IntechOpen

Hydrogels and Nanogels

Applications in Medicine

Edited by Chukwuebuka Umeyor,
Emmanuel Uronnachi and Pratik Kakade







Hydrogels and Nanogels -

Applications in Medicine

Edited by Chukwuebuka Umeyov,
Emmanuel Uronnachi and Pratik Kakade

Published in London, United Kingdom




Hydrogels and Nanogels - Applications in Medicine
http: /dx.doi.org/10.5772/intechopen. 1000374
Edited by Chukwuebuka Umeyor, Emmanuel Uronnachi and Pratik Kakade

Contributors

Hany F. Nour, Ahmed M. Salama, BadriaH.A. Al-Dhuwayin, Amal F. Seliem, Haddad Antonia-Nancy,
Michiaki Matsumoto, Yoshiro Tahara, Asif Mahmood, Hira Ijaz, Rai Muhammad Sarfraz, Nadiah Zafar,
Muhammad Zaman, Mariya Azam, Ruby Varghese, Yogesh Bharat Dalvi, P. Lochana, S. Achinthya,
Bhagyashri Omprakash Somani, Preetha Karnaver, Nebu George Thomas, S. Rupesh, Nibu Varghese,
JayachandranV.P., Mohammed Hussain AL-Mayahy, Hiba Imad Hameed, Mansurat Oluwatoyin Shoge,
Chukwuebuka Umeyor, Emmanuel Uronnachi, Abhit Nayak, Tochukwu Okeke, Purav Shah, Vandana
Patravale, Maryam Adenike Salaudeen

© The Editor(s) and the Author(s) 2024

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED .
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.
@)y |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged . If soindicated, certain images may not be included under the Creative Commons
license. Insuch cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Hydrogels and Nanogels - Applications in Medicine

Edited by Chukwuebuka Umeyor, Emmanuel Uronnachi and Pratik Kakade
p.cm.

Print ISBN 978-1-83769-793-9

Online ISBN 978-1-83769-792-2

eBook (PDF) ISBN 978-1-83769-794-6



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

68(D®+ 183,000+ 19oM+

ailable International authors and editor Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






Meet the editors

Chukwuebuka E. Umeyor isa Senior Research Lecturer in the
Department of Pharmaceutics and Pharmaceutical Technology,
Faculty of Pharmaceutical Sciences, Nnamdi Azikiwe Univer-
sity, Awka, Nigeria. He holdsa BPharm, MPharm, and Ph.D. in
Physical Pharmaceutics and Drug Delivery from the University
of Nigeria, Nsukka, Enugu State, Nigeria. He is a recipient of an
African-German Network of Excellence in Science (AGNES)
Junior Researcher Grant, an International Foundation for Science (IFS) grant, and
a Department of Biotechnology-The World Academy of Sciences (DBT-TWAS)
Postdoctoral Research Fellowship at the Department of Pharmaceutical Sciences
and Technology, Institute of Chemical Technology, Mumbai, India. He has several
publications in reputable peer-reviewed local and international journals to his
credit. His research interests include lipid- and polymeric-based drug and gene
delivery systems, tissue engineering, nanovaccines and adjuvants, nanodiagnos-
tics, brain drug delivery, drug targeting, biomaterials, and more.

Dr. Emmanuel Maduabuchi Uronnachi holds a bachelor’s
degree in Pharmacy and a master’s degree and Ph.D. in Physical
Pharmaceutics (Formulation Science) from the University of
Nigeria, Nsukka, Enugu State, Nigeria. He holds a Postgradu-
ate Diploma in Drug Delivery from the University of Ibadan,
Nigeria. He isa reader at the Department of Pharmaceutics and
Pharmaceutical Technology, Faculty of Pharmaceutical Sci-
ences, Nnamdi Azikiwe University, Awka, Nigeria. His research interests include
nanomedicine, formulation science and drug delivery, with an interest in improv-
ing the solubility and bioavailability of poorly soluble drugs. He has several pub-
lications in reputable peer-reviewed local and international journals to his credit.
Dr. Uronnachi received the Tertiary Education Trust Fund (TETFUND) Nigeria
Institutional Based Research grant and a postdoctoral research grant from Prince of
Songkla University, Thailand.

Dr. Pratik Kakade received his Ph.D. from the Institute of
Chemical Technology, Mumbai, India. He received India’s top-
most and most prestigious prime minister’s doctoral fellowship
for his Ph.D. work. He is also the recipient of two national and
two international awards for poster and oral presentations. He
completed an industrial project on generic, solid, oral dosage
forms and has worked on many other industry projects. He
holds an MBA in Marketing. Dr. Kakade has more than ten publications and one
patent application to his credit.







Contents

Preface

Chapter1

Low-Molecular-Weight Hydrogels: Synthetic Methodologies, Gelation
Mechanisms, and Biomedical Applications

by Hany F. Nour, Ahmed M. Salama, Badria H.A. Al-Dhuwayin

and Amal F. Seliem

Chapter2

Self-Assembled Nanogels Consisting of Cholesterol-Bearing
Polysaccharides and Their Applications in Medicine

by Haddad Antonia-Nancy, Michiaki Matsumoto and Yoshivo Tahara

Chapter 3

Polymeric Hydrogels and Nanogels: Classification, Development
and Pharmaceutical Applications

by Asif Mahmood, Hira ljaz, Rai Muhammad Sarfraz, Nadiah Zafar,
Muhammad Zaman and Mariya Azam

Chapter 4

Physiochemical and Biomedical Properties of Hydrogels: From Fundamentals
to Applications

by Ruby Varghese, Yogesh Bhavat Dalvi, P. Lochana, S. Achinthya,

Bhagyashri Omprakash Somani, Preetha Karnaver, Nebu George Thomas,

S. Rupesh, Nibu Varghese and Jayachandran V.P.

Chapter5
Hydrogels and Nanogels as a Promising Carrier for Drug Delivery
by Mohammed Hussain AL-Mayahy and Hiba Imad Hameed

Chapter 6
Applications of Nanogel in Drug Delivery
by Mansurat Oluwatoyin Shoge

Chapter?7

The Potentials and Challenges of Hydrogels for Ocular Therapy
by Chukwuebuka Umeyor, Emmanuel Uronnachi, Abhit Nayak,
Tochukwu Okeke, Purav Shah and Vandana Patravale

XI

25

43

77

95

113

127



Chapter 8 155
Therapeutic Potentials of Hydrogels and Nanogels in CNS Disorders
by Maryam Adenike Salaudeen

XII



Preface

Literature is replete with numerous benefits derived from rational drug administration
and usage. At any given time, the goal of any clinical therapeutic intervention is

to ensure that the proper dose of the drug is administered to achieve the required
maximum concentration of drug molecules at the required site of activity to achieve
the desired therapeutic response. Sometimes, this vital objective, which improves
the condition of the recipient of the intervention, boosts the confidence of the clini-
cian, and provides the formulator with the feedback needed to sustain the develop-
ment and formulation of quality medicines for clinical applications, is difficult to
realize using the traditional dosage forms owing to factors such as administration of
inappropriate dosage form and dose, low drug efficacy, poor drug bioavailability,
and poor treatment compliance by the patient, among others. Consequently, there is
a constant search for innovative methods to enhance drug delivery for better thera-
peutic outcomes and circumvent the drawbacks occasioned by the constant use of
classic drug delivery strategies.

Whereas the concept of nanotechnology opened novel frontiers for effective delivery
of bio-actives to achieve improved biomedical objectives, the use of biomaterials to
manufacture biomimetic delivery systems, such as hydrogels and nanogels, revolu-
tionized drug administration because of the numerous desirable possibilities, includ-
ing enhanced deposition of entrapped drug and prolonged contact time with the site
of activity. Hydrogels and nanogels are biocompatible and biodegradable nanoma-
terials with pliable properties for the delivery of effective concentrations of drugs,
vaccines, genes, proteins, and more to achieve desirable therapeutic outcomes. This
book, Hydrogels and Nanogels — Applications in Medicine, discusses current strategies
for synthesis and functionalization of hydrogels and nanogels, provides new insights
on the mechanisms of drug release from hydrogels and nanogels, presents techniques
to enhance nanostructure-based cellular and tissue interactions and targeting,
highlights advanced applications of hydrogels and nanogels in medicine, discusses
challenges encountered in the fabrication of hydrogels and nanogels, and proposes
future interventions. It presents is a valuable resource for those who work in formu-
lation science on the development and formulation of hydrogels and nanogels for
effective and efficient drug delivery, which is expected to result in increased scaling
and translation of hydrogel and nanogel delivery systems to commercialized dosage
forms and products available for clinical use.

I acknowledge Publishing Process Manager Tea Jelaca at IntechOpen for guiding

me through the editorial process. I also thank Professor Vandana Patravale of the
Department of Pharmaceutical Sciences and Technology, Institute of Chemical
Technology, Mumbali, India, for providing the conducive environment and necessary
resources to make this project a reality. I also acknowledge the TWAS-DBT-UNESCO
postdoctoral fellowship program for providing the fellowship and travel opportunity
to the Institute of Chemical Technology, Mumbai, India.
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Chapter1

Low-Molecular-Weight Hydrogels:
Synthetic Methodologies, Gelation
Mechanisms, and Biomedical
Applications

Hany F. Nour, Ahmed M. Salama, Badria H.A. Al-Dhuwayin
and Amal FE. Seliem

Abstract

Low-molecular-weight hydrogels (LMWHs) have garnered widespread focus as
versatile soft materials owing to their distinctive characteristics and potential appli-
cations. LMWHs are synthesized from small molecules that, upon assembly, form
entangled aggregates via different types of noncovalent interactions, such as hydro-
gen bonding, van der Waals forces, or n- stacking interactions. LMWHs are charac-
terized by their unique ability to mimic biological systems by effectively absorbing
and retaining large quantities of water. Despite their poor mechanical properties,
LMWHs are widely used in various medical applications due to their easy prepara-
tion, biocompatibility, and low toxicity. Smart LMWHs demonstrate responsiveness
to external stimuli, such as light, temperature, enzymes, or pH, rendering them
ideally adapted for various controlled drug delivery applications. LMWHs have been
extensively employed in different biomedical applications, including drug delivery,
tissue engineering and cell culture, wound healing, and biofabrication. In this chap-
ter, we aim to explore the potential of LMWHs as drug-delivery vehicles for a range
of medications, focusing on the different synthetic strategies, gelation processes, and
drug-loading and releasing mechanisms.

Keywords: low-molecular-weight hydrogels, smart hydrogels, drug delivery,
biomedical applications, stimuli-responsive, gelation mechanisms, noncovalent
interactions

1. Introduction

Low-molecular-weight hydrogels (LMWHs) have gained significant atten-
tion across various disciplines as an important class of soft materials. These gels
are composed of small organic molecules that can self-assemble in water, forming
3D network structures. The self-assembly of LMWHs into entangled networks is
typically driven by various noncovalent interactions, such as hydrogen bonding,
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n-7 stacking, or van der Waals forces. The noncovalent interactions between the
molecules result in the formation of fibrous structures that become entangled and
form hydrogels. LMWHs are known for their high water retention capability, which
imparts them with a resemblance to biological tissues. LMWHs have been widely
studied in various biomedical research areas due to their biocompatibility, tailored
design, cost-effectiveness, and ease of preparation. LMWHs show great potential as
a drug delivery platform, as they can encapsulate drugs and release them in a slow
and sustained manner. For instance, LMWHs have been used to deliver vascular
endothelial growth factor small interfering RNA (VEGF-siRNA) into human cells
[1]. LMWHs derived from vitamin B have been utilized in the delivery of siRNA into
cancer cell lines with high selectivity [2]. LMWHs have also been exploited for the
delivery of proteins [3, 4].

In addition to their use in drug delivery, LMWHs have exhibited significant poten-
tial in several medicinal applications. LMWHs with inherent antibacterial properties
have been widely explored [5-7]. Adams et al. reported the gelation of a naphthalene-
based dipeptide, which was triggered by the oxidation of dopamine, with the gen-
eration of reactive oxygen species (ROS). The hydrogel thus formed demonstrated
potent antibacterial activity against S. aureus [8]. The naturally occurring glycyrrhizic
acid has been used as an injectable hydrogelator with intrinsic antibacterial activity
against S. aureus [9]. Kumar et al. described the gelation of a peptide LMWH with
antibacterial potential against S. aureus [10]. LMWHs that incorporate L-proline or
D-phenylalanine along with thiophene were reported to show potential suppression
of MRSA [11]. Diimidazolium-based LMWHs have been shown to inhibit different
pathogens, such as K. vhizophila, B. subtilis, and E. coli [12]. LMWHs have been evalu-
ated as versatile materials for wound healing applications. LMWHs, when applied to
wounds, can function as a physical barrier that prevents fluid loss and offers a moist
environment that promotes recovery. An illustration of this is a hydrogel prepared
from cytidine, boric acid, and silver nitrate, which has been utilized for wound
healing. It has been shown to have antibacterial effects against S. aureus, E. coli, and P
aeruginosa pathogens and has also been found to promote wound healing in mice [13,
14]. LMWHs have shown remarkable success in the development of potent anticancer
therapeutics [15]. Marlow et al. described the synthesis of LMWHs incorporated
with 5-fluoro-benzothiazole, which exhibited high inhibition of breast and ovarian
cancers [16]. Amphiphilic phenylalanine gelators, when mixed with Au(III) ions in
water, have been shown to generate ROS that inhibit mammalian cancer cells [17].
The use of LMWHs in tissue engineering and 3D cell cultures has undergone remark-
able progress [18]. Lampe et al. demonstrated the synthesis of pentapeptide hydrogels
as the supportive matrix for the cell culture of oligodendrocyte progenitor cells [19].
The oligodendrocyte progenitor cells encapsulated in the hydrogel matrix exhibited
proliferation and extension, indicating the potential utility of LMWHs in tissue
engineering applications. LMWHs have also been employed in biofabrication and cell
adhesion applications [20-22].

This chapter aimed to provide a comprehensive understanding of the design,
synthesis, and applications of LMWHs in drug delivery. We discussed the various
synthetic methods utilized for the fabrication of LMWHs and highlighted the chal-
lenges of using LMWHs as drug carriers along with possible solutions. In addition, we
reviewed the different drug cargos that have been utilized in drug delivery purposes
incorporating LMWHs. These drugs included anticancer, anti-inflammatory, antibac-
terial agents, and vitamins, to name a few. The versatility and potential of LMWHs as
drug-delivery vehicles in various therapeutic areas were emphasized. Furthermore,
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we provided insights into the mechanism of drug release from LMWHs. We also dis-
cussed the influence of the chemical structure of LMWHs on drug delivery efficiency,
highlighting in particular, the importance of their functionalization.

2. Exploring the gelation process of LMWHs

LMWHs can form by self-assembly of small molecular weight molecules into
3D network structures capable of immobilizing water. The gelation process can be
optimized by testing different parameters and observing their influences on gelation.
These parameters include, but are not limited to, the concentration of the gelator,
the temperature of gelation, the pH of the solution, and the addition of an external
agent to promote gelation. Optimizing these parameters can aid in fine-tuning the
conditions required for the organic molecules to dissolve freely in water upon heating
and form a clear solution. Upon cooling, the solution can turn into a gel, which can
be studied to explore the factors that promote and reinforce the gelation. The inclu-
sion of functional motifs, or groups capable of establishing hydrogen bonding or n-n
stacking, into the structural backbone of the gelator is also crucial for promoting the
gelation process [23]. Therefore, by testing and optimizing these parameters, the gela-
tion process of LMWHs can be improved and tailored for specific applications.

3. LMWHs in drug delivery: Opportunities and challenges

LMWHs possess several advantages that make them excellent candidates for
various drug delivery applications, such as biocompatibility, ease of preparation,
structural customization, stimuli-responsiveness, versatility, and controlled drug
release. When drugs are loaded into the hydrogel matrix, they gain extra stability
against degradation, oxidation, and other adverse effects, leading to a longer shelf
life. Additionally, controlled drug release is a crucial benefit of using drug-loaded
LMWHs, as it reduces dosing frequency. LMWHs can be tailored to deliver drugs to
specific areas, which is especially useful in the case of anticancer medications, as it
helps avoid harming healthy cells. Injecting anti-inflammatory and analgesic drugs
into sites of injury or inflammation can also provide prolonged pain relief. Moreover,
the high water content of LMWHs makes them ideal for encapsulating various drugs.
The synthesis of LMWHs is often straightforward and cost-effective when compared
to other drug delivery systems.

Despite their intriguing properties, using LMWHs for drug delivery may have
some critical limitations. For example, some LMWHSs may have weak mechanical
strength, a limited capacity for drug loading, and insufficient drug release, which
could influence their therapeutic effectiveness. In addition, some LMWHs may not
be suitable for encapsulating drugs with poor solubility or achieving targeted drug
delivery. Furthermore, certain LMWHs may have low stability for in vivo studies, and
their efficiency may be affected by changes in pH or temperature, making them less
reliable.

To improve the mechanical strength of hydrogels co-assembly can be utilized.

For instance, acylhydrazone-based hydrogels incorporating bipyridinium units have
been found to form highly stable hydrogels through donor-acceptor charge transfer
interactions with electron-rich naphthyl moieties [24, 25]. The addition of metal ions
can also enhance the mechanical properties and thermal stability of LMWHs [26].
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The design of LMWHs can greatly impact their loading capacity, pH and temperature
stability, targeted delivery ability, in vivo performance, and drug solubility. Therefore,
it is important to customize the design of LMWHs to achieve the desired properties
for specific applications.

Drug loading into the hydrogel matrix can be accomplished using physical
entrapment or chemical modification of the structure of the hydrogelator, with the
former relying on noncovalent interactions and the latter utilizing covalent binding.
Nevertheless, both methods have notable drawbacks. Certain drugs may not establish
strong enough interactions with the hydrogelator, which can result in rapid drug
release, while others may form overly strong interactions, leading to very slow drug
release. Chemical modification of the gelators to integrate drugs into their structural
framework can lead to a decrease in the drug’s effectiveness after its release from the
hydrogel structure. For example, the incorporation of ciprofloxacin into the structure
of a peptide gelator resulted in a reduction of its antibacterial activity [27]. Therefore,
it is highly important to further investigate the process of linking drugs into the back-
bone structure of the gelators as a drug delivery approach. Additionally, it is crucial
to ensure controlled and sustained drug release, especially for physically entrapped
drugs, in order to maintain the drugs’ efficacy and optimize therapeutic outcomes.

Another important challenge facing drug delivery using LMWHs is the limited
drug-loading capacity. This obstacle can be overcome by modifying the hydrogel
structure, such as by incorporating functional motifs or groups that reinforce the
drug’s affinity for the hydrogelator. Moreover, optimizing drug concentration can
also impact the drug-loading capacity. The drug loading can also be improved by
increasing the porosity of the gelator. In addition, considering the pre-loading or
post-loading of drugs into the hydrogel matrix is a critical factor in achieving a high
loading capacity. These strategies are essential to developing effective drug delivery
systems with higher drug loading capacities.

4. Applications of LMWHs in drug delivery

Hydrogel 3 was prepared from the condensation of tricarbohydrazide 1 with
3,4-disubstituted-benzaldehyde 2, with the formation of acylhydrazone linkages
as shown in Figure 1 [28]. Augmented hydrogen bonding of the acylhydrazone
functional motifs prompted gelation of derivative 3 [29]. L-Histidine methyl ester
catalyzed the reaction as a biocompatible organocatalyst at a neutral pH of 7. The anti-
cancer drug doxorubicin (DOX) was loaded into the hydrogel matrix either covalently
or noncovalently based on the sequence of the reactants mixing. The drug release was
accomplished in a buffer solution and peaked at pH 5 due to the hydrolysis of acylhy-
drazone bonds.

The biocompatibility of the gel was evaluated iz vitro on the breast cancer cell line
(MCEF-7) using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-tetrazolium bromide
(MTT) assay. The MCF-7 cancer cell line treated with the hydrogel-DOX matrix
exhibited a 50-70% reduction in cell viability over time, indicating a slow release of
DOX.

Banerji et al. reported the synthesis of a 2,5-diketopiperazine peptide 7, which
gelates at a physiological pH of 7.46 at 37°C and self-assembles in water into nanofi-
brillar structures [30]. Cyclic peptides have a variety of intriguing features, such as
biocompatibility, resistance to degradation, and rigidity. Such interesting proper-
ties enrich their biomedical applications. Hydrogelator 7 was prepared by reacting
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Figure 1.
Synthetic pathway of hydrogelator 3 and the chemical structure of the drug molecule [28, 29].
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Figure 2.
Synthetic pathway of hydrogelators 7 and the chemical structure of the drug molecule [30].

N-(tert-butoxycarbonyl)-L-leucine 4 with S-benzyl-L-cysteine methyl ester 5 in the
presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and hydroxy-
benzotriazole (HOBt) to give compound 6, as illustrated in Figure 2. Then, deriva-
tive 6 was hydrolyzed using trifluoroacetic acid (TFA) to afford the cyclized product
7. Compound 7 forms a stable hydrogel at a critical gelation concentration (CGC) of
0.05% w/v. The backbone structure of compound 7 incorporates two amide func-
tionalities, a thiobenzyl group, and an isobutyl chain, which promotes hydrogelation
via augmented intermolecular hydrogen bonding, n-n stacking, and hydrophobic
interactions. Hydrogelator 7 was employed as a drug delivery carrier for the anti-
cancer drug 5-fluorouracil. The encapsulation efficiency of the hydrogelators 7 was
reported to be 94.46 + 1.04%. Drug release occurred by treating the drug-loaded
hydrogel with a phosphate-buffered saline solution at a pH of 7.46, which resulted in
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Figure 3.
Synthetic pathway of hydrogel 13 and the chemical structures of the drug molecules [31, 32].

90% release. Interestingly, the drug-loaded hydrogel showed higher anticancer activ-
ity against the HCT116 human colon cancer cell with an ICsy of 6.7 + 1.2 uM when
compared to 5-fluorouracil (ICsp = 32.23 + 3.4 uM), possibly due to the slow release of
the drug [30].

Luis et al. described the synthesis of pseudopeptide hydrogelator 13 with a C,-
symmetrical structure (Figure 3). Gelator 13 functions as a drug delivery carrier
for (S)-naproxen and caffeine. The reaction of protected N-Cbz-L-valine 8 with
N-hydroxysuccinimide 9 in the presence of the dicyclohexylcarbodiimide (DCC)
coupling agent yields compound 10 [31]. Derivative 10 reacted with a diamine in
dimethoxyethane (DME) to afford 11.

Compound 11 reacted with succinic anhydride in an alkaline medium to give the
carboxylic-functionalized derivative 13 [32]. Hydrogelation of compound 13 was
conducted in an acidic condition with a reported CGC of 1 mg/mL. Gelator 13 showed
dual thermoresponsive and pH-responsive sol-to-gel transitions. The drug-loaded
hydrogels were evaluated for transdermal drug release in animals, which revealed
slow and sustained pH-dependent drug-releasing potential.

Ionic hydrogels are a readily available and cost-effective class of materials that
have been widely explored as significant drug delivery systems. Cetylpyridinium
salicylate ionogel 16 was prepared from the reaction of cetylpyridinium chloride
14 with sodium salicylate 15 in a mixture of H,0O and acetone (Figure 4) [33].
Cetylpyridinium salicylate 16 gelates in water after standing at 25°C for 12 hours in
the form of long fibers [34]. The CGC of hydrogel 16 was reported to be 4.7% w/v.
The ability of gelator 16 to assemble into fibrous aggregates is mainly driven by non-
covalent hydrogen bonding and hydrophobic interactions. Hydrogelator 16 exhibited
high potential to encapsulate the anticancer drug imatinib mesylate. The drug-loaded
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Figure 4.
Synthetic pathway of ionogel 16 and the chemical structure of the drug molecule [33, 34].
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Figure 5.
Synthetic pathway of hydrogels 21 and 22 and the structures of the drug molecules [35].

ionogel exhibited 53.17, 88.30, and 94.17% releasing at pH 10, 7.4, and 5, respectively,
at a typical temperature of 37°C.

DuttKonar et al. reported the preparation of chiral hydrogelators 21 and 22, which
serve as drug delivery carriers for the anticancer drugs 5-fluorouracil and DOX. As
shown in Figure 5, phenylalanine 17 is esterified with thionyl chloride in methanol to
give compound 18; this product, along with decanoic acid 19 and the coupling agent
DCC, reacted to yield 20. The basic hydrolysis of 20 afforded derivatives 21 and 22.

Compounds 21 and 22 underwent self-assembly, resulting in the formation of
entangled fibrous aggregates facilitated by hydrogen bonding, hydrophobic, and n-n
stacking interactions [35]. The CGCs of hydrogels 21 and 22 were found to be 0.01%
w/v, classifying them as supergelators. The hydrogelators exhibited great biocompat-
ibility when incubated with cancer cell lines, as determined by the MTT assay, and
showed high stability against proteolytic degradation upon incubation with the pro-
teolytic enzyme, proteinase K. Hydrogel nanoparticles of 21 and 22 were utilized as
vehicles for drug delivery of 5-fluorouracil and DOX. Following a 45-hour duration,
the release percentages of 5-fluorouracil were determined to be 43.67% and 41.23%
for 21 and 22, respectively. In the instance of DOX, the release potential of nanopar-
ticle hydrogelators 21 and 22 after 80 hours was 50.57% and 48.64%, respectively.
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Figure 6.
Synthetic pathway of functionalized calixarene devivative 26 and the chemical structure of curcumin [36, 37].

Functionalized calixarene 26 was prepared following the synthetic strategy
illustrated in Figure 6 [36]. Alkylation of calixarene 23 with 1-bromododecane yields
the corresponding tetraalkoxy-calixarene 24.

The tetrachloromethyl-O-dodecyl calix[4]arene 25 is formed by the reaction of 24
with chloro(methoxy)methane in the presence of catalytic SnCl, at —60°C. The reac-
tion of compound 25 with N,N-dimethylaminoethanol gives derivative 26. Consoli
et al. reported the gelation of the polyphenolic curcumin with the cationic choline-
calix[4]arene 26, which has several medicinal applications [37]. Alkoxy chains are
attached to the lower rim of calixarene, while the upper rim is functionalized with
choline moieties. The calixarene-curcumin hydrogel forms by simple mixing of 26
with curcumin in a phosphate-buffered saline solution at physiological pH of 74. The
incorporation of curcumin into the gel matrix has resulted in a remarkable enhance-
ment of its solubility, as well as a considerable improvement in its stability against
photodegradation. The calixarene-curcumin hydrogel is assembled in the form of
nanosphical aggregates. Hydrogelation was assumed to occur via hydrogen bonding
and ion-dipole interactions, forming 3D network structures. The curcumin showed a
slow-releasing potential of 0.30 + 0.02% per hour from the hydrogel matrix.

Gamble et al. described the synthesis of a diphenylalanine-based hydrogel 32
that contains fluorinated-benzyl azide and carbamate moieties [38]. Compound
28 was obtained by reducing the carboxylic group of compound 27 using lithium
aluminum hydride in THF. This was followed by the conversion of compound 28 to
its corresponding azido derivative 29 through a reaction with sodium azide, as shown
in Figure 7. The reaction of azide derivative 29 with N,N’-disuccinimidyl carbonate
in an alkaline medium gave derivative 30. Hydrogelator 32 was then synthesized by
reacting compounds 30 with L-phenylalanyl-L-phenylalanine 31 in a solvent mixture
of THF: H,0 in the presence of Hiinig’s base. Compound 32 forms a hydrogel in a
mixture of H;O: DMSO (5% DMSO) at a pH of 3.7. The CGC of hydrogelator 32 was
reported to be 0.02-0.1 wt%.
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Synthetic pathway of hydrogelator 32 and the chemical structure of the drug molecule [38].

Hydrogelator 32 assembles into entangled fibrous network structures with the aid
of n-x stacking interactions. After 4 hours at 37°C, the hydrogel experienced a gel-to-
sol transition by treating with 5 mM of the biorthogonal reagent cyclooct-4-enol to
afford dissolution product 33 [38]. The evaluation of the drug delivery capability of
hydrogelator 32 was undertaken by encapsulating it with DOX at 0.1 wt%. The drug-
releasing potential was accomplished by treating the drug-loaded hydrogel with 1 mM
of the biorthogonal reagent cyclooct-4-enol. The anticancer drug DOX was released
from the gel matrix (89%) after 24 hours of incubation at 37°C.

The reaction of the nucleoside guanosine 34 with 1-naphthaleneboronic acid
35 in an aqueous KOH solution forms the G-quadruplex hydrogel 36 (Figure 8)
[39]. Hydrogelator 36 self-assembles through augmented interactions such as
hydrogen bonding, n-x stacking, cationic, and ion-dipole interactions. In addition
to the guanosine moiety, hydrogelator 36 incorporates pH-responsive boronate
ester rings. The hydrogel forms nanofibers at physiological pH (pH 7.4), making
it an ideal drug delivery system. The hydrogelator was found to be non-toxic and
biocompatible at high doses when tested against HeLa, MCF-7 breast cancer, and
HEK293 embryonic kidney cell lines [39]. The hydrogel’s drug delivery potential
was assessed using vitamin B12, vitamin B2, and the anticancer drug DOX, which
were separately encapsulated within the hydrogel matrix during the preparation
process. The release of the vitamin or drugs was achieved at a physiological pH of
7.4 and a temperature of 37°C.
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Synthetic pathway of hydrogelator 36 and the structures of the drug molecules [39].

The hydrogel matrices released 30% and 60% of vitamin B12 and vitamin B2
after 40 hours, respectively, and the complete release of all entrapped vitamins
was observed after 94 hours. At an acidic pH of 4.8, vitamin B12 and vitamin B2
were released in amounts of 82% and 75%, respectively. At pH 7.4 and 4.8, the DOX
drug achieved 40% and 76% release, respectively. The pH-responsive behavior of
the hydrogel was attributed to the breakage of hydrogen bonding interactions and
boronate ester bonds.

Nayak et al. described the synthesis of amphiphilic compound 41 as presented in
Figure 9 [40]. Alkylation of phenol 37 with bromo-alcohol 38 in an alkaline medium
yielded alkylated derivative 39. Compound 39 was reacted with maleic anhydride
40 in dichloromethane (DCM) to form derivative 41. Hydrogels were formed from
compounds with (z = 8) and (z = 10) at CGCs of 1.6% and 1.3% w/v, respectively, by
dissolving the compounds in phosphate buffer solutions at varied pH. Compound 41
incorporates phenoxy, carboxylic, ester, and alkyl groups that were engaged in gela-
tion via n-x stacking, hydrogen bonding, and van der Waals interactions. Curcumin
was incorporated into the hydrogel matrix by mixing it with the hydrogelator (» = 10)
at the CGC in a phosphate buffer solution (pH = 8). Drug release occurred via
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Synthetic pathway of hydrogelator 41 and the chemical structure of curcumin [40].

enzymatic- and pH-triggered mechanisms. In the former, the drug-loaded hydrogel
was treated with a solution of lipozyme, which cleaved the functional ester group,
transforming the hydrogel into a sol state. In the latter, acidic treatment (pH = 3.5) of
the drug-loaded hydrogel mediated persistent drug release.

Huang et al. reported the synthesis of the photoresponsive hydrogelator 57 via
the synthetic steps demonstrated in Figure 10 [41]. Amino-chromenone 42 reacted
with bromoacetate 43 in acetonitrile under basic conditions to produce compound
44. Derivative 44 was hydrolyzed under acidic conditions with TFA in a mixture of
DCM and H,O0 to yield carboxylic acid-functionalized derivative 45. Coupling 45
with D-phenylalanine methyl ester hydrochloride 46 using 2-(1H-benzotriazole-1-
y1)-1,1,3,3-tetramethylaminjum tetrafluoroborate (TBTU) yielded the corresponding
ester 47, which was hydrolyzed to afford derivative 48, with a free carboxylic group.
The protection of the glycylglycine amino group using di-terz-butyl dicarbonate 50
yielded the (tert-butoxycarbonyl)glycylglycine 51. The coupling reaction of derivative
51 with the protected boronic acid 54 afforded 55, which on hydrolysis gave 56. The
coupling reaction of derivatives 48 and 56 with subsequent hydrolysis yielded gelator
57. Coumarin-based derivative 57 formed a hydrogel in a 1: 2 mixture of polyethylene
glycol 200 (PEG200) and water at a CGC of 2.7 mg/mL. The hydrogel assembled into
entangled spiral-nanofibers with the aid of intermolecular hydrogen bonding and
n-w stacking interactions. Hydrogelator 57 was found to exhibit a gel-to-sol transition
upon exposure to UV irradiation at a wavelength of 365 nm, which was attributed to
the breaking of the C-N bond. This property was exploited to utilize compound 57
as a drug carrier for the antineoplastic drug cytarabine hydrochloride. Thus, upon
exposure to UV irradiation at 365 nm, the drug was released in a sustained and slow
manner in a phosphate buffer with a pH range of 2.48-8.5. The rate of drug release
was further enhanced by employing a laser as the irradiation source.

DuttKonar et al. reported a simple synthetic method of hydrogelators 60 and 63
[42]. Benzyl carbonochloridate 58 reacted with phenylalanine 59 in a basic medium to
give gelator 60. Similarly, the reaction of (9H-fluoren-9-yl)methyl carbonochloridate
61 with 3-aminobenzoic acid 62, using the same conditions, resulted in the formation
of hydrogelator 63, as demonstrated in Figure 11.

Gelators 60 and 63 were utilized to construct fibrous network aggregates via hydro-
gen bonding and n-x stacking interactions. These network structures were formed at
low CGCs of 0.02% and 0.05% w/v, respectively. Furthermore, when derivatives 60
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Synthetic pathway of hydrogelator 57 and the structure of the drug molecule [41].
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Synthetic pathway of hydrogelators 60 and 63 and the chemical structure of the drug molecule [42].
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and 63 were mixed with Vitamin E-TPGS in light paraffin oil, they formed nanopar-
ticles. These nanoparticles were used as drug delivery systems for the anticancer drug
5-fluorouracil. The nanoparticles of compounds 60 and 63 exhibited high entrapment
efficiencies of 77.57% and 84.52%, respectively. Drug release was assessed by immers-
ing the drug-loaded nanoparticles in a phosphate buffer at a pH of 74. The drug release
was pH-dependent, with hydrogelator 60 exhibiting a faster release rate than hydro-
gelator 63. After 3 hours of immersion, hydrogelator 60 released 50% of the drug,
whereas hydrogelator 63 released the same amount after 4 hours.

Bajaj et al. reported the synthesis of gelator 68 which incorporates naphthyl,
amide, and hydrazide moieties as demonstrated in Figure 12. The synthetic method
includes the reaction of 2-(naphthalen-1-yl)acetic acid 64 with methyl L-alaninate
65 in dry DCM in the presence of 1,1’-carbonyldiimidazole 66 to afford methyl
(2-(naphthalen-1-yl)acetyl)-D-alaninate 67. The reaction of ester 67 with hydrazine
monohydrate in methanol yields hydrazide 68 [43]. The hydrogelation of compound
68 is mainly facilitated by intermolecular hydrogen bonding of the hydrophilic and
n-7 stacking of the hydrophobic constituents, potentially leading to the formation of
nanofiber aggregates at a CGC of 1.0% w/v [43]. Hydrogelator 68 was employed as
a drug delivery carrier for a series of anticancer medications (Figure 12). The drugs
were added to saturated aqueous solutions of gelator 68 on hot, with maximum
encapsulation efficiency achieved by 5-fluorouracil. The drug-loading potential
of hydrogelator 68 is highly attributed to its ability to establish stable noncovalent
interactions with the drug molecules.

O

NoH4.H,0 OO
—_—
MeQOH

H

|\|’:\n'“"l\u-|2
H o

68

Doxorubicin Docetaxel Tamoxifen
0
¢l O._ _NH, HN/iF
HaN-Pt-Cl Pt. OAN 5
NH, 0 NH; H
0
Cisplatin Carboplatin 5-Fluorouracil

Figure 12.
Synthetic pathway of hydrogelator 68 and the structures of the drug molecules [43, 44].
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Cisplatin and carboplatin showed minimum loading efficiency despite their
relatively low molecular weights due to the absence of n-n stacking interactions and
disruption of hydrogen bonding of the gelator by the amino groups [44]. The hydra-
zide group existing in the structural framework of gelator 68 could interact with
DOX, resulting in high entrapment potential; however, this might lead to undesired
structural modulation of the drug [44]. The release of the drugs was achieved at 37°C
and a physiological pH. The drug-loaded hydrogels exhibited a release of 60-80%,
except for cisplatin and carboplatin, which could be ascribed to the strong, estab-
lished hydrogen bonding interactions with the hydrogelator.

Compound 71, incorporating two fluorenyl moieties, was prepared by reacting
(9H-fluoren-9-yl) methyl carbonochloridate 69 with 2,3-diaminopropanoic acid hydro-
chloride 70 in a basic medium as shown in Figure 13 [45]. Shanmugam et al. demon-
strated the ability of compound 71 to form stable hydrogel networks [46]. Compound
71 featured carbamate and fluorenyl groups, which facilitate the formation of intermo-
lecular hydrogen bonding and n-= stacking interactions. The gelation of compound 71
occurred by dissolving it in DMSO with the successive addition of buffer solutions at
varying pH values (pH = 4.9, 74, and 9.1) to form entangled nanofibers. The CGCs at
pH values of 4.9, 7.4, and 9.1 were reported to 0.3, 1.0, and 1.3 wt%, respectively. The
drug encapsulation and release potential of hydrogel 71 was assessed at pH 7.4 using
vitamin B12. The hydrogel prepared at a gelation concentration of 1.5 wt% was diluted
with the phosphate buffer containing vitamin B12. The gel released 50% of vitamin B12
in a sustained and slow fashion after 24 hours of incubation. Hydrogelator 71 revealed
cell viability and proliferation against the human fibroblasts (3T3) cell line utilizing
the MTT assay, indicating its biocompatibility. Nilsson ez al. reported the preparation
of compounds 75-77 containing fluorenyl moieties (Figure 14) [47]. Compound 72
reacted with the protected tert-butyl(3-aminopropyl) carbamate 73 in DCM: DMF in the
presence of EDC, HOBt, and Hiinig’s base to afford 74. Acidic hydrolysis of compound
74 with TFA in DCM vyielded derivatives 75-77. Gelation took place by treating heated

OOIO’HH
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NH; HCI O
71

O Dloxane

69 70

O:p.d HN
o
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Figure 13.

Synthetic pathway of hydrogelator 71 and the chemical structure of the drug molecule [45, 46].
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Synthetic pathway of hydrogelators 75-77 and the structure of the drug molecule [47, 48].

aqueous solutions of 75-77 with NaCl at varied concentrations (2.5 mM, 5 mM, and
10 mM). The addition of NaCl boosts gelation by decreasing the repulsive effect of
the cationic (—NH;") group. Compounds 75-77 assemble into nanofibers at or below a
concentration of 10 mM [48].

Gelators 75-77 developed at or above 30 mM exhibited outstanding stability, ren-
dering them appealing candidates for drug delivery applications. Gelators 75-77, as
well as an equimolar co-assembly of compounds 75 and 77, were studied in vitro and
in vivo for their ability to serve as drug delivery vehicles for the anti-inflammatory
drug diclofenac. Diclofenac was dissolved in water and mixed with 75-77 or 75:77,
with the subsequent addition of NaCl to promote hydrogelation.

