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Summary of the thesis

The focus of the work covered in this thesis was to synthesize the various
hydrogels using simple and effective methods via free radical polymerization. The
synthesized hydrogels were characterized through various analytical techniques such as
Fourier transform infrared spectroscopy (FTIR), UV-Visible spectrophotometer,
Scanning electron microscope (SEM), Thermogravimetric analyzer (TGA). Further, their
swelling properties were analyzed at different temperatures, pH and salt solutions. The
synthesized hydrogels show excellent controlled drug release properties. The obtained
results prove that the synthesized hydrogels were suitable for drug delivery applications.
The present work carried out under the following objectives are described in the

corresponding chapters.

Chapter —1
Introduction

Chapter - 1 is all about the introduction. It provides an overview of Hydrogels
and controlled release drug delivery methods as well as a brief history. The importance
of classifying polymers according to their sources and applications has been highlighted,
as well as the fundamental properties of different polymers and their requirement for
chemical modification and drug release methods. This chapter also contains the

objectives and scope of the research.
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Chapter — 2

Experimental methods

Chapter - 2 informs about the experimentation. It describes the experimental
techniques used for material preparation and the tools utilized for material
characterization during the investigation. The drug-loaded polymer matrices were
characterized using different analytical methods such as UV-Visible spectrophotometer,
FTIR Spectrometer, TGA and SEM. Swelling, drug entrapment efficiency, antibacterial
activity and an in-vitro release study were all tested on the formulations. The release of
medicines from drug delivery devices is determined using a variety of mathematical

models that have been thoroughly discussed.

Chapter — 3

Synthesis and characterization of poly(acrylamide) hydrogels as pH and salt

sensitive material

Chapter - 3 address the synthesis and characterization of poly(acrylamide)
hydrogels as pH and salt-sensitive material. Poly(acrylamide) hydrogels were
synthesized using acrylamide monomer with methylenebisacrylamide crosslinker and
characterized by FT-IR, SEM and TGA. The swelling study was performed at various
pH, temperature and salt solutions. In acid and base solutions, the swelling (%) order is
HCI < CH3COOH < HCIO4 < NaOH and the swelling (%) order in salt solutions is NaCl

> CaCl, > AICls.
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Chapter — 4

Controlled drug release of levofloxacin from poly (acrylamide) hydrogel

Chapter - 4 describe the controlled drug release of levofloxacin from
poly(acrylamide) hydrogel. Using poly(acrylamide) hydrogel with levofloxacin, an
attempt was made to construct a simple and affordable gastrointestinal drug delivery
method. FTIR spectrum analysis indicated a conformation of chemical crosslinking by
methylenebisacrylamide, while SEM of the hydrogels revealed a shape with a smooth
surface. The Thermal stability of the polymer matrix was verified by TGA experiments.
The swelling study was conducted by the gravimetric method. In-vitro release
experiments were done at pH 1.2 and pH 7.4 to replicate genuine gastrointestinal
fluid/gastrointestinal tract conditions. The results showed that poly(acrylamide) hydrogel
released levofloxacin 17% in an acidic medium and 99% in basic media after 6 hours
and it follows the Higuchi model and drug-loaded hydrogel showed good antibacterial

activity.

Chapter -5

Synthesis and characterization of poly(acrylamide-co-acrylic acid) hydrogel for

moxifloxacin drug release study

Chapter - 5 deals with the study of synthesis and characterization of poly(acrylamide-co-
acrylic acid) hydrogel for moxifloxacin drug release study. The hydrogel is prepared by

combining two monomers acrylamide and acrylic acid. Moxifloxacin, an antibiotic was
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used as a model drug for encapsulation. FTIR, TGA and SEM were used to characterize
the hydrogel. The effect of crosslinking agent concentration on swelling was
investigated. Water uptake property increases considerably as the crosslinker content of
the matrix decreased and hydrogel with the least crosslinking agent swelled the most. To
further understand the release process, the drug release was analyzed using mathematical
models. The maximum regression coefficient value R? is 0.976 was found in the Higuchi
model hence it follows the Higuchi model and drug-loaded hydrogel showed good

antibacterial activity.

Chapter — 6

Synthesis and characterization of poly(acrylic acid) hydrogel for doxycycline drug

release study

Chapter - 6 is about synthesis, characterization and doxycycline drug release
from the poly(acrylic acid) hydrogel. The preparation of poly(acrylic acid) hydrogel
crosslinked with methylenebisacrylamide. FTIR spectroscopy was used to characterize
the hydrogel. SEM was used to carry out the topographical studies. TGA methods were
used to conduct the thermal analysis. The drug was molecularly distributed in hydrogel.
This chapter also covered the effects of crosslinker concentration on poly(acrylic acid)
hydrogel, water uptake percentage and in-vitro drug release. Further, to understand the

probable release process, the data was also submitted to kinetic treatment. The kinetic
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datas were best fitted to a Higuchi model with a good regression coefficient and drug-

loaded hydrogel showed good antibacterial activity.

Chapter —7

Conclusion

In the present research, we projected to discover a method for the synthesis of the
hydrogels by using free-radical initiators. These methodologies are proved to be
excellent yields, less time and quick in synthesis. All the materials were evaluated for
their swelling property with temperature, pH and salt solutions. In addition, in-depth
examination of drug delivery properties and the experimental study reveals that the
synthesized materials exhibit promising drug delivery properties in developing

biomaterials for drug delivery applications.
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Synthesis and characterization of smart hydrogels in drug delivery system Chapter 1
Chapter — 1
Introduction

This chapter discusses the recent development of hydrogels as drug delivery
carriers for biological and biomedical applications. Various synthetic strategies for
the preparation of hydrogels as controlled drug delivery systems have been included
in this chapter, namely polymer particles, pH sensitivity and thermo-reactive
properties. This chapter also includes several drug loading methods and details of in-
vitro drug release with a brief review of the literature on this research with including

the scope of work.

1.1. Introduction

Polymeric hydrogels have more popular in recent years as a result of their
unique physicochemical properties, such as self-healing, water permeability, stimuli
responsiveness, biocompatibility and softness [1-9]. As a result, they have a broad
range of applications (Fig. 1.1), including drug delivery systems [10-11],
scaffolds/implants in tissue engineering [12-16], synthetic extracellular matrix [17],
robotics [18], enzyme immobilisation [19], actuators [20], sensors [18 21], etc.
Hydrogels were first suggested for contact lens use in 1960 by Wichterle and Lim,
who used a synthetic hydrogel called Poly (2-hydroxy ethyl methacrylate) (PHEMA)
[22]. Hydrogels have also been rigorously applied to a variety of biological,
controlled release and medicinal uses [10, 23, 24].

Hydrogels are three-dimensional (3D) hydrophilic polymeric networks (Fig.
1.2) that can absorb significant amounts of biological fluids or water and have

physical or chemical crosslinks. The volume of water in the completely swollen state
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Synthesis and characterization of smart hydrogels in drug delivery system Chapter 1
is determined by the combination of elastic retractive force and thermodynamic

mixing force of the polymeric network. The retractive power on the other hand is
heavily influenced by the network structure's interconnectivity (degree of
crosslinking). As a result, there is a lot of scope for developing hydrogels with
various swelling capacities by varying the addition of these individual forces.

1.2. Hydrogel classification

Hydrogels are classified according to their source: synthetic or natural; the
nature of crosslinking: physically crosslinked or covalently crosslinked; the
functional groups: non-ionic and ionic hydrogels; the type of network:
interpenetrating networks, co-polymeric networks, homopolymer networks and the
influence of microorganisms: non-degradable and degradable.

Hydrogels for tissue engineering and drug delivery applications have been
made from a broad range of synthetic and natural materials. Poly(acrylic acid)
[PAA], Poly(ethylene oxide) [PEO], copolymers of PEO and PPO [Pluronics],
poly(vinyl alcohol) [PVA] and some polypeptides are widely used synthetic
polymers. Chitosan, alginates, agarose, collagen, gelatin, hyaluronic acid and fibrin

are examples of naturally occurring polymers.

1.3. Hydrogel synthesis

Hydrogels are synthesized by polymerizing hydrophilic monomers with a
crosslinker in the presence of an initiator with diluents, such as water or other
aqueous solutions. Following that, the formed hydrogel is treated with water to
eliminate unreacted crosslinker, initiator, monomers and other unnecessary by-

products, resulting in the isolation of pure hydrogel.
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Synthesis and characterization of smart hydrogels in drug delivery system Chapter 1

The solution, inverse suspension and bulk polymerization techniques are
often used to make synthetic hydrogels. The solution and bulk polymerizations are
carried out in a homogeneous medium containing water-soluble initiators,
crosslinkers and monomers. Hydrogels may be made of any form or size using these
processes, depending on the mold in which the polymerization occurs. Furthermore,
solution polymerization is favored because the heat of polymerization can be better
controlled. Hydrogels in micron sizes (also known as microgels) can be produced
using an inverse suspension polymerization method based on the scattered and
continuous phases. In certain cases, the monomer dissolves in the scattered form,
while the surfactant dissolves in the continuous phase. In the continuous phase, the
surfactant allows for homogeneous distribution of the monomer and other reactants.
Extremely, acrylamide, salts of acrylic acid and methacrylic acids are better

hydrophilic monomers suited to inverse suspension polymerization.

1.4. Chemically and physically cross-linked hydrogels

Two important methods for forming three-dimensional networks in
polymer gels are covalent bond formation and reversible non-covalent interactions
(physical interactions). As a result, the obtained polymer gels may be classified as

physical or chemical gels [12, 13].

External stimuli such as temperature, pH, solvent — nonsolvent and
others may trigger volume-phase transitions in chemical gels [27]. In response to
external stimuli, physical gels may undergo reversible sol-gel transitions.

Crosslinking through polymer-polymer interactions via functional groups, co-

polymerization and polymer precursors (post-crosslinking) are the traditional
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Synthesis and characterization of smart hydrogels in drug delivery system Chapter 1
methods for creating covalently crosslinked hydrogels. These methods may produce

hydrogels with some flaws due to unfavorable side effects. Aqueous polymerization
can also produce hydrogels with random crosslink distributions in the network
structure if the crosslinking agent is hydrophobic and the monomer is hydrophilic.
Hydrogels with a wide range of chemical compositions have been synthesized using
a variety of crosslinking agents and monomers. Table 1.1 lists a few examples of

common crosslinking agents and monomers.

Hydrogels that are physically crosslinked, physical interactions such as
hydrophobic and van-der Waals interactions, etc are shape the network structure.
Due to hydrophobic interactions, water-soluble polymers that have been
hydrophobically transformed can self-assemble into hydrogels and undergo
reversible  sol-gel  transformations  [28-31].  Hydrophobically = modified
poly(acrylamides) [32-34], HEUR and HASE are some examples of hydrophobically
associating polymers [35-44]. In controlled release technology, reversible sol-gel
transition in response to temperature are also becoming increasingly common as
smart injectables [45]. In thermo-reversible polymers, the sol-gel transformation is
triggered by reversible hydrophobic associations that are triggered by minor

temperature changes.

1.5. Drawbacks of conventional hydrogels and new structural attributes

While conventional hydrogels have more applications in tissue engineering
and controlled drug delivery, they have a number of disadvantages, including low
mechanical strength, non-porous nature and limited self-healing capacity. Designing

and creating novel molecular architectures in hydrogels, such as nanocomposite gels
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Synthesis and characterization of smart hydrogels in drug delivery system Chapter 1
[46-49], slide-ring gels [50-51], double-network hydrogels [52-55], self-healing [8-9]

and topological gels [56] is a major focus of study.

Haraguchi and colleagues [46] published novel nanocomposite hydrogels
with hectorite as a crosslinking agent, clay as a multifunctional crosslinking agent
and NIPAm as a monomer. The hydrogel’s mechanical strength was improved by
using exfoliated clay in the hydrogel matrix. The double network (DN) hydrogels
described by Osada and Gong [52] comprise two separately crosslinked networks,
the first is strongly crosslinked, while the second is slightly crosslinked. If the second
network's molar ratio to the first network is greater than 10 or more, these hydrogels
display outstanding mechanical efficiency. The loosely crosslinked networks are
thought to dissipate steam, resulting in improved mechanical properties for these DN
hydrogels. This was demonstrated for DN hydrogels made of lightly crosslinked
poly(acrylamide) and  heavily  crosslinked  poly(2-acrylamido-2-methyl
propanesulfonic acid). Other DN hydrogels based on cellulosic cellulose are being

developed now [57]

Okumura and Ito reported a new topological network with a novel sliding
ring crosslinking mode [50, 56, 58]. To prevent the cyclodextrins from slipping
away, the linear polymers, such as PEGs, were penetrated into them and the ends
were covered with bulky groups like adamantine. To make mobile crosslinks, the
cyclodextrins were connected in a figure (8) pattern. The "pulley effect” in these
sliding ring gels caused the stresses in the network structure to co-operatively

equalize, resulting in better mechanical properties.

Mark and co-workers, as well as Peak et al., have published excellent reviews
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on novel molecular architectures for hydrogels with enhanced mechanical strengths

and toughness [59-60]. Conducting hydrogels has recently gained popularity in
neural networks [61], electrochemical biosensors [62] and electro-induced drug
release [63]. Incorporating various conducting materials into the hydrogel matrix,
such as conducting polymers (e.g., polythiophene, polypyrrole, polyaniline), carbon,

metal nanoparticles and so on, will induce electrical conductivity.

1.6. Hydrogels for controlled release applications

Hydrogels are a new type of material that can be used to deliver drugs in a
controlled manner. Hydrogels that monitor swelling and respond to stimuli, in
particular, are becoming increasingly important in the delivery of controlled drugs.
Hydrogels are classified as either matrix or reservoir in drug delivery (Fig. 1.3).
Hydrogels can be manufactured in a variety of shapes and sizes, the nature of
hydrogel dosage types is determined by the drug's route of administration, which
includes: oral — discs, cylindrical, circular; implants — drum shape, disc shape;

vaginal — cylindrical; rectal — rods, cylinders; etc.

The simultaneous absorption of water/biofluids and the release of the drug
from the hydrogel is accomplished via a swelling-controlled process. Diffusion is by
far the most popular method of release. In the matrix system, drug release is equal to
the square root of time ‘t’ (t*2), according to Higuchi's model. It is possible that this
would not result in consistent release rates. The reservoir system, on the other hand,
can deliver near-constant release rates. The degree of crosslinking and mechanical
strength of hydrogels for controlled drug delivery applications, network pore size,

drug distribution in the hydrogel and drug diffusion are the most significant
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parameters.

Hydrogels can swell dramatically in response to a variety of factors,
including magnetic field, pH, electric field, temperature, glucose, urea, ultrasonic
radiation, etc. These hydrogels are known as "intelligent gels,” "stimulus-responsive"
or "smart hydrogels”. Table 1.2 lists several examples of hydrogels containing
stimuli and drugs for use in controlled drug delivery.

The hydrogel matrix can also be covalently conjugated with drugs, with the
degree of enzymatic or chemical cleavage of the drug-polymer bond affecting drug
release. Dexamethasone was linked to a photoreactive PEG by a degradable lactide

bond are an example [74].

1.7. Hydrogels for Tissue Engineering

Tissue Engineering has grown in importance as a treatment option for
patients who have lost or failed an organ as a result of an accident or disease. Tissue
or organ transplantation is a common method of replacing damaged tissues or organs
in general. However, due to a scarcity of donors, this strategy has been severely
limited. In tissue engineering, hydrogels have emerged as the best choice. However,
designing and manufacturing a hydrogel scaffold with a highly porous surface,
strong mechanical efficiency and the ability to monitor the release kinetics of growth
factors during tissue regeneration is a major challenge. The following characteristics
are required of hydrogel scaffolds/implants for tissue engineering:
* Non-toxic and biocompatible materials should be used.
* Must resemble the extracellular matrix (ECM).

* It should be mechanically powerful.
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* A porous structure with interconnected pores is needed.

* It can promote cell adhesion and proliferation, as well as cell-to-cell interaction and
migration.

* Preferably biodegradable and bioadsorbable over a predetermined time span, with
growth tissue filling the area previously occupied by the scaffold.

The average pore size of the hydrogel has a significant impact on the growth
and penetration of the cells in the hydrogels 3-D structure. Porous structures in
polymer scaffolds/implants can be created using a variety of techniques. Particle
leaching [75-76], solvent casting [77-78], gas foaming [79], freeze-drying [80-81],
electrospinning [82], porogens [83] etc. The best pore sizes for tissue engineering
scaffolds have been found to be 20-125 pm for adult mammalian skin regeneration,
100-350 pm for bone regeneration and 5 um for neovascularization. Aside from
these factors, the scaffold's micro-architecture plays an important function in tissue
regeneration [84, 85].

Hydrogels for tissue engineering scaffolds/implants have been made from a
wide range of natural and synthetic polymers (Table 1.3). Poly anhydrides [86-87],
Aliphatic polyesters [88-89], poly orthoesters [90], poly(vinyl alcohol) (PVA) [91-
92], poly(ethylene oxide) (PEO) [93-97], polypeptides [98-100], poly(acrylic acid)
[101-102] are examples of synthetic polymers. Collagen [103-104], chitosan [105-
106], alginates [107-108], agarose [109-110], fibrin [111], hyaluronic acid [112-113]
and gelatin [114-115] are examples of naturally derived polymers. Many of these
components are often used as sponges, films and foams.

Hydrogels have been used to neural tissue [116], engineer cartilage [117],

vocal matrix [118], bone [119], ligaments [120], skeletal muscles [121], heart valves
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[122], hair follicles [123], lungs [124] and trachea [125], among other tissues.

Scaffolds made of terpolymer have been found to resemble natural cartilage [126].

