial tests were far from the preferable
micro sizes. Large hydrogel beads were obtained under all tested conditions, in the range
from 750 up to 1350 pum. Table IV.1 contains calculated beads mean diameters that
implicate the influence of the concentration of SA solution and the applied voltage. An
increase in voltage did not have a considerable influence on sizes of beads based on 1 and 2
wt % SA but regarding 3 wt % SA solution, a rise from 8 to 14 kV reduced the size of the
beads by about 15 %. On the other hand, the concentration of extruded solution had a
pronounced impact on beads size. Under the voltage of 14 kV, CA beads produced from 1 wt
% SA solution feature more than 30 % lower mean diameter than CA beads obtained from 3
wt % SA solution.
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Table IV.1. Mean diameters of CA beads obtained under the flow rate 143 ml h™, at the
electrode distance 5 cm, and using a 21g needle

Sample Applied voltage, kV Mean diameter, um

8 801.0+31.4
CA-1 11 775.1£36.5
14 749.2+70.6
8 951.84+52.5
CA-2 11 948.0+38.1
14 928.4+30.3
8 1354.7+51.2
CA-3 11 1246.3+57.6
14 1138.2+71.8

To achieve considerable reduction in microbeads sizes, the following extrusion runs were
performed using a needle with considerably smaller inner diameter, a 26g needle. The flow
rate and electrodes distance were unchanged, while voltage was maintained at 14 kV and at
20 kV. The resulting beads obtained at lower voltage were recorded by digital camera while
others were recorded under the optical microscope (Figure IV.2).
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Figure IV.2. Hydrogel beads CA-1 (a,c), CA-2 (b,d), and CA-3 (c,e) and under the flow rate 143
mlh? using a 26g needle, at the electrodes distance 5 cm, and at various voltages as
indicated

The beads produced at 14 kV are of regular spherical shape and uniform size distribution,
regardless of SA concentration. The reduction of beads mean diameters in comparison with
beads obtained with 21g needle is clearly demonstrated by data in Table 1V.2. Using a needle
with two-fold smaller inner diameter resulted in decrease by almost 40 % in beads size (CA-1
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and CA-3). An increase in voltage up to even 20 kV gave less regular microbeads, especially
in the case of the most concentrated SA solution (Figure IV.2-f). This can be explained by
high viscosity of the solution that affects the spraying mode and mechanism of droplet
formation. It was reported that at lower SA concentration, i.e. low viscosity of SA solutions,
elongation of the filament linking the new droplet and the meniscus at the tip of the needle
was not as pronounced as in the case of high viscosity alginate [118]. This reflects to the
uniformity of microbeads size. Nedovic et al. obtained irregular, elongated CA microbeads
when using 3 and 4 wt % SA solution [267]. The results of the mean diameters imply
significant influence of the voltage on microbeads size. Needle oscillations were observed
when voltage of 20 kV was applied and this could be a reason of slightly irregular shapes of
CA-3 microbeads.

Table IV.2. Mean diameters of CA microbeads obtained under the flow rate 143 ml h™, at
the electrodes distance 5 cm, under voltage 14 kV, and using a 26g needle

Sample Applied voltage, kV Mean diameter, um

14 460.9132.6
CA-1

20 274.7+90.2

14 682.7+£36.9
CA-2

20 306.0+31.1

14 702.2+32.2
CA-3

20 471.5+80.8

The following extrusion processes were conducted using only 26g needle and the voltage
was kept below 20 kV, whereas the flow rate was lowered to 26.2 ml h™. The influence of
voltage was also studied in this series of extrusion runs at the unchanged electrodes distance
(5 cm). Representative images of microbeads obtained at given combination of parameters
are shown in Figure IV.3. Like in previous cases, the impact of SA concentration on
microbeads sizes is obvious, although not significantly when comparing corresponding CA-1
and CA-2 microbeads.
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Figure IV.3. Hydrogel microbeads CA-1 (a-c), CA-2 (d-f), and CA-3 (g-i) and under the flow
rate 26.2 ml h', at the electrodes distance 5 cm, using a 26g needle and at various voltages
as indicated

However, the presence of two fractions of microbeads by size was observed. Table V.3
contains data of microbeads mean diameters and the range of captured microbeads sizes. It
could be seen that the smallest satellite droplets, i.e. hydrogel microbeads reach around 10-
20 um in diameter. The appearance of the fraction of small microbeads is related to the
mode of spraying, i.e. to the mechanism of the droplet formation. The non-uniform size
distribution corresponds to the intensive spraying mode (sometimes discontinuous) into
which dripping mode is transformed when applied voltage is increased beyond the critical
value [116]. Sample and Bollini reported formation of small, so-called satellite droplets along
with the main droplets at higher spraying voltages [268]. An early study on the break-up of a
charged liquid jet during electrostatic extrusion showed that the instability of spherical
surface at the needle tip originates from the opposing molecular and electrical forces at a
curved liquid-gas interface [269]. It was proposed that stronger electrical effects over those
attributable to the surface tension cause the formation of thin side filaments. The break-up
of these filaments results in many small droplets, while break-up of the main jet comes from
the action of gravitational and molecular forces. It could be noted that the mean diameter of
microbeads obtained at the highest voltage applied (17 kV) is higher than of microbeads
obtained at 14 kV. This phenomenon could be explained by too high droplet velocity for
disintegration of formed droplet to occur when the voltage is close or above the critical
point [118]. Hence, the adjustment of voltage should be careful so that reverse effects do
not occur.
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When the intensity of the electric field increases beyond the breakdown potential of the air,
an arc discharge takes place. This is characterized by a heavy flow of current through the gas
between the electrodes (the needle tip and a surface of CaCl, solution) and high dissipation
of energy in the form of heat followed immediately by a sound [270]. When submitted to
high electric fields, the liquid stream in an electric field becomes unstable and the extruded
liquid is easily disrupted into many smaller filaments, resulting in many different microbead
sizes [205]. Under given flow rate and electrodes distance, the value of critical voltage was
between 11 and 13 kV, although air ionization occurred only at 30 kV.

Table IV.3. Mean diameters of CA microbeads obtained under the flow rate 26.2 ml h™., at
the electrodes distance 5 cm, and using a 26g needle

Sample Applied voltage, kV Mean diameter, um Range of diameters, um

11 270.7+36.1 162 + 317
CA-1 14 136.4+82.1 20 + 239
17 238.6+21.0 123 + 270
11 201.0+£171.5 21+ 550
CA-2 14 84.6+94.8 12 + 343
17 78.3%91.0 14 + 397
11 209.3+£220.0 7+620
CA-3 14 99.0+133.1 7 +432
17 135.7+183.6 14 + 500

The most important result deriving from this series of extrusion runs is a great influence of
the flow rate on microbeads size, demonstrated by comparison of corresponding values in
Tables IV.2 and V.3, for the voltage of 14 kV. Lowering the flow rate from 143 to 26.2 ml ht
considerably reduces the microbeads size. Therefore, the following extrusion processes were
conducted at 26.2 ml h™* and the influence of electrodes distance was analyzed (Figure IV.4).
One smaller and one larger electrodes distance was chosen in comparison to previously set
value (5 cm). Displayed microscopy images and data given in Table IV.4 indicate the negative
impact of shorter electrodes distance on the size of the fraction of bigger microbeads as well
as on the microbeads shape.
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8cm, 26.2 ml h1

3cm, 26.2 ml hl ]

S

Figure IV.4. Hydrogel microbeads CA-1 (a-c), CA-2 (d-f), and CA-3 (g-i) at voltage 14 kV, flow
rate 26.2 ml h™, using a 26g needle and under different electrodes distance, as indicated

The regularity of microbeads shape when electrodes distance was adjusted at 3 cm is
particularly pronounced in the case of CA-1 microbeads. The shape of the microbeads is
determined by the forces acting on the droplet before it enters the collecting solution. It
could be assumed that too low electrodes distance allows electrical and impact-drag forces
to overcome viscous-surface tension forces and that is why regular spherical shaped
microbeads are not obtained [111]. The microbeads CA-2 and CA-3 obtained at smaller
electrodes distance have wide size distribution due to the presence of small satellite
droplets down to 10-20 um in diameter. When the distance between the electrodes was set
at 8 cm, both size and shape of microbeads were changed. The mean diameter increased but
the uniformity of microbeads size and regularity of microbeads shape was considerably
improved, particularly for the CA-2 microbeads. This implies the complexity of adjusting
optimal combination of parameters in achieving close-to spherical shape of microbeads but
also the smaller size as possible.
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Table IV.4. Mean diameters of CA microbeads obtained under the voltage 14 kV, at
26 ml h'%, using a 26g needle, and at various electrodes distances

Sample Electrodes distance, cm Mean diameter, um

3 _%
CA-1

8 222.7445.7

3 41.2196.8
CA-2

8 335.2+138.4

3 43.5+76.9
CA-3

8 419.4+167.5

* These microbeads were difficult to analyze by image analysis software
due to pronounced shape irregularity.

The influence of the concentration of the extruded solution was obvious in all cases, i.e.
higher concentration results in larger hydrogel beads. However, based on our practical
experience, lower solution concentration does not always imply the production of
microbeads of regular spherical shape. In certain cases, 2 wt % SA solution seemed to be the
most adequate in all tested conditions with regard to the regularity of the beads shape.
Figure below gives examples of different beads shape and size.

Figure IV.5. Hydrogel beads shapes and sizes obtained under various combinations of
operating parameters: a) CA-1 (26g-5cm-20kV-26.1ml h%), b) CA-3 (26g-5cm-20kV-143ml h
1) ¢) CA-1 (26g-5cm-17kV-26.1ml h, d) CA-2 (21g-SA-5cm--8kV-143ml h), e) CA-1 (26g-
8cm-14kV-26.1ml h™), and f) CA-2 (26g-5cm-14kV-26.2 ml h'™)

The combination of various parameters qualifies the process of electrostatic extrusion as
intricate and still not completely understood. Hence, the optimization of operating
conditions with the aim of obtaining hydrogel microbeads of desirable properties represents
a challenge and a demanding task. Formation of thermosensitive hydrogel microbeads of
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semi-IPN structure imparts complexity in the given system due to the presence of neutral
PNIPAAm chains.

IV.1.2 Thermosensitive semi-IPN hydrogel microbeads

Formation of thermosensitive hydrogel microbeads was performed by electrostatic
extrusion of aqueous solutions containing PNIPAAm and SA, using a CaCl, solution as a
receiving medium. Due to ability of Ca** to crosslink alginate by simple ionic exchange with
Na® ions, formed microbeads had semi-IPN structure composed of linear PNIPAAm and CA
(Figure 1V.6). In this system the linear PNIPAAmM chains are entrapped within the CA network
as a consequence of crosslinking reaction.

Figure IV.6. Scheme of semi-IPN structure of thermosensitive hydrogel microbeads composed
of linear PNIPAAm and CA

The name codes of PNIPAAmM/SA solutions were interpreted as S-X-Y, where S stands for the
solution, X signifies the weight faction of PNIPAAm in the solution, and Y stands for the
weight fraction of SA in the solution. The majority of extrusion runs were conducted using
two solutions: S-0.1-1 solution that contains 0.1 wt % PNIPAAm and 1 wt % SA. Name code S-
0-1 represents pure 1 wt%-SA solution. The name codes of microbeads were given
analogously, as semi-IPN-X-Y.

Formulation and operating parameters were varied in a set of experiments intended for
setting up the optimal conditions for the production of the smallest possible thermosensitive
hydrogel microbeads and of close-to-spherical shape. All extrusion processes were
performed using a 27g needle, the voltage was varied from 4 to 16 kV, the electrodes
distance from 4 to 16 cm, and the flow rate from 0.397 to 26.2 ml h™.

IV.1.2.1 Influence of PNIPAAm concentration in extruded solution

The initial studies on electrostatic extrusion of pure SA solution showed that the 2 wt %
solution is the most satisfying regarding the microbeads shape and size. However, as a
starting point for the preparation of PNIPAAmM/SA solution, a 1 wt % SA solution was used
because of too high viscosity of the 2 wt% solution. Indeed, even a small fraction of
PNIPAAmM considerably increases the viscosity of the solution, as will be shown. A too high
viscosity affects the process stability. Furthermore, regular extrusion of the PNIPAAmM/SA
solutions based on 1 to 4 wt % PNIPAAm and 1 wt % SA was impossible since no droplets
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could have been formed, regardless of the needle gauge or voltage applied. This can be
explained by too low conductivity and too high viscosity of polymer solutions. Due to high
concentration of neutral PNIPAAm linear chains, the diffusion of small sodium ions (Na*) can
be limited and interrupted (Figure IV.7). Poncelet et al. reported that the adsorption of the
electric charge may be limited by the sterical hindrance and diffusion rate to the droplet
surface [202]. This results in insufficient electric surface charge necessary for the formation
of a pending droplet and more extended liquid filament is instead produced from the needle
tip. Impact of high electric field on the extended filament is expected to break up in large
number of smaller droplets of non-uniform size distribution. Hence, extrusion of
PNIPAAmM/SA solution could be less controllable and predictable when comparing to pure SA
solution.

Alginate chains

b)

Alginate chains

PMIPAAM chains

Figure IV.7. Scheme of a hanging droplet of SA solution (a) and PNIPAAm/SA solution (b) in
an electric field and enlarged display of diffusion of Na* ions outward from the core of a
droplet

Initial tests have shown that the solutions with higher concentration of PNIPAAm (above 0.5
wt %) and hence, of higher viscosities, are not desirable for the performance of the process
in a controllable manner. Hence, two types of solution for the electrostatic extrusion were
selected, resulting in microbeads labeled as semi-IPN-0.1-1 and semi-IPN-0.25-1. Figure 1V.8
clearly displays the impact of the addition of small quantities of PNIPAAm on dynamic
viscosity of aqueous solution containing 1 wt % SA. The dynamic viscosity of S-0.1-1 is in
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average 16 % higher in the tested range of shear rate in comparison with the average
viscosity of S-0-1. More viscous fluids have higher resistance to flow and hence are expected
to give larger droplets when extruded in an electric field.
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Figure IV.8. Dependence of dynamic viscosity on the shear rate for selected PNIPAAm/SA
solutions intended for electrostatic extrusion

The conductivity of polymer solutions could not be neglected in predicting and analyzing the
size of resulting hydrogel microbeads produced by electrostatic extrusion. Conductivity of
polymer solution determines the degree of charge that could accumulate in the surface of a
pending droplet on a needle tip. If conductivity of extruded liquid is high, the rate at which
the charge relaxes to the liquid surface is short. This leads to the buildup of electrostatic
force in which the radial component of the electrical stress is dominant, resulting in the
destabilization of the liquid jet [271]. A result could be polydisperse spray with wide size
distribution of droplets. The comparison of conductivity of selected polymer solutions is
given in Table IV.5. Since PNIPAAm is a neutral polymer, conductivity of the solution
decreases with increase in PNIPAAm fraction. In addition to viscosity, conductive effects of
PNIPAAmM/SA solutions will also contribute to unique behavior of these solutions in
comparison to pure SA solution that was mainly studied for the production of hydrogel
microbeads by electrostatic extrusion.

Table IV.5. Conductivity values of various polymer solutions at 21°C

Solution Conductivity, mS cm™

S-0-1 2.353+0.015
S-0.1-1 2.114+0.005
S-0.25-1 2.079+0.020
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IV.1.2.2 Influence of surfactant

The properties of the solutions are important to know because of clearer analysis of the
results. A balance of forces acting on a droplet from a needle tip in the system with positive
needle and grounded collecting solution was discussed in Chapter Il of the report (Equations
[I.1 and 11.2). A mass of a formed droplet at the moment of its detachment from the needle
tip is determined by the balance among three forces: gravitational (F), electrostatic (Fe) and
surface tension (F,) [114]. According to Equation 1.2, a reduction in surface tension of
extruded polymer solution results in decrease of droplet diameter and hence, of hydrogel
beads size. In PNIPAAmM/SA solution, carriers of charge opposite to the collecting solution
diffuse towards the droplet surface due to the applied electrostatic potential and thus
counteract the surface tension of the droplet. Therefore, a surfactant was added to
PNIPAAmM/SA solution and its influence on microbeads size and shape was investigated.

Initial choice of potentially applicable two nontoxic surfactants was governed primarily by
their nonionic nature (Table IV.6). This property is of importance for the crosslinking reaction
of alginate when a droplet of PNIPAAmM/SA solution comes in contact with CaCl, solution.
Hence, there should be minimum interaction between the surfactant molecules and Ca*'
ions. Also, one of the chosen surfactants (Tween 20) was employed in the study of the
formation of protein-loaded CA microbeads with diameter below 10 um [272].