The drug-loaded mixtures were incubated with a phosphate-buffered saline
solution at a pH of 7 and a temperature of 37°C. All the hydrogels displayed slow and
sustained drug release over the course of time in the order 75:77 > 75 > 76 > 77. When
the drug-loaded gel 77 was injected into mice with localized induced injuries, the
drug release was slow and sustained [48].

Drug loading can also be achieved by linking drug molecules to the gelators, while
release can be triggered using appropriate stimuli. Kundu ez al. described the synthe-
sis of hydrogelator 87, tethered to the anticancer drug 5-fluorouracil (Figure 15) [49].
The (tert-butoxycarbonyl) phenylalanine 78 reacted with ethyl phenylalaninate 79
in the presence of the coupling agent TBTU and Hiinig’s base at room temperature to
yield 80, which on hydrolysis gave 81.

The reaction of the anticancer drug 5-fluorouracil 82 with the protecting agent
N,O-bis(trimethylsilyl)acetamide 83 affords derivative 84, which reacted with
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Synthetic pathway of hydrogelator 88 and the structure of the drug molecule [49].

4-(bromomethyl)-3-nitrobenzoic acid 85 in acetonitrile under reflux to give 86. The
coupling of compound 81 with 86 forms the peptide-containing drug 87, which on
hydrolysis affords gelator 88. The CGC of gelator 88 was determined to be 2 wt%. The
surface morphology of hydrogelator 88 revealed the formation of entangled fibrils.
The irradiation of gelator 88 using UV light at 365 nm induced 26% liberation the
drug after 40 minutes [49]. The biocompatibility of hydrogelator 88 was investigated
using the HeLa cell lines and the MTT assay, which revealed cell viability up to 111 pg.
Pianowski et al. reported the synthesis of hydrogelator 94, which incorporates
a photoswitchable azo functional group (~N=N-) as indicated in Figure 16 [27].
The reaction of derivative 89 with N-Boc-L-lysine methyl ester hydrochloride 90
in DMF in the presence of TBTU and N-ethyl-N-isopropylpropan-2-amine gave 91.
Acidic hydrolysis of derivative 91 using TFA in DCM gave 92. The reaction of 92 with
N-methylmorpholine 93 in a solvent mixture of 2-butanol: AcOH and in the presence
of Hiinig’s base afforded gelator 94 in the trans-form.
Compound 94 gelates in a phosphate-buffered saline solution (pH 7.4) in the form
of fibril structures with a CGC of 3.0 wt%. The hydrogelation is triggered by hydrogen

16



Low-Molecular-Weight Hydrogels: Synthetic Methodologies, Gelation Mechanisms...
DOI: http://dx.doi.org/10.5772/intechopen.1002012

H o]
TUT DI g oS
0% 0OH N® o N_A o H

Fj@ RN ¢

N
i H
o i 0
89 TBTU, DMF >|/ E
H 0 N DCM
XOTN\/\/\HLO/ HCI N TFA
0 NH F
90 91

+ :
N NH; ),]\ N 0
F
92

oo g
Q, Cl ONa
E N oj,N
| .., Cl
(5)-Naproxen 0 ﬂ r

Diclofenac sodium

O
Hm ] ﬁ“ NJTH O O LNH °
0 ol,r\l 0 Mot Ny A NHz
N A0 kn’N‘_:AO 0 0 Cytochrome C
4 OH 0 A
Ciprofloxacin Dactinomycin
Figure 16.

Synthetic pathway of hydrogelator 94 and the structures of the drug molecules [27].

bonding of the amide functional motifs and n-r stacking interactions of the aryl moi-
eties. The hydrogel underwent gel-to-sol transition upon exposure to green light at
523 nm after 3 hours of irradiation [27]. Several pharmaceutical molecules and a protein
were encapsulated within the hydrogel matrix during fabrication, including (S)-
naproxen, ciprofloxacin, dactinomycin, diclofenac, and cytochrome C. The cargo release
was accomplished upon irradiation of the drug or protein-loaded hydrogel with a green
light at 523 nm. The half maximal effective concentration (ECsy) of hydrogelator 94
against the HeLa cell lines using the MTT assay was >500 pM, indicating lower toxicity
on the human cell lines [27]. In another related study, the photoresponsive hydrogelator
98 was designed as a drug delivery carrier for the anticancer drug doxorubicin (Figure
17) [50]. The reaction of compound 95 with N-Boc-L-lysine methyl ester hydrochloride
90 in DMF in the presence of TBTU and Hiinig’s base featured the azo-derivative 96.
Hydrolysis of compound 96 with TFA in DCM afforded compound 97, which, on
reaction with N-methylmorpholine 93 in 2-butanol: AcOH and Hiinig’s base yielded
the corresponding derivative 98. Similar to fluorinated hydrogel 94, hydrogelator
98 is assembled into fibers by hydrogen bonding and n-x stacking interactions. The
gel-to-sol transition was triggered by irradiation with UV light at 365 nm, while
the sol-to-gel transition was achieved by irradiation with blue light at 460 nm. The
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Synthetic pathway of hydrogelator 97 and the structure of the drug molecule [50].

irradiation of hydrogelator 98 with UV light at 365 nm disrupted intermolecular
noncovalent interactions with transformation to the liquid c¢is-form. The CGC of gela-
tor 98 was determined to be 1.0% [50]. The mechanical properties of hydrogelator
98 were improved by conducting gelation in aqueous NaCl solution. Hydrogelator 98
was utilized as a delivery system of DOX and herring testis DNA (htDNA). The cargos
were encapsulated with the hydrogel during the synthesis at 1.5% gel concentration.
After irradiating the DOX- or htDNA-loaded hydrogel with UV radiation at 365 nm
for 30 minutes, 70% and 40% of DOX and htDNA were released, respectively.

In summary, Table 1 presents an overview of the hydrogelators discussed in this
chapter, along with their CGCs, the substances that can be trapped within the hydro-
gel matrix, and the conditions under which drug release occurs.

Entry CGC Cargos Stimulus References
3 — DOX pH [28,29]

7 0.05% w/v 5-FU pH [30]

13 1mgmL™’ (S)-NAP, CAF pH [32]

16 4.7% w/v M Franz diffusion [34]
21,22 0.01% w/v 5-FU, DOX pH [35]

2 — CUR pH 37]

32 0.02-0.1wt% DOX Bioorthogonal trigger [38]

36 — B12, B2, DOX pH [39]
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Entry CGC Cargos Stimulus References
41 13w/ CUR Enzyme/pH [40]
57 27mgmL™ ARA-C Light [41]
60 0.02% w/v 5-FU pH [42]
63 0.05% w/v 5-FU pH [42]
68 1.0% w/v DOX, DTX, pH [43]
TAM, CP, CB,
5-FU
71 0.3 wt% B12 pH [46]
75,76,77 25,2.5,5mM DCF pH [47, 48]
88 2wt% 5-FU Light [49]
94 3.0 wt% (S)-NAP, CIP, Light [27]
ACTD, Cytc,
DCF
98 1.0% DOX, htDNA Light [50]

Abbreviations: DOX, Doxorubicin; 5-FU, 5-Fluorouracil; (S)-NAP, (S)-Naproxen; CAE, Caffeine; IM, Imatinib
mesylate; CUR, Curcumin; B12, Vitamin B12; B2, Vitamin B2; ARA-C, Cytarabine; DTX, Docetaxel; TAM,
Tamoxifen, CB Cisplatin; CB, Carboplatin; DCE, Diclofenac; CIB, Ciprofloxacin; ACTD, Dactinomycin; Cytc,
Cytochrome c.

Table1.
Overview of hydrogelators, CGCs, drug trapping, and release conditions.

5. Conclusions and prospects

LMWHs have emerged as promising materials with potential applications in vari-
ous research areas. The unique properties of LMWHs, such as cost-effective prepara-
tion, easy functionalization, biocompatibility, low toxicity, and ability to respond to
external stimuli, make them ideal candidates for different biomedical applications.
LMWHs have shown great potential as drug delivery vehicles for a variety of drugs.
However, there are several obstacles that should be addressed in order to fully exploit
their promise in drug delivery applications. One of the major drawbacks of LMWHs
is their weak mechanical strength, which can be tuned by modifying the structure
of hydrogelators, such as incorporating more functional motifs, to promote and
strengthen noncovalent interactions. Co-assembly can also reinforce the mechanical
properties of LMWHs. The stability of LMWHs under physiological conditions or in
response to external stimuli is a crucial factor that should be considered during the
development of hydrogels intended for drug delivery applications. LMWHs possess
limited drug-loading capacity and, in some circumstances, lack targeted drug deliv-
ery. Therefore, the development of more sophisticated strategies for improving the
drug-loading potential of LMWHs is an urgent necessity. Moreover, drug release from
LMWHs may also be inefficient, leading to suboptimal therapeutic effects. Thus, care-
ful design of the structure of the hydrogelators and selection of the triggers are crucial
for achieving optimal drug release. Finally, sustained and slow releases of drugs are
two vital aspects to be accomplished for efficient drug delivery using LMWHs.

We hope that this chapter will spark further investigations into the synthetic
approaches of LMWHs and lead to the discovery of novel gelators with potential
applications in drug delivery.
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Abstract

Cholesterol-bearing polysaccharides form self-assembled nanogels in water,
which are versatile materials suitable for numerous applications in medicine. They
are used in cancer vaccines, nasal vaccines, gene delivery, and regenerative medicine.
Self-assembled nanogels encapsulate and provide controlled release of various drugs,
including proteins (antigens for vaccines and growth hormone for regenerative
medicine) or genes (siRNA and plasmid DNA). Moreover, self-assembled nanogel
cross-linked macro-sized gels can act as scaffolds to support cell growth and tissue
regeneration, making them valuable in tissue engineering and bone repair. Overall,
self-assembled nanogels have a variety of medicinal uses and special properties that
can improve patient care and progress the medical field.

Keywords: nanogels, self-assembly, cancer vaccine, nasal vaccine, gene delivery,
regenerative medicine

1. Introduction

Self-assembled nanogels are created when molecules, including polymers,
self-assemble into three-dimensional cross-linked networks, which can entrap
therapeutic compounds or medications. The development of self-assembled polymers
dates back to the 1980s, when scientists first started looking into the characteristics
of self-assembled micelles. Micelles have a core-shell structure using amphiphilic
block copolymer molecules with hydrophilic and hydrophobic polymer segments [1].
Following the report of polymer micelles as self-assembled polymer-based nanopar-
ticles, self-assembled nanogels were first reported in 1993 [2], and researchers started
looking into the potential of self-assembled nanogels for drug delivery in the 1990s.
Compared with alternative drug delivery systems, these materials have a number of
advantages, including high stability, biocompatibility, and the capacity to encapsu-
late both hydrophobic and hydrophilic drugs. Novel varieties of nanogels have been
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Figure 1.
Self-assembly of cholesterol-bearing polysaccharides.

created for various purposes, such as tissue engineering, medication delivery, and
diagnostic imaging. In 2007, the International Union for Pure and Applied Chemistry
(IUPAC) published a document defining the term “nanogel” [3], and in 2009, a
detailed review of nanogels and medical applications was published [4]. Nanogels
are regarded as one of the most important formulation classes of nanoparticles.
Although various research articles and reviews on nanogels have been published, even
in the 2020s, it should be noted that nanogels are different from other polymer-based
nanoparticulate formulations, such as polymeric micelles, polymeric nanospheres,
and polymersomes. The water content of nanogels (especially hydrogel nanopar-
ticles) should be high because they are nanometer-sized hydro-“GELs.” Cholesterol-
bearing polysaccharides contain a high amount of water and are the most studied
self-assembled nanogels. This review is focused on cholesterol-bearing polysaccha-
rides, including their history and medical applications (Figure1).

2. Basic research of self-assembled nanogels

2.1 Pioneer research of self-assembled nanogels

The research related to “supramolecular chemistry,” “self-assembly,” and
“host-guest interactions” had been attracted much attentions in the research field
of chemistry from 1980s to 2000s [5]. The biomedical applications had been carried
out using these self-assembled materials including liposomes [6] and polymeric
micelles [1]. In 1993, cholesterol-bearing pullulan (CHP) emerged as one of the first
generation of self-aggregating nanogels [2]. Nanogels are nanometer-sized hydrogels.
The self-aggregation and complexation behavior of nonionic pullulan derivative
CHP-55-1.6, in which cholesterol groups were substituted at 1.6 per 100 glucose units
of pullulan (molecular weight of 55,000), in water has been examined. CHP-55-1.6
generates monodispersive nanoparticles, and a single nanoparticle has microdomains
comprising several hydrophobic cholesterol cores. The review published in 2009
described that this CHP nanogel is the firstly reported nanogel clearly showing the
properties of nanometer-sized hydrogels [4]. In 1997, CHP nanogels with pullulan
of various molecular weight pullulan and cholesteryl groups of various degrees of
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substitution were able to form monodisperse self-assembled nanoparticles in water.
As the degree of substitution of the cholesteryl moiety increases, the size of the self-
aggregate increases. Cholesteryl moieties are distributed within the particle to create
a poly-core structure and to provide non-covalent cross-linking sites for the gels.
Therefore, the hydrogel nanoparticle’s overall size and polymer density are readily
controlled by substitution degree of cholesteryl group [7].

2.2 Functions of molecular chaperone

Complexation between the CHP nanogel and bovine serum albumin (BSA) or
insulin was investigated in 1996 and 1998 [8, 9]. These studies found that the complex
of insulin and CHP nanogel is a stable colloid that can resist thermal denaturation
and enzymatic degradation, thus maintaining its physiological activity. Subsequently,
self-assembled nanogels have been investigated as molecular chaperones. Generally,
proteins functioning as molecular chaperones are popular because they can avoid
aggregation and misfolding. Owing to their high surface area and capacity to encap-
sulate proteins, self-assembled nanogels can imitate natural chaperones and function
as synthetic molecular chaperones to prevent protein aggregation and misfolding in
vitro. By creating a safe environment, nanogels can prevent denaturation of proteins.
For example, proteins enclosed in the hydrophobic core of nanogels are protected
from hostile environments.

In 1999, CHP nanogels were shown to undergo complexation with carbonic anhy-
drase B, which is then fully prevented from irreversibly aggregating upon heating.
Upon release, the enzyme refolds to take on its natural form, recovering almost all of
its original activity. The enzyme’ heat stability is greatly enhanced by the unfolded
form that is captured, allowing for efficient refolding [10]. Extensive studies on
the use of CHP nanogels in protein refolding were reported in 2003. CHP nanogels
act as molecular chaperones and efficiently prevent protein aggregation during the
refolding of denatured proteins, such as carbonic anhydrase and citrate synthase. The
proteins are released upon dissociation of the gel structure by cyclodextrins (CD),
allowing for high enzyme activity. The nanogels trap refolded intermediate proteins
and can be used in the renaturation of recombinant proteins from the serine protease
family [11]. The dynamic properties of CHP-CD complexes, made of CHP and CD,
have been investigated using various types of CDs. CHP nanogels self-regulate protein
attachment and dissociation depending on the concentration of CD [12]. Another
study examined the effect of CHP nanogels on the colloidal and thermal stability
of lipase. The results showed that CHP nanogels significantly increase the enzyme
activity and thwart the denaturation and aggregation of the lipase upon heating [13].
In another study, CHP nanogels were used to capture partially or completely unfolded
green fluorescent protein. After complexation with methyl-beta-cyclodextrin, CHP
nanogels separate to produce dissociated CHP, enabling the release and folding of
green fluorescent protein. The folding kinetics are similar to that of spontaneous
folding [14]. In a 2011 study, artificial chaperones based on CHP nanogels were used
to enhance the folding efficiency of rhodanese and various water-soluble proteins
generated in cell-free systems. In the presence of cyclodextrin, proteins fold correctly
to produce enzymatically active proteins because the nanogel inhibits protein aggre-
gation [15].

Medical applications have been explored. For example, in 2006, CHP nanogels
were used to bind to partially unfolded proteins to prevent protein aggregation.

CHP nanogels have been used as artificial chaperones to prevent the development of
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amyloid beta-protein (Ab) fibrils, which are thought to represent a crucial stage of
Alzheimer’s disease. These fibrils contain up to 6-8 Ab molecules, and amine-modi-
fied CHP (described below) has been shown to inhibit Ab aggregation [16].

2.3 Varieties of self-assembled nanogels

There are multiple types of self-assembled nanogels. The broad class of
self-assembled nanogels can be created by using a wide range of building elements
[17]. Research conducted in 2009 discovered that cholesterol modified with a highly
branched cyclic dextrin (CH-CDex) can spontaneously form stable, monodisperse
nanogels in water. These nanogels exhibit exceptional colloidal stability by capturing
insulin. CH-CDex nanogels prevent insulin from dissociating for over 30 days, and
in the presence of BSA, insulin is gradually released. A nanogel-protein complex
was found to be more stable than the lone protein owing to its highly branched
CDex structure [18]. In another study, a monodisperse, spherical, hyperbranched
nanoparticle called enzyme-generated glycogen (ESG) was proven to serve as a
synthetic chaperone for protein engineering. ESG has a cholesterol group, which
enables the creation of amphiphilic ESG nanoballs that can form complexes with
proteins. The cluster nanogels are then broken up by cyclodextrin [19]. In a subse-
quent study using ESG containing hydrophobic groups, amphiphilic ESG nanogels
with a radius of 15 nm were found to inhibit carbonic anhydrase from irreversibly
aggregating. Without causing the nanogels to separate, cyclodextrin triggers the
release of carbonic anhydrase in its active state [20]. Anionic nanogels based on
hyaluronic acid (HA) and containing cholesterol groups have been developed for
protein delivery. These nanogels can bind to different kinds of proteins without
denaturing them, and they can associate with salt to form an injectable hydrogel.
According to one study, the level of recombinant human growth hormone (rhGH)
in plasma can be preserved for a whole week through the in situ gel formulation of
rhGH with HA nanogel, which is a useful way to create sustained protein release
systems [21]. In a recent study, HA nanogels were used as molecular chaperones of
antibodies to prevent heat denaturation, revealing that HA nanogels can encapsulate
a high amount of antibodies and increase the activities of antibodies [22]. In 2017,
cholesterol-bearing xyloglucan (CHXG) nanogel was created by incorporating mul-
tibranched polysaccharide with xylose and galactose side chains into CHXG nanogel.
This nanogel is selectively internalized by hepatocytes via their cell-surface galactose
receptors [23].

Recently, several biomedical applications have been reported using hybrid materi-
als of CHP nanogels and inorganic materials, which showed the magnetic responses
and named as magnetic nanogel chaperone. Caspase-3 (protease inducing apoptosis)
was directly delivered to the target HeLa cells by the magnetic nanogel chaperone
after they were guided there by a magnetic field [24]. Subsequent study indicated that
saporin (anticancer proteins) can be magnetically steered using magnetic nanogel
chaperone in vivo and lowered the tumor’s size in an oral cancer model [25].

3. Cancer immunotherapy

Owing to their effectiveness in delivering antigens to immune cells and in
triggering immunological responses, CHP nanogels have attracted interest in the
fields of cancer vaccines and cancer immunotherapy [26]. In early studies, CHP
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nanogels were used to encapsulate stable, long-lasting antigens and thus create cancer
vaccines. These vaccines can be made to induce certain cytotoxic T lymphocyte (CTL)
responses against cancer cells. Recently, CHP nanogels have been used to deliver anti-
gens to tumors directly and to stimulate immunological responses, with checkpoint
inhibitors, against cancer cells. Self-assembled nanogel-based immunotherapeutic
drug delivery against cancers is reviewed in this section.

In 1998, a novel hydrophobized polysaccharide nanoparticle formula, (cholesterol-
bearing pullulan (CHP) and mannan (CHM) encapsulating human epidermal
growth factor receptor 2 (CHP-HER2 and CHM-HER?2)) was created to transport an
oncogene HER2-containing epitope peptide to the major histocompatibility complex
(MHC) class I pathway, generating CTLs and boosting humoral immunity against
cancer. In mice, the CHP-HER2 and CHM-HER2 complexes successfully triggered
total tumor rejection, in which cluster of differentiation 8 (CD8)-positive T cells were
crucial in the effector phase of in vivo tumor rejection. These findings suggest that
self-assembled nanogel vaccination is useful for both cancer treatment and preven-
tion [27]. Research further showed that peptides HER2p63-71 and HER2p780-788 (an
epitope peptide to the MHC class I pathway) encapsulated in CHP nanogels activated
CD8-positive CTLs to act against HER2-positive malignancies, resulting in the total
rejection of tumors in mice. This supports the possibility of using researched vaccines
for treating and preventing cancer [28]. Subsequently, the use of human dendritic
cells in immunotherapy was researched with complexes of CHP nanogels and target
proteins (a shortened HER2 protein). These complexes were taken up by human
dendritic cells, which then processed the complexes to present the HER2p63 peptide,
activating and enhancing CD8-positive T cells with the used peptide’s specificity
[29]. In 2006, the results of a human clinical trial using CHP-HER2 vaccination were
reported. All processes were carried out under good manufacturing practice (GMP)
grade condition. Five patients who received the immunization showed HER2-specific
CD8 and CD4-positive T cell immunological responses, indicating that the vaccine
was both safe and efficient in eliciting an immune response against HER2-expressing
tumors [30]. In a 2007 study, nine patients who received the CHP-NY-ESO-1 com-
plex vaccine showed a rise in the responses of CD8 and CD4-positive T cells, as well
as two dominant NY-ESO-1 regions. Local redness at the injection site was shown
in all patients, while these reactions disappeared within three days. The safety of
subcutaneous administration of CHP nanogel was confirmed [31]. In a research in
which patients with malignancies expressing HER were subcutaneously administered
vaccines, the CHP-HER?2 vaccine induced CD8- and CD4-positive T cell immune
responses specific for 146HER2. Moreover, fourteen individuals with baseline nega-
tive HER2-specific IgG antibodies had raised 146HER?2 antigens. In patients who
received the lone CHP-HER?2 vaccine, the antibodies were not reactive until the
third to sixth immunization. In contrast, in patients who received CHP-HER2 with
the granulocyte-macrophage colony-stimulating factor vaccine, antibodies were
detectable after the second or third immunization and peaked after the third or
fourth round [32]. A 2014 basic study on mice suggested that targeting medullary
macrophages is an efficient strategy to induce immunological responses with CHP
nanogel-based vaccinations. CHP nanogels were used to encapsulate a synthetic long
peptide antigen, which efficiently reached the draining lymph node. Furthermore,
long peptides were detected in medullary macrophages but were not detected in other
macrophages or dendritic cells. These vaccines significantly inhibited in vivo tumor
growth in both prophylactic and therapeutic settings [33]. Researchers also investi-
gated whether a cholesterol-bearing cluster dextrin and CHP nanogels could activate
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CTLs and thus the T helper 1 (Th1) pathway. In comparison to lone antigen, both
self-assembled nanogel vaccines activated CTLs to a greater extent and stimulated the
generation of IgG2a antibodies. The distribution of antigens in the draining lymph
nodes delivered by nanogels was evaluated, revealing productive interactions with
particular groups of cross-presenting dendritic cells [34]. To improve interactions
with antigen-presenting cells in the lymphatic system, CHP nanogels were modi-

fied to exhibit a net anionic charge by carboxyl group substitution. These nanogels
showed effective antigen presentation and significantly increased adaptive immunity
[35]. The possibility of combining the CHP nanogel vaccine with an immune check-
point inhibitor was investigated. An antigen-loaded CHP nanogel with an anti-PD-1
antibody increased the effectiveness of cancer treatments [36]. The above vaccines
based on self-assembled nanogels were all administered by subcutaneous injection. In
2019, an antigen with CHP nanogels were systemically administered by intravenous
injection to investigate immune resistance in solid tumor models. The results revealed
that CD11b and F4/80-expressing tumor-associated macrophages (TAMs) were par-
ticularly important for antigen presentation and immune resistance. By intravenously
injecting a delivery system targeting TAMs, namely, antigen-loaded CHP nanogels
and a Toll-like receptor agonist, antigen-presenting activity in the cancer microen-
vironment was boosted, and silence tumors were transformed to tumors sensitive to
adaptive tumor-specific CTLs [37].

4. Cationic nanogels and its applications (nasal vaccine and gene delivery)

As shown above, early development of self-assembled nanogels for medical appli-
cations mainly used CHP nanogels, which have electrically neutral surface charges.
Since 2005, cationic group-modified self-assembled nanogels have been prepared for
various applications, including intracellular drug delivery, nasal administration, and
gene delivery.

4.1 Cationic nanogels

In 2005, monodisperse hybrid nanoparticles were created using quantum dots
(QDs) and CHP nanogels modified with amino groups (CHPNH,) to provide novel
carriers for intracellular labeling. Compared with traditional carriers, namely,
cationic liposomes, CHPNH,-QD complexes demonstrated an improved efficiency for
the absorption by multiple human cells [38]. Subsequently, the delivery of intracel-
lular proteins via a CHPNH, nanogel system was studied. Other traditional cationic
drug carriers (cationic liposomes and protein transduction domain-based carriers)
were less effective at internalizing HeLa cells in the presence of serum than CHPNH,
nanogels [39]. In another study, CHPNH, nanogels were shown to provide effective
delivery of proteins to myeloma cells and primary CD4-positive T lymphocytes. These
cells are often resistant to protein transduction domain-mediated delivery because of
inadequate heparan sulfate expression [40].

A different kind of cationic nanogel, namely, cholesterol-bearing cycloamylose
modified with spermine (CH-CA-spe), was created for gene delivery. The spermine
component enables the CH-CA-spe nanogel to carry genes. Moreover, the polyamine
interacts with DNA or RNA molecules through electrostatic interactions to encourage
condensation and prevent degradation.
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4.2 Nasal vaccines

Owing to their special qualities, including positive charge, size, and stability,
cationic nanogels have attracted considerable attention as prospective vaccine deliv-
ery systems for nasal administration. Compared with other administration routes,
the nasal route has a number of benefits, including the capacity to trigger mucosal
and systemic immune reactions, as well as being noninvasive and simple to use. In the
nasal mucosa, cationic nanogels can effectively attach to and distribute vaccination
antigens for uptake by dendritic cells and other antigen-presenting cells. The positive
charge of cationic nanogels interacts with the negative charge of the mucosal surface,
which improves the adherence and penetration of cationic nanogels into the nasal
epithelium.

In 22010 research, to evaluate the potential of cationic CHP (cCHP) nanogels
for the nasal vaccine delivery system, a nontoxic fragment of Clostridium botulinum
type-A neurotoxin (BoHc/A)-loaded cCHP nanogels was prepared. The system
successfully elicited potent immunological responses, and it did not accumulate in
the brain or olfactory bulbs [41]. Subsequently, pneumococcal surface protein A
(PspA) was combined with cCHP nanogel to provide a safer and more potent vaccine
against pneumococcal respiratory infections. This nasal vaccination made from PspA
and cCHP nanogels offered defense against Streptococcus pneumoniae and inhibited
bacterial invasion and colonization in respiratory tracts. Systemic and nasal mucosal
Th17 responses were elicited, and PspA-specific antibodies were produced without
harmful effects [42]. Next, cCHP nanogels containing PspA antigens were nasally
administered to nonhuman primates to examine the safety and effectiveness of
vaccines against pneumococcal infection. Compared with lone PspA, PspA-nanogel
demonstrated longer-term retention in the nasal cavity. Productions of PspA-specific
blood IgG and IgA antibodies were induced in cynomolgus macaques. Th2 and Th17
cytokine responses, as well as elevated levels of micro-RNA (miR)-181a in the blood
and miR-326 in macaque respiratory tract tissues, mediated these immune responses,
showing that PspA-nanogel nasal vaccination was safe and efficient for preventing
pneumonia in human [43]. A trivalent vaccine using cCHP nanogels was developed
to provide efficient immunity against all serotypes of Streptococcus pneumoniae.

The vaccine was administered to macaques with a nasal spray device suitable for
human use, and the immunogenicity and protective effectiveness of the vaccine were
evaluated. PspA-specific antibodies were produced after nasal administration of the
cCHP-trivalent PspA vaccine. The lungs of macaques had reduced lung inflamma-
tion and bacterial counts, indicating protection from pneumococcal infection [44].
The research focused on the absorption of the PspA-cCHP nanogel formulations

by the nasal mucosa and the gradual release of PspA from mice epithelial cells. The
immunologic activity and PspA content of the PspA-cCHP nanogel formulation were
decreased by heat exposure. Mice injected with the trivalent PspA-cCHP nanogel for-
mulation developed comparable amounts of IgG and IgA antibodies in their mucous
membranes [45]. According to these studies, the PspA-cCHP nanogel is an effective
and promising system for nasal vaccination. Ghrelin is a hormone that increases food
intake and decreases energy expenditure. A nasal vaccine for obesity was developed
to prevent the pain associated with injections and the negative and risky skin con-
sequences of using ghrelin-PspA fusion protein. In mice with diet-induced obesity,
intranasal administration of the ghrelin-PspA vaccine resulted in the production of
serum IgG antibodies against ghrelin and decreased body weight. This impact is in
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part related to the increased expression level of mitochondrial uncoupling protein
1in brown adipose tissue [46]. Recently, a nasal vaccine has been created to induce
the generation of nontypeable Haemophilus influenzae (NTHi)-specific secretory IgA
and thus inhibit the development of biofilms in the respiratory tract. NTHi surface
antigen P6, which is conserved among 90% of NTHi strains, was added to a cCHP
nanogel to create a nasal vaccine. Mice were nasally inoculated with the P6-cCHP
nasal vaccine, which significantly induced the synthesis of P6-specific IgA antibodies
in mucosal fluids, including nasal and middle ear washes [47].

4.3 Gene delivery

A specific kind of cationic nanogel, namely, cholesterol-bearing cycloamylose
modified with spermine (CH-CA-spe), was created for gene delivery. The spermine
component enables the CH-CA-spe nanogel to carry genes. Moreover, the polyamine
interacts with DNA or RNA molecules through electrostatic interactions to encourage
condensation and prevent degradation. In the first study, the abilities of CH-CA-spe
nanogel and CA-spe to deliver siRNA were investigated. The CH-CA-spe nanogel
showed higher gene silencing effect than CA-spe [48]. In 2014, a CH-CA-spe nanogel
was tested as a vehicle for siRNA targeting vascular endothelial growth factor (VEGF)
in tumor cells. Renal cell carcinoma (RCC) cells ingested the complex of siRNA and
CH-CA-spe nanogel, which effectively knocked down VEGF. Intra-tumor injections
of the compound drastically reduced RCC development and neovascularization
in mice [49]. In another study, cycloamylose was modified with cholesterol and
diethylaminoethane to create the CH-CA-DEAE nanogel, which was used to deliver
unmethylated CpG oligodeoxynucleotides (immunostimulators). The CH-CA-DEAE
nanogel successfully transported native CpG DNA to macrophage-like cells, caus-
ing the release of cytokines. Negative control oligonucleotides (with single muta-
tion sample) with the CH-CA-DEAE nanogel prevented cytokine production, and
phosphorothioate-modified CpG with the CH-CA-DEAE nanogel reduced cytokine
production. These findings suggest that the CH-CA-DEAE nanogel is a potential
nucleic acid adjuvant delivery system for native CpG DNA [50].

5. Nanogel tectonic materials and regenerative medicine

Nanogels can be cross-linked to create novel hydrogels known as nanogel-cross-
linked (NanoClik) gels. The chemical-crosslinking points of self-assembled nanogels
are first modified, and large-scale hydrogels are then prepared using these nanogels
as building units. NanoClik gels can be created with different characteristics,
including size, shape, and surface charge, and thus, the physical and mechanical
characteristics of the resulting macro-sized hydrogel can be adjusted to suit various
applications. Since the 2010s, various types of macro-sized NanoClik gels have been
developed, known as nanogel tectonic engineering because nanogels are used as
tecton units [51].

5.1 Nanogel-cross-linked gels

During the early stage of development, radical polymerization was used to create
NanoClik hydrogels, and methacryloyl group-bearing CHP nanogels were used
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to provide effective cross-linking for gelation. The immobilized nanogels exhibit
excellent chaperone-like activity for the refolding of chemically denatured proteins
as well as the ability to capture and release protein [52]. Owing to the host-guest
interactions of the cholesteryl group and cyclodextrin, the nanogels efficiently trap
and release enzymes, which prevents the aggregation of heat-denatured carbonic
anhydrase B [53]. In another research, CHP nanogels were modified with acrylate
groups (CHPA) and cross-linked by poly(ethylene glycol) containing a thiol group
(PEGSH) through the Michael addition reaction. The cross-linking reaction can

be conducted under physiological conditions, such as at 37°C, and in the presence

of phosphate-buffered saline. Following subcutaneous injection in mice, CHPA
nanogels can provide sustained release of encapsulated interleukin-12 (IL-12) in the
plasma [54]. By considering the results of various CHP nanogel modifications and
cross-linker evaluations, CHP nanogels modified with acryloyl groups (CHPOA) and
multi-armed PEGSH have been mostly used to create NanoClik gels. NanoClik gels
containing protein-loaded nanogels can gradually release the nanogels by hydrolysis
of CHP nanogels and PEGSH (55, 56]. In 2015, a porous NanoClik gel was created.
According to two-photon excitation deep imaging, the pores are linked with widths
in the range of several hundred micrometers. Owing to its constituent nanogels,

the NanoClik porous gel can capture proteins through hydrophobic interactions,
thus functioning as a chaperone. Moreover, in vivo evaluation indicated successful
penetration of mouse embryonic fibroblasts into the network of interconnected
pores [57]. Another study focused on the development of NanoClik microspheres
for the manufacture of injectable sustained-release carriers. Self-assembled nano-
gels encapsulating proteins have been chemically cross-linked with biodegradable
linkers to create NanoClik microspheres, which can release “drug-loaded nanogels”
with a controlled drug distribution following sustained release, unlike conventional
polymeric microspheres, which release naked drugs upon polymer dissolution [58].
In addition to CHP nanogels, cholesterol-bearing hydroxypropyl cellulose (CH-HPC)
has been modified with acryloyl groups to prepare macro-scale NanoClik gels. HPC
hydrogels are known as thermoresponsive building blocks because they can reversibly
vary in size in water. Macrogels cross-linked with CH-HPC nanogels also exhibit this
thermoresponsive activity [59].

5.2 Regenerative medicine

NanoClik gels are appealing prospects for a variety of regenerative medicine
applications because they may be modified to have desired physical and mechani-
cal properties as well as the capacity to release bioactive compounds in a controlled
manner. Nanogel tectonic materials have properties that enable the gradual, regulated
release of bioactive compounds, such as high porosity and water-swelling structure.
This can be especially helpful for targeted drug delivery to specific tissue locations,
and nanogel tectonic materials have been extensively investigated to build three-
dimensional scaffolds that resemble the native tissue’s extracellular matrix or tissue
engineering.

In 2007, the effectiveness of a bone anabolic drug (prostaglandin E2, PGE2)
delivered using a nanogel-based carrier was demonstrated. PGE2 is a hydrophobic
small molecule, the encapsulation of PGE2 was conducted in the presence of ethanol.
NanoClik gels consisting of CHPA and PEGSH in mice stimulated the creation of
new bones without inducing weight loss. PGE2 alone in low doses could not stimulate
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the growth of new bone, whereas PGE2-loaded Nanoclik gels improved bone devel-
opment [60]. This synthetic scaffold encapsulating bone morphogenetic proteins
(BMP) activated osteoblasts and promoted bone growth for bone regeneration [61].
In a different study, a selective EP4 receptor agonist (EP4A) and low-dose BMP-2
were combined with this type of NanoClik gel. The combined material success-

fully activated bone cells and restored the outer and inner cortical plates as well as
the bone marrow tissue of the calvarium [62]. In 2012, NanoClik gels consisting of
CHPOA and PEGSH were used to deliver growth factors in a regulated manner over
an extended period of time for bone tissue engineering. The material’s ability to
mend broken bones was assessed using BMP-2 and fibroblast growth factor 18, which
indicated successful bone regeneration and osteoprogenitor cell infiltration [63]. As
aregenerative therapy for tongue muscle abnormalities caused by surgical excision
of tongue cancer, NanoCliP gels provided sustained delayed release of protein over
the span of 14 days without an initial burst release. Mouse myoblasts attached to

the NanoCliP hydrogel exhibited typical myotube development within the gel and
remained viable for up to 7 days. Gel-encapsulated myoblasts transplanted into the
tongue abnormality of a mouse model resulted in a notable rise in freshly formed
myofibers [64]. In 2018, freeze-dried NanoClik porous (NanoCliP-FD) gel was devel-
oped to create three-dimensional scaffolds for bone tissue engineering. Fibroblast
cells became directly converted osteoblasts (dOBs) by genetic reprograming. The
NanoCliP-FD gel effectively supported fibroblast adhesion and formed a matrix of
calcified bone after culturing. Animal studies showed that the NanoCliP-FD gel com-
bined with cells reprogramed to dOBs considerably promoted bone regeneration in
artificially produced bone defect lesions. These results suggest that the NanoCliP-FD
gel is a promising treatment for bone disorders [65]. Subsequently, osteointegrative
characteristics were investigated using the NanoCliP-FD gel as a scaffold for dif-
ferentiation from mesenchymal cells to osteoblasts. Compared with a commercially
available atelocollagen scaffold, the NanoCliP-FD gel, which contained chemically
and physically cross-linked nanogels inside a porous gel, promoted the growth of
apatite crystallites with an unusual c-plane orientation, reflecting the structure

of natural enamel [66]. In 2022, researchers used in situ spectroscopic methods,
particularly Raman spectroscopy, to show that mesenchymal stem cells cultivated on
the NanoCliP-FD gel scaffold exhibited a greater rate of cartilage development and
produced tissue [67].

A NanoClik membrane was created using CHPOA nanogels and PEGSH cross-
linkers for wound healing. The NanoClik membrane considerably reduced the wound
area and increased neoepithelialization. The NanoClik membrane also made it
easier for collagen fibers to grow and assemble [68]. NanoCliP-FD sheets and fibers
promoted the mending of significant bone lesions and were easy to transplant for
bone regeneration. Compared with a control group of unconverted fibroblasts, dOBs
treated with NanoCliP-FD in both sheet and fiber forms produced a much higher
concentration of calcium deposits [69]. As another example, NanoClik microspheres
(with an average diameter of 14 pm) were used to introduce functional support or
spacers into cell spheroids. Mesenchymal stem cells from bone marrow were able
to combine with NanoClik microspheres to form hybrid cell spheroids. NanoClik
microsphere-based spacers were added without adversely affecting cell survival,
showing that the microspheres served as a biocompatible scaffold for cell growth.
Under culture conditions, the microspheres remained stable for two weeks. The
capacity of the hybrid cell spheroids to be scaled up to the millimeter scale was also
demonstrated, raising the possibility that they could be transplanted (Table 1) [70].
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Application Nanogels Complexed with References
Cancer vaccines CHP HER-2 protein and peptides [27-30, 32]
CHP NY-ESO-1 protein [31]
CHP mERK2, MAGE-A4 long peptide [33,37]
CHP, CHPCOOH Ovalbumin [34-36]
Nasal vaccines CHPNH, BoHc/A protein [41]
CHPNH, PspA protein [42-45]
CHPNH, ghrelin-PspA fusion protein [46]
CHPNH, NTHi surface antigen P6 [47]
Gene delivery CH-CA-spe siRNA [48, 49]
CH-CA-DEAE CpG DNA [50]
Regenerative medicine CHPA PGE2 [60]
CHPA BMP-2 [61, 62]
CHPOA BMP-2 [63]
CHPOA Cells [64-67]
Table 1.

