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Preface

This book compiles cutting-edge research on biomaterials and encapsulating systems,
which are critical in advancing a variety of medicinal and technological applications.
The chapters delve further into new drug delivery mechanisms, encapsulation systems,
and biomaterials’ potential to transform sectors such as medicine, marine biology, and
beyond. Encapsulation technology, in particular, provides novel approaches of deliv-
ering medicinal substances in a regulated and targeted manner, ensuring optimum
efficacy while reducing unwanted effects.

The various chapters demonstrate the enormous potential of encapsulation technolo-
gies and biomaterials to solve a wide range of global concerns, from improving medica-
tion delivery and medical treatments to increasing the sustainability and efficiency of
marine systems. This collection is an excellent resource for academics, practitioners,
and students interested in the intersections of biotechnology, materials science, and
applied treatments.

I would like to express our deepest gratitude to everyone at IntechOpen who helped
bring this book to fruition, including the editors, contributors, coauthors, and
publication staff. The novel experimental approach outlined in the book is provided
with our sincere wish that it will pave the way for future innovations in materials
science. Students at both the graduate and undergraduate levels, as well as researchers
and engineers in a variety of fields, will find this book to be an invaluable resource.
We wish for this book to guide the readers and hope it will help them develop novel
biomaterials with desirable characteristics.

Dr. Ashutosh Sharma

Department of Physics,

Amity Institute of Applied Sciences,
Amity University Jharkhand,
Ranchi, Jharkhand, India






Chapter1

Biomaterial in Microencapsulation:

How Microencapsulation is
Changing the Medicine World

Arezou Pezhman

Abstract

Stem cell therapy is one of the novel treatment. Cells possess self-renewal ability
and the potential to differentiate into multiple lineages. Cell therapy has been studied
in treatment of various diseases and injuries, such as cardiovascular diseases, brain
disorders, musculoskeletal defects, osteoarthritis, and skin diseases. The application
of cells can be a big challenge in treatment, and they die during transplants because
of the unfavorable environments of injured or damaged tissues. A supportive envi-
ronment can help cell survival, induce bio-activity, and enhance cell retention at the
administered sites. Stem cell microencapsulation in biocompatible biomaterials can
be a good supportive environment that lets cells grow properly. In this review, we
discuss about new materials, their application for microencapsulation and how these
materials can alter drug delivery and treatment of diseases. New natural and artificial
materials optimize microencapsulation application and can be a novel solution for
what scientist struggle with.

Keywords: biomaterial, stem cell, tissue engineering, drug delivery, hydrogel

1. Introduction

Stem cell therapy and biomaterial for drug delivery as novel therapies have
recently offered new opportunities in clinical applications that permitted more precise
and early diagnoses, less invasive and quicker procedures, and fewer and stay hospital
visits. Stem cell therapy has been performed to treat various diseases and injuries,
such as cardiovascular diseases, osteoarthritis, brain, neural, and musculoskeletal
disorders [1-4]. Stem cells are capable of renewing themselves and have the potential
to differentiate into multiple lineages, which include pluripotent stem cells, such as
embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and multipotent
stem cells such as hemopoietic stem cells (HSC), mesenchymal stem cells (MSCs),
and adult stem cells (ASCs). Cell encapsulation is based on the immobilization of
cells in favorable with synergistic intercellular interactions without being washed
out or damaged due to the surrounding shear forces. Cell encapsulation technology
can protect cells from hydrodynamic pressure and cell aggregation while allowing for
the functional diffusion of nutrients, growth factors, and gases through the micro-
capsule matrix [5]. Ideal candidates for encapsulation would be non-immunogenic,
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non-tumorigenic, easy to access and form, well-specify, and reproducible. A lot of
different cell types have been used for encapsulation, each with its unique advantages
and limitations [6]. Several materials have been used in cell encapsulation including
alginate [7], poly(lactic-co-glycolic acid)/poly(L-lactic acid) scaffolds [8], agarose [9],
chitosan [10], poly ethylene glycol [11] and hyaluronic acid [12]. However, natural
materials have some limitations, such as hard accessibility, finite source, rapid
degradation, weak mechanical properties, and limited processability, which slow
their clinical application. Also, the purity degree of some materials determines the
biocompatibility of the microcapsules, so the purity degree and viability must be
examined well [13]. Microencapsulation can offer a beneficial method of administer-
ing therapeutic materials and molecules that cannot be replaced by pharmacologi-
cal substances, enabling novel solutions for the treatment of many diseases. Some
applications of stem cell encapsulation in treatment of disease are listed in Table 1.

The long-term viability of microencapsulated cells, rate of polymer membrane
degradation, pericapsular fibrosis formation tendency, and potential risk of immuno-
genicity to the polymers remain big challenges in microencapsulation. The encapsu-
lating polymer must provide a barrier to prevent the immune system from recognizing
the foreign cells [22]. A good material used for encapsulation should not interfere with
the host cell’s homeostasis. The direct side effect of a non-compatible material is type
1 hypersensitivity reaction, which is a non-specific body reaction that starts with the
non-specific absorption of macrophages to the implant site [23]. The permeability
of materials is one of the important features of encapsulation. The microcapsule
membrane must have an appropriate pore size to supply essential nutrients necessary
for cell survival, and it must also have enough immunoprotection to forbid contact
with host immune cells [6]. Mechanical resistance of a material is critical to ensure cell
immunoprotection and molecule release time period define the deformation and rup-
ture of the capsules under external load [24]. There are some methods and techniques
for microencapsulation application, as highlighted in Table 2 [25].

Chemical methods of microencapsulation include solvent evaporation, interfa-
cial crosslinking, interfacial polycondensation, iz situ polymerization, and matrix
polymerization which usually undergo heat reduction after mixing and heating [26].
Physical methods include spray drying, fluid-bed/pan coating, centrifugal extrusion,
vibrating nozzle, and spinning disk microencapsulation. The dispersion of an oil
core material or water-soluble active ingredient into a concentrated coating mate-
rial is used to prepare for spray drying [27]. In fluid-bed coating, solid particles are
mixed with a dry coating material that is heated to surround the particle cores [28].

Bone [14]

CNS [15]

Cartilage [16]

Cardiovascular [17]

Cancer [18]

Diabetes [19]

Liver [20]

Skin [21]

Table1.
Application of stem cell.
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Mechanical (physical) methods

Solvent evaporation

Spray drying

Droplet freezing

Airflow or fluidized bed

Droplet gelation

Centrifugation

Extrusion

Chemical methods

In situ and interfacial polycondensation

Polymerization

Gelation

Physicochemical methods

Methods using supercritical fluid

Methods using emulsification

Coacervation

Thermal gelation

Table 2.
Methods for microencapsulation.

The microcapsule core and coating materials are both immiscible with each other,

so centrifugal extrusion is pressed into the concentric nozzles, forming a flow that is
crushed into droplets following the clearing of the nozzle [25]. The liquid material
to be encapsulated is extruded through a nozzle at a specific flow rate in a vibrating
nozzle [29]. In a spinning disk, a mixture is configured with the liquid microcapsule
coating material and the material for the internal core of the microcapsule [25].
Physicochemical encapsulation techniques involve supercritical fluid technology,
coacervation, polyelectrolyte complexation, and ionotropic gelation. Ionotropic
gelation works through the polyelectrolyte’s ability to attach when in the presence of
counterions, resulting in their gelation [30]. In polyelectrolyte complexation, add-
ing polycations or polyelectrolytes can be used to further improve the mechanical
strength and permeability of the gelated beads [25]. Coacervation technique that
relies on polymer-polymer incompatibility, addition of a salt or alcohol into the
polymeric mixture or modification of the aqueous phase pH, lead to crosslinking of
polymers [31]. Supercritical fluid technology is relied on the formation of particles
that are monodispersed with the capability to form nanosized particles [32]. A lot of
synthetic and natural materials are being used in microencapsulation. Some of these
materials and their application are described below.

2. Alginate

Alginates are natural polysaccharides, polyanionic polymers, and unbranched
copolymers of D-mannuronic acid and L-guluronic acid linked by p (1-4) glycosidic
bonds [33-35]. Alginate is derived from various species of brown algae cell walls such
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as hyperborea, Ecklonia maxima, Ascophyllum nodosum, Eisenia bicyclis, Laminaria,
Macrocystis pyrifera, etc., and from various species of bacteria: Azotobacter and
Pseudomonas [36, 37]. Alginate is a biodegradable and biocompatible polymer with
low immunogenicity in human body. Alginate’s ability to form hydrogel makes ita
useful material for the delivery of medicines and cellular immobilization [38, 39].
Because of gel and hydrogel-forming of alginate, it can be easily synthesized and
manipulated and can control the speed of release of active compounds from phar-
maceutical systems [40, 41]. Chemically modified alginic acid, because of its strong
polyanions feature, was found to inhibit fibrotic formation after transplantation by
inactivating an immune response, while cationic materials tend to induce inflamma-
tory reaction [42]. Alginate helps in treatment of many diseases. Some of the alginate
application include intestinal inflammation and colitis in inflammatory bowel dis-
ease, diabetes, hemophilia, cancer, renal failure, liver, and musculoskeletal diseases
[18, 43-47]. Also, because of gel-forming properties of alginate, simple structure,
simple raw materials, low toxicity, and mild processing, alginate can be a practical
material in drug delivery such as probiotic and anticancer drugs [48, 49].

3. Agarose

Agarose, usually derived from red algae and seaweed, includes a galactose-based
structure. Its ability to undergo reversible gelation in response to temperature makes it
a functional biomaterial for tissue engineering applications [50]. Agarose is thermally
responsive [50] and very similar to the extracellular matrix of natural cell, making
it suitable for cell encapsulation. Agarose has been used in medical applications
widely because of its functional features including controlled self-gelling properties,
water solubility, adjustable mechanical properties, non-immunogenic nature and it
is biocompatibility [51]. Agarose, based on its stiffness and functional groups, can
support cellular adhesion, proliferation, and activity. In tissue engineering, agarose
hydrogels were combined with cells and applied for the regeneration of several
structures such as cartilage [52], bone [53], tendons [54], neural system [55], cardiac
regeneration, wound healing [56] and cornea. The limitation of using agarose is that
mammalian cells cannot degrade agarose, so it can affect gene expression and cell

phenotype [57].

4, Chitosan

Chitosan is a derivative of the shell waste of crab, shrimp, and crawfish and
a polysaccharide composed of (1, 4)-linked 2-amino-deoxy-b-D-glucan [58, 59].
Chitosan coating a unique cationic character, high biocompatibility, non-toxicity, and
biodegradability that make it a functional material in the pharmaceutical industry
and tissue engineering, improving improved mechanical strength and a strong barrier
function [60]. Furthermore, chitosan properties, such as low solubility in water and
organic solvents, can be improved by chemical modification. Also, chitosan has great
potential to be used in common applications for the preparation of microspheres,
nanospheres, and microcapsules. Chitosan is a cationic biopolymer and has intrinsic
antimicrobial activity, besides other potentialities like antioxidant, antitumor, and
immune modulator, with an effective drug delivery agent. Medical application of
chitosan improves disease treatment, especially in cartilage, bone, and nerve repair,
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and upgrades tissue engineering methods in their treatment [61-63]. Wound heal-
ing, Gene Silencing in Disease Vector Mosquito Larvae, obesity, and cardiovascular
disease treatment are other uses of chitosan and derivatives [64-67]. Chitosan is
widely used for drug encapsulation, growth factors, antimicrobials, painkillers,

and antitumoral or anti-inflammatory drugs [68-72]. Also, chitosan and chitosan
derivatives show antimicrobial activity against different microorganisms, including
bacteria, filamentous fungi, and yeast, that can be a solution in bacterial resistance to
antibiotics [73]. One of the important industrial applications of chitosan is its role in
water filtering, which helps in the adsorption of pollutants in water [74].