Scaffolds combining poly-L-lysine, HA and alginate have been developed for
a number of tissue engineering applications [127]. Hydrogels have also been used to
bone marrow stromal cells [128], culture fibroblasts[129], pre-adipocytes [130],
human umbilical vein endothelial cells [131], pancreatic islet cells [132], osteoblasts
[133], hepatocytes [134], among other cells. The following are some of the widely
available polymers for producing scaffolds.
1.8. Conventional drug delivery

Pharmaceuticals or therapeutic active ingredients in pure form are not
administered in the same way; instead, dosage forms of a certain size, shape and
texture are manufactured. When it became practicable to produce on an industrial
scale, the appropriate dose regimen was developed to achieve an enhanced
therapeutic activity to a medication contained in a formulation product [135]. To
optimize the therapeutic response, many dosage forms can be devised into which a
medication ingredient is contained and administered via all potential delivery
channels such as oral, topical and parenteral [136]. Oral delivery of medications
through numerous pharmaceutical products such as suspensions, capsules,
emulsions, solutions and tablets is the most ancient, convenient and widely utilized
process for the systemic administration of medications. These traditional
instantaneous-release formulations provide clinically potent therapy while preserving
the normal state amount of medication in plasma allowing the patient to get a
sufficient quantity of medicine in the body. The few oral therapeutic drugs are those

that are low absorbed or have high permeability in the gastrointestinal tract and are
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variable in different enzymes [137].

Traditional instant release dosage forms administered in a specific amount
and time via the oral route can be used to maintain a steady dose amount in blood
plasma (Fig. 1.4) [138]. As a result, by repeated administration throughout the day
to attain and maintain medication concentrations within the therapeutically effective
range required for therapy. This causes a variation in plasma-drug levels which can
lead to a variety of dose-related adverse effects as well as a reduction in patient

compliance [139].

The half-life or mean residence time of medication, as well as its therapeutic
index, determine the frequency with which it is administered. In most circumstances,
medicines supplied regularly below their biological half-life have a variety of

drawbacks that come with traditional dose regimens.
1.8.1. Conventional drug delivery limitations

1.  Patient non-compliance is caused by the frequent administration of medicine

with a short biological half-life, which raises the odds of skipping a dosage.

2. When a standard dosage product is given orally in many doses, the drug blood
concentration rises fast to a high value (“peak”), then drops abruptly to a more

low value (“valley”) because of drug excretion.

3. The dosing period is insufficient for the drug's biological half-life, the drug
blood level will have large "peaks" and "valleys". The difficulty arises in

maintaining a stable steady-state concentration during the therapy.

4.  Unavoidable drug concentration variations may result in under- or over-

medication, causing the peak plasma concentration to rise towards the
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hazardous range or a range that is beyond the therapeutic range

5. The aforesaid constraints of traditional oral drug administration can be
mitigated by creating variously sustained/controlled and targeted drug delivery
systems that outperform traditional instant release solutions in terms of
pharmacological and clinical efficacy.

1.9. The gastrointestinal tract anatomy and physiological properties

Processes of secretion, digesting and absorption are the fundamental activities
of the gastrointestinal tract (Fig 1.5). The gastrointestinal barrier permits most
minerals and vitamins to flow quickly into systemic circulation via passive diffusion,
but it prevents the entry of greater molecular weight drugs and poisons. These
materials must be delivered orally into the GI tract, where they are disseminated to
various tissues or organs, then absorbed and removed from the body and should pass
through biological membranes/barriers at various sites [140]. The components are
maintained in the stomach after oral ingestion, where they mix with gastrointestinal
fluid are changed into a liquid mass and then transferred into the upper small
intestine [139]. As a result, the gastrointestinal tract serves as a key barrier to
medication absorption.

The three basic anatomical parts of the gastrointestinal system are the
stomach, small intestine and large intestine. When medicine is administered, it passes
through several parts of the gastrointestinal tract and is absorbed in the site of action,
depending on the electrolytes, pH, fluidity, enzymes and surface characteristics of
the gastrointestinal fluid.

With a smooth mucosa and a small surface area, the stomach is formed like a

bag. Its acidic pH of 1-3, which is caused by hydrochloric acid production, improves
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acidic drug absorption; if they are soluble in stomach fluids, they stay unionized to a

considerable extent at such a pH. Following oral admission, substances are
transferred to the stomach, which is responsible for storing, mixing and reducing all
components to slurry via gastric secretions and then regulating the emptying of these
contents into the upper small intestine.

The small intestine is generally the main source of drug absorption having a
metabolism area of between 200 to 600 m?. Long transit time, slow peristaltic
movement and high permeability are all important qualities for medication
absorption in the small intestine. The extended travel time in the small intestine,
which ranges from 3 to 5 hours is rather consistent and unaltered by meal intake. If
the medicine disperses in the stomach contents, the drug solution will travel through
the small intestine unhindered allowing for optimum absorption. As a result of the
interaction of all of the above elements, the small intestine is the optimal place for
drug absorption for the majority of medications [141].

The large intestine, which has a tiny absorptive surface normally plays a little
role in drug absorption. The stomach, on the other hand is a secretory instead of an
absorptive organ and the colon has a tiny absorptive surface therefore it plays a little
role in drug absorption because transit periods through the colon can range from less
than an hour to more than 60 hours, it is important to plan ahead, since any residual
medicine will be imbedded in semi-solid faeces absorption from the distal region can

be deemed insignificant [142].

The drug release/absorption from oral drug delivery devices can be
considerably affected by changes in the local environment such as surface area, type

of luminal contents, pH, length area, the absorptive capacity of three parts of the
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gastrointestinal tract residency and transit periods of a controlled release product in

each section. Other parameters that impact drug absorption via the oral route include
drug solubility and lipophilicity of the drug, particle size, pKa of the drug,
polymorphic character, effective surface area and dissolution rate of the medication

[143].

1.10. Novel drug delivery systems

Using innovative ways to customize with long half-lives and big curative
indices, the possible issues arising from repeated administration of traditional
therapy with short biological half-life medications may be eliminated in order to
create a unique medication regimen with long half-lives and big therapeutic indices.
Several technological breakthroughs have been created in recent years that can
maintain medication release rates and extend the duration of therapeutic efficacy. All
of these approaches have been beneficial and give a variety of advantages for
developing drug delivery devices employing unique fabrication processes that might
enhance medicine and therapeutic methods [144-146].

Traditional pharmacological therapy is often provided in the mode of liquids,
suspensions, capsules, injections, pills, emulsions and tablets. These formulations
have a high level of therapeutic effectiveness yet they result in inefficient drug
release. Furthermore, hazardous effects are precipitated by medicines delivered
systemically in high dosages with short half-lives, low water solubility and
permeability in membranes [147]. To overcome these obstacles, new dosage forms
must be developed and new modalities of administration must be used in order to

increase disease bioavailability and pharmacotherapy.
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1.10.1. Drug delivery systems with a controlled/sustained release concept.
Sustained release techniques use oral, buccal, nasal and topical channels to
deliver a drug over a long duration of time during the course of therapy. Targeting a
drug to a specific tissue or organ is referred to as special placement, whilst managing
the pace of drug delivery to the target tissue is referred to as temporal delivery. A
well-designed prolonged or controlled medication release delivery system might be a
significant step in resolving these two issues. The medication is released in a
regulated way in sustained/controlled release dose forms, either by temporal or

spatial methods or both [148].

Sustained release products allow the medicine to be released gradually over a
lengthy period of time. The first therapeutic dosage often achieves steady-state
concentration, followed by continuous drug release. As a result, sustained release
material maintains a steady plasma drug amount during treatment and reduces the

variation produced by zero-order release Kinetics.

Controlled release refers to delivery systems that administer a drug for a
specific amount of time locally or systemically. The rate of release of active
ingredients from controlled release pharmaceutical administration is not only
advanced but also constant from one unit to the next. The distribution of medicine
from the dosage is the rate-determining process in controlled drug delivery systems
[149]. The following are the key benefits of medicine delivery systems with a

prolonged or controlled release:

1. Maintaining the optimal therapeutic medication concentration in the blood with

the least amount of variability possible.
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2. Increased activity duration for medicines with a short half-life.

3. Improve patient compliance by optimizing the treatment.
4. Side effects, frequent dosage and medication waste are all eliminated.
5. Predictable and reproducible release rates for an extended duration.

6. Economical: When compared to quick dose solutions, the expense of therapy over
a longer period of time may be lower, as well as a reduction in caring time and

hospitalization.

These customized drug delivery systems are extremely suitable for various
medications and chronic illness situations such as cancer therapy, arthritis, angina
pectoris, fertility control, diabetes, glaucoma and hypertension among others due to
the benefits listed above. There are now a variety of medications on the market that
are manufactured for nasal, parenteral, pulmonary-through lungs, ocular-through eye,
oral and transdermal-through skin, delivery of drugs to the body in order to form
them highly effective, simple to give and release them over the length of therapy

[150].
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1.11. Aim of the present study

In this regard, we have synthesized the various hydrogels using simple and
effective methods via free radical polymerization. The synthesized hydrogels were
characterized through various analytical techniques such as Fourier transform
infrared spectroscopy (FTIR), UV-Visible spectrometry, Scanning electron
microscope (SEM) and Thermogravimetric analyzer (TGA). Further, their swelling
properties were analyzed at different temperatures, pH and salt solutions. The
synthesized hydrogels show excellent controlled drug release properties. The
obtained results prove that the synthesized hydrogels were suitable for drug delivery
applications. The present work carried out under the following objectives are

described in the corresponding chapters.
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Table 1.1. Examples of crosslinking agents and monomers used in hydrogel

synthesis.
Monomers
R
N, N-dialkylacrylamides
/WN\R y y
o)
H -
A(N\R N-alkylacrylamides
0
OH
N Acrylic acid
o)
H
N\R N-alkylmethacrylamides
O
/H(O\/\OH 2-Hydroxyethyl methacrylate
O
R Methacryloyloxy ethyl tri alkylammonium
O R bromide
+ Br
o) R -
)\WOH Methacrylic acid
0
O\/\N’R N,N-dialkylaminoethyl methacrylate
o R
H
/\[(N\{AS/:O 2-Acrylamido-2-methyl propanesulfonic
o 4 OH acid
Crosslinking Agents
o) o)
Methylenebisacrylamide
\)J\N/\N)v y y
H H
o)
\H/U\O/\/O\”/U\ Ethylene dimethacrylate
0
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Table 1.2. Examples of stimuli-responsive hydrogels in drug delivery.

Hydrogels Stimuli Drug References
Ethylene-co-vinyl acetate Ultdrgstc_)nlc Insulin 65
[EVAC] radiation
Gelatin — PEO pH Riboflavin 66
PNIPAM-co-butyl methacrylate- pH & Calcitonin 67
co-AA Temperature
EVACc Glucose Insulin 68
. Amoxicillin,
Chitosan — PEO pH _ 69
Metronidazole
Poly (N-isopropyl acrylamide
v propylacty ) Temperature Heparin 70
[PNIPAM]
EVAc Magnetic field Insulin 71
PHEMA [Poly (2, hydroxyl Electric field Propranolol 72
ethyl methacrylate)] hydrochloride
PHEMA pH Salicylic acid 73

Table 1.3. Industrial polymers have been used to make scaffolds for tissue

engineering applications.

Polymer Application Commercial name
Polyanhydride Chemo-therapeutic application  |Gliadel
PLGA [Poly lactic glycolic{Skin graft Vicryl Mesh
acid]
PGA [Poly glycolic acid] |Biodegradable synthetic suture |Dexor
PLDLA [Poly lactic-d- Bioresorbable Implant Resomer
lactic acid]
PEU [Polyethylene Tissue engineering Degrapol
urethane]
HA [Hyaluronic acid] Bone graft Ossigel
PLGA-Collagen Tissue regeneration membrane  |Cytoplast Resorb
Collagen Bioengineered skin equivalent  [Transcyte
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Chapter — 2
Experimental methods

2.1. Introduction

This chapter includes the details of the raw materials, chemicals and
experimental procedures used for this research work. The different characterization
techniques such as Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscope (SEM), Thermogravimetric Analysis (TGA) and UV-visible
Spectrophotometer have been used to characterize the prepared hydrogels and also
Kinetic drug release study and antibacterial study was performed for drug-loaded

hydrogels for drug delivery applications.

2.2. Materials

Monomers, crosslinker and other chemicals used in the research are listed in
Table 2.1. The chemicals used were all analytical grade samples and hence, no
attempt was made to purify them. Double distilled water was used throughout the

research.

2.3. Characterization techniques

Materials are characterized in order to learn more about their structure
and characteristics. A number of characterization approaches were used to examine
the morphological, physical, mechanical, chemical and drug delivery potentiality of

the polymer matrix, which are detailed below.

2.3.1. FTIR Spectroscopy

FTIR (Fourier Transform Infrared Spectroscopy) (Fig. 2.1 and 2.2) is a
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helpful technique for determining and verifying organic structure. It is frequently
used to characterize polymers and polymer composites. This method was utilized to
check the structure of the produced hydrogel, drug and drug-loaded hydrogels [1].

The FTIR spectra of samples were qualitatively recorded with the assistance
of an FTIR spectrometer in the wide frequency range of 400-4000 cm™ to examine
synthesis verifications, interactions and stability. A beam of infrared light was sent
through the sample to record the spectrum. Finally, following Fourier processing, the
transmitted light indicates how much energy was absorbed in each wavelength and
the information appears in the form of a spectrum.

Chemically, FTIR Spectroscopy is a method for identifying chemical
compounds and substituent groups. IR radiation is passed through the sample in this
approach, with part of it being absorbed and some being transmitted. The resultant
spectrum represents the absorption and transmission of the sample and is a molecular
fingerprint of the sample. This spectrum is unique to that sample and no two
materials have the same infrared spectra. FTIR can identify unknown compounds,
assess sample quality and quantify the number of components in a combination. The
absorption peaks are caused by various frequencies associated with distinct modes of
atom vibration. The amount of material contained in the sample is determined by the
size of the peaks. It is a non-destructive procedure because of these features, FTIR is
an essential characterization technique for determining the structure and composition

of different materials.

2.3.2. Scanning electron microscope (SEM)
Electron diffraction is a material characterization method that involves

shining a beam of accelerated electrons onto a sample to produce an interference
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pattern (Fig. 2.3 and 2.4), which is generally done with a scanning electron
microscope (SEM) to examine crystal structure and particular morphology [2]. An
SEM photographs a sample by scanning it with an energized electron beam in a
raster scan pattern. During each scan, the atoms that make up the chosen sample emit
signals that provide information on the sample's surface topography, composition and
other characteristics. A field emission cathode is installed in the electron gun of a

Field Emission SEM to improve resolution and reduce charge problems.

The SEM (Zeiss) was used to evaluate the phase morphologies of the
produced hydrogels. It is a sort of microscope that uses an electron beam to scan the
surface of a sample to create pictures. The electrons interact with the atoms in the
sample, resulting in a variety of signals that are collected and processed into an
image by a computer called a micrograph. The micrograph reveals important details
about the surface topography and composition of the material. Double-sided tape was
used to adhere the material to the stubs. To avoid the charging effect, the sample was
sputtered with a layer of gold film prior to analysis.

2.3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis may be used to do thermal analysis on the
produced materials (TGA). The TGA thermogram depicts the connection between
physical and chemical changes as a function of temperature. Time or mass loss in
addition to temperature can be utilized to get information on a material's thermal

stability.

In the temperature range up to about 800°C, with a heating rate of 10°C/min

under nitrogen stream, a thermogravimetric analyzer (Perkin Elmer STA 600) was
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used to quantify thermal weight loss and derivate thermogravimetric analysis (DTA)

of hydrogels. We kept track of how much weight we lost at each stage.

Thermogravimetric Analysis (TGA) is a method of determining the weight
variations of samples as a result of temperature changes. This technique correctly
identifies a sample's weight loss as temperature rises, creating a continuous line to
indicate weight loss processes related to the chemical reactions taking place. For
various purposes, TGA can be performed in air or noble gases. TGA is frequently
used in the case of hydrogel materials as a quantitative technique for estimating the
polymer matrix [4, 5]. A typical TGA apparatus from Perkin Elmer STA 600 is
shown in Fig. 2.5 and 2.6.

2.3.4. Swelling Studies

The swelling study determines the amount of water absorbed. It is commonly
used in the production of polymer films. Most mucoadhesive polymers have been
found to expand after being hydrated, which is required to begin close contact
between the polymer matrix and the mucosal surface [7]. These experiments were
carried out in a phosphate buffer with a pH of 7.4 to monitor the swelling index of
the polymer matrix. The polymer matrix (surface area: 1cm?) was weighed and
immersed in 50 ml of phosphate buffer solution in a beaker. The swelled hydrogel
was taken from the beaker at the right time intervals and the excess moisture was
removed by gently cleaning it with absorbent tissue before it was reweighed. At each
time interval, the weight enhancement of the polymer matrix was determined until a
consistent weight was found. The degree of the matrix's swelling index was

calculated using the following Equation.
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SI=(WeWo)/Wo i (2.1)

Where, Sl is Swelling Index, W is the weight of the polymer film at the time ‘t’ and
W is for the weight of the polymer film at a time ‘0’ [8].

2.3.5. Dissolution Studies

The quantity of drug released by hydrogel was determined through
dissolution tests using a dissolution tester (Labindia, India) (Fig. 2.7). The drug is
dissolved/distributed throughout the hydrogel [9]. Dissolution studies were
conducted in simulated gastric fluid (SGF, 0.1 M HCI, pH 1.2) and simulated
intestinal fluid (SIF, phosphate buffer, pH 7.4) prepared using 3.6g of KH2PO4 and
5.79g of NaHPO, dissolved in 1 liter water and adjust the pH using dilute NaOH
solution according to the procedure outlined in the US Pharmacopeia [10]. At 37°C
and a paddle speed of 50 revolutions per minute, dissolution rates were observed. At
specified intervals (every 30 minutes), a 1 ml aliquot was removed from the vessel
and replaced with an equal volume of matching dissolving media. Before the test, the
samples were diluted if required. A UV spectrophotometer was used to examine the
samples and the drug concentration was estimated using calibration curves built with

reference standards [11].