Medical application of nanogels consisting of cholesterol-bearing polysaccharides.

6. Conclusion

As described in this review, self-assembled nanogels consisting of cholesterol-
bearing polysaccharides are one of the most well-studied biomaterials, and numerous
medical applications have been reported in the past three decades. Although over
60 papers are covered, this review does not include all the medical applications of
self-assembled nanogels, which have been used not only by researchers in academia
but also by medical doctors and people in companies. Even now, there are not
commercially available nanogels, while the practical use of the next generation of
self-assembled nanogels is desired. In the near future, we hope to see innovative and
optical applications of self-assembled nanogels.
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Abstract

This book chapter give an overview of natural and synthetic polymeric moieties
consumed for developing hydrogels and their types. Different properties of nanogels
are the advancement of hydrogels characterized by nano-size range, stimuli-respon-
sive swelling, and release. Stimuli responsiveness is imparted by the presence of a
suitable monomer. A number of polymerization approaches are presented in the
literature that are employed to prepare such networks. These systems are elastic,
rubbery, nontoxic, and biocompatible and offer prolonged release of the drugs with-
out chances of dose dumping. These types of networks have potential pharmaceutical,
agricultural, food, and biotechnological applications in terms of controlled, prolonged,
and targeted drug delivery, solubility enhancements, stimuli-dependent intelligent
drug delivery, such as contact lenses, wound healing, etc. In the current chapter, we
have tried to introduce hydrogels and microgels, their different types, the variety of
polymers used to develop such carrier systems, approaches to develop such drug
delivery systems, and their utilization in various sectors in addition to the pharma-
ceutical sector.

Keywords: hydrogels, nanogels, free radical polymerization, drug delivery,
wound healing

1. Introduction

Drug delivery encompasses a variety of techniques, formulations, and
systems for delivering therapeutic moieties toward desired areas within the body to
attain therapeutic outcomes effectively [1]. Conventional dosage forms are more
likely required to be frequently administered in high doses, thereby resulting in
certain side effects and patient noncompliance. To resolve such issues, controlled drug
delivery systems with minimal side effects have been introduced that control the
release of drugs in a number of ways [2]. By developing such delivery systems, the
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bioavailability of active agents can be potentiated through rate controlled delivery
approach [3].

The term hydrogel has been used repeatedly in the literature. The first cross-linked
polymeric network material was developed in 1960 [4]. It was equipped with proper-
ties of hydrogels, i.e., mainly having attraction toward water. Polyhydroxy ethyl
methacrylate (PHEMA) hydrogel is massively employed in the preparation of
contact lenses. These soft materials are also consumed by the patients for therapeutic
purposes [5].

A new polymeric material was developed that was responsive to a number of
environmental stimuli like pH, temperature, and concentration of different solutes in
a solvent system. These stimuli play an important role in the swelling transition
behavior of the networks and, subsequently, the release of therapeutic agents [6].

The third generation of hydrogels offered further advances in the field of poly-
meric materials. It has focused on stereo-complex materials, their interactions, and
cross-linking through physical interactions [2]. Yana and his partners worked on
collagen and shark cartilage tissues to develop a novel dressing that effectively
decreased the healing burn [7]. Natural and synthetic hydrogels are used extensively
in tissue engineering. Both of these hydrogels have variable potential applications in
the control of thrombosis, drug delivery, biosensor coating, and cell transplant. Fur-
thermore, the properties of hydrogels, like water-loving, biocompatibility, and their
response to stimuli, established a great interest of researchers and scientists to intro-
duce smart hydrogels [8].

Hydrogels are 3D water-loving carrier systems that have the ability to imbibe
plenty of aqueous media or biological solvents without showing any transition in their
structure [9]. These carrier systems, at their optimal swelling, show resemblance with
body tissues because of their delicate and elastic consistency [10]. Hydrogels being
intelligent carrier systems show several advantages like absence of active ingredient
exposure in acidic environment, targeted drug delivery, and prolonged release of
incorporated drugs [11]. A number of bonding types are involved development of
chemically cross-linked hydrogels like ionic or covalent [5]. Presence of hydrophilic
functional groups in developed polymer structure like -OH, -COOH, ~-CONH,, -
CONH, and SO5H under suitable pH conditions offer absorption of a large amount of
water by hydrogels and is helpful in the encapsulation of hydrophilic drugs [12].
Hydrogels are available in numerous forms, so classification may be based on various
factors including method of preparation, source, biodegradation, response to certain
stimuli, cross-linking, physical properties, etc. [13]. The detailed classification of
hydrogels is summarized in Figure 1.

Hydrogels offer a variety of pharmaceutical, medical, and clinical applications
like tissue regeneration, diagnostic applications, mucoadhesive potentials, etc.
Hydrogels in literature are formulated in different shapes like nano and micro-sized
particles, hydrogel membranes, beads, matrics, etc. [7-11], depending upon the
required use.

2. Hydrogels

Hydrogels are high molecular weight network systems primarily consisting of
hydrophilic polymers holding excess physiological fluid or water in polymer chains.
Due to higher cross-linking reaction within polymers a grafted network structure is
developed that prevent dissolution of hydrogels [14]. These type of network systems,
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Classification of polymeric hydrogels.

when fabricated to be influenced by certain external stimuli such as temperature, pH,
enzyme, light, electric and magnetic fields, etc., are known as stimuli-responsive
hydrogels [15]. On exposure to these environmental stimuli they exhibit response by
undergoing volume or shape transitions [16, 17].

2.1 pH-responsive hydrogels

Hydrogels sensitive to pH are being developed extensively. There are various
factors that control the swelling and de-swelling in hydrogels like ionic charge, extent
of ionization, pka/pkb values, pH of medium, type of the monomer, concentration of
polymer, and hydrophilicity of the developed networks [6]. At higher pH, weakly
acidic functional groups present in anionic hydrogels like -COOH group undergo
ionization resulting in swelling of the network. Similarly at lower pH, cationic
hydrogels show swelling behavior due to ionization of basic functional groups like
amines [18-20].

2.1.1 Mechanism of swelling in pH-vesponsive hydrogels

Swelling in hydrogels is caused by variations in osmotic pressure created within
the network on exposure to physiological fluids that is controlled by the presence of
charge on polymer, its hydrophilicity, and counter ions within the network system.
Swelling of hydrogels proceeds in three steps [21]. Firstly, water penetrates into the
hydrogel by diffusion, causing the hydration of polymeric chains. As a result, the
relaxation of the polymeric chains promotes swelling in the grafted network [19].
Primary-bound water induces swelling due to its interaction with polar groups in the
hydrogel, while secondary-bound water interacts with available hydrophobic groups.
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An osmotic driving force is created that promotes diffusion of additional water called
as free water into the hydrogel resulting them attaining equilibrium swelling. Flory
and Rehner’s theory describe this swelling response in terms of elasticity of polymeric
chains and their compatibility with water molecules [22].

2.1.2 Mechanism of drug velease in pH-sensitive Hydrogels

Active agents loaded or entrapped in hydrogels are released by different ways like
diffusion-based, swelling-based, and chemically controlled approaches.

2.1.2.1 Diffusion-based controlled release

Cross-linked network structure of hydrogels composed of mesh-like geometry
within the polymeric chains involved in the retention of small particles and liquids.
The release of therapeutic agents through these hydrogels is described by size of mesh
or pores [23]. Diffusion process is dominated in grafted network systems having mesh
size greater than the size of drug [8]. In this case, size of pores has no significant
impact on diffusion as smaller particles can pass easily through the cross-linked
network. When the pores size in network becomes equal to the size of active moiety,
then drug mainly diffuses through steric hindrance effect [21]. By using increased
proportions of polymers or cross-linker contents in hydrogels pores size can be
decreased. Due to reduced mesh size a greater frictional drag is exerted on drug by
polymeric chains resulting in greater path length for drug transportation. In this case,
diffusion is approximated by certain theoretical principles, and the net result is
prolonged drug release by slow diffusion [24].

2.1.2.2 Swelling-based controlled release

Therapeutic agents can be released from hydrogels by another approach that
is controlled by swelling mechanism [25]. Hydrogels swelling involves the
absorption of physiological, biological, or buffer fluids that results in the
enlargement of mesh size. Numerous factors can influence the swelling response like
pH, temperature, light, ionic strength, electric field, glucose, etc. An important
approach for cancer and oral drug delivery systems is pH mediated swelling [8]. By
employing such technique certain pH responsive monomers and polymers are
copolymerized to develop hydrogels that show negligible swelling in acidic pH of
stomach, causing protection of entrapped drugs [26]. While at intestinal pH,
these grafted networks show appreciable swelling attributing to drug release by
swelling and diffusion modes. Numerous polymers having pendent basic or
acidic functional groups are employed to develop such stimuli-responsive
hydrogels. Furthermore, therapeutic moieties can be guided to targeted areas having
solid tumors (more acidic environment) by using pH-responsive release systems

(Figure 2) [27].
2.1.2.3 Chemically contvolled release

Another strategy of drug release from hydrogels involves enzymatic or hydrolytic
degradation of chains and follows a chemically controlled method [28]. By adopting
this technique, release of drugs from cross-linked structures is kinetically controlled or
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Figure 2.
Drug release mechanism in pH and temperature-responsive hydrogels.

reaction-diffusion controlled [29]. In kinetically controlled method, chemical reaction
within hydrogel contents causes polymer decomposition by cleavage of its chains. In
this case, there is no significant diffusion process involved. While, diffusion-
controlled method results in drug release by both mechanisms involving polymer
decomposition and followed by drug diffusion [30].

3. Properties of hydrogel

Hydrogels are declared biocompatible due to their high water content. These offer
unique physical properties as their elasticity resembles the living tissues, due to which
a lot of researchers have employed them for drug delivery applications. Structurally,
these are highly porous, and their porosity can be tuned by the extent/degree of cross-
linking in gel-matrix. Porosity is vital as it impacts on swelling, loading of drugs and
release drug at desired rate depending upon the diffusion coefficient of the micro as
well as macro molecules [28]. Hydrogels do not trigger or identified as foreign parti-
cles by body’s own immune system due to the difference in interfacial tension
between the surface of hydrogel and body fluids leading to minimized adsorption of
protein and cell adhesion. Hydrogels are advantageous owing to ease of preparation.
Hydrogels are capable of molding themselves according to the shape of surface
applied [29]. Therefore, they are deformable. Nonirritant due to their soft and rub-
bery/elastic nature. Biodegradable hydrogels can be designed via implication of suit-
able hydrolytic, enzymatic, and environmental factors (e.g., pH, temp, or electric

field).

47



Hydrogels and Nanogels — Applications in Medicine

4. Classification of hydrogels
These can be classified based on various criteria as follows (Figure 3) [31]:

1. Origin-based classification

According to their source, hydrogels are categorized as:
a. Natural
b. Synthetic
c. Semi-synthetic
2.Based on physical state
a. Solid hydrogels
b. Semi-solid hydrogels
c. Liquid hydrogels
3.Polymeric composition-Based Classification
a. Homopolymeric hydrogels
b. Co-polymeric hydrogels

c. Interpenetrating multipolymer hydrogels

Figure 3.
Classification of hydrogels.
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a. Homopolymeric hydrogels are formed by single monomer species,
depending upon the nature of polymer and method of polymerization.

b. Co-polymeric hydrogels are made up of two or more monomer species.
Among these, one is hydrophilic. They have arranged randomly, block-
wise or alternatively along the polymeric chain network [32].

c. Interpenetrating multipolymer hydrogels are networks of two or more
cross-linked polymers. One of which is natural, and the other is synthetic

arranged in a network [33].

4. Configuration-based classification

On the basis of their physical and chemical configuration, there are four
types:

a. Crystalline hydrogels
b. Semi-crystalline (complex amorphous-crystalline mixture) hydrogels
c. Amorphous hydrogels
d. Hydrocolloids hydrogels
5.Based on degradability
a. Biodegradable hydrogels
b. Non- biodegradable hydrogels

6.Cross-linking-based classification

Cross-linking may be chemical or physical depending upon the nature of
cross-linked junctions; thus, hydrogels are classified into physically or
chemically cross-linked hydrogels [34].

a. Chemically cross-linked hydrogels are made up of stable bonds.

b. Physically cross-linked hydrogels have unstable junctions which are
formed either by polymer chain entanglements or as a result of physical
interactions, hydrogen bonds, or hydrophobic interactions.

7.Based on physical appearance
a. Solid hydrogels
b. Semi-solid hydrogels
c. Liquid hydrogels

8.Charge-based classification
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Cross-linked chains possess electric charges and classified accordingly.
a. Nonionic (neutral)

b. Amphoteric (composed of both acidic and basic groups)

c. Ionic (anionic/cationic)

d. Zwitterionic (having both anionic or cationic groups in each
structural unit) [35]
9.Based on response to environmental stimuli
Hydrogels have the ability to respond to various chemical and physical stimuli
[36, 37] and are classified into the followings:
a. Physically responsive hydrogels
b. Chemically responsive hydrogels

c. Biochemically responsive hydrogels

Physical stimuli may include temperature, light, electric or magnetic field, pres-
sure, and sound. Chemical stimuli are pH, ionic strength, solvent composition, and
molecular species. Biochemical stimuli include antigens, ligands, and enzymes [38].

5. Swelling behavior of hydrogel

Hydrogels get responsive to any kind of stimuli by means of volume alterations in
their structure. In dry state, polymeric network of hydrogel is tightly bound and looks
compacted, but as it comes in contact with fluid of suitable pH value, water molecules
get diffused into its structure, and the polymer chains start separating, leading to
subsequent swelling as a result of repulsion among ionized functional groups [31]. The
extent of swelling depends upon three major factors:

LIonic constituents of hydrogels
Increase in the ionic content of hydrogels would result in higher electrostatic
repulsion between ionized groups; thereby, elevation of swelling ratio occurs.
I1.Cross-linking content of hydrogels
It controls the swelling of hydrogel system. Highly cross-linked network
shows delayed swelling and vice versa.
III.Hydrophilic constituents

As hydrophilicity of hydrogel contents increases, there is more interaction
between water and hydrophilic groups and ultimate increase in swelling [36].

Once swelling starts, it continues from surface to interior core of hydrogel
matrix until equilibrium is achieved, which is indicated by optimum swelling.
At peak swelling stage, polymeric chains maintain a greater distance, and the
solvent absorbed creates a pressure on polymeric chains, which is
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compensated by the presence of a cross-linker [37, 39]. Through diffusion,
solvent and solute gets in and out of the hydrogel structure. The theory for
swelling of hydrogel, which narrates kinetic properties for transport of
solvent molecule into hydrogel system, can be demonstrated as follows:

7
D
Where,
t = time required for swelling.
a = length of hydrogel.
D = diffusion coefficient
K +4u/3

D

f

K = bulk modulus.
f = friction between polymer and bulk molecule.
u = shear modulus.

Thus, the length of hydrogel has a direct relation with time of swelling thus the
response of hydrogel to any stimuli is controlled by increasing or decreasing length of
hydrogel. There are numerous strategies by which swelling of hydrogel can be
enhanced, e.g., increasing the size of hydrogel by graft polymerization. This technique
is beneficial for any material which de-swells promptly as the graft polymerization
increases the sensitivity of hydrogel, and the resultant hydrogel responds much more
rapidly by diffusion of solvent [40].

6. Limitations of hydrogels

Hydrogels being unique carrier systems have certain limitations along with differ-
ent advantages.

i. Hydrogels offer poor tensile strength leading to early breakdown and hence
dislocation from target sites.

ii. More significantly, drug delivery issues may arise, like heterogeneous drug
loading, as in the case of hydrophobic drugs, which can affect drug release
from the hydrogel network.

iii. Greater pore size promotes the uptake of larger water contents and hence
faster drug release rates.

iv. Although hydrogels are deformable and can be used as injectable still, some
require surgical implantation, which is exorbitant and demands sterile
conditions for implantation [41, 42].

Constituents used in hydrogels are mentioned in Table 1.
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Chemicals Function

Okra gum Main natural polymer

Cyclodextrin Solubility enhancer

Acrylic acid (AA) Monomer

Ammonium persulfate Initiator

Methylene bisacrylamide Cross linker

Capecitabine Active ingredient
Table 1.

Constituents used in hydrogel.

7. Components needed for fabrication of IPNs

* Polymer: Main backbone of IPN.
* Monomer: Single units used in network fabrication by polymerization.
* Initiator: In order to kick-start the polymerization reaction.

* Cross-linking agents: Cross-links polymeric chains for network fabrication to

resist disintegration and dissolution of IPN itself.

7.1 Drug loading and drug release

52

* Drug loading in IPNs:

Generally, two methods are followed for drug loading in IPNs; preloading and
postloading [43].

* Preloading: Drug loading in this method is carried out during the preparation of

polymeric networks. Preweighed amount of medication (active pharmaceutical
ingredient) is solubilized in the most suitable solvent, and afterward, this drug
solution is added to the final polymerization mixture or solution. Another
approach is to blend medication solution with a monomer solution, and other
solutions are added separately. After the completion of polymerization, API will
remain entrapped within the network framework.

* Postloading: This method involves the formation 1% solution of medication.

This is done by dissolving 1 g of medication (drug) in the most suitable solvent,
and then the volume is made up to 100 ml. Dried and preweighed hydrogel discs
are dipped in drug solution for predefined intervals until and unless maximum
swelling occurs. Loaded IPNs are dried at normal room temperature. Sometimes,
drying is accomplished by using an oven for a particular time period and
temperature. In this way, dried and drug-loaded IPNs are obtained.

* Drug release in IPNs:

Generally, three methods are being followed for drug release in IPNs [37];
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7.2 Swelling- controlled release

When water or biological fluids comes in contact with the dried or dehydrated
IPNs it imbibes into the voids in between the polymeric chains. Thus, the drug, after
its dissolution, is released in solution form from the networks.

7.3 Diffusion-controlled release

Drug release from IPNs is done by following the diffusion law (Fick’s
diffusion law), i.e., the drug is released according to the concentration gradient [23].

7.4 Chemically controlled release

Chemical reactions like enzymatic reaction and hydrolysis cause cleavage of poly-
meric chains resulting in drug release. Drug release from IPNs is studied by
performing dissolution studies, and then it is validated through different kinetic
models like zero-order, first order, Higuchi, Korsmeyer—Peppas, and Hixson
Crowell models to find out the drug release kinetics in terms of best-fit model and
mechanism of drug release from regression coefficient and value of exponent #,
respectively [39].

8. Polymers used for hydrogels

Numerous polymers from natural and synthetic sources are being used for develop-
ment of hydrogels. Polymers obtained from natural sources have excellent characteris-
tics like biocompatibility, biodegradability, nontoxic nature, and economical, but
hydrogels developed by these polymers show poor durability [40, 43]. While synthetic
polymers are expensive and nonbiodegradable, and their hydrogels are good in
mechanical strength. So these limitations can be overcome by blending the natural
polymers with synthetic ones to develop more stable hydrogel networks [41, 42]. Natu-
ral polymers can be categorized as plant-based and animal-based polymers that have
been extensively employed for various applications. Gums obtained from plants have
gained considerable interest in drug release applications owing to their biocompatibility,
low cost, and easy accessibility [44]. Detail of some natural and synthetic polymers that
are being employed for hydrogel network formation given in the proceeding sections.

8.1 Pectin

Pectin is a carbohydrate-based polymer having a natural origin. It is prepared by
extraction process on a commercial scale; from different types of citrus plants like
apples, guavas, strawberries, oranges, and grapes under slightly acidic conditions
[44]. High methoxyl pectin and low methoxyl pectin are two groups in which pectin
can be divided. In the food industry, it is employed as a gelling agent as well as a
stabilizer. Pectin has already been investigated for the development of targeted deliv-
ery of drugs and other biomedical applications [45]. Rapid degradation of pectin
occurs by colonic microorganisms and thus making it a possible carrier for colon-
targeted drug delivery because of its exceptional biocompatible and biodegradable
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Figure 4.

Chemical structure of pectin.

nature [46]. Nowadays, scientists have been working on the fabrication of pectin-
based preparations such as polymeric hydrogels, tablets, microspheres, films, and
nanoparticles [47].

Structurally, pectin is a polysaccharide. It consists of repetitive galacturonic acid
units joined together through a-1,4-glucoside bonds, as shown in Figure 4 [48]. Pectin
has linear as well as a branched structure, thus making it a complex molecule. Meth-
ylation and esterification both contribute to the gelling ability of pectin. The degree of
esterification not only contributes to the gelling potential of pectin but also affects
solubility profile of pectin. Pectin forms aggregates in cold water but solubilizes in
slightly warm water under continuous stirring [49].

8.2 Natrosol or hydroxyethyl cellulose (HEC)

Natrosol is a polymer that is derived from cellulose. It is a water-soluble and
nonionic derivative of cellulose. The basic structure is shown in Figure 5. It has a
chain structure in which anhydrous glucose units are attached to each other by p-1,4-
linkage giving rise to three free hydroxyl groups in each unit. These free hydroxyl
groups make it a suitable polymer for hydrogel fabrication [50].

It is marketed in two grades; R-grade and B-grade. The R-grade of Natrosol facil-
itates preparation of solution in water without formation of lumps. Natrosol has been
used in various pharmaceutical preparations because of its emulsifying, water-
retaining, thickening, gelling, and stabilizing properties. It is most widely consumed
in ophthalmic and topical preparations to facilitate drug delivery. It is also used in
household products like lubricants, detergents, and cosmetics attributed to its water-
soluble and nonionic nature [51]. It is soluble in hot water as well as cold water. Its
viscous nature has indirect relation with increasing temperature can be reduced by
increasing temperature. This property also makes it a useful ingredient for making
gels at lower temperatures [52].

- R=Hor

o

Figure 5.
Chemical structure of natrosol.
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8.3 Tamarind gum

Tamarind gum is a polysaccharide, a natural polymer obtained by extraction of
Tamarindus indica seeds. Its structure consists of -(1,4)-p-glucan attached with pen-
dant chains of a-(1,4)-p-xylopyranose and [B-D-galactopyranosyl-(1,2)-a-D-
xylopyranosyl] linked to glucose units [53]. It is extracted by employing enzymatic
and chemical-based extraction methods. In chemical method, ground seeds are soaked
in water to prepare a slurry, which is then added to boiling distilled water with
continuous stirring. The resultant mixture is filtered and poured in twice its volume of
ethanol to get the required precipitates [54]. These precipitates are dried to prepare
the gum. In enzymatic-based extraction, the protease enzyme is allowed to act on
tamarind seed powder after mixing it with ethanol. Mixture is then centrifuged, and
the supernatant collected is poured into ethanol to obtain precipitates of tamarind
gum. These are dried after separation for further use [55].

It contains abundant hydroxyl groups. It is transformed into mucilage while
contacting with water. This can be used in the pharmaceutical sector as an excipient
because of its compatibility with living tissues, nontoxic nature, and bioadhesive
potentials (Figure 6) [56].

8.4 Fenugreek

Fenugreek seeds gum is obtained by extraction of seeds endosperm of fenugreek
(Trigonella foenum-graecum L.) [57]. High content of gum is present in fenugreek
seeds that are converted into thick and viscous mass on exposure to water and bio-
logical fluids. Main constituents of gum are galactomannans which are polysaccha-
rides in which single p-galactose units are linked to main f-(1-4)-p-mannan backbone
through o-(1-6)-glycosides bond [58, 59]. The gum is extracted by soaking the fenu-
greek seeds in distilled water (1:10 w/v) at 40°C for 4 hours with occasional shaking.
After that thick mixture is filtered through muslin cloth, and ethanol is added to the
filtrate (1:1 v/v). Resulting precipitates of gum are kept in oven at 40-45°C till drying.
Fenugreek seed gum has numerous applications in food industry and pharmaceutical
formulations as binding, suspending, gelling agent, etc. (Figure 7) [60].

Figure 6.
Structural formula of tamarind seed polysaccharide.
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Structural formula of fenugreek seed gum.

8.5 Chitosan

Chitosan is commercially developed by deacetylation of chitin and is mainly com-
prised of p-glucosamine and N-acetyl-D-glucosamine units having f-(1-4)-linkages
[61]. It is available as high, medium, and low molecular-weight chitosan. This polymer
is cationic, contains nitrogen in its chemical structure, and has ability to form poly-
electrolyte complexes [62]. It becomes water soluble by forming carboxylate salts like
acetate, citrate, formate, malate, glycolate, pyruvate, lactate, and ascorbate. These
properties make it different from other polysaccharides [63]. Chitosan is widely
employed in biotechnology and biomedical areas owing to its stable, nontoxic, and
biodegradable characteristics [64]. Various controlled-release formulations have been
developed by chitosan keeping in view its ideal properties. Furthermore, it is largely
employed for the development of hydrogels in different forms including microparti-
cles, microspheres, beads, sponges, composites, tablets, etc. (Figure 8) [65].

8.6 Agarose

Agarose is a neutral polysaccharide found in certain seaweeds [66]. Its chemical
structure consists of agarbiose units in which 3,6-anhydro-a-L-galactopyranose are
linked to C-1 and C-3 positions of p-p-galactopyranose. Agarose dissolves in boiling
water and gels on lowering the temperature (30-40°C) [67]. The gelation mechanism
of this polymer involves self-assembly of its units along with molecular cross-linking

OH OH OH
0 0
HO =
HO HO HO OH
NH2 NHQ NHZ
n
Figure 8.

Chemical structure of chitosan.
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Figure 9.
Structural formula of agarose.

and conformational change [68]. Different factors affecting this mechanism are rate
of agitation, temperature, concentration of polymer, co-solutes, and solvent proper-
ties [69]. Mechanism of gel formation is not fully understood; however, it can be
explained regarding liquid-liquid phase separation. Hydrogels developed by using
pure agarose are transparent, hard, elastic, and thermoreversible (Figure 9) [51].

8.7 Cyclodextrins

Cyclodextrins (CDs) are very familiar oligosaccharides containing 6 to 7 glucose
units that are linked together via a-1, 4 glucosidic linkages. Cyclodextrins are stable at
lower pH regions like stomach and intestine, but these are fermented at higher pH
regions, i.e., colon. These have nest, like geometry with inner hydrophobic lining and
outer hydrophilic end. Microflora of colon is capable of degrading and completely
digest within the colon; hence these polymers can be employed for drugs to be deliver
in colon. The structural formula is shown in Figure 10.

8.8 Polyethylene Glycol 8000

Polyethylene Glycol 8000 is a polymer that can be prepared by combining ethyl-
ene oxide with water. PEG occurs as white or off-white flakes that are waxy in nature
with a faint and sweet odor [70]. This form is a result of condensation reaction
between ethylene oxide and water under pressure in the presence of a catalyst. It is a
highly water-soluble polymer that normally does not cause any harm to skin and is
also stable in nature [71]. They are capable of promoting dissolution and systemic
availability of numerous less water-soluble drugs. Different grades of PEG are gener-
ally used in wide range of pharmaceutical formulations (Figure 11) [72].

8.9 Okra gum

Okra is one of the traditional plant and a multipurpose crop with botanical name
Hibiscus esculentus belongs to the family Malvaceae. It is an annual plant cultivated in
tropical and subtropical areas of the world [73]. It can grow on all soil types and is the
most tolerant plant. It is superfluous in nutritional content. Different parts of the plant
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Structural representation of cyclodextrin.
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Figure 11.
Structural formula of polyethylene glycol.

are extensively used in traditional medicines as antidiabetic, diuretic, and anticancer
agents [74]. It has wide applications in the pharmaceutical and food industries. Okra is
abundant in bioactive compounds like flavonoids, polysaccharides, polyphenols, caf-
feine, and pectin. The whole plant is edible and is used for food, nonfood, and medical
applications.

As compared to synthetic polymers, natural polymers offer good biocompatibility
and biodegradability. However, natural polymers yield less mechanical strength in
polymeric formulations [75]. Okra gum is chemically inert, nonirritant, biodegrad-
able, biocompatible, and eco-friendly. It is economical and widely cultivated crop. It is
comprised of L-rhamnose, D-galactose, and L-galacturonic acid in its composition
(Figure 12) [76].
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Chemical structure of okva gum polysaccharide.

In pharmaceutical industry, although its role has not been explored enough as
hydrogel preparations, it is evaluated as an economical and effective binding agent
in solid dosage forms [45, 47, 48], in forming controlled release matrices [49, 50],
for preparation of sustained release beads [51], microspheres [52, 53], in
mucoadhesive nasal gel [54] and in many other formulations as a sustained release
polymer.

8.10 Xanthan gum

It is obtained from sucrose or glucose by the process of fermentation by
Xanthomonas campestric. It is soluble in both hot and cold water. Xanthan gum has
stability over a pH ranging from 4 to 10. It is used in cosmetic, topical formulation and
as a stabilizer in food industry [77].

8.11 Hyaluronic acid

It is also known as hyaluronate and hyaluronan. Hyaluronic acid is present in
the tissues of animals. It is composed of N-acetyl-p-glucosamine and p-glucuronic
acid, which are bonded together by p-(1-3) link [78]. It is used for ophthalmic,
parenteral, and nasal preparation owing to its nonimmunogenicity and
biocompatibility [79].

8.12 Gelatin

It is a natural polymer that has aqueous solubility. Collagen is hydrolyzed to obtain
gelatin, where collagen is present in the bone and connective tissues of animals.
Gelatin is insoluble in alcohol, whereas it is soluble in a hot mixture of water and
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glycerin. It has wide applications in protein and drug delivery, cell culture, and gene
delivery [80, 81].

8.13 Polyethylene glycol

It has aqueous solubility. Hydrogels based on PEG are also known as intelligent or
smart hydrogels due to their stimuli dependence. The stimuli can be either chemical
(specific ion or pH) or physical (radiation, light, pressure, solvent, or temperature).
PEG base hydrogels are widely used for the controlled release of therapeutic agents
[82, 83].

8.14 Polyvinyl alcohol

It is an aqueous soluble polymer. Hydrogels based on polyvinyl alcohol are pre-
pared by freeze and thawing process. Their water retention capacity is high; therefore,
they are used in wound dressing. PVA is also used in cartilage reconstitution and
contact lenses [84, 85].

8.15 Polyvinyl pyrolidone

It has high solubility in polar solvents as well as in water. It has good elasticity, and
the production cost is less. PVP is combined with other different polymers such as
CMC to enhance biocompatibility and mechanical properties [86, 87].

8.16 Pluronic acid F127

Pluronic acid F127 is composed of two blocks, a water-loving polyethylene oxide
(PEO) and water-hating polypropylene oxide (PPO). These polymer blocks are
arranged in a basic tri-block structure of repeating units, i.e., A-B-A. Molecular weight
of F127 is approximately 12,600 Da. At temperature above lower critical solution
temperature, i.e., 30°C, F127 loses solubility of its PPO block, leading to micelle
development, and solution is converted into gel [88]. Pluronic acid serves as an
important base for thermo-sensitive hydrogels. For localized malignancy treatment,
intra-tumoral or peri-tumoreal infusion of gel formed by pluronic acid F127 leads to
the development of ‘depot’ at the point of administration that gradually and
constantly releases medicinal agents to the malignant and neighboring tissues [89].
Utilizing a topical or injectable gel for physical targeting has added preferences
over passive or other actively targeted treatments that possess ability to supply
medicinal agent to the whole tumor irrespective of vascular status, thus giving
precise dosing of the drug without causing systemic toxicity [90]. Pluronic Acid F127
has a very vital job among in situ gelling frameworks due to its sol-gel transition
character, a solution of poloxamer in water at a low temperature converts into
polymeric gel at a higher temperature. Due to this capability, PF127 has confirmed
its use in medical and therapeutic fields like in fertility management cases, pain
management, and delivery of drugs at a controlled rate via eyes or rectal route
(Figure 13) [91].

IUPAC name: Poly (ethylene glycol)-block-poly (propylene glycol)-block-poly.

(ethylene glycol)
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Figure 14.
Structural formula of MAA.

9. Other excipients for hydrogels
9.1 Methacrylic acid

Methacrylic acid (MAA) is a colorless organic liquid and has a strong pungent
odor. It is widely employed as a monomer due to its excellent pH-responsive charac-
teristics [92]. Hydrogels developed from this monomer exhibit appreciable swelling in
basic media, while this effect is negligible in acidic media. This effect is contributed by
ionizable carboxylic groups from MAA structure, creating repulsion within the net-
work (Figure 14) [93].

9.2 Acrylic acid

It is an organic compound and a simplest form of unsaturated carboxylic acid. It
also contains a vinyl group, which is directly attached to a carboxylic acid. It is a
colorless liquid with a characteristic acrid odor and a tart smell. It is miscible with
aqueous media and weakly acidic compounds. It is highly corrosive and irritant to
skin. It is also known as 2-propenoic acid. In literature, it is widely used as an initiator
in various hydrogel preparations (Figure 15) [94, 95].
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9.3 N,N'-methylenebisacrylamide

A bi-functional monomer, N,N'-methylenebisacrylamide (MBA) consists of two
double bonds in its structure. It is majorly used in polymerization reactions due to its
cross-linking properties [44]. It is a hydrophilic, cross-linking agent used during
polymerization reactions. It has the ability to form a network structure instead of
making linear chains, thus assisting in maintaining the firmness of prepared gel. It has
diverse applications as a monomer and cross-linker in various polymerization reac-
tions. Chemically, it contains two unsaturated bonds and have been employed in the
preparation of various pharmaceutical dosage forms (Figure 16) [96].

10. Different methods of hydrogel preparation

A number of methods have been quoted in literature to prepare polymeric net-
works. These include ionic gelation, spray drying, dispersion photopolymerization,
suspension cross-linking technique, ionotropic gelation method, free radical

0 0

N

N
H

Ir=

Figure 16.
Structural formula of MBA.
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polymerization, membrane emulsification technique, free radical precipitation poly-
merization, Michael addition reaction, and inverse emulsion polymerization tech-
niques depending upon the objective of the study.

11. Applications
11.1 Biomedical applications

The hydrogels exculpate oneself comparably to anthropoid organs in reply to
climate state such as change in pH, change in temperature, electric field, and enzymes.
They are cast off in pharmaceuticals lodge, diagnostic gadgets, bone implants, embo-
lus, and computerized grasp [17, 46, 97]. They are also employed in urinary catheter
by intercepting them from germs attack on the surface [98]. Kampa [99] successfully
used the hydrogel electrodes in the diagnosis and treatment of body tissue [18].

11.2 Biotechnology applications

Hydrogels are also giving an important role in various mechanisms. They are used
in the refining of various gadgets and centralizing the moist forum [19]. Murphy et al.
[100] have worked on the use of hydrogels in the treatment of wounds. They have
worked on the development of new technology containing hydrogel-based
bioprinting. This technology was used for faster healing of wounds. They find out that
hyaluronic acid-based hydrogels are best for bio printing applications [101, 102].

11.3 Pharmaceutical applications

There are various petitions for hydrogels in pharmaceutical factories. They are
mostly used for the intended site distribution of drugs, sustained delivery of drugs,
controlled release of medicine, and reducing the frequency of drugs [21]. Peppas et al.
have studied hydrogels to find a suitable way to cure a number of diseases. This study
showed that hydrogels are water-loving and can store bulk amounts of water and
medicaments. These medicaments can be made to release as desired in response to
different stimuli. The release of drugs from hydrogel can be controlled [103].

11.4 Separation technology

Currently water has been polluted broadly by the factories’ consumption
containing various categories of pigments from textile factories, pharmaceuticals,
nonmedical, and paper industries. Hydrogels play a vital character in the separation of
dyes by acting as adsorbents [22, 23].

11.5 Agriculture industry

In the cultivation part, hydrogels give a dominant part by assuming control avail-
ability of supplements to crops and plants from loaded hydrogels [25]. The advance-
ment of a cellulose-based biodegradable superabsorbent hydrogel has been studied for
the streamlining of water assets in agriculture. The sorption capacity of the proposed
hydrogel was rightly evaluated, with explicit respect to two factors that may assume a
key job in the soil condition: ionic strength and pH. A fundamental assessment of the
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hydrogel’s potential to store water was performed by utilizing the hydrogel in green-
houses to develop tomatoes. The soil and water retention curve was noted. The results
demonstrated that the material permitted productive storage and spontaneous supply
of water to the soil and the plant roots [26].

11.6 Contact lenses

Hydrogels are used to create contact lenses that envelop the enormous mass of the
essential ingredients needed to be used in different situations. There are some
requirements to make it safe during use for a hydrogel material that is used as a
contact trifocal. Such essential elements contain amounts of water, oxygen pores, and
great focus point. So as to construct the water tranquil of hydrogel and to acquire
additional bulging effects, different kinds of monomers can be used. These include
dihydroxy methacrylates, acrylamides, and MAA [27, 28].

11.7 Food packaging

Some analysts are working on hydrogels as a part of nourishment construction by
preventing them from degradation [30]. It is a promising and rising idea, as the
greater part of the biopolymer-based hydrogels should be biodegradable, they can be
considered as elective environment friendly packaging materials. Polyvinyl
Pyrollidone (PVP) and Carboxymethyl Cellulose (CMC)-based hydrogel was pre-
pared under controlled environmental condition. He prepared different solutions
containing PVP and CMC in different concentrations. These concentrations were
20:80, 10:90, 50:50, 80:20, and 90:10. The results showed that CMC-PVP hydrogels of
80:20 ratio was observed useful in packaging of food [32].

12. Various monomers used in IPN hydrogels

See Table 2.

Srno. Monomer Monomer abbreviation Chemical formula Reference
1 Acrylic acid AA C3H,4,0, [104]
2 Methyl methacrylate MMA CH, = C(CH3)COOCH; [105]
3 Acrylamide AAm C3HsNO [106]
4 Itaconic acid 1A CsHgO,4 [107]
5 Acrylonitrile AN C3H3N [108]
6 Hydroxyethyl methacrylate HEMA CgH1003 [109]
7 Hydroxypropyl methylcellulose HPMC Cs6H1058030 [110]
8 N-vinyl 2 pyrolidone NVP CgHoNO [111]
9 N-isopropyl acrylamide NIPAAm Cgs H110 [112]
10 Ethylene glycol EG C,Hg0, [113]
11 Polyethylene glycol PEG C2,H41,.20,.1 [107]

Table 2.