5. Dextran

One of the suitable materials for use as a scaffold in tissue engineering is
dextran [75]. Dextran is a neutral, biodegradable polysaccharide formed from sucrose
by bacteria. Anti-thrombolytic and bioadhesive properties make it one of the best
scaffolds in tissue engineering [76]. Also, a specific characteristic feature of dextran
is The active hydroxyl groups of dextran can be chemically modified to incorporate
various functional groups, so dextran has been chemically engineered to form various
scaffolds, including spheres [77-79], tubules [80], and hydrogel [81, 82]. Dextran has
been used a lot in biomedical and pharmaceutical applications like decreasing vascular
thrombosis [83, 84], reducing inflammatory response [85], preventing ischemia-
reperfusion injury in organ transplantation [86-88], promoting wound healing
[89, 90], and enhancing chondrogenesis and cartilage regeneration [91]. Due to its
excellent physicochemical properties and biocompatibility, dextran has been assumed
one of the best materials for drug delivery and transport of therapeutic agents [92, 93].

6. Gellan gum

Gellan gum is one of the best polymers in tissue engineering and drug deliv-
ery because of its biodegradability, biocompatibility, and sustainability features
[94, 95]. Gellan gum is formulated by bacterial exopolysaccharide fermentation
from Pseudomonas elodea or Sphingomonas elodea, negatively charged, and contains
linear exopolysaccharides consisting of four repeating carbohydrates in the main
chain [96, 97]. Its ability to undergo sol-gel transition and form a solid gel upon
contact with cations can be used to prepare drug-loaded matrices [98]. This features
make gellan gum a perfect material in tissue engineering and regenerative medicine,
such as its wide utilization in cartilage [99-101], bone [102-104], osteochondral
disorders [105], spinal cord injury [106], wound healing [107], diabetic ulcer [108]
and retinal injury [109]. However, native gellan gum has some limitations, requiring
high temperature (60-90°C) for water dissolution and high concentration for the
production of stable physical hydrogel that limits production procedure and suitabil-
ity for direct cell encapsulation [110].

7. Matrigel

Matrigel, an extract derived from the EHS (Engelbreth-Holm-Swarm) tumor, con-
tains all of the known major components of many tissue basement membranes that
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was found by Dr. Engelbreth-Holm from spontaneous mouse tumor. Matrigel contain
all of the components present in basement and is very biologically active [111]. The
components of Matrigel are four major basement membrane extracellular matrix
(ECM) proteins: laminin, collagen IV, entactin, and the heparin sulfate proteoglycan
perlecan [112] and also contain collagen I, XVIII, VI [113] and III and tumor-derived
proteins, including growth factors, such as fibroblast growth factors (FGFs) and
transforming growth factor (TGF) family peptides (for example, TGF-p) [114, 115]
and enzymes, such as matrix metalloproteinases (MMPs) [111, 116]. Matrigel under-
goes gelation at temperatures in the range of 22-37°C and is used to culture and cell
differentiation such as human pluripotent stem cells (hPSCs) [117], neural tissue
[118, 119], and cardiomyocytes [120]. Matrigel also has been used for endothelial
tubulogenesis [121, 122], an organoid assembly such as inner ear organoid [123],

and applied for promoting angiogenesis [124], cell differentiation in tissue
engineering [125], and skin repair [126]. Matrigel application is limited because of the
presence of xenogenic contaminants [114, 127], so it needs to be used with caution.

8. Gelatin methacrylate

Gelatin methacrylate (GelMA) was developed by modifying the reactive side
groups of gelatin using glycidyl methacrylate [128] that allowed photo-crosslinking
s0 as to provide customizable mechanical properties [129]. GeIMA can be manufac-
tured through several methods, such as soft lithography [130], electrospray [131],
three-dimensional printing [132], microfluidic chip [133], and emulsion [134].
However, UV light exposure during crosslinking can reduce the survival rate of cells
and damage organisms [135-137]. GelMA has a dynamics macromolecular network
and biomimic microenvironment that has a high water content [138, 139]. Hydrogels
like GelMA are planned to be similar to the characteristics of extracellular matrix
(ECM), and three-dimensional (3D) structure supports for cellular growth and tissue
formation [140] and also used for cell-cell interactions, proliferation, migration [141],
and controlled differentiation [142] in tissue engineering. Biocompatibility, bio-
degradability and low cost makes GeIMA [143] useful in drug delivery [144], cell
delivery [145], gene delivery [146], vaccine delivery [147], wound healing [148, 149],
and tissue regeneration [150]. Also, GelMA has broad applications in biomedical
field such as corneal regeneration [151], bone repair [152, 153], myocardial infarction
[154, 155], hemostasis control [156], and vascular regeneration [157, 158].

9. Polyethylene glycol

Polyethylene glycol (PEG) is a product that is used in both industrial and phar-
maceutical industries. PEG is a low-toxic, hydrophobic, semicrystalline polyether
that is used in drug delivery systems and tissue engineering scaffold formation [159].
Biocompatibility and hydrophilic feature with properties that limit antigenicity,
immunogenicity, cell adhesion, and protein binding [160] makes PEG a successful
scaffolding material for 3D printing in tissue engineering [161]. The essential molecu-
lar structure of PEG is PEG diol surrounded with two hydroxyl end groups, which
can be switched into other functional groups such as carboxyl, amine, vinyl sulfane,
methoxyl, thiol, azide, acetylene, and acrylate [162, 163]. Photopolymerization is the
most common technique to make PEG hydrogel [164]. The photoinduced crosslinking
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strategy enhances the crosslinking parameters and biocompatibility by functional-
izing them with acrylic or methacrylic groups [165]. Photopolymerization can mix
synthetic and modified polymers like polyethylene glycol diacrylate (PEGDA)

with natural polymers to form a double network hydrogel for better results [166].
Also, synthetic polymers, such as modified PEG, are able to mimic the biochemical
properties of proteins [167, 168]. Because of these features, PEG has become impress-
ing material for bone repair, nerve tissue regeneration [169, 170], and bioprinting
applications [171].

10. Polycaprolactone

PCL is a semicrystalline aliphatic polyester that is biodegradable, biocompat-
ible, and non-toxic. PCL exhibits excellent chemical and solvent resistance, good
toughness, low glass transition (—60°C), and melting temperature (60°C) [172]. The
distribution of water molecules into formless regions causing hydrolytic breakdown
of ester bonds can degrade PCL, initially in the formless part, followed by the crystal-
line domain [173]. PCL has gained lot of importance in the design of biomaterials/
green materials in areas like wound dressing, contraceptives, and dentistry, along
with nonmedical fields like food, packaging, and environment [174, 175]. Because
of PCLs high permeability to many drugs, excellent biocompatibility, slow bio-
degradability, and bioresorbability, PCL is used for long-term drug delivery such
as anticancer [176, 177], antipsychotic [178], non-steroidal anti-inflammatory
[179, 180], anti-hypertensive drugs [181] and, others. PCL is also one of the most
common materials in tissue engineering and 3D scaffolds. Polycaprolactone features
such as mechanical properties with high flexibility and great elongation make it an
excellent material for the preparation of scaffolds for bone repair [182] and wound
dressing [183]. 3D-printed medical devices are an advanced application of PCL. PCL
airway devices [184], congenital heart defects, gastric wall damage (hollow organ),
and periodontal repair are affecting millions of people around the world [185-187].

11. Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP) is a hygroscopic, amorphous, synthetic polymer
consisting of linear 1-vinyl-2-pyrrolidinone groups [188]. Polyvinylpyrrolidone is a
biodegradable, water-soluble polymer that is biocompatible and non-toxic. It also has
a stabilizing effect on suspensions and emulsions [189, 190]. PVP is widely used in
the food industry, cosmetics, pharmaceutical, and biomedical applications [191, 192]
as well as drug delivery such as gene delivery, oral, topical, transdermal, and ocular
administration [193-195]. PVP constitutes a group of crosslinked 3D networks of
hydrophilic polymer chains, which are capable of holding large amounts of water
without dissolving [196]. PVP structure is similar to living tissues and tissue matrix so
that it can be used for the fabrication of tissue engineering coatings and wound dress-
ings, bone and cartilage repairing systems, drug delivery systems, and other body-
contacting devices products, such as contact lenses [196-198]. However, there have
been documented cases of allergic reactions to PVP, particularly regarding subcutane-
ous use and situations where the PVP has come in contact with autologous serum and
mucous membranes [199-201]. Allergic reactions of PVP commonly happen because
of conjunction with other chemicals, such as iodine [202].
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12. Poly(I-lactic) acid

Polylactic acid (PLA) is a biodegradable material derived from lactic acid (LA)
and produced from reproducible origine such as corn, wheat, and straw [203, 204].
PLA is classified as an aliphatic polyester because of the ester bonds that connect
the monomer units. It is made by the bacterial fermentation of carbohydrates using
optimized strains of the genus Lactobacillus [205]. PLA is not altered by solvent
bulging and dissolution during industrial fabrication. Processing temperature is
generally 170-230°C, so it is also a proper material for spinning, biaxial stretching,
extrusion, and injection blow-molding processing methods [206-208]. PLA is used
as bio-based plastic and reduces plastic-induced environmental problems [209]. PLA
has been widely used as a scaffold in tissue engineering. PLA-based scaffold can be
manufactured by controlling the related parameters such as crystallinity, molecular
weight, copolymer ratio, essential viscosity, and residual monomers to reach the
appropriate physical properties so can stimulate isolated cells to regenerate tissues
and act as a drug delivery carrier [210, 211]. Also, PLA has got an important role in
biomedical applications such as suture threads, bone fixation screws, and devices for
drug delivery, just to scratch the surface [212]. In addition to the musculoskeletal tis-
sue engineering application of PLA, it has been used in nervous, cardiovascular, and
cutaneous application [213-215]. The usage of PLA, especially in the biomedical field,
is still limited by its low biodegradability and hydrophobicity [216].

13. Poly(lactic-co-glycolic) acid

Poly (lactic-co-glycolic) acid (PLGA) is a copolymer with lactic and glycolic acid
repeat units with linear structure, which can be formed as a block-co-polymer or
statistical polymer. The body can degrade both monomers into carbon dioxide and
water via the Krebs cycle, which could be achieved from the fermentation of corn
or other grains, and the glycolic acid part could be created from the biochemical
enzymatic reaction or by the chemical combination of chloroacetic acid and sodium
hydroxide [217-219]. Polymer characteristic features, such as degradation kinetics,
rheological properties, thermal properties, mechanical properties, water uptake,
and release profiles, can be determined by modification of the LA/GA ratio, terminal
group, and constructed parameters of PLGA that facilitates the engineering of this
polymer. Higher PGA content leads to quicker metabolization rates, with the excep-
tion of an equal ratio of PLA/PGA, which shows the fastest degradation rate, while
higher PGA substances lead to increased degradation [220]. PLGA metabolizes by
hydrolysis of its ester linkages [221]. PLGA can be dissolved by a wide range of popu-
lar solvents, such as tetrahydrofuran, chlorinated solvents, acetone or ethyl acetate,
though pure polyglycolic acid and polylactic acid show poor solvability [222]. PLGA
is an attractive provider of devices for multidrug distribution and multiplication
operations. Numerous studies have also reported successful applications in antibiot-
ics, antiseptics, anticancer, and imaging medications [223, 224]. PLGA can be easily
processed and fabricated in various forms and sizes as nanoparticles (microspheres,
microcapsules, nanocapsules, and nanospheres) [225]. One of the most generally
used biodegradable synthetic polymers for 3D scaffolds in tissue engineering is PLGA.
PLGA grafts can be embedded with many regenerative factors to boost healing, such
as growth factors, stem cells, and drugs, that make them suitable for bone repair and
cartilage regeneration [226-228].