Table IV.6. Properties of chosen surfactants [264, 273, 274]

Brand name IUPAC name Type Molgcular HLB
weight
Tween 20 Polypxyethylene (20) nonionic 1228 16
sorbitan monolaurate
Brij 35 Polyoxyethylene (35) nonionic 1198 16

lauryl ether

First, S-0.1-1 solution with various concentrations of surfactants was characterized by
measurement of the surface tension (Figure IV.9). The addition of 1 wt % solution of Tween
20 decreases the surface tension by approximately 12 %. The second surfactant, Brij 35,
showed a much weaker effect on surface tension, regardless of the concentration. According
to Figure IV.9, the surface tension of Tween 20 solutions decreases with increase of
surfactant concentration. Concentration of 5 wt % is close to a critical micelle concentration
above which no further decrease in surface tension could be achieved. Due to weaker
impact on decrease of the surface tension of S-0.1-1, Brij 35 was not employed in the series
of electrostatic extrusion runs but only Tween 20.
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Figure IV.9. Effect of surfactants concentration on the surface tension of solution S-0.1-1

Under the same conditions, polymer solution (S-0.1-1) without and with Tween 20 were
extruded. Flowing rate was set at 26.2 ml h™ electrodes distance at 8 cm, and 26g needle
was used. The voltage was adjusted at 8 kV. The images of obtained microbeads are
displayed at Figure IV.10. Solutions with added surfactant were labeled with letter T at the
end of the name code of the microbeads, followed by a number that signifies the Tween 20
weight fraction in percentage in the solution. Analysis of microbeads diameter (using
Imagel) was based on 100 microbeads per sample. Extrusion of pure S-0.1-1 (without a
surfactant) resulted in regular spherical shape of larger beads of around 274.9 um in
diameter. The addition of Tween 20 at 1 wt % did not influence the microbeads size (277.4
um). The mean diameter of semi-IPN-0.1-1-T3 and semi-IPN-0.1-1-T5 were 297.7 um and
297.8 um, respectively, i.e. even high concentrations of surfactant do not influence the
microbeads size at given process conditions.

In general, the addition of surfactant has no notable impact on the reduction of microbeads
diameter regardless of its concentration (2, 3, and 5 wt %). The reason for this could be
found in retardation of diffusion of Na* ions toward the droplet surface by bulky surfactants
molecules (non-ionic). Thus, charge on a droplet (q) becomes reduced comparing to solution
without a surfactant and hence affects the droplet diameter increase (Equation 1V.2). The
effects of the surface tension reduction and surface charge decrease due to surfactant
presence could be mutually circumvented, resulting in lack of surfactant impact on
microbeads diameter size.
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Figure IV.10. Hydrogel microbeads semi-IPN-0.1-1 without surfactant (a), semi-IPN-0.1-1-T2
(b), semi-IPN-0.1-1-T3 (c), and semi-IPN-0.1-1-T5 (d) (operating parameters: 8 kV, 8 cm, 26.2
ml h™, 26g)

Another obvious fact is that microbeads obtained from solutions with surfactant are not
regular spherical but tail-shaped (Figure 1V.10-b,c,d). This phenomenon could be related to
the impact of higher viscosity of the solutions with surfactant but primarily due to weakened
surface tension effect that governs the transition of a drop detaching from a needle tip into
regular spherical drop before entering the collecting solution. The tail-shaped beads were
reported by Chan et al. when pure SA solution of higher concentrations (viscosities) was
extruded in the absence of an electric field [111]. Therefore, further studies on the impact of
operating parameters of electrostatic extrusion were performed using only pure
PNIPAAmM/SA solution, without the addition of surfactants.

IV.1.2.3 Influence of the operating parameters

The electrostatic extrusion of the pure SA solution, i.e. formation of CA microbeads showed
that needle gauge has distinctively notable influence on microbeads size. Hence, the needle
with the smallest inner diameter (27g*) was used in the following series of electrostatic
extrusions of SA/PNIPAAm solution (S-0.1-1) in an electric field. The influence of several
operating parameters on microbeads size and shape was investigated: flow rate, voltage,
and electrodes distance.

The microscopy images of microbeads were analyzed by Image Pro Plus™ software. The
analysis was performed on 300 microbeads per sample (from 3 batches, 100 microbeads per
batch). The regularity of microbeads shape is of significance for intended application and
easier control of their behavior, particularly in drug release studies. Therefore, the
roundness was determined in addition to microbeads diameters. The perfect roundness of a
microbead corresponds to the value of 1. Figure IV.11 is given for acquiring clearer image of
how imperfections in microbeads shape reflects in the value of roundness.

4276 corresponds to inner diameter of 0.191 mm [264]
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Figure IV.11. Example of various microbeads shape and corresponding values of roundness

The starting conditions were set according to previous tests with pure SA solutions, the
voltage was set at 8 kV, electrodes distance at 8 cm, and the flow rate at 26.2 ml ™. Keeping
the voltage and electrodes distance constant, the value of flow rate was varied from 26.2 to
0.397 ml h™%. Optical microscopy images obtained at these conditions are displayed in Figure
IV.12 and corresponding values of mean roundness and mean diameter are given in Table
IV.7.

Figure IV.12. Semi-IPN-0.1-1 microbeads obtained under the voltage 8 kV, electrodes distance
8 cm, and flow rates 26.2 ml h™* (a), 16.3 ml h™ (b), 7.14 mI h"™* (c), and 0.397 mI h™* (d)

It could be seen that decrease in flow rate of polymer solution considerably decreases the
mean diameter of resulting hydrogel microbeads. Flow rate influences the amount of Na*
ions moving toward the surface of the droplet. At lower flow rates more charged entities
(Na" ions) reach the droplet surface and cause the surface tension to decrease since they will
repel each other. A decrease in surface tension results in formation of smaller droplets and
hence, of smaller hydrogel microbeads.
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Table IV.7. Influence of the flow rate on size and shape of semi-IPN-0.1-1 microbeads
(electrodes distance 8 cm, voltage 8 kV)

Flow rate, ml h™ Description Mean roundness Mean diameter, um

Bigger microbeads regular
26.2 spherical, smaller mainly 1.027+0.042 78.0+£97.2
irregular, some tailed-shaped

Mixture of regular spherical and

163 slightly irregular

1.054+0.096 61.7+67.6

Bigger beads regular spherical
and partly tail-shaped, smaller
mainly regular spherical, some
half-sphere shaped
Middle size microbeads (around
100 um) tail-shaped, smaller
partially regular and partially
half-sphere shaped

7.14 1.054+0.104 30.8+38.3

0.397 1.041+0.061 19.4+20.6

Large standard deviation values of mean diameters could be more clearly understood when
the corresponding size distribution profiles are displayed (Figure IV.13). Microbeads of above
250 pm in diameter were detected when the flow rate was set at 26.2 and 16.3 ml h™%. The
narrowest size distribution and the smallest mean diameter were obtained at the lowest
flow rate. This confirms the importance of the flow rate values in the process of electrostatic
extrusion because of the relative roles that inertial and electrostatic forces play in the
production of a liquid jet and in subsequent atomization [206].
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Figure IV.13. Size distribution profiles of semi-IPN-0.1-1 microbeads obtained at various flow
rates, voltage 8 kV, electrodes distance 8 cm, and using a 27g needle
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The values of mean roundness follow the same trend as the values of mean diameters but
the roundness distribution profiles in Figure IV.14 distinctly show that the highest amount of
microbeads of perfect roundness (value 1) is obtained when the flow rate of 0.397 ml h*
applied.
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Figure IV.14. Roundness distribution profiles of semi-IPN-0.1-1 microbeads obtained at
various flow rates, voltage 8 kV, electrodes distance 8 cm, and using a 27g needle

Taking into consideration the previous results, in the following extrusion runs the flow rate
was kept at 0.397 ml h%, the electrodes distance at 8 cm, while voltage was increased from 8
kV to 12 and 16 kV. Increase in voltage could often result in discontinuous spraying of liquid,
associated with wide droplets size distribution [116]. We assumed that controlled increase in
voltage could give smaller satellite droplets. The risk of deteriorating the shape regularity of
resulting microbeads was also expected due to the impact of electrical forces. For
comparison, the batch of microbeads obtained at 8 kV is presented along with the newly
synthesized microbeads (Figure I1V.15).

Figure IV.15. Semi-IPN-0.1-1 microbeads obtained under the flow rate 0.397 ml h™,
electrodes distance 8 cm, and voltage 8 kV (a), 12 kV (b), and 16 kV (c)
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Data presented in Table IV.8 indicate that increasing voltage from 8 kV to 12 kV caused
reduction in mean diameter. In contrast, further increase up to 16 kV resulted in slightly
bigger microbeads (than at 12 kV). Such dependence of microbeads size on applied voltage
applied is already observed in the case of pure CA microbeads (Section 1V.1.1). The reason
for that is found in too high electric field that affects an increase in droplets velocity and
hence does not favor disintegration of formed droplets [118].

Table IV.8. Influence of the voltage on size and shape of semi-IPN-0.1-1 microbeads
(electrodes distance 8 cm, flow rate 0.397 ml h™)

Voltage, kV Description Mean roundness Mean diameter, um

Middle size microbeads (~100 um)
8 tail-shaped, smaller partially regular 1.041+0.061 19.4+20.6
and partially half-sphere shaped

Mixture of regular spherical and

12 half-sphere shaped microbeads

1.018+0.049 10.9+10.1

Bigger microbeads (>100 um) tail-
16 shaped, smaller microbeads of 1.031+0.096 15.4+29.9
regular shape

The increase in applied voltage reduced the amount of microbeads of diameter above 100
pum, as demonstrated by size distribution profiles in Figure IV.16.
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Figure IV.16. Size distribution profiles of semi-IPN-0.1-1 microbeads obtained at various
voltages and at electrodes distance 8 cm, flow rate 0.397 ml h™* and using a 27g needle

Roundness distribution profiles (Figure 1V.17) testify that the most regular microbeads are
obtained at 12 kV. These microbeads exhibit the best ratio of mean diameter and mean
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roundness. Although the microbeads produced at even higher voltage (16 kV) have also
satisfying roundness, their diameter is higher.
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Figure IV.17. Roundness distribution profiles of semi-IPN-0.1-1 microbeads obtained at
various voltages, flow rate 0.397 ml ™, electrodes distance 8 cm, and using a 27g needle

The following series of extrusion in electric field was performed to study the influence of the
flow rate, this time at voltage of 12 kV (and same electrode distances). These extrusion runs
were performed to investigate the economy in microbeads production. In other words, low
flow rates are not preferable for industrial conditions due to low productivity and high
expenses. Therefore, at constant voltage and electrodes distance, the flow rate was varied
from 0.397 up to 26.2 ml h™* and resulting microbeads are displayed in Figure IV.18.
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Figure IV.18. Semi-IPN-0.1-1 microbeads obtained under voltage 12 kV, electrodes distance 8
cm, and flow rate 0.397 ml h?(a), 7.124 ml h* (b), 16.3 ml h™ (c), and 26.2 ml h™* (d)

The increase in flow rate resulted in the increase in mean diameter that is far less
pronounced than at 8 kV (Table 1V.9). One promising result is the value of mean diameter of
microbeads produced at 26.2 ml h™, which is around 24 pMm, in comparison with 78 um

calculated for the same flow rate but at 8 kV.

Table IV.9. Influence of the flow rate on size and shape of semi-IPN-0.1-1 microbeads
(voltage 12 kV, electrodes distance 8 cm)

Flow rate, ml h™ Description Mean roundness Mean diameter, um
Mixture of regular spherical
0.397 and half-sphere shaped 1.018+0.049 10.9+10.1
microbeads

Middle-sized microbeads
slightly irregular and smaller
microbeads - mixture of
regular and irregular

7.14 1.042+0.087 14.7+£18.2

Bigger microbeads tail-shaped,
16.3 middle-sized and smaller 1.089+0.126 31.3+42.0
microbeads -microbeads

slightly irregular

All microbeads slightly

26.2 .
irregular

1.069+0.097 24.3%+30.3

If the corresponding size distribution profiles in Figure 1V.13 (voltage 8 kV) and Figure 1V.19
(voltage 12 kV) are compared, it could be observed that the voltage has more emphasized
influence on the microbeads size at high flow rates. An analogous effect was reported by
Tang and Gomez who studied monodisperse electrosprays of low electric conductivity liquids
[275]. At 8 kV, the narrowest size distribution is again observed for the microbeads

corresponding to the lowest flow rate.
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Figure IV.19. Size distribution profiles of semi-IPN-0.1-1 microbeads obtained at various flow
rates and at voltage 12 kV, electrodes distance 8 cm, and using a 27g needle

The above mentioned microbeads obtained at the flow rate 26.2 ml h™* could be regarded as
potentially applicable on the textile surface regarding their size, but the shape regularity is
not satisfying. Roundness distribution profiles clearly demonstrate the considerable impact
of high flow rates on deterioration of microbeads shape (Figure IV.20).
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Figure IV.20. Roundness distribution profiles of semi-IPN-0.1-1 microbeads obtained at
various flow rates, voltage 12 kV, electrodes distance 8 cm, and using a 27g needle

The next parameter investigated was the electrodes distance that is of considerable
importance primarily for the shape of microbeads. This could be understood when taking
into consideration competing forces between the surface tension-viscosity of the falling drop
and the pressure of the air pushing up against the bottom of the drop [111]. Hence, at
constant voltage of 12 kV and flow rate of 0.397 ml h™ two additional electrodes distances
were tested, 4 cm and 16 cm. Figure 1V.21 displays microscopic images of all three types of
comparable hydrogel microbeads. Strong presence of microbeads of diameter above 100 um
obtained at the highest electrodes distance (16 cm) was observed.

Figure IV.21. Semi-IPN-0.1-1 microbeads obtained under the voltage 12 kV, flow rate 0.397
ml h™, and electrodes distance 4 cm (a), 8 cm (b), and 16 cm (c)

The values of microbeads mean diameter (Table 1V.10) show that decreasing electrodes
distance from 8 cm down to 4 cm has negligible effect on microbeads size. On the other
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hand, two-fold increase in electrode distance results in almost eight-fold increase in mean
diameter. The weakening of the electric field has strongly reflected on microbeads size.

Table IV.10. Influence of the electrodes distance on size and shape of semi-IPN-0.1-1
microbeads (flow rate 0.397 ml h™, voltage 12 kV)

Electrodes

. Description Mean roundness Mean diameter, um
distance, cm

Fraction of bigger microbeads
(>100 um) tail-shaped, smaller
4 microbeads are mixture of 1.019+0.060 13.3£21.3
regular spherical and half-
sphere shaped microbeads

Mixture of regular spherical and

b +
half-sphere shaped microbeads 1.01840.049 10.5¢10.1

Fraction of bigger microbeads
(>100 pm) irregular, elongated,
16 smaller microbeads are mixture 1.088+0.107 79.2+59.2
of regular spherical and half-
sphere shaped microbeads

When electrodes distance was set at 16 cm, the presence of large fraction of microbeads of
diameter ranging from 100 to 200 um was observed (Figure 1V.22). In spite of the fact that a
fraction of microbeads below 20 um was also detected, such high electrodes distance is not
desirable due to too large fraction of big microbeads that should be rejected in the final
application on textile material.
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Figure IV.22. Size distribution profiles of semi-IPN-0.1-1 microbeads obtained at various
electrodes distance and at voltage 12 kV, flow rate 0.397 ml h™", and using a 27g needle
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Another notable characteristic of microbeads obtained at electrodes distance of 16 cm is
unsatisfying mean roundness. This is mainly attributed to the fraction of big microbeads (of
diameter above 100 pm). Comparison of roundness distribution profiles in Figure 1V.23
offers better insight into the regularity of microbeads shape of microbeads obtained at
various electrodes distances.
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Figure IV.23. Roundness distribution profiles of semi-IPN-0.1-1 microbeads obtained at
various electrodes distance and at voltage 12 kV, flow rate 0.397 ml h™, and using a 27g
needle

The conducted analysis of microbeads shape and size showed that the most optimal
conditions for the formation of hydrogel microbeads by electrostatic extrusion of polymer
solution with 1 wt % alginate and 0.1 wt % PNIPAAm and using a 27g-needle are: 12 kV-
voltage, 8 cm—electrodes distance, and 0.397 ml h™>-flow rate. These microbeads have mean
diameter of around 10 um and satisfying shape. Hence, they fulfill initial requirements for
the intended application on the surface of the textile material. One of the main drawbacks of
hypothetical scale-up of the electrostatic extrusion under given conditions would be very
low flow rate. One of the possible solutions for this issue could be construction of a multi
nozzle device. Also, potentially good solution for the production of more uniform
microbeads through more stable process might be use of a ring electrode [265]. This
electrode should be placed around the needle, above the needle tip, especially when
operating at high flow rates in a dripping mode.
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IV.2 Characterization of thermosensitive semi-IPN hydrogel
microbeads

Two types of semi-IPN hydrogel microbeads have been selected for more detailed
characterization by FTIR, DSC, SEM and gravimetry, and were also used in the drug release
studies. Those are semi-IPN-0.1-1, since solution S-0.1-1 was mainly applied in the
optimization of operating parameters, and semi-IPN-0.25-1, for their higher
thermosensitivity due to higher fraction of linear interpenetrant (PNIPAAm). The two types
of microbeads were obtained using a 27g needle, at voltage of 8 kV, electrodes distance of 8
cm, and the flow rate of 26.2 ml h™. This combination of parameters was not the most
optimal for the production of the microbeads, since the batch contained considerable
fraction of small microbeads, even down to 10 um in diameter, and mainly of very irregular
shape. To avoid quite irregular microbeads and to select microbeads of more uniform size
distribution desirable for the drug release studies, the microbeads were filtered using
CellTrick® filter of 100 um mesh size. The fraction of bigger beads was used in for drug
release using dissolution test and was further characterized. Figure 1V.24 displays both types
of microbeads after filtration.
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Figure IV.24. Filtered hydrogel microbeads used in drug release studies: semi-IPN-0.1-1 (a)
and semi-IPN-0.25-1 (b)

Based on the analysis of 150 microbeads in each batch, we obtained the mean diameters of
semi-IPN-0.1-1 and semi-IPN-0.25-1 microbeads to be 179.4 um (+24.0 um) and 253.2 um
(£24.8 um), respectively. When higher concentration of PNIPAAm is present in extruded
solution, charge surface density of a droplet is reduced, thus hindering diffusion of sodium
ions toward the surface. As a consequence, the value of surface tension becomes higher,
and thus, the droplets of greater size are formed [116]. Mean degree of roundness of semi-
IPN-0.1-1 microbeads was 1.102 whereas the roundness of semi-IPN-0.25-1 was worse
(degree of roundness 1.193) as a consequence of higher fraction of PNIPAAm.