2.3.6. UV- Visible Spectroscopy

The drug release optical spectra (Fig. 2.8 and 2.9) were obtained using a dual
beam (Metash UV-Vis Double Beam Scanning Spectrophotometer, Model
Name/Number: UV-9000) with a wavelength range of 190 nm to 1100 nm. The
samples were placed in two rectangular quartz cells, one for the sample and the other
for the reference solvent, each with a capacity of 4 ml and a route length of 1 cm.

The incident light beams pass through both cells (sample and reference) at the same
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time and the detector compares the intensity of the transmitted beams. A deuterium
lamp is utilized to acquire the ultraviolet area, whereas a tungsten/halogen lamp is
used to obtain the visible region [12-13]. The device operates on the basis of the
Beers-Lambert law, which states that various materials absorb light of different
wavelengths. As a result, the absorption spectrum reveals a variety of absorption

bands that correlate to material properties or functional groups.

2.4. Evaluation of drug-loaded hydrogel
2.4.1. Yield of Hydrogel

By comparing the functional yield to the theoretical yield, the yield of
hydrogel was determined. The following formula was used to measure the yield

percentage.

Hvd Lyield (%) = Practical weight 100 22
ydrogel yie %) = Theoretical weight X e e (2.2)

2.4.2. Drug loading and Estimation of drug content

Drug loading is carried out by soaking the dry hydrogel (0.1 g) in the
presence of a drug solution (1000 mg/l) in water, the drug would be loaded into the
hydrogel. After 48 hours, the loaded hydrogel were removed and weighed, to prevent
burst release the loaded hydrogel was washed with ethanol and then placed in the
vacuum oven for 24 hours to dry completely. To estimate the amount of drug loaded
content, accurately weighed drug-loaded hydrogel was added to 100 ml phosphate
buffer of pH 7.4 in a conical flask, which was shaken for 24 hours at room
temperature using a mechanical shaker. After dilution, the sample was measured
using a UV-Visible spectrophotometer. To determine the precise concentration of the

entrapped substance, the obtained absorbance was plotted against the standard curve.
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The experiment was performed for three times. The following relationship was used

to assess the real drug quantity.

(SxA +C)xBSxF
1000

Content of the drug = e (2..3)

Where, S= Slope, A= Absorbance, C= Intercept, BS= Bath solution volume,
F=Dilution factor.

2.4.3. In-vitro Drug release studies

The USP paddle dissolution apparatus was used for the drug release trials.
The drug release profile from hydrogels was examined in two distinct buffer
solutions of pH 1.2 (HCI) and pH 7.4 (Phosphate buffer) respectively which
resemble identically the physiological areas of the Gl-tract pH. The drug-loaded
hydrogels in the vessel was rotated at a constant speed (50 rpm) and were held at a
constant temperature of 37°C up to the end of drug release. The sample of 1 ml were
taken at every 30 minutes and diluted with the proper medium at the appropriate
concentration. Then, using UV-Visible Spectrophotometer, calculate the drug
concentration [14]. Based on the sample’s absorbance at various intervals of time, the
following formulae are used to calculate the amount of drug released, total
concentration and percentage of drug release. Following each sampling (30 minutes
interval), an equivalent amount of the dissolution media (1 ml) was replaced with a
fresh medium of the same volume to maintain constant dissolution media.

Concentration (ug/ml) = SxA + 1 ........ (2.4

Where, S= Slope, A= Absorbance, | = Intercept.
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Released ¢ = SXDVXE 400 2.5
eleased amount = 1000 v ee e (2.5)

Where, C= Concentration (pug/ml), DV= Dissolution media volume,
F= Dilution factor.

Released amount
Percentage of drug release = X100 ........(2.6)
Drug content

2.5. Kinetics studies of drug release

Kinetic treatment of the data from the in-vitro dissolution investigations was
used to identify the release sequence and for the formulation best-fit model. In-vitro
drug release data for the formulations are analyzed using Kinetic equations such as
zero-order, Higuchi, first-order, Korsmeyer-Peppas and Hixson-Crowell [15]. The
linear curves created by regression analysis are given their coefficients of correlation
(R?) values.
2.5.1. Zero-order:

The following equation was used to calculate the zero-order release.

Qt=Qo+kot i, (2.7)

Where,

Q = The amount of drug that has dissolved in time t,
Qo = The amount of drug in the solvent when it was initially generated (Q = 0 in
most cases),

ko = The release constant of zero order.

The data follows zero-order release kinetics with a slope equal to ko when plotted

total percent drug release versus time.
2.5.2. First-order:

The first-order release was calculated using the equation below.

LogC=Log Co—kt/2.303  ereiriiinienannns (2.8)
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Where,

C = Amount of drug remained at the time (t),
k = Rate constant of the first order (hr?),

Co = Initial amount of drug,

A straight line was obtained when the observed data was plotted as log cumulative %
medicine remaining v/s time, suggesting that the drug release followed first-order
Kinetics.
2.5.3. Higuchi’s model:

In this model, the drug release from polymer matrix devices is calculated by
using Higuchi's equation.

Q=[DETRA-ECs) Cst]'? (e, (2.9)

Where,

Q = Quantity of drug released at a specific time (t),
D = Diffusion coefficient of a drug in the matrix,

T = Tortuosity of matrix,

A = Total drug amount per unit volume of a matrix,
Cs = Solubility of drugs in matrices,

€ = matrix porosity,

t = quantity of medicine released over a period of time (hours).

If D, Cs and A are assumed to be constants, the equation can be simplified. The
equation becomes.

Q=kt*2 (2.10)
A straight line occurs when the results are plotted by the average % of drug release

v/s square root of time. This means the medicine was released by diffusion.
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2.5.4. Korsmeyer-Peppas model:

When the release mechanism is unclear or many kinds of release occur in the
same period, this model is widely used to investigate drug release from polymeric

dosage forms [16].

Mt /Mo, = kt" (2.11)
LogMi/Me=Logk+nLogt = .eiiiiiiiininen. (2.12)
Where,

M., = The amount of drug released at infinite time (t),

Mt = The amount of drug released at a certain point in time (t),
k = The kinetic rate constant.

n = The diffusional exponent.

By plotting the log % of drug release v/s log time, the drug release by the
Korsmeyer-Peppas model can be determined.
2.5.5. Hixson-Crowell model:

Hixson-Crowell law discusses the release of particles or tablets from systems
with a change in diameter and surface area. As a result, the volume of particles with a
regular area is proportional to the cube root of their volume. Hixson-Crowell created
a link between drug release and time-based on the aforementioned premise, which
may be expressed by the equation as

WoB— Wi B =Kuct e, (2.13)

Where,

W)y = Quantity of drug remaining at time O,
W= The amount of drug in the pharmaceutical dosage form at time t,

knc = Hixson-Crowell constant.
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The plot of the cube root of the drug % remaining in the matrix v/s time gives

Hixson-Crowell release kinetics.
2.6. Antibacterial study

The synthesized hydrogel and drug-loaded hydrogel were used for the in-
vitro antibacterial test by using the agar diffusion method against gram-positive S.
aureus and gram-negative E. coli. For this purpose, a part of pure drug, drug-loaded
hydrogel and synthesized hydrogel were prepared in distilled water and loaded on
nutrient agar plates. After 24 hours of incubation at 37°C the inhibition zones were
calculated by averaging the diameters (mm) in three directions of the inoculated

plates [17].
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Table 2.1. List of monomers, crosslinker, chemicals and drugs with their source of

procurement.

Monomers

Acrylic acid S.d. fine chemicals, Mumbai, India.

Acrylamide S.d. fine chemicals, Mumbai, India.
Crosslinker

N, N’-methylene-bis-acrylamide S.d. fine chemicals, Mumbai, India.
Chemicals

Potassium persulphate S.d. fine chemicals, Mumbai, India.

Sodium metabisulfite Avra Synthesis Pvt Ltd, Hyderabad,

Sodium hydroxide ISrTg.I?ine chemicals, Mumbai, India.

Potassium dihydrogen orthophosphate | S.d. fine chemicals, Mumbai, India.

Hydrochloric acid Merck, Mumbai, India.

Disodium hydrogen phosphatel Merck, Mumbai, India.

anhydrous

Aluminum chloride Merck, Mumbai, India.

Calcium chloride Merck, Mumbai, India.

Sodium chloride Merck, Mumbai, India.

Drugs

Levofloxacin hemihydrate Micro labs limited, Bangalore, India.
Moxifloxacin hydrochloride Micro labs limited, Bangalore, India.
Doxycycline hydrochloride Micro labs limited, Bangalore, India.
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Figure 2.1. The FTIR spectrometer (Make: Shimadzu, Country: Japan).
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Figure 2.2. The operating principle of an FTIR spectrometer [,
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Figure 2.3. Scanning electron microscope (Make: Zeiss, Country: Germany).
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Figure 2.5. TGA/DTA analyzer (Make: Perkin Elmer, Country: America).
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Figure 2.7. Dissolution apparatus (Make: Labindia, Country: India).

Figure 2.8. UV-Visible Spectrophotometer (Make: Metash, Country: China).
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Department of Pharmaceutical Chemistry, Kuvempu University Page 52



Synthesis and characterization of smart hydrogels in drug delivery system Chapter 2

2.7. References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

Griffiths P. R., Ade Haseth J.; Fourier Transform Infrared Spectroscopy,
ChemicalAnalysis, John Wiley & Sons, 1986.

Bojeong K., Michael F., Hochella J. R.; “Chapter 4 - Analytical Transmission
Electron Microscopy and Scanning Transmission Electron Microscopy
Techniques for the Characterization of Nanomaterial Composition, Phase and
Crystallinity”, Frontiers of Nanoscience, 2015, 8, 123-152.

Bradbury S., Ford, Brian J, Joy david C.;Scanning electron
microscope. Encyclopedia Britannica.
https://www.britannica.com/technology/scanning-electron-microscope, 2019.
Aqdas N., Khalid M., Mohammad Z., Shazia T.; “Ameer Fawad Zahoor
Biobased polyurethane: An efficient and environment friendly coating systems:
A review”, Progress in Organic Coatings, 2016, 91, 25-32.

Khalid M., Agdas N., Mohammad Z., Shazia T., Mohammad M.; “Recent
developments and future prospects on bio-based polyesters derived from
renewable resources: A review”, International Journal of Biological
Macromolecules, 2016, 2, 1028-1040.

Britannica T.; Editors of Encyclopaedia, Differential thermal analysis.
Encyclopedia Britannica.  https://www.britannica.com/science/differential-
thermal-analysis, 2016.

Edsman K., Hagerstrom H.; “Pharmaceutical applications of mucoadhesion for
the non-oral routes”, Journal of Pharmacy and Pharmacology, 2005, 57, 3-22.
Peh K. K., Wong C. F., “Polymeric films as vehicles for buccal delivery:
Swelling, Mechanical and Bioadhesive properties”, Journal of Pharmacy and
Pharmaceutical Sciences, 1999, 2, 53-61.

Petersen R.V., Endersen C. G., Fang S. M., Gregonis D., Kim S. W., Feijen J.,
Enderson J. M., Mitra S.; Controlled Release of Bioactive Materials. (Baker R.
Ed.), New York, Academic Press, 1986, 45.

The United States Pharmacopoeia, XXTV, The United States Pharmacopoeial
Convention, Inc. Rockville, MD, 1999.

Department of Pharmaceutical Chemistry, Kuvempu University Page 53



Synthesis and characterization of smart hydrogels in drug delivery system Chapter 2
[11] Shobharani K. N., Goundalkar A. G., Kalyani P.; Preparation and evaluation of

microspheres of diclofenac sodium. Indian Journal of Pharmaceutical
Sciences, 1994, 56(2), 45.

[12] Brett C. M. A., Brett A. M. O.; Electrochemistry Principles, Methods and
Applications.Oxford Science Publications, 1993.

[13] Rocha F. S., Gomes A. J.,, Lunardi C. N., Kaliaguine S., Patience G.
S.; Experimental Methods in Chemical Engineering: Ultraviolet Visible
Spectroscopy. The Canadian Journal of Chemical Engineering, 2018.

[14] Gang Cheng et al. Time and pH-dependent colon-specific drug delivery for
orally administered diclofenac-sodium and 5-amiosalicylic acid, World Journal
of gastroenterology, 2004, 10(2), 1769-1774.

[15] Paulo Costa, Jose, Manuel souse lobo, Modeling and comparison of
dissolution profiles. European journal pharmaceutical sciences, 2001, 13,
123-133.

[16] Korsmeyer R. W., Gurny R., Doelker E., Buri P., Peppas N. A.; Mechanisms
of solute release from porous hydrophilic polymers, International Journal of
Pharmaceutics, 1983, 28, 25-35.

[17] Dil N.N., Sadeghi M.; Free radical synthesis of nanosilver/gelatin-poly (acrylic
acid) nanocomposite hydrogels employed for antibacterial activity and removal
of cu (1) metal ions. Journal of Hazardous Materials, 2018, 351, 38-53.

Department of Pharmaceutical Chemistry, Kuvempu University Page 54



Chapter — 3

Synthesis and Characterization of
Poly(acrylamide) Hydrogels as pH
and Salt Sensitive Material



Synthesis and characterization of smart hydrogels in drug delivery system Chapter 3

Chapter — 3

Synthesis and Characterization of Poly(acrylamide)
Hydrogels as pH and Salt Sensitive Material

This chapter discusses the synthesis of poly(acrylamide) hydrogels and

evaluate their pH and salt sensitivity. The investigation is presented in this chapter.

Abstract

This work reports the synthesis of poly(acrylamide) hydrogel and its
characterization. Hydrogel will be synthesized by a chemical cross-linking method
using sodium metabisulfite and potassium persulphate as initiators with crosslinker
methylenebisacrylamide. The synthesized hydrogels were examined by FT-IR, SEM
and TGA to determine chemical interactions in the polymer network. Moreover, the
swelling study explains that hydrogel swelling capacity and depends on the
concentration of the crosslinking agent. The pH, temperature and salt solutions were
impacting swelling properties. In acid and base solutions, the swelling (%) order is
HCI < CH3COOH < HCIO4 < NaOH and the swelling (%) order in salt solutions is

NaCl > CaCl, > AICl;.
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3.1. Introduction

In current years, there has been significant attention to smart, super absorbent

and swellable hydrogels. These hydrogels are 3D polymer networks by physical or
chemical crosslinking and it expands in biological fluids or water without dissolving as
a consequence of physical or chemical cross-linking [1, 2]. Hydrogels are applied in
pharmaceuticals [3], agriculture [4], food additives [5], drug delivery systems, hygienic
products, sealing, artificial snow [6, 7], coal dewatering [8], biomedical applications
[9, 10], barrier materials to regulate biological adhesions [11], tissue engineering and
wound dressing [12], diagnostics [13], regenerative medicines [14, 15], separation of
cells or biomolecules [16] and biosensors [17].
Smart or stimuli-sensitive hydrogels are undergo huge changes in the swelling
response by changing environmental conditions, such as pH [18,19], temperature
[20], light [21], pressure [22], electric field [23, 24], antigens [25, 26] and
carbohydrates [27]. Among them, pH-sensitive hydrogels are developed in the
evolution of new drug delivery systems, these hydrogels change their properties by
responding to the pH of the solution [28]. These gels are good material for drug
delivery based on pH conditions [29, 30]. Hydrogels can absorb large amounts of water
without being dissolved. This is often thanks to their physical and chemical network
of hydrophilic polymeric chains with -OH, -CONH-, -CONH, and -COOH groups
[31-34].

Drug delivery systems in medicine can be developed by utilizing the swelling
behavior of hydrogel [32, 33]. Free radical polymerization is a leading process for
the polymerization of water-dissolved monomers and for the development of

hydrogels [32, 35]. Free radical polymerization is a dynamic and generally used method
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and leads to the swift production of the gel even under moderate conditions using

lesser molecular weight monomers with the existence of a crosslinker can be used to
produce hydrogels for bio-applications [36].

In this work, a hydrogel using acrylamide as a monomer and methylene
bisacrylamide as the crosslinker by free radical polymerization is synthesized. The
swelling study, FT-IR, SEM and TGA were performed to evaluate the swelling and
structural characteristics of the obtained gel. The synthesized gel could also be used
as pH and salt-sensitive super absorbent materials and drug delivery applications.
3.2. Materials and Methods
3.2.1. Materials
Acrylamide (AAM), potassium persulphate (PPS), methylenebisacrylamide (MBA),
sodium hydroxide, hydrochloric acid, acetic acid and perchloric acid were obtained
from SD fine chemical laboratory (SDFCL), Mumbai, India. Sodium metabisulfite
(SMBS) was obtained from Avra Synthesis Pvt. Ltd., Hyderabad, India. Aluminum
chloride, calcium chloride and sodium chloride were purchased from Merck,

Mumbai, India. Distilled water was used throughout the experiment.