8



Biomaterial in Microencapsulation: How Microencapsulation is Changing the Medicine World
DOI: http://dx.doi.org/10.5772/intechopen.1005202

14. Conclusion

The word microcapsules implies the membrane-surrounded particles or droplets
distributed in a solid matrix. Microencapsulation has gained importance in the fields
of cell and tissue engineering. The encapsulation system provides free exchange of
what cells need to grow such as nutrients and oxygen between the loaded cells and
their surrounding environment while preventing the removal and elimination of
the loaded cells. The choice of an encapsulating agent depends on several factors,
such as biocompatibility, processing, physicochemical properties of the substance
to be encapsulated, and degradation prevention. Microencapsulation is a functional
technology for the immunoprotection of biological material to avoid host immune
response and protect cells from immune suppression. Polymeric biomaterial, either
of natural or synthetic origin, must have high biocompatibility and biotolerability,
similarity to the extracellular matrix (ECM) of human tissues and their composition,
that simulate the biological environments of the human body. Also, microencapsula-
tion has become increasingly important in the fields of pharmaceutical engineering
and improved drug delivery systems. Microencapsulation technology has developed
industrial materials such as food industry. In fact, microencapsulation can be a good
solution to face the problem that we struggle with. This technology can help to cure
many diseases, upgrade treatment, and reduce complications and treatment costs.
Microencapsulation can provide better drug delivery with lower complications and
side effects. Also, a new method of microencapsulation can promote potential and
profitability in the industry. Choosing the right material and its properties is impor-
tant to get maximal utilization. Furthermore, the combination of materials increases
its potential. Two main groups of microencapsulation materials are natural and
synthetic. Natural materials have high biocompatibility, degradability, and similarity
to human extracellular matrix (ECM) but have limited sources and harder accessibil-
ity. In spite of natural material privileges, synthetic materials are preferred because of
easy manufacturing, unlimited accessibility, and good results in medical applications.
The best result can be reached by choosing the appropriate material.

15. Future perspective

Nowadays, in spite of all developments in the medical field, humans suffer from
disease side effects. Microencapsulation can be a novel way to overcome disease
treatment challenges. Microencapsulation with or without biocontent can accelerate
healing and minimize side effects. However, microencapsulation is a novel technique,
and there is a long way to go to find its place as a routine medical application. By
exploring and inventing new material, new instruction, and application methods, we
can accelerate microencapsulation usage in all medical fields.
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Abstract

Photodynamic therapy (PDT) and photothermal therapy (PTT) have shown
significant promise in treating cancer and other illnesses. Photosensitizers (PSs) and
photothermal agents (PTAs) play crucial roles in PDT and PTT to enhance treat-
ment efficiently. The stability, solubility, and toxicity of PSs and PTAs are the main
challenges in improving the effectiveness of these agents. This chapter examines
several encapsulation techniques of PS and PTAs agents to reduce these limitations.
Liposomes, hydrogels, inorganic particles, metal-organic frameworks, and covalent
organic frameworks offer diverse and important strategies for PS, PTAs agents’
delivery. These nanocarrier systems offer unique advantages such as high encapsula-
tion efficiency, sustained drug release, enhanced cytotoxicity against cancer cells,
and biocompatibility. Moreover, the nanocapsules create a localized drug depot at
the target site and present specific benefits tailored to the requirements of different
therapeutic applications, making them valuable tools in developing advanced and
targeted drug delivery systems for cancer and other diseases. Overall, the diverse
strategies for encapsulating photosensitizers offer unique advantages for enhancing
the efficacy and safety of PDT and PTT, making them promising candidates for PDT
and drug delivery applications.

Keywords: encapsulation, photosensitizers, PDT, PTT, polymers, hydrogels,
liposomes, COF, MOF, inorganic nanoparticles, micelles

1. Introduction

Photodynamic therapy (PDT) and photothermal therapy (PTT) are highly effec-
tive treatments for cancer, as they can suppress tumors while minimizing damage to
surrounding tissue [1] (Figure1). PDT is a precise and focused approach that can
be utilized alone or with other conventional therapies, such as chemotherapy, sono-
therapy, and photothermal therapy. Unlike conventional therapies, PDT uses light as
a targeting mechanism, making it simpler and more direct. The photosensitizer (PS),
which converts light energy into therapeutic elements, is the primary component of a
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PDT system [1-3]. Upon exposure to light, these PSs can react with molecular oxygen
(0,) to produce cytotoxicity (ROS). This process can occur through the production
of singlet oxygen ('0,) via a “type II” pathway or the production of superoxide anion
radical (*0,7) through a “type I” mechanism involving an electron transfer [4]. In
PDT, the efficacy of the treatments relies on PSs to generate ROS (Figure 2) [5, 6].
PTT involves administering photothermal chemicals into the body, which accumu-
late specifically at the tumor site [7, 8]. When exposed to radiation from external light
sources, such as near-infrared light, the absorbed light energy is efficiently converted
into heat energy, resulting in high local internal temperatures within the tumor cells
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Figure 1.
Principal strategies to encapsulate photosensitizers (PSs) and photothermal agents (PTAs) to PDT and PTT.
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Mechanism of photodynamic therapy or photothermal therapy activity.
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or tissues to induce tumor cell death [8]. PTAs interact with tissue upon exposure

to near-infrared (NIR-IR, 650-950 nm) light, leading to induced cell death through
an intrinsic apoptotic pathway. PTT has been shown to enhance the expression of
pro-apoptotic proteins, increase the activity of caspases (specific cysteine protease),
induce mitochondrial apoptosis, promote the entry of more cells into late apoptotic
phases, and eliminate superfluous or undesired cells [8-10].

PSs and PTAs have been widely used in cancer therapy. Common PSs such as
porphyrins, chlorins, and phthalocyanines have been used in PDT to generate reactive
oxygen species (ROS) that can induce cell death. In the same way, PTAs, including
a variety of metallic nanostructures (Au-, Ag- and Cu- based nanoparticles), and
carbon nanomaterials (graphene and carbon nanotubes) have been used in PTT to
generate heat and cause thermal damage to targeted cells [8]. Recent advancements
in nanotechnology have led to the development of PSs and PTAs such as porphyrins,
phthalocyanines, coumarins, and others. These compounds have been enhanced
through encapsulation in polymers, lipids, inorganic nanoparticles, metal-organic
frameworks (MOFs), covalent organic frameworks (COFs), and hydrogels [11, 12].

Despite the diverse benefits of PDT and PTT agents, their therapeutic applications
are limited by their toxicity and limited solubility in aqueous solutions. Biotechnology
and nanotechnology have become crucial instruments in overcoming these challenges
by creating novel, more effective methods for drug delivery of photoactive chemicals.
Nanoparticles, such as liposomes [13], polymeric nanoparticles [14], and hydrogels
[15], have been employed for delivering PSs or PTAs to the target site, allowing for
enhanced permeability and retention (EPR) effect and facilitating passive target-
ing of tumors [8]. Besides, recent developments in nanotechnology have led to the
development of new-generation nanoparticles with improved functionalities, such as
metal-organic frameworks (MOFs) [16], covalent organic frameworks (COFs) [17],
and inorganic nanoparticles [18] that combine the advantages of different materi-
als and nanomaterials with stimuli-responsive features that enable controlled drug
release at the target site.

Moreover, encapsulating PSs and PTAs into various carriers such as polymers,
liposomes, hydrogels, inorganic particles, MOF, and COF offers diverse and impor-
tant strategies for PDT and PTT. These strategies can improve the solubility and
stability of PSs, reduce their toxicity, increase the agent’s accumulation in the tumor
site, prolong their retention time, and enhance their specificity and selectivity toward
cancer cells [16, 17].

Polymers, such as poly(methacrylic acid) (PMA), poly(lactide-co-glycolide)
(PLGA), and poly(vinylcaprolactam) (PVCL), have been utilized to form nanocap-
sules for the encapsulation of PSs and PTAs [14]. These polymer-based nanocapsules
offer advantages such as high encapsulation efficiency, sustained drug release, and
enhanced cytotoxicity against cancer cells, making them promising candidates for
targeted drug delivery in PDT and PTT [14, 19, 20]. Liposomes are also formula-
tions used for the encapsulation of PDT and PTT agents, offering advantages such as
biocompatibility, high drug-loading capacity, and the ability to target specific tissues
[13]. Liposomal formulations have shown potential for improving the solubility and
stability of photosensitizers and enhancing their accumulation at the target site,
thereby improving the efficacy of PDT [13, 21].

In addition to polymers and liposomes, hydrogels have been used to encapsu-
late photosensitizers, offering advantages such as stimuli-responsive (pH, redox
potential, or enzymatic activity) drug release, prolonged circulation time, and a
localized drug depot at the target site [13, 20, 22, 23]. Hydrogel-based nanocapsules
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have demonstrated enhanced biocompatibility and sustained release of PSs and
PTAs, making them suitable for PDT and PTT applications. Furthermore, inorganic
particles, MOFs, and COFs have also been explored to encapsulate PSs and PTAs,
offering unique advantages such as tunable porosity, high surface area, and the ability
to encapsulate hydrophobic and hydrophilic drugs [16, 17, 24, 25]. These carriers have
shown potential for improving the stability and bioavailability of photosensitizers,
as well as enabling controlled drug release, making them promising candidates for
PDT and PTT applications. This chapter will explore the use of different carriers to
encapsulate PDT and PTT agents.

This chapter aims to discuss the recent advances in drug delivery to PDT and
PTT, focusing on encapsulation strategies. The chapter will provide a comprehensive
overview of several types of encapsulations, including polymeric core-shell encap-
sulation, liposomes, MOFs, COFs, inorganic nanoparticles, and hydrogels. These
encapsulation methods have shown promise in improving the stability, solubility, and
toxicity of PSs and PTAs, thereby enhancing the efficiency of PDT and PTT.

2. Strategies to encapsulate photosensitizers to PDT
2.1 Polymeric encapsulation

Polymeric encapsulation is a drug delivery technique that involves enclosing active
substances (PSs and PTAs) within a polymeric matrix or shell [13]. This process
creates a protective barrier around the core material, which prevents degradation,
improves stability, and controls the release rate of the encapsulated components
[26, 27]. Polymeric encapsulation offers several advantages, including targeted drug
delivery, enhanced bioavailability, and reduced side effects [28]. There are several
methods for encapsulation, including emulsion-solvent evaporation/extraction,
coacervation-phase separation, spray drying, interfacial and in situ polymerization,
and nanoprecipitation [20]. Each method has its advantages and disadvantages, and
the choice of method depends on the specific application and the properties of the
active substances.

In addition to the encapsulation methods, the choice of polymer is also essential.
Both synthetic and natural polymers are employed in encapsulation. Synthetic
polymers, such as polylactic acid (PLA) [29], polyglycolic acid (PGA) [30],
and poly(lactic-co-glycolic acid) (PLGA) [31, 32], poly(D,L-lactide) (PDLLA),
poly (hydroxybutyrate-co-hydroxyvalerate) (PHBV) [29], and polyethylene glycol-
block-poly(D,L-lactide) (PEG-b-PDLA) [32] are widely used due to their biocompat-
ibility, biodegradability, and tunable properties. On the other hand, natural polymers,
such as chitosan [33], alginate, and cellulose derivatives, are also used due to their
biocompatibility, low toxicity, and availability [34].