IV.2.1 Chemical Structure

In the FTIR spectrum of linear PNIPAAm (Figure IV.25), characteristic absorptions of the
polymer are observed, the amide | band at 1650 cm™ (C=0 stretching) and amide Il band at
1549 cm™ (N-H bending) of the amide group [227]. A former peak is registered in the spectra
of semi-IPNs, although shifted toward the lower frequencies, partly overlapping with a
broader peak arising from symmetric stretching of COO" in alginate chain. The composition
of the hydrogel microbeads is characterized by considerably higher amount of CA in respect
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to PNIPAAm. This causes the difficulties to detect all the bands of PNIPAAm due to
domination of stronger peaks of CA.

PNIPAAmM

| il

semi-IPN-0.1-1

Transmittance, %
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Figure IV.25. FTIR spectra (characteristic peaks of PNIPAAm chains indicated by full lines and
those of CA network by dotted lines)

The bands at 1386 cm™ and 1367 cm™ are assigned to C-H vibrations of isopropyl group of
PNIPAAmM [228]. In the spectrum semi-IPN-0.25-1 the latter peak is observed, while in the
sample with lower amount of PNIPAAm, these vibrations were not too strong to be
detected. Another characteristic absorption band of PNIPAAm appears around 2972 cm™
and is attributed to the C-H stretching vibration of —CH- bridges of PNIPAAm network [276].
It is shifted toward the lower wavenumbers in the spectra of the semi-IPN microbeads
(2968/2961 cm™). Therefore, the presence of PNIPAAm was verified in the semi-IPN
microbeads. This is supported by the fact that characteristic peaks of the NIPAAm monomer
are not present in the spectra of semi-IPNs (and PNIPAAmM), primarily implying the bands at
1617 cm™ (C=C), at 1409 cm™ (CH,=), as reported elsewhere [229].

The characteristic symmetric and asymmetric stretching vibrations of COO™ groups in CA
network are manifested through the peaks at 1412 cm™ and around 1625 cm™, respectively
[19, 277]. The former peak is observed in the spectra of semi-IPNs, while the latter one is
more emphasized due to overlapping with the amide | band of PNIPAAm, as previously
noted. The band at 1030 cm™ in these spectra is assigned to O-H bending vibrations [231], as
well as to C-O stretching of alginate structural units. In the spectra of semi-IPN microbeads
and CA, a broad peak between around 3600 and 3200 cm™ is present due to O-H stretching
vibrations in guluronate (G) and mannuronate (M) residues of alginate chain, indicating the
formation of intermolecular hydrogen bonding [232]. In addition, there is contribution of N-
H stretching of the repeating units of NIPAAm in the same range [276]. Hence, the presence
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of both components in newly synthesized semi-IPN-0.1-1 and semi-IPN-0.25-1 hydrogel
microbeads was confirmed.

IV.2.2 Thermal Characteristics

Thermal characteristics semi-IPN hydrogel microbeads with two PNIPAAm concentrations
were analyzed through simple heating ramp in the range from 15 to 50°C. Onset
temperatures of the phase transition (Tonset), Volume phase transition temperatures (VPTT),
and the corresponding enthalpy changes (AH) are summarized in Table IV.11.

Table IV.11. Thermal results of DSC analysis of semi-IPN hydrogel microbeads
(conditions: 8kV, 8 cm, 26.2 ml h')

Sample Tonset (OC) VPTT (OC) AH (J g-l)
Semi-IPN-0.1-1 30.9 31.3 0.09
Semi-IPN-0.25-1 29.7 30.2 0.14

*Standard deviation for T,ne: and VPTT values was +0.2°C.
**Standard deviation for AH values was +0.02 J g

As mentioned before, the value of VPTT is influenced by the hydrophilic/hydrophobic
balance within the polymer chains. Temperature increase causes the weakening and
breakage of the hydrogen bonds, while favoring hydrophobic interactions [26]. It can be
noted that a higher content of PNIPAAm in the final network resulted in a lower VPTT of
semi-IPN-0.25-1 than of semi-IPN-0.1-1 due to a higher concentration of hydrophobic
segments and facilitation of polymer aggregation. This induces higher AH induced in the
system with higher PNIPAAmM concentration. Also, sharper endothermic peak of semi-IPN-
0.25-1 (Figure IV.26) is a result of faster hydrophobic interactions due to the higher
PNIPAAmM concentration [278].

The difference in VPTT and AH between semi-IPN hydrogel microbeads and full-IPN hydrogel
films studied within this project and described in Chapter Il (section 111.3.1), is
understandable when taking into consideration the form of PNIPAAmM in these systems (i.e.
type of their structure) as well as the concentration of this thermosensitive component. In
hydrogel microbeads with semi-IPN structure, the mobility of the PNIPAAm chains is higher
than of those in full-IPN films. This is because the PNIPAAm chains in microbeads are linear,
while they are in a crosslinked form in the films. Moreover, in films, considerably higher
polymer chain density of PNIPAAm per unit volume contributes to an increased number of
hydrogen bonds. Therefore, higher energy is required for breaking those bonds and there is
predomination of hydrophobic interactions and as a result, VPTT of these films (34-35°C) will
be higher than of microbeads produced by electrostatic extrusion (Table 1V.11). This is in
direct relation with significantly lower enthalpy changes corresponding to volume phase
transition of semi-IPN microbeads are than those of full-IPN films.
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Figure IV.26. DSC thermogram of semi-IPN hydrogel microbeads obtained by electrostatic
extrusion (conditions: 8kV, 8 cm, 26.2 ml h™?)

IV.2.3 Swelling Behavior

Swelling behavior of semi-IPN hydrogel microbeads prepared by electrostatic extrusion was
evaluated through the value of equilibrium swelling ratio (ESR) at 25°C. Characterized
hydrogel microbeads were obtained using a 27g needle, under the voltage 8 kV, electrode
distance 8 cm and at flow rate 26.2 ml h™. The mean values of ESR and water content (WC)
corresponding standard deviations are displayed in Table IV.12.

Table IV.12. Values of equilibrium swelling degree of hydrogel microbeads at 25°C

Sample ESR WC, %

Semi-IPN-0.1-1 32.6%2.5 97.0+0.2
Semi-IPN-0.25-1 30.3+1.6 96.8+0.2

Results of swelling experiments show that there is no significant difference in the swelling
abilities of these hydrogel microbeads and the percentage of water in their structure is very
high. Shi et al. investigated similar structures, semi-IPN hydrogel beads prepared by simple
dropping of PNIPAAmM/SA solution into the CaCl, solution [170]. These thermosensitive
“macrobeads” exhibited the same ESR at 25°C regardless of the weight ratio of alginate and
PNIPAAm, which is confirmed in our study. However, a difference in swelling capacities is
expected at temperatures above VPTT since higher PNIPAAm fraction makes the hydrogel
more hydrophobic and thus decreases the ESR.
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IV.2.4 Morphology

The morphological characteristics of the unfiltered semi-IPN microbeads with two fractions
of PNIPAAm were analyzed by SEM and representative micrographs are displayed in Figure
IV.27. The difference in shape regularity is obvious and it is confirmed that higher
concentration of PNIPAAm affects roundness of the beads. The general property of pure CA
microbeads is dense surface layer and porous interior [279]. Due to technical limitations, the
investigation of microbeads cross-section was not possible in our study.

Figure IV.27. SEM micrographs of microbeads semi-IPN-0.1-1 (a) and semi-IPN-0.25-1 (b,c)
obtained under conditions: 8 kV, 8 cm, 26.2 mI'* and using 27g-needle

Wrinkle-like surface of the analyzed microbeads is found to be characteristic for pure CA
microbeads [280]. Lee et al. explain that the presence of such wrinkles on the surface may
have been partly associated with strain-relaxation processes upon drying [281]. Clearly
visible cracks on the microbeads surface (Figure IV.27-c) could be ascribed to the partial
collapse of the network during freeze-drying treatment. Analyzed semi-IPN microbeads
obtained by electrostatic extrusion possess morphological characteristics of pure CA because
of significantly higher fraction of SA than PNIPAAm in polymer solutions used for extrusion.

IV.3 CONCLUSIONS

Electrostatic extrusion was applied to produce thermosensitive hydrogel microbeads of
semi-IPN structure. It was shown that, keeping the concentration of SA in PNIPAAM/SA
solution at 1 wt %, the extrusion processes are not possible for PNIPAAm concentration
above 0.5 wt %. When the fraction of PNIPAAm increases from 0.1 up to 0.5 wt %, hydrogel
microbeads become bigger and irregular. Solution containing 0.1 wt % PNIPAAmM and 1 wt %
SA was proved to be optimal for the extrusion tests and studies on influence of the
operating parameters. Presence of surfactant Tween 20 in extruded solution could reduce
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the surface tension of the polymer solution considerably but has no obvious influence of
microbeads size. Also, deterioration of microbeads shape was observed since tail-shaped
microbeads were produced.

The size of thermosensitive hydrogel microbeads diameter is affected by the value of voltage
applied between the electrodes. Up to a certain value, the droplet diameter decreases with
the voltage increases. When the voltage is further increased, small microbeads (below 50
pm in diameter) are formed, but bigger beads (>100 um) are irregular, mainly tail-shaped.
The formation of two fractions of microbeads sizes is observed for voltage values beyond a
critical value. Thus, needle vibrations are induced, followed by unstable liquid jet and
formation of many thinner liquid filaments around the central one that disperse into many
small droplets (satellite droplets). To produce microbeads of uniform and spherical shape,
applied voltage should thus be set below this critical value, but should be close to it so that
microbeads size is efficiently reduced. The other important parameter is the flow rate whose
decrease is favorable for the formation of smaller microbeads. The most optimal hydrogel
microbeads regarding the size and roundness were obtained using 27g needle and under the
voltage of 12 kv, electrodes distance of 8 cm and flow rate of 0.397 ml h™. Research in this
field should be continued with regard to further optimization of the operating parameters as
well as the properties of the extruded polymer solution.
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In previous chapter, we have shown the possibility of producing semi-IPN thermosensitive
hydrogel microbeads of even below 20 um in diameter by electrostatic extrusion. However,
these microbeads contained only small fraction of linear PNIPAAmM as thermosensitive
component that drives the changes in overall hydrogel structure as response to thermal
stimulus. Also, optimal conditions for the production of the smallest microbeads implied low
flow rates, i.e. time-consuming process. Therefore, we opted for method of inverse
suspension polymerization due to its productivity, feasibility of scale-up and the fact NIPAAm
will be the principal monomer in the feed mixture. This chapter will hence encompass
application of inverse suspension polymerization in preparation of thermosensitive hydrogel
microbeads and their detailed characterization. Variation of formulation parameters in
syntheses of pure PNIPAAm hydrogel microbeads will lead to formation of semi- and full-IPN
hydrogel microbeads with SA and CA as interpenetrants, respectively. Furthermore,
PNIPAAmM/maleic anhydride copolymer hydrogel microbeads will be prepared due to
potentially easier applicability of these microbeads on textile materials due to the presence
of free carboxyl groups of maleic acid.

V.1 Synthesis

A series of thermosensitive hydrogel microbeads based on PNIPAAm were synthesized by
free-radical inverse suspension polymerization according to the procedure reported by
Kayaman et al. [282]. The concentration of NIPAAm was kept constant in all cases and it
equaled 10 w/v % in a dispersed aqueous phase. The polymerization reactions were
conducted in the presence of 2 wt % of initiator (APS) and 4.6 wt % catalyst (TEMED) at 25°C.
The concentrations of APS and TEMED were calculated in ratio to NIPAAm and were
unchanged in all reactions. During the optimization of synthesis conditions referring to pure
PNIPAAmM hydrogel microbeads, the following parameters were varied: oil-to-aqueous phase
volume ratio, the concentration of emulsifier (Tween 80), and the molar ratio of monomer
(NIPAAm) and crosslinker (MBAAmM). When the optimal composition was established, the
copolymerization with maleic acid (i.e. maleic anhydride, MA) was performed as well as the
formation of semi- and full-IPN structures with linear alginate (sodium alginate, SA) and
crosslinked alginate (calcium alginate, CA), respectively. The formulation parameters in
conducted syntheses of hydrogel microbeads are given in Table V.1.

Modifications of PNIPAAm hydrogel microbeads by copolymerization with MA were done
primarily with the purpose of their functionalization by introduction of carboxylic groups for
more efficient application on previously activated textile substrate (Chapter I, section 1.6.2).
Furthermore, previously conducted studies on PNIPAAmM hydrogels in combination with
alginate (Chapter Ill and Chapter IV) with IPN structures gave promising results when it
comes to improvement in swelling behavior, mechanical characteristics and pore structure in
comparison with pure PNIPAAm hydrogels. This was the reason for preparation of semi- and
full-IPN hydrogel microbeads based on PNIPAAm and alginate by inverse suspension
polymerization as well.
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Table V.1. Composition of feed mixtures in syntheses of hydrogel microbeads by inverse
suspension polymerization

oo on/;:aus?us Emulsifier*, NIPAAM/MBAAM MA**,  SA,
(vol/vol) vol % (mol/mol) mol % w/v %
M-50/1(10/1)-E 0 10/1 0 50/1 0 0
M-50/1(10/1)—E 1 10/1 1 50/1 0 0
M-50/1(5/1)-E 0.5 5/1 0.5 50/1 0 0
M-25/1 5/1 1 25/1 0 0
XASE?({}I()S/ 1)-k1 5/1 1 50/1 0 0
M-100/1 5/1 1 100/1 0 0
M-25/1-MA 2.5 5/1 1 25/1 2.5 0
M-25/1-MA 5 5/1 1 25/1 5 0
M-25/1-MA 10 5/1 1 25/1 10 0
M-25/1-SA 0.5 5/1 1 25/1 0 0.5
M-25/1-SA 1 5/1 1 25/1 0 1
M-25/1-SA 2 5/1 1 25/1 0 2
M-25/1-CA 0.5 5/1 1 25/1 0 0.5
M-25/1-CA 1 5/1 1 25/1 0 1

"In ratio to paraffin oil
In ratio to NIPAAm

V.2 Chemical structure

FTIR spectroscopic analysis was applied for investigation of the chemical structure of the
hydrogel microbeads. Figure V.1 displays spectra of representative samples including pure
PNIPAAmM hydrogel, PNIPAAm/MA copolymer hydrogel, semi- and full-IPN hydrogels based
on alginate, as well as spectrum of pure SA (1 w/v %). Characteristic peaks of PNIPAAmM are
clearly visible in spectra of all analyzed hydrogel microbeads. Amide | band arousing from
C=0 stretching of PNIPAAmM and amide Il band due to N-H bending of PNIPAAm are detected
at 1653 cm™ and 1543 cm™, respectively [227]. The bands at 1387 cm™ and 1367 cm™
correspond to C-H vibrations of isopropyl group of PNIPAAmM [228]. A typical PNIPAAmM peak
is clearly seen at 2974 cm™ and it is attributed to the C-H stretching vibration of —CH-
bridges [227]. According to this analysis, successful polymerization of NIPAAmM was
confirmed.
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Figure V.1. FTIR spectra of hydrogel microbeads with 3 wt % MBAAm (characteristic peaks of
PNIPAAm chains indicated by full lines and those of sodium alginate by dotted lines)

However, bands characteristic for alginate chains are not visible in spectra of M-25/1-SA 1
and M-25/1-CA 1. These typical peaks (seen in spectra of SA) include: peak at 1635 cm™
(asymmetric stretching vibration of COO™ groups [19, 230]), peak at 1095 cm™ (C-O-C
stretching of the pyranose ring in mannuronate (M) and guluronate (G) residues), and peak
at 1030 cm™ (O-H bending and C-O stretching vibrations of alginate structural units) [231].
The reasons for the absence of these bands in the spectra of hydrogel microbeads with
alginate are probably due to low quantities of alginate in these IPN hydrogel structures,
below the detection limit of FTIR. Therefore, the comparison of maleic acid spectrum with
that of microbeads M-25/1-MA 2.5 was redundant since amount of MA was particularly low
in ratio to NIPAAm in feed mixture and was not expected to induce certain peaks in the FTIR
spectrum (Table V.1).