3.2.2. Preparation of poly(acrylamide) hydrogels

Poly(acrylamide) hydrogel was synthesized by the free radical mechanism. Primarily
free radical initiator pair of potassium persulphate (45 mg) and sodium metabisulfite
(32 mg) was taken into a beaker containing water (10 ml). Then add acrylamide (600
mg) and stir for 10 min at room temperature, finally add crosslinker
methylenebisacrylamide (06 mg) and the reaction is carried out in a water bath till gel was
formed. The prepared hydrogel was washed with water to remove unreacted

materials, then cut into suitable sizes and dried at 50°C in the oven. Similarly,
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hydrogel formulations (AAMH1, AAMH2, AAMH3 and AAMH4) were prepared

using the same method as given in Table 3.1.
3.2.3. FT-IR analysis
FT-IR analysis of acrylamide, methylenebisacrylamide and synthesized
hydrogel were administered using an FT-IR spectrometer (Perkin-Elmer FT-IR

C94012) in the 400-4000 cm* range.
3.2.4. Morphology analysis

The surface morphology of the acrylamide, methylenebisacrylamide and
synthesized hydrogel samples was observed using scanning electron microscopy

(Zeiss, LS15).
3.2.5. Thermal analysis

Thermal stability of hydrogel was performed using Perkin-Elmer STA 600
thermogravimetric analyzer. TGA was performed with a specified amount of sample

by increasing the heating rate to 20°C.
3.2.6. Swelling study

The swelling study was conducted by the gravimetric method using dried
hydrogels in water, acids (HCI, CH;COOH, HCIO,), base (NaOH), salts (AICls,
CaCl,, NaCl) and pH solutions in the range 1 to 12. The dried pre-weighed
hydrogel was placed in water, acid, base, salt and pH solutions to investigate swelling
(%) at specific intervals. The swelled hydrogel was taken out from the solution and
wiped with filter paper for removing excess water, followed by weight

measurement, then by using the following equation swelling (%) was calculated.
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Wb a
Swelling (%) = —— x100 T 3

Where, W, = Weight of dried hydrogel and W, = Weight of swelled hydrogel.
3.3. Results and Discussion

Poly(acrylamide) hydrogel was synthesized successfully from acrylamide
monomer using free-radical polymerization method. The free radicals are generated
from sodium metabisulfite and potassium persulphate solution. Then hydroxyl free
radicals will generate by abstract protons from the water molecules and these radicals
further abstract protons from acrylamide and methylenebisacrylamide to initiate
polymerization [37, 38]. In this polymerization, methylenebisacrylamide act as a

crosslinker inthe system. The mechanism of the reaction is shown in Scheme 1.
3.3.1. FT-IR studies

FT-IR spectra of acrylamide, methylenebisacrylamide and synthesized hydrogel
are shown in Fig. 3.1. The spectra of the acrylamide monomer (Fig. 3.1a) show the
absorption band around 3349 cm™ is due to the NH stretching frequency of the amide
group. The peak at 1664 cm™ is attributed due to C=0 stretching, while the absorption
band around 1134 cm™ is due to the C-N stretching. In the spectra of
methylenebisacrylamide (Fig. 3.1b), the peak at 3309 cm™ is attributed due to the
NH stretching and the absorption band around 1664 cm™ is due to C=0 stretching. The
C-N stretching gives rise to a band at 1121 cm™ and a band at 2958 cm™ is assigned for
C-H stretching vibrations [39, 40]. In the spectra of hydrogel (Fig. 3.1c), the
absorption peak at 3308 cm for the NH stretching is observed. The absorption peaks
around 2957 cm* for C-H stretching, at 1663 cm* for C=0 stretching and at 1119 cm™

for C-N stretching were also observed.
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3.3.2. Morphology studies

The surface morphology play important role in swelling and control release
behavior. Hence, it is important to explore these properties [41]. SEM images show the
morphology of dried hydrogel. The lower mechanical strength hydrogels have a
higher swelling rate [42]. According to the SEM images, pure acrylamide and
methylenebisacrylamide show a crystal surface (Fig. 3.2a-b). However, the addition of
methylenebisacrylamide leads to a very smooth and uniform surface structure (Fig.

3.2c-f).

3.3.3. Thermal study

The thermal behavior of the synthesized hydrogel was investigated by TGA and the
result is shown in Fig. 3.3. The initial weight loss was attributed to the evaporation of
moisture content present in the hydrogel. Poly(acrylamide) hydrogel was thermally
unstable and degradation starts at 159°C with a mass loss of 5.4% for the elimination
of ammonia gas from amide groups of poly(acrylamide) chains, the second
degradation at 294°C with mass loss of 5% and more amount of weight loss occurred at
394°C with mass loss of 8% due to breakage of the polymer chain and cross-linked

network in the hydrogel [43].
3.3.4. Swelling study of poly(acrylamide) hydrogels

The swelling study is the most important to figure out the application of
hydrogels. It is investigated using water, acid, base, salt and pH solutions. The dried
poly(acrylamide) hydrogel of 1cm in length was soaked in 100 ml of water for 24
hours, the result showed that the size of the hydrogel was increased up to 4.3cm and

the corresponding images are showed in Fig. 3.4.
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3.3.4.1. Swelling study of poly(acrylamide) hydrogels in water

The swelling (%) of the synthesized poly(acrylamide) hydrogels AAMHLI,
AAMH2, AAMH3 and AAMH4 were studied in water at 37°C. The results are
tabulated in the Table 3.2. The maximum swelling % was found to be 3449.43 for
AAMHL1. The corresponding plot of swelling (%) v/s time is shown in the Fig. 3.5.
The result showed that the swelling (%) of these hydrogels decreased as the amount
of crosslinker increased. Since the maximum swelling was obsorved for AAMHL1,
for further swelling studies AAMHL1 is taken as standard. The less amount of
crosslinking agent usage leads to a maximum swelling (%) due to less crosslinking
points and availability of free space between crosslinking points, which helps the
gels to hold more amount of solvent molecules. Similarly, large amount of
crosslinking agent usage will lead to minimum swelling (%) due to more crosslinking
points and less space [44]. Hence, more amount of crosslinker promotes tight-packed
polymer networks, which avoid flexibility and decreases the space in a polymer
network and the swelling rate decreases.

3.3.4.2. Swelling study of AAMH1 hydrogel in acid and base solutions

The swelling study of AAMH1 hydrogel was investigated in HCI, CH;COOH,
HCIO,; and NaOH solutions at room temperature. The results are tabulated in Tables
3.3 to 3.6. The corresponding plot of swelling (%) of AAMH1 hydrogel v/s time is
shown in the Fig. 3.6 to Fig. 3.9. Hydrogels swelling ability will explain the
interaction between functional groups and osmotic pressure [45]. In acid solutions
like HCI, CH3;COOH and HCIO,, the amide group of acrylamide hydrogel mainly
controlled the swelling capacity. It will get protonated (NHs™) and electrostatic

repulsion occurs with osmotic pressure resulting shows swelling. However, in an
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acidic solution like HCI the screening effect of chloride (CIY) counter-ion guard the
ammonium cation charges and avoid a dynamic repulsion in HCI solution. Hence, the
swelling was decreased in the HCI solution compared to CH3;COOH and HCIO, solution.
Under basic condition like NaOH solution, the -CONH, and -CONH- groups are
deprotonated and electrostatic repulsion occurs. The existence of sodium ions (Na*)
will lead to high osmotic swelling pressure and help to increase swelling even in a very
low concentration of NaOH solution. The swelling percentage in acid and base solution

is in the order: HCl < CH3;COOH < HCIO, < NaOH shown in Fig 3.10 [46, 47].

3.3.4.3. Swelling study of AAMH1 hydrogel in different pH solutions

Swelling studies of AAMH1 hydrogel is carried out in the solutions of HCI
and NaOH in the pH range from 1 to 12 at temperature 37°C. The result is
reported in Table 3.7. The maximum swelling % was found to be 4904.28 in
pH 12. The swelling (%) depends on the pH of the solution [37]. The corresponding
plot of swelling (%) of AAMHL1 hydrogel v/s pH is shown in the Fig. 3.11. The
stock solutions of 0.1 M HCI (pH 1.0) and 1.0 M NaOH (pH 12.0) were diluted with
deionized water to prepare solutions of different pH and no additional ions were added
to the medium for setting the pH of the solutions because the hydrogel is more
influenced by ionic strength. The swelling (%) increased with increase of pH from 1
to 12 and when the temperature increased swelling also increases, it was evident from
the data given [45]. However, up to pH 4.0 swelling is very less due to the screening
effect of (CI") counter-ion. From pH 5 to 12, the swelling increases due to
deprotonation of amide groups and the presence of osmotic pressure of Na* ions.

The result shows when pH increases the swelling (%) also increases [46].
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3.3.4.4. Swelling study of AAMH1 hydrogel in salt solutions

Swelling studies of AAMHL hydrogel is carried out in the salt solutions of
0.15M NaCl, CaCl, and AICls. The result is tabulated in Table 3.8. The corresponding
plot of swelling (%) of AAMH1 hydrogel v/s time is shown in the Fig. 3.12. On
comparing the swelling studies of AAMHL1 hydrogel in water with salt solutions. The
maximum swelling 3449.43 % was observed for water (Fig. 3.5), where as for NaCl
solution it was found to be 401.90 % (Fig. 3.12) is observed due to the presence of
additional ions and leads to the osmotic pressure between the hydrogel network and
external solution with a screening effect. The swelling percentage decrease with
increase in the charge of the metal cation (Na* > Ca?* > AP*) [37, 45]. In crosslinked
hydrogel, the screening effect of Chloride counterion and complex formation
between ionic groups leads to an increase in the crosslinking density and decreasing

swelling capacity.
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3.4. Conclusion

In this investigation, the poly(acrylamide) hydrogels were synthesized by using
both potassium persulphate and sodium metabisulfite as a free radical generator for
polymerization. Different hydrogels were synthesized by increasing the amount of
crosslinker. The increasing amount of crosslinker will affect the characterization and
swelling study. Further, the changes in swelling (%) is based on the composition of the
hydrogel, ionic strength, temperature and pH. Synthesized hydrogels exhibit good
swelling nature in water, acid, base and salt solutions. The composition of hydrogel
and the surrounding environment will affect the swelling capacity. The swelling
response of the hydrogel can be considered it as a good material for the study of
controlled release of fertilizers in agriculture applications and biomedical drug

delivery systems.
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Scheme 1. Synthesis of poly(acrylamide) hydrogel, (1) acrylamide, (2)
methylenebisacrylamide and (3) poly(acrylamide) hydrogel.
Table 3.1. Synthesis schemes of poly(acrylamide) hydrogel.
Formulation | Water | Acrylamide Initiator MBA
code (ml) (mg) SMBS (mg) | PPS(mg) | (mg)
AAMH1 10 600 32 45 06
AAMH?2 10 600 32 45 11
AAMH3 10 600 32 45 16
AAMH4 10 600 32 45 21

Table 3.2. Statistical data of the poly(acrylamide) hydrogel swelling (%) changes in

water over time.

Time AAMH1 AAMH2 AAMH3 AAMH4
(hours) | Swelling (%) | Swelling (%) | Swelling (%) | Swelling (%0)
0 0.00 0.00 0.00 0.00
6 1062.92 911.22 821.78 726.80
12 1364.04 1081.63 982.17 830.92
18 1669.66 1431.63 1201.98 1025.77
24 1875.28 1626.53 1302.97 1158.76
30 2261.79 1974.48 1733.66 1548.45
36 2474.15 2261.22 1965.34 1758.76
42 2728.08 2463.26 2273.26 2024.74
48 2906.74 2715.30 2551.48 2285.56
54 3252.80 2952.04 2655.44 2386.59
60 3430.33 3254.08 3026.73 2689.69
66 3446.06 3283.67 3037.62 2703.09
72 3449.43 3286.73 3040.59 2705.15
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Table 3.3. Statistical data of the poly(acrylamide) hydrogel swelling (%) in HCI of

Time 1 M HCI 2 M HCI 4 M HCI 6 M HCI
(hours) | Swelling (%) | Swelling (%) | Swelling (%) | Swelling (%)
0 0.00 0.00 0.00 0.00
6 157.81 197.14 301.25 498.21
12 162.50 232.85 347.50 578.57
18 165.62 254.28 391.25 641.07
24 175.00 242.85 408.75 641.07
30 160.93 241.42 417.50 589.28
36 131.25 202.85 371.25 528.57
42 151.56 191.42 341.25 417.85
48 121.87 167.14 332.50 403.57
Table 3.4. Statistical data of the poly(acrylamide) hydrogel swelling (%) in

CH3COOH of different concentrations.
Time 1M 2M 4 M 6 M
(hours) CH3:COOH CH3:COOH CH3:COOH CH3:COOH
Swelling (%) | Swelling (%) | Swelling (%) | Swelling (%)
0 0.00 0.00 0.00 0.00
6 197.77 234.32 344.87 442.62
12 208.88 247.76 412.82 521.31
18 215.55 267.16 462.82 591.80
24 221.11 283.58 491.02 655.73
30 228.88 301.49 532.05 718.03
36 237.77 316.41 564.10 739.34
42 245.55 323.88 576.92 822.95
48 254.44 331.34 601.28 847.54

Table 3.5. Statistical data of the poly(acrylamide) hydrogel swelling (%) in HCIO4 of

different concentrations.

Time 1MHCIOs | 2MHCIOs | 4 MHCIOs | 6 M HCIO4
(hours) | Swelling (%) | Swelling (%) | Swelling (%) | Swelling (%)
0 0.00 0.00 0.00 0.00
6 347.69 406.89 582.25 697.05
12 450.76 518.96 729.03 876.47
18 503.07 598.27 924.19 1048.52
24 558.46 646.55 1054.83 1123.52
30 570.76 658.62 1132.25 1258.82
36 595.38 698.27 1219.35 1405.88
42 610.76 741.37 1275.80 1452.94
48 621.53 777.58 1283.87 1480.88
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Time 0.001 M 0.002 M 0.004 M 0.006 M
(hours) NaOH NaOH NaOH NaOH
Swelling (%) | Swelling (%) | Swelling (%) | Swelling (%)

0 0.00 0.00 0.00 0.00
6 229.76 283.54 307.52 494.17
12 265.47 348.10 527.95 1237.86
18 295.23 372.15 752.68 1779.61
24 326.19 435.44 1024.73 2111.65
30 342.85 492.40 1111.82 2242.71
36 373.80 529.11 1200.00 2329.12
42 405.95 613.92 1263.44 2422.33
48 413.09 631.64 1270.96 2450.48

Table 3.7. Statistical data of the poly(acrylamide) hydrogel swelling (%) in the pH
range 1 to 12.

pH 1 2 3 4 5 6
Swelling (%) | 115.09 | 267.30 | 321.27 | 336.95 | 1863.49 | 1969.01

pH 7 8 9 10 11 12
Swelling (%) | 2611.70 | 3162.12 | 3482.96 | 4593.75 | 4687.82 | 4904.28

Table 3.8. Statistical data of the poly(acrylamide) hydrogel swelling (%) in the

different salt solutions.

Time 0.15 M NacCl 0.15 M CacCl: 0.15 M AICls
(hours) Swelling (%) Swelling (%0) Swelling (%0)
6 239.31 201.87 159.07
12 293.51 242.48 179.35
18 335.87 262.40 186.12
24 353.05 283.08 197.86
30 369.08 288.72 219.21
36 398.47 312.78 244.48
42 400.76 328.94 245.55
48 401.90 329.69 246.26
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Figure 3.1. FT-IR spectra of (a) acrylamide, (b) methylenebisacrylamide and (c)
poly(acrylamide) hydrogel.

Figure 3.2. SEM images of (a) acrylamide, (b) methylenebisacrylamide, (c)
AAMH1, (d) AAMH2, (e) AAMH3 and (f) AAMH4.
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Figure 3.3. Thermogravimetric graph of poly(acrylamide) hydrogel.

‘(b) "

Figure 3.4. Digital camera photographs of (a) dried and (b) swollen
poly(acrylamide) hydrogel in water.
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Figure 3.5. Swelling (%) of poly(acrylamide) hydrogel in water.
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Figure 3.6. Swelling (%) of poly(acrylamide) hydrogel in HCI of concentration
range 1 M to 6 M.
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Figure 3.7. Swelling (%) of poly(acrylamide) hydrogel in CH3;COOH of

concentration range 1 M to 6 M.
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Figure 3.8. Swelling (%) of poly(acrylamide) hydrogel in HCIO, of concentration
range 1 M to 6 M.
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Figure 3.9. Swelling (%) of poly(acrylamide) hydrogel in NaOH of concentration

range 0.001 M to 0.006
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Figure 3.10. Comparison Swelling (%) of poly(acrylamide) hydrogel in acid and

base media.
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Figure 3.11. Swelling (%) of poly(acrylamide) hydrogel in pH 1 to 12 at 37°C.
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Figure 3.12. Swelling (%) of poly(acrylamide) hydrogel in salt solutions.
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Chapter — 4

Controlled drug release of levofloxacin from
poly(acrylamide) hydrogel

This chapter discusses the development of poly(acrylamide) hydrogels for the

controlled release of levofloxacin.
Abstract

Hydrogels are 3D polymer networks capable to absorb and release water or
biological fluids. They are stimuli-responsive materials, which can show rapid
volume changes with response to small changes in environmental parameters such as
ionic strength, pH and temperature. In this work, we performed a synthesis of
Poly(acrylamide) hydrogel and tested for controlled release of levofloxacin
hemihydrate as a model drug. We used sodium metabisulfite and potassium
persulphate as free radical initiators to prepare hydrogel with
methylenebisacrylamide as a crosslinker. Characterization of hydrogel was
performed by TGA, SEM and FT-IR. Swelling study and drug release were
performed at pH 1.2 and 7.4, identical to the gastrointestinal fluid at 37°C (human
body temperature) to examine possible site-specific drug delivery. UV-Visible
spectrophotometer was used to measure the concentration of drug release. Results
exhibited the pH and temperature-dependent drug release. After 6 hours the amount
of drug release was found to be 17% and 99% in acidic and alkaline pH of 1.2 and

7.4 respectively and drug-loaded hydrogel shows good antibacterial activity.
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4.1. Introduction

The polymers are continuous repeating monomer units. The general
biomedical uses of polymers are in drug delivery systems, pharmaceutical adhesives,
coating material and emulsifying agents for dosage forms in site-specific and
controlled drug delivery systems. Polymer molecules are linear or branched or may
be crosslinked. The chemical response of polymers depends on the monomer unit
present in the polymer chain. The homopolymers are having identical monomeric

units and copolymers are formed from more than one monomer [1-3].