Encapsulation of agents for PDT and PTT using various polymers has been
studied, demonstrating the potential of this technique in improving the efficacy
and safety of these treatments [11, 28]. PLGA and PHBV were combined with
lipid-PEG to create polymer-lipid-PEG hybrid nanoparticles to encapsulate the PS
5,10,15,20-tetrakis (4-hydroxy-phenyl)-21H,23H-porphine (pTHPP). The resulting
nanocapsules displayed an average size of approximately 88.5 nm for PLGA and
215.0 nm for PHBV. Both systems exhibited high encapsulation efficiency (EE) and
excellent loading capacity, with pTHPP molecules showing improved photophysi-
cal properties, such as increased singlet oxygen generation and cellular uptake
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rates in FTC-133 human thyroid carcinoma cell lines. Furthermore, pTHPP-loaded
nanocapsules exhibited higher in vitro phototoxicity upon 652 nm laser irradiation
compared to free pTHPP, highlighting the effectiveness of these systems for PDT
cancer treatment [29].

A similar study used PLGA, PDLLA, and PEG-b-PDLA nanoparticles to encapsu-
late chloroaluminum phthalocyanine (ClAIPc). These nanoparticles exhibit variable
sizes (115-274 nm) and EE between 57 and 96%. PLGA polymers obtained the best
EE and size distribution (95% and 178 nm). The negative surface charge (—37 to
—59 mV) confers colloidal stability. Iz vitro, experiments demonstrated a phototoxic
effect more significant than 80% in human fibroblast cells exposed to low laser light
doses (3J/cm’® upon 650 nm irradiation laser) and 10 uM of AICIPc [32]. Likewise,
Bazylinska et al. proved the properties of PLGA-based nanocarriers mixed with PEG
and FA (folic acid) to encapsulate hydrophobic photosensitizer verteporfin (VP)
in combination with cisplatin (CisPt) a hydrophilic cancer drug. The diameter of
nanocapsules containing VP and CisPt had an average size between 187 and 200 nm,
zeta potential from —4 to 0.17 mV, with an efficient assembly of nanocapsules. The
nanocapsules showed high stability and release in tumor environment, with excellent
photocytotoxicity effect in SKOV-3 cells and enhancing PDT applications in ovarian
cancer cells (Figure 3) [1].

Additionally, biocompatibility and stability were improved of the andrographolide
(ADG) anti-cancer agent through the encapsulation in PLGA-PEG-PLGA amphiphilic
triblock copolymer micelles. ADG-loaded PLGA-PEG-PLGA micelles presented a
high EE of about 92% and a stable particle size of 124.3 nm. Iz vitro, cytotoxicity
tests revealed that ADG-loaded PLGA-PEG-PLGA micelles exerted more potent
proliferation inhibition, cell cycle arrest at the G2/M phase, and pro-apoptotic effects
in MDA-MB-231 human breast cancer cells than unencapsulated ADG [31, 36].

These studies demonstrate higher encapsulation efficiency with PLGA and PHBV
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Figure 3.

(Ag)’ Scheme of the encapsulation method of VP and CisPt by the W/O/W emulsion method. (B) PDT
applications with NCs against human ovarian cancer (SKOV-3) and hamster ovarian control (CHO-K1) cells.
(C) Cells viability in SKOV-3 after 24 h of incubation with NCs, after 10 min exposition of 1 uM NCs. (D)
Influence of the nanocarrier surface on the encapsulated cargo uptake by SKOV-3 and CHOK1 cells evaluated by
flow cytometry analysis. From Bazylitiska et al. [35], used under CC-BY 4.o.
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encapsulating PSs and anti-cancer agents, with higher phototoxic effects when
applied in PDT and PTT treatments [29, 32]. The PLGA-PEG-PLGA micelles and PCL
display prolonged photo-induced cytotoxic effects, suggesting their suitability for
treating cancer solid tumors and PTT advantages.

Likewise, poly-E-caprolactone (PCL) was used to encapsulate methylene blue
(MB) as a PS with an average size of 156 nm and EE of 94.22%. These nanocapsules
showed satisfactory ROS generations and higher cytotoxicity under light irradiation
(630 nm) [37]. In another study developed by Daskin et al., a docetaxel (DCX) anti-
cancer agent was encapsulated in PCL coated with PEG and CS. The nanocapsules,
averaging 180-210 nm and 65% of EE, showed significantly higher cytotoxicity at
MCF-7 gastrointestinal cancer cells underneath (570 nm green irradiation wave)
[38]. These studies demonstrate the advantageous role of encapsulation using a PCL
core-shell in enhancing the efficacy and bioavailability of active substances with
high stability, biocompatibility, and encapsulation efficiency to application in PDT
treatments.

New generations of polymers were also developed. Doshi M et al. explored the
use of conducting polymer nanoparticles (CPNPs) composed of poly[2-methoxy-
5-(2-ethylhexyl-oxy)-p-phenylenevinylene] (MEH-PPV] for applications in PTT.
The study analyzed the level of cellular uptake, cytotoxicity, and the effectiveness
of CPNPs in PDT across tumor cells under a 580 nm light dose of 180 J/em? [39].
Similarly, Zhang et al. introduced a novel biodegradable polymer, PPDT, originating
from a dihydroxy-containing BODIPY monomer to encapsulate celecoxib (CXB)
within PPDT nanoparticles (NPPDT@CXB). Upon an 808 nm laser radiation,
NPPDT@CXB instigated an immunogenic cell death (ICD) cascade, initiated anti-
tumor immune reactions, and efficiently suppressed primary and metastatic tumors
[40]. These studies highlight the potential of these new generations of shells for
encapsulating agents for PDT and PTT applications and demonstrate the effectiveness
of these systems in improving the therapeutic outcomes of these treatments [39, 40].

The potential of utilizing natural polymers, specifically chitosan, instead of
synthetic counterparts for developing nanoparticles in PDT is worth mentioning.
Natural polymers offer several advantages, including reduced toxicity and improved
biocompatibility relative to synthetic alternatives. In a study focusing on chitosan,
functionalized nanostructured lipid carriers (NLCs) were used to encapsulate
chloroaluminum phthalocyanine (ClAIPc) to obtain ClAIPc/NLCs nanocapsules, with
a mean diameter of 220 nm and zeta potential of +19 mV. The nanocapsules have an
EE of 96% of CIAlPc, resulting in enhanced iz vitro release and penetration of C1AIPc
in skin models. Furthermore, CIAlPc/NLCs demonstrated enhanced PDT effective-
ness in vitro, significantly reducing cell viability upon 660 nm laser irradiation [33,
41]. Similarly, Potara et al. encapsulated PS IR780, an important theranostic agent
with lipophilicity limitation, into polymeric Pluronic-F127-chitosan nanocapsules.
The targeted nanocapsules exhibited enhanced NIR-laser-induced phototherapeutic
performance against ovarian cancer cells compared to free IR780, showcasing the
potential of the carrier to deliver lipophilic substances into tumor cells [42].

Additionally, chitosan-based nanoparticles (CNPs) were synthesized as effective
drug carriers for PDT. The CNPs exhibited high drug-loading efficiency (>90%) and
sustained release profiles in vitro. Lee et al. prepared photosensitizer-encapsulated
CNPs (PpIX-CNPs) that demonstrated enhanced tumor specificity and increased
therapeutic efficacy compared to free PS protoporphyrin IX (PpIX) in tumor-
bearing mice [43]. In the same line, Jin et al. encapsulated curcumin (Cur) into CNP
core-shell nanoparticles with high encapsulation (85.70%), thermostability, and

32



Drug-Delivery Based on Encapsulation for Photodynamic Therapy and Photothermal Therapy
DOI: http://dx.doi.org/10.5772/intechopen.1005277

photostability of PS. These studies demonstrated the potential of chitosan-based
nanoparticles as an effective drug delivery system to encapsulate PSs for PDT and
PTT applications [44].

Studies have demonstrated the potential of polymeric nanocapsules in improv-
ing the efficacy and safety of treatments like PDT and PTT. Encapsulation of PSs
and anti-cancer agents within polymers such as PLGA, PHBV, and PCL has shown
enhanced encapsulation efficiency, stability, and bioavailability, leading to higher
phototoxic effects when applied in cancer treatments. Novel polymer formulations,
such as conducting polymer nanoparticles and biodegradable polymers, have also
shown promise in enhancing therapeutic outcomes in PDT and PTT applications. In
the same line, natural polymers like chitosan have emerged as attractive alternatives
to synthetic polymers for developing nanoparticles in PDT due to their reduced toxic-
ity and improved biocompatibility. Chitosan-based nanocapsules have demonstrated
high drug-loading efficiency, sustained release profiles, enhanced tumor specificity,
and increased therapeutic efficacy in delivering PSs for PDT and PTT applications.
These studies highlight the versatility and effectiveness of polymeric nanocapsules in
drug delivery for cancer therapy.

2.2 Covalent and metal-organic framework (COFs and MOFs)

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) are
two porous materials with distinctive features and applications. MOFs are hybrid
structures that combine organic ligands and metal ions or clusters to form porous
architectures [45]. COFs are crystalline porous materials made of organic building
blocks joined by strong covalent bonds to form a stable and well-organized structure
[17]. COFs have been used in PDT applications as drug delivery devices because of
their large surface area, which makes drug loading and controlled release possible.
Additionally, by including photothermal agents within the framework, their adjust-
able features make them perfect candidates for PTT [27]. Similarly, when MOFs are
in the nanoscale (nMOFs), they have high drug-loading ability, biodegradability,
enhanced permeability, and retention (EPR). MOFs can be encapsulated as PTA
agents in PTT to treat cancer precisely by converting light into heat [17, 45, 46].

Zeolitic imidazolate framework-8 (ZIF-8) is an MOF material that was employed
to encapsulate Cu2-XSe, an effective photothermal transduction agent for PTT and
PS Indocyanine green (ICG) (ICG@Cu2-XSe-ZIF-8), to treat malignant breast cancer
bone tumor. Typical cell damage was avoided because of the ZIF-8 encapsulation,
which decreased the accumulation of Cu2-XSe and ICG. ZIF-8 was cleaved to liber-
ate Cu2-XSe in acidic tumor microenvironments. This research showed that the
PTT-induced hyperthermia improved the tumor-associated PDT effect, resulting
in a synergistic PTT/PDT effect [47]. Similarly, Shao et al. used zeolitic imidazolate
frameworks (ZIF-8) and Zr (IV)-porphyritic MOFs to encapsulate doxorubicin
(DOX) with a mean diameter of 142 nm. PCN@D/ZIF response in acidic tumor
microenvironment enhanced the release of DOX (> 80%). PCN@D/ZIF generated
a large amount of singlet oxygen upon light irradiation (640 nm), which increased
the therapeutic efficacy of chemo/PDT [24]. In the same line, nMOFs were also
used to encapsulate other PSs such as Ce6, CQ, and tirapazamine (TPZ). The use of
core-sell nanoparticle@porphyrinic MOFs (UCSs) to encapsulate TPZ (TPZ/UCSs)
showed that TPZ/UCSs offered an efficient method to combine NIR light-induced
photodynamic therapy and hypoxia-activated chemotherapy with improving cancer
treatment both iz vivo and in vitro [48].
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Conversely, COFs have become a viable option for encapsulating essential drugs
for PDT and PTT. Numerous research has demonstrated how COFs, using creative
encapsulation techniques, can augment the effectiveness of these treatment modali-
ties [49]. Li et al. reported the first ROS-responsive dithioketal-linked COF for syner-
getic chemotherapy and PDT for cancer treatments. This COF demonstrated effective
singlet oxygen ('0,)-responsive dissociation, allowing a more effective combination
of chemotherapy and PDT. This work emphasized how drug release mechanisms and
COF dissociation are complimentary, offering a viable strategy for dual therapeutic
approaches [49].