Figure V.2 represents the reaction of copolymerization of NIPAAm and MA with
simultaneous crosslinking of NIPAAm with MBAAm and the probable PNIPAAM/MA
copolymer structure.
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Figure V.2. Formation of PNIPAAm/MA copolymer hydrogel structure
(copolymerization/crosslinking of NIPAAm adapted from [197])

The structures of semi- and full-IPN hydrogel microbeads based on PNIPAAm and alginate
could be presented analogously with the structure of hydrogel films described in the Chapter

[l of this report (Figure V.3).

a) b}

CA network

PNIPAAmM network

Figure V.3. Structure of semi-IPN (a) and full-IPN (b) microbeads based on PNIPAAm and
alginate

V.3 Optical microscopy

A first tool in estimation of optimal formulation parameters in synthesis of pure PNIPAAmM
hydrogel microbeads was optical microcopy. It was used for evaluation of microbeads shape
and comparison of their size. Hence, initial and approximate information on microbeads size
was obtained by analysis of microscopic images using image processing software ImageJ.
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Average diameters were calculated based on the analysis of 200 microbeads per batch
(hydrogel sample). Obtained mean diameters of microbeads correspond to the number-
length mean [283]. This approach in determination of microbeads size was applied only with
the aim of mutual comparison of different microbeads types and not as valid method for
determination of absolute values of mean diameters. For that purpose, laser diffraction
analysis was applied and its results are given in the section V.4 of this chapter.

V.3.1 Influence of concentration of emulsifier and the oil-to-aqueous
phase ratio

Table V.2 summarizes the values of oil-to-aqueous phase volume ratio, the volume fraction
of emulsifier used in initial four syntheses of pure PNIPAAmM hydrogel microbeads together
with calculated values of mean diameters based on microscopic images. In addition to the
amount of monomer (NIPAAm), initiator (APS), and catalyst (TEMED), the amount of
crosslinker (MBAAmM) was also kept unchanged. The molar ratio of NIPAAm to MBAAm in
these reactions was 50/1.

Table V.2. Influence of the addition of emulsifier and oil-to-aqueous phase ratio on size of
pure PNIPAAm hydrogel microbeads

Oil/aqueous Emulsifier*, .
Sample phase Mean diameter, um
vol %
(vol/vol)
M-50/1(10/1)-E O 10/1 0 236.81142.7
M-50/1(10/1)-E 1 10/1 1 46.5+25.0
M-50/1(5/1)—E 1
+

(M-50/1) 5/1 1 22.6114.9
OM_;SO/ L5/1) -E 5/1 0.5 44.3+23.8

"In ratio to paraffin oil

The first parameter whose influence on synthesis of PNIPAAm hydrogel microbeads was
investigated is the presence nonionic emulsifier Tween 80. At oil-to-aqueous phase ratio of
10/1, two types of microbeads were prepared: without emulsifier and with emulsifier at
concentration of 1 vol % (in ratio to oil). As it can be seen in Figure V.4, the addition of
emulsifier resulted in considerably smaller microbeads in comparison with those obtained in
its absence. Obtained microbeads are of regular spherical shape in both cases, although the
microbeads synthesized in the presence of emulsifier had tendency toward formation of
agglomerates (Figure V.4b). According to calculated mean diameters presented in Table V.2,
addition of emulsifier in concentration of 1 vol % reduces drastically the microbeads
diameter by over 80 %.
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Figure V.4. Hydrogel microbeads M-50/1 ( 10/1)-E 0 synthesized in the absence of emulsifier
(a) and microbeads M-50/1(10/1)—E 1 synthesized in the presence of 1 vol % emulsifier (b)

The investigation of the influence of oil-to-aqueous phase volume ratio in the presence of 1
vol % emulsifier showed that this ratio had no significant influence on the microbeads shape,
i.e. microbeads kept the same regular spherical shape when this ratio was 5/1 (Figure V.5a).
Concerning the size, these microbeads had even smaller mean diameter than M-50/1(10/1)—
E 1, around 20 um. Therefore, following syntheses were conducted under smaller oil-to-
aqueous phase volume ratio. This was done out of economic as well as practical reasons
related to easier purification of microbeads, i.e. the removal of oil phase.

The following synthesis of PNIPAAm hydrogel microbeads was performed using 0.5 vol %
emulsifier (M-50/1(5/1)—-E 0.5). We have assumed that satisfying microbeads size and shape
could be obtained even at lower concentration of emulsifier. Also, we wanted to facilitate
the process of microbeads removal from oil phase and their purification using smaller
qguantity of emulsifier. However, it was shown that this decrease in emulsifier concentration
caused emphasized formation of agglomerates and less regular shape of microbeads, as
displayed in Figure V.5-b. In addition, their size was increased. Therefore, further
polymerization reactions were performed using 1 vol % emulsifier.
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Figure V.5. Hydrogel microbeads M-50/1(5/1)-E 1(1 vol % emulsifier) (a) and microbeads M-
50/1(5/1)-E 0.5 (0.5 vol % emulsifier) (b)

V.3.2 The influence of PNIPAAm crosslinking degree

After establishing the optimal oil-to-aqueous phase volume ratio (5/1) and the concentration
of emulsifier (1 vol %), the amount of crosslinker was varied. The crosslinking degree of
PNIPAAmM network was optimized by analyzing microbeads synthesized under three different
molar ratios of monomer (NIPAAm) and crosslinker (MBAAm): 25/1, 50/1, and 100/1. Table
V.3 contains values of mean diameters obtained from microscopic images of microbeads
with different crosslinking degree.
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Table V.3. Influence of PNIPAAm crosslinking degree on size of pure PNIPAAm hydrogel
microbeads

NIPAAm/MBAAM

Sample (mol/mol) Mean diameter, um
M-25/1 25/1 32.1+19.9
M-50/1(5/1)-E 1

+
(M-50/1) 50/1 22.61£14.9
M-100/1 100/1 27.4+19.6

According to the results of image analysis, there is no enormous discrepancy in mean
diameters of microbeads and they do not correspond to the expected trend (higher the
crosslinking degree, smaller the mean diameter). This could be ascribed to fact that the
microbeads composing the agglomerates or clusters could have not been analyzed. Figure
V.6 displays all three types of microbeads with different crosslinking degree of PNIPAAm.

Figure V.6. Hydrogel microbeads M-25/1 (a), M-50/1 (b), and M-100/1 (c and d) (oil-to-
aqueous phase volume ratio 5/1, 1 vol % emulsifier)

Microbeads with higher crosslinking degree (M-25/1 and M-50/1) were more uniform and of
regular spherical shape (Figure V.6-a,b). There were no notable differences between these
two microbeads type (M-25/1 and M-50/1). In contrast, the microbeads synthesized with
the lowest amount of crosslinker (M-100/1) are characterized by increased presence of
agglomerates composed of irregular beads as well as the presence of regular spherical
beads, but in lower percentage (Figure V.6-c,d). The affinity of these microbeads towards the
agglomeration could derive from weak mechanical stability caused by looser PNIPAAm
network. Therefore, the following steps of microbeads modifications by copolymerization
with MA as well as formation of IPN structures with alginate were conducted at the highest
amount of crosslinker MBAAm, i.e. at molar ratio NIPAAm/MBAAm of 25/1.
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V.3.3 The influence of the presence of MA

At constant amounts of monomer, initiator, catalyst, crosslinker, emulsifier, and oil-to-
aqueous phase volume ratio, the amount of comonomer maleic anhydride (MA) was varied.
Table V.4 summarizes the values of microbeads mean diameters of the obtained microbeads
using image analysis.

Table V.4. Influence of the presence of MA on size of PNIPAAm/MA copolymer hydrogel

microbeads
Sample MA, mol%  Mean diameter, um
M-25/1-MA 2.5 2.5 16.6£12.8
M-25/1-MA 5 5 22.7+16.7
M-25/1-MA 10 10 20.0£12.4

The mean diameters of PNIPAAm/MA copolymer hydrogel microbeads were found to be
around 20 um. Microscopic images of these hydrogel microbeads displayed in Figure V.7
shows that there is no change in shape, i.e. all microbeads are of regular spherical shape.
However, increase in concentration of MA induces enhanced presence of agglomerates. This
is displayed in example of M-25/1-MA 10 in Figure V.7-d.

Figure V.7. Hydrogel microbeads M-25/1-MA 2.5 (a), M-25/1-MA 5 (b), and M-25/1-MA 10
(c-d) (oil-to-aqueous phase volume ratio 5/1, 1 vol % emulsifier)

Synthesis of M-25/1-MA 10 microbeads was of significantly lower yield and the product was
of different consistency in comparison with other PNIPAAmM/MA copolymer microbeads. This
was primarily due to clearly visible irregular pieces of hydrogels that could have been
observed and which revealed to enormously big agglomerates of tightly packed microbeads.
The agglomerates were impossible to be included into the calculation microbeads size,
which explains relatively small mean diameter of these microbeads given in Table V.4 (this
also refers to the sample M-100/1 and calculated mean diameter in Table V.3).
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V.3.4 Influence of presence of linear and crosslinked alginate

Another series of hydrogel microbeads based on PNIPAAmM were synthesized in the presence
of SA. Beside the semi-IPN microbeads, the hydrogels microbeads with full-IPN structure
were prepared by crosslinking of alginate by calcium ions. This step was applied after
complete purification of semi-IPN microbeads by incubation in calcium chloride solution. The
values of mean diameters calculated using the microscopic images are displayed in Table
V.5.

Table V.5. Influence of the presence of alginate on size of semi- and full-IPN PNIPAAm-
based hydrogel microbeads

Sample SA, w/v % Mean diameter, um
M-25/1-SA 0.5 0.5 24.1+12.0
M-25/1-SA 1 1 23.5+14.2
M-25/1-SA 2 2 -
M-25/1-CA 0.5 0.5 24.7£12.7
M-25/1-CA 1 1 29.0+13.0

Furthermore, slight irregularities of shape are observed at semi- and full-IPN microbeads
prepared at 0.5 and 1 w/v % alginate (Figure V.9). Image analysis of these microbeads
resulted in rather low mean diameters in comparison to valid values obtained by laser
diffraction measurements (Table V.6). The main reason for this is the distinctive presence of
aggregates, such as those shown in the inset of the Figure V.9-a. This phenomenon is further
discussed in the section V.4.4 of this chapter within the discussion of the results of laser
diffraction analysis.

Figure V.8. Hydrogel microbeads M-25/1-SA 0.5 (a), M-25/1-SA 1 (b), M-25/1-CA 0.5 (c), and
M-25/1-CA 1 (d)
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In contrast to pure PNIPAAmM and PNIPAAmM/MA copolymer hydrogel microbeads that have
smooth surface, the topology of microbeads with alginate is explained by high concentration
of the alginate chains that affect lower PNIPAAm crosslinking efficiency. It is more clearly
seen from the Figure V.10 that the hydrogel microbeads based on PNIPAAm and alginate
have rather rough surface, very different from those of previously analyzed microbeads

types.
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Figure V.9. Hydrogel microbeads M-25/1-SA 1 (a) and M-25/1-CA 1 (b)

The least spherical and non-uniform shapes were obtained in the case of the highest
concentration of alginate in semi-IPN structures (Figure V.10). Hence, corresponding full-IPN
microbeads were not prepared and further characterized. The reason for the absence of
formation of regular spherical microbeads could lie in high viscosity of the dispersed phase
due to the presence of sodium alginate, making it difficult to disrupt into regular droplets by
a stirrer.

Figure V.10. Hydrogel microbeads M-25/1-SA 2

V.4 Size and size distribution

Hydrogel microbeads were further characterized by laser diffraction technique for
determining representative values of mean diameter and the adequate size distribution
profiles. Table V.6 summarizes results obtained by MasterSizer 2000 referring to diameters
d0.1), dos), dipg), volume-weighted mean diameter (D), and microbead size dispersal
coefficient (6). Diameter do.1) defines the diameter value under which 10 % of analyzed
microbeads were found, 50 % of analyzed microbeads has diameter smaller than dos), while
90% of analyzed beads has diameter smaller than dg9). We have taken the volume-weighted
mean diameter as a representative mean value for analyzing the influence of different
formulation parameters on size of hydrogel microbeads. It could be seen that volume-
weighted mean diameter ranges from around 20 to 108 um (excluding the sample prepared
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without the addition of emulsifier), which is in accordance with typical values of microbeads
diameter characteristic for inverse suspension polymerization reactions, ranging from 1 to
200 um [284]. The value of 6 is a measure of polydispersity and is calculated according to the
following formula:

(V.1)

The lower the value of 6, the narrower will be the size distribution of microbeads is. Hence,
all microbeads obtained could not be regarded as monodisperse according to a criterion for
emulsions 620.4 [285]. Microbeads size distribution profiles given in the following sections
reveal size distribution by volume (%).

Table V.6. Values of hydrogel microbeads diameters based on laser diffraction

measurements

Sample di0.1) dio.s) di0.9) D, um 6

M-50/1(10/1)-EO 365.8 531.6 768.1 552.2 0.8
M-50/1(10/1)-E 1 11.9 27.4 70.0 359 2.1
M-50/1(5/1)-E 0.5 114 22.0 47.0 26.3 1.6
M-25/1 10.3 18.3 33.6 20.7 1.3
:\/IN-I_SSO({/l:S/l)—E 1 9.3 20.2 44.0 239 1.7
M-100/1 11.8 27.6 58.3 31.8 1.7
M-25/1-MA 2.5 10.3 18.7 34.2 20.7 1.3
M-25/1-MA 5 12.3 24.0 51.6 28.8 1.6
M-25/1-MA 10 10.7 22.9 61.7 33.7 2.2
M-25/1-SA 0.5 11.9 47.4 1141 56.1 2.2
M-25/1-SA 1 12.1 56.4 134.7 66.2 2.2
M-25/1-SA 2 21.3 89.3 221.6 108.0 2.2
M-25/1-CA 0.5 11.7 48.2 147.9 67.8 2.8
M-25/1-CA 1 13.0 66.3 154.9 76.8 2.1

V.4.1 Influence of concentration of emulsifier and the oil-to-aqueous
phase ratio

The influence of emulsifier on size and size distribution of pure PNIPAAm hydrogel
microbeads is demonstrated in Figure V.12. Under the same synthesis conditions where the
oil-to-aqueous phase volume ratio was 10/1, and molar ratio of monomer to crosslinker
50/1, mean diameter of microbeads obtained in the absence of emulsifier (M-50/1(10/1)-E
0) was 522.2 um, while those obtained after emulsifier addition in concentration 1 vol % (M-
50/1(10/1)-E 1) was 35.9 um. Addition of emulsifier reduced the microbeads size by 93 %
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but affected increase in microbeads polydispersity [6(M-50/1 (10/1)-E 1) > §(M-50/1 (10/1)-
E 0)], as shown in Figure V.11.
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Figure V.11. Influence of emulsifier addition on size and size distribution of hydrogel
microbeads (oil-to-aqueous phase volume ratio 10/1)

The oil-to-aqueous phase volume ratio in the presence of 1 vol % emulsifier was another
parameter whose impact on microbeads size was studied (Figure V.12). The results of laser
diffraction measurements show that smaller fraction of oil phase caused reduction in
microbeads size (from 35.9 um to 23.9 um), which corresponds to the observations under
optical microscope and image analysis results. It is obvious that smaller oil-to-aqueous phase
volume ratio resulted in slightly reduced microbeads polydispersity. These results are not in
big contradiction with the empirical relationships since microbeads diameter is complex
function of physicochemical properties of the system.
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Figure V.12. Influence of o/w ratio on size and size distribution of hydrogel microbeads

Laser diffraction measurements showed that microbeads synthesized at 0.5 vol % emulsifier
feature smaller mean diameter than analogous microbeads synthesized with 1 vol %
emulsifier (Table V.6) and their size distribution is narrower (Figure V.13). However, it should
be pointed out that according to images from optical microscope, the microbeads M-50/1
(10/1)-E 1 are of more regular spherical shape. Lower concentration of emulsifier caused
more emphasized agglomeration, indicating less stable suspension. Hence, 1 vol % emulsifier
in oil phase is the optimal concentration for obtaining hydrogel microbeads in the given
system and this parameter was kept constant in the following syntheses.
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Figure V.13. Influence of emulsifier concentration size and size distribution of hydrogel

microbeads (oil-to-aqueous phase volume ratio 5/1)
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V.4.2 The influence of PNIPAAm crosslinking degree

The increase in molar ratio of monomer to crosslinker, i.e. formation of looser crosslinked
polymer network, causes increase in microbeads mean diameters from 20.7 to 31.8 um for
M-25/1 and M-100/1, respectively. This is expected since the copolymerization/crosslinking
reaction stops earlier when crosslinker content in the feed mixture increases [286]. In
addition, the size distribution width is enhanced, as displayed in Figure V.14. The value of 6
was the lowest for microbeads with the highest crosslinking degree (1.3) due to reduced
presence of agglomerates and higher regularity of microbeads in comparison with those of
lower crosslinking degree. This is demonstrated by images from the optical microscope given
in the subsection V.3.2 of this chapter. General decrease in microbeads size with increase in
crosslinker concentration is explained by the formation of more compact and dense polymer
network.
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Figure V.14. Influence of crosslinking degree of PNIPAAm on size and size distribution of
hydrogel microbeads