Various monomers used in IPN hydrogels.
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13. Patents on hydrogel formulations

See Table 3.
Sr no. Patent Patent no. Reference
1 Hydrolysable hydrogels for controlled release US6497903B1 [114]
United States
2 Hydrolysable hydrogels for controlled release US7060296B2 [115]
United States
3 Photopolymerizable US6,306,922b1 [116]
Biodegradable hydrogels as tissue
Contacting materials and
Controlled-release carriers
4 Photopolymerizable biodegradable hydrogels as tissue- US6,306,922b2 [117]
contacting materials and controlled-release carriers
5 Photopolymerizable biodegradable hydrogels as tissue- US6,060,582 [118]
contacting materials and controlled-release carriers
6 Hydrogel compositions for the controlled release US6,331,309b1 [119]
administration of growth factors
7 Catheter with permeable hydrogel membrane US6,200,257 [120]
8 Controlled-release hydrogel formulation US20110165236a1  [121]
United States
9 Process for the preparation of a controlled release system US6303148b1 [122]
United States
10 In situ controlled release drug delivery system US8940311b2 [123]
United States
11 Lipophilic vehicle-based dual-controlled release matrix system  US8,293,270 [124]
12 Controlled-release hydrogel Formulation US2008/0075785a1 [125]
13 Polymer-conjugated albumin hydrogels for controlled US9492376b2 [126]
release of therapeutic agents United States
14 Absorption and controlled release of polyethers from US2004/0115270  [127]
Hydrogel biomaterials al
16 Controlled-release oral drug delivery system US6,692,766 [128]
17 Hydrogel-forming, self-solvating, absorbable polyester US 6,413,539 [129]
copolymers, and methods for use thereof
18 Controlled release hydrogels US20090104254a1  [130]
United States
19 Hydrophilic vehicle-based dual-controlled release matrix Us8333989b2 [131]
system United States
20 Controlled release formulations of enzymes, microorganisms, Us20080020036a1 [132]
and antibodies with mucoadhesive polymers United States
21 Controlled-release formulations US20130273140A1 [133]
United States
22 Methods of using in situ hydration of hydrogel articles US6605294B2 [134]
for sealing or augmentation of tissue or vessels United States
23 Controlled-release oral drug Delivery system US7,189,414b2 [135]
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Srno. Patent Patent no. Reference
24 Chitosan-xanthan-based polyionic hydrogels US6964772B1 [136]
for stabilization and controlled release of vitamins United States
25 Controlled-release hydrogels US9999596b2 [137]
United States
26 Controlled release of anti-arrhythmic agents US20060093673a1 [138]
United States
27 Polymeric devices for controlled US2006/ [139]
Release of active agents 0003008a1
28 Preparation method of low-pH controlled-release US10,131,995b2 [140]
intelligent corrosion inhibitor
29 Catheter with permeable hydrogel membrane US6,537,194b1 [141]
30 Polymeric devices for controlled US8,647,657b2 [142]
Release of active agents
31 Self-destructing, controlled-release per-oral drug US6365185b1 [143]
delivery system United States
Table 3.

Patents on hydrogel formulations.

14. Conclusion

In this book chapter, different types of hydrogel, along with properties as well as

medical applications were discussed. However, there are different mechanisms involved
in formation of hydrogel. Physically cross-linked nexus employed as substrate for tissue
engineering with various medical applications. Drug release from nexus is attributed to
swelling. However, stimuli-responsive nexus is gaining much importance. Temperature

and pH aid in a controlled release from the hydrogel nexus. Moreover, they have
excellent water absorption, soft architecture and are biocompatible.
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Abstract

Translational research is utilizing the hydrophilic characteristic of polymer
structures, which possess the physical or chemical cross-linking capability. This
attribute has been applied in pharmaceutical research to develop hydrogels, which are
increasingly being utilized for cell and drug delivery, soft and hard tissue regenera-
tion, wound healing, regenerative medicine, contrast imaging, radiation shielding,
and enhancing the biocompatibility of clinical implants. This chapter concentrates
on the physicochemical and mechanical characteristics of hydrogels, such as surface
properties, contact angle, tensile strength, and swelling behavior, and how these
properties affect the biodegradability, stimuli sensitivity, and biomedical uses of
hydrogels. Ultimately, this review provides readers with an overview of the advance-
ments and challenges in each segment, albeit not all pertinent issues can be explored
in detail due to the intricacy of biological responses to the hydrogel.

Keywords: biocompatibility, drug delivery, hydrogel-based scaffolds, regenerative
medicine, surface properties, tissue engineering

1. Introduction

Biomaterials referred to as “hydrogels” are a class of polymeric materials that can
hold much water in their dynamic network due to their hydrophilic structure. Though
it holds a considerable amount of water in its structure, the crosslinked network does
not dissolve in it [1]. Ideally, hydrophilic units are polymerized to produce hydrogel,
but occasionally hydrophobic units are also used to control the properties associated
with a particular application of interest. The water absorption attribute gives hydro-
gels a considerable degree of elasticity akin to actual tissue in a variety of biomedical
applications [2]. Since its emergence as a biomedical tool six decades ago, its applica-
tion has been increasing tremendously due to its surface behavior, biocompatibility,
diffusive properties, biodegradability, tensile strength, and responsiveness to cues.
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Due to these properties, hydrophilic polymeric networks are extensively used in
biomedical engineering of tissue [3], drug and gene loading [4], cell delivery [5], and
prostheses [6] and also in dermatology. A recent advancement in hydrogels, smart
hydrogels have the ability to react to environmental signals. This enables the tailored
use of hydrogels in several domains. These gels react to various physical and chemi-
cal cues finding applications in regenerative treatment, biological isolation, neural
stimulation, biosensing, and many more.

This review tries to focus on various biomedical applications of hydrogel due to
the fundamental properties they possess.

2. Structure of hydrogels

Hydrogels are polymers formed by repeated hydrophilic units that can take in large
amounts of water. Hydrogel’s polymer chains are connected by cross-linking to form a
virtually limitless network, preventing the chains from dissolving in a fluid medium.
The interaction between the hydrophilic unit and water can take place through polar
interactions, ionic interactions, or hydrogen bonding [5]. The structural arrangement
of the hydrogel is crucial in the analysis of associated characteristics.

Based on the structure and conformation of the starting material used, the con-
necting macromolecular chain forms the sol [7], which further leads to gelation. The
branching polymer size increases as the cross-linking process continues. The branching
polymer size is inversely proportional to its solubility. Some of the hydrophilic groups
present in the hydrogel network that accounts for its water absorption capacity are
COOH, OH, NH2, CONH, CONH2, and SO3H [8]. Depending on the specific polymers
employed and the crosslinking density, hydrogel structures can change. Hydrogels are
generally divided into two groups: natural hydrogels and synthetic hydrogels [9-11].

Naturally occurring polymers, such as polysaccharides and proteins, form the
basis of natural hydrogels. These hydrogels frequently replicate the extracellular
matrix (ECM) present in real tissues and create an environment that encourages
cell attachment and development. Natural hydrogels often have an uneven network
structure with varying pore size and shape. The porous structure facilitates the move-
ment of nutrients and gaseous exchange. Naturally derived hydrogels are advanta-
geous owing to their intrinsic biodegradability and biocompatibility. This makes them
ideal for biomedical purposes [9, 10]. Synthetic hydrogels are engineered polymers to
produce desired characteristics unlike naturally occurring polymers [12]. Although
they lack inherent bioactivity, they have a wide range of applications [9, 10].

3. Fundamental characteristics of hydrogels

Surface properties: The biocompatibility of a substance is greatly influenced
by its surface chemistry. The foremost point of contact between the hydrogel and
the surrounding tissue system is its surface. The physicochemical and topographi-
cal surface features of the hydrogel are crucial factors in regulating and influencing
cellular adhesion and proliferation. In order to comprehend how surface chemistry
affects tissue response, surface qualities, such as hydrophilic traits, surface charge,
and surface functionality, have been intensively studied [13]. In order to accommo-
date the number of cells needed to replace or restore tissue functions, a hydrogel with
relatively broad and accessible surface areas is employed. Hydrogel scaffold surface
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properties can be selectively enhanced using a variety of techniques. These surface
changes could lead to enhanced biocompatibility and specificity [14]. The surface of
hydrogels can range from crystalline to disordered matrices, or from rough to smooth.
Similar to the extracellular matrix in natural tissues, these organizational and struc-
tural characteristics have been observed to have a substantial impact on the fate of the
cells during the tissue regeneration process [15].

Swelling behavior: Due to the thermodynamic compatibility of the polymer chains
with hydrophilic units and water, the biopolymer network begins to swell when it
comes into contact with an aqueous solution or a biological fluid [9, 10]. The network’s
cross-links cause a reverse force that balances off the swelling force. When these two
forces are balanced, swelling equilibrium is attained. The swelling behavior of hydrogel
is crucial for determining factors [12], including the degree of cross-linking, mechanical
characteristics, and rate of disintegration [16]. The swelling equilibrium varies depend-
ing on the monomer hydrophilicity. The higher the hydrophilicity of the monomer
involved in forming the polymer, the higher the water absorption (Table 1) [14].

Biocompatibility: Every biomaterial that interacts with tissue needs to be bio-
compatible to achieve its therapeutic effectiveness. For any application, it is essential
to comprehend how the hydrogel behaves in a biological system, in particular the
characteristics of its interactions with adjacent tissue [20]. Biocompatibility is broadly
classified into bulk and interfacial biocompatibility. The ability of a material to
impose physiological and mechanical stimulation on the systems that it surrounds

Natural polymers Source Properties Limitations
Alginate Derived from Biocompatibility, Mechanical
plants, animals, biodegradability, properties are
Agarose . . . L :
microorganisms, biosafety, low limited, difficulty
Chitosan and algae. immunogenicity, of purification,
cost-effective, and and minor
Collagen L .
adhesive in nature. immune response
Cellulose due to impurities.
Fibrin
Gelatin
Hyaluronic
pectin
Synthetic polymers Source Properties Limitation

PEG [Polyethylene]

PVA [poly (vinyl alcohol)]

PU [Polycarbonate urethane]

Poly [epsilon-caprolactone]

Poly [anhydride]

PPF [Propylene fumarate]

PCL [Poly (caprolactone)]

PLA [Poly (lactic acid)]

Polymerization
of synthetic
monomers

Economical than
natural polymers,
prolonged shelf life,
efficiently delivers
soluble molecules,
unreactive, and
degradation rate can
be regulated and
highly reproducible.

Triggers immune
response, triggers
inflammation
reactions, and low
biocompatibility.

PLGA [Poly (lactic-co-glycolic acid)]

Table 1.
Various natural and synthetic polymers used in hydrogels, their source, properties, and limitations [17-19].
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is referred to as bulk biocompatibility, also known as mechanical biocompatibility.
Interactions between the material and its biological environment are accounted for by
the processes of protein adsorption and cell adhesion in interfacial biocompatibility.
Biocompatibility for biomedical purposes appears to have more to do with interfacial
compatibility than bulk compatibility [21, 22].

Diffusive properties: Numerous uses of hydrogel in bioengineering are based
on the capacity to control solute transport through them. The process of diffusion is
significantly different in polymers of hydrogel when compared to small molecules.
The diffusion process is majorly impacted by the interactions between solutes, gel
polymers, and solvents. Diffusion and macromolecular relaxation work together to
govern drug release in swelling-controlled systems, resulting in zero-order release
circumstances [23]. Diffusion-mediated hydrogel systems can be reservoir or matrix
systems. A hydrogel membrane allows the active substance to diffuse before reach-
ing the biological fluid. The reservoir system’s active agent is situated in a core and
is encircled by a polymer membrane. In matrix systems, the medication or protein is
uniformly dispersed over the membrane and liberated over time [24, 25].

Biodegradability: The hydrogel structure contains labile connections that lead
to their breakdown in the aqueous condition or on the action of enzymes and are
regulated by various external and internal factors, finally causing their degradation.
The degree and rate of biodegradation of hydrogels are crucial in tissue engineering.
Since hydrogels serve as a medium for the growth of the tissues, they eventually must
undergo degradation [26]. Cells need room to proliferate, therefore, hydrogel deg-
radation must perfectly coincide with cell multiplication during tissue regeneration.
The time of hydrogel degradation determines the success of tissue engineering [15].
For drug release studies, constant monitoring of degradation is required. An early
degradation might be triggered under nutrient-deficient conditions or degradation
could be delayed further leading to immune responses. According to recent studies,
by changing the gel composition or with the use of a laser, controlled degradation of
the hydrogel may be achieved [27].

Stimuli sensitivity: Stimuli-sensitive hydrogels are hydrogels that physically
and chemically respond to certain environmental factors. Swelling behavior of the
hydrogel changes in response to the stimuli [28]. The stimuli could be endogenous or
exogenous [29]. Endogenous stimuli are the ones present in the bio-environment of
the hydrogel produced by the organism, while exogenous stimuli are external cues.
Endogenous factors include metal ion availability, enzymes, pH, antigen, etc., and
exogenous factors include temperature, light, magnetic field, electric field, and oth-
ers. Tissue engineering studies are increasing with the evolution of stimuli-responsive
hydrogels. Exogenous stimuli-responsive hydrogels are majorly employed for various
biomedical applications to obtain desired results [29]. These stimuli-sensitive hydro-
gels are known as “Smart hydrogels” [15], which will be dealt in detail in the later part
of the review.

4. Applications
4.1 Hydrogels in tissue engineering
The field of tissue engineering and regenerative medicine has tremendous scope

for advanced treatment outcomes with pioneering bioengineering technologies.
Hydrogels have played a pivotal role, as a tissue-engineered scaffold over the past
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few decades due to their multifarious physiochemical properties, such as mechanical
rigidity, biodegradability, swellability, biocompatibility, and stimuli sensitivity. It also
provides an ideal niche for cell survival, cell proliferation, differentiation, and migra-
tion, thereby mimicking the native tissue.

4.2 Exigency and significance of hydrogel-based scaffold

A. Human cell types require an ideal anchorage to support the regeneration of tis-
sues, lacking, which may result in malfunctioned tissues and cell necrosis.

B. An ideal scaffold should not only act as an anchorage but should also provide the
native environment and exhibit limited interaction with stromal cells which is
crucial for tissue regeneration [30].

Hydrogels are 3D natural or synthetic hydrophilic polymer network, which
has been designed to overcome the limitations of conventional scaffolds used in
biomedical applications. Due to higher water content, it does not get dissolved in a
high concentration of water, mimics the native environment, helps in the diffusion
of nutrients, and provides biochemical and structured support to the surrounding
cells catering to a platform for the tissue to function properly without affecting its
overall appearance. Hence, hydrogel is considered as an innovative and novel material
for tissue engineering and regenerative purposes. Numerous amounts of hydrogels
are constructed to be utilized for clinical purposes, such as stimuli-responsive
hydrogels, which include physical-responsive hydrogels (temperature, electro, and
magnetic-responsive hydrogels); and chemical-responsive hydrogels (pH, glucose,
and biological/biochemical-responsive hydrogel). Smart hydrogels are employed in
biomedical and health sectors due to their unique ability to modulate physiochemical
and mechanical properties to fit the desired application. Hydrogels are commonly
employed in areas, such as bone, cartilage, meniscus, vascular tissue, tendon, eyes,
and soft tissue. Hydrogel-mediated gene, cell, and drug delivery play a prominent role
in regenerative medicine and tissue engineering [31].

4.3 Hydrogel in gene delivery

The hydrogel scaffolds with their properties of swellability and mild gelation
provide an appropriate condition for the transport of nucleic acid without any
hindrance to the targeted tissues. Various authors have reported their design, which
can transport any genes (viral or non-viral) to the destined site by avoiding clearing
mechanisms, controlled release via provision of cellular migration, and differentia-
tion. Komatsu et al. developed a gelatin-collagen-based plasmid DNA delivery for the
induction of bone regeneration, which seems to be more efficient than atelocollagen
as substrate [32]. Similarly, in various other tissues, such as cartilage regeneration,
tendon injury, cardiovascular tissue repair, skin tissue repair, and nervous tissue
repair hydrogels, are employed. Due to their biocompatibility and biosafety, these
materials are used in delivering angiogenic factors [33] for cardiovascular diseases
and RNAI drug product on patrol and SiRNA for the hereditary transthyretin amyloi-
dosis approved in 2018 [34, 35].

Delivery of genetic material by smart biomaterial provides a unique chance to
capitalize the synergistic interaction between the hydrogel and genetic vectors for
cellular process and gene delivery. Smart hydrogels can be tuned in such a manner
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that it can directly control the events from cell engraftment to its delivery at targeted
site that includes the extent of infiltration of cell and preservation of vector activity
and its retention [36].

4.4 Hydrogels in drug delivery

The ability to tailor the properties of hydrogel-based scaffolds during production
and their applicability for safe implantation, release, and degradation makes them
appealing for controlled drug delivery [8]. It’s a crosslinked polymer that can be used
for delivering drug via various routes of administration which include oral, nasal,
rectal, ocular, parenteral, topical, orthotopic, intraperitoneal, and transdermal [4].
Some of the routes utilized by hydrogels for drug delivery are mentioned below:

1. Subcutaneous: Various hydrogels have been administered to the immune-privileged
subcutaneous tissue to evaluate the therapeutic response and to assess its toxic-
ity, such as polyethylene hydrogels, ellagic acid hydrogels, nano-patterned poly-
acrylamide hydrogels, chitosan, alginate, pectin, and gelatin hydrogels, most of
it has displayed mild to negligible inflammatory responses.

2.Oral: Oral-administered hydrogels, such as MPEG, caprolactone, and itaconic
acid, are pH-sensitive hydrogel; and photo-polymerized pH-responsive hydrogels
have shown to be nontoxic, but their effectiveness is limited because of:

A. Cleavage by digestive enzymes.
B. Less diffusability from epithelial membrane to bloodstream.

3.Rectal: Rectal delivery has an advantage over oral delivery due to rapid absorp-
tion rate, avoidance of digestive enzymes, and provision of control release with
limited or no adverse relations. Many hydrogels such as catechol-chitosan-based
hydrogel, mucoadhesive chitosan hydrogel; hydrogel spacer hydrogel are sup-
positories for rectal tumors.

4.Ocular: Various stimuli-responsive hydrogels are used for ocular delivery, such
as temperature-sensitive, pH-sensitive, ion-sensitive, ultrasound responsive, and
hydrogel-based iontophoresis, to overcome the challenge observed in conven-
tional ophthalmic treatments.

4.5 Nanoparticle-loaded hydrogel in drug delivery

The administration of drugs via nanoparticles has been employed for quite a
while. In spite of its advantages like durability, biodegradability, and ability to trans-
port both hydrophobic and hydrophilic drug [37, 38], there are certain limitations,
including premature release of drug, instability of nanoparticles upon contact with
bodily environment, and immune system clearance. These limitations are effectively
reduced by incorporating drug-loaded nanoparticles into the hydrogel matrix.
Hydrogels readily encapsulate molecules, and shield and aid in releasing them gradu-
ally, while also raising their localization and lowering harmful effects in neighbor-
ing tissues. Due to its behavior during the sol-gel transition at body temperature,
thermo-sensitive hydrogels are the generally employed type of hydrogel for medical
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applications [39]. The fluid suspension injected [40] into the body quickly transforms
into a stable gel network at body temperature [41]. It is possible for these hydrogels

to perfectly conform to the geometry of the area where they are applied, resulting in
the creation of a drug repository for a controlled and sustained release. Combining
NPs and hydrogels into a single system would enable their individual limitations to be
covered [42].

4.6 Hydrogels in cell delivery

Hydrogels are extensively used as a scaffold to deliver cells and for various bio-
medical applications. This matrix provides a platform for the modest engraftment of
transplanted cells to the target site by providing cell protection, enhancement, and
prolonged retention as these hydrophilic polymers mimic native ECM [5].

Two important strategies via which hydrogels deliver cells are:

1. Encapsulation of the cells from the host tissue by the hydrogel through non-
integrating approaches.

2.Implementing an integrative approach to have direct contact between trans-
planted cells and host tissue through biodegradation or microporous design.

4.7 Cell encapsulated hydrogels

Cells can be encapsulated into hydrogel via various techniques, such as emul-
sion, electrostatic droplet extrusion, lithography, lithography, 3D printing, and miro
molding. Cell encapsulation facilitates cells in an environment to carry out normal
functions by providing an immune regulatory barrier for the better survival of
transported cells.

Mesenchymal stem cells and its derivative secretome have potential therapeutic
relevance, but meticulous research is lacking in these types of cells due to low reten-
tion and poor survival rate. Hence, the hydrogel-encapsulated MSCs boost the treat-
ment of MSCs and their derivatives to the next level due to their improved directional
delivery and promotion of their therapeutic behavior.

Gao et al. [43] constructed MSC-loaded bioglass/y- poly glutamic acid/chitosan
hydrogel, which evoked active interaction between MSCs and cellular matrix induc-
ing angiogenesis, improving cardiac function, mitigating cardiac remodeling, and
decreased apoptosis.

Hydrogels are multifaceted polymers due to their unique property, which makes
them an exemplary candidate for wound healing applications [43, 44], demonstrated
that thermostable injectable chitosan/collagen/B-glycerophosphate hydrogel-encap-
sulated MSCs enhance chronic wound healing caused by venous diseases or diabetes.
Hydrogel displays this potential therapeutic activity due to its capability to maintain
cell morphology and viability, noninterference with the bioactivity of deliverable cells
with no adverse reactions [44].

4.8 Hydrogel in prosthetic and orthodontic implants

Hydrogel is a versatile material in dentistry. In periodontology, utilization of
biocompatible membranes is of utmost necessity as implantation of this membrane
around diseased periodontium, will prevent unwanted migration of soft tissue and
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provide a suitable environment and time for regeneration of bones, tissues, and liga-
ments. Commercially available scaffolds are having limitations, such as being non-
resorbable and non-biocompatible. Hence, the utilization of hydrogels has proven
to be effective as they are biocompatible, form a 3D network iz situ once injected,
and prevent invasion by unwanted tissues [45]. Hydrogels have been extensively
researched in the area of prosthodontics. Since they are bioinert, non-toxic, and
stable in light, they are used for the maxillofacial area, which is continuously exposed
to sunlight [46]. Due to its flexible nature, physical and chemical modifications car-
ried out in the hydrogel make it a definitive tissue-engineered scaffold to be used as
maxillofacial prosthetic material.

Further, due to its variable ability to carry cells into the root canal system, it mim-
ics ECM and provides the niche for the new cells to grow. Hence, hydrogel scaffold is
preferred in endodontics [47, 48].

4.9 Hydrogel in dermatology

Hydrogels are fascinating group of designed polymeric materials to be used in
dermatology.

In dermatology, hydrogels are preferred for transdermal applications, as they are
easy to apply, cause negligible to minimal adverse effects, have no sudden elevation in
serum concentrations, have resemblance to the bodily tissues, possess numerous sites
for modification, less immunogenicity, and enhanced effectiveness. Hydrogels have
continuously been used in treating various anomalies in the form of self-adhesive
patch, microcapsule-embedded hydrogel patches, injectable shape memoizable 3D
Hyaluronic acid cryogels, peel-off hydrogel masks, etc., as these are effective and
support skin regeneration due to their ability to promote of drug penetration, miti-
gate fungal growth, reduction of lesions, and enhanced dry permeability with visible
clinical improvement [49].

4.10 Smart hydrogels: Concept and applications

Recently, significant progress has been made in the development and study of
a special class of hydrogels known as smart hydrogels [50]. In response to diverse
environmental stimuli, including pH, temperature, light, ionic strength, magnetic
field, and electric field, smart hydrogel displays remarkable variations in their
swelling behavior, network configuration, and physical characteristics [37, 38, 51].
The changes in the structure of the hydrogel are in accordance with the magnitude of
the signal received. When smart hydrogels are exposed to any of these stimuli, they
undergo changes that are typically reversible. When the stimulus is removed, the
hydrogels revert to their earlier state [52].

Due to the stimuli-responsive property of these hydrogels, they have potential role
in various biomedical applications [53]. Most of the techniques are still in develop-
mental stages, some of the established applications are discussed below.

Hydrogel-based wearable biosensor: A biosensor is a device that detects the
signal of interest in its physiological environment [54]. The biomedical sciences are
currently developing many applications for wearable biosensors. These wearable
biosensors are conjugated with hydrogels, due to their similarity with tissue soft-
ness, hydration, compatibility, and distinctive ionic sensing capabilities. The differ-
ences between human bodies and the conventional electrical akin are significantly
reduced by the use of hydrogels. For wearable sensing, a number of hydrogel-derived,
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skin-like devices are now available. These devices can replicate the sensory capabili-
ties of the skin by converting inputs, such as touch, pressure, humidity, and tempera-
ture, into detectable variations in electrical impulses [55].

Numerous wearable epidermal biosensors have been created to noninvasively
detect the level of glucose [56]. Both internal and external soft tissue, skin can be
used as a mounting surface for wearable technology. The electrochemical detection
of glucose in human blood samples is made possible by the immobilization of glucose
oxidase and HRP in a Ca-Alginate hydrogel and its deposition onto an electrode sur-
face. TMB is reduced in the presence of HRP using the hydrogen peroxide generated
during the glucose oxidation process [57]. In clinical diagnostic-based biosensors,
Ca-Alginate, poly (hydroxyethyl methacrylate) [poly (HEMA)], and polypyrrole
(PPy) find conceivable uses. Glucose-responsive wearable insulin patch for blood
glucose management is also developed using mechanisms like geometric alterations.
The use of glucose directly for biosensing is still in the developmental stages [55]. This
adaptable, patch acts as a standalone electrical device. Due to its biodegradability, it
may even be used as a platform for an “implant and forget” sensor [58] if implanted.

Magnetic hydrogel-based neural stimulation: In order to design magnetic-
responsive hydrogels, a hydrogel network is combined with magnetic-responsive
fillers. Magnetic inclusions make normally nonresponsive hydrogels receptive to
magnetic stimuli, allowing them to move, stretch, and change under the control of
magnetic fields in a distant, controllable way [59].

Recent studies on magnetic hydrogels have revealed their role in the neural
stimulation process. A. Tay et al. demonstrated that under the influence of a magnetic
field magnetic hyaluronic hydrogel had regulatory effects on the growth of functional
neurites and expression of inhibitory and excitatory ion channels. It was also shown
that prolonged exposure of the magnetic hydrogel to magnetomechanical variation
induced negative effects on the expression of ion channels responsible for caus-
ing pain [60]. Further, Y. Xu et al. showed that magnetic collagen hydrogel had the
potential to guide the aligned growth of human tendon stem cells and promote their
differentiation [61]. These findings open new doors to smart hydrogels in the tissue
engineering domain.

Magnetic hyperthermia therapy: Hyperthermia is an upcoming approach for
the treatment of cancer. Hyperthermia involves the heating of cells to a temperature
of 42-46°C, which causes the denaturation of DNA and proteins [51], and eventually
leads to the killing of the tumor cell [62]. Due to their accurate targeting and tempera-
ture controllability, magnetic nanoparticles (MNPs) have gained a lot of attention in
the study of magneto-induced hyperthermia. MNPs are immobilized into the network
of magnetic hydrogel to overcome the limitations of the conventional MNPs like low
retention time and rapid degradation. It has been shown that the conduction of MNPs
in magnetic hydrogels under a high-frequency alternating magnetic field causes
enough thermogenesis to destroy tumor cells [63, 64].

Immuno-isolation: Immuno-isolation is established to shield the foreign material
from the immune response of the host. Islet cells are delivered through injectable hydro-
gels in the treatment of diabetes type 1. Before being transplanted into diabetic recipi-
ents, islet cells are enclosed in the hydrogel, which creates a sufficient immune-isolation
barrier to reduce rejection. 4-arm polyethylene glycol with maleimides makes a great
choice for immuno-isolation applications. They are readily modified with thiolated
molecules which allows regulation over the islet environment inside the host [15, 65].

Injectable hydrogels in cardiac tissue engineering: Although patch-based and
cell sheet technologies have received a lot of research attention and show promising
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outcomes in cardiac tissue engineering, they call for a more intrusive surgical proce-
dure. Currently, injectable hydrogels are of attention in cardiac tissue engineering as
they are the least invasive and potential therapeutic agent that provides mechanical
strength to the injured tissue [66]. Clinical trial results reveal that acellular alginate-
based injectable hydrogels show considerable preservation of left ventricular indices
and left ventricular ejection fraction [67] in patients with myocardial infarction.
Extensive study is required in the domain of injectable hydrogels to make the thera-
peutic strategy stable (Figure1).

Cardiac tissue regeneration: Studies on cardiac tissue regeneration are hindered
by the complexity of cardiac cells [68]. Nevertheless, hydrogel-based studies have
allowed researchers to get around some of these challenges. Cardiomyocytes derived
from pluripotent stem cells were seeded into a collagen-fibrin hydrogel blend for the
regeneration of cardiac tissue. It not only showed successful regeneration capacity
but also showed that the regeneration of cardiac tissue was greatly influenced by the
amount of cell seeding as well as the collagen-fibrin content [69].
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Smart hydrogel: Stimuli and applications.
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5. Factors affecting surface activity of the hydrogel

A hydrogel’s practicality is greatly influenced by its mechanical behavior. Reduced
mechanical resistance greatly hinders its optimal activity in biomedical applications,
including tissue engineering. To obtain desired mechanical properties, synthetic poly-
mers are preferred over natural polymers due to the ability to tailor them in accor-
dance with their application. Crystalline, chemically [70, 71] crosslinked polymers
can provide better mechanical stability due to their regularly arranged structure and
easier to control nature. Moreover, the synthesis and use of chemically crosslinked
polymer is pH independent, making its application easier [72].

Electrical conductivity of the polymer is another crucial factor required in specific
applications. The use of electroactive biomaterials as a scaffold for tissue regenera-
tion is typically considered. Recent studies have demonstrated how controlling cell
adhesion, proliferation, movement, cell death, and differentiation with electroac-
tive biomaterials can improve the regeneration of the heart, nerve, and bone [73].
Hydrogels utilized as substrates for electroactive tissue engineering must have
conductivity levels that are comparable to those of biological tissues, the lack of which
will potentially affect its application. There are several ways by which the conduc-
tance of a scaffolding material can be increased, such as

a.Boosting the ionic conductance of the aqueous phase: Preparing or swelling the
hydrogel in an ion-rich aqueous solution will increase the ionic conductivity of
the aqueous phase [74].

b.Inclusion of a conducting material in the hydrogel network: Through the dispersion
of conductive nanomaterials or other conductive materials, such as carbon fibers,
in the hydrogel framework, the integration of conductive materials attempts to
produce a continuous network of electronic conduction throughout the hydrogel.

c. Employing a conducting polymeric unit in the gel matrix: Organic macro-
molecules having inherent electrical conductivity are known as conducting
polymers. The conducting polymers polypyrrole (PPy), polyaniline (PANI), and
poly-(3,4-ethylenedioxythiophene) (PEDOT) are frequently utilized to make
such hydrogels [75].

Hydrogel is used for drug delivery owing to its qualities, including minimal
cytotoxicity, biodegradability, and biocompatibility. Despite the fact that it has many
benefits, it also has certain drawbacks. On contacting the drug-releasing medium,
drug-carrying hydrogels typically exhibit a sudden release of drugs because of the
presence of substantial proportion of water [76]. The incorporation of weakly soluble
drugs, which are swiftly released through diffusion, is another issue with hydrogel’s
hydrophilic nature. These issues are effectively dealt with the incorporation of the drug
into a nanomaterial, which is further encapsulated into a hydrogel matrix [37, 38].

6. Limitations of hydrogels

1. Hydrophobic therapeutical drugs have restricted loading quantity and unifor-
mity in hydrogel matrices, and the affinity of hydrogels toward hydrophobic
compounds is limited.
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2. Natural hydrogels have poor mechanical properties, low reproducibility, and
high production cost.

3.During delivery of the drug, hydrogels have complete dependence on swellability,
diffusability of water, high chance of spontaneous rupture of drug during initial
stages of hydrogel swelling, slow responsive time of stimuli-sensitive hydrogels
with nonspecific drug release, fast dissolution, and uncontrollable porosity.

4.Hydrogels cannot be used in healing wet wounds as they cannot absorb large
amounts of fluids.

5.Hydrogels are biodegradable but they sometimes release toxic exudates, which
may not be able to be excreted via kidney and remain accumulated in the body.

6. Due to poor mechanical strength and low stability, it’s difficult for hydrogels to
store active substances.

7.Restriction in spatial manipulations of hydrogel, hence unable to attain full
control on the organization and interaction among the cells, thus overall, there
is no assurance on tissue morphogenesis.

7. Conclusion

Hydrogels differ from other forms of biomaterials in that they have a high-water
content, a controlled swelling behavior, simple to handle, and are biocompatible, all
of which make them desirable for biomedical applications. Hydrogels can respond to
a variety of stimuli, including heat, pH, light, and chemical stimuli, based on their
chemical structure and crosslink network, which can satisfy a variety of application
needs. We provided detailed examples of both natural hydrogels made from polysac-
charides and polypeptides as well as synthetic hydrogels, as well as different trends
in their applications in various biomedical fields. It is important to conduct further
research to develop materials with high mechanical strength, quick and effective
self-healing, and a variety of biological activities for various specific limitations in
biomedical applications. With extensive research trials and computational analysis,
the employment of hydrogels can be effectively extended for various translational
studies.
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Chapter 5

Hydrogels and Nanogels as a
Promising Carrier for Drug
Delivery

Mohammed Hussain AL-Mayahy and Hiba Imad Hameed

Abstract

Among the drug delivery systems, hydrogels and nanogels have shown a vital role
because of their advantageous 3D crosslinked networks. They have the propensity to
absorb water due to their hydrophilic groups, making them excellent superabsorbents
that are water-insoluble. Nanogels are crosslinked nano-sized hydrogels (20-200 nm)
with greater tissue permeation due to their smaller size. Hydrogels and nanogels
demonstrate many advantages, including biocompatibility, hydrophilicity, controlled
drug release, and smart drug delivery. They are regarded as an interesting approach
for the controlled release of medications since they can encapsulate drug molecules in
their water-swollen network. Recent advances in polymer chemistry and nanotech-
nology have resulted in several significant improvements in the field of hydrogels and
nanogels as drug delivery systems. In this chapter, the properties of hydrogels and
nanogels, as well as their classification, drug release mechanisms, and applications for
drug delivery, will be discussed.

Keywords: hydrogels, nanogels, drug delivery systems, drug release, tissue
permeability

1. Introduction

Hydrogels are hydrophilic polymers with crosslinks that create a polymeric
network. This enables them to absorb water at rates ranging from 10% to thousands
of times their body weight [1, 2]. The presence of hydrophilic groups in the polymers
forming hydrogel structures is attributed to their ability to absorb water. As a conse-
quence of the contributions of various network’s domains and groups, the hydration
of the polymer will be at varying extent (often higher than 90% weight) based on the
nature of the polymer and the aqueous environment. Because of the crucial crosslinks
that are present in the hydrogel structure, hydrogels exhibit swelling rather than
dissolving in the aqueous environment [3]. The term “crosslinker” refers to substances
that join molecules and enhance the characteristics of hydrogels. Crosslinking
hydrogels to create a three-dimensional structure increases molecular weight, offers
better stability, and impacts physical qualities including polymer elasticity, viscosity,
and polymer insolubility [4]. Alginate, chitosan, hyaluronic acid, and other natural
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biomaterials, as well as synthetic compounds like polyvinyl alcohol, polyacrylamide,
and polyethylene glycol, can be used to prepare hydrogels [5].

Hydrogels are promising, fashionable, and intelligent drug delivery systems that meet
the demands of precisely directing medications to the target site and managing drug
release. Environmental, hydrolytic, or enzymatic stimuli can frequently alter hydrogels
for drug release at the desired location [6]. Hydrogels provide a number of benefits,
including the potential for biocompatibility, hydrophilicity, controlled drug release,
and intelligent drug delivery [7]. Therefore, scientists from a variety of disciplines were
particularly interested in creating and improving these delivery methods [1, 2]. However,
there are drawbacks to using them. The hydrophobicity of most medicines is the main
drawback of drug delivery. The hydrophilic polymeric core is practically not the best place
to store lipophilic medications that are incompatible with it, which is a problem because
many of the pharmaceuticals that are now utilised and successful in treating diseases are
hydrophobic. Additionally, certain hydrogels have lower tensile strengths, which might
lead to the medication being released early before it reaches the target location [8].

Major efforts have lately been made to use nanotechnology’s potential in the delivery
of various drugs. This provides a viable technique for site targeting and time-controlled
delivery of different molecular weight drugs and bioactive chemicals. The nanotechnol-
ogy approach is used to produce therapeutically useful compounds such as nanocapsules,
nanoparticles, micellar systems, and conjugates. These preparations provide a multitude
of advantages for drug administration, with the main advantages being improved medi-
cation safety and effectiveness. For instance, they can boost bioavailability, lengthen
the time a drug or gene influences the target site, and improve drug stability against
chemical or enzymatic degradation. They can also deliver drugs with more accuracy [3].
The hydrogel nanoparticulate materials (nanogels) would simultaneously exhibit the
properties of both the nanoparticles and hydrogels that they individually possess. The
hydrophilicity, adaptability, and biocompatibility of hydrogels as well as the benefits of
nanoparticles, particularly their long half-life in blood and the potential to be targeted to
the desired tissue, such as tumour sites, appear to benefit drug delivery [3].

2. Hydrogels

Hydrogels are comprised of 3D networks of hydrophilic polymers [9]. They have a
large water absorption capacity due to the existence of hydrophilic functional groups
connected to the 3D polymeric network of hydrogels [10]. The capacity to store water
inside the network helps them to swell and collapse correctly, a characteristic that is
helpful in medication delivery. Hydrogels are thought to be particularly promising
materials for drug delivery because of their porosity and compatibility with aqueous
environments [8]. Furthermore, the adjustable features of hydrogels make them ideal
for certain medicinal applications such as oral drug delivery, ophthalmic, nasal, and
transdermal routes [11].

2.1 Classification of hydrogels
There are several ways to categorise hydrogels, including:

1. Hydrogels either natural or synthetic. Natural hydrogels are a type of gel in
which the polymers used to produce the gel are derived from natural sources.
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The utilisation of natural polymers to make hydrogels has a variety of advan-
tages, including biocompatibility, biodegradability, and non-toxicity. Natural
polymers include polysaccharides and proteins. Synthetic hydrogels, on the other
hand, are hydrogels created from synthetic polymers, such as polyacrylamide
and its derivatives, polyvinyl alcohol (PVA), or polyethylene glycol (PEG),
which are the building blocks of synthetic hydrogels. Synthetic polymers have
recently superseded natural polymers in the production of hydrogels due to the
several advantages they provide, such as longer shelf life, improved gel strength,
and higher water absorption capacity [12].

2. The hydrogels’ polymeric compositions (homo-, co-, and multi-polymer hydro-

gels). Homo-polymer hydrogels consist of just one kind of hydrophilic mono-
mer; copolymer hydrogels, or network gels, consist of two types of monomers;
and multi-polymer hydrogels or interpenetrating polymeric networks consist of
three types of hydrophilic monomers [13].

.Hydrogels’ physical structure:

* Amorphous or non-crystalline
* Semi-crystalline: A complicated blend of crystalline and amorphous phases
* Crystalline

Lamellae, which are chain-folded layers that constitute the crystallisation of
polymers, can be clustered to create spherulites, which are spherical compo-
nents. Polymers have crystalline phases when the lamellar chains are ordered
in well-known patterns; they display amorphous phases when the lamellae are
randomly distributed [14].

. According to the hydrogels’ crosslinking type (chemical or physical). Chemi-

cal crosslinking is formed by a covalent bond that occurs between polymers

and molecules to generate a 3D network structure. The stability and mechani-
cal characteristics of hydrogels are their fundamental benefits. On the other
hand, physical hydrogels are formed by noncovalent interactions between linear
molecules due to the electrostatic, hydrophobic, and hydrogen bonds among
these molecules. While the chemically crosslinked hydrogels are irreversible, the
physically crosslinked hydrogels are reversible [15].

5. According to the electrical charge. Based on the electric charges that are posi-

tioned across the crosslinked chains, hydrogels may be divided into three major
categories: ionic, non-ionic, and ampholytic hydrogels. Ionic hydrogels can be
further subdivided into cationic and anionic hydrogels based on the type of
electric charge that is present on the polymeric chain. Cationic hydrogels are
sensitive to pH and can interact with other anionic molecules to create complex-
es. These qualities of cationic hydrogels make them useful as virus-alternative
vectors for gene delivery and treatment. The majority of cationic hydrogels,
including si-RNA, were effectively produced by enzymatic degradation. These
hydrogels work well in cancer stem cell therapy [16].