ICG, a near-infrared photosensitizer, was combined with COF 1,3,5-triformyl-
benzene and 2,5-bis(methylsulfonyl)-1,4-diaminobenzene) to produce PTT and PDT
effects. This COF system demonstrated improved drug loading capacity (53.59%) and
encapsulation efficiency (57.75%), along with controlled drug release (80%) when
exposed to NIR 808-laser irradiation. The research highlights the potential of COFs
for combined PDT/PTT applications by demonstrating significant cytotoxic effects
against cancer cells under light irradiation, together with exceptional biocompat-
ibility [50]. Similarly, Ge et al. encapsulated the PS Ce6 and the hypoxia-activated
medication TPZ into azo-containing responsive (TA-COFs) to form TA-COF-P@CT
with a mean size of 90 nm. These nanocapsules demonstrated a two-step hypoxia-
responsive drug release mechanism that inhibited tumor development and eliminated
cancer cells in both iz vitro and in vivo upon NIR-650 nm laser irradiation [51]. These
studies demonstrated how COFs can respond to drug delivery systems to improve
therapeutic outcomes when used with PTT and PDT.

There are several advantages to encapsulating photosensitizers and other agents
in COFs and nMOFs. Some of them are enhanced singlet oxygen generation, reduced
tumor hypoxia, enhanced biocompatibility, and tailored active targeting capabilities
[24, 27, 45, 52]. Because of their huge surface areas, high porosities, and adjustable
compositions, the distinct structural advantages of COFs and nMOFs make them
ideal for encapsulating and delivering therapeutic compounds for cancer treatment.
In addition, the restricted penetration depth and irradiation area of light, which
make PDT inappropriate for deep-seated malignancies and metastatic tumors, can
be addressed using nMOFs as nanocapsules for PDT and PTT [17, 50-52]. It has been
demonstrated that modifying groups to nMOFs enhances PDTs efficacy in labora-
tory and clinical settings. These alterations have shown remarkable efficacy both in
vivo and in vitro, indicating the possibility of encasing photosensitizers in nMOFs to
increase PDT’s therapeutic effectiveness.

2.3 Liposomes encapsulation

PDT and PTT can be more successful when photosensitizing drugs are more soluble
and bioavailable, which can be achieved through nanoencapsulation. Liposomes
(LPs) are produced spontaneously by phospholipids, forming a bilayer that naturally
tends to fold in on itself [13, 53]. LPs can be employed as drug carriers because of their
lipid composition, which also offers benefits, including reduced toxicity, biodegrad-
ability, and biocompatibility [54]. They enable the prolonged release of hydrophilic
and hydrophobic compounds and their encapsulation as adaptable drug carriers.
Various lipids can make up LPs, such as naturally occurring and manufactured lipids
with varying saturation levels, positively charged, negatively charged, or neutral
lipids, among many other characteristics that need to be considered during manufac-
turing [55]. New liposome derivatives, such as ethosomes and transfersomes, provide
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the vesicles more flexibility and improve permeability [13, 56]. However, ethosomes
have a high ethanol content, transfersomes are composed primarily of phospholipids
with the addition of an edge activator, such as a surfactant. Comparing these meth-
ods to traditional liposomes reveals that they are more flexible, and the penetration
enhancer agents claim that the vesicles can reach deeper skin layers [13, 53-55].

Single liposomes and co-encapsulation are the two primary encapsulation
techniques investigated to enclose PSs and PTAs. MB and AO have been moderately
encapsulated by single liposomes, which contain various lipids and may or may not
contain surfactants [57]. According to Pivetta et al. AO and MB were encapsulated
in LPs vesicles by the thin-film hydration method to form AO/LPs-NCs and MB/LPs-
NCs. The AO had a higher affinity for vesicles with EE, more than 98%, whereas MB
exhibited moderate encapsulation (63-86%). MET1 squamous cell carcinoma (SCC)
cells treated with AO liposomes showed increased phototoxicity. The nanocapsules
demonstrated photosensitivity under blue light (430-490 nm), light frequently
employed in PDT (Figure 4A) [57, 58]. Similarly, Prathyusha et al. demonstrated
ROS generating capacity of Cur natural PS encapsulated into LPs with the same
method, obtaining nanocapsules with a mean size of 200 nm and EE of 66.8%. In
vitro studies in breast cancer cells (MCF-7) demonstrated a sustained release of
the Cur, ROS regenerating capabilities, and cytotoxicity under blue light-460 nm
irradiation [60].

Conversely, co-encapsulation of two or more photosensitizers in LPs has been
studied for PDT and PTT. LPs were used to encapsulate ICG and Ce6 PSs to create
a thermosensitive drug delivery system, ICG/LPs-NCs and Lip(Ce6); under NIR
irradiation (808 nm), the resultant liposome capsules exhibited good stability and
effective inhibition of breast cancer cell growth, with an average diameter ranging
from 71 to 127 nm [61-63]. Figure 4B-E, shows the principal results from the study.
Based on these results, it can be demonstrated that these nanocapsules, with a size
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Figure 4.

(A) Scheme of the experiment with nanocapsules of LPs and methylene blue for PDT and ROS generation

in breast cancer cells (4 Tx cells). (B) The accumulative release profile of Ce6 from liposomes nanocapsules,
Lip(Ce6). (C) The average size of Lip (Ce6) measured by DLS. (D) Mechanism of synergistic photodynamic
and starvation therapy with nanocapsules under laser irradiation. (E) In vitro cytotoxicity of Lip (Ce6) with
light irradiation against HeLa cells measured by MTT assay, and weights of tumors after the tumor tissues were
isolated from nude mice. From Wu et al. [58] and Li et al. [59], used under CC-BY 4.0.
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range of 100 nm, represent a viable option for cancer therapy as their size is also
suitable for improving permeability and biological stability [6]. Other authors also
mention the co-encapsulation in LPs capsules with PSs such as porphyrin derivates
[21, 64] and zinc phthalocyanine (ZnPc) [59, 65, 66] with excellent EE (85-90%),
size distribution of 80-150 nm, and cytotoxicity effects under NIR irradiation.

Liposomes play a crucial role in enhancing the success of PDT and PTT by improv-
ing the solubility and bioavailability of photosensitizing drugs through nanoen-
capsulation. These lipid-based vesicles, formed by phospholipids, offer a range of
advantages such as reduced toxicity, biodegradability, and biocompatibility. Their
lipid composition allows for the encapsulation of hydrophilic and hydrophobic com-
pounds, making them versatile drug carriers. Studies have shown successful encap-
sulation of several photosensitizers in liposomes, demonstrating high encapsulation
efficiency and enhanced phototoxicity in cancer cells. Additionally, co-encapsulation
of PSs like ICG and Ce6 in liposomes has also been investigated, resulting in stable
and effective drug delivery systems with significant inhibition of cancer cell growth
under near-infrared (NIR) irradiation.

2.4 Inorganic nanoparticles

Photosensitizers have been encapsulated in inorganic nanoparticles to enhance
their efficacy in PDT and PTT. The precise characteristics of the agents and the
intended use determine which nanoparticles are best for encapsulating photosensitiz-
ers with lower particle sizes. Calcium phosphate nanoparticles (CPNPs) [67, 68],
mesoporous silica nanoparticles (MSN) [18], and hollow mesoporous-MnO, (H-
MnO,) nanoshells [69] have been investigated to enclose PSs and PTAs.

CPNPs are nontoxic, colloidally stable, nanoscale vehicles that can encapsulate
ICG (ICG-CPNP nanocapsules) as a near-infrared imaging agent. ICG-CPNP shows
an average size of 20 to 70 nm, with promise as a nanocarrier system for PDT and PTT
treatments. These nanocapsules have proven to be successful in producing ROS genera-
tion and cytotoxicity to breast and pancreatic cancer cells, as well as capable of imaging
tumors under 808 nm light irradiation [67, 68]. Similarly, MSN modified with trimeth-
ylammonium groups (MSN-TA) were used to enclose ICG (MSN-TA-ICG). MSN-TA-
ICG demonstrated good stability and targeted delivery to malignant lesions, improving
the effectiveness of PDT and PTT. Moreover, the iz vivo biodistribution of MSN-TA-
ICG revealed robust and stable fluorescence excitation and emission at 670 nm [18, 25].
Additionally, other studies focused on encapsulating PSs protoporphyrin (PpIX) and
IR-820 NIR fluorophores into organically modified silica (ORMOSIL) doped with PEG.
The PpIX/IR-820-doped OSMOSIL nanoparticles showed an average size of 42 nm
with excellent PDT applications and control release [70].

Mesoporous silica nanoparticles (MSN) and hollow mesoporous H-MnO,
nanoshells have extensively applied as carriers for PSs and as vehicles for encap-
sulating anticancer drugs. Zhou et al. demonstrated that MSN and H-MnO, can
encapsulate anticancer drugs docetaxel and cisplatin (Figure 5A). These nanocap-
sules showed an average size of 80-100 nm and excellent applications in acid tumor
microenvironments for the controlled release of drugs and excellent applications in
PDT and PTT in metastasized oral squamous cell carcinoma [18, 69].

Inorganic nanoparticles have emerged as promising carriers for encapsulating
PSs and PTAs to enhance the efficacy of PDT and PTT. The unique properties of
nanoparticles such as CPNPs, MSN, and H-MnO; enable targeted delivery, controlled
release, and enhanced therapeutic outcomes in cancer treatment. Encapsulation of
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H-MnQ2-PEG/TP polymers nanoshells in pH-responsive drug delivery and cell viability in SCC7 and CAL27
tumor cells with and without H-MnO,-PEG nanoshells in —N, or —O, atmospheres. From Zhou et al. [69], used
under CC-BY 4.0.

PSs and anticancer drugs within these nanoparticles show great promise for improv-
ing treatment efficacy and precision in addressing various types of cancer. Overall,
inorganic nanoparticles represent a valuable tool in advancing drug delivery strategies
for PDT and PTT, contributing to the development of more effective and targeted
cancer therapies.

2.5 Hydrogel nanocapsules

Hydrogel capsules are carrier systems at the micro and nanoscale that integrate
the characteristics of hydrogels with capsules [23, 71]. These structures benefit drug
delivery applications because of their special properties, such as compact size, high
water content, and controlled release capabilities [72]. Polymeric nanogels and mac-
romolecular micelles are sometimes referred to as hydrogel nanoparticles. Hydrogel
capsules have emerged as a promising platform for encapsulating PSs and PTAs to
PDT and PTT [73]. These nanocapsules are typically composed of hydrogel synthetic
and natural polymers such as poly(methacrylic acid) (PMA) [74], poly (lactide-co-
glycolide) (PLGA), poly(vinylcaprolactam) (PVCL) [75, 76], hyaluronan (HA),
alginate [77], and chitosan [23], which are crosslinked to form a shell capable of
encapsulating hydrophobic agent. The encapsulation of photosensitizers within these
nanocapsules offers several advantages, including improved solubility, enhanced
stability, controlled release, and targeted delivery to the site of interest [78].