V.4.3 The influence of the presence of MA

When taking into consideration the modification of PNIPAAmM network by addition of MA as
a hydrophilic comonomer, it was concluded that there is no change in size and size
distribution of microbeads when the lowest fraction of MA (2.5 mol %) was used. However,
with increase in the fraction of MA (5 and 10 mol %), diameter of microbeads rises along
with their size distribution width (Figure V.15). Mean diameters of PNIPAAm/MA copolymer
hydrogel microbeads were in the range from 20.7 to 33.7 um. It could be observed that
distribution curve of microbeads prepared at the highest fraction of MA has emphasized
shoulder at higher values of diameters. This implicates increased presence of fractions of
higher diameters or the presence of agglomerates, as already confirmed by optical
microscopy (Figure V.7). It should be noted that all microbeads types were exposed to 3 min
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long ultrasonic treatment prior laser diffraction measurements. However, the observed
shoulder in the distribution profile of the sample M-25/1-MA 10 (Figure V.15) implicates the
strong adhesion of the microbeads into compact agglomerates that are difficult to disrupt.
Introducing higher amounts of MA in the system and consequently higher amount of
hydrophilic carboxylic groups probably attributed to damage of the emulsifier layer at the
interface oil/aqueous phase. As a result, enhanced agglomeration of microbeads was
characteristic for the sample M-25/1-MA 10. This led to bimodal microbeads size distribution
and hence high size dispersal coefficient (>2) (Table V.6).
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Figure V.15. Influence of MA on size and size distribution of hydrogel microbeads
V.4.4 Influence of the presence of linear and crosslinked alginate

Size distribution curves of semi-IPN hydrogel microbeads based on PNIPAAm and SA with
different fractions of alginate (M-25/1-SA x, x=0.5,1,2) are shown in Figure V.16. The size
distribution width of these samples is considerably increased in comparison with previously
analyzed size distribution profiles. In addition, there is three- to five-fold increase in mean
diameter with respect to the pure PNIPAAmM microbeads (M-25/1). The viscosity of the initial
aqueous phase should be taken into account when considering such high increase in
microbeads diameter, since the fractions of SA in this phase were 0.5, 1 and 2 w/v %.
Therefore, under unchanged force of disruption (rate of stirring), the aqueous droplets in oil
phase could be only bigger than in the case of less viscous dispersed (droplet) phase [198,
287]. According to the laser diffraction analysis, mean diameter of semi-IPN hydrogel
microbeads with SA increases from 56.1 to 108.0 um when the fraction of SA in the feed
solution increases four times (from 0.5 to 2 wt %). Furthermore, rise in SA fraction causes
changes in distribution mode. Size distribution of the microbeads M-25/1-SA 0.5 inclines to
bimodal with increase of alginate fraction (for the samples M-25/1-SA 1 and M-25/1-SA 2).
The explanation of this phenomenon could be found in the destabilization of emulsifier layer
at the interface oil/agueous phase interface due to the high concentration of carboxylate
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groups in alginate chains. Also, the impact of viscosity on uniformity of microbeads sizes
could not be neglected. It is indeed known that increased viscosity of the dispersed phase
induces increase in mean diameter of the resulting microbeads [288].

8- —<4— M-25/1-SA 0.5
—0—M-25/1-SA 1

—v—M-25/1-SA 2 o
| t;.! X

. Iy e
£ 411'77 )
g 27

0.1 1 10 100 1000 10000

Diameter, um

Figure V.16. Influence of SA on size and size distribution on semi-IPN hydrogels microbeads

When hydrogel microbeads with semi-IPN structure of crosslinked PNIPAAm and linear
alginate are placed in calcium chloride solution, crosslinking of alginate occurred and
microbeads with full-IPN structure were obtained (Figure V.17). As previously stated for
semi-IPN microbeads, the increase in alginate fraction, i.e. increase in viscosity of aqueous
phase results in microbeads of larger diameters. Hence, microbeads M-25/1-CA 1 are bigger
than M-25/1-CA 0.5. The sizes of full-IPN microbeads have slightly increased (Table V.6) in
comparison with semi-IPN microbeads. It was expected that the crosslinking of alginate with
calcium ions resulted in slightly smaller microbeads due to the shrinking phenomenon
characteristic for the formation of pure CA microbeads [289, 290]. However, the “backbone’
of our system is PNIPAAm network that prevents the shrinking phenomenon. Higher
diameters of corresponding full-IPN than semi-IPN microbeads could be caused by the
presence of previously discussed semi-IPN microbeads agglomerates. They could be
responsible for the crosslinking of alginate chains in the surface layers of neighboring
microbeads. Newly formed aggregates are even more difficult to be disrupted by ultrasonic
treatment. Also, the accommodation of Ca’' ions into the PNIPAAM network with linear
alginate chains by exchange with Na* ions could contribute the overall expansion of the
resulting matrix.
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Figure V.17. Influence of CA on size and size distribution on full-IPN hydrogels microbeads

V.5 Thermal characteristics

Thermal characteristics of the selected thermosensitive hydrogel microbeads were analyzed
through heating-cooling-heating cycle in the range from 15 to 50°C. Onset temperatures of
the phase transition (Tonset), Volume phase transition temperatures (VPTT), and the

corresponding enthalpy changes (AH) are summarized in Table V.7.

Table V.7. Thermal results of DSC heating-cooling-heating cycle of hydrogel microbeads

Heating | Cooling Heating Il

Sample Tonset® VPTT*  AH**  Toee VPTT  AH  Tonsee VPTT  AH

(°C)  (°C) (g9 (¢ (o (gh (O (O (g
M-25/1 327 335 121 323 314 120 325 335 1.20
M-50/1 321 328 1.23 323 315 130 322 322 1.26
M-100/1 326 333 123 321 313 123 326 33.0 1.18
M-25/1-MA2.5 324 343 0.86 346 328 086 326 344 0.83
M-25/1-MA 5 - - - - - - - - -
M-25/1-SA0.5 325 331 113 328 319 114 326 332 121
M-25/1-SA 1 321 327 097 325 320 1.00 322 327 1.02
M-25/1-CA0.5 32.0 329 117 325 319 1.18 323 329 1.14
M-25/1-CA 1 31.7 326 032 323 317 035 31.8 325 037

*Standard deviation for T,ne: and VPTT values was +0.2°C.
** Standard deviation for AH values was +0.19 J g™,
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The obtained results demonstrate that VPTTs of pure PNIPAAm microbeads (M-25/1, M-
50/1, and M-100/1) are close and imply that the crosslinking degree of PNIPAAm has no
considerable influence on VPTT of the hydrogels [59]. This is also shown in the case of
thermosensitive hydrogel films and presented in Chapter Il of the report (section 111.3.1).
Furthermore, the enthalpy changes corresponding to the volume phase transitions in all
three cycles are almost identical for the mentioned hydrogels. This means that main
contribution to AH values come from the breakage (during heating steps) or formation
(during cooling step) of hydrogen bonds between water molecules and isopropyl groups of
PNIPAAmM [239]. Since the amount of NIPAAm in all feed mixtures in the preparation of pure
PNIPAAmM hydrogel microbeads was the same, the amount of isopropyl groups in the
resulting polymer networks is assumed to be the same. This implicates the same number of
hydrogen bonds established between water molecules and isopropyl groups and hence, the
same energetic effect during heating/cooling over a critical temperature, i.e. VPTT. The
analogous results are acquired when thermosensitive hydrogel films were analyzed.

Furthermore, reversibility of the volume phase transition of all analyzed thermosensitive
hydrogel microbeads is clearly demonstrated by the complete thermograms in Figures V.18-
V.21 that represent each type of hydrogel microbeads: pure PNIPAAmMm (M-50/1),
PNIPAAM/MA copolymer (M-25/1-MA 2.5), semi-IPN PNIPAAmM/SA (M-25/1-SA 0.5), and full-
IPN PNIPAAmM/CA (M-25/1-CA 0.5). The endothermic peaks of the first and the third thermal
step overlap in all cases, indicating that after the cooling step hydrogel samples come into
fully swollen state with re-established hydrogen bonds with water molecules. This is in direct
relation with the close AH values of the three steps in the performed thermal cycles. Low AH
values obtained for the sample AH values could not be explained.

0.2
Heating |
Cooling
Heating |1
0.1
o
-
=]
3 oo
[T
®
[T}
I
‘0.1_
-0.2 T T T T L— T T T T T T T T T T T T T T T T T T
15 20 25 30 35 40 45 50
Exo Up Temperature (°C)

Figure V.18. DSC thermogram of hydrogel microbeads M-50/1
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DSC thermogram of PNIPAAm/MA copolymer hydrogel microbeads with the lowest amount
of MA (M-25/1-MA 2.5) is displayed in Figure V.19. VPTT of this hydrogel type is shifted
towards higher values (around 1°C) in comparison with the pure PNIPAAm hydrogel
microbeads (Table V.7). This is in accordance with the studies showing that hydrophilicity of
comonomers in PNIPAAm-based hydrogels causes the increase in VPTT [291]. This could be
explained by the ability of maleic acid to break PNIPAAm chain sequences thus impairing the
hydrophilic/hydrophobic balance in PNIPAAm chains, as was the case with PNIPAAmM
copolymer hydrogels with acrylic acid [292, 293]. Hence, hydrophobic interactions among
isopropyl groups are weakened leading to greater energy necessary for their domination and
the resulting collapse of PNIPAAm chains. Tasdelen et al., who studied PNIPAAM/MA
copolymer hydrogels synthesized by y-radiation technique, also reported that the presence
of MA causes increase in VPTT with respect to the pure PNIPAAm hydrogel [191].
Furthermore, Figure V.19 demonstrates that endothermic peaks of M-25/1-MA 2.5 are
broader than those of pure PNIPAAmM hydrogels (see Figure V.18). These broader peaks could
be explained by the statistical distribution of comonomer units that affects structuring of
water molecules around polymer chains, i.e. weakens hydrophobic aggregation of PNIPAAmM
chains [194, 291]. Broader phase transition of PNIPAAM/MA copolymer bulk hydrogels were
reported by Tasdelen et al. [191]. Also, sample M-25/1-MA 2.5 feature lower enthalpy
changes with respect to pure PNIPAAm hydrogel microbeads during the volume phase
transition (Table V.7). The presence of hydrophilic comonomer contributes to better
hydration of polymer chains implying smaller number of hydrogen bonds disrupted during
the phase transition and consequently lower heat of reaction.
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Figure V.19. DSC thermogram of hydrogel microbeads M-25/1-MA 2.5

The DSC analysis of PNIPAAm/MA copolymer hydrogel microbeads with higher amount of
MA (M-25/1-MA 5) has not resulted in expected peaks in thermogram that implicates

144

© 2012 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011

Chapter V Synthesis and characterization of thermosensitive hydrogel microbeads obtained by inverse
suspension polymerization

deteriorated thermosensitivity of these hydrogel microbeads. Obviously, incorporation of
MA comonomer (5 mol % MA in ratio to NIPAAm) caused considerable disturbance of
continuous sequence of PNIPAAm chains, i.e. isopropyl groups than govern the volume
phase transition (shrinking) of hydrogel [293]. This led to over weakened hydrophobic
interactions among isopropyl groups and hence feeble or eliminated thermosensitivity of
hydrogel, which is already reported for a certain concentrations of acrylic acid (AAc) in
PNIPAAmM/AAc copolymer hydrogel [293]. Therefore, copolymer hydrogel microbeads based
on the highest amount of MA (10 mol %) were not analyzed by DSC.
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Figure V.20. DSC thermogram of hydrogel microbeads M-25/1-5A 0.5

According to the analysis of hydrogel microbeads based on PNIPAAm and alginate with both
semi-IPN and full-IPN structures, VPTT is not affected by the alginate presence, neither as
linear (SA) or crosslinked component (CA). This is characteristic for IPN hydrogels in which
each individual component maintains its own properties since no chemical bonds between
them exists. Hence, thermosensitive property of PNIPAAm is not affected by the presence of
alginate chains. This is also demonstrated through their sharp and narrow endothermic and
exothermic peaks (Figures V.20 and V.21).

Regardless of the type of hydrogel microbeads, DSC analysis showed that exothermic peaks
detected in the cooling step (Table V.7) are shifted toward slightly lower values in
comparison with endothermic peaks obtained in the heating steps. This phenomenon is
known as hysteresis, also demonstrated by DSC analysis of thermosensitive hydrogel films
(Chapter IIl). As already noted, this delay in the cooling step following the heating step is
explained by the formation of some additional hydrogen bonds between the >C=0 and H-N<
groups of PNIPAAmM chains only in the collapsed state [238].
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Figure V.21. DSC thermogram of hydrogel microbeads M-25/1-CA 0.5

Finally, if the DSC thermograms of hydrogel films are compared with those of hydrogel
microbeads, the information on the difference in the rate of response to temperature
changes could be gained. In other words, obviously sharper and narrower endothermic and
exothermic peaks detected for hydrogel microbeads denote their faster response rate with
respect to hydrogel films [294]. This result is in direct relation with the hydrogels dimensions
since it is known that hydrogel swelling rate is inversely proportional to the square of the gel
dimension [295].

V.6 Swelling behavior

V.6.1 Equilibrium swelling ratio

Equilibrium swelling ratio (ESR) of hydrogel microbeads at 25°C was determined
gravimetrically. The mean values of ESR and equilibrium water content (EWC) of all hydrogel
microbeads and corresponding standard deviations are presented in Table V.8.
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Table V.8. Values of equilibrium swelling degree and equilibrium water content of hydrogel
microbeads at 25°C

Sample ESR EWC, %
M-50/1(10/1)-E O 13.0+0.6 92.91+0.3
M-50/1(10/1)-E 1 23.1+1.0 95.8+0.2
M-50/1(5/1)-E 0.5 13.9+0.7 93.21#0.3

M-25/1 15.00.8 93.640.9
1\:/'5:({/11()5/ 1)-£1 14.8+0.6 93.5+0.1
M-100/1 27.5+1.9 96.5+0.2
M-25/1-MA 2.5 18.7+0.5 94.6+0.5
M-25/1-MA 5 32.1+1.9 97.2+0.3
M-25/1-MA 10 44.9+1.3 97.7+0.2
M-25/1-SA 0.5 16.3+0.5 94.2+0.2
M-25/1-SA 1 24.3+1.4 96.0+0.2
M-25/1-CA 0.5 33.5+2.6 97.1+0.2
M-25/1-CA 1 29.3+1.5 96.7+0.2

In a series of microbeads with various crosslinking degrees, i.e. molar ratios
NIPAAM/MBAAmM varying from 25/1 to 100/1, the ESR values were in the range from 15 to
23. For clearer presentation, these values are given graphically in Figure V.22.

ESR

25/1 50/1 100/1
Ratio NIPAAm/MBAAm, mol/mol

Figure V.22. Influence of crosslinking degree of PNIPAAm on ESR of pure PNIPAAm hydrogel
microbeads
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When taking these results as a whole, the trend of ESR increase with decrease in crosslinking
degree is noticeable, as expected and also found in similar studies [296]. More crosslinked
structure feature weaker water absorption abilities. However, the ESR of M-25/1 and M-
50/1 are almost identical. The influence of denser network of M-25/1 in comparison with M-
50/1 could be annulled by the influence of slightly higher mean diameter of M-50/1 on the
ESR values (Table V.6). These competitive phenomena resulted in close values of their ESRs.
The general trend confirms the influence of crosslinking degree on lowering the swelling
capacities of hydrogel microbeads due to the formation of more dense and tighter polymer
network that limits the water absorption. This dependence is valid for both microbeads as
well as bulk hydrogels [286, 297].

PNIPAAmM hydrogel microbeads modified with MA showed improved swelling abilities in
comparison with analogous pure PNIPAAm microbeads (M-25/1). As clearly seen in Figure
V.23, there is a regular rising trend of ESR caused by increased fraction of hydrophilic
component MA. Addition of MA in fraction of 10 mol % in ratio to NIPAAm in feed mixture
resulted in even three-fold increase in value of ESR. There are several parameters
responsible for this dependence on the fraction of MA and ESR of microbeads. First, the
incorporation of hydrophilic moieties in PNIPAAmM network, i.e. the electrostatic interactions
among carboxylate groups of MA units, as already reported for PNIPAAM/MA copolymer
bulk hydrogel [191]. These electrostatic interactions (repulsions) induce increase of the
osmotic pressure in the hydrogel that results in increased swelling [298]. Furthermore,
addition of MA results in reduced overall crosslinking density of the network and hence in
increased swelling abilities.
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Figure V.23. Influence of MA on ESR of hydrogel microbeads

The influence of alginate on ESR was investigated in the case of both semi- and full-IPN
hydrogels microbeads based on 0.5 and 1 w/v % of alginate (Figure V.24). The ESR of M-
25/1-SA 1 is higher than that of M-25/1- SA 0.5 due to the increased presence of carboxylate
groups. These results are explained by the formation of expanded network structure during
polymerization process due to electrostatic repulsions among carboxylate groups of alginate
chains[136]. Furthermore, the content of PNIPAAm in dry mass of hydrogel is considerably
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reduced® in semi- and full-IPN hydrogel microbeads in comparison with pure PNIPAAmM
sample M-25/1, meaning that hydrophobicity is lowered and consequently contributes to
their higher swelling ratio. Also, an increase in alginate content in semi-IPN hydrogel
microbeads results in an increase in ESR whereas opposite effect is observed for full-IPN
hydrogel microbeads. The effect of ESR decrease in full-IPN systems is explained by
additional crosslinking of alginate chains due to complexation of carboxylate groups by
calcium ions. The trends obtained were also reported for swelling behavior of similar semi-
and full-IPN bulk hydrogels [299]. Finally, stronger swelling abilities of full-IPN with respect
to semi-IPN hydrogel microbeads with the same amounts of alginate can be explained by
their greater size, i.e. formation of aggregates that are capable of holding a certain amount
of water in “interstitial” space among the individual microbeads.