The first polymer gel was prepared in 1949 by Katchalsky. This gel responds
to the surrounding environment solution by swelling or gathering from a network
of water-soluble polyelectrolytes [4]. In 1950 medical applications and the
importance of hydrogels were revealed and using 2-hydroxyethyl methacrylate gel,
soft contact lenses are manufactured. The smart hydrogel, like temperature-sensitive
hydrogels, is focused till the mid-1980 [5]. In the drug delivery systems, pH-sensitive

hydrogelsare the best materials for drug release to the target site of the body [6-7].

Poly(acrylamide) hydrogel polymer backbone containing functional group
like amine is sensitive to charge either by releasing or accepting protons in the
aqueous media. The electrostatic repulsion in the polymer backbone network
promotes swelling and then water diffusion. These hydrogels are more sensitive to
slight changes in environmental factors. These are called smart hydrogels [8, 9, 4].

Levofloxacin, molecular formula CigH20FN304 and Fig. 4.1 show its
molecular structure. Levofloxacin is a fluoroguinolone antibacterial drug with an
active L-isomer of ofloxacin [10, 11]. Levofloxacin is used to cure the disease of

gram-negative and gram-positive bacteria like keratitis, bacterial conjunctivitis and
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other eye infections by inhibiting topoisomerase 1V and DNA gyrase enzymes.
These enzymes are important to DNA replication, recombination, transcription and
repair [12, 13].

In the present work, we evaluate the drug release from poly(acrylamide)
hydrogel using different temperature and pH solutions. Crosslinker
methylenebisacrylamide was used to control the network characteristic and model

drug levofloxacinhemihydrate was used for drug release studies.

4.2. Materials and Methods

4.2.1. Materials

Sodium metabisulfite was received from Avra Synthesis Pvt. Ltd,
Hyderabad, India. Potassium persulphate, methylenebisacrylamide, acrylamide,
Potassium dihydrogen orthophosphate and sodium hydroxide were obtained from
SDFCL, Mumbai, India. Hydrochloric acid, disodium hydrogen phosphate
anhydrous were from Merck, Mumbai, India. Levofloxacin hemihydrate was gifted

from Microlabs limited, Bangalore, India.
4.2.2. Poly(acrylamide) hydrogel synthesis

Poly(acrylamide) hydrogel was synthesized by a free radical mechanism.
Primarily, redox initiators of potassium persulphate (45 mg) and sodium
metabisulfite (32 mg) were shifted into a glass vial containing 10 ml of deionized
water. Then, add acrylamide (600 mg), allowed to stir for 10 minutes at room
temperature after this crosslinker methylenebisacrylamide (06 mg) was added.

Then, this composite was kept in a water bath until the gel was formed. The
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synthesized gel was washed with water to remove unreacted components. Then, the

hydrogel was dried at 50°C in the oven for 24 hours.

4.2.3. FT-IR analysis
Levofloxacin, poly(acrylamide) hydrogel and levofloxacin-loaded hydrogel
spectra were recorded using an FT-IR spectrometer (Shimadzu ATR) in the range of

400 to 4000 cm ™! to determine their intermolecular interactions and structure.
4.2.4. TGA analysis

To determine the thermal stability of poly(acrylamide) hydrogel was
performed using a thermogravimetric analyzer (Perkin Elmer STA 600) by

increasing the heating rate to 20°C.
4.2.5. Morphological examination

The morphology of poly(acrylamide) hydrogel structures was determined
using SEM (scanning electron microscope). Hydrogel composites were cut to
expose their structure and imaged in an (SEM Zeiss, LS15) scanning electron

microscope.
4.2.6. Swelling study of poly(acrylamide) hydrogel

The swelling study of synthesized poly(acrylamide) hydrogel was
determined using dry samples in acidic buffer pH 1.2 and phosphate buffer pH
7.4. The pre-weighed hydrogel samples were immersed in solutions at 37°C for
swelling. At periodic intervals, the swollen samples were taken out from the
solution and excess droplets on the surface of the hydrogel were withdrawn by
wiping with filter paper and then weighed. The swelling (%) of hydrogel was

determined from the following equation. Similarly, the swelling (%) was observed
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at 27°C in pH 7.4 with time intervals.

Wb - Wa
———— x100 T ¢ % §)

Swelling (%) = W

Where, Wa and Wb are the weight of dry and swollen gel.
4.2.7. Construction of Levofloxacin calibration curve

The stock solution of 1000 mg/I of Levofloxacin drug solution was prepared
using distilled water as a solvent, then 2, 4, 6, 8 and 10 mg/l solutions were
prepared by dilution of the stock solution. Using a UV-9000A spectrophotometer
(Shanghai Metash), scan the solutions between 200 to 400 nm and the absorption

maximum was recorded to construct the calibration curve.
4.2.8. Drug loading and drug release studies

Levofloxacin hemihydrate was selected as a model drug. The loading of the
drug was conducted in a 1000 mg/I solution using water as a solvent. Place 0.1 g
of dry hydrogel in 100 ml levofloxacin solution. The loaded hydrogel was dried and
note down the loaded hydrogel weight. The in-vitro release study was conducted by
placing drug-loaded hydrogel in acidic buffer pH 1.2 and phosphate buffer pH 7.4
at 37°C and 27°C respectively using the paddle method in the dissolution test
apparatus (Lablndia, DS-8000, India). Next withdraw dissolution medium sample at
regular time intervals (30 minutes) with stirring and replace fresh solution to
maintain constant dissolution media. Using a UV-Visible spectrophotometer, scan the
solutions between 200 to 400 nm with suitable dilution and note down the Amax
absorbance. The percentage of released levofloxacin was calculated and its

corresponding drug release graph was plotted. Similarly, effects of temperature on
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drug release has been studied at 27°C and 37°C respectively in pH 7.4.

4.2.9. Kinetics model drug release

The kinetics models of drug release will determine using Zero-order, first-
order, Hixson-Crowell, Higuchi and Korsmeyer-Peppas models [14, 15].
4.2.10. Antibacterial study

The synthesized hydrogel and levofloxacin drug-loaded hydrogel were used
for the in-vitro antibacterial test by using the agar diffusion method. For this purpose,
5 ug/ml of levofloxacin drug, levofloxacin drug-loaded hydrogel and synthesized
hydrogel were prepared in distilled water and each 0.1 ml loaded on nutrient agar

plates. After 24 hours of incubation at 37°C the inhibition zones were calculated.

4.3. Results and Discussion

Poly(acrylamide) hydrogel was synthesized by a radical polymerization
method and its swelling study was performed. Moreover, drug loading and drug
release were also performed using levofloxacin as a model drug and the effect of pH,

temperature and time of the drug release will also be studied.
4.3.1. Hydrogel preparation

The various steps involved in the preparation of Poly(acrylamide) hydrogel are
shown in Fig. 4.2. After the gel preparation, the swelling study was performed [16 -

18].
4.3.2. FT-IR analysis

The FT-IR spectra of levofloxacin, poly(acrylamide) hydrogel and

levofloxacin loaded poly(acrylamide) hydrogel were recorded are shown in Fig. 4.3.
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The characteristic peaks of levofloxacin (Fig. 4.3a) were found at 3243 cm *and
1439 cm™~*(stretching and bending vibrations of the carboxylic acid -OH group), 2849
cm ! and 1618 cm™! (C-H stretching of -CH3 and aromatic rings respectively), 1712
cm™! (C=0 stretching of the cyclohexanone), 1289 cm™ (C-F stretching peak). The
poly(acrylamide) hydrogel spectra (Fig. 4.3b) show the peaks at 3348 cm™! (-NH
stretching of hydrogel), 1648 cm™! (C=0 stretching). The levofloxacin-loaded
poly(acrylamide) hydrogel spectra (Fig. 4.3c) show the peaks at 3348 cm™ (-NH
stretching of hydrogel), 3196 cm™ (carboxylic acid -OH stretching of levofloxacin),
1667 cm ! (C=0 stretching), 1616 cm™! (C=C stretching), 1296 cm! (C-F
stretching), 1209 cm™t (C-N stretching). The presence of amide, fluoro and carbonyl

groups in loadedhydrogel confirms the drug loading in acrylamide hydrogel [19, 20].
4.3.3. TGA analysis

The thermogram of poly(acrylamide) hydrogel was shown in Fig. 4.4. The
first stage of weight loss, consider as loss of moisture present in the hydrogel was
observed at 169°C with a mass loss of 3.4% then degradation occurred at 179°C
with weight loss of 9.6% for the elimination of ammonia gas from amide groups of
poly(acrylamide) chains and maximum weight loss occurred at 381°C with mass
loss of 24.4% due to cleavage of the polymer chain and cross-linked network in

hydrogel [21].
4.3.4. Morphological examination

The surface morphology of synthesized hydrogel was studied by SEM. The
micrographs Fig. 4.5(a) and Fig. 4.5(b) reveal that the surface is uniform and

smooth in nature [22, 23].
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4.3.5. Swelling study of poly(acrylamide) hydrogel in pH solutions

The swelling study of the synthesized poly(acrylamide) hydrogel was
performed in pH 1.2 and 7.4. The swelling study results of pH 7.4 are tabulated in
the Table 4.3 and their corresponding graphical representation is showed in Fig.
4.6. The comparison of poly(acrylamide) hydrogel swelling (%) in pH 1.2 and 7.4
at 37°C is showed in Fig. 4.7 and their corresponding statistical data was given in
Table 4.1. From these results, a higher swelling rate was observed at pH 7.4 when
compared to the pH 1.2. In an acidic medium of pH 1.2, the ammonium groups
(NH3") are formed by protonation but due to the presence of chloride (CI°)
counterions the swelling decreased drastically [24, 25]. However, at pH 7.4 the (-
CONHy) and (-CONH-) groups are deprotonated and the presence of sodium
(Na™) ions in the solution will produce high osmotic swelling pressure hence
showing maximum swelling. Similarly, for temperature sensitivity the swelling
study was conducted at temperatures of 27°C and 37°C respectively. The results are
tabulated in the Table 4.2 and their corresponding graphical representation is
showed in Fig. 4.8. The results showed that when the temperature increases

swelling (%) also increases.
4.3.6. Construction of Levofloxacin calibration curve

Drug selection for the drug loading and drug release is most important
because it should not react with hydrogel and solvents. This helps to avoid the Amax
shift. Levofloxacin drug is better material because no change was observed in the
Amax Over time. Using a UV-Visible spectrophotometer, the solutions were scanned
between 200 nm to 400 nm. The absorption maximum were recorded at Amax 286 nm.

The results are tabulated in the Table 4.4 and their corresponding graphical
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representation is showed in Fig. 4.9 and 4.10. From the calibration curve, the slope
and intercept are found to be 0.144 and 0.017 respectively and the correlation
coefficient (R?) is 0.999.

4.3.7. Levofloxacin drug release study from poly(acrylamide) hydrogel

4.3.7.1. Levofloxacin drug release study in pH 1.2 and 7.4

The swelling studies of the synthesized hydrogel are carried out in the
solution of pH 1.2 (acidic buffer) and pH 7.4 (phosphate buffer). The result showed
that the maximum swelling % 3590.25 in pH 7.4 and the minimum swelling %
117.50 in pH 1.2. The results are tabulated in the Table 4.1 and their corresponding
graphical representation is showed in Fig. 4.7. The drug-loaded hydrogels were
placed in the solutions of pH 1.2 and pH 7.4. About 99.92 % of levofloxacin drug
was released in the solution of pH 7.4, where as only 16.82% of drug was released
in the solution of pH 1.2. The results are tabulated in the Table 4.5 and their
corresponding graphical representation is showed in Fig. 4.11. Hence, we conclude
that drug release depends on the pH of the solution because the swelling (%) is more
in pH 7.4 than in the pH 1.2. The drug release from hydrogel into solution depends

on swelling and the controlled releaseof levofloxacin was observed for up to 6 hours.
4.3.7.2. Levofloxacin drug release study at different temperature

The effect of temperature on Levofloxacin drug release was studied at
temperatures of 27°C and 37°C respectively. The results are tabulated in the Table
4.6 and their corresponding graphical representation is showed in Fig. 4.12. About
71.69% of drug has released at 27°C and at 37°C 99.92% of drug has been

released. This indicates that as the temperature increases, the drug release also
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increased. When the temperature increases, the hydrogel network flexibility also
increases, as a result more amount of buffer solution enters into hydrogel which

releases more amount of drug.
4.3.8. Kinetic model for drug release

The kinetic model of drug release has been studied by using various
mathematical models like Zero-order, first-order, Hixson-Crowell, Higuchi and
Korsmeyer-Peppas models. The obtained results are given in Table 4.7 and
their corresponding graphical representation is showed in Fig. 4.13. The
observed maximum correlation coefficient (R?) is 0.967 for the Higuchi
model; hence the synthesized poly(acrylamide) hydrogel follows the Higuchi
model.

4.3.9. Antibacterial activities

The levofloxacin drug-loaded hydrogel was investigated for in-vitro
antibacterial effect. Fig. 4.14 illustrated that Levofloxacin (L) pure drug and
levofloxacin drug-loaded hydrogel (LLH) had an antibacterial effect on S. aureus
and E. coli bacteria and no effect at unloaded hydrogel (H) after 24 hours incubation
at 37°C. After measuring the inhibition zone the levofloxacin pure drug exhibited
11mm and 10mm for the levofloxacin drug-loaded hydrogels against S. aureus (Fig
4.14a) and 12mm and 10mm against E. coli, respectively (Fig. 4.14b). As the result
showed, levofloxacin pure drug and levofloxacin drug-loaded hydrogel shows
antibacterial activity because of the bioactivity of the drug but the unloaded hydrogel
will not show a zone of inhibition compared to pure drug and drug-loaded hydrogel.
This effect could be due to the presence of levofloxacin in drug-loaded hydrogel

[26].
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4.4. Conclusion
Poly(acrylamide) hydrogel cross-linked with methylenebisacrylamide was
synthesized and studied their swelling and drug release properties. The swelling
study of synthesized hydrogel was examined at pH 1.2 and pH 7.4 at 37°C and
levofloxacin drug release studies were carried out under the same conditions. The
drug released amount from the hydrogel was more at alkaline pH 7.4 than in the
acidic pH 1.2. Because of its hydrophilic nature and the capability of hydrogen
bonding of acrylamide molecules with water, it will produce high osmotic swelling
pressure hence it will swell more and the amount of drug release is more. The
temperature and pH effects on drug release were also studied, the hydrogel follows
a Higuchi model and drug-loaded hydrogel shows good antibacterial activity; hence
these hydrogels can be used in controlled drug release and biomedical applications

due to good swelling properties.
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Table 4.1. Statistical data of
the poly(acrylamide) hydrogel
swelling (%) inpH 1.2 and 7.4

Time pH 1.2 pH 7.4
(min) | Swelling | Swelling
(%) (%)

0 0.00 0.00
360 113.33 637.01
720 121.66 | 1367.53
1080 125.83 | 1760.38
1440 129.16 | 2272.72
1800 12750 | 2673.37

2160 120.83 | 3331.16
2520 118.33 | 3588.96
2880 11750 | 3590.25

Table 4.3. Statistical data of
the poly(acrylamide) hydrogel
swelling (%) changes in pH

Synthesis and characterization of smart hydrogels in drug delivery system

Chapter 4

Table 4.2. Statistical data of
the poly(acrylamide) hydrogel
swelling (%) in a pH 7.4 at
27°C and 37°C.

Time 27°C 37°C
(min) Swelling | Swelling
(%) (%)

0 0.00 0.00
360 547.02 637.01
720 1036.75 | 1367.53
1080 1353.51 | 1760.38
1440 1547.02 | 2272.72
1800 1821.08 | 2673.37

2160 2006.48 | 3331.16
2520 2058.91 | 3588.96
2880 2104.32 | 3590.25

Table 4.4. Statistical data of the
calibration curve for levofloxacin
(Absorbance v/s Concentration).

7.4 over time
Time pH7.4 Concentration | Absorbance
(hours) Swelling (%) (mg/1)
0 0.00 0 0.00000
6 637.01
12 1367.53 2 0.16078
18 1760.38 4 0.30437
24 2272.72
30 2673.37 6 0.45747
36 3331.16 8 0.60067
42 3588.96
48 3590.25 10 0.73669
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Table 4.5. Statistical data of
the levofloxacin drug release
(%) over time in pH 1.2 and
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7.4  from poly(acrylamide)
hydrogel.

Time pH12 | pH7.4
(min) Drug Drug
release | release

(%) (%)

0 0.00 0.00

30 6.07 14.45

60 8.72 26.69

90 9.93 36.14

120 11.86 46.59
150 12.46 56.38
180 13.47 67.82
210 13.90 76.94
240 14.81 85.84
270 15.31 92.72
300 15.39 94.99
330 15.98 99.73
360 16.82 99.92

Table 4.6. Statistical data of
the levofloxacin drug release
(%) over time at 27°C and

Chapter 4

37°C in pH 7.4 from
poly(acrylamide) hydrogel.

Time 27°C 37°C

(min) Drug Drug
release | release

(%) (%)

0 0.00 0.00

30 8.78 14.45

60 14.43 26.69

90 21.27 36.14

120 28.41 46.59

150 35.46 56.38

180 41.03 67.82

210 48.55 76.94

240 57.04 85.84

270 61.92 92.72

300 64.60 94.99

330 67.97 99.73

360 71.69 99.92

Table 4.7. Levofloxacin drug release results in different kinetic models for up to 6

hours.
Name of the kinetic R? Slope Intercept
model
Zero order 0.963 17.16 10.08
First order 0.773 -0.444 2.470
Higuchi 0.967 0.02 0.323
Korsmeyer-Peppas 0.541 1.207 1.159
Hixson-Crowell 0.958 0.698 -0.346
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O CHa

Figure 4.1. Molecular structure of levofloxacin.