The hydrogel nanocapsules are prepared using various methods such as sonica-
tion, nanoprecipitation, and ionic crosslinking, and their size ranges from 70 to
850 nm [78]. The encapsulation efficiency of the nanocapsules is high, ranging from
63.9 to 95%, and they exhibit sustained drug release profiles [15]. The nanocapsules
have shown promising results in inhibiting tumor growth when applied in PDT.

Nan et al. demonstrated the properties of hydrogel nanocapsules as a nanocar-
rier system, developing hydrogel nanocapsules PAA-PNIPAm. PSS-PNIPAm were
fabricated with poly(acrylic acid)-poly (N-isopropyl acrylamide) and encapsulated
doxorubicin hydrochloride (DOX). The nanogels showed a high drug loading capac-
ity, sustained release feature for water-solute drug molecules, and efficient ROS gen-
eration under 635 nm red light irradiation (Figure 6A-D) [74]. Similarly, Huang et al.
encapsulated DOX into hydrogel capsules and a PSs zinc phthalocyanine (ZnPC). The
hydrogel nanocapsules were developed through the polymerization of 3-caprolactone,
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(A) Schematic representation of the preparation of PAA-PNIPAm hydrogel capsules; (B) SEM image of
PAA-PNIPAm hydrogel capsules; (C) dox-loaded PAA-PNIPAm hydrogel capsules, free dox against LoVo

cell line at normal concentration; (D) LCSM images of 4 Tx cells incubated with dox-loaded PAA-PNIPAm
hydrogel capsules for 2 h. From Nan et al. [74], used under creative commons CC-BY license. (E) Photo/chemo
combination thevapy via in situ formed thermal-sensitive polymer hydrogel TNP/ZnPC. From International
Journal of Nanomedicine 2018 137623-7631 originally published by and used with permission from Dove Medical
Press Ltd. (F) Cytotoxic activity of Cs-HGs containing Chl-A and Chl-A solutions against melanoma cells.
From Araiijo et al. [79], used under creative commons CC-BY license. (G) Photothermal effect of free PBS, free
ICG, and formulated hydrogels (Alginate/CMC hydrogels) under different intensities of NIR irvadiation. From
Rizman et al. [77], used under CC-BY 4.0.

1, 4,8-trioxa[4.6]spiro-9-undecanone and PEG to form PCL-PTSUO-PEG and
converted into thermal-responsive hydrogel nanocapsules through nanoprecipitation
method obtained TNP/DOX and TNP/ZnPC (Figure 6B). The nanocapsules had an
average size of 108 nm and EE of 95.2%, significantly improving aqueous solubility
and iz vitro drug release (Figure 6E). They also demonstrated high inhibition tumors
(18.5%) in MCF-7 breast cancer cells under irradiation laser of 660 nm for 90 sec-
onds and high-level ROS generation [57, 60, 80, 81]. Similarly, PVCL cross-linked
with PEGDA was prepared through reversible addition fragmentation chain transfer
(RAFT) polymerization to obtain nano-hydrogel through the precise control of
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polymer chain length and architecture, resulting in a polymer core-shell structure to
encapsulate DOX. The anticancer efficiency of the drug-encapsulated structure was
evaluated in breast cancer cell line MCF-7. The enhanced release rates are observed
atacidic pH and elevated temperature, resulting in higher cellular uptakes and more
cytotoxicity [82].

Hydrogel-based natural polymers have encapsulated PS and PTAs [23]. The poten-
tial of chitosan hydrogels to work as efficient carriers for delivering agents in PDT
and PTT applications is being explored [19, 23, 83]. In a study, capsaicinoids-loaded
nanocapsules were integrated into chitosan hydrogels. The hydrogel nanocapsules
had a mean size between 70 and 100 nm and demonstrated excellent properties, great
tissue adhesion, and release of nanoencapsulated drugs [19]. In a similar vein, Aradjo
etal. encapsulated PSs chlorophyll A (Chl-A) into chitosan hydrogels (HGs-CS-P407-
Chl-A) for PDT against the murine melanoma cell line B16-F10. The HGs-CS-P407-
Chl-A nanocapsules exhibited a thermosensitive system for topical applications and
controlled release of Chl-A, thereby enhancing the efficacy of PDT against melanoma
(Figure 5F) [41, 79, 84].

In contrast, the use of HA has been studied. Yi et al. demonstrated the perme-
ability and retention of DOX into HA-NCs’ stimuli-responsive hyaluronan hydrogel
nanocapsules. The HA-NCs system exhibited great ability to release the encapsulated
tumor cells, biocompatibility, and efficient cancer cell growth inhibition activity [85].
Similarly, alginate hydrogels have also been employed to demonstrate the photother-
mal impact of encapsulated ICG. The temperature of the ICG-loaded hydrogels rose
under NIR irradiation, effectively eliminating tumor cells through photothermal
means in HEK-293 cancer cells (Figure 5G) [77].

Overall, nanocapsules of hydrogel represent a versatile and promising approach for
encapsulating and delivering agents for PDT and PTT, offering enhanced therapeutic
outcomes and potential for clinical translation in the treatment of various cancers and
other diseases. Moreover, hydrogel nanocapsules represent a promising approach in
drug delivery for PDT and PTT due to their unique properties such as compact size,
high water content, and controlled release capabilities. These nanocapsules, composed
of synthetic and natural polymers such as PMA, PLGA, HA, alginate, and chitosan,
offer advantages like improved solubility, stability, controlled release, and targeted
delivery of PSs and photothermal agents PTAs. Various methods such as sonication,
nanoprecipitation, and ionic crosslinking are employed to prepare hydrogel nanocap-
sules, with sizes ranging from 70 to 350 nm and high encapsulation efficiencies rang-
ing from 63.9-95%. These nanocapsules demonstrate sustained drug release profiles
and have shown promising results in inhibiting tumor growth when utilized in PDT.

3. Conclusions

* Nanocarrier systems, such as polymers, liposomes, hydrogels, inorganic particles,
metal-organic frameworks, and covalent organic frameworks, offer unique
advantages for enhancing the efficacy and safety of photodynamic therapy (PDT)
and drug delivery.

* Polymers like poly(methacrylic acid) (PMA), poly(lactide-co-glycolide)
(PLGA), and poly(vinylcaprolactam) (PVCL) have been utilized to form nano-
capsules and hydrogels for encapsulation of photosensitizers, providing high
encapsulation efficiency, sustained drug release, and enhanced cytotoxicity
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against cancer cells. However, further research is needed to optimize the par-
ticle size of nanocapsules for specific applications, aiming for enhanced cellular
uptake and therapeutic efficacy. Exploring novel polymers and polymer combi-
nations to enhance encapsulation efficiency and optimize drug release profiles
is crucial for improving treatment outcomes. Research efforts are focused on
investigating the potential synergistic effects of combining various polymers or
incorporating targeting ligands to enhance specificity toward cancer cells.

* Liposomes, with their biocompatibility, high drug loading capacity, and ability
to target specific tissues, have shown potential for improving the solubility and
stability of photosensitizers and enhancing their accumulation at the target
site. Continuing research aims to enhance the encapsulation efficiency and
controlled release of photosensitizers through optimized liposomal formulations.
Additionally, novel liposomal compositions and surface modifications are being
explored to improve specificity and selectivity towards cancer cells.

* Inorganic particles, metal-organic frameworks, and covalent organic frame-
works have also been explored to encapsulate photosensitizers, offering unique
advantages such as tunable porosity, high surface area, and the ability to encap-
sulate hydrophobic and hydrophilic drugs. These carriers have shown potential
for improving the stability and bioavailability of photosensitizers, as well as
enabling controlled drug release, making them promising candidates for PDT
and drug delivery applications. Future research and development in this area
hold significant potential for advancing precision oncology and personalized
cancer therapy.
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Appendices and nomenclature

ADG andrographolide

AO acridine orange

Ceb chlorin e6

Chl-A chlorophyll A

ClAlPc chloroaluminum phthalocyanine
COF covalent organic framework
CPDs carbon-based polymer dots
CPNPs calcium phosphate nanoparticles
Cur curcumin

CXB celecoxib

DCX docetaxel

DOX doxorubicin

EE encapsulation efficiency

EPR permeation retention effect

ICD immunogenic cell death

ICG indocyanine green

HA hyaluronan

LPs liposomes

MB methylene blue

MOF metal organic framework

MSN mesoporous silica

NIR near-infrared

NLCs nanostructured lipid carriers
ORMOSIL organically modified Silica

PCL poly-E-caprolactone

PDT photodynamic therapy

PEG polyethylene glycol

PHBV poly hydroxybutyrate-co-hydroxyvalerate
PLGA poly(lactide-coglycolide)

PMA poly(methacrylic acid)

PpIX protoporphyrin IX

PS photosensitizer

PTA photothermal therapy

PVCL poly(vinylcaprolactam)

RAFT reversible addition fragmentation chain transfer
ROS reactive oxygen species

ScC squamous cell carcinoma

ZnPc zinc phthalocyanine
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Abstract

Pectin is a soluble dietary fiber with several health benefits, such as antibacterial,
antioxidant, gastrointestinal-protective, and anticancer properties. Pectin is becoming
an important class of materials owing to their inherent structural and functional
properties such as biodegradability, binding potential, self-assembly, high nutritional
value, gelling properties, non-toxicity, and good biocompatibility. Pectin is highly
beneficial in microencapsulation since it allows for better control over the toxicity of
the active substances and ensures the safety of the customer. Pectin offers a safe route
for drug delivery due to its well-designed molecular architecture based on the changes
in the biological process’s fundamental mechanisms. The current arising insight into
the chemical structure and associated health advantages of pectin opens new oppor-
tunities for the use of pectin in nutraceutical encapsulation and drug delivery. Pectin
can be obtained from various plant sources at a lower cost. Thus, pectin is a promising
biopolymer when designing materials that may achieve the highly desired dual objec-
tives of being environmentally friendly and economically sustainable. This chapter
emphasizes pectin-based nano and microencapsulation systems, their tailor-made
functionalities, and their applications in the pharmaceutical and food industry.

Keywords: pectin, microencapsulation, drug delivery, biomaterials, nutraceuticals,
nanoencapsulation

1. Introduction

The use of stable and active ingredients has taken center stage in both food and
pharmaceutical industries as a result of the growing and expanding global knowledge
of the value of a nutritious diet and its effect on preventing illness. Additionally, an
increasing trend among consumers is their preference for foods made with natural
ingredients. Many of such active ingredients lose their health benefits when it is
added to a food matrix. One method for preserving the efficacy of food ingredients
and promoting the creation of novel, nutritionally sound foods is the microencapsula-
tion of these active food components [1]. The major active substances that encapsu-
late are essential oils, probiotics, minerals, vitamins, bioactive lipids, antioxidants,
and enzymes [2]. Encapsulating substances to preserve flavor or prevent undesirable
organoleptic qualities without sacrificing functionality is a commonly cited rationale.
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Certain polymers have been used for encapsulation to preserve all of the function-
ality of the food components. Researchers are mostly focusing on microencapsulation
methods using natural polymers. Because it is safer as well and consumers prefer
products that use natural polymers. These polymers must satisfy regulatory stan-
dards, which can differ by nation and physicochemical requirements. Polymers used
for microencapsulation generally need to have certain qualities; that is, the polymers
used must be able to preserve all the properties of encapsulated active ingredients
under elevated environmental conditions. However, when needed for the application,
it should release the cargo, at right time and location [3]. Not to mention, it ought to
be affordable and food-grade.