401 VA semi-IPN PNIPAAM/SA
T R full-IPN PNIPAAM/CA
30+ T
.
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Figure V.24. Influence of SA on ESR of hydrogel microbeads
V.6.2 Response of dried microbeads to water presence

The rate of response of dried hydrogel microbeads when coming in contact with water was
investigated by optical microscope at room temperature (23°C). A drop of microbeads
suspension was dried on a glass slide for 2 h at 50°C. Afterwards, the slide was positioned on
a microscopic stage and finally a drop of water was carefully placed on the dried microbeads
fixed on a glass slide. From that moment on, snapshots were taken at short time intervals.
Figure V.25 presents M-25/1 hydrogel microbeads in dried state and after 30 s, 2 min, and
10 min from the contact with water, i.e. start of swelling. These microscopic images show
that dried microbeads have very fast response in contact with water since they swell almost
instantly. Already after 30 s the microbeads are of regular shape and swelled. Based on the
given images, it can be concluded that there are no significant differences in the swelling
degree (microbeads size) after 30s and 10 min from the start of swelling.

> Note that values alginate concentration in the feed mixtures (0.5 and 1 w/v %) are relative to the whole
mixture whereas values MA concentrations are (2.5, 5 and 10 mol %) are relative to NIPAAm content.
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Figure V.25. Response of dried microbeads M-25/1 (a) to water presence after 30 s (b), 2 min
(c), and 10 min (d)

The PNIPAAmM/MA copolymer hydrogels had also fast response to water presence, i.e. higher
swelling rate, as shown in Figure V.26. It can be estimated that seconds are enough for the
hydrogel microbeads to swell from dried state, which is one of their beneficial property in
comparison with macro forms of hydrogels studied within this thesis and described in
Chapter lll. Those hydrogels in the form of disks took several hours to swell close to
equilibrium (Figure II1.9 of the Chapter Ill). Sudrez et al. investigated pure PNIPAAmM
microbeads using inverse suspension polymerization method for synthesis. Their microbeads
were of diameters between 8 and 60 um and have swelling time of around 1 s [300].

Figure V.26. Response of dried microbeads M-25/1-MA 2.5 (a) to water presence after 30 s
(b), 2 min (c), and 10 min (d)

Initially, the aim was to track microbeads swelling throughout 1 h or more. However, this
was not possible since water evaporated quickly in air. Figure V.27 displays microbeads MS-
25/1-MA 2.5 after being left in contact with drop of water for 1 h, when the major part of
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water already evaporated. Afterwards, in less than 30 s, due to additional heating by
microscopic light source, the microbeads became almost dried again. This indicates high
drying rate of microbeads, in addition to their fast swelling.
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Figure V.27. Change in dimensions of microbeads M-25/1-MA 2.5 while getting dried in air
under microscopic light source: at the moment of turning on a lamp on (a), after 8 s (b), and
165 (c)

Semi- and full-IPN microbeads with alginate showed equally fast response to the presence of
water, as pure PNIPAAm microbeads (see Appendix).

V.7 Morphology

Morphology of freeze-dried microbeads was analyzed using SEM. Obtained micrographs are
presented in Figures V.28-V30. The image analysis software was applied for determination of
mean pore size of microbeads (200 per sample) (Table V.9). Data for the sample M-25/1-MA
10 are not shown in this table since freeze-drying of this sample was incomplete and due to
the presence of water in the gels structure the SEM analysis was not successful. It was
observed that the size of freeze-dried microbeads were almost the same as prior to
treatment in the swollen state, observed under the optical microscope, indicating successful
freeze-drying treatment.

SEM micrographs of the freeze-dried microbeads showed that synthesized thermosensitive
hydrogel microbeads feature highly porous structure with interconnected pores. This is in
particular favorable regarding the drug loading/release applications. Interconnected (open)
pores are also evidence of the successful removal of paraffin oil from the reaction mixture,
i.e. complete washing steps. For instance, Topuz and Okay explained the existence of closed
pores in macroporous hydrogel beads based on the monomers acrylamide and 2-
acrylamido-2-methylpropane sulfonic acid sodium salt as a result of trapped paraffin oil
within the monomer droplets during the inverse suspension polymerization [301].
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Table V.9. Values of mean pore size of freeze-dried microbeads determined from the SEM

micrographs 25°C
Sample Mean pore size, um Mean diameter, um
M-50/1(10/1)-E 0 7.93+3.12 372.2+201.0"
M-50/1(10/1)-E 1 4.41+1.66 49.2+235
M-50/1(5/1)-E 0.5 5.83+1.16 38.2+18.2
M-25/1 4.39+£0.98 28.9+13.0
:\:AS:&()S/ -1 4.09+0.86 27.6£12.9
M-100/1 3.91+1.54 40.3+154
M-25/1-MA 2.5 4,10+ 1.02 24.7+12.6
M-25/1-MA 5 5.43 % 3.04 34042117
M-25/1-MA 10 - -
M-25/1-SA 0.5 4,99 +1.29 -
M-25/1-SA 1 3.66+1.05 -
M-25/1-CA 0.5 4,42 +£1.49 -
M-25/1-CA 1 3.44+1.57 -

* based on 17 analyzed microbeads
** based on 64 analyzed microbeads

Results of SEM analysis confirmed already proven influence of emulsifier content on size of
pure PNIPAAm microbeads, i.e. microbeads synthesized in the presence of emulsifier are
much smaller than those synthesized in the absence of emulsifier (Figure V.28-a,b).

Figure V.28. SEM micrographs of microbeads with various amounts of emulsifier and volume
ratio of oil to aqueous phase: M-50/1(10/1—E 0 (a), M-50/1(10/1)-E 1 (b), M-50/1(5/1)-E 1

(c), and M-50/1(5/1)-E 0.5 (d)
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It is clearly seen from Figure V.28-a that the microbeads prepared without emulsifier (M-
50/1(10/1)-E 0) have flower-like porous structure. Such structure was reported by Cheng et
al. who studied pure PNIPAAm microbeads prepared by inverse emulsion polymerization
[302]. Honey-comb like structure of other types of hydrogel microbeads allowed calculation
of their mean pore sizes by image analysis. Obtained values of mean pore sizes of analyzed
microspheres are in range from 4.2 to 7.9 um and have proportional dependence on
microbeads diameters determined by laser diffraction (Table V.6). Furthermore, SEM
analysis confirmed the impact of oil-to-aqueous phase value ratio in synthesis of microbeads
on their ultimate size (Figure V.28-b and Figure V.28-c). Likewise, analysis by optical
microscopy showed that microbeads M-50/1(10/1)-E 0.5 obtained at lower amount of
emulsifier (0.5 vol % emulsifier), have larger diameters and are more polydisperse (Figure
V.28-d) than analogous microbeads obtained under higher amount of emulsifier (Figure
V.28-c).

Figure V.29 represents the influence of crosslinking degree of PNIPAAmM on pure PNIPAAmM
microbeads morphology and size. It can be seen that the least crosslinked microbeads (M-
100/1) have a pronounced tendency towards assembling into agglomerates. Image analysis
showed that mean pore size values only slightly increase with increase in the crosslinking
degree of PNIPAAm. The insignificant impact of the crosslinker concentration (beyond
certain value) on the pore size of pure PNIPAAmM microbeads could be found in the study of
Park and Hoffman who characterized microbeads prepared by inverse suspension
polymerization and having diameters in the range form 200 um to 400 um [167].

Figure V.29. SEM micrographs of microbeads with various crosslinking degrees: M-25/1 (a,b),
M-50/1 (c,d), and M-100/1 (e,f)
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Analysis of micrographs of PNIPAAm/MA copolymer microbeads have confirmed the results
of laser diffraction measurements indicating larger mean diameter of microbeads based on 5
mol % in comparison with those based on 2.5 mol % MA. Figure V.30 clearly shows that
PNIPAAM/MA copolymer microbeads maintain the porous, honeycomb-like structure, with
similar mean pore sizes as of pure PNIPAAm microbeads. Introduction of hydrophilic
functionality in the PNIPAAmM network has not impaired desired porosity of the resulting
microbeads, beneficial for efficient matrices in drug release studies.

Figure V.30. SEM micrographs of microbeads M-25/1-MA 2.5 (a) and M-25/1-MA 5 (b)

Morphology of microbeads with semi-IPN structure of crosslinked PNIPAAm and SA is
displayed in Figure V.31. Clearly, the pore structure of microbeads is affected by the
concentration of alginate. The pore sizes are decreasing with the increase in alginate fraction
(Table V.9). The most regular pore structure is characteristic for the microbeads M-25/1-SA
1.

Figure V.31. SEM micrographs of microbeads M-25/1-SA 0.5 (a,b), M-25/1-SA 1 (c,d), and M-
25/1-SA 2 (e,f)

154

© 2012 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011

Chapter V Synthesis and characterization of thermosensitive hydrogel microbeads obtained by inverse
suspension polymerization

Optical microscopy showed that semi-IPN hydrogel microbeads with the highest fraction of
alginate feature irregular shape and this was confirmed by SEM micrographs in Figure V.31-
e,f. The most regular, honeycomb-like structure was observed for the microbeads based on
1 w/v % alginate.

The full-IPN microbeads composed of crosslinked PNIPAAm and CA are also characterized by
the porous, honeycomb-like structure (Figure V.32). It was calculated that the mean pore
size value of M-25/1-CA 0.5 are smaller than that of M-25/1-CA 1. Also, the mean pore size
of these microbeads is smaller than of corresponding semi-IPNs (Table V.9). The regularity of
pore structure is maintained with respect to semi-IPN microbeads.

/ ? L

Figure V.32. SEM micrographs of microbeads M-25/1-CA 0.5 (a,b) and M-25/1-CA 1 (c,d)

Prepared hydrogel microbeads of all types (pure PNIPAAm, PNIPAAmM/MA copolymer, semi-
IPN PNIPAAmM/SA, full-IPN PNIPAAmM/CA) could be classified under macroporous structures
that are favorable for drug loading/release applications [255].

The presence of considerable number of “tailed” microbeads in almost all micrographs is the
consequence of vacuum drying pretreatment of microbeads that was part of freeze-drying
procedure. The reason for “tails” formation could be also found in freezing process that
causes the water within the top of a microbead to flow downward while being gradually
frozen [302] and are reported for similar freeze-dried PNIPAAm microbeads [62]. Finally,
similar values of microbeads size obtained by analysis of SEM micrographs (Table V.9) and by
analysis of images from optical microscope (Table V.2 to Table V.5) indicate that freeze-
drying was successful.
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V.8 CONCLUSIONS

A series of thermosensitive hydrogel microbeads based on crosslinked PNIPAAmM were
synthesized by inverse suspension polymerization. In addition to variation of the oil-to-
aqueous phase volume ratio, concentration of emulsifier, and the crosslinking degree,
PNIPAAmM microbeads were functionalized by using MA for the formation of copolymer
hydrogels. Furthermore, semi- and full-IPN hydrogel microbeads were prepared with linear
and crosslinked alginate, respectively. The optimization of formulation parameters showed
that decrease in volume ratio of oil-to-aqueous phase volume ratio, presence of emulsifier,
and lower fraction of crosslinker cause a decrease in mean diameter. It was shown that the
most regular and the smallest pure PNIPAAm hydrogel microbeads of 20 um in diameter
could be obtained at 5/1 oil-to-aqueous phase volume ratio, at 1 vol % of emulsifier (in oil
phase), and at 25/1 NIPAAm/MBAAmM molar ratio. Increase in the fraction of MA in
PNIPAAM/MA copolymer hydrogel microbeads enhanced formation of agglomerates, caused
an increase in microbeads size, and weakened microbeads thermosensitivity. The VPTT of
pure PNIPAAm hydrogels was around 33°C whereas VPTT of PNIPAAM/MA copolymer
hydrogel with the lowest concentration of MA is shifted towards higher values (around
34°C). VPTT of PNIPAAmM in semi- and full-IPN hydrogels is not affected by the presence of
alginate chains. Pure PNIPAAm microbeads of less crosslinked network feature higher ESR
than those of more crosslinked network. PNIPAAM/MA copolymer hydrogel microbeads
exhibit higher ESR than pure PNIPAAm microbeads with the same NIPAAmM/MBAAm ratio.
The joint feature of all synthesized microbeads in the presence of emulsifier is porous,
honeycomb-like structure with the pore size of around 4 um. Large open pores indicate
existence of interconnected channels making favorable structure for drug release
applications.

Regular spherical thermosensitive hydrogel microbeads obtained by inverse suspension
polymerization could be considered as potential matrices in drug release studies. The
intended application of these microbeads includes design of a textile-based system for
transdermal release of a drug in a controlled manner, via temperature changes. Hence,
optimization of synthesis conditions should be considered in the future steps with the aim of
obtaining even smaller microbeads (below 20 um) based on PNIPAAm and alginate for easier
application on a textile material. This could be achieved by the adjustment in the stirring
rate and reaction temperature.
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The applicability of selected thermosensitive hydrogel microbeads in controlled release of
procaine HCI will be investigated in this Chapter. The first part of studies will refer to two
types of thermosensitive hydrogel microbeads obtained by electrostatic extrusion, semi-IPN-
0.1-1 and semi-IPN-0.25-1. These microbeads are chosen to estimate the impact of the
fraction of PNIPAAm on overall hydrogel thermosensitivity and the drug release profiles at
different temperatures. In the second part of the Chapter, the drug release from the
thermosensitive hydrogel microbeads obtained by inverse suspension polymerization will be
studied. Pure PNIPAAm (M-25/1) and full-IPN PNIPAAm/CA hydrogel microbeads (M-25/1-
CA 1) will be used for the drug loading and release to estimate the impact of CA on the drug
release profiles at temperature below and above VPTT of the hydrogel microbeads.

Two methods of drug release will be applied. The first one is a dissolution test method
usually used for formulations intended for oral application and it will be employed for the
microbeads prepared using electrostatic extrusion. For the second microbead type, a Franz
diffusion cell will be used as a valid standard for testing of pharmaceutical formulations
intended for transdermal applications.

V1.1 Thermosensitive hydrogel microbeads obtained by
electrostatic extrusion

The drug release experiments were performed using two types of hydrogel microbeads:
semi-IPN-0.1-1 and semi-IPN-0.25-1 that were described and characterized in Chapter |V,
section IV.2. These microbeads differ in the fraction of PNIPAAm (0.1 and 0.25 wt %). The
drug used was procaine HCl. Drug release experiments were conducted at two
temperatures, above (40°C) and below (23°C) VPTT of the microbeads, according to the
procedure described in Chapter Il, section 11.5.1.2.

VI.1.1 Drug loading

Initially, two calibration curves were determined using UV spectrophotometer, for solutions
of procaine HCl in distilled water and in 1 mol dm™ sodium citrate. Sodium citrate solution
was used for destruction of drug-loaded microbeads in order to determine the overall
amount of drug in the hydrogel matrix. Calibration curves in Figure VI.1-a,b show that the
citrate salt had negligible influence on the absorbance of the drug in comparison with water.
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Figure VI.1. Calibration curves of procaine HCl solution in water (a) and sodium citrate (b)

Analysis of the efficiency of drug loading in the two semi-IPN hydrogels showed the impact
of PNIPAAmM concentration. Higher amount of procaine HCl entrapped in the microbeads
with lower amount of PNIPAAm in semi-IPN-0.25-1. If the drug loading or total drug uptake
is expressed as the weight of the loaded drug per dry weight of polymer matrix (xerogel), we
obtained 0.86 mg mg™ for semi-IPN-0.1-1 microbeads and 0.54 mg mg™ for semi-IPN-0.25-1.
A lower concentration of PNIPAAmM in semi-IPN-0.1-1 results in looser resulting network,
making it less compact and more favorable for the drug sorption/entrapment. Another
explanation could be found in the pH value of the loading solution of procaine HCl that
equaled to 6.9. This implies the presence of the positively charged form of the drug in the
solution, since its pKa value is found to be 8.9-9.3 [303, 304]. Calcium alginate network
contains polymer chains composed of guluronate and mannuronate residues, bearing
carboxylate groups. Their negative charge contributes to the enhancement of the drug
sorption efficiency from the loading solution into the hydrogel matrix (pKa for mannuronic
and guluronic acid monomers are reported as 3.38 and 3.65, respectively [106]). The amount
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of the drug loaded is thus dependent on the amount of linear component (PNIPAAm) in
semi-IPNs, as confirmed by the lower total drug uptake by the hydrogel microbeads with a
lower PNIPAAm content.