Figure 4.2. Poly(acrylamide) hydrogel preparation steps (a) initial solution, (b) after

gel formation, (c) drying and (d) swelling.
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Figure 4.3. FTIR spectra of (a) levofloxacin, (b) poly(acrylamide) hydrogel and (c)

levofloxacin loaded poly(acrylamide) hydrogel.
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Figure 4.4. TGA graph of poly(acrylamide)hydrogel.
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Figure 4.5. SEM images of poly(acrylamide) hydrogel.
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Figure 4.6. Poly(acrylamide) hydrogel swelling (%) changes over time in pH 7.4.
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Figure 4.7. Swelling (%) of the poly(acrylamide) hydrogel inpH 1.2 and pH 7.4.
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Figure 4.8. Swelling (%) of the poly(acrylamide) hydrogel at 27°C and 37°C

temperatures in pH 7.4.
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Figure 4.9. Calibration curve of levofloxacin (Absorbance v/s Concentration).
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Figure 4.10. Spectral graph of the levofloxacin calibrationcurve.
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Figure 4.11. Levofloxacin drug release in pH 1.2 and pH 7.4 from poly(acrylamide)

hydrogel with time.
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Figure 4.12. Levofloxacin drug release from poly(acrylamide) hydrogel with time at
27°C and 37°C temperature.
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Figure 4.13. Graphical representation of kinetic model drug release from

poly(acrylamide) hydrogel.
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Figure 4.14. Antibacterial activity of levofloxacin drug-loaded hydrogel on (a)
S.aureus (Gram-positive bacteria) and (b) E.Coli (Gram-

negative bacteria).
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Chapter — 5

Synthesis and characterization of poly(acrylamide-co-
acrylic acid) hydrogel for moxifloxacin drug release study

This chapter discusses the synthesis and characterization of poly(acrylamide-

co-acrylic acid) hydrogels for the controlled release of moxifloxacin.
Abstract

Sustained and controlled drug release has become the most attractive research
work for obtaining a better drug delivery system with reliability, performance and
safe drug release in the modern pharmaceutical drug delivery design. In this view,
different polymers in controlled drug delivery applications are very useful. Therefore,
using copolymerization by free-radical crosslinking and methylenebisacrylamide as
the crosslinker with potassium persulfate and sodium metabisulfite as initiators, we
synthesized poly(acrylamide-co-acrylic acid) hydrogels. The synthesized hydrogels
were characterized by FTIR, TGA, SEM, swelling and in-vitro drug release studies.
The hydrogel swelling analysis was analyzed using buffer solutions at varying pH
and temperature levels. Drug release was investigated using moxifloxacin
hydrochloride as a model drug. The drug release data indicate that after 5 hours, the
drug release was found to be 18% at acidic pH 1.2 and 99% at alkaline pH 7.4 and it
followed the Higuchi model and drug-loaded hydrogel shows good antibacterial

activity.
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5.1. Introduction

Hydrogels are polymer networks capable of carryingmore water or biological
fluid that are hydrophilic in nature. Due to the existence of physical or chemical
crosslinks, polymer networks are formed by homopolymers or copolymers of an
insoluble nature. These hydrogels have a thermodynamic affinity for water, which
allows them to expand in an aqueous solution [1]. These hydrogels have a broader
range of applications, especially in the medical and pharmaceutical fields [2-4]. The
presence of extra water content and softness in the hydrogel is similar to the natural
living tissue than any other synthetic biomaterial [3]. Also,because of the presence of
extra water content, hydrogels have a biocompatibility quality. Hydrogels can also
be used as biosensor membranes, drug delivery systems, artificial skin fabrics,
linings for artificial hearts and contact lenses [5, 6].

In response to slight changes in environmental parameters such as ionic
pressure, pH and temperature, hydrogels can show rapid volume changes known as
stimuli-responsive materials. In smart hydrogels, stimulus-responsive polymers
play a major role and these hydrogels are used in separation processes for industrial
applications as potential economic alternatives to conventional separation processes
[7]. Regulated permeability variations of sensitive gels may accomplish the charge or
size-selective separations. The magnetic or electric field reveals powerful
improvements in their swelling behavior, in addition to the temperature and pH

sensitivity of the swelling behavior.
The copolymer, which consists of acrylic acid (AAC) and acrylamide
(AAM) units is poly(AAM-co-AAC). A charge hydrogen-bonding capacity and

adequate polarity for hydration are provided by the hydrophilic carboxylic acid and
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amide moieties in the polymer backbone. The copolymer is very sensitive to pH and
temperature, so in response to changes in pH and temperature this hydrogel shows a
shift in swelling behavior [8].

Moxifloxacin is classified as a Biopharmaceutical Classification System
(BCS) class I drug due to its high solubility and high permeability. If a drug
substance has an absorption rate of 85% in humans, it is characterized as “highly
permeable”. We chosemoxifloxacin as a model drug because it has a rapid and nearly
complete absorption in humans with an absolute bioavailability of around 90% [9].

A class of fourth-generation fluoroquinolone antibiotic drugs is moxifloxacin
hydrochloride (Fig. 5.1). A bulk side chain in the C-7 position and a methoxy
group in the C-8 position is present in the structure [10-12]. This antibiotic
property is effective against both Gram-positive and Gram-negative bacteria. The
mechanism of action of moxifloxacin is involvedin the inhibition of topoisomerase
IV and DNA gyrase enzymes essential for the replication, repair and transcription of
bacterial DNA [13-15].

The current study targeted the synthesis of poly(AAM-co- AAC) hydrogels by
using AAM and AAC as monomers for varying crosslinkers with sodium
metabisulfite (SMBS) and potassium persulfate as initiators. AAC allows water to
swell further and AAM increases the hydrogel mechanical strength, so these
hydrogels have strong mechanical and swelling potential. The presence of amide and
acidic groups causes pH sensitivity in the polymer chain. As a model drug, the drug
release analysis was carried out using moxifloxacin hydrochloride. In this study, the

synthesized hydrogelis used to controlled release of the moxifloxacin drug.
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5.2. Materials and Methods

5.2.1. Materials

AAC, MBA, potassium persulfate (PPS), AAM, sodium hydroxide and
potassium dihydrogen orthophosphate were received from Sd Fine Chem Limited
(SDFCL), Mumbai, India. Hydrochloric acid and disodium hydrogen phosphate
anhydrous were from Merck, Mumbai, India. SMBS was obtained from Avra
Synthesis Pvt Ltd, Hyderabad, India. Moxifloxacin hydrochloride was received as a
gift sample from Micro Labs Limited, Bangalore, India.

5.2.2. Poly(AAM-co-AAC) hydrogel synthesis

The poly(AAM-co-AAC) hydrogel was synthesized in a glass vial using
free-radical initiators of SMBS and PPS by dissolving in distilled water to generate
free radicals. Then, AAC and AAM monomers were added and allowed to blend for
10 minutes at an ambient temperature, then crosslinker MBA was added with
uniform stirring. Then, this blend was placed in a waterbath (80°C) for 1 hour until
gel formation. After gel formation, it was washed with distilled water for 24 hours to
eliminate unreacted constituents and eventually dried for 24 hours in the hotair oven
at 50°C and stored in a closed container to avoid moisture absorbance.

5.2.3. FT-IR analysis

To determine the molecular interactions and structure, moxifloxacin
hydrochloride, synthesized hydrogel and moxifloxacin-loaded hydrogel samples
were analyzed using the Fourier Transform Infrared Spectroscopy (FTIR) instrument

(Shimadzu, IRAffinity 1S FTIR, Japan).
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5.2.4. TGA analysis
In a thermogravimetric analyzer (Perkin Elmer, STA6000, USA), Thermogravimetric
analysis (TGA) of the synthesized hydrogel was carried out. TGA was carried out by
increasing the heat flow rate under the nitrogen atmosphere to 20°C/minute.
5.2.5. SEM Study

To study the surface morphology of dried hydrogels, a scanning electron
microscope was used. Using a Scanning electron microscope (SEM) (Zeiss, LS15,
Germany) instrument, the hydrogel composites were exposed and imaged.
5.2.6. Swelling study

The swelling study of synthesized poly(AAM-co-AAC) hydrogels were
determined using dry samples in the pH range pH 1 to 10. The pre-weighed 0.1g
poly(AAM-co-AAC) hydrogel samples were immersed in 100 ml solutions for
swelling. The swollen samples were removed at particular time intervals and the
surface water was absorbed with filter paper to eliminate excess outer surface
droplets and then swollen poly(AAM-co-AAC) hydrogel were weighed and swelling

(%) measured by following Equation.

. W;-W,
Swelling (%) = —w. X 100 T ¢ 7 )
1

Where, W1 and W> are the initial and final weights of the hydrogel.

5.2.7. Construction of Moxifloxacin calibration curve

The stock solution of 1000 mg/l of Moxifloxacin drug solution was prepared
using phosphate buffer pH 7.4 as a solvent, then 2, 4, 6, 8 and 10 mg/l solutions
were prepared by dilution of the stock solution. Using a UV-9000A
spectrophotometer (Shanghai Metash), scan the solutions between 200 to 400 nm

and the absorption maximum was recorded to construct the calibration curve.
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5.2.8. Moxifloxacin drug loading and drug release studies

By soaking the dry hydrogel in the presence of a drug-containing solution, the
drug would be loaded into the hydrogel. Moxifloxacin hydrochloride was selected
as a model drug for the study of drug release. To 100 ml of moxifloxacin
solution (1 mg/ml) in water, 0.1 g of dry hydrogel was added for drug loading. After
48 hours, the loaded hydrogels were weighed and washed with ethanol to prevent
burst release, then placed in the vacuum oven for 24 hours to dry completely. The
dried hydrogels were then weighed and the drug load was determined by using
Equation (5.2). The in-vitro release efficiency of drug-loaded hydrogel in an acid
buffer solution ofpH 1.2 and phosphate buffer solution of pH 7.4 was evaluated at
37°C and 27°C using the paddle method in the dissolution test apparatus (Labindia,
DS-8000, India) respectively. The release solution was withdrawn at regular time
intervals (30 minutes) with a sufficient dilution and then scanned the solutions
between 200 nm to 400 nm using a UV-Visible spectrophotometer. The maximum

absorption /.. was found to be at 288 nm. The release percentage was

X
determined and the zero-order, first-order, Higuchi, Korsmeyer-Peppas and Hixson-
Crowell models were used to measure the statistical kinetic model of drug release

[16, 17].

Wo — Wo
——— x100 R - )

Drug Loading (%) = W

Where, Wy is the initial weight of the hydrogel and W, is the weight of the drug-
loaded hydrogel.
5.2.9. Antibacterial study
The synthesized hydrogel and moxifloxacin drug-loaded hydrogel was used

for the in-vitro antibacterial test by using the agar diffusion method. For this purpose

Department of Pharmaceutical Chemistry, Kuvempu University Page 108



Synthesis and characterization of smart hydrogels in drug delivery system Chapter 5

5 pg/ml of moxifloxacin drug, moxifloxacin drug-loaded hydrogel and synthesized
hydrogel were prepared in distilled water and each 0.1 ml loaded on nutrient agar

plates. After 24 hours of incubation at 37°C the inhibition zones were calculated.

5.3. Results and Discussion
5.3.1. Poly(AAM-co-AAC) hydrogel preparation

Using AAM and AAC as monomers with MBA as a crosslinker, hydrogels
were prepared. As free radical generators, potassium persulfate and SMBS are used
[18, 19]. Fig. 5.2 shows the hydrogel preparation steps. The swelling analysis was
conducted after gel preparation [20-22]. The mechanism of the reaction is shown in
Scheme Il and the hydrogel formulations AAMCH1, AAMCH2, AAMCH3 and
AAMCHA4 are given in Table 5.1.

5.3.2. FT-IR analysis

Moxifloxacin hydrochloride FTIR spectra (Fig. 5.3a) showed aromatic C=C
stretching at 1619 cm* and also demonstrated carboxylic acid C=0 stretching at 1703
cmt, C-N stretching at 1315 cm™ and monofluorobenzene stretching at 1044 cm ™.
The poly(AAM-co-AAC) hydrogel spectra (Fig. 5.3b) showed carboxylic acid
stretching at 3213 cm™ corresponding to the —OH. CH groups provided absorption at
1450 cm™ on the chain. The 2925 cm™ absorbance is the acrylate unit C-H
stretching. The absorptioncan be attributed to the C=0 group at 1681 cm™*. The drug-
loaded hydrogel peaks (Fig. 5.3c) observed were 3203 cm™ corresponding to the
carboxylic acid -OH stretching. The 2934 cm™ absorbance is the C-H stretching and
C=0 group at 1666 cm™. Aromatic C=C stretching was at 1615 cm* and

monofluorobenzene stretching was at 1044 cm™ [23, 24].

Department of Pharmaceutical Chemistry, Kuvempu University Page 109



Synthesis and characterization of smart hydrogels in drug delivery system Chapter 5

5.3.3. TGA analysis of poly(AAM-co-AAC) hydrogel

TGA has analyzed the thermal stability of the prepared hydrogel and the
results are shown in Fig. 5.4. Owing to the presence of moisture content in the
hydrogel, the primary weight loss was observed. The poly(AAM-co-AAC) hydrogel
was thermally unstable and degradation started at 178°C with a weight loss of 1.9%
for the elimination of ammonia gas from amide groups, at 240°C with a weight loss
of 3.2% for the dehydration of adjacent carboxylic groups to form anhydrides and a
maximum mass loss was observed at 384°C witha weight loss of 22.0% due to
breaking of crosslinking chain. This reduction has continued up to 700°C with a
lesser amount [25].

5.3.4. SEM Study poly(AAM-co-AAC) hydrogel

The synthesized hydrogel micrographs (Fig. 5.5) were analyzed by SEM.
The SEM Figures indicate that the surface is hard and it has been found to be
slightly porous [26, 27].

5.3.5. Swelling study of poly(AAM-co-AAC) hydrogel in water and pH solutions

The swelling study of poly(AAM-co-AAC) hydrogel was performed in water.
The dried hydrogel of 1cm in length was soaked in 100 ml of water for 24 hours, the
result showed that the size of the hydrogel was increased to 4.5cm and their
corresponding images are showed in Fig. 5.6. The swelling efficiency of the
prepared hydrogels AAMCH1, AAMCH2, AAMCH3 and AAMCH4 were studied
in the pH range 1 to 10. The maximum swelling of 7211.69% was observed for
AAMCH1 compare to the swelling % of other hydrogels hence for further swelling
and drug release studies AAMCHL1 is taken as standard. The swelling (%) was

decreased as the amount of crosslinker increased. The results are tabulated in the
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Table 5.2 and their corresponding graphical representation is showed in Fig. 5.7.
The swelling (%) of the hydrogel in pH 1.2 and 7.4 buffer solutions similar to
gastrointestinal fluids is shown in Fig. 5.9. and their corresponding statistical data
given in Table 5.4. The results showed a high swelling rate (7258.60%) observed at
pH 7.4 compared to the pH 1.2 (115.06%). The results of the swelling (%) in pH 7.4
are tabulated in the Table 5.6 and their corresponding graphical representation is
showed in Fig. 4.11. The —CONH2 groups are protonated at a lower pH (HCI
solutions) and create NH3"™—NH3* electrostatic repulsion for swelling, but its swelling
will be decreased due to the presence of Chloride ions. Carboxylic acid — COOH
groups are deprotonated (—COO™) at higher pH and create electrostatic swelling
repulsions, but the presence of more sodium ions (Na") in pH 9 and 10 will
decrease the swelling (%) compared to pH 8 by forming -COONa group [28, 29].
The results are tabulated in the Table 5.3 and their corresponding graphical
representation is showed in Fig. 5.8.
5.3.6. Construction of calibration curve

The selection of the drug for the release of the drug is critical because

to avoid 4., change, the drug should not react with solvents and hydrogels.

X

Moxifloxacin drug has excellent content since no difference in 4, has been
observed as time shifts. In order to assess maximal absorption at 4_, 288 nm,
solutions were scanned between 200 nm to 400 nm from the UV- Visible
spectrophotometer. The results are tabulated in the Table 5.7 and their corresponding
graphical representation is showed in Fig. 5.12 and 5.13. The calibration curve shows

that R? is 0.999 (coefficient of correlation).
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5.3.7. Moxifloxacin drug release study from poly(AAM-co-AAC) hydrogel

5.3.7.1. Moxifloxacin drug release study in pH 1.2 and 7.4

The outcome of the swelling analysis helps to assess the studyof drug release. In
acid and alkaline pH, the swelling (%) in pH 1.2and 7.4 suggests maximum swelling
occurs at alkaline pH 7.4 (7258.60%) compared to pH 1.2 (115.06%) similar to
gastrointestinal fluid-like solutions The results are tabulated in the Table 5.4 and
their corresponding graphical representation is showed in Fig. 5.9. The drug release
percentage of moxifloxacin is maximum (99.89%) at pH 7.4 than at pH 1.2 (18.59%)
due to the swelling (%) maximum at pH 7.4. The hydrogel induces pH-sensitive drug
release at maximum pH of 7.4 than a pH of 1.2. The results are tabulated in the Table
5.8 and their corresponding graphical representation is showed in Fig. 5.14.

5.3.7.2. Moxifloxacin drug release study at different temperature

The effect of temperature on swelling of poly(AAM-co-AAC) hydrogel was
studied at 27°C and 37°C. The result showed that the maximum swelling % 7258.60
in 37°C and the minimum swelling % 5085.29 in 27°C. The results are tabulated in
the Table 5.5 and their corresponding graphical representation is showed in Fig.
5.10. The temperature sensitivity of the hydrogel in drug release is studied at the
temperature 27°C and 37°C respectively at pH 7.4 over time. The outcome indicates
that drug release has increased with temperature increase. The minimum amount
(71.56%) of drug release was observedat 27°C and the maximum amount (99.89%) of
drug release was observed at 37°C. The results are tabulated in the Table 5.9 and
their corresponding graphical representation is showed in Fig. 5.15. The swelling
(%) increases as the temperature increases due to the versatile nature produced in the

polymer network, hence water quickly enters the hydrogel network and swells.
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Similarly, the buffer solution enters the hydrogel polymer networkand contributes to
the increase in swelling and drug release.