Proteins and carbohydrates are the main kinds of natural polymers that are most
frequently used to encapsulate food. Each of these materials has benefits and draw-
backs depending on the use. Certain components provide challenges when integrating
them into the food matrix, while others may be expensive for numerous uses [4].

Pectin, a ubiquitous natural biomaterial, due to its unique advantages, has received
particular attention in recent years when it comes to the encapsulation of food ingre-
dients. Pectins are high molecular weight anionic heteropolysaccharides that, gener-
ally non-hazardous in nature, can form microencapsulation systems around active
ingredients. As an encapsulating polymer, pectin offers many advantages. Pectin
provides health advantages in addition to being useful for controlling and delivering
active ingredients precisely to certain parts of the digestive tract. Pectin has the ability
to stop gastrointestinal tract inflammation and may even stop some major illnesses,
as this chapter will detail. These beneficial properties of pectin make it a promising
polymer in the microencapsulation research area [5]. On the other hand, debates
about the benefits and limitations of using pectin in food, as well as the kind of pectin
that should be used in microencapsulation systems, are continuing. The potential of
pectin to encapsulate particular food and pharmaceutical ingredients has been taken
into consideration when writing the current book chapter.

2. Sources of pectin

Pectin is a polysaccharide present in plant cell walls that plays a role in intricate
physiological processes like cell division and cell growth, which in turn affect the
integrity and firmness of plant tissue. As a component of the cell wall, pectin is essen-
tial for giving plants structural support. The primary cell wall has a highly concen-
trated crosslinked network of cellulose and hemicelluloses, but pectin plays a crucial
function in binding this network together [6]. According to structural research, pectin
functions as a matrix into which the fibrils of cellulose and hemicellulose are inserted
and fused to form a structural unit. Pectin is abundant in the middle lamella, and they
are essential for the development of cell-cell adhesion in a variety of plant tissues [6].

Additionally, they are crucial to the defense systems against wounds and plant
infections. Owing to their anionic characteristics, pectic polysaccharides are thought
to have a role in regulating ion transport, wall porosity, and, consequently, the perme-
ability of the walls for enzymes. They ascertain the water-holding capacity as well [7].
Fresh and processed food product’s quality criteria are significantly influenced by the
quantity and composition of pectin polymers found in fruits, vegetables, and other
plant products.

It is possible to extract pectin from appropriate agricultural byproducts utilized
in the food sector. Pectin is mostly produced commercially from apple pomace and
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citrus peels [8]. The pectin content in citrus peel is thought to be between 25 and 30
percent dry weight [9], compared to 10 to 15 percent in apple pomace. Pectin can also be
extracted from other waste byproducts from industries, such as cocoa pod husks, grape-
fruit peels, pomegranate peels, passion fruit peels, mango peels, banana peels, kiwi fruit
pomace, pistachio green hulls, tomato waste, sugar beet, sunflower head, pumpkin,
watermelon rind, and potato pulp [10-23]. The need for the exploration of alternative
pectin sources has arisen from the quick rise in demand for pectin owing to its extensive
uses in various industries.

3. Physicochemical properties of pectin

Pectin is a complex heteropolysaccharide with significant intra- and intermolecu-
lar variability. Pectin is made up of segments of a long galacturonan chain as well as
additional neutral sugars like rhamnose, xylose, galactose, and arabinose. Together
with celluloses and hemicelluloses, it creates a matrix that supports cell structure.

According to a structural study, pectin is a polymer with a chain-like arrange-
ment made up of between 100 and 1000 saccharide units; as a result, it lacks a
clearly defined structure. Pectin is commonly represented as a heteropolysaccharide
consisting of mainly three constituents: homogalacturonan (HG), rhamnogalactu-
ronan I (RG-I), and rhamnogalacturonan II (RG-II). The other neutral sugar units
including xylogalacturonan (XG), Arabinan, arabinogalactan I (AG-I), and arabi-
nogalactan II (AG-II) may branch with the backbone structure. Around 60% of all
the pectins in cell walls are homogalactalacturonan, a simple, non-substituted chain
of polygalacturonic acid known as “smooth” chains. The structural description of
Rhamnogalacturonan I (RG-I) is a lengthy backbone sequence of alternating a-(1 — 4)
linked galacturonic acid (GalA) units and - (1 — 2) linked D-rhamnose, consisting of
spatially organized polymers. It may get O-acetylated at the GalA residues’ O-2 or O-3
sites. Whereas rhamnogalacturonan II is made up of a homogalacturonan backbone
switched with a wide range of complex side chains of glycan, comprising several types
of neutral sugars, GalA, which is found in the (RG-II) backbone, might be methyl
esterified at C-6 position. Xylogalacturonan (XG) is made up of the a-(1-4) linked
D-GalA in the backbone linked by xylose in branches. The a-(1-4) glycosidic linkages
are present throughout the homogalacturonan pectin chains. Depending on the pectin
source, the amount of GalA residues in HG can range from 72 to 100%. Moreover,
it was noted that HG might be O-acetylated at the O-2 and/or O-3 and/or methoxy-
esterified at the C-6. HG can be degraded and de-esterified by both enzymatic and
mechanical means. Galactan and arabinan polymeric side chains are substituted at the
RG-I backbone’s O-4 position. It has also been observed that Arabinogalactan I (AG-I)
and Arabinogalactan II (AG-II) exist as polymeric side chains. The side chains, often
known as “hairs,” are thought to be crucial to the functioning of pectin. The solubility
of the pectin may increase as a result of side chain loss [24].

Pectin molecules have a certain degree of methyl-esterification and acetylation
on the galacturonic acid units. For the time of the esterification reaction of pectin,
the hydrogen on the carboxylic acid group is changed to a methyl group (CHj),
transforming the R group from COOH to COOCHs. The degree of esterification of
D-galacturonic acid refers to the proportion of its carboxyl groups that have under-
gone methyl group esterification. The esterification of the galacturonic acid groups
with methyl groups at C-6 and acetyl groups at O-2 and O-3 on the homogalacturo-
nan is the basis for the specific structural arrangement of pectin [24].
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The pectin charge is mainly determined by the presence and distribution of esteri-
fied and nonesterified galacturonic acids. Pectins are classified as high-methoxy pectin
(HMP) or low-methoxy pectin (LMP) based on their degree of esterification (DE). The
degree of esterification is less than 50% in LMP, whereas HMP pectin has DE values
above 50% [25]. Besides, it was ascertained that the viscosity, solubility, and gelation
characteristics of pectin are strongly correlated with structural characteristics [24].

4, Pectin as a functional biomaterial

Pectin is a weak acid, that contains carboxyl, hydroxyl, acetyl, and ester functional
groups for chemical response. It has a pKa range of 2.9-5.4. The functional hydroxyl
groups at C2 or those at C6 located in the equatorial site of pectin are chemically more
reactive. Pectin’s interactions with various small and macromolecules, as well as with
each other, are determined by its structural and molecular properties. Pectin can help
to remove toxic heavy metals such as mercury, lead, arsenic and cadmium through the
mechanism of metal chelation. Pectin binds to these toxic metals and forms complex
structures that are able to be removed from the body through excretion. Pectin with
a lower degree of esterification is rich in free carboxyl groups, which is ideal for the
chelation of cations or metals [26].

The pH of the stomach is 2 or below. In this stomach environment, the carboxyl
groups in pectin become protonated. As a result, there is less pectin-cation binding and
a greater cation release. In the small intestine (pH 6-7), pectin is highly charged due
to the ionization of carboxyl groups at higher pH. This will promote the electrostatic
interaction between pectin and cations [26]. In the colon or large intestine, there are
microflora that can ferment pectin, thereby increasing the release of bound divalent
cations. Thereby increasing the potential for cation absorption [27]. The high viscosities
and high molecular weight of pectin can help to function as a natural barrier around
the oxidative enzymes and can suppress the actions [28]. The carboxyl and hydroxyl
functional groups of pectin can act as a natural donor of electrons for free radicals
quenching and exert pectin’s immunomodulatory and antioxidant potential [26].

Furthermore, it is possible that the high-viscosity pectin can form a thicker
layer of mucous on the intestinal mucosa surface, thereby limiting the intestinal
mucosa’s ability to absorb ingested carbohydrates and decreasing glucose absorption
[29]. Pectin can slow down the contact time between ingested foods and enzymes
in the intestine by holding food components in the intestine and by providing a
thick layer coating on food fragments, which reduces the amount of food that is
absorbed [30, 31]. Due to their higher water-binding capacity, pectin can provide a
feeling of fullness and is useful in treating overeating disorders [32]. Furthermore,
pectin’s capacity to extend stomach emptying and produce a longer-lasting sensation
of “fuller” may significantly reduce the urge to eat [33, 34]. By slowing down the
emptying of the stomach, reducing the diffusion of glucose, and reducing the absorp-
tion and storage of fat, pectin has been linked to weight loss [35-37]. Because pectin
can form gels to swell in the aqueous surroundings of gastric fluids through self-
association, this can stick to the stomach walls and bind to bile acids and the micelle
components, such as cholesterol, free fatty acids, and monoglycerides, to decrease
the absorption of fat in the stomach [38-40]. The high methoxy pectin can form a gel
network with mucin, present in the intestinal epithelium via hydrogen bonds, and
can give strength to the mucus layer and provide protection of intestinal epithelium
against unwanted mucus penetrating materials. Meanwhile, low-methoxy pectin is
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capable of penetrating the mucus membrane to get into the intestinal epithelium and
can excite intestinal mucosal epithelial cells to secrete the mucus. Thereby promote
the protection of intestinal epithelium. Pectin can be degraded by pectinolytic
enzymes produced by the gut microbiota in the colon. The decomposed pectin is used
by intestinal microflora as prebiotics; through this, pectin can boost the growth and
viability of probiotic strains from the gut and can contribute to the strengthening

of the gastrointestinal immune system. Pectin can have an anti-adherence effect on
pathogens and promote the adhesion of beneficial bacteria. This property can help

to replace the pathogenic bacteria in the intestine [26]. In addition, pectin showed
cholesterol-decreasing effects in humans [41-44].

Pectin may aid in combating different types of cancer in several ways. Pectin
has been shown to enhance immune function, control blood sugar, support the
growth and viability of probiotics, regulate oncogenes, cause cancer cells to undergo
apoptosis, inhibit the growth and development of tumors, and have effects that are
anti-inflammatory, antioxidant, and wound healing [45, 46]. Pectin and its deriva-
tives have been shown in several preclinical studies to effectively suppress cancer cells
including the colon [47], liver [48], prostate cancer [49], bladder cancer [50], breast
[51], and lung [52]. Pectin has intrinsic antitumor potential because it can identify
and bind to the galectin-3 receptors that are found on different types of cancer cells.
This has led to the evolution of many pectin-based nano-formulations for the delivery
of chemotherapeutic medications [26]. Numerous systemic illnesses, including can-
cer, may be made worse by gut inflammation [53]. Pectin can modify symbiotic flora,
inflammatory-associated cytokines, chemokines, intercellular adhesion molecules,
and the gastrointestinal (GI) immune system [54-56]. Pectin is thought to have anti-
inflammatory and immunomodulatory properties through a microflora-independent
mechanism such as inhibiting the deterioration of the colonic mucosa barrier [57],
influencing nonimmune and immune cells and attaching themselves to pathogens
or toxins [58], and through a microflora-dependent pathway by associating with
stomach bacteria, enhancing their metabolic processes, healing gut microorganism
disorders, and delivering anti-inflammatory properties [56].