VI.1.2 Drug release using dissolution test

Release from the semi-IPN hydrogel microbeads obtained by electrostatic extrusion was
studied by dissolution test, as described in Chapter Il. The obtained drug release profiles are
displayed in Figure VI.2. In all cases, the largest fraction was released during the first 30
minutes. The initial burst release of procaine HCl is attributed to the presence of surface
immobilized, loosely attached drug molecules.
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Figure VI.2. Release profile of procaine HCl from semi-IPN-0.1-1 and semi-IPN-0.25-1 at 23°C
and 40°C

Results show that the beads with higher amount of PNIPAAmM (semi-IPN-0.25-1) released
lower amount of drug, partly because of a lower amount of polymer chain per unit volume
of the network. At the end of the investigated period at 23°C, the difference in cumulative
release was almost 20 % between the two types of microbeads. This difference is due to
higher amount of drug initially loaded into semi-IPN-0.1-1 microbeads and hence, higher
concentration gradient leading to a more pronounced drug release. Also, the semi-IPN-0.1-1
microbeads were smaller (section IV.2, Chapter IV) and hence featured higher specific
surface area, i.e. an increased polymer-water interface that favors drug diffusion.

A dependence of drug release rate on temperature of releasing medium is clearly observed.
Above VPTT, the microbeads are in shrunken form and show lower drug release compared
to beads below VPTT. This is probably due to the collapse of PNIPAAm chains during volume
phase transition that causes the entrapment of the drug within the matrix, stopping the drug
diffusion process. In addition, possible reasons for this reduced release are enhanced ionic
interactions between positively charged form of the drug and negative carboxylate groups in
alginate chain, which become more exposed at 40°C, owing to this collapse of PNIPAAmM
chains.
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It should be pointed out that majority of mathematical models developed to describe the
drug release profiles are valid for only for early-time data points [305]. Our release profiles
show that there were insufficient data points below 60 % release to provide accurate values
of applicable models’ parameters.

VI.2 Thermosensitive hydrogel microbeads obtained by inverse
suspension polymerization

Drug release studies from selected hydrogel microbeads obtained by inverse suspension
polymerization were performed using Franz diffusion cell with jacketed donor and receptor
chamber. The drug release profiles obtained at two temperatures of donor chamber (25°C
and 37°C) were compared to analyze the impact of microbeads thermosensitivity on the
drug release pattern.

VI.2.1 Drug loading

Total uptake of procaine HCl was expressed as the weight ratio of loaded drug and the dry
gel, i.e. polymer matrix. This value depends on the interaction of a drug with polymer matrix,
the compact structure of the hydrogel, swelling ratio, the surface area of the individual
microbeads (microbeads size), etc. Three types of the microbeads were chosen for loading
tests: pure PNIPAAmM hydrogel microbeads (M-25/1 and M-100/1), PNIPAAm/MA copolymer
hydrogel microbeads (M-25/1-MA 2.5), and full-IPN PNIPAAm/CA hydrogel microbeads (M-
25/1-CA 0.5 and M-25/1-CA 1). Obtained values of total drug uptake are presented in Figure
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Figure VI.3. Total drug uptake by thermosensitive hydrogel microbeads obtained by inverse
suspension polymerization
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The lowest amount of drug was loaded into the pure PNIPAAm hydrogel microbeads with
the highest crosslinking degree, M-25/1. On the other hand, the highest total drug uptake
was obtained for the microbeads M-100/1 that are characterized by the loosest PNIPAAm
network. The formation of IPN microbeads with alginate resulted in improved drug uptake
with respect to M-25/1, and it slightly depends on the fraction of hydrophilic interpenetrant,
CA.

Table VI.1 gives the comparison of the total drug uptake and the microbeads mean diameter
obtained by laser diffraction measurements. It is known that smaller size of microbeads
contributes to higher amount of drug uptaken due to higher surface area of microbeads.
However, this was not the case in our study since the selected microbeads types featured
different structures. Therefore, the composition of hydrogel network could be regarded as a
more influential parameter on the amount of drug loaded into the microbeads with respect
to their mean diameter.

Table VI.1. Values of total drug uptake of selected hydrogel microbeads, volume-weighted
mean diameter, and ESR values

Total drug uptake,

Sample mg(drug)/mg(polymer matrix) D, km ESR (25°C)
M-25/1 0.45 20.7 15.0
M-100/1 0.97 31.8 27.5
M-25/1-MA 2.5 0.74 20.7 18.7
M-25/1-CA 0.5 0.57 67.8 33.5
M-25/1-CA 1 0.63 76.8 29.3

The swelling capacity of hydrogel microbeads could also affect the amount of drug uptaken
when the loading process is performed via sorption of drug solution by dry microbeads. The
values of ESR were previously determined at 25°C (section V.6.1 of the Chapter V), which
corresponds to temperature of the drug loading process. The impact of ESR values on total
drug uptake could be compared for the microbeads M-25/1 and M-100/1 because they have
the same composition (pure PNIPAAm network). The ESR values given in Table VI.1 indicate
that almost two-fold higher ESR of M-100/1 results in double increase in total drug uptake.
Difference in mean diameter is obviously too low to have substantial impact on the drug
loading into these microbeads. The PNIPAAM/MA copolymer hydrogel microbeads (M-25/1-
MA 2.5) could be compared to M-25/1, concerning the PNIPAAm crosslinking degree (25/1)
and mean diameter. The difference in total drug uptake between these two microbeads
types (0.74 mg mg' and 0.45 mg mg”, respectively) is primarily caused by the
presence/absence of hydrophilic comonomer. The pH value of 10 mg ml™ solution of
procaine HCI, used for loading, was 6.6. The first and second dissociation constants of maleic
acid are pKy1=1.85 and pK,,=6.06 respectively [306]. Hence, ionized form of hydrophilic
comonomer in the matrix of M-25/1-MA 2.5 provided additional interactions with ionized
form of procaine HCl molecules. Thus, the amount of loaded drug in PNIPAAM/MA
copolymer hydrogel microbeads was higher than in the M-25/1 microbeads.
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Full-IPN PNIPAAM/CA hydrogel microbeads (M-25/1-CA 0.5 and M-25/1-CA 1) are
characterized by higher total drug uptake than corresponding pure PNIPAAm hydrogel
microbeads (M-25/1). The reason for this is partly related to considerably higher ESR values
of full-IPN microbeads than of M-25/1, and partly to their IPN structure with CA alginate as
hydrophilic interpenetrant. In addition, the pH of loading solution was well above the pK, for
mannuronic and guluronic acid residues of alginate chains (3.38 and 3.65, respectively
[106]). However, the total drug uptake of full-IPN microbeads was lower than of
PNIPAAM/MA copolymer microbeads, although the amount of carboxylate groups in full-IPN
microbeads was considerably higher than in copolymer microbeads, according to much
higher amount of SA than MA in the preparation mixture (Table 11.10 of the Chapter Il). In
addition to considerably higher size of full-IPN microbeads that affects lower drug uptake,
their tight structure with smaller mesh size contributes lower loading capacity in comparison
with M-25/1-MA 2.5. Finally, the higher the alginate content is, the higher total drug uptake
will be.

VI.2.2 Drug release using Franz diffusion cell

Two microbead types were chosen for the drug release study using Franz diffusion cell: the
pure PNIPAAm hydrogel microbeads with the highest crosslinking density and full-IPN
PNIPAAmM/CA hydrogel microbeads with higher amount of alginate. The microbeads M-25/1
showed temperature-positive drug release behavior, i.e. enhanced release rate at higher
temperatures (Figure VI1.4-a,b). This dependence of drug release pattern on temperature is
in direct relation with difference in the arrangement of PNIPAAm chains at temperatures
below and above VPTT of the hydrogel microbeads. In pure PNIPAAm network, strong
collapse of polymer chains at higher temperature results in squeezing-out effect and hence
higher drug release [170]. Furthermore, enhanced drug release at 37°C is partly a
consequence of different strength of interactions between the drug molecules and the
polymer chains at 37 and 25°C. At temperatures above VPTT of the hydrogel, hydrophobic
interactions among PNIPAAm chains are dominant and affect weakening of the interactions
of hydrophilic drug molecules with the hydrophilic segments of PNIPAAmM chains. When
exhibiting volume phase transition, the isopropyl groups of PNIPAAm are oriented toward
the aqueous environment [307]. Thus, the amide groups are hidden and the interactions
with the drug molecules are weakened. The situation is different at temperatures below
VPTT of the hydrogel when the hydrophilic interaction among the procaine HCl and
hydrophilic segments of PNIPAAm chains are strengthened. When predicting an on-off drug
release from these pure PNIPAAmM hydrogel microbeads by subsequent alteration of
temperature, drug pulse at higher temperatures could be expected governed by a
squeezing-out effect after the chain collapse.
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Figure VI.4. Release profiles of procaine HCI from the microbeads M-25-1 at 25°C and 37°C:
cumulative release vs. time (a) and amount of drug permeated vs. time (b)

Drug-loaded hydrogel microbeads of full-IPN structure, M-25/1-CA 1 were employed in the
second series of drug release studies. This microbeads type did not show such distinctive
behavior between release at 25°C and at 37°C as pure PNIPAAmM hydrogel microbeads did (

Figure VI.5-a,b). The release profile of procaine HCl at both temperatures exhibits two
stages, before and after the first hour of measurements. Rate of drug release was
moderately higher at 37°C in the initial period whereas the opposite was observed in the
second, third, and fourth hour of release. When analyzing the mechanism of drug release,
dependence of drug diffusivity on temperature should be taken into consideration.
According to Arrhenius relationship, diffusivity of drug molecule increases with increase in
temperature [308]. Slightly faster release of drug at 37°C than at 25°C in first 60 min could
be ascribed to temperature differences that affect faster diffusion of drug molecules
distributed on the surface of the microbeads. Supposing the main part of drug diffused from
the microbeads surfaces, the following stage of release profile originates from the drug
entrapped within the polymer matrices. From that point onward, the structure of hydrogel

164

http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011
Chapter VI Controlled drug release from thermosensitive hydrogel microbeads

probably becomes the predominant factor of the drug release process. The hydrophobic
interactions within polymer matrix of full-IPN structure are not pronounced enough to
impact the interactions of drug with polymer chains as was the case with pure PNIPAAm
hydrogel microbeads. Hence, contribution of smaller hydrogel mesh size at 37°C becomes
the leading factor in rate of drug release. The result is slightly higher drug release at
temperature below VPTT of the microbeads.

Generally similar release rate at given temperatures could also indicate slower/weak
domination of hydrophobic interactions at 37°C than at 25°C. In other words, differences in
PNIPAAmM chains conformations at these two temperatures are moderate primarily due to
the presence of CA as non-thermosensitive interpenetrant in the full-IPN structure. Although
VPTT of the microbeads M-25/1-CA 1 is around 32°C (Table V.7, Chapter V), weakened
thermosensitivity of polymer matrix results in insufficiently strong collapse of PNIPAAmM
network that could more strongly affect the drug transport.
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Figure VI.5. Release profiles of procaine HCl from the microbeads M-25-1/CA 1 at 25°C and
37°C: cumulative release vs. time (a) and amount of drug permeated vs. time (b)
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When considering small size of procaine HCI molecule (M,=272.77), low percentage of
cumulative release from both types of microbeads is obtained after the 4h-experiment with
Franz diffusion cell (Figure VI.4 and

Figure VI.5). Such weak release of the procaine HCl is probably the consequence of strong
interactions between drug molecules and polymer matrix. It is assumed that the ionized
(cationic) form of the drug is present in our system, according to literature data [159].
Although the PNIPAAm chains are expected to be nonionic, an anionic residue (-S0*) of the
initiator (APS) probably remains at the chain ends [51]. This implicates possibility of
establishment of attractive interactions between the drug and ionized side groups of the
hydrogel. In the case of full-IPN microbeads, there is possible additional contribution of
carboxylate groups of alginate that could interact with the drug molecules (apart from the
cooperative binding with calcium ions). It is obvious that the presence of alginate chains
induces the difference in drug release profiles when comparing to the pure PNIPAAmM
microbeads at temperatures below and above their VPTT of the hydrogels. Lower cumulative
release of drug from the microbeads M-25/1-CA 1 than from M-25/1 could be partly
ascribed to the stronger adsorption properties of the former structure toward the procaine
HCI molecules. In addition, almost four times higher mean diameter of M-25/1-CA 1 than of
M-25/1 (Table V.6) signifies increased diffusional path length for drug molecules and hence
slower drug release.

VI.2.3 Drug release mechanism

The early-time release data could be fitted to an empirical relationship to determine
whether a particular device is diffusion-controlled or not. An empirical power equation
developed by Peppas [309] was applied for analysis of procaine HCl release mechanism from
the hydrogel microbeads (Equations VI.1 and VI.2).

L= kt" (VI.1)

M
log M_t =nlogt+logk (VI.2)

©

Where M; and M.. are the absolute cumulative amount of drug released at time t and at
infinite time (initially loaded), k is a structural/geometric or rate constant for a particular
system and n is a release exponent representing the release mechanism. The parameters k
and n were calculated from the initial 60 % of cumulative release curve [159]. Figure VI.6
displays linear fits for the early-time release data according to Peppas model.
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Figure VI.6. Plots of log (My/M-.) against log t for the microbeads M-25/1 (a) and M-25/1-CA
1(b) at 25°C and 37°C

Table VI.2 summarizes calculated release exponent values of Peppas model for the procaine
HCI release from both microbeads types at 25°C and 37°C. Values of correlation exponent
(R’=0.986-0.995) show that fit of experimental data using the applied model is satisfying.
When the matrix geometry is a sphere, diffusion-controlled drug release corresponds to
n=0.43 and it is called Fickian diffusion, whereas for n=0.85 case-ll transport, release is
governed by the polymer matrix relaxation and characterized by independence of drug
release rate on drug concentration [84, 310]. When the value of release exponent is
between 0.43 and 0.85, the mechanism of transport is non-Fickian or anomalous. This means
that drug diffusion and the polymer relaxation are comparable, i.e. drug release is both,
diffusion- and swelling-controlled. Super case Il mechanism is present when n>0.85 and is
related to the polymer relaxation during hydrogel swelling and suggests the drug release by
more than one mechanism [311].
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Table VI.2. Release exponent (n) and correlation coefficient (R2) for drug release from the
microbeads M-25/1 and M-25/1-CA 1 at 25°C and 37°C

Sample Temperature, °C n R? Mechanism
25 0.61 0.986 Anomalous
M-25/1
37 1.05 0.988 Super case Il
25 0.99 0.992 Super case Il
M-25/1-CA 1
37 1.35 0.995 Super case |l

Obtained data show the absence of pure diffusion-controlled mechanism. Release of
procaine HCl from M-25/1 microbeads at 25°C could be classified under non-Fickian or
anomalous transport since 0.43<n<0.85. Other analyzed cases belong to super case Il
transport, that is, a type of swelling-controlled system. The rate of drug diffusion is
dependent on the concentration and time but also on the rate of swelling and relaxation of
the polymer chains, i.e. the rate of solvent uptake [312]. The value of n for full-IPN
microbeads is higher than for the pure PNIPAAmM microbeads, indicating that in more
compacted hydrogels, chains relaxation facilitates the drug transport. This was observed for
BSA release from various bulk PNIPAAmM/CA full-IPN hydrogels [169]. Therefore, procaine HCI
release could be modified by changing the hydrogels structure and swelling behavior, which
is the leading idea in designing efficient and controllable drug release vehicles.

VI.3 CONCLUSIONS

Release studies of procaine HCl from the thermosensitive microbeads prepared by
electrostatic extrusion resulted in retarded release at 40°C compared to 23 °C. This could be
caused by stronger entrapment of the drug in the deswelled matrix, as a consequence of the
collapse of PNIPAAm chains. Higher the amount of PNIPAAm linear chains in these semi-IPN
microbeads, lower the drug loading efficiency will be but also the cumulative amount of drug
release due to lower intensity of interactions between drug molecules and hydrogel matrix.
Drug release from thermosensitive microbeads using Franz diffusion cell showed that release
of procaine HCI could be tuned by modifying the PNIPAAmM network. Incorporation of CA in
PNIPAAmM network resulted in slightly temperature-negative drug release pattern in
comparison with temperature-positive drug release from the pure PNIPAAmM hydrogel
microbeads. Fitting of release data was successfully achieved by application of Peppas
model. The mechanism of drug release is in all cases dependent on microbeads swelling
behavior and not solely on diffusion. Increasing the temperature above VPTT of the hydrogel
microbeads contributes to stronger dependence of drug transport on polymer relaxation
process. Low cumulative release of drug should direct further research in revealing the
nature of drug-hydrogel interactions that could help to understand and predict the drug
release pattern. Initial results of drug release studies implicate potential applicability of the
analyzed thermosensitive hydrogel microbeads in development of transdermal delivery
systems controlled by temperature changes.
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The topic of this thesis encompassed development and characterization of macro and micro
forms of thermosensitive hydrogels intended for the future applications in controlled
delivery of drugs via transdermal route. As already known, a crucial parameter in controlling
the swelling behavior of the developed hydrogels, and hence the rate of drug release, is
temperature. Hence, temperature of the volume phase transition should be near the
temperature of the human skin surface. In addition, among the high-priority prerequisites in
design of a material for this biomedical use are biocompatibility, good mechanical
properties, and fast response to temperature changes. Therefore, synthetic polymer poly(N-
isopropylacrylamide) (PNIPAAm) and natural polysaccharide alginate were chosen as main
components for preparation of the hydrogels with desired properties. It was shown that
synergistic properties of these components could be successfully achieved by formation of
the interpenetrating polymer networks (IPNs). Such hybrid materials were developed in the
form of films and microbeads taking into consideration their future application on a heating
textile material, i.e. formation of hydrogel/textile systems in the form of intelligent patch.