5.3.8. Kinetic model drug release

The in-vitro release of the drug was estimated using different mathematical
models and the effects of the correlation coefficient (R shown in Table 5.10 and
their corresponding graphical representation is showed in Fig. 5.16. The maximum
degree of the coefficient of correlation contributes to finding a suitable mathematical
model that fits to the kinetic of release. The result shows that the highest correlation

coefficient (R?) is 0.976, hence the hydrogel fits the Higuchi model drug release.
5.3.9. Antibacterial activities

The moxifloxacin drug-loaded hydrogel was investigated for in-vitro
antibacterial effect. Fig. 5.17 illustrated that Moxifloxacin (M) pure drug and
moxifloxacin drug-loaded hydrogel (MLH) had an antibacterial effect on S. aureus
and E. coli bacteria and no effect on unloaded hydrogel (H) after 24 hours incubation
at 37°C. After measuring the inhibition zone the moxifloxacin pure drug exhibited
13mm and 9mm for the moxifloxacin drug-loaded hydrogels against S. aureus (Fig.
5.17a) and 13mm and 8mm against E. coli, respectively (Fig. 5.17b). As the result
showed, moxifloxacin pure drug and moxifloxacin drug-loaded hydrogel shows
antibacterial activity because of the bioactivity of the drug but the unloaded hydrogel
will not show a zone of inhibition compared to pure drug and drug-loaded hydrogel.
This effect could be due to the presence of moxifloxacin in drug-loaded hydrogel

[30].
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5.4. Conclusion

By crosslinking with MBA as a crosslinker, poly(AAM-co-AAC) hydrogels
were synthesized using SMBS and potassium persulfate as initiators. At different
temperatures and pH levels, the swelling and drug release experiments were carried
out. The outcome of the swelling analysis indicates maximum swelling occur at
alkaline pH than acidic pH and the swelling (%) also increases as the temperature
increases. Drug release experiments using moxifloxacin as a model drug have been
conducted and the findings indicate maximum drug released at pH 7.4 compared
to pH 1.2. Since the acid groups are deprotonated at pH 7.4 and amide groups are
protonated to generate electrostatic repulsion, this electrostatic repulsion allows the
hydrogel to swell further, hence more dissolution media entering the hydrogel
enables further drug release. This hydrogel follows the kinetic release of the Higuchi
model and drug-loaded hydrogel shows good antibacterial activity and hence can be

used in biomedical applications, particularly for controlled drug delivery systems.
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Scheme I1. Poly(AAM-co-AAC) hydrogel synthesis, (1) acrylic acid, (2) acrylamide,

(3) methylenebisacrylamide and (4) poly(acrylamide-co-acrylic acid)

hydrogel.

Table 5.1. Schemes for the synthesis of poly(AAM-co-AAC) hydrogels.

Formulation | Water | Acrylamide | Acrylic acid Initiator MBA
code (ml) (mg) (ml) SMBS | PPS | (mg)
(mg) | (mg)
AAMCH1 10 300 0.3 32 45 06
AAMCH?2 10 300 0.3 32 45 11
AAMCH3 10 300 0.3 32 45 16
AAMCH4 10 300 0.3 32 45 21

Table 5.2. Statistical data of Swelling (%) of poly(AAM-co-AAC) hydrogel

formulations.

pH | AAMCH1 AAMCH?2 AAMCH3 AAMCH4
Swelling (%) | Swelling (%) | Swelling (%) | Swelling (%0)
2 126.21 106.30 104.71 91.66
4 1079.43 42477 193.10 170.70
6 1940.87 1376.52 1091.66 911.40
7 6360.13 4024.81 2480.16 1752.17
8 7211.69 5414.50 3711.64 3201.29
10 4189.85 3277.56 2295.79 1601.11
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Table 5.3. Statistical data of Swelling (%) of poly(AAM-co-AAC) hydrogel at pH 1

to 10.
pH 1 2 3 4 5

Swelling (%) | 114.28 | 126.21 | 765.75 | 1079.43 | 1534.88
pH 6 7 8 9 10

Swelling (%) | 3309.75 | 6360.13 | 7211.69 | 5140.70 | 4189.85

Table 5.4. Statistical data of
the swelling (%) of the
poly(AAM-co-AAC) hydrogel

Table 5.5. Statistical data of
the poly(AAM-co-AAC)
hydrogel swelling (%) in a pH

atpH1.2and 7.4

Time pH 1.2 pH 7.4
(min) | Swelling | Swelling
(%) (%)

0 0.00 0.00
360 82.19 1283.87
720 97.26 3058.06
1080 101.36 | 4118.27
1440 109.58 | 5391.93
1800 112.32 | 6812.90
2160 113.69 | 7197.31
2520 115.06 | 7258.06
2880 115.06 | 7258.60

7.4 at 27°C and 37°C.

Time 27°C 37°C
(min) | Swelling | Swelling
(%) (%)

0 0.00 0.00
360 1191.17 | 1283.87
720 1880.14 | 3058.06
1080 | 2576.47 | 4118.27
1440 | 3455.88 | 5391.93
1800 | 4030.88 | 6812.90
2160 | 4605.88 | 7197.31
2520 | 4947.79 | 7258.06
2880 | 5085.29 | 7258.60

Table 5.6. Statistical data of
the poly(AAM-co-AAC)
hydrogel swelling (%) changes
in pH 7.4 over time.

Time pH 7.4
(hours) Swelling (%)

0 0.00
6 1283.87
12 3058.06
18 4118.27
24 5391.93
30 6812.90
36 7197.31
42 7258.06
48 7258.60

Table 5.7. Statistical data of
the calibration curve for
moxifloxacin (Absorbance v/s
Concentration).

Concentration | Absorbance
(mg/l)
0 0.00000
2 0.18235
4 0.36927
6 0.55509
8 0.74747
10 0.92631
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Table 5.8. Statistical data of
the moxifloxacin drug release
(%) over time in pH 1.2 and
7.4 from poly(AAM-co-AAC)
hydrogel.

Time | pH1.2 pH 7.4
(min) Drug Drug
release release

(%0) (%0)

0 0.00 0.00
30 3.08 16.74
60 6.12 31.80
90 8.68 45.03
120 10.90 56.40
150 12.60 66.64
180 14.43 73.67
210 15.66 83.77
240 16.67 90.13
270 18.01 96.64
300 18.59 99.89

Table 5.10.

Moxifloxacin drug release results in terms of correlation coefficient

(R?), slope and intercept of the different kinetic models.

Synthesis and characterization of smart hydrogels in drug delivery system

Table 5.9. Statistical data of
the moxifloxacin drug release
(%) over time at 27°C and

Chapter 5

37°C in pH 7.4 from
poly(AAM-co-AAC)
hydrogel.
Time 27°C 37°C
(min) Drug Drug
release | release
(%) (%)
0 0.00 0.00
30 10.10 16.74
60 20.53 | 31.80
90 30.16 | 45.03
120 37.67 56.40
150 44.87 66.64
180 50.91 73.67
210 54.01 83.77
240 62.88 90.13
270 65.65 96.64
300 71.56 99.89

Name of the kinetic R? Slope Intercept
model
Zero order 0.967 19.79 10.61
First order 0.636 -0.506 2.458
Higuchi 0.976 0.02 0.243
Korsmeyer-Peppas 0.467 1.243 1.207
Hixson-Crowell 0.934 0.767 -0.282
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Figure 5.2. Preparation stages of hydrogel (a) initial stage in solution, (b) gel shape,
(c) dryness and (d) swelling.
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Figure 5.3. FTIR spectrum of (a) Moxifloxacin, (b) poly(acrylamide-co-acrylic acid)
hydrogel and (c) Moxifloxacin loaded hydrogel.
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Figure 5.4. Poly(acrylamide-co-acrylic acid) hydrogel TGA graph.
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Figure 5.5. SEM images of the dried poly(AAM-co-AAC) hydrogels (a)
AAMCH]1, (b) AAMCH2, (c) AAMCH3 and (d) AAMCH4.
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i

Figure 5.6. Images of (a) dried and (b) swollen poly(AAM-co-AAC) hydrogel in
water on a digital camera.
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Figure 5.7. Poly(AAM-co-AAC) hydrogel swelling (%) of different formulations.
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Figure 5.8. Poly(AAM-co-AAC) hydrogel swelling (%) at pH 1 to 10.
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Figure 5.9. Poly(AAM-co-AAC) hydrogel swelling (%) at pH 1.2 and pH 7.4.
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Figure 5.10. Poly(AAM-co-AAC) hydrogel swelling (%) at temperatures of 27°C
and 37°C inpH 7.4.
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Figure 5.11. Changes in the poly(AAM-co-AAC) hydrogel swelling (%) over time

inpH 7.4.
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Figure 5.12. Moxifloxacin calibration curve (Absorbance v/s Concentration).
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Figure 5.14. Release of moxifloxacin drug from poly(AAM-co-AAC) hydrogel at
pH 1.2 and pH 7.4 over time.
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Figure 5.15. Moxifloxacin drug released at 27°C and 37°C temperatures from
poly(AAM-co-AAC) hydrogel with time.
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Figure 5.16. Graphical representation of kinetic model drug release from

poly(AAM-co-AAC) hydrogel.
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Figure 5.17. Antibacterial activity of moxifloxacin drug-loaded hydrogel on (a)
S.aureus (Gram-positive bacteria) and (b) E.Coli (Gram-
negative bacteria).
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Chapter — 6

Synthesis and characterization of poly(acrylic acid)
hydrogel for doxycycline drug release study

This chapter discusses the synthesis and characterization of poly(acrylic acid)

hydrogels for the controlled release of doxycycline.
Abstract

In modern pharmaceutical drug delivery design, controlled drug release has
become more appealing research work for obtaining a better drug delivery system
with reliability, efficiency and safe drug release. In controlled drug delivery
applications, different polymers are extremely useful. In the current study
poly(acrylic acid) hydrogels were made using a redox polymerization process using
methylenebisacrylamide as the crosslinker with potassium persulfate and sodium
metabisulfite as free-radical initiators. Various analytical methods, such as TGA,
SEM and FT-IR were used to identify the prepared hydrogels. The water intake
behavior of the synthesized hydrogels was investigated under various experimental
conditions at various pH, chemical composition and swelling bath temperature. The
controlled drug release behavior of a doxycycline-loaded hydrogel was investigated
under in-vitro conditions and the impact of various factors such as temperature, the
chemical composition of the hydrogel and pH of the media. According to the drug
release studies, drug release was found to be 39% at acidic pH 1.2 and 99% at

alkaline pH 7.4 after 10 hours and followed the Higuchi model.
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6.1. Introduction

Hydrogels are one of the most versatile and well-suited technologies for
biomedical applications [1]. These are three-dimensional materials that have a strong
tendency to incorporate bioactive molecules and water into their polymer network.
The water absorption tendency of hydrogels is influenced by the presence of
hydrophilic functional groups, crosslink density and the elasticity of the polymer
network [2]. The amount of water in the products is generally more than the amount
of polymer. Some gels referred to as "superabsorbent” materials, can absorb an
extremely more amount of water. pH-sensitive drug delivery systems can be made
using a variety of natural and synthetic polymers [3]. Polymer hydrogels have piqued
interest as a pH-sensitive drug delivery system and have played an important role in
drug delivery systems [4]. In addition, pH-sensitive polymer hydrogels also have
mucoadhesive and bioadhesive properties, making them good drug carriers [5].

Continuous developments in materials science have helped medicine and
biomedical fields by enabling the production of novel implantable materials through
surgery and drug delivery it can be used to treat physiological disorders and other
complex diseases [6]. Microbial infections caused by fungi and bacteria have shown
a significant danger to patients undergoing surgical or other healthcare procedures
such as wound healing and implantation despite the introduction of modern and
novel materials [7]. The infection may either delay the wound's healing or result in
implant failure. As a consequence, infection management at material-tissue interfaces
necessitates the creation of new techniques such as increasing implant
biocompatibility or delivering antibiotics to the infected site [8]. Antibiotic drug

delivery at the diseased tissue, implanted organ or injection site is one of the most
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effective ways to suppress infections. A suitable medication may be impregnated into
the substance and administered in a desirable manner over a period of time [9].
Doxycycline is a broad-spectrum antibiotic that belongs to the tetracycline
family (Fig. 6.1). The drug doxycycline was selected as the model drug to be loaded
onto the hydrogels. Doxycycline is a synthetic oxytetracycline antibiotic that affects
gram-positive bacteria, gram-negative bacteria and certain parasites. It is commonly
used to treat a variety of bacterial infections including skin infections [10,11].
Doxycycline is classified as a Biopharmaceutical Classification System
(BCS) class | drug due to its high permeability and high solubility. If a drug
substance has an absorption rate of 85% in humans, it is characterized as "highly
permeable”. Doxycycline is chosen as a model drug because of its fast and complete

absorption in humans with an absolute bioavailability of around 90% [12].

This study aimed to prepare poly(acrylic acid) hydrogels using acrylic acid as
a monomer and a combination of the crosslinking agent with potassium persulphate
and sodium metabisulfite as free-radical initiators. Acrylic acid encourages water to
swell further and methylenebisacrylamide increases the mechanical strength of the
hydrogel, these hydrogels have both high swelling potential and mechanical strength.
The presence of amide and acidic groups in the polymer induces pH sensitivity. The
drug release study was carried out using doxycycline hydrochloride as a model drug.
6.2. Materials and Methods
6.2.1. Materials

Acrylic acid (AAC), potassium persulphate (PPS), N, N’-methylene-bis-
acrylamide (MBA), Potassium dihydrogen orthophosphate and sodium hydroxide

were received from SDFCL, Mumbai, India. Hydrochloric acid and disodium
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hydrogen phosphate anhydrous were from Merck, Mumbai, India. Sodium
metabisulfite (SMBS) was received from Avra Synthesis Pvt Ltd, Hyderabad, India.
Doxycycline hydrochloride was obtained as a gift sample from Micro labs limited,
Bangalore, India.
6.2.2. Poly(AAC) hydrogel synthesis

The poly(AAC) hydrogel was prepared by redox polymerization in a glass
vial with PPS and SMBS as free radical initiators which were dissolved in distilled
water to produce free radicals. Then add the AAC monomer and the crosslinker
MBA and mix for 10 minutes at room temperature. The mixture was then put in a
water bath (80°C) to form a gel. After gel formation, the gel was washed with
distilled water to extract any unreacted constituents and then dried in a hot air oven at
50°C for 24 hours.
6.2.3. FT-IR analysis

The Shimadzu ATR spectrometer was used to measure the FTIR absorption
spectra of synthesized poly(AAC) hydrogels, doxycycline hydrochloride and
doxycycline-loaded hydrogels in the range of 400-4000 cm™.
6.2.4. Thermogravimetric analysis (TGA) study

The thermal stability of poly(AAC) hydrogel was determined using a Hitachi
STA7300 thermogravimetric analyzer. TGA was carried out on samples in a nitrogen
atmosphere with a heating rate of 20°C per minute.
6.2.5. Scanning electron microscope (SEM) Study

Under a scanning electron microscope (SEM), the surface morphology of

different poly(AAC) hydrogels was studied using SEM Zeiss, LS15. The hydrogel
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samples were deposited on a brass holder and sputtered with a thin coat of gold under
a vacuum before microscope analysis.
6.2.6. Swelling or absorption study

Dried poly(AAC) hydrogels were immersed in various temperature and pH
solutions at various time intervals. Dilute NaOH and HCI solutions are used to
prepare pH solutions. Before immersing the dried hydrogel in the solution take the
initial weight of the dried hydrogel. After swelling, before being weighed again, the
hydrogel samples were gently squeezed with filter papers to remove any leftover
water that had clung to the hydrogel surfaces. The following Equation was used to

measure the absorption capacity.

_ , W, — W,
Swelling (or)Absorption (%) = —w. X 100 v ee e (6.1)

Where, Wy and Wy are the dry and wet hydrogel masses respectively.

6.2.7. Construction of Doxycycline calibration curve

The stock solution of 1000 mg/l of Doxycycline drug solution was prepared
using phosphate buffer pH 7.4 as a solvent, then 4, 8, 12, 16 and 20 mg/Il solutions
were prepared by dilution of the stock solution. Using a UV-9000A
spectrophotometer (Shanghai Metash), scan the solutions between 200 to 400 nm
and the absorption maximum was recorded to construct the calibration curve.

6.2.8. Doxycycline drug loading and drug release studies

An equilibrium swelling method was used to load the doxycycline drug into
the poly(AAC) hydrogel. The dried pre-weighed 0.1g hydrogel was allowed to
absorb the drug solution with a known concentration (1 mg/ml) in water. The drug-

loaded hydrogel was removed, then washed with ethanol to avoid burst release and
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dried at room temperature. The loaded hydrogel weight was recorded and the drug
loading was calculated by using Equation (6.2). At 37°C, the drug-loaded hydrogels
in-vitro release efficiency was measured in acidic buffer pH 1.2 and phosphate buffer
pH 7.4 using the paddle method in the dissolution test apparatus (LablIndia, DS-8000,
India). The release solution was removed at regular intervals (30 minutes) and the
solutions were scanned between 200 to 400 nm with enough dilution, the maximum
absorbance at Amax 270 nm was reported using a UV-Visible spectrophotometer. The
release percentage was calculated and the statistical kinetic models of drug release
were measured using the Zero-order, First-order, Korsmeyer-Peppas, Higuchi and

Hixson-Crowell models [13, 14].