Hydrogels and Nanogels — Applications in Medicine

6. According to the hydrogels’ biodegradability. Both biodegradable and non-
biodegradable hydrogels exist. Nonbiodegradable hydrogels are hydrogels that
are resistant to environmental changes and may maintain their structure and
physicochemical characteristics over an extended period of time. Biodegrad-
able hydrogels are more prevalent in natural hydrogels than nonbiodegradable
hydrogels [15].

2.2 Mechanisms for hydrogel matrix release
2.2.1 Diffusion-based release

The most typical way that drugs are released from hydrogels is by diffusion-
based release [17]. The hydrogel matrix’s mesh size has a significant impact on
how quickly drugs diffuse out of it [18]. This is influenced by a number of fac-
tors, principally the extent of crosslinking, the monomer composition, and the
nature and strength of environmental stimuli. Additionally, the size of the mesh
has an important effect on the mechanical strength, degradability, diffusivity,
and other physical characteristics of a hydrogel network [19, 20]. The usual mesh
size of swollen hydrogels has been shown to range from 5 to 100 nm [20, 21],
which is significantly bigger than the majority of small-molecule drugs. As a
consequence, the diffusion of these medicines may only slightly slow in a swol-
len state. Macromolecules such as peptides and proteins, on the other hand, will
have a prolonged release due to their hydrodynamic radii unless the structure and
mesh size of the swollen hydrogels are suitably engineered to produce desired
rates of macromolecular diffusion [22]. Drug release through a hydrogel mesh
or water-filled hydrogel pores is made possible by diffusion-based drug delivery
using either matrices or reservoirs. In the reservoir system, a core that contains the
medicine is covered with a hydrogel membrane to create capsules or spheres with
a high drug concentration in the system’s centre, allowing for a time-independent
and continuous drug release. The matrix system operates using the macromolecu-
lar mesh, demonstrating a time-dependent (not constant) drug release [8]. Both
types of drug release are illustrated in Figure 1.

2.2.2 Swelling-based release

The hydrogels’ swelling-based drug release technology is used for pharmaceu-
ticals that are distributed inside of glassy polymers that swell when they come into
contact with biofluids. Beyond its border, swelling causes expansion that facilitates
drug diffusion and polymer chain relaxation. The procedure, also known as (Case II
transport), enables consistent, time-independent release kinetics. The anomalous
transfer is another term for this mechanism because it mixes the procedures of swell-
ing and diffusion to enable drug release. The active ingredient can diffuse from an
area of higher concentration to a lower one due to the gradient between the drug that
is distributed in the hydrogel and its surrounding environment [8].

2.2.3 Chemically based release

Chemically based release is influenced by chemical processes that occur inside
the matrix of the gel. Hydrolytic or enzymatic breakdown of polymeric chains is
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Drug diffusion from the core
through the hydrogel membrane

B)

e ©
Hydrogel and
. dispersed drug
e ® o

Drug diffusion from the matrix
containing the dispersed drug

Figure 1.

(Ag): The core contains a drug in the Centre of the system in a higher concentration and is coated with a hydrogel
membrane to produce a constant release vate in the reservoir system (time-independent), (B): Through the use
of matrix delivery, the medicine is dissolved or dispersed throughout the hydrogel’s three-dimensional structure
(time-dependent), modified from [23].

one of these mechanisms, as well as reversible/irreversible interactions between
the released medication and the polymeric network [3]. In chemically based
delivery systems, drug release might occur by the breakage of polymeric chains
via bulk or surface erosion, followed by the release of the entrapped drug from the
hydrogels. The rate-limiting stage of chemically based release systems is polymer
chain cleavage [17].

2.3 Controlled-delivery systems of hydrogel

Controlled-delivery systems are created to administer medication into the body
in a certain, preset temporal and/or spatial manner to satisfy a particular therapeutic
requirement. The hydrogels have special qualities that may make them one of the best
controlled-release systems in the future among the various controlled-release systems
that have been employed up to this point [3].

99



Hydrogels and Nanogels — Applications in Medicine

1. Time-controlled systems

The controlled-release hydrogel systems are divided into two primary groups [3]:

2. Stimulus-induced release systems (SIRS) [24, 25] are also known as stimulus-

sensitive, stimulus-responsive, environmental-sensitive, environmental-
responsive, or responsive hydrogel systems.

Responsive hydrogels drastically modify their structure and behaviour in

response to changes in the external environment [3]. The environment-sensitive
hydrogel systems, often known as smart systems, can be divided into the following

categories:

1. Physically triggered release mechanisms

2. Chemically triggered release mechanisms

3. Other stimulus-induced release mechanisms

In this context, physical stimuli of interest include those involving temperature,

electric current, pressure, sound, light, and magnetic fields. In contrast, specific
molecular recognition events, ions, solvent composition, pH, and others are chemical
triggers [25, 26]. Due to their capacity for recurrent conversion of swelling to deswell-
ing in response to external temperature variations, temperature-sensitive (thermo-
responsive) hydrogels have attracted a lot of attention [27, 28]. Contrarily, hydrogel

Limitation

Solution

Some hydrogels have nonbiodegradable and
non-biocompatible characteristics.

Creation of hydrogels that are both
biocompatible and biodegradable, such as
PEG-PLGA-PEGa, or use of polymers with
hydrolyzable moieties (chemical modification)
[29].

Response times of stimulus-sensitive hydrogels
are too long.

Creating quick-acting hydrogels that are thinner
and smaller [7].

Fast drug release from large porous hydrogels
and a quick burst release of medication during
hydrogel swelling.

Prior to gelation, drugs can be physically or
covalently tethered to the polymer chains
(tethering approach) [30].

To combat rapid disintegration and quick drug
release, covalent crosslinking is used to generate
di-block or tri-block copolymers [6].

In the entrapment procedure, there is a chance
that the medication will become inactive and
release in a burst.

Use of the tethering technique [30].

possible drug inactivation during the covalent
binding method’s polymer binding.

Replacing direct covalent drug binding to the
polymer with suitable linkers that allow for
controlled drug release [17].

Hydrogel with diffusion-controlled release has
an unspecific drug release mechanism.

Controlling the drug release from hydrogels
using chemically and physiologically induced
release triggers [30].
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Limitation Solution

7 Possibility of toxicity of small-molecule Using the Michael addition process or the Schiff
crosslinkers that are left behind after a hydrogel base synthesis approach to crosslink polymers to
is created using a small-molecule crosslinking other polymers [6].
approach.

8 For oral drug delivery systems, chitosan-based Crosslinking, conjugation, or the creation of
hydrogel matrices quickly dissolve in stomach polyelectrolyte complexes [17].
acid. For the administration of oral insulin, scientists

have created hydrogels based on chitosan-poly
(g-glycolic acid) [31].

9 Drug-loaded colloidal carriers are difficult to Preparation of liposomes in hydrogels as a
incorporate into hydrogels. mixed delivery system [32].

10 Non-homogenous hydrophobic drug dispersion Directly incorporating hydrophobic domains
inside hydrogels and limited hydrophobic into the hydrogel network [17].
medication delivery using hydrogels. Creation of a weakly soluble drug’s solid

molecular dispersion [17].

Using polymer nanoparticles to encapsulate the
medicine allows for a well-dispersed drug slurry
to be produced [17].

Preparation of drug delivery system made of
hydrogel and nanoparticles [6, 33].

11 Poloxamer-based thermosensitive hydrogels Preparation of biodegradable and biocompatible

have low biodegradability and possible toxicity. hydrophobic polyesters such as PLGA and PCLb
that are crosslinked to PEG-based hydrogels
[34].
A suitable in situ forming hydrogel that is
temperature-sensitive is made of the PEG-
PNIPAAMC copolymer. [34].

12 Response of light-responsive hydrogels to Fabrication of 2-hydroxyethyl methacrylate

stimuli (light) is slow and variable. crosslinked polymers with azobenzene
functional groups [35].
The interaction of polyacrylamide and
polyacrylic acid forms an interpenetrating
polymer network [36].

13 Clogging of the needle during the injection pH/thermosensitive hydrogels are created using
of hydrogels that are temperature and pH a dual-responsive hydrogel technique [17].
sensitive.

14 Solubility, pH-related activity, and the delayed Chemical change to enhance mucoadhesiveness
sol-gel transition phase. and solubility profile [37].

15 PEG hydrogels, as a tissue engineering scaffold, Using extracellular matrix proteins, PEG
do not have any particular cell adhesive hydrogels may be modified to act as cell
characteristics. adhesives [38].

16 Low drug loading and quick drug release. Incorporating N-(3-aminopropyl)
methacrylamide or other ionic or hydrophobic
monomers into pHEMAJ hydrogels to adjust
drug release rate and boost drug loading
capacity [39].

17 the difficulty of surgically implanting pre- To get around these scaffolding restrictions, use

formed hydrogels or scaffolds used in tissue
engineering, and the danger of infection.

injectable hydrogel systems instead [40].
Hydrogels with micro-engineered structures are
created [41].
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Limitation Solution
18 Low hydrogel network loading capacity DNA/polymer polyplexes are incorporated into
for DNA or RNA and restricted transgenic PEG hydrogel scaffolds [42].
expression capacity for gene transfer. Using hydrogels made of fibrin and hyaluronic
acid as scaffolding for DNA/polymer polyplexes
[43].
19 The ineffectiveness and unsuitability asa The creation of hydrogel carriers made
carrier for hydrophobic and small-molecule from copolymers of acrylic acid and methyl
active medicines. methacrylate serves as a unique oral drug

delivery strategy for hydrophobic active
medicines with tiny molecular weights [44].

20 Hydrogels made of calcium alginate have low Agar/alginate beads’ composition, which has the
mechanical strength. advantages of improved mechanical strength
and regulated drug release [45].

Table1.
Limitations of hydrogels and possible solutions.

systems with chemical responsiveness suggest a number of forms of hydrogels in
which medicine can be released from a repository in response to variations in the
amount of a particular molecule or biologically active substance in the environment.
Due to their distinctive pH-dependent swelling-deswelling behaviour, hydrogels with
pH-responsive systems are extremely important [3].

The main problem with stimulus-sensitive hydrogels is how slowly they react. The
easiest technique to produce fast-acting responsiveness is to create hydrogels that are
thinner and smaller. However, this reduces the mechanical strength of the hydrogel
device and the polymer network as a whole [7]. Table 1 lists all the restrictions associ-
ated with hydrogels as well as potential remedies.

3. Hydrogel nanoparticles (nanogels)

Nanogels are submicron-sized, three-dimensional crosslinked polymer networks.
Nanogel combines the properties of hydrogels and nanoparticles since it is made
up of hydrogel particulate entities with nanometre-sized spaces [46]. Nanogels can
be created through monomer-heterogeneous polymerisation or from precursors of
polymers. Crosslinking, including physical and chemical crosslinking, is a crucial
step in the fabrication of nanogels. Nanogels exhibit the swelling capability, or
capacity, to absorb large volumes of water or biological fluids while retaining their
structural integrity. Nanogels are an interesting prospect for several applications due
to their special characteristics [3]. Nanogel has been found to have great drug loading
capacity, biological consistency, higher stability, and sensitivity to a wide variety of
environmental stimuli (such as pH, temperature, and ionic strength) in comparison
to other nanocarriers [46].

Drugs loaded within nanogels can easily pass through physiological barriers due
to their nanosize range, thus increasing drug bioavailability. In addition, with the
use of nanogels, less medication is required, and there are fewer doses per day, which
reduces the toxicity of the medication [47]. However, one should pay attention to
the solvents and the type and concentration of surfactants used in the preparation of
nanogels because toxicity due to surfactants can occur occasionally [47].
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4. Hydrogels and nanogels applications in drug delivery
4.1 Oral drug delivery

The most popular, desired, and patient-compliant method of medication adminis-
tration is oral dosing. Copolymer hydrogel networks are an appropriate drug delivery
vehicle because they enhance oral absorption and bioavailability. As a mucoadhesive
substance with the potential to prolong medication release and absorption, hydrogels
are regarded as secure drug delivery systems for oral administration. The ability to
prevent integrated drugs from enzymatic degradation is hydrogels’ additional ben-
efit as oral drug delivery vehicles [48]. In order to avoid the difficulties involved in
administering insulin parenterally, hydrogels are primarily explored for oral medica-
tion delivery of insulin [31].

4.2 Parenteral drug delivery

The parenteral method of administration is the most preferred route of administra-
tion for several medications, including peptides and proteins. For parenteral medication
administration, hydrogels may be employed as controlled drug delivery systems. Drugs
can be protected against enzymatic degradation, their half-life is extended, their bio-
availability is increased, their frequency of administration is decreased, and as a result,
their compliance with the patient’s needs is increased by using hydrogels. Temperature-
sensitive injectable hydrogels are typically sol (fluid) at ambient temperature and
gel (viscous) at human temperature. Drug release can be sustained, and medication
bioavailability can be increased via gelation. The most popular temperature-sensitive
hydrogels utilised in parenteral drug delivery systems are those based on poloxamer,
although they are limited by the fact that they are not biodegradable [49].

4.3 Nasal drug delivery

High patient compliance and the avoidance of the hepatic first-pass effect, which
might boost medication bioavailability, are two benefits of nasal drug administra-
tion. However, this method of administration also has its own drawbacks, such as the
mucosal membranes acting as a barrier to macromolecule absorption and the short
nasal residence period caused by mucosal turnover. Chitosan hydrogels, for example,
are highly regarded as innovative nasal delivery systems that might lengthen the
period that loaded active chemicals remain in the nasal cavity. These hydrogels have
mucoadhesive, viscoelastic, and biocompatible qualities. The majority of the poly-
mers used in nasal administration systems have a high thermal sensitivity and can gel
at the site of action at body temperature [37].

4.4 Ocular drug delivery

A frequent method of topical drug administration for delivering medications to
the eye is eye drops. Although this method is ineffective and might have systemic side
effects, only around 5% of the incorporated drug would penetrate the intraocular
tissue; the remaining 95% would be lost to tear drainage. Furthermore, the medica-
tion has a relatively brief residence duration in the eye. Because of this, it would be
extremely desirable to create innovative drug delivery methods that would lengthen
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the period that medication is in the eye, reduce drug loss, and have fewer systemic
negative effects [50]. Numerous studies have investigated contact lenses as ocular
drug delivery devices, which have the benefit of extending the period that drugs

are present in the body and their bioavailability. Because of their transparency and
biocompatibility, hydrogel contact lenses have received a lot of attention as ocular
medication delivery devices. Regarding this, drug molecules might be uniformly dis-
seminated in matrices of hydrogels such as hydroxyethyl methacrylate (HEMA) poly-
mer. However, this technique is only applicable to water-soluble medicines and could
result in rapid drug release [50]. Hydrophobic or ionic monomers might be added to
hydroxyethyl methacrylate (HEMA) hydrogels to promote hydrogel and drug interac-
tions, regulate the rate of drug release, and boost loading capacity for drugs [39].
Dexamethasone-containing eye drops were created using either solvent evaporation
or emulsification process with 2-hydroxypropyl-y-cyclodextrin (HP-y-CDs) medium
containing cyclodextrin nanogel for sustained release. Using pH-sensitive polyvinyl-
pyrrolidone-poly [acrylic acid] (PVP/PAAc) nanogels, pilocarpine was encapsulated
to improve bioavailability, stability, and maintain a sufficient concentration of the
medication at the site of action for a prolonged length of time [51].

4.5 Topical delivery

Delivering medications topically is a popular way of administration that is used
to decrease side effects and localise large quantities of a medicine at the target site.
Hydrogels are regarded as acceptable carriers for topical medication delivery due to their
low toxicity potential and prolonged drug release. Hydrogels also offer the advantages
of biocompatibility, softness, and high-water content, which can mirror the features of
real tissues. Furthermore, due to hydrogels’ swelling and moisturising properties, they
might prevent irritation of the enclosing tissues. Another significant feature of hydrogels
is their capacity to preserve drugs from severe environmental conditions [52]. Nanogels
have been used in dermatology and cosmetics as topical delivery methods for nonste-
roidal anti-inflammatory medications (NSAIDs), as well as to treat psoriatic plaque
and allergic contact dermatitis. For this purpose, nanogels are appropriate because they
address a significant constraint of topically delivering systems: the relatively limited
contact period between active medicines and the site of application. Thus, a homogenous
nanogel dispersion is produced, maintaining water in the gel matrix [51].

4.6 Transdermal and subcutaneous delivery

In comparison to other administration methods, the transdermal route avoids
the first-pass effect, improves therapeutic efficacy, provides plasma drug concentra-
tions at a steady level, and increases patient adherence. Transdermal nanogels can
produce an increase in permeability and stability in comparison to conventional
oral administration [53]. Swollen hydrogels were employed in wound dressings as a
controlled-release technique. The anti-inflammatory medication budesonide has been
transported via hydrogels. To improve nicotine and hormone product penetration,
these hydrogels are being investigated for transdermal iontophoresis. The favour-
able biodegradability of hydrogels encourages the development of biodegradable
implanted hydrogels. These are mostly employed in the treatment of cancer by
delivering anticancer medicines subcutaneously. It is made from crosslinked poly
hydroxyethyl methacrylate (PHEMA), also used to deliver the chemotherapeutic
agent cytarabine [14].
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4.7 Brain drug delivery

The blood-brain barrier is still a major issue in drug delivery to the brain, which is
still a difficult process. Local medication delivery via brain implants is a possibility,
but it comes with the risk of infection and harm to brain tissue. Epicortical delivery
utilising hydrogels is a different strategy for brain local administration that might
distribute the loaded medicine directly into the brain with little tissue damage [54].

4.8 Tissue engineering

For tissue engineering, hydrogels offer several benefits including resemblance to
extracellular matrices of tissues, promotion of cell proliferation, minimal irritation
to surrounding tissues, and prolonged release of integrated growth factors. Injectable
hydrogels are superior to other traditional scaffolds in several ways, including sim-
plicity of handling, deeper tissue penetration, greater margin adaptability, and less
invasiveness [40]. Other interesting engineering techniques to address the problems
that tissue engineering is now encountering are micro-engineered hydrogels [41].

4.9 Gene delivery

Delivering DNA or RNA for the purpose of genetic alteration can be achieved
using a hydrogel scaffold. Hydrogels can improve the effectiveness of gene therapy,
particularly in the treatment of cancer. In cancer therapy, siRNA or fatal genes would
be enclosed in hydrogel scaffolds and would encourage malignant cells to undergo cell
death. However, hydrogels used for gene delivery may have some drawbacks, such asa
low capacity for loading genes and a quick release of encapsulated genes. To overcome
these restrictions, a number of techniques have been proposed, such as the condensa-
tion of DNA or RNA in nanoparticulate systems and subsequent encapsulation in a
hydrogel scaffold [43].

4.10 Cosmetics application

The primary function of the skin is to protect the body from harmful external
environmental factors like pathogens and UV radiation. Additionally, it helps keep
the body hydrated and at the proper temperature. To enhance the skin’s appearance
and texture, cosmetic products are frequently applied. Skin cleansers, moisturisers,
and body lotions are all needed to maintain a healthy skin texture. Hydrogel-based
cosmetic products are now gaining popularity in the cosmetic industry due to benefits
such as biocompatibility, elasticity, softening, and increased water content. Wrinkles,
cellulite, pigmentation, ageing, and skin hydration can all be efficiently treated
using hydrogels. Caffeine-containing bioadhesive hydrogels, for example, are widely
employed in cosmetic applications. The bioadhesive property of hydrogels aids in the
gradual release of caffeine into the skin, improving skin texture and appearance [14].

4.11 Vaccines delivery

Immune responses that are specific to an antigen are induced during vaccination.
Polymeric nanogels are a unique, alternative method of vaccine administration that
is being used to improve the potency and effectiveness of vaccinations. Nanogels
perform better than conventional immunisations in preventing the enzymatic
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breakdown of vaccine antigens. Vaccine administration with regard to a specified
target can be considerably enhanced by using surface-altered nanogels with antibod-
ies’ affixes and other ligands [55].

4.12 Cancer therapy

Many anticancer drugs such as doxorubicin, cisplatin, temozolamide, and 5-FU
have been loaded into nanogels for the treatment of different types of cancer. For
example, nanogels loaded with chitin-polymerised doxorubicin are employed for
the management of lung, breast, liver, and prostate cancer. In cancer treatment,
drug delivery is required to be efficient and highly specific to the target site with low
toxicity to the adjacent healthy tissue. Thermosensitive and pH-sensitive nanogels
containing cisplatin were utilised for the management of breast cancer [56]. Likewise,
fludarabine loaded into polyplex nanogels was employed to enhance the activity and
reduce the toxicity of the drug [57].

5. Conclusion

Hydrogels and nanogels can be regarded as promising carriers for drug delivery
since they have shown a positive role in the delivery of various types of drugs and
bioactive molecules by different routes of administration. They demonstrated supe-
riority in drug release, targeting, and stability in comparison to conventional dosage
forms due to their unique features. However, to increase their commercialisation,
some issues are required to be addressed, including the development of cost-effective
manufacturing methods for large-scale production and the precise control of drug
pharmacokinetics to reach the target site at an adequate dose. The developments in
nanotechnology and polymer sciences may resolve these challenges, which make
hydrogels and nanogels an excellent platform for drug delivery in clinical settings.

Conflict of interest

“The authors declare no conflict of interest.”

Author details

Mohammed Hussain AL-Mayahy* and Hiba Imad Hameed
College of Pharmacy, Mustansiriyah University, Baghdad, Iraq

*Address all correspondence to: mohammedhussain@uomustansiriyah.edu.iq

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

106



Hydrogels and Nanogels as a Promising Carrier for Drug Delivery

DOI: http://dx.doi.org/10.5772/intechopen.1002417

References

[1] Hoffman AS. Hydrogels for
biomedical applications. Advanced Drug
Delivery Reviews. 2002;54(1):3-12.

DOI: 10.1016/s0169-409x(01) 00239-3

[2] Omidian H, Park K. Swelling agents
and devices in oral drug delivery.
Journal of Drug Delivery Science

and Technology. 2008;18(2):83-93.
DOI: 10.1016/51773-2247(08)50016-5

[3] Hamidi M, Azadi A, Rafiei P.
Hydrogel nanoparticles in drug delivery.
Advanced Drug Delivery Reviews.
2008;60(15):1638-1649. DOI: 10.1016/j.
addr.2008.08.002

[4] Husnaini Zainal S, Hanisah

Mohd N, Suhaili N, Hannan Anuar F,
Mat Lazim A, Othaman R. Preparation
of cellulose-based hydrogel: a

review. Journal of Materials Research
and Technology. 2021;10:935-952.

DOI: 10.1016/jjmrt.2020.12.012

[5] Su]J, Li], Liang ], Zhang K,

LiJ. Hydrogel preparation methods
and biomaterials for wound dressing.
Life. 2021;11(10):1016. DOI: 10.3390/
1ife11101016

[6] Hoare TR, Kohane DS. Hydrogels in
drug delivery: Progress and challenges.
Polymer. 2008;49(8):1993-2007.

DOI: 10.1016/j.polymer.2008.01.027

[7]1 QiuY, Park K. Environment-
sensitive hydrogels for drug delivery.
Advanced Drug Delivery Reviews.
2001;53(3):321-339. DOI: 10.1016/
s0169-409x(01)00203-4

(8] Narayanaswamy R, Torchilin VP.
Hydrogels and their applications in
targeted drug delivery. Molecules.
2019;24(3):603. DOI: 10.3390/
molecules24030603

107

[9] Bahram M, Mohseni N,

Moghtader M. An introduction to
hydrogels and some recent applications.
In: Majee SB, editor. Emerging Concepts
in Analysis and Applications of
Hydrogels. Croatia: InTech; 2016,

pp. 9-38. DOI: 10.5772/64301

[10] Ahmed EM. Hydrogel: Preparation,
characterization, and applications: A
review. Journal of Advanced Research.
2015;6(2):105-121. DOI: 10.1016/j.
jare.2013.07.006

[11] Sim&es S. Modular hydrogels for drug
delivery. Journal of Biomaterials and
Nanobiotechnology. 2012;3(2):185-199.
DOI: 10.4236/jbnb.2012.32025

[12] Soni RK, Kewatkar SM, Jain 'V,

Saluja MS. A review of hydrogels, with
its properties and applications in
medicine. Journal of Biomedical and
Pharmaceutical Research. 2023;12(2):20-
33. DOI: 10.32553/jbprv12i2.970

[13] Vashist A, Ahmad S. Hydrogels:
smart materials for drug delivery.
Oriental Journal of Chemistry.
2013;29(3):861-870. DOI: 10.13005/
0jc/290303

[14] Kasai RD, Radhika D, Archana S,
Shanavaz H, Koutavarapu R, Lee D-Y,

et al. A review on hydrogels classification
and recent developments in

biomedical applications. International
Journal of Polymeric Materials and
Polymeric Biomaterials. 2022;72:1-11.
DOI: 10.1080/00914037.2022.2075872

(15] Zheng H, LiM, Wu L, Liu W, Liu Y,
Gao], et al. Progress in the application
of hydrogels in immunotherapy

of gastrointestinal tumors. Drug
Delivery. 2023;30(1):2161670.

DOI: 10.1080/10717544.2022.2161670



Hydprogels and Nanogels — Applications in Medicine

[16] Kaith BS, Singh A, Sharma AK,
Sud D. Hydrogels: Synthesis,
classification, properties and potential
applications—A brief review. Journal
of Polymers and the Environment.
2021;29(12):3827-3841. DOI: 10.1007/
s10924-021-02184-5

[17] Ghasemiyeh P, Mohammadi-
Samani S. Hydrogels as drug delivery
systems; pros and cons. Trends in
Pharmaceutical Sciences. 2019;5(1):7-24.
DOI: 10.30476/tips.2019.81604.1002

[18] Canal T, Peppas NA. Correlation
between mesh size and equilibrium
degree of swelling of polymeric
networks. Journal of Biomedical
Materials Research. 1989;23(10):1183-
1193. DOI: 10.1002/jbm.820231007

[19] Amsden B. Solute diffusion within
hydrogels. Mechanisms and Models.
Macromolecules. 1998;31(23):8382-8395.
DOI: 10.1021/ma980765f

[20] Mason MN, Metters AT,

Bowman CN, Anseth KS. Predicting
controlled-release behavior of degradable
PLA-b-PEG-b-PLA hydrogels.
Macromolecules. 2001;34(13):4630-
4635. DOI: 10.1021/ma010025y

[21] Cruise GM, Scharp DS, Hubbell JA.
Characterization of permeability and
network structure of interfacially
photopolymerized poly(ethylene glycol)
diacrylate hydrogels. Biomaterials.
1998;19(14):1287-1294. DOI: 10.1016/
S0142-9612(98)00025-8

[22] Lustig SR, Peppas NA. Solute
diffusion in swollen membranes. IX.
Scaling laws for solute diffusion in gels.
Journal of Applied Polymer Science.
1988;36(4):735-747. DOI: 10.1002/
app.1988.070360401

[23] Calé E, Khutoryanskiy VV.
Biomedical applications of hydrogels:

108

A review of patents and commercial
products. European Polymer Journal.
2015;65:252-267. DOI: 10.1016/j.
eurpolym;j.2014.11.024

[24] Lin C-C, Metters AT. Hydrogels
in controlled release formulations:
Network design and mathematical
modeling. Advanced Drug Delivery
Reviews. 2006;58(12-13):1379-1408.
DOI: 10.1016/j.addr.2006.09.004

[25] Kikuchi A, Okano T. Pulsatile
drug release control using hydrogels.
Advanced Drug Delivery Reviews.
2002;54(1):53-77. DOI: 10.1016/
s0169-409x(01) 00243-5

[26] Miyata T, Uragami T, Nakamae K.
Biomolecule-sensitive hydrogels.
Advanced Drug Delivery Reviews.
2002;54(1):79-98. DOI: 10.1016/
s0169-409x(01) 00241-1

[27] Bromberg LE, Ron ES. Temperature-
responsive gels and thermogelling
polymer matrices for protein and
peptide delivery. Advanced Drug
Delivery Reviews. 1998;31(3):197-221.
DOI: 10.1016/50169-409x(97) 00121-x

[28] Dinarvand R, D’Emanuele A. The
use of thermoresponsive hydrogels for
on-off release of molecules. Journal of
Controlled Release. 1995;36(3):221-227.
DOI: 10.1016/0168-3659(95) 00035-7

[29] Li Z, Ning W, Wang J, Choi A, Lee
PY, Tyagi P, et al. Controlled gene
delivery system based on thermosensitive
biodegradable hydrogel. Pharmaceutical
Research. 2003;20(6):884-888.

DOI: 10.1023/A:1023887203111

[30] Bhattarai N, Gunn J,

Zhang M. Chitosan-based hydrogels
for controlled, localized drug delivery.
Advanced Drug Delivery Reviews.
2010;62(1):83-99. DOI: 10.1016/j.
addr.2009.07.019



Hydrogels and Nanogels as a Promising Carrier for Drug Delivery

DOI: http://dx.doi.org/10.5772/intechopen.1002417

[31] Chaturvedi K, Ganguly K,

NadagoudaMN, AminabhaviTM.Polymeric

hydrogels for oral insulin delivery.
Journal of Controlled Release.
2013;165(2):129-138. DOI: 10.1016/j.
jeconrel.2012.11.005

[32] Hurler ], Berg OA, Skar M,

Conradi AH, Johnsen PJ, Skalko-Basnet N.

Improved burns therapy: Liposomes-in-
hydrogel delivery system for Mupirocin.
Journal of Pharmaceutical Sciences.
2012;101(10):3906-3915. DOI: 10.1002/
jps.23260

[33] GouM, Li X, Dai M, Gong C,

Wang X, XieV, et al. A novel injectable
local hydrophobic drug delivery system:
Biodegradable nanoparticles in thermo-
sensitive hydrogel. International Journal
of Pharmaceutics. 2008;359(1-2):228-
233. DOI: 10.1016/j.ijpharm.2008.03.023

[34] Alexander A, Ajazuddin K,

SarafJS, Saraf S. Poly(ethylene glycol)—
poly(lactic-co-glycolic acid) based
thermosensitive injectable hydrogels

for biomedical applications. Journal of
Controlled Release. 2013;172(3):715-729.
DOI: 10.1016/jjconrel.2013.10.006

[35] Unger K, Salzmann P, Masciullo C,
Cecchini M, Koller G, Coclite AM. Novel
light-responsive biocompatible hydrogels
produced by initiated chemical vapor
deposition. ACS Applied Materials &
Interfaces. 2017;9(20):17408-17416.

DOI: 10.1021/acsami.7b01527

[36] Xu'Y, Ghag O, Reimann M, Sitterle P,

Chatterjee P, Nofen E, et al. Development

of visible-light responsive and
mechanically enhanced ‘smart’ UCST
interpenetrating network hydrogels.
Soft Matter. 2018;14(1):151-160.

DOI: 10.1039/c7sm01851g

[37] Nazar H, Fatouros DG, van
der Merwe SM, Bouropoulos N,
Avgouropoulos G, Tsibouklis J, et al.

109

Thermosensitive hydrogels for nasal
drug delivery: The formulation and
characterisation of systems based

on N-trimethyl chitosan chloride.
European Journal of Pharmaceutics and
Biopharmaceutics. 2011;77(2):225-232.
DOI: 10.1016/j.ejpb.2010.11.022

[38] Zhu J. Bioactive modification

of poly(ethylene glycol) hydrogels

for tissue engineering. Biomaterials.
2010;31(17):4639-4656. DOI: 10.1016/j.
biomaterials.2010.02.044

[39] HuX, Hao L, Wang H,

Yang X, Zhang G, Wang G, et al.
Hydrogel contact lens for extended
delivery of ophthalmic drugs.
International Journal of Polymer
Science. 2011;2011:e814163.

DOI: 10.1155/2011/814163

[40] Sivashanmugam A, Arun

Kumar R, Vishnu Priya M, Nair SV,
Jayakumar R. An overview of injectable
polymeric hydrogels for tissue
engineering. European Polymer Journal.
2015;72:543-565. DOI: 10.1016/j.
eurpolym;.2015.05.014

[41] Khademhosseini A, Langer R.
Microengineered hydrogels for

tissue engineering. Biomaterials.
2007;28(34):5087-5092. DOI: 10.1016/j.
biomaterials.2007.07.021

[42] Lei Y, Huang S, Sharif-Kashani P,
ChenY, Kavehpour P, Segura T.
Incorporation of active DNA/cationic
polymer polyplexes into

hydrogel scaffolds. Biomaterials.
2010;31(34):9106-9116. DOI: 10.1016/j.
biomaterials.2010.08.016

[43] Lei Y, Rahim M, Ng Q, Segura T.
Hyaluronic acid and fibrin hydrogels
with concentrated DNA/PEI polyplexes
for local gene delivery. Journal of
Controlled Release. 2011;153(3):255-261.
DOI: 10.1016/jjconrel.2011.01.028



Hydprogels and Nanogels — Applications in Medicine

[44] Caldorera-Moore M, Maass K,
Hegab R, Fletcher G, Peppas N. Hybrid
responsive hydrogel carriers for oral
delivery of low molecular weight
therapeutic agents. Journal of Drug
Delivery Science and Technology.
2015;30:352-359. DOI: 10.1016/j.
jddst.2015.07.023

[45] Yin Z-C, Wang Y-L, Wang K. A
pH-responsive composite hydrogel
beads based on agar and alginate for oral
drug delivery. Journal of Drug Delivery
Science and Technology. 2018;43:12-18.
DOI: 10.1016/j,jddst.2017.09.009

[46] Zhang H, Zhai Y, Wang ],

Zhai G. New progress and prospects: The
application of nanogel in drug delivery.
Materials Science and Engineering:C.
2016;60:560-568. DOI: 10.1016/j.
msec.2015.11.041

[47] Al Rahman F, Ibrahim Elnima E,
Elhassan AM, Omar Hussein SE. Nanogel
as a pharmaceutical carrier — Review
article. Scholars Journal of Applied
Medical Sciences. 2017;5(11F):4730-
4736. DOI: 10.21276/sjams.2017.5.11.83

[48] Morishita M, Goto T, Nakamura K,
Lowman AM, Takayama K, Peppas NA.
Novel oral insulin delivery systems based
on complexation polymer hydrogels:
Single and multiple administration
studies in type 1 and 2 diabetic

rats. Journal of Controlled Release.
2006;110(3):587-594. DOI: 10.1016/j.
jeconrel.2005.10.029

[49] Alexander A, Ajazuddin K, SarafJS,
Saraf S. Polyethylene glycol (PEG)-poly
(N-isopropylacrylamide) (PNIPAAm)
based thermosensitive injectable
hydrogels for biomedical applications.
European Journal of Pharmaceutics and
Biopharmaceutics. 2014;88(3):575-585.
DOI: 10.1016/j.ejpb.2014.07.005

[50] Gulsen D, Chauhan A. Dispersion
of microemulsion drops in HEMA

110

hydrogel: a potential ophthalmic drug
delivery vehicle. International Journal
of Pharmaceutics. 2005;292(1-2):95-117.
DOI: 10.1016/j.ijpharm.2004.11.033

[51] Jain S, Ancheria RK, Shrivastava S,
Soni SL, Sharma M. An overview of
Nanogel-novel drug delivery system.
Asian Journal of Pharmaceutical
Research and Development.
2019;7(2):47-55. DOI: 10.22270/ajprd.
v7i2.482

[52] Morsi NM, Abdelbary GA,

Ahmed MA. Silver sulfadiazine based
cubosome hydrogels for topical treatment
of burns: Development and in vitro/in
vivo characterization. European Journal
of Pharmaceutics and Biopharmaceutics.
2014;86(2):178-189. DOI: 10.1016/j.
ejpb.2013.04.018

[53] Shimizu T, Kishida T, Hasegawa U,
UedaY, Imanishi J, Yamagishi H, et al.
Nanogel DDS enables sustained release
of IL-12 for tumor immunotherapy.
Biochemical and Biophysical Research
Communications. 2008;367(2):330-335.
DOI: 10.1016/j.bbrc.2007.12.112

[54] Wang Y, Cooke M]J, Morshead CM,
Shoichet MS. Hydrogel delivery

of erythropoietin to the brain for
endogenous stem cell stimulation
after stroke injury. Biomaterials.
2012;33(9):2681-2692. DOI: 10.1016/j.
biomaterials.2011.12.031

[55] Wu W, Aiello M, Zhou T,

Berliner A, Banerjee P, Zhou S. In-situ
immobilization of quantum dots in
polysaccharide-based nanogels for
integration of optical pH-sensing,
tumor cell imaging, and drug delivery.
Biomaterials. 2010;31(11):3023-3031.
DOI: 10.1016/j.biomaterials.2010.01.011

[56] Peng J, Qi T, Liao J, Chu B, Yang
Q, LiW, et al. Controlled release
of cisplatin from pH-thermal dual



Hydrogels and Nanogels as a Promising Carrier for Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.1002417

responsive nanogels. Biomaterials.
2013;34(34):8726-8740. DOI: 10.1016/j.
biomaterials.2013.07.092

[57] Vinogradov SV, Zeman AD,
Batrakova EV, Kabanov AV. Polyplex
Nanogel formulations for drug delivery
of cytotoxic nucleoside analogs. Journal
of Controlled Release. 2005;107(1):143-
157. DOI: 10.1016/jjconrel.2005.06.002

111






Chapter 6

Applications of Nanogel in Drug
Delivery

Mansurat Oluwatoyin Shoge

Abstract

Drug delivery systems using nanogel are extremely essential. Chemical
cross-linking is used to create it and the 3D polymer network of the nanogel has
the capacity to encapsulate hydrophilic or hydrophobic therapies, such as proteins,
compounds containing small molecules and ultrasmall nanoparticles. They were syn-
thesized with a precise surface area and space due to their nanoscale structure, which
also increased the stability of whatever medications they contained and increased the
length of time they could circulate. Through the use of pH sensitivity, redox sensitiv-
ity, and temperature sensitivity, nanogels can achieve varied responsiveness. This is
accomplished by designing specific chemical structures and employing various pro-
duction methods. Consequently, the development of a multifunctional nanogel-based
drug delivery system has increased the efficacy of illness therapies. As nanoscopic
drug carriers, nanogels have drawn a lot of interest, especially for the site- or time-
specific delivery of bioactive mediators. Nanogel preparations come in a variety of
useful forms because to the wide variety of polymer systems and the straightforward
adjustment of their physicochemical properties. Nanogels have exceptional levels
of stability, drug loading potential, biologic consistency, strong permeation poten-
tial, and responsiveness to environmental cues. Nanogels have demonstrated great
promise in a variety of sectors, including the delivery of genes, chemotherapeutic
treatments, diagnosis, the targeting of particular organs, and many more. This review
primarily focuses on various types of nanogels, preparation techniques, including
techniques for loading drugs, various modes of biodegradation mechanisms, and
primary mechanisms for drug release from nanogels.

Keywords: mediators, nanogels, polymer, cleavage, diagnosis

1. Introduction

A hydrogel is a three-dimensional network of a polymer that is cross-linked and
hydrophilic, while a nanogel is a hydrogel where the particles are in the nanoscale
size range. Nanogels can swell because they are hydrophilic, which explains why
they can hold so much water. The ability to modify a nanogel’s qualities by changing
its composition is a crucial characteristic. Nanogels have a wide range of interesting
uses, including gene delivery and medical imaging; in this case, the use of trig-
gered drug administration will be taken into consideration. Due to their substantial
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swelling, nanogels may often entrap at least 30% weight of medicines through a
variety of interactions. As the drug is absorbed, the gel breaks down and stable
nanoparticles form, trapping the drug inside. A protective barrier surrounds the gel
as the hydrophilic polymer chains at the surface become exposed, and this layer can
be functionalized to target certain tissue or cells. Evidently, a nanogel’s value as a trig-
gered drug delivery system to a specific target depends on its compositional design
and chemistry [1].