Thermosensitive hydrogel microbeads are far less studied physical forms regarding their
application on textile materials than thermosensitive hydrogel films. However, in the field of
controlled drug release, micro forms of hydrogels feature mutual benefits over the macro
forms. Thermosensitive hydrogel microbeads have faster response to temperature changes
and better swelling properties. This is in direct relation with their high drug loading
capacities. Their size can be easily controlled by adjusting synthesis conditions, directly
impacting drug diffusional pathway during the release. However, application of hydrogel
microbeads on textile materials is more demanding and complex task than of hydrogel films.
Taking into consideration their advantages and shortcomings, work presented in this thesis
referred to both physical forms of thermosensitive hydrogels, with accent on
thermosensitive hydrogel microbeads and their applicability in the controlled drug release.
Table C-1 represents the comparison of general characteristics of developed macro and
micro forms of thermosensitive hydrogels of various structures.

Characterization of full-IPN hydrogel films composed of crosslinked PNIPAAmM and
crosslinked alginate (calcium alginate, CA) demonstrated their advantages over pure
PNIPAAmM hydrogels films. Adjusting the alginate content at 1 wt % in full-IPN hydrogels
resulted into better swelling capacity than pure PNIPAAm hydrogels at temperatures below
their VPTT. They also exhibit the most rapid response to temperature increase from 25°C up
to 40°C in comparison with other studied hydrogels. The full-IPN hydrogels based on 1 wt %
of alginate feature more porous network comparing to pure PNIPAAm hydrogels at 23°C. In
comparison with pure PNIPAAm, these hydrogels feature better mechanical properties,
greater pore sizes and improved swelling behavior, i.e. response to temperature changes.
The presented results qualify thermosensitive full-IPN hydrogels based on PNIPAAm and CA
as potential matrices intended for a controlled release of drugs. Performed syntheses and
characterizations of hydrogels are good base for additional study on their combination with
heating textiles as a part of drug delivery system for transdermal applications.
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Formation of thermosensitive hydrogel microbeads was conducted in two manners and of
different network structures:

a) semi-IPN with linear PNIPAAm and crosslinked alginate,

b) semi-IPN with crosslinked PNIPAAm and linear alginate, and

c) full-IPN with crosslinked both, PNIPAAm and alginate.
Electrostatic extrusion was employed for the formation of thermosensitive hydrogel
microbeads with the semi-IPN structure containing linear PNIPAAmM and crosslinked alginate
(CA). This spray technique was demonstrated to be a complex function of operating
parameters when aiming at formation of the semi-IPN microbeads below 20 um in diameter
and of regular spherical shape. Droplet diameter is affected by applied voltage between the
electrodes. Up to a certain value of voltage, the droplet diameter decreases with voltage
increase. When the voltage is further increased, small microbeads (below 50 um in
diameter) are formed along with bigger microbeads (>100 um) of irregular shape. The
formation of two fractions of microbeads sizes is a result of the increase in voltage beyond a
certain (critical) value. In order to produce microbeads of uniform and spherical shape,
applied voltage should be set below but close to the critical region of voltage values. The
other important parameter is the flow rate whose decrease is favorable for formation of
smaller microbeads. When agqueous polymer solution with 0.1 wt % PNIPAAmM and 1 wt % SA
are used for the extrusion in an electric field, the most optimal hydrogel microbeads
regarding the size and roundness were obtained using 27g-needle and under the voltage of
12 kV, electrode spacing of 8 cm and flow rate of 0.397 ml h™. Their mean diameter reached
even 10.9 um.

Another method applied in synthesis of series of thermosensitive hydrogel microbeads
based on crosslinked PNIPAAmM was inverse suspension polymerization. In addition to
preparation of semi- and full-IPN hydrogel microbeads with linear and crosslinked alginate,
respectively, the copolymer hydrogel microbeads of PNIPAAm and maleic anhydride (MA)
were also developed, supposing the contribution of MA for easier application of microbeads
on a textile material in future research. The optimization of formulation parameters showed
that increase in volume ratio of oil to aqueous phase, absence of emulsifier, and lower
fraction of crosslinker cause a decrease in mean diameter of the pure PNIPAAm hydrogel
microbeads. The smallest microbeads obtained were pure PNIPAAm hydrogel microbeads
with the highest crosslinking degree and their mean diameter equaled 20.1 um. However,
addition of alginate affects considerable increase in microbeads size (three to four-fold
increase) while the presence of MA in chosen concentrations has only slight contribution.
VPTT of PNIPAAm in semi- and full-IPN hydrogel microbeads is not affected by the presence
of alginate chains and equals around 33°C. VPTT of PNIPAAmM/MA copolymer hydrogel
microbeads with the lowest concentration of MA is shifted toward higher values (around
1°C) in comparison with pure PNIPAAm hydrogel whereas higher concentrations of MA
weaken thermosensitivity of resulting copolymer hydrogels. The joint morphological feature
of all synthesized microbeads is honeycomb-like structure and existence of interconnected
channels that are favorable for the drug release applications. Hence, optimization of
synthesis conditions should be considered with the principle of obtaining smaller
microbeads based on PNIPAAmM and alginate for easier application on a textile material. This
could be achieved by adjusting reaction conditions such as the stirring rate and reaction
temperature.

171

© 2012 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011

General conclusions

Table C-1. Comparison of general characteristics of various physical forms and structures
of developed thermosensitive hydrogels

Fllr.ns. . Microbeads .M|crobead§
- polymerization in o . - inverse suspension
. - Eleclroslalic exlrusion - . .
solution polymerization
. Semi-IPN
Full-IPN S -IPN
em crosslinked PNIPAAM + SA
crosslinked PNIPAAM linear PNIPAAM
tructur e
. + + Full-IPN
CA CA crosslinked PNIPAAm + CA
welling
characteristics 14-25 30-33 16-29
- ESR at 25°C -
Pore size b 10-87 um - 3-5um
erma
characteristics =35°C =320°C = 33°C
- PTT -

Drug release studies from the selected thermosensitive hydrogel microbeads obtained by
inverse suspension polymerization were conducted using a Franz diffusion cell. It was shown
that loading and release of procaine HCl could be tuned by modifying the PNIPAAmM network.
Incorporation of CA in PNIPAAm network resulted in slightly temperature-negative drug
release pattern in comparison with temperature-positive drug release from the pure
PNIPAAm hydrogel microbeads. Fitting of release data was successfully achieved by
application of Peppas power low equation. The mechanism of drug release is in all cases is
governed by polymer chains relaxation process and not solely on diffusion. Increasing the
temperature above VPTT of the hydrogel microbeads contributes to stronger dependence of
drug transport on swelling behavior. Low cumulative release of drug should direct further
research in revealing the nature of drug-hydrogel interactions that could help to understand
and predict the drug release pattern. The results of drug release studies implicate potential
applicability of the analyzed thermosensitive hydrogel microbeads in applications such as
transdermal delivery systems controlled by temperature changes.

The continuation of the research encompassed by this thesis should be realized in several
directions. First of all, optimization of conditions of inverse suspension polymerization in
formation of hydrogel microbeads with semi- and full-IPN structure, based on PNIPAAm and
alginate, should be continued. Operating parameters whose values could considerably
impact diameter reduction of such hydrogel microbeads are stirring rate and preparation
temperature. Higher stirring rate and higher temperature are expected to result in smaller
microbeads. Also, lowering fraction of sodium alginate in initial reaction mixture could
contribute to formation of smaller microbeads, close to the average fiber diameter.
Furthermore, detailed study on drug release properties of thermosensitive hydrogel
microbeads should be continued using Franz diffusion cell. Nature of interactions between
drug and hydrogel matrix should be further elucidated. Also, consideration of testing
another model drug could be taken into account.
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Finally, there are various approaches in the design of the heating textile/thermosensitive
hydrogel system, as a leading idea of conducted research. One of the possible procedures in
the formation of thermosensitive hydrogel layer on the surface of the textile material is pad
drying of polymer solution and subsequent crosslinking of this polymer layer on the textile to
form hydrogel (Figure C-1).

Attachment of thermosensitive hydrogel microbeads on textile material seems to be a more
demanding and challenging task. Up to our knowledge, there are no reports on these
systems up to now. One of the possible ways in achieving such systems is to use of an
adequate binder that will serve as a link between the hydrogel and the textile (Figure C-1). In
addition, activation of the surface of textile material using plasma or corona treatment could
result in considerably improved binding abilities and efficient application of hydrogel
microbeads.

Another approach in attaching hydrogel microbeads to the textile surface is via grafting
reaction (Figure C-1). Procedure of grafting of hydrogel microbeads is complex but seems to
be more adequate for intended application of hydrogel/textile system as transdermal drug
delivery vehicle. In comparison with use of a binder for attaching microbeads to textile
material, grafting method provides better “access” of the drug loaded in the microbeads to
diffuse to the skin surface. Also, contact of a binder with skin is not desirable due to possible
irritation.

a)
Hydrogel film
+drug Semi-permeable coating
Textile
b)
Hydrogel microbeads
+drug
Binder
Textile
c
Hydrogel microbeads
+drug
?2?P 9 22 @ cotme
Textie A

Figure C-1. Possible systems of thermosensitive hydrogels and textile material

Therefore, results of this doctoral thesis could serve as a good base for future research in
several fields and open doors to significant achievements and innovations regarding
intelligent textiles for biomedical applications.
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[11.2 Chemical structure
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Figure A-1. FTIR spectra of monomer NIPAAm
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Figure A-2. FTIR spectra of hydrogels with 2 wt % MBAAm (characteristic peaks of PNIPAAm
chains indicated by full lines and those of CA network by dotted lines)
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111.3 Thermal characteristics

[11.3.1 Volume phase transition temperature
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Figure A-3. DSC thermogram for determination of VPTT of IPN-1-5-2
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Figure A-4. DSC thermogram for determination of VPTT of IPN-2-5-2
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Figure A-5. DSC thermogram for determination of VPTT of P-0-5-3
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Figure A-6. DSC thermogram for determination of VPTT of IPN-1-5-3

190

© 2012 Tous droits réservés.

http://doc.univ-lille1.fr



Thése de Stojanka Petrusic, Lille 1, 2011
Appendix

Heat Flow (W/g)

Heat Flow (W/g)

0.10
Heating |
Cooling
Heating |
0.054
0.00
-0.05+
'0.10 T T T T T T
15 20 25 30 35 40 45 50
Exo Up

Temperature ("C)

Figure A-7. DSC thermogram for determination of VPTT of IPN-2-5-3
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Figure A-8. DSC thermogram for determination of VPTT of IPN-3-5-3
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Chapter V

V.2 Chemical structure

a)

b)

Transmittance,%

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 60C

-1
Wavenumber, cm

Figure A-9. FTIR spectra of pure PNIPAAm hydrogel microbeads M-100/1 (a) and M-50/1 (b)
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Figure A-10. FTIR spectra of PNIPAAm/MA copolymer hydrogel microbeads (M-25/1-MA 5)
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Figure A-11. FTIR spectra of semi- and full-IPN hydrogel microbeads based on 0.5 w/v %
alginate
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V.5 Thermal characteristics

0.2
Heating |
Cooling
Heating Il
0.11
h
_ }
=
2
3 o0
w
@
T
_0.1_
_0.2 T T T T
0 10 20 30 40 50
Exo Up Temperature ("C)
Figure A-12. DSC thermogram of hydrogel microbeads M-25/1
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Figure A-13. DSC thermogram of hydrogel microbeads M-100/1
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Figure A-14. DSC thermogram of hydrogel microbeads M-25/1-SA 1.0
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Figure A-15. DSC thermogram of hydrogel microbeads M-25/1-CA 1.0
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V.6. Swelling behavior

V.6.2 Response of dried microbeads to water presence

Figure A-16. Response of dried microbeads M-25/1-MA 5 (a) to water presence after 30 s (b),
2 min (c), and 10 min (d)

Figure A-17. Response of dried microbeads M-50/1 (a) to water presence after 30 s (b), 2 min
(c), and 10 min (d)
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Figure A-18. Response of dried microbeads M-25/1-SA 1 (a) to water presence after 30 s (b),
2 min (c), and 10 min (d)

Figure A-19. Response of dried microbeads M-25/1-CA 1 (a) to water presence after 30 s (b),
2 min (c), and 10 min (d)
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Macro and micro forms of thermosensitive hydrogels intended for controlled drug release applications

ABSTRACT: The objective of this thesis is to develop adequate forms of thermosensitive hydrogels intended for a
textile-based controlled transdermal drug release application. This work deals with thermosensitive hydrogels
based on poly(N-isopropylacrylamide) (PNIPAAm). This polymer was combined in both linear and crosslinked form
with alginate to form hydrogels with interpenetrating polymer network structure. Thus, the properties of
conventional pure PNIPAAm hydrogel have been improved. Hydrogels of crosslinked PNIPAAmM and calcium
alginate (CA) were initially synthesized in the form of films. The presence of CA contributes to the improvement of
mechanical properties without affecting the volume phase transition temperature (VPTT) of PNIPAAmM. The
technique of electrostatic extrusion was applied for the preparation of hydrogel microbeads. Operating
parameters were varied to understand and optimize the conditions of the production of microbeads below 20 um
in diameter and of regular spherical shape. Inverse suspension polymerization was afterwards used for the
preparation of microbeads of regular spherical shape and diameter in the range from 20 to 80 um. They had
porous, honeycomb-like structure. A Franz diffusion cell was employed to investigate the release of procaine
hydrochloride from selected hydrogel microbeads. The incorporation of CA in PNIPAAm network resulted in
slightly temperature-negative drug release pattern in comparison with temperature-positive drug release from
the pure PNIPAAmM hydrogel microbeads. The mechanism of the drug release at temperatures above and below
the VPTT of microbeads depended on hydrogel swelling behavior and not solely on diffusion.

Keywords: thermosensitive hydrogels, poly(N-isopropylacrylamide), alginate, interpenetrating polymer network,
hydrogel films, hydrogel microbeads, electrostatic extrusion, controlled drug release, Franz diffusion cell

Etude de macro et micro formes d'hydrogels thermosensibles destinés a la libération controlée de médicament

RESUME: L'objectif de cette thése est de mettre au point des formes adéquates d’hydrogels thermosensibles
destinées a une application textile transdermique de libération contr6lée de médicament. Les travaux concernent
les hydrogels thermosensibles a base de poly(N-isopropylacrylamide) (PNIPAAm). Ce polymere a été combiné
sous une forme linéaire et/ou réticulée avec 'alginate, pour former des hydrogels ayant une structure de réseaux
de polymeéres interpénétrés. On améliore ainsi les propriétés du PNIPAAm pur. Des hydrogels de PNIPAAm et
d’alginate de calcium (CA) ont d’abord été synthétisés sous forme de films. La présence de CA contribue a
I'amélioration des propriétés mécaniques, sans modifier la température de transition de phase du PNIPAAm.
Nous avons ensuite appliqué la technique d’extrusion électrostatique pour préparer des microsphéres d’hydrogel.
Les parametres du procédé ont été variés afin de comprendre et d’optimiser les conditions de fabrication de
microsphéres ayant un diametre inférieur a 20 um et une forme sphérique réguliére. Nous avons utilisé la
polymérisation en suspension inverse pour synthétiser des microsphéres qui sont de forme plutét réguliere et
sphérique, avec un diametre variant de 20 a 80 um. Leur structure était poreuse, en forme de nid d’abeille. La
libération de I’hydrochlorure de procaine des microspheres d’hydrogel a été étudiée avec une cellule de diffusion
de Franz. L'incorporation de CA dans le réseau de PNIPAAmM engendre une libération de type légérement négatif,
tandis que le PNIPAAm pur présente un type positif. La libération de procaine dépend non seulement du
phénoméne de diffusion mais aussi du comportement de I’'hydrogel au gonflement.

Mots clés: hydrogels thermosensibles, poly(N-isopropylacrylamide), alginate, réseau polymere interpénétrant,
film d’hydrogel, microcapsules d’hydrogel, extrusion émectrostatique, libération contrélée de médicament,
cellule de diffusion de Franz
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