W: — Wi
————— x100 N ()

Drug solution absorption (%) = W
1

Where, W1 denotes the initial weight of the hydrogel and W- indicates the weight of
the drug-loaded hydrogel.

6.2.9. Antibacterial study

The synthesized hydrogel and doxycycline drug-loaded hydrogel was used for the in-
vitro antibacterial test by using the agar diffusion method. For this purpose 30 ug/ml
of doxycycline drug, doxycycline drug-loaded hydrogel and synthesized hydrogel
were prepared in distilled water and loaded on nutrient agar plates. After 24 hours of

incubation at 37°C the inhibition zones were calculated.

6.3. Results and Discussion
Scheme 111 depicts the reaction mechanism of synthesized hydrogel, while
Table 6.1 lists the various hydrogel formulations (AACH1, AACH2, AACH3 and

AACH4).

Department of Pharmaceutical Chemistry, Kuvempu University Page 135



Synthesis and characterization of smart hydrogels in drug delivery system Chapter 6

6.3.1. Poly(AAC) hydrogel preparation

Fig. 6.2 depicts the hydrogel preparation steps. It was initially in a liquid state
(a), but after being placed in an 80°C water bath it will form a gel (b), the prepared
hydrogel was then dried in a hot air oven at 50°C for 24 hours (c) and finally a
swelling study was performed on the dried hydrogel to determine the swelling
capacity of the synthesized hydrogel (d).
6.3.2. FT-IR analysis

The characteristic bands for functional groups of poly(AAC) hydrogel,
doxycycline and drug-loaded hydrogel were identified based on FT-IR studies. Fig.
6.3 (a-d) shows a peak for poly(AAC) hydrogel at 1701 cm™, which is due to the
presence of C=0 stretching vibration. The wideband at 3044 cm™ is caused by —-OH
group stretching vibrations, while the peak at 2932 cm™ is caused by C-H stretch
vibrations of the polymer backbone. Fig. 6.3 (e) indicates a doxycycline peak at 3325
cm? for the —OH group, 1668 cm™? for the C=0 group and 1611 cm™ for the NH;
group. Fig. 6.3 (f) depicts a peak for drug-loaded hydrogels at 3325 cm™ for the —-OH
group and 1615 cm™ for the NH, group. The peak at 1701 cm™ is due to the presence
of C=0 stretching vibration. The stretching vibration of ~OH groups induces the
wide band at 3044 cm™. The peak at 2928 cm? is due to the C-H stretching of the
polymer backbone [15-16].
6.3.3. TGA analysis of poly(AAC) hydrogel

The thermal stability of the synthesized hydrogel was investigated by TGA
and the findings are shown in Fig. 6.4. The primary weight loss was observed due to
the presence of moisture in the hydrogel. The poly(acrylic acid) hydrogel degraded at

177°C with a mass loss of 0.147 mg/min, 275°C with a mass loss of 0.886 mg/min
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for the dehydration of adjacent carboxylic groups to form anhydrides, 372°C with a
mass loss of 0.346 mg/min for the breaking of crosslinking chain, 433°C with a
mass loss of 0.274 mg/min and 498°C with a mass loss of 0.501 mg/min are showed.
6.3.4. SEM Study of poly(AAC) hydrogel

Fig. 6.5 illustrates the morphology of hydrogels with varying degrees of
cross-linking. SEM was used to examine the synthesized hydrogel micrographs. The
surface is smooth in SEM images and as the crosslinker concentration increases, the
surface becomes harder Fig. 6.5 (a to d).
6.3.5. Swelling study of poly(AAC) hydrogel in water and pH solutions

The swelling study of poly(AAC) hydrogel was performed in water. The
dried hydrogel of 1cm in length was soaked in 100 ml of water for 24 hours, the
result showed that the size of the hydrogel was increased to 4.0cm and their
corresponding images are showed in Fig. 6.6. The poly(AAC) hydrogels were found
to be sensitive to the pH and temperature of the solution hence we performed
swelling studies. The swelling efficiency of the prepared hydrogels AACH1,
AACH2, AACH3 and AACH4 were studied in the pH range 1 to 10. The maximum
swelling of 4038.79% was observed for AACH1 compare to the swelling % of other
hydrogel, hence for further swelling and drug release studies AACHL is taken as
standard. The results are tabulated in the Table 6.2 and their corresponding graphical
representation is showed in Fig. 6.7. Anionic hydrogel swelling capacity was
reduced when counterions (Na*) are added to the swelling medium [17]. At pH 7, the
maximum swelling was achieved. The repulsion of anionic groups is decreased in
acidic media due to carboxylate groups being protonated, resulting in a lower

swelling rate. The carboxyl groups of AAC (pKa = 4.2) converted into COONa
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groups at higher pH solutions due to the presence of excess Na* in the pH solution
this will shield the carboxylate anions and prevents active anion-anion repulsion,
from this the swelling (%) decreases at pH 8, 9 and 10 than at pH 7. The results are
tabulated in the Table 6.3 and their corresponding graphical representation is showed
in Fig. 6.8. The swellig study of the AACH1 hydrogel are carried out in the solution
of pH 1.2 and 7.4. the result showed that the maximum swelling % 4151.89 in pH 7.4
and the minimum swelling % 321.47 in pH 1.2. The results are tabulated in the
Table 6.4 and their corresponding graphical representation is showed in Fig. 6.9.
The hydrogel swelled up to 4151.89% at pH 7.4 due to anion-anion (COO") repulsive
electrostatic forces but shrink at pH 1.2 (321.47%) due to carboxylate protonation.
The results of the swelling (%) in pH 7.4 are tabulated in the Table 6.6 and their
corresponding graphical representation is showed in Fig. 6.11. The hydrogel’s sharp
swelling (%) activity makes them good material for controlled drug delivery [18].
6.3.6. Construction of calibration curve

Doxycycline solutions of 4, 8, 12, 16 and 20 mg/l are scanned between 200
nm to 400 nm to determine the maximum absorption by using UV-Visible
spectrophotometer. The maximum absorption was found to be at Amax 270 nm. The
results are tabulated in the Table 6.7 and their corresponding graphical
representation is showed in Fig. 6.12 and 6.13. The coefficient of correlation (R?) is
0.999 according to the calibration curve.
6.3.7. Doxycycline drug release study from poly(AAC) hydrogel
6.3.7.1. Doxycycline drug release study in pH 1.2 and 7.4

Poly(AAC) hydrogel is a pH-sensitive hydrogel. The swelling study

conducted in pH 1.2 and 7.4 similar to the gastrointestinal fluid-like solution of the
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human body. The result showed that the maximum swelling % 4151.89 in pH 7.4 and
the minimum swelling % 321.47 in pH 1.2. The results are tabulated in the Table 6.4
and their corresponding graphical representation is showed in Fig. 6.9. The drug
release study conducted under the same condition of pH 1.2 and 7.4. About 99.65%
of Doxycycline drug was released in the solution of pH 7.4 and only 39.37% of drug
was released in the solution of pH 1.2 due to the maximum swelling capacity at pH
7.4. The results are tabulated in the Table 6.8 and their corresponding graphical
representation is showed in Fig. 6.14.
6.3.7.2. Doxycycline drug release study at different temperature

The effect of temperature on Doxycycline drug release was studied at
temperatures of 27°C and 37°C respectively. Poly(AAC) hydrogel is a temperature-
sensitive. The swelling (%) at 27°C is 3645.04% and 4151.89% at 37°C. The results
are tabulated in the Table 6.5 and their corresponding graphical representation is
showed in Fig. 6.10. The Doxycycline drug release results showed that maximum
amount of drug release observed at 37°C temperature (Fig. 6.15). About 66.88% of
drug has released at 27°C and at 37°C 99.65% of drug has been released. This
indicates that as the temperature increases, the drug release also increased. The
results are tabulated in the Table 6.9 and their corresponding graphical
representation is showed in Fig. 6.15.
6.3.8. Kinetic model drug release study

Different mathematical models were used to predict the best drug release
method for synthesized poly(AAC) hydrogel and the results of the correlation
coefficient (R? are shown in Table 6.10 and their corresponding graphical

representation is showed in Fig. 6.16. The maximum degree of the coefficient of
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correlation aids in the prediction of a mathematical model that matches the release
kinetics. The highest correlation coefficient (R?) is 0.997 suggesting that hydrogel
matches the Higuchi model of drug release.
6.3.9. Antibacterial activities

The doxycycline drug-loaded hydrogel was investigated for in-vitro
antibacterial effect. Fig. 6.17 illustrated that doxycycline (D) pure drug and
doxycycline drug-loaded hydrogel (DLH) had an antibacterial effect on S. aureus
and E. coli bacteria and no effect at unloaded hydrogel (H) after 24 hours incubation
at 37°C. After measuring the inhibition zone the doxycycline pure drug exhibited 7
mm and 5 mm for the doxycycline drug-loaded hydrogels against S. aureus (Fig.
6.17a) and 13 mm and 9 mm against E. coli, respectively (Fig. 6.17b). As the result
showed, doxycycline pure drug and doxycycline drug-loaded hydrogel shows
antibacterial activity because of the bioactivity of the drug but the unloaded hydrogel
will not show a zone of inhibition compared to pure drug and drug-loaded hydrogel.

This effect could be due to the presence of doxycycline in drug-loaded hydrogel [19].
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6.4. Conclusion

Poly(AAC) hydrogels were prepared by using AAC and MBA with PPS and
SMBS as free-radical initiators. Swelling and drug release tests were carried out at
various temperatures and pH levels. The pH sensitivity of the superabsorbent
hydrogels was found to be high with many swelling changes observed across a broad
pH range. The main driving force behind such sudden swelling changes may be ionic
repulsion between charged groups integrated into the gel matrix as a result of
external pH modulation. Our findings suggested that redox polymerized cross-linked
hydrogels could be used as a drug carrier for localized and regulated drug delivery.
Owing to increased electrostatic repulsion between negatively charged polymer
chains, the release value of doxycycline drug from hydrogels was higher at pH 7.4
than at pH 1.2. Overall the hydrogels described in this study could be used to boost
the bioavailability of drugs with controlled drug release in a variety of
pharmaceutical applications. This hydrogel follows the Higuchi model kinetic release
and drug-loaded hydrogel shows good antibacterial activity and hence can be used in

biomedical applications.
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Scheme I11. Synthesis of poly(AAC) hydrogel. (1) AAC, (2) MBA and (3)

poly(AAC) hydrogel.

Table 6.1. Poly(AAC) hydrogel synthesis formulations.

Formulation | Water Monomer Initiator MBA
code (ml) AAC SMBS PPS (mg)
(mi) (mg) | (mg)
AACH1 10 0.6 32 45 21
AACH?2 10 0.6 32 45 26
AACH3 10 0.6 32 45 31
AACH4 10 0.6 32 45 36

Table 6.2. Statistical data of Swelling (%) of different formulation poly(AAC)

hydrogels.
pH AACH1 AACH?2 AACH3 AACHA4
Swelling (%) | Swelling (%) | Swelling (%) | Swelling (%)

2 395.77 216.83 103.97 47.25

4 1002.24 812.38 594.32 471.42

6 2736.20 2048.78 1588.57 1353.65

7 4038.79 3438.65 2928.03 2252.04

8 3649.53 3105.78 2320.39 1816.58
10 3109.09 2517.05 2131.50 1688.16

Table 6.3. Statistical data of swelling (%) of poly(AAC) hydrogels at pH 1 to 10.

pH 1 2 3 4 5
Swelling (%) | 294.25 | 395.77 | 753.91 | 1002.24 | 1613.54
pH 6 7 8 9 10
Swelling (%) | 2736.20 | 4038.79 | 3649.53 | 3460.55 | 3109.09
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Table 6.5. Statistical data of

the

poly(AAC)

hydrogel

swelling (%) in a pH 7.4 at

and 7.4 27°C and 37°C.
Time pH12 | pH7.4 Time 27°C 37°C
(min) Swelling | Swelling (min) | Swelling | Swelling
(%) (%) (%) (%)

0 0.00 0.00 0 0.00 0.00
360 222.69 | 801.16 360 359.15 801.16
720 247.23 | 1509.03 720 804.50 | 1509.03
1080 264.41 | 2092.71 1080 | 1448.64 | 2092.71
1440 277.91 | 2944.89 1440 | 2172.07 | 2944.89
1800 287.73 | 3617.49 1800 | 2754.95 | 3617.49
2160 304.29 | 4072.59 2160 | 3365.16 | 4072.59
2520 320.85 | 4150.43 2520 | 3545.04 | 4150.43
2880 321.47 | 4151.89 2880 | 3645.04 | 4151.89

Table 6.6. Statistical data of

the

poly(AAC)

hydrogel

swelling (%) changes in pH

Table 6.7. Statistical data of

the

calibration

curve for

doxycycline (Absorbance v/s
Concentration).

7.4 over time.
Time pH 7.4 Concentration | Absorbance
(hours) Swelling (%) (mg/l)
0 0.00 0 0.00000
6 801.16
12 1509.03 4 0.12681
18 2092.71 8 0.25752
24 2944.89
30 3617.49 12 0.38575
36 4072.59 16 0.51847
42 4150.43
48 4151.89 20 0.65968
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Table 6.9. Statistical data of
the doxycycline drug release
(%) over time at 27°C and
pH 7.4 from

37°C

poly(AAC) hydrogel.

Time pH12 | pH7.4 Time 27°C 37°C
(min) Drug Drug (min) Drug Drug
release | release release | release
(%) | (%) (%) | (%)

0 0.00 0.00 0 0.00 0.00
30 5.56 13.20 30 12.62 13.20
60 9.00 21.62 60 20.16 21.62
90 12.71 29.77 90 24.85 29.77
120 15.75 36.59 120 31.13 36.59
150 17.89 44.02 150 35.32 44,02
180 20.51 47.73 180 39.99 47.73
210 22.12 55.85 210 43.66 55.85
240 24.26 61.26 240 47.86 61.26
270 26.52 65.34 270 50.74 65.34
300 28.60 68.11 300 52.47 68.11
330 28.96 71.17 330 54.33 71.17
360 32.12 76.06 360 56.84 76.06
390 35.00 78.68 390 59.75 78.68
420 35.48 83.41 420 60.85 83.41
450 35.62 87.74 450 62.74 87.74
480 36.71 90.25 480 62.98 90.25
510 37.88 92.14 510 65.42 92.14
540 37.94 94,92 540 66.65 94.92
570 39.12 97.54 570 66.88 97.54
600 39.37 99.65 600 66.88 99.65

Table 6.10. Doxycycline drug release results in terms of correlation coefficient (R?),

slope and intercept of various kinetic models.

Name of the kinetic R? Slope Intercept
model
Zero order 0.964 8.746 19.83
First order 0.804 -0.178 2.248
Higuchi 0.997 0.027 0.377
Korsmeyer-Peppas 0.994 0.672 1.353
Hixson-Crowell 0.963 0.338 -0.311
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Figure 6.1. The chemical structure of doxycycline hydrochloride.

Figure 6.2. Poly(AAC) hydrogel preparation stages (a) in the liquid state, (b) after

gel formation, (c) in a dried state and (d) in the swelling state.
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Figure 6.3. FTIR spectra of poly(AAC) hydrogels (a) AACHL, (b) AACH2, (c)
AACHS3, (d) AACH4, (e) Doxycycline and (f) Doxycycline-loaded

hydrogels.
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Figure 6.4. TGA graph of poly(AAC) hydrogel.
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Figure 6.5. SEM images of (a) AACH1, (b) AACH2, (c) AACH3 and (d) AACH4
dried poly(AAC) hydrogels.

(a)

‘

Figure 6.6. Digital camera photographs of (a) dried and (b) swollen poly(AAC)
hydrogel.
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Figure 6.7. Swelling (%) of different formulation of poly(AAC) hydrogels.
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Figure 6.8. The swelling (%) of poly(AAC) hydrogel at pH range 1 to 10.
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Figure 6.9. The swelling (%) of poly(AAC) hydrogel at pH 1.2 and pH 7.4.
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Figure 6.10. The swelling (%) of poly(AAC) hydrogel at temperatures 27°C and
37°CinpH 7.4,
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Figure 6.11. Changes in the poly(AAC) hydrogel swelling (%) over time in pH 7.4.
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Figure 6.12. The calibration curve for doxycycline (Absorbance v/s Concentration).
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Figure 6.13. Doxycycline calibration curve spectral graph.
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Doxycycline drug release (%) over time in pH 1.2 and 7.4 from

poly(AAM-co-AAC) hydrogel.
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Figure 6.15. The release of Doxycycline drug with time from poly(AAC) hydrogel at
temperature 27°C and 37°C.
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Figure 6.16. Graphical representation of kinetic model drug release from
poly(AAC) hydrogel.
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Figure 6.17. Antibacterial activity of doxycycline drug-loaded hydrogel on (a)
S.aureus (Gram-positive bacteria) and (b) E.Coli (Gram-
negative bacteria).
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Chapter — 7

Conclusion

This chapter discus with the conclusion of the whole research thesis.
7.1. Conclusion of the thesis

The thesis has projected on the synthesis of polymer-based Smart Hydrogels
for drug delivery applications. The poly(acrylamide), poly (acrylamide-co-acrylic
acid) and poly(acrylic acid) hydrogels are synthesized by using N, N’-methylene-bis-
acrylamide as a crosslinker and used to study the controlled release of Levofloxacin,
Moxifloxacin and Doxycycline drugs respectively.

The topics of the thesis focus on current ways for creating controlled-release
drug delivery systems using polymers and the hydrogel formulations that produced
longer-lasting effects. The findings of this research are likely to have a bigger impact
on the pharmaceutical industry. However, in order to produce appropriate
formulations and maintain their stability, the controlled-release formulations
developed in this work will be further detailed in the future. Formulations must also
be tested in animal models for intoxication, effectiveness and feasibility before being

used in humans.
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