As nanoscopic drug carriers, nanogels have drawn a lot of interest, especially for
the site- or time-specific delivery of bioactive mediators. Nanogel preparations come
in a variety of useful forms because to the wide variety of polymer systems and the
straightforward adjustment of their physicochemical properties. It has been demon-
strated that nanogels have great potential in a variety of fields, including the delivery
of genes, chemotherapy drugs, diagnosis, targeting of specific organs, and many
others. This chapter will focus primarily on the various types of nanogels, methods
of preparation, including methods of drug loading, and various modes of biological
diffusion [2].

1.1 Types of nanogels

According to their cross-linking structure, nanogels can be divided into two
main categories: chemically (covalent) cross-linked nanogels, which form cross-
linking points through covalent bonds and physically cross-linked nanogels, which
are cross-linked through non-covalent bonds like hydrogen bonds, electrostatic
interactions, and hydrophobic interactions. They mostly resemble spheres. They
can also be made with a cross-linked layer for structural integrity and either as
a core-shell or core-shell-corona structure. Nanogels are extremely compatible
with molecules that have a large loading capacity since they have a hydrophilic
character.

1.1.1 Micelles

This type of nanogel is made from amphiphilic block or graft copolymers that
have undergone supramolecular self-assembly in aqueous solutions. The centre of the
micelle has adequate room to encapsulate pharmaceuticals and biomacromolecules.
The effectiveness of the N-isopropylacrylamide-based micelle systems as drug deliv-
ery systems was examined [2]. It is made up of a core-shell morphological structure
stabilized by hydrogen bonding, with a core hydrophobic block segment encircled by
a hydrophilic polymer block shell (Figure 1).

1.1.2 PEG-PEI (poly (ethylene glycol)-polyethyleneimine)-based drug delivery

The initial nanogel to be introduced in 1999 was PEG-PEI. This is also an
example of a nanogel. Since PEI (polyetheleneimine) had been demonstrated to be
cytotoxic, PEG-PEI nanogels are often quite biocompatible. This is because of the
PEG (polyethylene glycol). Due to PEG’s proved non-toxic and non-immunogenic
qualities, the material is made more soluble in water and less poisonous, making
it more biocompatible than if PEI were used alone [2]. Numerous characteristics,
including size, are crucial to understand because they influence a nanogel’s poten-
tial applications and its efficacy as a drug release system. Due to the small size
(20-220 nm) of PEG-PEI nanogel particles, penetration is probably improved.
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Figure 1.
Structure of micelle. Source: https://upload.wikimedia.org/wikipedia/commons/thumb/c/c6/Phospholipids_
aqueous_solution_structures.svg/1200px-Phospholipids_aqueous_solution_structures.svg.png.

Since PEG-PEI nanogel particles are small (20-220 nm), it is expected that they will
penetrate tissues and cells more readily, increasing the likelihood that the drug will
affect its target.

Also, due to the charge of PEG-PEI, the amount of drug interaction between the
nanogel and drug will affect how quickly the drug is released. Due to its high (posi-
tive) charge density, PEI is the ideal carrier for negatively charged pharmaceuticals
and biological components [3]. Additionally, because pH can alter charge density,
the release rate can be adjusted as the strength of the drug-nanogel connection
changes. PEG-PEI nanogel applications in drug release systems are extremely
promising and have the potential to have a significant impact on the biomedical
industry.

It was reported that the encapsulation of AQ10 (6-(hydroxymethyl)-1,4-anthra-
cenedione (AQ) analogue), a novel anti-cancer medication that targets pancreatic
cancer [4]. When the medicine and nanogel were used together, cell proliferation was
inhibited more efficiently, which is the desired result for cancer therapies, according
to a comparison of taking the drug with or without the nanogel. The study came to
the conclusion that the use of this nanogel as a drug delivery technology was success-
ful because it made cells more receptive to the medication. PEG-PEI was employed
in another investigation. In another study [3], SODN (antisense phosphorothioate
oligonucleotides) distribution to multidrug-resistant (MDR) human oral epidermoid
carcinoma cells was investigated using PEG-PEI nanogel. Overall, the study found
that the medicine had a better chance of successfully accumulating in the cancer cells
when PEG-PEI nanogel was present. This study is particularly notable because it
introduces nanogels and establishes a baseline for all subsequent research on nano-
gels, whether it uses PEG-PEI or not [3].

1.2 Greater drug loading capacity of nanogels

The advantages of nanogels which have higher drug loading capacity are lesser
carrier material, better control over the drug release and improved efficacy and
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safety [4]. The amount of drug loaded per unit weight of the nanoparticle is known

as the loading capacity and it shows what proportion of the mass of the nanoparticle
is made up of drug-encapsulated substance. By dividing the entire weight of the
nanoparticles by the total amount of drug contained, one can get the loading capac-
ity (LC%). The functional group that is present in the polymeric unit is what gives
nanogels their greater drug loading capability. These functional groups play a signifi-
cant role in the carrying and releasing abilities of drugs. Despite this, some functional
groups have the capacity to combine a medication with an antibody for the purpose of
targeting. The starting hydrogen bonding and van der Waal forces of attraction within
the gel network are provided by these long functional groups of polymeric chains, asa
result, reducing the carrying capacity for drugs [4].

1.3 Synthesis of nanogels

Physical covalent crosslinking or chemical covalent crosslinking was used to
categorize nanogels. Some of the methods used to create nanogels include core-shell
and hollow nanogel particles as well as controlled/living radical polymerization
employing variable compositions, dimensions, and architectural designs. In order to
introduce a high level of particular domain organization into nanogel and carry out
arange of additional crosslinking operations, the core-shell self-assemblies, similar
to polymer micelles, are used. Various distinctive features have recently been created
in nanoscale fabrication techniques for fabricating precise nanogels. These charac-
teristics include highly detailed control over size, shape, deformability, and surface
chemistry [5] (Figure 2).

1.3.1 Nanogels for the delivery of small thevapeutic molecules

Nanogels can quickly swell in an aqueous environment. The advanced design of
the nanogel may be useful in adjusting the drug release rate, influencing carrier cell
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Synthesis of polymeric nanogels. Source: https://www.researchgate.net/publication/289220718/figure/fig1/AS:388
435031412737 @1469621536175/Methods-of-nanogel-synthesis-the-polymer-precursor-method-and-the-emulsion-
method.png.
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interactions, and enhancing the medication’s intended therapeutic effect. Weakly
crosslinked polyelectrolyte nanogels’ capacity to assimilate molecules with the
opposite charge is one of their most notable characteristics. For instance, cationic
crosslinked PEG-polyethyleneimine (PEG-PEI) nanogels were investigated for the
immobilization of negatively charged physiologically active compounds such retinoic
acid, Indomethacine, and valproic acid [5].

It was found that these drug-loaded nanogels reduced tumor development in
breast cancer cells of an animal model by delivering the active triphosphates of
therapeutic nucleoside analogs [4]. Recently, the same group investigated the advan-
tages of cationic nanogel integrated active 5'-triphosphates of nucleoside reverse
transcriptase inhibitors over free medicines in the antiviral therapy of HIV-1 infection
in the central nervous system (CNS). The effectiveness of cationic nanogel integrated
active 5'-triphosphates of nucleoside reverse transcriptase inhibitors over free medi-
cines in the antiviral therapy of HIV-1 infection in the central nervous system (CNS)
has recently been examined by the same group. Nanogels are macromolecular systems
with the capacity to distribute their cargo at the desired location and to attain lengthy
circulation half lifetimes in vivo. Nanogels are created with the idea of administration
route in mind, and they get past any obstacles in their path to reach the circulation
unharmed.

Nanogels are very expandable and can contain 30% weight. The polymer chain
interacts with the biological molecules via electrostatic, van der Waal, or hydropho-
bic/covalent interactions. These loading capacities are unusually high and surpass
those of liposomes and polymeric micelles. Following medication loading, the nano-
gels disintegrate into stable nanoparticles, trapping biohazard inside. Hydrophilic
polymers (like PEG) can be introduced in a very thin structure to prevent aggrega-
tion. When the drug-nanogel complex breaks down, hydrophilic polymer chains
are exposed, and they surround the nanogel in a protective layer. The versatility and
control of polymer chemistry enable the creation and development of a wide variety
of medication formulations as well as the incorporation of several therapeutic cargos
inside the same nanogel carrier [4].

Dexamethasone is administered locally to avoid acute lung inflammation. The
hybrid nanogel is crosslinked, composed of partially denaturated lysozyme cores and
dextran shells, and is physically biocompatible. The pulmonary vasculature’s target
endothelial determinant was the target of antibodies coated on the nanogels.

1.3.2 In vivo activity

Due to their softness and deformability, splenic filtering is partially liquefied
by nanogel. These are nanogel’s primary characteristics. Due to their flexibility and
deformability, erythrocytes, despite having a size range in microns, are able to readily
pass through the splenic filtering bed, which has pores with a size of a few hundred
nanometers.

There are various small compounds, peptides, antibodies, and other nanomedi-
cines that can be delivered specifically to tissue or cells. Numerous tiny molecules,
peptides, antibodies, or antibody fragments have been shown to be effective for
the targeted administration of nanogel and other nanomedicine in tissue or cells.
In comparison to nontargeted nanogel, ligand-mediated target alters the nanogel’s
biodistribution profile more. The strong expression of the receptor for the targeted
nanogel can help to stop the over-deposition of the nanogel at the target site and so
lessen the related adverse effects [5].
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1.3.3 Using nanogel to distribute oligonucleotides

For the treatment and diagnostics of cancer and neurological diseases, thera-
peutic oligonucleotides were created for the targeted suppression of a certain
mRNA (ribonucleic acid) sequence. These include the more recently identified
micro RNAs (miRNAs), small interfering RNAs (siRNAs), and antisense oligo-
deoxynucleotides (ODNs). Realizing the ONs (oligonucleotides) delivery’s full
therapeutic potential is still greatly hampered by the inability to penetrate specific
cells. ONs are hydrophilic molecules with a negative charge that are difficult to
pass across cell membranes. They can activate the innate immune system and can
be eliminated by endogenous nuclei. Therefore, ONs require a delivery truck in
order to safely go to the point of action. One of the most well-known new types
of nanomaterials for overcoming in vivo ONs delivery challenges is cationic
nanogels [5].

1.3.4 Nanogels for the therapeutic delivery of proteins

Nanogels have been extensively researched for the transport of proteins and
peptides in addition to their self-ability to encapsulate large quantities of biomacro-
molecules and prevent their disintegration. The molecular mass and hydrophobicity
of the protein affect the formation of nanogels. The proteins’ complexation, sizing,
thermal denaturation, and ultimately aggregation shield the nanogel from enzymatic
deterioration [6].

1.3.5 Delivery of nucleic acid

Small interfering RNAs, or siRNAs, have the potent capacity to selectively and
effectively block gene expression. Small interfering RNA (siRNA) therapy is now a
crucial component of treating diseases that are caused by genes. Due to fast enzymatic
breakdown, it cannot penetrate the cell surface and has limited applications, such as
modest transfection rates and brief half-lives.

In order to address these issues, siRNA can be loaded into liposomes, enhanced
by the biomolecule cholesterol, or coupled to polymer nanoparticles while being
processed with nucleic acids. A delivery mechanism based on nanogel recognized
the siRNA treatment. Tetrahedral DNA-based nonviral vectors were introduced for
siRNA assembly in nanogel, and they provide safety during delivery. This method
might make it possible to effectively transfect cells both in vitro and in vivo while also
stopping ribonuclease breakdown. In order to maximize productivity, this is the ideal
environment for integrating different devices [7].

1.3.6 Nanogels for combined drug delivery

The nanogel structure is quickly modified to combine alternatives of different
materials and, thus, provide advantages for combinatorial encapsulation of phar-
maceuticals with varying chemical properties such small molecules, proteins, and
nucleic acids. The development of liposomal nanogels composed of protein-encap-
sulating perishable polymers and drug-complexed cyclodextrins that may deliver
soluble supermolecules (IL-2) and small hydrophobic molecules (TGF-). When given
to mice, IL-2 and TGF- enhanced the lifespan of skin cancer tumors due to their
synergistic effects [8].

118



Applications of Nanogel in Drug Delivery
DOT: http://dx.doi.org/10.5772/intechopen.1002062

When compared to single drug-loaded nanogels or free medication, binary drug
combinations in nanogels demonstrated synergistic cytotoxicity against human ovar-
ian A2780 cancer cells and exerted a stronger anticancer activity in cancer heterograft
models used in-vivo [6]. The advantages of synchronic co-delivery of the platinum-
taxane medication combination via a single carrier are increased by focusing on
nanogels, which are overexpressed in the majority of ovarian tumors.

1.4 The use of nanogels in diagnostics and imaging
1.4.1 Nanogel for PET imaging

Researchers produced a polyacrylamide-based nanogel and crosslinked it with
polydentate chelating ligands to create PET (Positron Emission Tomography)
radiotracers by placing metal radionuclides on it [7]. For the purpose of enhanc-
ing the chelation stability of nanogels, a variety of crosslinkers including DTPA
(diethylaminetriaminepolycarboxylic acid), DOTA (chelating agent), and 1, 4,
7-triazacyclononane-1,4,7-triacetic acid (NOTA) were produced. In contrast to the
other 2 crosslinkers, NOTA-based nanogels preserved 64Cu the most consistently,
according to experiments in mouse humor, with little to no trans-chelation. In com-
parison to DOTA-based nanogels, 64Cu-DOTA-crosslinked nanogels demonstrated
substantial neoplasm accumulation as well as lesser signal in the liver and spleen.

In several instances, the metastases’ accumulation of 64Cu-DOTA was higher than
that of the main connective tissue neoplasm. These findings suggest that metal-
chelating crosslinked nanogels may be useful as PET agents for cancer detection and
treatment monitoring. Such technologies have the advantage that the isotope can be
quickly and easily integrated into premade nanogels prior to their clinical
application [8].

1.4.2 Nanogel for optical imaging

Imaging is a crucial component of clinical protocols because it can offer morpho-
logical, structural, metabolic, functional, and molecular data for identifying and
evaluating diseases. Imaging is a crucial component of clinical protocols because it
can offer morphological, structural, metabolic, functional, and molecular data for
identifying and evaluating diseases. The most widely used optical imaging techniques
for nanogels are computed tomography (CT), positron emission tomography (PET),
magnetic resonance imaging (MRI), and ultrasound.

High water content, structural flexibility, fluid-like transport, biocompatibility,
and biodegradability are only a few of the characteristics of nanogels. By using metallic
element ions to crosslink branching polyethyleneimines, gadolinium-assembled nano-
gels were created. To increase the duration of blood circulation, inverse microemulsion
was used, followed by surface functionalization using synthetic resin glycol chains [8].

1.5 Nanogels’ applications in drugs delivery
1.5.1 Antipyretic drug transdermal drug delivery
Aceclofenac’s nanosized dispersion was created using emulsion-solvent diffusion

techniques and added to a Carbopol 940. The formulation demonstrated ideal poros-
ity characteristics, stability, and a sustained drug release.
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Figure 3.
Applications of nanogels. Source: https://www.futuremedicine.com/cms/10.2217/nnm.09.12/asset/images/medium/
graphic47.gif.

It has been demonstrated that encapsulating magnetic nanoparticles like iron
compound gives each mixture more stability and sensitivity than when these agents
are delivered as unencapsulated substances [9]. Due to the cluster impact, nanogels
enable the encapsulation of an excessive number of magnetic nanoparticles, which
may result in the production of numerous, stronger native magnetic fields (Figure 3).

1.5.2 Vaginal medication delivery
1.5.2.1 Cancer treatment

In the recent years, researchers have looked at various drug delivery technologies,
particularly nanoparticles, to overcome the drawbacks of conventional therapy agents
such poor solubility, a limited therapeutic window, and toxicity [9]. An excellent
benefit for the transport of anticancer drugs is expressed by nanogel, a type of unique
nanoparticle. First off, the nanogel network’s consistency offers a suitable cavern for
storage when loading medications since it prevents early infection and acts as a barrier
against environmental threats and deterioration. For instance, nanogel significantly
preserved the potency of decitabine because of their improved stability and capac-
ity to evade glycoside transporters. Second, the form of the carrier is changed by
nanogels from a spherical to an oval shape that resembles a red blood cell. Due to
the lengthening of blood circulation through microcapillaries, this characteristic is
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essential. The nanogels may lengthen under high shear rates, which would appear
to make the blood less viscous. Additionally, nanogels will only serve as passive and
active targets for tumor tissue [7].

To overcome the drawbacks of conventional therapy agents, such as poor solubil-
ity, a limited therapeutic window, and toxicity to conventional tissues, numerous
drug delivery technologies, particularly nanoparticles, have been studied during
the past few decades. An excellent benefit for the transport of anticancer drugs is
expressed by the particular nanoparticle known as nanogel. The nanogel network’s
consistency firstly offers an ideal cavern for storage for loading medications in order
to prevent premature unharnessing and serves as a barrier against environmental
threats and degradation [8].

Additionally, the sensitivity and chargeability of nanogels are investigated as
alternate targeting alternatives in cancer treatment. The effectiveness of the loaded
drug will be significantly increased by pH-sensitive nanogels whether the drug acts
extracellularly or intracellularly because, as was already mentioned, nanogels have a
magnificent pH-responsive ability and growth may be a special tissue with a slightly
acidic living thing microenvironment. Prepared PEG-chitosan nanogels for cancer
treatment that are capable of being controlled by external cooling/heating as well
as responding well to changes in pH scale setting [5]. Around the tumor extracel-
lular pH scale (6.0-6.2), the 5-FU-loaded nanogels’ surface charges ranged from
virtually neutral to positive. The positive-charged nanogels will aid in cell learning,
and eventually, the amplified acidity in endosomes and organelles will result in a
significant release of 5-FU. By using synthetic polymers that can swell at acidic pH,
temperatures above their transition temperatures, and reducing environments, it was
possible to create a pH, thermal, and reaction potential triple-responsive expandable
nanogel system (TRN) for the delivery of photo-sensitizers to target mitochondria
and tumors. The nanogels rapidly enlarge from 108 nm to over 1200 nm (in diam-
eter) during the course of 2 hours in a very reducing environment at blood heat.
Additionally, TRN was functionalized with sigma-2 receptor targeting ligand, which
is capable of efficiently focusing on head and neck cancer. The majority of the cancer
cells were killed by TRN 12 hours after radiation, greatly enhancing the effectiveness
of photodynamic therapy (PDT) in treating necrobiosis. In addition to efficiently
delivering the hydrophobic photosensitizer, nanogel is also the optimum delivery
mechanism for encasing the hydrophobic photosensitizer. The nanogel is the best
delivery strategy for encasing the high number molecules (such as gold and platinum)
that may enhance the biological impact of X-irradiation in addition to effectively
delivering the hydrophobic photosensitizer. Numerous approaches to administering
a curative dosage of radiation to neoplasia using nanogels have recently been studied.
Developed PEGylated poly (2- [N, N, — diethylamino] ethyl methacrylate) nanogels
to encapsulate highly stabilized and neoplasm specific gold nanoparticles [9].

A nanogel with a 106 nm diameter contained 15 gold nanoparticles (GNG). In
addition to having a higher accumulating potency, the GNG in the nanogels had
noticeably higher stability when compared to commercially available PEGylated GNG
and Citrate-stabilized GNG. The gold-containing new PEGylated nanogel’s results
are conclusive. The findings demonstrate that a new PEGylated nanogel containing
gold nanoparticles is a potentially effective nanomedicine for cancer photothermal
treatment.

Nanoparticles will passively target cancer through EPR results, but often, their
unfolding is limited to the outer region of the cancer and that they are unable to enter
the deep cancer interstitial space.
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1.5.2.2 Neurological conditions

A promising method for delivering oligonucleotides (ODN) to the brain may be
nanogel. Systemic distribution of oligonucleotides (ODN) to the systema nervosum is
necessary for the treatment of neurodegenerative illnesses. Blood-brain barrier (BBB)
macromolecule injection results in poor translocation and rapid clearance from circula-
tion. Nanogels that are certain or encapsulated with negatively charged ODN result in
the creation of a stable liquid electrolyte dispersion complex with particle sizes under
100 nm that can be carried over the BBB with ease. Once siderophilin or insulin are
added to the nanogel’s surface, the transport effectiveness is further increased [10].

1.5.2.3 Anti-inflammatory activity

Nanogels can be used to administer anti-inflammatory drugs to people with skin
issues. A skin penetrating nanogel system with a surface made of double-layered
nanostructured particles and an emulsifying agent has been developed for efficient
drug delivery in dermatitis. Nanogel was created using 3-acetyl-11-keto-boswellic
acid (AKBA) and nanoparticles with AKBA loaded on them. The nanogels were
organized using carbopol of the appropriate consistence. Nanoparticles with AKBA
were used for treatment with ease [6].

The most potent pentacyclic triterpenic acid found in the gum of Boswellia
serrata, 3-acetyl-11-keto-boswellic acid (AKBA), exhibits anti-inflammatory proper-
ties. In AKBA, there is a lot of higher medicine activities. These studies shown that,
in cases of skin irritation, medications can be administered successfully through the
skin. Non-steroidal anti-inflammatory drugs (NSAIDs) of the diclofenac class are
frequently used to treat arthritis. Diclofenac sodium self-assembling gel hydrogels
produced better anti-inflammatory effects. Additionally, it has been discovered that
nanogels containing cinnamon oil and cinnamaldehyde have strong antibacterial
properties [10].

1.5.2.4 Additional uses

A nanogel made of polyvinyl pyrrolidone and poly(acrylic acid), or PVP/PAAc, is
sensitive to the concentration of hydrogen ions. The pre-ocular retention and ocular
penetration abilities of the curcumin are enhanced by using film-ultrasonic methods
and thermosensitive gelling agents in curcumin-loaded cationic nanostructured
supermolecule carriers (CNLC). Muscone has a colloidal gel drug loading capability,
and physical studies indicated that the phase change temperature was 34°C. Based on
initial in-vivo investigations, insulin-loaded nanogels seem to be 51% more successful
than free insulin at preserving blood glucose levels in diabetic rats [7].

1.5.2.5 Immune disorder

In a study, a novel nanogel drug delivery system for the immunosuppressive
medication mycophenolic acid (MPA) was developed and tested [6]. The findings of
this study showed that nanogel-based native medication delivery is substantially more
effective for treating lupus erythromatous because it specifically targets antigen-
presenting cells. The innovative medicine delivery system will prolong the patient’s
life and postpone the onset of renal failure.
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1.5.2.6 Stopping bleeding

Major wound bleeding has been controlled using a protein molecule found in the
solution that was utilized to create a nanogel. The proteins have a way for self-assem-
bling into a biodegradable gel at the nanoscale. For instance, micronized sacchachitin
promotes wound healing [8].

1.5.2.7 Nasal drug administration

Technologies for delivering drugs via nanogels have a great deal of potential
for overcoming some of the problems with medication delivery. Because the nasal
mucosa absorbs nanogels so quickly, they could be used to transport and distribute
medications through the mucosa. An inventive method to slow the spread of disease
is nasal immunization with nanogels [7]. The use of nanogels for vaccine distribution
via the nasal route may be a novel way to control the spread of a disease. A composite
polymeric network of nanoparticulates (NPs, microcapsules, NEs, etc.) is what gives
nanogels their high viscosity.

1.6 Advantages and disadvantages of nanogels

The main benefit of nanogels is their small size since they offer a lot of specific
surface area, which increases the possibility of interaction between the components.
This is advantageous since it increases the likelihood that the medicine will reach the
intended target and produce the desired effect. Nanogels can also be altered to be used
for a variety of purposes because of their tunability. Nanogels have a wide range of
applications, as shown by one study that functionalized the surface of PEG-PEI by
adding an amine group, enabling the nanogel to be utilized for treating spinal cord
injuries [7].

There aren’t many drawbacks to using nanogels for drug delivery. One illustration
is that because it is diffusion-based, the release rate may be too rapid. Nevertheless,
numerous studies have concentrated on resolving this issue by ensuring that there isa
contact between the medicine and gel, delaying the release.

One major advantage of nanogels is that the research is always changing; as in the
case of the example presented, as soon as a possible problem is detected, a remedy is

quickly proposed and studied.

2. Conclusion

Nanogels are reassuringly modern drug delivery systems that effectively balance
the drawbacks of both traditional and contemporary therapies, such as low stability
and nonspecific effects. Biological ligands such proteins, peptides, and polysaccha-
rides were produced with modifications to nanogel for optimal contact with target
cells. Because of their high incorporation capacity, swelling ability, and the quantity
of biological molecules interacting with the electrostatic, van der Waal interaction
that occurs with polymer chains, leading to a stable nanoparticle and allowing for
easy drug entrapment, nanogels are used as therapeutic drug carriers. The use of
nanogels for tumor targeting appears to be quite effective. In order to promote highly
selective absorption into specific cancer cells and reduce their uptake in normal cells,
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future objectives of this review will thus be to improve the design of nanogel with
specific targeting residue.

Therefore, it can be said that because nanogel particles are flexible, they make an
excellent platform for triggered drug administration. This enables them to have quali-
ties that are advantageous for a variety of targeted release systems. As previously said,
current research confirms the effectiveness of PEG-PEI nanogels and other nanogels
in triggered drug delivery [8]. Although nanogel research has advanced significantly
over time, more study is still required before clinical application.
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Chapter7

The Potentials and Challenges of
Hydrogels for Ocular Therapy
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Abstract

The major objective of any pharmacotherapeutic activity is to achieve an effective
concentration of drug at a particular site of action for a sufficient period of time to
produce a desired response or effect. The eye is a very important organ of the body
because of its use in vision as well as its easy accessibility. Though solution-type drug
delivery to the eye records high patient adherence but it is limited by poor ocular
bioavailability due to certain pre-corneal physiological and anatomical obstacles.
Hydrogels are important self-assembly nanoformulations that serve as alternatives
to solution-type eye preparations with good potential to produce enhanced local
absorption and bioavailability in the treatment of eye disorders that may be vision-
threatening. This chapter will present an overview of the eye anatomy, ocular barri-
ers, hydrogels and their classes, applications in ocular diseases, and future prospects
of hydrogels in ophthalmic therapeutics.

Keywords: eye, ocular delivery, ocular barrier, hydrogel, nanomedicine, ocular diseases

1. Introduction

The eye is an important organ of the body due to its prominent role as the centre of
vision which helps to keep the body safe from physical injury and harm. Sometimes,
the visual functions of this vital organ is compromised by a variety of pathologic
conditions and injuries such as bacterial or fungal infections, vascular diseases of
the retina, inflammatory diseases, tumors, glaucomatous neuropathies, cataract, dry
eye, and macular degeneration, which may lead to impaired or total loss of vision
[1]. Various ophthalmic interventions including solutions, drops, emulsions, gels,
lubricants, ointments, films, and implants incorporating small drug molecules and
peptides have been designed, developed, and applied for the clinical management of
these ocular pathologies [2]. The pros and cons of these treatment strategies have been
reviewed and discussed in several reports. The major concern raised in these reports
is the negative impact of the lacrimal drainage and tear dilution system of the eye on
drug delivery because they facilitate rapid clearance of applied therapeutics resulting
in decreased pre-corneal retention time, low bioavailability, and poor therapeutic
outcome [3]. To advance efficient ocular drug delivery for alleviation or elimina-
tion of these conditions, researchers have focused their interests in the fabrication
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of bioinspired delivery systems using materials that have the ability to maintain
prolonged contact with the compromised visual architecture of the eye. This would
ensure that the long term treatment goals of topical drug administration to the eye

are realized. The topical route is one of the easiest and commonest routes of drug
administration. However, topical ocular delivery mostly favors the anterior segment
of the eye with little or no impact felt in the posterior eye due to poor accessibility and
the complexities of the physiological and anatomical structures of the eye. In addition,
increasing the dose by intravitreal or intravenous administration will increase toxicity
risks due to the possibility of drug uptake in the conjuctiva and systemic dose dump-
ing through the nasolacrimal pathway [4]. Therefore, the ultimate objective of innova-
tive biomimetic delivery systems like liposomes, nanotubes, nanoparticles, micelles,
contact devices, hydrogels, and dendrimers, is to improve permeation, surface con-
tact, pre-corneal retention time, and deposition of encapsulated payloads to both the
anterior and posterior segments of the eye.

Hydrogel is a hydrophilic drug delivery platform fabricated into a three-dimen-
sional array using swellable polymers which possess excellent water absorption and
retention capacity. The concept of hydrogel was first hinted in the late nineteenth
century while an attempt to formerly describe it was made in the early twentieth
century using a ternary system comprising water, alcohol, and gelatin [5]. With recent
advances in the chemistry of polymer synthesis, smart and stimuli-reactive hydro-
gels have been synthesized incorporating drugs, genes, biologics, and other small
molecules for targeted ophthalmic therapy by enhanced co-administration of drugs,
prolonged contact and residence times at the target site, and controlled drug release
in the ocular tissue [6]. Often, hydrogels have been synthesized to serve as the core
carrier system for other nanoparticulate systems like solid lipid nanoparticles, lipid
nanoemulsions, liposomes, or nanostructured lipid carriers for therapeutic purposes.
Their properties could be tuned by covalent or physical crosslinking of ligands and
molecules to improve their surface, mechanical, retention, safety, stimuli-responsive,
and targeting profiles [7]. This chapter will present an overview of the eye anatomy,
ocular barriers to drug delivery, discuss different classes of hydrogels and their fab-
rication techniques, explore mechanisms of drug entrapment in hydrogels and their
biocompatibility with the eye, applications of hydrogels in ocular diseases, challenges
in hydrogels translation for ocular application, and future prospects of hydrogels in
ophthalmic therapeutics.

2. Anatomic and physiologic features of the eye

The eye is structured into two distinct parts: the anterior and posterior parts of the
eye. The anterior eye comprises the cornea, iris, conjuctiva, crystalline lens, aqueous
humor, and ciliary body, whereas the posterior portion of the eye is made up of the
neural retina, choroid, retinal pigment epithelium, vitreous humor, and the sclera. The
accessory structures of the eye include the eyelids, eyelashes, eyebrows, the lacrimal
(tear-producing) apparatus, and extraocular muscles. The eyeball is rooted into the
cranium and its movement is regulated by the extraocular muscles (Figure1) [8, 9].

2.1 Anterior eye

The cornea is the most sensitive, highly specialized, and innervated tissue of the
anterior eye which measures 10.5 by 11.5 mm in a normal healthy adult. The cornea
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Figure 1.

(A) Frontal view of the human eye. (B) Illustration of the anatomical structures of the eye: I—cornea; II—lens;
II—vitreous body; IV—optic disc; V—conjunctival fornix; VI—scleva; VII—iris; VIII—anterior chamber;
IX—iridocorneal angle; X—ciliary body; XI—meibomian glands; XII—posterior chamber; XIII—suspensory
ligament; XIV—choroid; XV—rvetinal pigmented epithelium; XVI—retina; XVII—palpebral conjuctiva;
XVIII—bulbar conjunctiva; XIX—central artery and vein of the retina; XX—optic nerve; XXI—fovea.

is stratified into the epithelium, lamellar stroma, Bowman’s layer, Descemet’s
membrane, and endothelium. The stroma supports the mechanical structure of the
cornea. The epithelium serves as a barrier to the permeation of toxins into the ocular
intracellular chamber. The Bowman’ layer or membrane lack cells, does not regener-
ate and forms scars when damaged. The Desgemet’s membrane is usually produced by
endothelial cells in utero during which it is banded or after birth when it is amorphous
or unbanded. The endothelium maintains corneal transparency, dehydration, and
clarity necessary for enhanced vision [10]. The conjuctiva has three components with
distinct functions—palpebral, forniceal, and bulbar conjunctiva. Forniceal forms a
barrier to the exposed eye, and the palpebral conjunctiva holds the eyelids in position.
The conjunctiva is responsible for ocular immunity (provided through the conjunc-
tiva-associated lymphoid tissue), motion due to its elastic nature, protection, and
lubrication [8]. Conjuctiva epithelium contains Manz glands, mucous glands, Henle
crypts, and goblet cells which produce mucin, and electrolytic fluids components

of tear film. The cells are present in the palpebral, forniceal, and bulbar conjunctiva
[11]. The iris is a brightly colored layer which regulates the amount of light that enters
the eye. It serves as the root of formation of the ciliary body, and it makes a spherical
impression on the lens, referred to as the pupil, which adjusts its size according to
available light, controls light penetration through the retina, and maintains visual
acuity [12]. The ciliary body is very closely localized with the iris. The capillaries of
the ciliary body facilitates exchange of impulses and sensory information between the
anterior and posterior eye. The ciliary body is involved in aqueous humor secretion,
and assists the lens to adjust its focus on objects [13]. The aqueous humor is secreted
from plasma in the ciliary body at the rate of about 2.5 pL/min through active produc-
tion, ultrafiltration, and diffusion which ensures effective distribution and draining.
The average period of turnover for aqueous humor is about 100 minutes. It is a rich
source of glucose, ascorbic acid, globulins, albumin, oxygen, and other essential
nutrients for the cornea and crystalline lens, and also evacuates debris, wastes mate-
rials, and toxins from these non-vascularized tissues. It is also responsible for the
maintenance of intraocular pressure (IOP) and shape of the eye [8]. Crystalline lens
is a biconvex, non-innervated ocular tissue that is held in position by the zonula fibers
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of the ciliary body. The lens controls the transfer of waste products and metabolic
materials through diffusion. It is compartmentalized into the nucleus, epithelium,
capsule, and cortex [14].

2.2 Posterior eye

The choroid is a vascularized layer located between the sclera and retina which
contains mucinated extracellular fluid and melanocytes. The choroid receives a high
amount of vascular supply compared to the brain and other parts of the eye. The high
blood supply is responsible for excellent supply of nutrients and oxygen to the retina,
the removal of metabolic wastes and maintenance of IOP [13]. The normal human
eye contains about 3.5 million retinal pigment epithelial cells which converge into a
tight junction called zonulae occludentes. These cells proliferate in disease conditions
because they produce large amount of growth factors including ciliary neurotropic,
vascular endothelial, and platelet-derived growth factors. The cells secrete catalase,
melanin pigment, superoxide dismutase, and immunomodulatory enzymes which
protect the eye against oxidative damages. It supports the photoreceptor cells (ama-
crine, rod, cone, bipolar, horizontal, ganglion, interplexiform, and glia cells) to
maintain effective vision cycle and control of chemical components of the retina [15].
The sclera (white eye) is a mesh-like continuation of the corneal tissue which con-
tains mucopolysaccharides, fibroblasts, and collagen fibers from the central nervous
system. It gives shape to the eyeball, makes it more rigid, protects its inner parts, and
serves as a site of attachment for the extrinsic eye muscles [13, 16]. The neural retina
is made up of millions of photoreceptor cells mainly rod and cone cells, and facilitates
the exchange of sensory information between the brain and the ocular exterior. The
rod and cone cells trap visual nerve information which is relayed to the brain through
bipolar cells, and support differentiation of colored objects in low and bright light.
The vitreous humor (or vitreous body) is rich with water and has negligible amounts
of hyaluronic acid and ions, and collagen fibers. The quality of the vitreous body
deteriorates with age [13, 15].

3. Ocular drug delivery barriers
3.1 Corneal barrier

Generally, topical drug transport into the cornea is influenced by the pH and
degree of ionization of the drug molecules. The cornea presents sufficient perme-
ation obstacle to topical dosage forms due to its physiomechanical features espe-
cially its content of epithelial cells [17]. The epithelial cells hinder drug absorption
due to their tight adherence to ocular proteins like occludens (Zonula occludens-1
and Zonula occludens-2), and cingulin, forming tight junctions which decrease
paracellular transportation of hydrophilic or ionic drugs into the cornea while
transcellular-mediated diffusion propels the permeation of hydrophobic drugs.

The corneal stroma acts as a barrier to the deep absorption of lipophilic and mod-
est hydrophilic drugs by trapping the molecules as a reservoir. The stroma forms a
barrier with endothelium but this obstacle possesses leaky structures which permits
the passage of macromolecules. The barrier function of epithelial cells or tight junc-
tions of the cornea is lost in pathologic conditions such as vernal keratoconjuctivitis
(Figure 2) [18].
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Figure 2.
Ocular drug delivery barriers of the cornea (veproduced from [18] under the terms and conditions of the creative
commons attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

3.2 Blood aqueous barrier

This barrier comprises the ciliary epithelium, blood vessels of the ciliary body, and
epithelial cells of the iris. These ocular factors form junctions which limit or regulate
the access of non-targeted drug molecules to the deep tissues of the eye. Through this
mechanism, the tight junctions assist the eye to maintain its homeostatic chemical
components and visual clarity [19].

3.3 Conjunctival barrier

Drug uptake through the conjunctiva following topical application is implemented
through the transcellular, endocytic, paracellular, and active routes of absorption.
However, the transepithelial electrical resistance acts a barrier to drug uptake across
the conjunctiva. The paracellular pathway is decorated with tight junctions which
act as obstacle to drug absorption. Drug absorption in the conjunctival tissue is also
negatively impacted by secretory cells in the tissue. Tear film acts as a barrier to the
concentration and bioavailability of drug molecules absorbed in the conjunctiva.
Generally, molecular weight and aqueous solubility are two vital determinants of drug
uptake in the conjunctiva. Water-soluble drugs with molecular weight < 20 kDa are
more likely to be absorbed than molecules with higher molecular weight. Further,
conjunctiva is a centre of excellence for the absorption of proteins and peptides such
as insulin. Its uptake is facilitated by paracellular mechanism of drug transport due to
the leaky microstructure and large surface area of the conjunctiva [19].

3.4 Barrier due to efflux proteins

Efflux proteins located in the lateral or apical region of the cell membrane act as
barriers to drug absorption. Two prominent examples include a member of the ABC
(ATP-binding cassette) protein known as multi-drug resistant protein, which acts as
a barrier to the transport of conjugated and organic molecules, and p-glycoprotein
which hinders the absorption of amphipathic drugs. P-glycoprotein 1 has an
approximate molar weight of 170 kDa found in polarized cells and it decreases drug
permeation in multi-drug resistant cells. It is secreted by ciliary-iris muscles, ciliary
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epithelium, epithelial cells of the conjunctiva, capillary endothelial cells of the retina,
and cornea. Multi-drug resistant protein is an efflux protein with an approximate
molar weight of 190 kDa that is prominently found in the kidney, liver, and intestines.
Its transporter efficiency is improved when it is conjugated with glucuronides, bile
salts, glutathione, sulphate, and cysteinyl leukotrienes [20].

3.5 Nasolacrimal production and drainage

Tear film is made up of mineral salts, lysozymes, water, and antibodies. It aids the
eye to produce clear vision, wash off irritants from the eye, lubricates the eye, main-
tain a strong immune response, and healthy ocular epithelial cells [21]. Topical drops
which are instilled to the eye are docked in the cul-de-sac of the conjunctiva and most
of them are eliminated into the nasolacrimal ducts through precorneal tear drainage
system due to prior adherence of drug to tear proteins, tear dilution, and accelerated
drug clearance process. The lacrimal system is the pathway through which tear pro-
duced in the eye flow into the nasal cavity, and the system is made up of lacrimal sac,
canaliculi, nasolacrimal duct, and puncta. Tear drainage due to reflex blinking (about
6 blinks/min) restricts drug permeation and acts as a barrier to overall drug available
for absorption and therapeutic effect. Drug drainage from the precorneal ducts occur
within 2 minutes resulting in decreased ocular contact time and low bioavailability of
absorbed drug [8].

3.6 Aqueous humor barrier

The flow of aqueous humor in opposite direction to that of drugs instilled topically
to the ocular tissue acts as an obstacle to its absolute absorption. In addition, there is
increased drainage of hydrophilic drugs into the Schlemm canal through the trabecu-
lar mesh. This barrier function which results in the bioavailability of sub-therapeutic
concentrations of instilled drugs could be limited by pathologic conditions like
pathogenic inflammation of the ocular tissue due to decreased drainage of topically
administered drugs. However, this condition restricts the permeation and absorption
of drugs administered to the eye through intravitreal injection as already demon-
strated in a report using fluorescence-labeled albumin [22].

3.7 Scleral barrier

Sclera barrier is one of the prominent static barriers of the posterior eye. Due to its
protective functions, drug transport across the sclera depends on the physicochemical
profile, water solubility, molecular weight, and surface charge of the drug molecules.
Thus, poor aqueous solubility and increased molecular weight of drug molecules
results in limited delivery across the scleral pores and low absorption. Also, drug
molecules with opposite surface charge to the negative charge on the scleral pores
experience decreased permeation and are entrapped in the pores [23].

3.8 Blood retinal barrier

The blood retinal barrier selectively regulates the transport of drug molecules
following periocular or systemic administration to the retina. The barrier has two
layers—the outer layer comprising the retinal pigment epithelium (or epithelial
cells), and the inner layer which houses the endothelial cells. These layers possess
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tight junctions (supported by Miiller cells and astrocytes) which selectively control
the transverse of biomolecules present in the blood into and out of the vitreous
environment mainly through a passive transcellular transport system. In this system,
permeability of drug molecules is inversely related to the molecular weight of drug

as reported in a study using bovine retina. The efficiency of the retinal transport
mechanism is maintained by transporter moieties such as organic anion polypeptides,
and organic cation and anion transporters, and these transporters play prominent
roles in the ocular distribution of proteins, peptides, biologics, and hormones in the
retinal milieu [24].

3.9 Hydrogels for ocular therapeutics

Conventional methods of ocular drug delivery which include the use of drops
and ointments have faced numerous challenges ranging from poor ocular bioavail-
ability to rapid clearance from administration site. These hindrances are the result
of unique physiological features inherent to the eye anatomy. Hydrogels in ocular
therapeutics tend to provide cogent solutions to the problems encountered by
conventional ocular drug delivery systems. Their ability to attain high biocompat-
ibility, drug loading and bioavailability in the eye make them an ideal choice for
ocular drug delivery [25]. Hydrogels are made up of three dimensional polymeric
chain networks which have the ability to swell in aqueous solvents and hold other
substances such as drugs, proteins, and other molecules. They are so versatile and
can be specifically designed to exploit environmental physiological conditions to
illicit a predetermined characteristic behavior at the administration site. Hydrogels
which possess such ability are called “stimuli-sensitive” hydrogels because they
detect physical, chemical or biological changes in physiological conditions and react
by altering swelling capacity. This allows for both sustained and controlled release
as well as optimal ocular bioavailability [26]. Changes in pH and ion concentra-
tions of the physiological environment make up the chemical factors that influence
hydrogel behavior. Other factors such as light pressure, sound and temperature are
often referred to as physical stimuli. Hydrogels can also be designed as iz situ gelling
systems where the hydrogel is liquid before administration and turns to a gel after
administration, thus undergoing a sol-gel transition. This involves stimuli sensitiv-
ity; therefore, gelation post-administration can occur as a result of changes in pH,
temperature, or ion concentration. Fabrication of hydrogels with hydrophobic
molecules can be a bit challenging because of the incompatibility existing between
the molecules and aqueous contents of hydrogels. However, methods have been
developed to integrate such drugs into hydrogels for ocular delivery. Hydrogels for
ocular drug delivery are already in use, one of which is the soft disposable contact
lens. Soft contact lenses (SCLs) are hydrogels that can increase corneal residence
time of ophthalmic drugs thus increasing bioavailability [27]. These lenses are usu-
ally made from conventional polymers such as poly-(2-hydroxyethylmethacrylate)
(pHEMA), silicone, gelatin, chitosan, hyaluronic acid, alginate, methylcellulose
and collagen. Silicone SCLs can be employed for extended use due to increased
oxygen permeability. Unlike hydrophobic drugs, hydrophilic drugs can be easily
incorporated into SCLs by soaking the already formed SCLs in a solution of such
drug. The use of organic solvents to dissolve hydrophobic drugs has been mentioned
by some researchers as an effective method to incorporate hydrophobic drugs in
SCLs. Latanoprost was loaded in silicone SCLs by soaking the lenses in a solution of
latanoprost in n-propanol [28]. Other methods which include the use of colloidal
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systems such as micelles and microemulsions have also been employed to counteract
the solubility challenges of hydrophobic drugs. This, however, may reduce the aver-
age light transmission of the hydrogel depending on the globule sizes of the colloidal
system [29]. Bimatoprost was loaded in pHEMA SCLs by soaking in drug loaded
microemulsion. Iz vitro release profile of this SCLs showed an extended drug release
of up to 48-96 hours which is greater than the release observed in SCLs without
microemulsion [30]. Other methods employed to improve drug loading and release
form SCLs include molecular imprinting with hydrogels and supercritical solvent
impregnation [27]. Molecular imprinting involves the introduction of artificial
receptors for the target drug to be loaded on the hydrogels. Hydrophobic drugs

like bimatoprost and prednisolone loaded in SCLs with this method have shown
increased drug loading capacity and release durations [31]. Supercritical solvent
impregnation relies on the unique properties of supercritical fluids to improve the
perfusion of the dissolved hydrophobic drug into SCLs. Acetazolamide, an anti-
glaucoma drug was incorporated in SCLs using this technique and a drug release
duration of 450 minutes was reported [32]. Polymers employed in the fabrication

of hydrogels for ocular delivery are biodegradable and do not cause inflamma-

tions during use. Chitosan, a cationic polysaccharide derived from chitin possesses
mucoadhesive properties as a result of the interaction between its positive charge
and the negatively charged mucin [33]. This enables drug permeation and controlled
release of drug into the ocular tissues. However, due to its poor alkaline solubility, it
is usually modified through PEGylation or carboxymethylation [34]. It can also be
combined with other natural or synthetic polymers to optimize ocular drug perme-
ability and release. Hyaluronic acid is another polymer which has shown immense
potential in ocular drug delivery because it is a component of the vitreous humor

of the eye [35]. It is highly biocompatible and non-immunogenic due to its natural
occurrence in the body. However, it cannot form a gel on its own; so for it to be used
for hydrogels, it must be either chemically modified or combined with a gelling
agent. Gelatin polymeric platforms have also been explored in ocular drug delivery.
Timolol hydrogels fabricated with gelatin and chitosan in a study by Song et al. [32]
showed greater reduction in intraocular pressure and longer duration of action than
the commercially available product. Alginate polymers undergo ion-responsive
gelation. They are also biocompatible, biodegradable and not toxic to human tissues.
Methylcellulose is also vastly used majorly as a viscosity enhancer in ocular delivery
systems and more importantly, it is employed in in situ gelling hydrogel systems
because of its heat-induced reversible sol-gel transition property [36].

4. Fabrication of hydrogels

Hydrogels are formulated by the crosslinking of polymers mainly initiated by
physical or chemical means. The different methods for fabrication of hydrogels are
discussed below.
4.1 Physical crosslinking

This involves the fabrication of hydrogels through the formation of non-covalent

interactions along the polymer chains. These interactions can be as a result of elec-
trostatic interactions, hydrogen bonding, and hydrophobic forces. These hydrogels
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are called physical gels because their formation was initiated by physical factors;
thus, are reversible. They are highly sensitive to water and temperature [37]. They
have a short lifespan in the physiological media and are therefore used for short

term delivery of drugs. They do not contain toxic chemicals and are quite safe to use.
Polymers are mixed together in appropriate conditions and interactions between
polymer molecules are initiated. Hydrogels based on polysaccharide polymers such as
chitosan are prepared using this method. Chitosan interacts with anionic molecules
such as phosphates and sulfates to form physical hydrogels. These anions interact with
chitosan through a protonated amino group. The concentration of chitosan as well as
its degree of interactions with available anion molecules determine the properties of
the hydrogel formed. Other naturally occurring polymers such as alginate and pectin
also undergo ionic interactions to form physical hydrogels. Alginate can interact

with Ca®* ions while carrageenan interacts with K* ions to form physical hydrogels.
Melded non-ionic polymers undergoing freeze-thaw cycles can also produce physi-
cal hydrogels. The hydrogel is formed possibly as a result of crystallization reaction
occurring via hydrogen bonding within the molecules. Polyvinyl alcohol (PVA)
aqueous solution transformed into hydrogel after several freeze-thaw cycles and the
hydrogel properties were determined by the concentration of the PVA and number of
freeze-thaw cycles [38].

4.2 Chemical crosslinking

Unlike physically crosslinked hydrogels, chemically cross linked hydrogels can
be easily manipulated to exhibit a pre-determined behavior. They are irreversible
because they are formed by covalent interactions between polymer molecules.
Physical properties of the chemical hydrogels such as mechanical strength and swell-
ing capacity can be altered to achieve desired results [38]. There are different methods
employed in the preparation of hydrogels through chemical cross-linking and they are
as follows:

4.2.1 Use of chemical crosslinker

This involves covalent bonds mediated by hydrophilic groups. A schiff base is usu-
ally formed indicative of the covalent complexation between polymer chains. These
hydrophilic groups usually include the hydroxyl, carboxylic, and amino groups [39].

4.2.2 Crosslinking by addition reaction

This is the reaction of hydrophilic polymers with higher functional crosslinkers
to form larger polymer with longer chain length. These crosslinkers, some of which
include 1,6-hexamethylenediisocyanate and 1,6-hexanedibromide have been used to
crosslink polysaccharides producing hydrogels [40].

4.2.3 Crosslinking with aldehydes
This involves the use of aldehydes to crosslink hydrophilic polymers containing
hydroxyl groups. This usually occurs at high temperature and acidic pH with metha-

nol added to quench the reaction. This is observed in the crosslinking of polyvinyl
alcohol with glutaraldehyde [41].
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4.2.4 Crosslinking by condensation reaction

Reactions between amino or hydroxyl group with derivatives of the carboxylic
group have been reported to produce hydrogels. Gelatin hydrogel was prepared using
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, a good cross-linking reagent for
amide groups [42].

4.2.5 Crosslinking through ioniging radiation

Hydrogels can be chemically crosslinked using ionizing radiation. Radiation sources
that emit high energy such as electron beam and gamma rays have been reported to
polymerize unsaturated substances. Recently, a superabsorbent hydrogel was pre-
pared using gamma radiation and a combination of N, N-dimethylenebisacrylamide,
poly (vinylacetate-co-acrylic acid) and gelatin as crosslinking agent [43].

4.2.6 Crosslinking by free radical polymerization

Monomers with low molecular weights can be crosslinked with free
radicals. However, crosslinking agents such as ethylenedimethacrylate, N,
N’-methylenedi(prop-2-enamide) and melamine triacrylamide still play a role in this
process [38]. Hydrogels can also be prepared with the aid of UV polymerization. This
technique can be used to create a photoreversible system which allows hydrogels to
degrade on exposure to UV light, thus enabling drug release [44].

4.2.7 Crosslinking using engymes

Enzymes catalyze a number of natural crosslinking reactions resulting in stability
in the extracellular matrix (ECM) of human tissue structures. The assemblage of col-
lagen or elastin is catalyzed by lysyl oxidase which enables the formation of aldehydes
from lysine present in elastin and collagen molecules. Therefore, the fabrication of
hydrogels with the aid of enzyme catalysts have been under continuous study with
increasing positive prospects. One of its advantages is that it has the ability to main-
tain substrate specificity hence reducing the possibility of unwanted side effects.
Enzymes which are usually used to crosslink polymers include, tyrosinase, transgluta-
minase, peroxidase and sortase [45].

4.2.8 Crosslinking by grafting

Some hydrogels possess fragile physical characteristics mostly due to their method
of preparation. These hydrogels may be grafted onto strong support structures to
improve some of their physical properties. This is common for hydrogels prepared by
bulk polymerization. Starch has been grafted with a number of vinyl monomers such
as acrylic acid to increase its scope of use. This was achieved by co-polymerization of
vinyl monomers with free radicals generated on the surface of starch granules [46].

5. Classes of hydrogels

Hydrogels can be classified in several ways. Some classifications are based on
molecular types e.g. natural and synthetic, while others are classified on the basis of
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composition and function. Based on this latter classification, they can be grouped
into nanogels, multifunctional hydrogels, DNA-based hydrogels, stimuli-dependent
hydrogels, and hydrogels based on supramolecular systems.

5.1 Nanogels

These are polymeric nanoparticles that are made of crosslinked polymer networks
with nanometer sized particulate constituents that swell upon solvent penetration. They
consist of polymers of natural origin, synthetic polymers or could be derived from both
classes of polymers. They are tunable systems whose characteristics like charge, size,
porosity, softness and amphiphilicity can be altered by varying their chemical composi-
tion. Nanogels upon swelling, exhibit matrix properties that hold absorbed liquid, and
facilitate the diffusion of entrapped solutes into a bulk exterior. They are utilized in
the delivery of hydrophobic and hydrophilic drugs, as well as drugs with low and high
molecular weights [47]. This is due to their amphiphilic nature in addition to other
characteristics of the polymer system like temperature, density of crosslinked gels, con-
centration of surfactants, and the type of linkage existing in the polymer system. The
presence of hydrophobic groups like hydroxyl, amide, and sulphate in their structure,
helps to preserve the arrangement of the polymer system upon hydration. The synthesis
of nanogels usually proceeds via polymer precursors or polymerization reactions involv-
ing monomers. One unique feature of nanogels is their ability to encapsulate more than
one bioactive agent in the same carrier. This is due to their hydrophilic characteristic
and excellent biocompatibility. Nanogels can be classified using several parameters like
responsive behavior: stimuli-responsive and non-responsive; crosslinking: physically
crosslinked and chemically crosslinked; and structure: simple, hollow, functionalized,
multi-layered, hairy crosslinked, and crosslinked core shell nanogels [48].

5.2 Multifunctional hydrogels

These are composites of hydrogels and other substances like nanomaterials
aimed at improving the characteristics of the hydrogel for biomedical usage. Several
approaches have been employed in their production including incorporation of
nanoparticles into hydrogel matrix, and the addition of a second polymer network
to form an interpenetrating network, or double network. Several nanomaterials are
utilized in hydrogel synthesis to enhance their mechanical properties. These include:
clays, metals, metal oxides, and polymers. These combinations have found uses in dif-
ferent aspects of biomedicine like tissue engineering, drug delivery, wound healing,
bioprinting, ocular delivery, and dental therapy [49, 50].

5.3 DNA-based hydrogels

Their pure forms are derived completely from deoxyribonucleotides. Their
formation is based on interchain reactions like physical entanglement, enzymatic
reactions or hydrogen bonding. Specific features of tunability, specialized responsive-
ness, and biodegradability make them applicable in drug delivery, biosensing, and
biomedical uses. Their hydrophilicity allows the interaction with water molecules to
form gel-like DNA-based materials. These DNA-based hydrogels exhibit chemical
properties attributable to DNA alongside the physicochemical properties of hydrogels.
DNA-based hydrogels can be functionalized with structures like i-motifs, aptamers,
and G-quadruplex. DNA-based hydrogels are similar in physical nature to natural
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substances like chitosan, polyethylene glycols (PEGs) and extracellular matrix. This
enables them to be used in several biological applications like scaffolding in tissue
engineering, targeted therapy of drugs, and phase separation processes. Due to its
chemical robustness, DNA-based hydrogel can be combined with other polymers like
chitosan, PEG, poly(lactic-co-glycolic acid) (PLGA), acrylamide and poly(N-Isopro-
pylacrylamide) (PNIPA) to yield hybrid DNA-based hydrogels with desirable proper-
ties. Hybrid forms of these hydrogels can be derived from crosslinking which could be
physical or chemical in nature. The concentration of the crosslinker and concentration
of ions in solution determine the swelling capability of DNA-based hydrogels [51].

5.4 Smart hydrogels

The capacity of hydrogels to respond to external triggers gives rise to the class of
hydrogels termed smart hydrogels. These triggers can be physical, chemical or bio-
chemical in nature. Triggers like light, temperature, pressure, electrical, and magnetic
fields are physical stimuli. Factors like pH, ionic strength, and chemical agents are
chemical stimulants. Biochemical/biomolecular stimuli include glucose, antigens,
enzymes, and ligands [52].

5.4.1 Temperature-sensitive hydrogels

These absorb or release water according to the temperature of its environment.
The degree of volume change with temperature depends on the relative proportions
of their hydrophilic and hydrophobic moieties. These changes are facilitated by
alterations in the crosslinking force, hydrogen bonding, and hydrophobic interactions
in response to temperature changes. Thermosensitive polymers include: chitosan,
agarose and hyaluronic acid which are natural polymers, and synthetic polymers like
the poly(N-Isopropylacrylamide) family. They can be classified as positive or nega-
tive temperature hydrogels based on their critical solution temperature (CST) [52].
Temperature-sensitive hydrogels have been employed in wound healing [53], tissue
regeneration [54], and tumor treatment [55].

5.4.2 Photosensitive hydrogels

These are attractive in biomedicine due to their ability to form hydrogels in situ via
polymerization. Photodynamic moieties are inserted into the hydrogel structure to
enable tunability. These photodynamic moieties/chromophores trap optical signals
and convert them to chemical signals via photoreactions like cleavage, dimerization,
and isomerization. Photosensitive hydrogels have been extensively applied in tissue
engineering processes [52].

5.4.3 Pressure-responsive hydrogels

These are usually temperature or pH-sensitive. They respond to changes in the ionic
concentration of a solution or its pressure to release entrapped drug molecules [56].

5.4.4 Magnetic field-sensitive hydrogels

These can be referred to as ferrogels. They possess polymer networks that are chemi-
cally crosslinked and contain fine suspensions of magnetic nanoparticles. Their volume
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contraction can occur at sufficient external magnetic stimuli or field strength. They
have been employed in cancer diagnostics and targeted drug delivery [52].

5.5 pH-responsive hydrogels

These comprise hydrogels that contain ionizable basic or acidic groups. They
are cationic when possessing amine groups, while carboxylic and sulphonic groups
are present in anionic hydrogels. For anionic hydrogels, when the surrounding pH
is above its pKa, deprotonation occurs. Conversely, for cationic hydrogels, when
the surrounding pH is below its pKa, ionization occurs. This ionization process
causes them to swell as a result of electrostatic repulsion. Examples of polymers that
exhibit this behavior are chitosan, DNA, cellulose, hyaluronic acid, guar gum and
poly(methacrylic acid) (PMAA). They have been applied in cell encapsulation, drug
delivery, and biomedicine [52].

5.5.1 Ionic strength-sensitive hydrogels

These contain ionic monomers on a polymeric chain which respond to the ionic
effects of the surrounding solution. Polyelectrolyte gels are classified in this category.
Their volume changes arise from a combination of the elasticity of the hydrogel net-
work and its ionization degree. Soluble monomers like acrylic acid and [3-(methacry-
loylamino) propyl] trimethylammonium chloride (MAPTEC) are used to synthesize
these polymers [52]. These monomers dissociate to yield charged molecules upon
immersing the hydrogels in a solution. The interaction between the ionic composition
of the solution and the counterions in the hydrogel creates an electrostatic gradient
that facilitates osmosis leading to swelling or shrinking of the hydrogel. Factors such
as binding constant of the hydrogel monomers and their intrinsic dissociation, hydro-
gel polymer structure, the ionic composition of the solution, and the ionic species
present influence sol-gel transitions in these hydrogels [57].

5.5.2 Biomolecule-vesponsive hydrogels

Glucose-responsive hydrogels are responsive to glucose concentrations in the body
leading to insulin release. A novel glucose-responsive peptide hydrogel that is biocom-
patible and loaded with catalase, glucose oxidase, and insulin for treating diabetes
has been designed [58]. Under physiologic conditions, the peptide self-assembles into
a hydrogel while the formation of gluconic acid from glucose triggers insulin release
from the gel matrix. This idea has also been employed in continuous glucose moni-
toring where an injectable fluorescent hydrogel microbead was injected under the
dermis using a needle. When the concentration of glucose increases, the fluorescent
intensity of the microbeads will increase [52]. Enzyme-sensitive hydrogels respond to
specific enzymes which serve as biomarkers for certain disease conditions like cancer,
neurodegenerative diseases, inflammatory and cardiovascular diseases [52]. For
instance, hydrogels have been designed to release encapsulated drugs when exposed
to high concentrations of metalloproteinases in diseased cells. Enzyme-sensitive
hydrogels are capable of the instantaneous release of drugs to the target sites [59].
Antigen-responsive hydrogels utilize the antigen-antibody reaction mechanism in the
body. Semi-interpenetrating network (semi-IPN) hydrogels have been formed which
were impregnated with an antibody to target an antigen. Conformational changes will
occur upon binding of the antigen to the antibody present on the hydrogel leading
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Smart hydrogel system and some applications

to the release of its drug content [60]. DNA-responsive hydrogels undergo sol-gel
transitions in response to the presence of DNA aptamers. Conjugating hydrogels
with DNA has been employed in sensing systems and targeted drug delivery [61].
Reactive oxygen species-sensitive hydrogels are synthesized through modifications
with ROS-responsive moieties either by merging them into the polymer backbone, or
incorporating their side chains into the hydrogels (Figure 3) [62].

5.6 Supramolecular systems

The formation of supramolecular hydrogel systems involves non-covalent
molecular bonds like n-7 bonds, hydrogen bonding, van der Waals forces, host-guest
combinations and metal-ligand binding. These supramolecular systems have enabled
the development of injectable hydrogels. This is achieved by providing temporary
interactions in designing polymer materials with reversible mechanical features
and tunability. These supramolecular hydrogels are able to self-assemble, self-heal
and respond to stimuli. In ophthalmic delivery, supramolecular hydrogels have been
employed. Conventional ophthalmic delivery systems have limitations of poor adhe-
sion and poor penetration in the aqueous humor, giving rise to sub-therapeutic con-
centrations in ocular tissues. Fernandes-Cunha et al. [63] designed a supramolecular
hydrogel composed of adamantane in combination with hyaluronic acid or cyclodex-
trin for corneal wound healing. Other forms of supramolecular hydrogel systems like
adhesive hydrogels, self-healing hydrogels, electrically-conducting hydrogels, and
metallo-supramolecular hydrogels have been highlighted elsewhere [64].

6. Mechanism of drug entrapment and release

Drug loaded hydrogels are a group of crosslinked polymers into which one or
more drugs are entrapped. During synthesis of these hydrogels, crosslinking hap-
pens either physically or chemically. The corresponding hydrogels synthesized could
be termed as reversible or irreversible depending on their stability. The physical
process involves weak binding interactions such as ionic bonds, hydrogen bonds
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and complexation. The hydrogels synthesized by this process generally have a much
higher probability of deformation or degradation by changes in external parameters
such as temperature, pH or physical stress while hydrogels synthesized by chemical
processes are quite stable due to the strong covalent bonds holding the individual
monomer units together [65]. Thus, they need to be formulated accordingly ensuring
significant entrapment of the drug in the matrix. Effect of drug for a longer period of
time, better bioavailability, targeting efficiency and higher contact time are some of
the common advantages of hydrogel delivery systems over conventional formulations
such as eye drops or other oral medications. Drugs are generally loaded in the polymer
matrix either simultaneously during (in-situ encapsulation) or after crosslinking of
the polymer/s. The former method encapsulates a much larger quantity of drug but
there are more compatibility issues encountered due to reaction between the drug and
the polymerizing monomers [65]. Drug entrapment occurs by formation of physical
or chemical linkages with the polymer chains. These interactions can be classified into
three typesi.e. covalent, electrostatic and hydrophobic [66]. Schematic representa-
tion of these interactions are shown in Figure 4.

Covalent interactions are those which lead to the formation of strong chemical
bonds between the drug and the polymer chain. These can either form a cleavage
which on external stimulus leads to bond dissociation or remain stable which would
require degradation of entire polymer matrix for release of drug [66]. Amide bonds
are the most common type of highly stable covalent interactions. Ester, disulphide
and peptide linkages are examples of cleavable interactions [67]. Covalent bonds are
formed as a result of affinity of an electron deficient molecule towards an electron
rich molecule leading to mutual sharing of electrons and bond formation. In case
of amide bonds, the carboxylic group of the polymer chain is the electron deficient
molecule and the amine group of the drug is the electron rich molecule. Electrostatic/
ionic interactions are formed as a result of attraction of molecules having opposite
charge. Unlike covalent interactions, these are non-specific and hence could be used
for delivery of multiple ionic active moieties simultaneously from a single system.
The intensity of these interactions controls the release rate of drug. These interactions
happen by transfer of electron from one molecule to another leading to formation
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Entrapment strategies (A) covalent linkage, (B) electrostatic linkage and (C) hydrophobic interactions. Linkages
in the form of bonds shown by dashed lines (vight).
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Mechanisms of drug release from hydrogel matrix. (A) Simple diffusion, (B) swelling and (C) degradation.

of charge on the participating molecules. Thus, there is no electron sharing unlike
covalent interactions thus, the bonds formed are much weaker. Alginate polymers
containing anionic groups have been used to deliver vascular endothelial growth fac-
tor (VEGF). Sulfonate functional groups have found to improve the affinity of amino
acids towards alginate polymers by improving the intensity of ionic interactions [68].

Due to the hydrophilic nature of hydrogels, incorporation of lipophilic moieties
becomes very difficult. Stability and incompatibility issues such as phase separation,
drug leaching during storage, degradation and erratic release profile are very common
in such circumstances. Thus, there is a need for incorporation of hydrophobic func-
tional groups into the hydrogel structures. But these hydrophobic functional groups
increase the overall hydrophobicity of the hydrogel leading to hydrogel condensation
thus, hampering release of drug. Cyclodextrins (CDs) are those compounds which
when incorporated do not alter the hydrophilicity of hydrogels. These contain two
phases- outer hydrophilic body and inner hydrophobic pocket. The active moieties
bind inside the hydrophobic pocket. This facilitates efficient loading and controlled
release of lipophilic moieties embedded into hydrophilic polymers [69]. Drug release
rate is governed by various factors such as molecular weight of the drug, drug-poly-
mer affinity, concentration of the polymer blend, degree of crosslinking of the poly-
mers and the degradation rate. Three major mechanisms cater to the release of drug
from the polymer. They are diffusion, swelling and degradation [66]. An appropriate
polymer-polymer blend should be chosen for a particular drug of interest consider-
ing what type of release is desired. For drugs with sizes smaller than the mesh size of
the hydrogel, drug release is majorly diffusion-oriented and hence would be more of
an immediate release formulation but if its size exceeds the mesh size, then stearic
interferences play a role in drug release. The diffusion path length also significantly
increases [70] and hence drug release is sustained. In order to enable the release of
such drugs through the smaller matrices, two mechanisms could be applied—swell-
ing leading to increase in matrix size or degradation leading to breakdown of matrix
network. The three drug release mechanisms are explained in Figure 5.

7. Biocompatibility of hydrogels for ophthalmic application

Biocompatibility of implants or delivery systems is necessary to enable appropriate
activity of the substance without any local or systemic adverse events. For this, the sub-
stance needs to be compatible with the tissues to which it is going to be in contact with.
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Hydrogels for ocular drug delivery should be transparent, mucoadhesive, flexible and
should have the ability to retain water once administered. For administration into the
aqueous chamber, the viscosity should be kept low but the viscosity should match that
of vitreous fluids while administering intravitreally. The two major characteristics to
consider during the development of any ocular formulation is pH and osmolality. The
pH and the osmolality range for ocular drug delivery are 6.5-8.5 and 100-640 mOsm/
Kg respectively [71]. Any formulation not complying with these values generally cause
irritation to the eye. HET-CAM and Draize eye irritation tests are the most common
tests which are carried out to evaluate the biocompatibility of ocular formulations.
Both these tests give a prior idea about degree of irritation of the formulation after
administration in the human eye [15]. The HET-CAM test measures the degree of
hemorrhage, lysis, and coagulation on the chorioallantoic membrane of the fertilized
egg of hens. The Draize test measures the degree of redness of formulation adminis-
tered in the eye of rabbits, thus directly correlating to the irritation potential of the
formulation. Excipients for the development of ocular formulations should be chosen
in a manner that they do not cause any adverse reactions in the eye and also enable
efficient activity of the API at the desired site. Choosing the appropriate excipients and
also incorporating them in the right quantities in the formulation such that they cause
no harm is the key. Reference to the Inactive Ingredient Guide (IIG) is done to get an
idea of the upper limits of the excipients to be added into ocular formulations.

8. Modification of hydrogels for active ocular targeting

Hydrogels have found its application for both anterior and posterior segments
of the eye. The anterior segment application is by soft contact lens (SCLs) for vision
correction and to elute drugs, corneal wound healing, and as intraocular lenses (IOLs),
whereas the posterior segment research has been as vitreous substitutes and intravit-
real drug loading [72]. Vision correcting SCLs, being the most common application,
generally use non-therapeutic payload on PHEMA polymer. However, evolution
in the use of SCLs, hydrophilic/hydrophobic monomer hybrids of PHEMA and
poly(dimethylsiloxane) to provide comfort and better structural flexibility for corneal
fit and enable greater oxygen and gas permeability respectively has been achieved [73].
In an in vitro study by Wang et al. single protein adsorption on PEGMA—a methyl
ether acrylate of poly(ethylene glycol) modified silicone hydrogel was decreased
on the lens surface. This provided ophthalmic distinctness and further lowered the
chances of infections [74]. Hydrogels have become a promising tool as post-surgery
and ocular trauma wound closing sealant over the conventional nylon sutures. These
novel ophthalmic adhesive systems have overcome the issues of ocular surface fluid
leak leading to infection, anterior chamber collapse due to oozing of anterior aqueous
humor and lens rotation, post IOL fitting through an incision through the cornea.
ReSure® sealant is the only FDA-approved ocular healing hydrogel currently on the
market, although researchers have also investigated using DuraSeal®, a formulation
that is approved for cranial adhesion, to seal ocular wounds [75]. These hydrogels,
which are predominantly crosslinked with PEG on trilysine amine groups, quadruple-
armed with NHS capping, are shed off the eye’s surface during regeneration and
structurization of tissue. While the use of hydrogel based-sealants in wound healing is
upsurging, researchers have been successful in loading drugs in order to enhance the
healing process. Anumolu et al. designed an iz situ forming PEGylated hydrogel loaded
with doxycycline and the results ensured an accelerated healing of vesicant-induced
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corneal wounds [76]. Similarly, the addition of epithelial growth factors (EGF)

from hydrogel formulation concluded that the released protein showed therapeutic
effect in rabbit corneal ocular trauma model [77]. Hydrogel-based intraocular lenses
(IOLs) have found its application in replacing the altered natural crystalline lens of
the eye in cataract and even restoring the axial length of the eye in myopia. While the
poly(methylmethacrylate) (PMMA) is a gold standard polymer for IOLs, the next
generation silicone-based and hydrophilic/hydrophobic acrylate polymer provide
greater flexibility of insertion. Other major issue with IOLs have been the posterior
capsule opacification (PCO), resulting from wearing of cells from the natural lens
epithelium adhering to the IOL on the posterior end. In order to avoid this issue,
Bozukova et al. chemically surface-PEGylated the IOL with PEG-chains varying in
molecular weights [78]. In a similar manner, Lin et al. modified the silicone hydrogel
used for IOL using multilayers of hyaluronic acid and chitosan [79]. Conventionally
used gases (sulphurhexafloride, perfluoropropane) and liquids (semiflourinated
alkanes, silicone oils) as vitreous substitutes, though with satisfying optical and
biocompatible properties, possess threats of increased intraocular pressure, choroidal
thinning, inflammation, and cataracts and require a face down position for few days
making it less consumer acceptable. Various hydrogel polymers concentrates have been
used to replace vitreous fluid. However, their immune response, quick absorption/
degradation, and inability to form tamponade, have opened the avenue for researchers
to explore further modifications approaches in hydrogels as vitreous substitutes [80].
A zwitterionic iz situ hydrogel crosslinked with a-PEGMA on a acryloyl cystamine and
sulfobetaine methacrylamide copolymer, poly(MPDSA-co-AC), in a thiol-ene Michael
addition reaction showed appropriate physical and rheological properties with no
postoperative inflammation and remained optically acceptable iz vivo [81].

9. Therapeutic applications of hydrogels for ocular delivery

Hydrogels have been tested for the treatment of various conditions such as
macular degeneration, diabetic retinopathy, conjunctivitis, glaucoma, etc. [15, 82].

Name of product Drug Polymer Application Reference
Tiopex® Timolol Maleate PVA, carbomer Reduction of IOP [15]
974P
Pilopine HS® Pilocarpine carbopol 940 Reduction of IOP [82]
hydrochloride
DuraSite® Azithromycin poloxamer 407 Bacterial conjunctivitis [72]
Dextenza® Dexamethasone Polyethylene Postoperative inflammation [82]

glycol derivative

AktenTM® Lidocaine Hypromellose Anesthesia [72]
hydrochloride
Viscotears® — Carbomer 980 Prevention of drying of eyes [82]
Clinitas Gel® — Carbomer 980 Prevention of drying of eyes [15]
Zirgan® Ganciclovir Carbomer 974P Against herpes simplex virus [82]
Table 1.

List of commercial hydrogel products [82].
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Apart from delivery systems, hydrogels in the form of drug-eluting contact lenses,
intraocular lenses, tissue adhesives as wound dressings and vitreous substitutes are
alternative uses of hydrogels [72]. List of a few ocular hydrogel products in the market
and their clinical uses is presented in Table 1.

10. Challenges and opportunities in the translation of hydrogel
technology

The field of hydrogels for ocular therapy has enormously made advancement
in the last few decades with multidimensional research in the field of SCLs, ocular
dressings, contact lenses and smart drug delivery for ocular conditions and diseases.
Though clinical translations of hydrogel technology can be seen through commer-
cialized products for drug-free (majorly for dry-eyes syndrome) and drug-loaded
hydrogel matrices, challenges are still persistent with intravitreal hydrogel-based drug
delivery. Table 2 summarizes hydrogel-based products in the market [82].

Apart from the list above, a few of them are still in various clinical trial phases
before commercial approvals will be granted [82]. The difficulty of widely utilizing
hydrogel inventions in the clinic for intravitreal therapy is still evident, given the
challenges in the need for sterilization, scale up, cost, shelf-life, and compliance for
both medical practitioners and patients. The only contender for treating AMD after
intravitreal injection is OTX-TKI, a PEG hydrogel containing axitinib microcrystals—
a tyrosine kinase inhibitor, with clinical studies currently in Phase 1 (NCT03630315).
A sustained release variant of aflibercept called OTX-IVT, is currently being
developed in the preclinical stage to bind to the circulating VEGFs and reducing the
intravitreal injection frequency to once in every 4-6 months [83]. The above moieties
are also being evaluated for retinal vein occlusion and diabetic macular oedema. The
Japanese health authorities have recently certified ACUVUE® Theravision™ contain-
ing Ketotifen by Johnson & Johnson, the world’s first drug-eluting contact lens for
vision rectification and irritation of the eye due to allergic conjunctivitis for people
who wear contact lenses [84].

Product Manufacturer Polymer Application Reference

Viscotear® Novartis Carbomer 980 Keratoconjunctivitis [82]
(acrylic acid sicca
polymer)

Lumecare® Medicom Carbomer 980 Keratoconjunctivitis [82]
(acrylic acid sicca
polymer)

Xailin Gel® VISUfarma Carbomer 980 Keratoconjunctivitis [82]
(acrylic acid sicca
polymer)

Geltears® Bausch &Lomb Carbomer 980 Keratoconjunctivitis [82]
(acrylic acid sicca
polymer)

ReSure® sealant Ocular PEG Sealant post cataract [82]

Therapeutics surgery
Table 2.

Drug-free hydrogel-based products for ocular delivery [82].
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11. Conclusion and future directions

This chapter attempted a discussion of the anatomy and physiology of the eye as
an essential organ of vision. It discussed how light trapped into the ocular tissues are
conveyed, relayed and processed into vision to aid physiological functions. It also
exposed the various barriers which influence the circulation of molecules in the ocular
architecture and what they portend for ophthalmic drug delivery. Indeed, the fabrica-
tion and use of hydrogel as an important device in the delivery of ocular therapeutics
was considered in this chapter. Beyond discussions on the functionalities of smart and
stimuli-responsive hydrogels presented in this chapter, it is imperative to deposit that
hydrogels can be used to effect controlled drug delivery in the ocular tissue, improve
topical corneal drug administration, promote prolonged corneal surface residence
time, and enhance co-formulation and administration of biomacromolecules. Despite
the marked successes achieved in ocular delivery using hydrogels, challenges inher-
ent in in vivo delivery of biologics using hydrogels such as short half-life and poor
stability, need to be tackled in order to enhance their clinical translation opportuni-
ties. Further researches are also needed to address the overwhelming influence of
ocular barriers especially the anterior corneal and posterior blood retinal barriers for
decreased pre-corneal clearance and improved corneal residence time, and increased
transport of drug molecules into the retina. Therefore, hydrogel delivery system has
vital roles to play in the future fabrication and utility of ocular therapeutics for the
treatment of ophthalmic pathologies especially diseases of the posterior eye.

List of abbreviations

I0P intraocular pressure

ABC ATP-binding cassette

Phema poly-(2-hydroxyethylmethacrylate)
SCLs soft contact lenses

PVA polyvinyl alcohol

ECM extracellular matrix

DNA deoxyribonucleic acid

CST critical solution temperature

PMAA poly(methacrylic acid)

MAPEC 3-(methacryloylamino) propyl] trimethylammonium chloride
VEGF vascular endothelial growth factor

CD cyclodextrins

I1G Inactive Ingredient Guide

IOL intraocular lenses

HET-CAM Hen’s egg chorioallantoic membrane
PEGMA poly[oligo(ethylene glycol) methacrylate
EGF epithelial growth factors

PMMA poly(methylmethacrylate)

PCO posterior capsule opacification

PEG polyethyleneglycol
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Chapter 8

Therapeutic Potentials of
Hydrogels and Nanogels in CNS
Disorders

Maryam Adenike Salaudeen

Abstract

Brain disorders, particularly those that worsen with age, often classified as
neurodegenerative disorders constitute a major problem worldwide owing to their
complexity and tremendous challenges with getting befitting therapies for them.
Biomaterial technology advancements over the past few years are igniting the hope of
increased success in drug discovery and development for neurological and neurode-
generative diseases. In this review, we will discuss an overview of biomaterials used in
central nervous system (CNS) disorders and their contextual ideal characteristics, the
use of hydrogel and nanogel biomaterials that have been explored for the treatment
of various CNS disorders, and how these materials have been utilized. We shall also
cover discussions on current trends associated with the use of these materials as well
as challenges and prospects in this emerging field.

Keywords: hydrogels, nanogels, biomaterials, stroke, spinal cord, Alzheimer’,
Parkinson, neurodegeneration

1. Introduction

Central nervous system (CNS) disorder is a term used to describe the diseases
and disorders of the brain and spinal cord. Although most of these disorders share
some similarities in their etiology and pathogenesis, the presentations and clinical
symptoms often vary in many. The complexity of the central nervous system makes
it quite difficult and almost impossible to develop drugs that can eliminate the
underlying cause of most CNS disorders. Current therapies are usually only effec-
tive at reducing pain, ameliorating symptoms and improving function. Progress
however has been made in certain areas, especially in CNS infectious diseases such
as meningitis, and viral and bacterial encephalitis. Other CNS disorders occur
particularly in the older population, albeit it is not so uncommon to find them in the
younger population. This group of CNS disorders is referred to as neurodegenerative
diseases (neurodegeneration in the sense that there is a progressive loss of neuronal
structure and function with aging). Common neurodegenerative disorders include
Alzheimer’s disease (AD), Parkinson’s disease (PD), Multiple Sclerosis (MS), spinal
cord injury (SCI) and Amyotrophic Lateral Sclerosis (ALS). Other diseases of the
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brain that are not necessarily neurodegenerative but affect the neurons are termed
neurological disorders. Their pathogenesis may involve the neurons directly or
indirectly through other means such as cerebral blood vessels, meninges and immune
cells. There are numerous Neurological disorders, common among them are stroke,
Epilepsy, Schizophrenia, depression, Obsessive-compulsive disorder (OCD) and
Neurodegenerative disorders.

The incidence and prevalence of most neurological disorders vary across the globe.
For instance, multiple sclerosis is common in Europe, Canada and other temperate
regions while diseases such as cerebral encephalitis are more predominant in Asia,
Africa and South America. Others like stroke, AD, PD and epilepsy affect people
worldwide, thus requiring global attention. Despite their global burden and negative
impact on the world’s economy, only a few drugs are available for their treatment. For
instance, there are numerous anticonvulsant agents available for the management
of Epilepsy, however, these drugs have drawbacks including high cost, severe side
effects and poor or incomplete remission from their use. Management of stroke (the
ischaemic type) is achieved with a recombinant tissue plasminogen activator (rTPA)
known as alteplase. This drug has a brief time window of fewer than 5 hours and its
delayed use has been associated with haemorrhagic transformation. Levodopa is the
main drug, in addition to deep brain stimulation, used in the management of PD, it
however causes side effects such as bradycardia and tremor and its efficacy diminishes
with PD’s progression. Currently, there are no drugs for treating AD — different drugs
are only used to manage symptoms. With the emergence of innovative technolo-
gies and a better understanding of some novel therapies, there is hope for new drug
discovery in this seemingly bleak situation.

Factors such as the complexity of the CNS, the tight regulation of substance move-
ment across the blood-brain barrier and the presence of efflux pumps in the brain
preventing therapeutic drug accumulation in the CNS, contribute to the difficulty
associated with drug development for neurological diseases. Researchers are con-
stantly innovating new formulations and technologies to circumvent these challenges.
Currently, gene therapy with the aid of adeno-associated viruses, cell-based therapy
and nanoformulations are being deployed as tools to manage and treat neurological
disorders [1, 2]. There are currently four (4) commercially available adeno-associated
virus-based gene therapy for CNS diseases [2], whereas the use of bone-marrow-
derived stem cells has been employed for ages in the treatment of some types of
cancers. Each of these trends led to the discovery of highly efficient drugs for CNS
disorders and paved the way for renewed hope of more drug development for neuro-
logical diseases. Unfortunately, however, they are not without drawbacks, and current
studies are targeted at optimizing the benefits of the new therapeutic approaches
whilst eliminating or minimizing their shortfalls. For instance, despite the remark-
able success of the use of AAV gene therapy for neurological diseases, this approach
is associated with thrombocytopaenia, hepatic and renal toxicity and neuroinflam-
mation of the spinal cord, following high-dose administration [2]. More so, the major
routes of administration are highly invasive, making this therapeutic option less
convenient and patient-friendly. Vector engineering and the use of immunosuppres-
sive medications are now being considered as ways to bypass these obstacles. With
respect to stem-cell therapy, the use of mesenchymal stem cells as a novel therapy for
various diseases including neurodegenerative disorders has also met some challenges
despite initial enthusiasm. Mesenchymal stem cells (MSCs) are adult stem cells that
are capable of proliferation, differentiation and self-renewal. Their use dates to 1956
when leukemia was treated using a bone-marrow transplant [3]. Since then, stem cells
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have been used to treat other diseases like lymphoma, and autoimmune diseases like
MS, restore eyesight following the repair of cornea injury [4], and COVID-19 in 2021
[5]. In contrast, the use of MSC that have proved promising in preclinical experiments
for some neurodegenerative diseases has not yielded encouraging results in clinical
trials. Challenges such as tumor formation, immunorejection, poor engraftment,
incomplete homing and ethical constraint have been identified as factors limiting the
clinical applicability of stem cells for neurological disorder [6, 7]. These factors have
been attributed to the growth and study of stem cells outside their niche environment
[8] and presumably explain why most promising preclinical agents do not replicate
their success in clinical trials, leading to a shift in the research approach in this field.
In 1999, the stroke therapy academy and industry roundtable (STAIR) put forward
some recommendations to optimize the chances of preclinical agents for success in
clinical trials. The need to refine preclinical experiments in terms of screening models
and methods was a major highlight in the STAIR recommendation and was restated in
2009 [9]. There are various animal models of stroke, but these models often lack fea-
tures to make them a robust simulation of stroke in humans. It has been proposed that
preclinical stroke experiments should be designed in a manner that would enhance
the clinical translation of findings. The STAIR recommendations can be extrapolated
for other neurodegenerative disorders that have recorded insignificant clinical suc-
cess. One important way to achieve this is to create a cellular microenvironment inside
the laboratory using biomaterial technology. A cell’s niche or microenvironment plays
a key role in the way the cell communicates with itself (autocrine) and other cells at
varying proximity to it. This microenvironment also influences mesenchymal stem
cells’ proliferation, differentiation, self-renewal and aging [10]. Overall, to date, there
is no therapy that can halt neuronal degeneration and death, or reconstruct defective
brain circuitry following a brain injury caused by trauma or diseases [11, 12].
Biomaterial technology has witnessed remarkable advancement in the last decade,
making it suitable to construct, deconstruct and investigate important cellular
components in cells’ microenvironments. In addition to mimicking cells’ micro-
environment, specific biomaterial construct allows for the prediction of a drug’s
pharmacokinetic and pharmacodynamic profiles. This technology uses both natural
and synthetic biomaterials formulated singly or in combination to improve their
biological, mechanical and physicochemical properties to dub the MSC niche in the
laboratory [13, 14]. Examples of natural sources of biomaterials are proteins (such as
fibrin, collagen, heparin and gelatin) and polysaccharides (such as alginate, chitin,
cellulose, dextran sulphate and pectin). Synthetic sources of polymeric biomaterials
include polyethylene glycol (PEG), polylactic-co-glycolic acid (PLGA), polyacryl-
amide (PAM) [13-15]. These biomaterials have been used in different forms such as
micelles, hydrogels, nanogels, nanoparticles, liposomes and dendrimers to deliver
drugs to the CNS. An ideal biomaterial for medical use should be non-toxic during
and after use, should be biodegradable, biocompatible, and adaptable, and should
not cause inflammation [11]. Hydrogels are prepared by using ninety or more per
cent (>90%) of water, making them incredibly soft [11]. Because of their softness
and very minute nano sizes, nanogels and hydrogels have been suitably used to
deliver bioactive compounds such as DNA, RNA, recombinant proteins, drugs and
trophic factors [16]. Further, hydrogels find use in clinical practice and experimen-
tal medicine for disease diagnosis [17], tissue repair and engineering [18], cellular
mobilization [19], and as regulators of biological adhesion by serving as barrier
materials [20]. Hydrogels, and by extension nanogels, find use in drug delivery
because of their unique physical properties that can easily be manipulated for specific
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drug delivery purposes [21]. This form of drug delivery also helps to circumvent the
blood-brain barrier (BBB) restriction and thus, increases the duration of drug action.
Hydrogels and nanogels have also been used in delivering cells like MSCs. MSCs can
be formulated in a three-dimensional hydrogel and delivered directly into the brain
as pregels or administered via other routes for systemic effect. The former provides
an avenue to accurately measure the number of cells in a particular brain region as
well as promote engraftment of the delivered MSC. Additionally, the porosity of
hydrogels can be tuned to allow depot drug formulation, enabling drugs to be eluted
slowly [21]. Hydrogels are also biocompatible owing to their high-water content and
physicochemical similarities, both mechanically and compositionally, to cell niches.
Hydrogels and nanoparticles hydrogel (nanogels) are malleable to biodegradation
via exposure internal and external stimuli (e.g., temperature, Ph, light and magnetic
fields) [21] thus promoting the control of content release; stable for systemic circula-
tion; enhanced biomedical encapsulation due internal hydrophilic nature. Because
hydrogels are deformable — conforming to the shape of their applied surface, this
property is exploited for targeted local drug delivery.

In this review, we shall highlight how the different properties of hydrogels are
leveraged to discover and develop new diagnostic tools, drugs, and disease models for
neurological disorders.

2.Ideal properties of hydrogels CNS disorders

Hydrogels have undoubtedly been employed in different capacities for an array
of diseases and disorders. Regardless of the polymer source, hydrogels share some
unique properties as mentioned in the introduction. However, an ideal hydrogel
should possess properties that make it suitable for use for its intended application and
in its target site of action. Hydrogels intended for CNS-related applications should
possess specific properties as highlighted below.

2.1 Soft texture

Hydrogels are flexible water-containing matrices made from water-insoluble
polymers that are chemically or physically cross-linked. Their porosity and softness
make them CNS-friendly since they are unable to cause structural damage to the CNS
[22]. Because their physical properties are influenced by changes in pH, osmotic pres-
sure and temperature, hydrogels can easily be personalized for drug delivery in the
CNS [23]. Thus, increasing their suitability for neurological disorders.

2.2 Blood: brain barrier permeability

A major challenge in the development of drugs for CNS diseases is the
circumvention of the blood-brain barrier by the drugs [24]. Hydrogels have properties
that make them similar to the brain’s extracellular matrix, which enables the diffusion
of drug-loaded hydrogels through the BBB, leading to effective drug delivery [25].
The deployment of hydrogels in regenerative medicine, especially for neurological
disorders is owing to their ability to provide an efficient scaffold to support stem
cells prior to being transplanted into the brain. Moreso, the high water content and
optimum mechanical properties of hydrogels ensures that they do not cause any harm
or disruption to the brain’s physical structure [26].
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2.3 Biocompatible and non-inflammatory

The use of stem cells as a promising regenerative tool is limited, in part by the
inefficient engraftment following transplantation. Poor engraftment has been
attributed to the activation of host cells’ immune response [27]. Hydrogels have been
shown continuously to prevent the triggering of severe host immune responses as well
as act as a barrier to the activation of the host immune factors, thereby preventing
rejection after stem cell transplantation [11, 28, 29]. Moreso, both the polymers and
their degradation products should be compatible with the human tissue such that they
do not stimulate immunogenic responses in the host. This is a very important consid-
eration for synthetic polymers [30]. The hydrogel should also provide a support struc-
ture that favors the cells’ proliferation, differentiation and survival. Biocompatibility
can also be expressed as having mechanical properties similar to neural tissues [31]
and architectural properties that closely mimic neural extracellular matrix [32].

2.4 Stable and biodegradable

Brain repair and regeneration is a slow process, and as such an ideal hydrogel for
CNS-related function should be chemically and physically stable over an extended
period [30]. This stability ensures efficient therapeutic and/or diagnostic intervention
of the hydrogel. In addition to being stable, the hydrogel and its metabolite should
be biodegradable i.e., easily, and completely cleared from the living system after
performing their function. A non-biodegradable hydrogel polymer is likely to induce
toxicity, rendering it clinically unsafe.

2.5 Scalable

Although not often considered, it is expected that the hydrogels for neurological
conditions are made from polymers that can be produced in large amounts for their
deployment in clinical practice [30].

3. Application of hydrogels and nanogels in neurological disease
3.1 Stroke

Formerly known as cerebrovascular accident, stroke is one of the leading causes of
death and disability globally. It is caused by either occlusion of a cerebral blood vessel
or a hemorrhage in the brain leading to the terms ischaemic stroke and hemorrhagic
stroke respectively. Ischaemic stroke constitutes the most common of the two types
and is mainly treated using thrombolytics and antiplatelets. As mentioned earlier,
recombinant tissue plasminogen activator (alteplase®) is the only FDA-approved
thrombolytic agent for the treatment of ischaemic stroke. Alteplase® has a short time
window of between 3 and 4.5 hrs, and its use must be preceded by a CT or MRI scan
for type confirmation. These limitations have led to an increase in the search for more
efficacious and universally applicable drugs for ischaemic stroke. Stroke research in
the context of drug discovery and development has not recorded significant success.
Many promising agents in animal models of stroke have been unable to replicate
their preclinical success in humans, and this unfortunate quagmire has led to refine-
ments in the approaches to drug discovery. The use of plant extracts and herbal
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preparations, drug repurposing and new chemical agents among many other poten-
tial agents have been tried with no substantive success. In recent time, regenerative
medicine using mesenchymal stem cells have gained some popularity as a promising
approach to solving the mystery of drug discovery for stroke. Much research has been
conducted using MSC from an array of sources on various animal models of stroke
with hopes of clinical reciprocity. The common feature of these experiments is the
employment of hydrogels and or nanogels for agent delivery, agent activation, or
model creation as discussed in subsequent. Paragraphs.

MSC, along with growth factor, administered via the conventional intravenous or
oral routes is reported in many works of literature to aid brain tissue repair and regen-
eration following a stroke incidence. The clinical applicability of these novel therapies
is hampered by their inability to permeate the blood-brain barrier, the low survival rate
of transplanted stem cells in the infarct area, inadequate homing into the site of injury
and poor integration with the injured brain tissue. Tissue engineering holds a promis-
ing approach to addressing these challenges. Stroke therapy discovery is now facing
some optimism as biomaterials are being used for drug delivery and model establish-
ment. MSCs are currently formulated as hydrogels and nanoparticles to aid penetration
of the BBB, increase homing in the site of injury, and ensure successful engraftment.
Studies have revealed the versatility and potential benefits of hydrogels, using different
biomaterials, in the management of stroke. A study by Wang and colleagues demon-
strated a decrease in infarct volume and enhanced multiplication of neural progenitor
stem cells (NPSC) within the MSC microenvironment when cyclosporin was delivered
as a PLGA microsphere when compared with minipump-delivered cyclosporin [33].
This finding was corroborated in another study where hyaluronan/methylcellulose
(HMAC) hydrogel was used to deliver erythropoietin, leading to the attenuation of
tissue inflammation and migration of NPSC and mature neuroblast, and a reduction in
apoptosis in mice injured cortical region [34]. Other factors such as brain-derived neu-
rotrophic factor (BDNF) and vascular endothelial growth factor (VEGF), which play
vital roles in tissue repair via angiogenesis and neurogenesis have also been delivered as
extended-release formulations in various hydrogels [28, 35]. The results in primate and
rodent species are positive and promising for use in humans.

Hydrogels are also used as models for drug screening because they mimic the
cells’ microenvironment. The 3D-bioprinting of hydrogels serves as an in vitro
extracellular matrix for conditioning MSC towards successful tissue repair and
regeneration in the in vivo cell niche. They provide an environment that aids stem cell
homing, engraftment, viability, proliferation and functionality. Fibrin which is an
important extracellular matrix protein was used to make a 3D scaffold that allowed
the survival and regeneration of neuron-like cells derived from human endometrial
stem cells. Compared to the scaffold of fibrin alone, a composite scaffold of fibrin,
hyaluronic acid and laminin, enhanced biocompatibility, delayed degradation and
helped maintain human NPSC viability and function [36]. Several other studies
have proven the importance of growing stem cells (or cells in general) in a niche-like
environment. For instance, oxidized alginate hydrogel and injectable and self-healing
carboxymethyl chitosan both have elastic moduli-like brain tissue and proved to be
viable 3D carriers for the transplantation of neural stem cells [37]. In another study,
the hydrogel of injectable self-assembling laminin enhanced vasculature-mediated
migration of immature neurons to injured brain lesions via the activation of the f1
integrin pathway [38]. Similarly, the in vivo injection of nerve precursor cells with
Matrigel significantly reduced infarct volume, promote neuronal differentiation,
and improved behavioral outcomes in rats [39]. Further, hydrogels like the protein
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Figure 1.

Applications of hydrogels and nanogels in neurological disorders. Hydrogels and nanogels are employed primarily
as drug-delivery molecules. However, they have been shown to be relevant in other aspects including, the diagnosis
of some neurological conditions, modeling of brain disorders, CNS tissue repair, and regeneration.

hydrogel GSH (Genipin cross-linked sericin hydrogel) provide an efficient envi-
ronment for the attachment and growth of neurons, whilst sericin permits axonal
branching and extension together with the prevention of hypoxia-induced cell death
of immature neuroblasts [40]. Thus, serving as a potential 3D carrier for tissue repair
and regeneration after ischaemic injury (Figure 1).

3.2 Alzheimer’s disease (AD)

Commonly referred to as the disease of old age, Alzheimer’s disease treatment
is currently limited to mainly symptomatic management using drugs from a broad
class of drug families. The drugs used in the management of AD symptoms include
memantine, galantamine, donepezil, tacrine, and rivastigmine. There is currently
no drug to delay or reverse the progression of AD. Research into the use of hydrogels
as potential therapeutic agents or aids is gaining momentum, and some experiments
conducted to this effect have produced encouraging results. Several routes of hydrogel
administration have been tried including intranasal, subcutaneous, and intracranial
drug administrations. The use of microneedle patches has also been experimented
with. Intranasal drug administration is the most utilized route of hydrogel drug
administration owing to its ability to bypass the BBB, cause minimal off-target and
toxic side effects, and rapidity of action.

Hydrogel of donepezil formulated by cross-linking hyaluronic acid-dopamine
with PLGA with the aid of ferrous sulphate (FeSO,) was designed as a sustained-
release formulation for a single-dose drug administration [41]. This preparation
improved the pharmacokinetic properties of donepezil after subcutaneous admin-
istration in rats. In another study, the pharmacokinetic properties particularly, the
plasma concentration and area under the curve, of donepezil were significantly
improved when its liposome was dispersed in chitosan hydrogel and administered
intranasally in rabbits, thus buttressing the potential of hydrogels as an effective
therapeutic aid for AD [42]. Timosaponin BII, an effective anti-AD agent whose use
is limited by its low oral bioavailability was formulated in an in-situ hydrogel that is
both ion and temperature sensitive. The formulation was shown to improve spontane-
ous behavior and spatial memory following intranasal administration in mice [43].
The use of tacrine, an anticholinesterase, in the management of AD is limited by
several factors, most importantly its hepatotoxic side-effect. In research by Setya and
colleagues in 2019, a nanoemulsion gel of tacrine was formulated, and administered
via transdermal patches to rats. The nanogel had a superior pharmacokinetic and sta-
bility profile compared to conventional hydrogel and marketed capsules. The nanogel
was also found to significantly improve neurobehavioral parameters in amnesic rats
and did not cause hepatotoxicity [44].
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Some underlying molecular causes of AD are the aggregation of amyloid-p (AB)
proteins and oxidative stress due to an excess amount of reactive oxygen species
(ROS). The search for therapeutic agents for AD is therefore sometimes tailored
towards inhibiting Ap aggregation or scavenging ROS. Some agents that have been
found to inhibit this aggregation include curcumin (from Curcuma Longa, turmeric)
and epigallocatechin-3-gallate (found in green tea extract). A nanogel formulation of
these two compounds using modified hyaluronic acid caused a significant inhibition
of Ap aggregation compared to either agent alone [45]. Further, nanogel formulation of
angiopep-2 modified AOC containing oxytocin was able to prevent the production of
inflammatory cytokines by inhibiting microglia activation. Consequently, reducing
the production of ROS [46].

3.3 Parkinson’s disease (PD)

Being the second most common neurodegenerative disease, Parkinson’s disease
is characterized by extreme loss of dopaminergic neurons in the substantia nigra in
the nigrostriatal pathway and the formation of Lewy bodies with a-synuclein. This
disease faces the challenge of limited therapeutic options. Like Alzheimer’s disease,
PD currently has no cure, and treatment is mainly targeted at symptomatic relief
using the gold standard drug levodopa. The advancement in biomaterial technol-
ogy has kindled research into novel therapies for PD, with hydrogels from different
sources taking the central stage. Current experiments are designed to either influ-
ence one or more of the processes involved in the pathogenesis of PD or to improve
the pharmacokinetic properties of PD drugs. In this context, hydrogel and nanogels
have been used as carriers to deliver drug molecules, nutrients, and various cells to
the brain, employed as a scaffold for cell maturation, serve as a tool to model PD,
and used for organ/tissue reconstruction. Some of the studies have also made it to
the clinical trial stage.

As a means of drug delivery, thermosensitive hydrogels of poly (N-isopropyl
acrylamide) (PNIPAM) were developed to deliver nanocrystals of magnolol, a poly-
phenolic compound, into the brain through the nasal cavity of mice. This prepara-
tion improved the stability of magnolol, prolonged nasal cavity resident time, and
enhanced delivery to dopaminergic neurons after effectively bypassing the BBB.
These advantages led to the improvement of PD symptoms in the MPTP model of
PD [47]. In another study to promote the release of tyrosine, a precursor amino acid
for the synthesis of dopamine, from psyllium, psyllium-containing hydrogels of
acrylamide and methacrylamide were formulated. The hydrogels caused a significant
improvement in the release of tyrosine from psyllium, thus serving as a potential
therapy for PD [48]. Nanogel of albiflorin (a potent antioxidant and anti-inflam-
matory phytochemical from Radix paeoniae Alba) had greater stability and superior
efficacy compared to the free drug, thereby offering a prospect for use in PD manage-
ment [49]. Factors such as glial-derived neurotrophic factor (GDNF), which serve a
beneficial purpose in the recovery from PD, have also been formulated in many dif-
ferent types of hydrogels as a therapy for PD in humans. For instance, in a PD human
trial, a hydrogel was used for the sustained delivery of GDNF after a dopamine
progenitor graft, by significantly enhancing the formation of new dopamine neurons
and improving graft plasticity. Consequently, leading to functional motor improve-
ment even after 5 months [50]. To reconstruct the nigrostriatal pathway, a collagen
hydrogel housing the ventral mesencephalon and dorsal striatum was loaded with
GDNF. A mild growth of tyrosine hydroxylase-positive nerve fiber in the direction
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of the dorsal striatum was observed after 3 weeks [51]. In a similar study by Moriarty
and colleagues (2017), the intra-striatal administration of collagen hydrogel loaded
with GDNF caused remarkable improvement in dopaminergic neuron survival,
enhanced striatal-innervation capacity, and increased functional efficacy in rats [52].

Dopamine, the primary neurotransmitter that is deficient in PD has also been
delivered to the brain in various experimental models of Parkinsonism. It’s logically
believed that the availability of functional dopaminergic neurons in the SN is an
effective way to treat Parkinson’s disease. To this effect, dopamine-containing nano-
gels of polyvinylpyrrolidone-polyacrylic acid caused normalization of motor activity
with a significant disease-modifying effect following subchronic administration in
Parkinsonian rats [53]. Similarly, dopamine-loaded nanoparticles of PLGA caused a
sustained release of dopamine in the brain and significantly reversed neurobehavioral
deficits after intravenous administration in Parkinsonian rats [54]. In addition to
delivering dopamine, hydrogels have also been deployed for the delivery of dopamine
agonists, levodopa, and ropinirole in animal models of PD to investigate the possible
improvement in their pharmacokinetic and pharmacodynamic features. Ropinirole
is given orally with frequent daily dosing due to poor oral bioavailability. In a study
by Dudhipala and Gorre (2020), ropinirole-loaded nanogels were administered to
haloperidol-induced parkinsonism rats, both orally and transdermally. The results
revealed an improvement in the drug’s oral and topical bioavailability, with a
marked rise in the levels of catalase, glutathione, and dopamine [55]. Nanogels have
been shown to improve the bioavailability of levodopa, a precursor of dopamine.
Maximum recovery of levodopa was reported following the intranasal application of
levodopa-loaded nanogel of chitosan [56].

The use of stem cells including mesenchymal stem cells from diverse sources to
treat PD is also on the rise. The hydrogel of gelatine-PANI loaded with bone marrow-
derived mesenchymal stem cells was shown to have superior efficacy when compared
to BMSC alone by increasing the expression of BDNF and GDNF in the substantia
nigra of mice following stereotactic injection [57]. Similarly, dopaminergic neurons
derived from stem cells that were delivered in a 3D hydrogel scaffold showed greater
survivability with a corresponding improved motor function in a PD model of mice
compared to ordinary dopamine neurons [58].

Generally, biomaterial research in the context of drug discovery and development
for Parkinson’s Disease is receiving tremendous attention. Considering the stream of
promising preclinical results being obtained, there is no doubt that a breakthrough is
almost here.

4. Multiple sclerosis (MS)

Another disease of the CNS where biomaterial technology is finding usefulness
is multiple sclerosis (MS). MS is a chronic demyelination disease of the CNS associ-
ated with a host of symptoms including loss of sensation, vision, and movements.
The treatment of MS is largely achieved with anti-immune and anti-inflammatory
agents. The advancement in biomaterial technology with a consequent improvement
in neurological research has led to probes into the probable application of hydrogels
as therapeutic, diagnostic, and disease-modeling agents for MS. Effective treatment
for multiple sclerosis is yet to emerge, and stem cells hold a promising potential for
use in this condition. However, as mentioned earlier, the short-lived stay of admin-
istered stem cells in the brain and BBB crossing contributes to challenges with stem
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cell therapy. Hydrogels have been used as a 3D scaffold to deliver differentiated stem
cells to promote myelin sheath repair and remodeling in animal models of MS. The
formulation of a hyaluronic acid-based hydrogel has been revealed to increase the
bioavailability of bone marrow-derived mesenchymal stem cells [59]. Further,

the transplantation of interleukin-10-treated dendritic cells (DCs) formulated in
polyethylene glycol-based hydrogel through the neck prolonged the lifespan of DCs,
prevented disease progression, and modulated the recruitment of immune cellsin a
preclinical model of MS [60]. The success recorded in these in vivo preclinical studies
is a result of findings from previous in vitro preclinical experiments that investigated
the effect of hydrogel-based three-dimensional scaffolds on stem cell proliferation
and survival in their in vivo niches [61-64]. Findings from these experiments were
able to demonstrate that the hydrogel culture allowed for cell adhesion, development
of cell cytoskeleton, cell migration and differentiation, signal transduction, and
morphogenesis of the 3D model [65].

Quite unique is the creation of biosensors for the diagnosis of MS and the detec-
tion of recovery-related problems, using hydrogels. In addition to serving as a carrier
for materials that are responsive to biological signal transduction, hydrogels can in
themselves, respond to stimuli thereby potentiating the signaling ability of wearable
devices [66]. Biosensors designed to detect the presence of matrix metalloproteinase
(MMP)-9, a vital peripheral marker of MS-associated neuroinflammation, have been
designed and tried. In 2015, research led by Biela investigated the sensitivity of a
hydrogel-based biosensor constructed in their lab using electrodes that were coated
with enzyme-sensitive oxidized dextran that has been cross-linked with peptides.
This device was able to detect MMP-9 in the presence of MMP-2, at levels between 50
and 400 ng/ml concentrations. The major limitation of the device is the delay of up
to 5 minutes before biomarker detection [67]. Some years later, a similar design was
constructed using poly (2-oxazoline) cross-linked with specific proteolytic peptides.
This device was more able to detect MMP-9 in a lower range of between 0 and 160 nM
following hydrogel degradation [68]. Currently, wearable biosensor devices are
deployed to monitor balance and mobility with promising use in assessing fatigue,
spasm, and tremor [66].

About a decade ago, hydrogels were employed as a tool to aid brain imaging for
better diagnosis of multiple sclerosis. The tool, clear lipid-exchanged acrylamide-
hybridized rigid imaging-compatible tissue-hydrogel (CLARITY), is an optical clean-
ing technology capable of making a 3D nanoporous hybrid of hydrogel compounds,
from intact brain tissue. Thus, permitting the comprehensive visualization of the
whole brain while maintaining natural fluorescence [69, 70]. All these accounts for
unprecedented success in the application of hydrogels and nanogels in the diagnosis,
prevention, and treatment of multiple sclerosis.

4.1 Brain tumor

Treatment of cancer is generally faced with challenges of poor penetration
of anti-tumor agents, systemic/off-target side effects, and a high rate of cancer
cells resistance to chemotherapeutic agents. Coupled with these is the additional
obstacle of a tight physical barrier, BBB, that must be bypassed by brain-targeted
chemotherapeutic agents. A handful number of malignant brain tumors exist with
glioblastoma being the commonest and most deadly because of its high metastatic
nature which results in recurrence even after triple therapy with resective surgery,
radiotherapy, and chemotherapy. Treatment of glioblastoma is primarily achieved
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with the antineoplastic drug carmustine, available as injectable and implants/wafers.
Carmustine administration as an implant is considered superior to the injectable form
because it offers a sustained release of the active agent into the tumor cavity over a
period of three weeks, and the implants protect against the degradation of carmustine
[71]. Yet, wafers are not considered the ideal delivery form due to several important
factors including the invasiveness of the implantation procedure, rapid release of
carmustine, dislodgement of implant, local side effect of the drug, poor drug penetra-
tion, and drug resistance [71-73].

The biocompatibility and biodegradability properties of hydrogels make them
a promising and effective alternative for anti-neoplastic drug delivery in cancers
including brain cancers such as glioblastoma. Hydrogels have been utilized to increase
drug accumulation at tumor sites leading to enhanced anti-tumor efficacy with
reduced systemic and off-target toxicity. They’ve also been employed to enhance
tumor death and immunogenicity in cancer therapy [74]. In addition to their use as
drug carriers, hydrogels, and nanogels are deployed as in vitro 3D cell models for
glioblastoma to aid the understanding of disease behavior as well as provide clarity
on the interactions and communications within tumor microenvironment. Further,
nanogels are now used, before or after surgery, to deliver anticancer drugs to the brain
via intravenous injection and through the nasal cavity [75]. In line with this strategy,
temperature-sensitive hydrogel loaded with epirubicin and paclitaxel nanoparticles
caused remarkable tumor inhibition and lifespan prolongation when administered
to mice bearing human glioma tumor. The hydrogel administration was done after
surgical tumor resection [76]. Similarly, microRNA-loaded nanogels of polyglycerol
scaffold were designed by Shatsberg and colleagues in 2016 for the treatment of glio-
blastoma in mice. The nanogels were delivered intratumorally and permitted internal-
ization of the microRNA into the glioblastoma multiforme cells, leading to significant
tumor growth inhibition and restoration of the tumor suppressor role of miR-34ain
the xenograft mice [77]. In the same vein, etoposide and Olaparib-loaded bioadhesive
pectin hydrogel were formulated as nanogel spray that allowed the deep penetration
of the two drugs into tumor site and prevented their premature degradation [78].

To aid imaging of cancer cells in the brain, pH- and temperature-sensitive poly
(w-isopropylacrylamide-co-acrylic acid) nanogels loaded with nanoparticles of
citric acid-coated Fe304 were developed. This nanogel serves as a contrast agent for
optical imaging and MRI imaging for glioma when it conjugates with Cy 5.5-labeled
lactoferrin. More importantly, the contrast nanogel was devoid of any apparent toxic
effect and poses no such risk in the future [79]. Research is still ongoing to develop
more hydrogel-based therapies for brain tumors and the results obtained so far hold
promise for efficient novel approaches.

4.2 Spinal cord injury (SCI)

Traumatic spinal cord injury results from a direct and sudden mechanical insult to
the spinal cord resulting in apparent and lifelong autonomic dysfunction, paralysis,
sensory impairment, and weakness [80]. Eventually, cystic cavities are formed from a
progressive cascade of events including inflammation, neuronal damage, and neu-
ronal death, leading to extracellular matrix (ECM) degeneration. Once formed, the
cavities serve as barriers preventing the infiltration of beneficial cellular elements and
axonal regeneration, thus constituting a major hindrance to neural regeneration after
traumatic SCI. additionally, the cystic cavities also affect the transduction of electrical
signals and stimulation of spinal cord tissues, further delaying or preventing axon
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regeneration and neural stem cell (NSC) differentiation [81, 82]. Biomaterial-based
treatments have been experimented with and shown to act as bridges to narrow the
cavity spaces.

In a study in 2021, an injectable and self-healing hydrogel of Fmoc-peptide and
Fmoc-loaded chitosan carrying curcumin was fabricated and was shown in an in vitro
test to cause Schwann cell migration away from the dorsal root ganglia, enhanced
neurite growth, and caused remarkable myelination. In an in vivo test, the hydrogel
promoted ECM reassembling at the site of the lesion, modified inflammatory cells
to an anti-inflammatory population, and significantly improved hind limb mobility
[83]. Similarly, in 2022, Luo and co-workers developed a self-healing electroconduc-
tive hydrogel ECM using chondroitin sulphate and gelatine biopolymer containing
polypyrrole. The hydrogel had comparable conductive and mechanical properties
with natural spinal cord tissues. In an iz vitro experiment, the hydrogel also enhanced
the outgrowth of axons, inhibited astrocyte differentiation, and promoted the differ-
entiation of neurons. Further, the electroconductive ECM hydrogel caused a signifi-
cant regeneration of myelinated axon into the lesion site, and increased neurogenesis
of endogenous NSCs [84].

4.3 Epilepsy

Epilepsy is a brain disease associated with the excessive rapid firing of neurons. To
alleviate the continuous electric discharges in the brain, anti-convulsant agents, like
other CNS drugs, should be able to cross BBB and bind their receptors in the CNS.
Conventional anticonvulsant agents are not able to efficiently circumvent this barrier,
leading to higher dosage administration. Consequently, resulting in more off-target
effects. The use of hydrogels and nanogels is being considered as an approach to over-
come this challenge and the few preclinical experiments conducted so far have been
promising. In a study by Ying and colleagues in 2014, an electro-responsive hydrogel
was made from four different monomers crosslinked with N, N'-Methylene bisacryl-
amide. The hydrogel was biphasic in nature — forming a gel at high concentrations
above 100 mg/ml and becoming a nanoparticle at low concentrations above 10 mg/ml
but below 50 mg/ml. The hydrogel was fabricated to be brain-specific by coupling it
to angiopep-2 peptide, which is a ligand of LRP (a low-density lipoprotein receptor-
related protein). The specialized delivery hydrogel was used to deliver phenytoin
sodium to the brains of amygdala-kindled mice, causing a significant improvement in
the anticonvulsant activities of phenytoin [85].

Table 1 shows a list of hydrogels for different CNS conditions that have been
approved by the US food and drug agency (FDA) or are currently under investigation
in different clinical trial stages.

Currently, there is a paucity of data on the application of hydrogels and nano-
gels in other CNS conditions such as amyotrophic lateral sclerosis, depression, and
Huntington’s disease. However, the successes recorded in the use of this biomaterial
approach in the discussed neurological conditions can easily be extrapolated to other
CNS disorders without the need for much caution. Moreover, the challenges that were
previously associated with the use of hydrogels such as uncontrolled drug release as
aresult of poor tunability of shape and geometry, one-time release of administered
drugs and limitations with the encapsulation of some drugs such as hydroscopic
drugs, antibodies, nucleic acids and proteins [21], are now being circumvented with
the aid of 3D printing and the use of nanocarriers. 3D printing allows for the cus-
tomization of composites of nanocarrier-hydrogel for tissue engineering and drug

166



Therapeutic Potentials of Hydrogels and Nanogels in CNS Disorders
DOI: http://dx.doi.org/10.5772/intechopen.1002026

Hydrogel Polymer material Purpose

Stroke

GelMA [86] Gelatine, methacrylate Neural repair and
regeneration

NeuroGel™ [87] [N-2-(hydroxypropyl) methacrylamide] Drug delivery and

tissue repair

Alzheimer’s disease

Brain shuttle hydrogel [88] Gelatine Drug delivery

NGF Hydrogel [89, 90] Collagen Delay disease
progression

Parkinson’s Disease

"Duodopa/Duopa [91] Carboxymethylcellulose and polyacrylamide Drug delivery

"BrainStem [92] polyethylene glycol diacrylate Drug delivery

"Levodopa/Carbidopa Gel poloxamer 188 and poloxamine 908 Drug delivery

(NeuroDerm) [93, 94]

Multiple Sclerosis

Hyaluronic acid hydrogel Hyaluronic acid Drug delivery and

[95]

disease management

Nanoparticles hydrogel
[96]

poly(lactic-co-glycolic acid) (PLGA), poly(ethylene
glycol) (PEG)

Disease treatment

Brain Tumor (Glioblastoma)

"Gliadel wafer [97-99]

poly(lactide-co-glycolide) (PLGA) and polyethylene
glycol (PEG)

Disease treatment

"Proton-beam delivered
polymeric hydrogel
brachytherapy device [100]

polyethylene glycol (PEG), poly(lactic-co-
glycolic acid) (PLGA), and Poly (2-hydroxyethyl
methacrylate) (PHEMA)

Radiotherapy
treatment

"Magtrace and Sentimag
[101]

dextran, carboxydextran, and starch.

Disease diagnosis

Fluorescent hydrogel [102]

polyethylene glycol (PEG), polyacrylamide,
hyaluronic acid, alginate, polyvinyl alcohol (PVA),
and chitosan.

Tumor detection

Spinal cord injury
NeuroScaffold [66, 103] Poly-lactic-co-glycolic acid and Poly-I-lysine. Supportive scaffold
Neurogel [104, 105] Alginate Repair and
regeneration
Silk hydrogel [106] Sericin and silk proteins derived from silkworms or Disease treatment
spiders
PuraMatrix Hydrogel [107] RADA16 (L-arginine, L-aspartic acid, and Cell growth and

L-alanine.)

tissue regeneration

Epilepsy

Carbamazepine hydrogel
[108]

Ethylcellulose, sodium alginate

Drug delivery

*Represent FDA-approved hydrogels.

Table 1.
Some hydrogels under investigation and those approved for neurological disorders.

167



Hydprogels and Nanogels — Applications in Medicine

delivery [109]. Nanocarriers such as liposomes, micelles, dendrimers, and nanotubes
that allows surface modification of drugs have also been deployed to improve drug
kinetics, aiding targeted delivery [110].
5. Conclusion

Biomaterial technology is unarguably advancing at a rapid pace, and this is occur-
ring in tandem with the increasing search for effective drugs for neurological disor-
ders. So far, preclinical results for experiments involving hydrogels and nanogels have
been encouraging and this gives a hint to the anticipation of positive clinical outcomes
in a few years to come. However, a lot still needs to be done including finding ways to

employ nanogels and hydrogels to improve the intranasal delivery of less potent drugs
and reducing the local side effects that follow extended nasal drug delivery.
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This book provides an overview of hydrogels and nanogels, including their
manufacturing techniques, physicochemical and mechanical properties, and
applications in medicine, as well as bioengineering strategies and their impacts on the
functions of carrier systems. It explores the fundamentals of the synthesis, synthetic
chemistry, and development of hydrogels and nanogels. It discusses the fabrication
of stimuli-responsive hydrogels and nanogels and biomaterial requirements, as
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assembly and gelation mechanisms. The book also highlights the mechanisms of drug
encapsulation and release from hydrogels and nanogels and their biocompatibility with
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