Moreover, atherosclerosis, metabolic problems (obesity and diabetes mellitus),
diseases of the liver and pancreas, and hypoglycemia are all treated and prevented with
pectin. It has been established that pectin act as protective agents against enzymatic
proteolysis. Pectin-stabilized polypeptide medications, therefore, remain intact in the
stomach and small intestine and subsequently release drug molecules once pectin is
broken down by the colon’s microbiota [26]. One drawback of utilizing pectin by itself is
that, due to its tendency to swell under physiological conditions, it releases drugs prema-
turely from the body [48]. Pectin mixtures with other polymers help to reduce this effect.

5. Microencapsulation

The technique known as “microencapsulation” involves the physicochemical

or mechanical encapsulation of one material in another to create particles that are
between nanometers and millimeters. The benefits of microencapsulation, including
enhanced thermostability, protection of bioactive compounds, controlled release,
preservation of volatiles, odor shelter, and improved texture/sense, have led to its
strong recommendation in the food sector these days. A range of molecular interac-
tions, such as van der Waals force of attraction, electrostatic force of attraction, and
hydrogen bonding, are used to microencapsulate core materials in multilayers of wall
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materials. The wall materials are engineered to guide the core to its intended place
while accommodating varying environmental conditions. Ultimately, as the micro-
encapsulation system passes through the human digestive system, it should be able
to dissolve in a gastric environment, and then the encapsulated core ingredients are
delivered and absorbed in the intestine [1]. Pectin is a promising encapsulation mate-
rial due to its many advantages, including its ability to stabilize emulsions, non-toxic
nature, gelling, and binding properties [59].

5.1 Techniques used for the development of microencapsulation systems

The microencapsulation system using pectin can be created using different
techniques. The major ones are discussed below.

5.1.1 Spray-drying technique

In the spray-drying method, the microencapsulation system is generated by atom-
izing the emulsion of the wall and core materials in a high-temperature environment.
This process quickly hardens the droplet shell to encase the core material and evapo-
rates moisture by heat transfer between the drying medium and droplets. This is the
most popular embedding technology. This coating approach is cost-effective (30-50
times less expensive than freeze-drying), easy to use, capable of continuous produc-
tion, and suitable for large-scale manufacturing. Better water solubility and low viscos-
ity are necessary for wall materials to be suitable for the spray-drying process [1, 60].

5.1.2 Emulsification technique

Emulsification involves a chemical embedding process in which a mixture of
dispersed phase, that is, core and wall materials, is combined with a significant
amount of continuous phase, that is, vegetable oil containing the emulsifier. And
form a stable emulsion, then microencapsulate with the help of a crosslinking
agent. With the ease of use and excellent survival rate of encapsulated bioactive
components, this technology allowed for a realistic preparation process; however,
the enormous volume of vegetable oil required meant that manufacturing costs

were typically very high [1].
5.1.3 Freeze-drying technique

The sublimation of ice into vapor using high vacuum conditions following a rapid
freeze is known as freeze-drying. The process of ice sublimation eliminates heat
and maintains a cool environment, hence maintaining the biological samples’ activ-
ity, including proteins. Nevertheless, the microbial cell membrane’ integrity may
be compromised by the production of ice crystals and the higher osmotic pressure
during the freeze-drying process. For this reason, hydrophilic material is typically
added to the solution as a cryoprotectant. The freeze-drying technology is more often
employed for high-value, heat-sensitive foods due to its high cost [1].

5.1.4 Coacervation technique

In the coacervation method, after suspending the core ingredient in the wall
material solution, a different solvent or material is introduced to lessen the solvability
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of the wall material, which is then uniformly aggregated and occupied around the
core substance to create microcapsules. Both the complicated condensation and the
single condensation are part of the coacervation procedure. Two oppositely charged
materials are employed as wall materials in the complicated coacervation, while the
core ingredients are emulsified and distributed within the solution of wall materi-
als. By interacting with the opposing charges, the two wall materials and the core
substance combine to produce microcapsules by controlling the pH, concentration,
and temperature of the system’s aqueous solution. Complex coacervation is a popular
method for encasing fat-soluble food materials. It has the following benefits: less
damage to the quality of the core material, mild process conditions, antioxidation
efficiency, controlled core release properties, and higher product encapsulation
efficiency [1, 60].

5.1.5 Layer-by-layer self-assembly technique

In LbL assembly techniques, the multilayers spontaneously adhere to one another
to create stable supramolecular structures or molecular aggregates with particular
performances or functions resulting from noncovalent interactions such as hydrogen
bonds, coordination bonds, and electrostatic attraction. Accurate nanoscale control
over the capsule’s shape, size, thickness, composition, and structure is achieved
through the use of LbL assembly technology. As a result, LbL assembly technology
presents itself as a viable technique for creating multilayer microcapsules that adapt
to changing environmental conditions [1, 59].

5.1.6 Extrusion technique

Squeezing the colloid mixture and core material into the hardening
bath as liquid droplets through using a needle-like tube under pressure is
known as extrusion, and it is a physical embedding technique used to make
microcapsules. The cost of this method is twice as high as that of the spray-drying
method; however, the formed micropores have a small surface area, which allows
them to successfully protect oil and oxygen from volatilization and improve
product shelf-life. Pigment, vitamin, and volatile chemicals of all kinds, as well
as other heat-sensitive components, are frequently embedded using the extrusion
approach [5, 60].

5.1.7 Electrospray technique

Electrospray is a technique that breaks down the polymer fluid into small
droplets using an electric field. This procedure involves a polymeric solution that
is flowing out of a capillary nozzle, which is kept at high potential and subjected to
an electric field. A jet forms when the electric field reaches a threshold value. The
jet then deformed and dispersed due to the electric field, creating droplets. Once
the solvent has evaporated, fine polymer particles are produced. Which is then
collected using a metal collector to get the microcapsules. This eco-friendly method
can be implemented without the need for extra reaction solvents. The uniform and
nanoscale size of microcapsules created via electrostatic spraying has garnered
increasing interest. The food and pharmaceutical industries are making significant
use of the electrospray technique due to its immense potential for encapsulating
volatile molecules, bioactive compounds, controlled-release additives, and func-
tional foods [1, 59].
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6. Pectin-based encapsulation systems and its applications in
nutraceutical encapsulation

Nutraceuticals are dietary supplements that provide therapeutic or health benefits.
These supplements contain bioactive nutrients in significant concentrations and
dosages compared to the nutrients that our bodies ordinarily absorb from a regular
diet. Dr. Stephen D. Feliz, who is regarded as the founder of nutraceuticals, first used
the phrase “nutraceutical” in 1989. Thus, the term nutraceuticals came from nutrition
and pharmaceuticals. In recent years, the nutritional value of several foods has been
diminishing due to the use of hazardous chemicals, pesticides, and artificial fruit and
vegetable ripening in agricultural practices. In the long term, a lack of vitamins, min-
erals, proteins, carbs, fats, and other nutrients will result in a variety of diseases due
to insufficient daily intake. Nutraceuticals are a key component in closing the nutri-
tion gap and achieving optimal nutrition [61]. Pectin is incredibly effective at increas-
ing the stability and bioavailability of encapsulated nutraceuticals. The commonly
utilized pectin-based encapsulation systems and their applications in nutraceutical
encapsulation are covered in the section below.

6.1 Pectin-based hydrogels

Hydrogels are materials composed of crosslinked polymers in three dimensions
that possess the capacity to absorb and hold vast amounts of water. According to
studies [62, 63], hydrogels are used to enhance the water solubility and release char-
acteristics as well as the stability of encapsulated compounds. They can be engineered
to respond to stimuli by shrinking, swelling, as well as disintegrating in response to
particular environmental factors including pH, enzyme activity, temperature, or ionic
strength. The hydrogels’ pores can encapsulate bioactive materials [64, 65]. Hydrogel
particles have the capacity to enclose bioactive substances that are both hydrophilic
and lipophilic [66]. Proteins and polysaccharides, such as pectin, are the widely uti-
lized polymers to make hydrogels [67]. The biocompatible and biodegradable nature
of pectin is a clear advantage for encapsulating bioactive components. However, pectin
formulations have less mechanical strength, which may make them susceptible to low
drug loading efficiency and premature drug release. The drawbacks of pectin can be
alleviated by developing pectin-based formulations using physical (polymer blending)
and chemical (graft copolymerization and amidation) modifying techniques.

By using the graft copolymerization technique, scientists created a pH-sensitive
polyacrylamide grafted pectin hydrogel that excelled at pectin in terms of gelling and
film-forming ability. They discovered that the formed hydrogels were biocompatible
and showed pH sensitivity and increased cell viability of B-16 melanoma cells [68]. In
another study, they altered pectin using the amidation reaction, employing methanol
as the solvent. The ethanolamine chemically modified pectin, and the resultant
product, was used to create hydrogel that was crosslinked with glutaraldehyde. A
substantial increase in gelling and film-forming capabilities was observed upon the
addition of amide groups to pectin. They found that amidated pectin has a good
swelling property. Which helps the effective release of salicylic acid at colon pH for
an extended period. The hydrogel created in this study was found to have good cell
viability with B-16 melanoma cells [69].

Peng et al. employed bovine serum albumin (BSA) and citrus peel pectin to make
nanohydrogel by using a self-assembly approach to encapsulate vitamin C. After 10
days of storage, they discovered that the nanohydrogel system maintained its stability
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at about 73.95% and that the efficiency of vitamin C encapsulation was approximately
65.31%. They also concluded that this hydrogel that self-assembles could be used as

a possible delivery method to increase the stability and bioavailability of functional
chemicals [70]. In a different study, curcumin was delivered orally using nanogels
made of low-density lipoprotein and pectin [71, 72]. Consequently, the generated
nanogels facilitated the controlled release of curcumin and showed a fine surface with
a homogeneous distribution in size.

Various researchers have also employed a modification of pectin to create drug-
delivery devices. Commercial low-methoxy pectin and charge-modified high-
methoxy pectin were utilized to develop hydrogel beads to encapsulate the drug,
indomethacin [73]. The researchers discovered that the efficiency of the encapsulat-
ing system was improved with the use of modified pectin, which helped control
the release of indomethacin at various pH levels. In another study, encapsulated
doxorubicin (an anticancer medication) in a hydrogel that used oxidized pectin.
According to their findings, doxorubicin-releasing oxidized pectin hydrogels can
stop the development of metastatic cancer in addition to slowing the advancement of
primary cancer [74].

6.2 Pectin-based micro/nanoparticles

Polysaccharide-based micro/nanoparticles are classified as colloidal particles since
they primarily contain polysaccharide molecules inside of them instead of water.

The physicochemical features and functional performance of this type of encapsula-
tion system, including its stability, encapsulation effectiveness, loading capacity,

and release profile, can be modified by adjusting its size, shape, composition, and
charge [67]. Pectin-based micro/nanoparticles take on more importance, due to their
biodegradable nature and ease of digestion by the intestinal microbiota.

Yu et al. created composite microparticles using pectin, alginate, and chitosan for
oral delivery of proteins. Bovine serum albumin (BSA) was used as a model protein.
In this study, the microparticles were created by using tripolyphosphate crosslinking,
ionic gelation of calcium ions, and electrostatic complexation of alginate and pectin.
They proposed that target-specific protein delivery through oral administration could
be facilitated by the microparticles due to its better pH sensitivity [75].

Jones and team examined how the charge density of polysaccharides affects
the generation and characteristics of nanoparticles made by thermal treatment of
p-lactoglobulin-pectin complexes. They proposed that the type of pectin utilized
affects the stability and size of the particles; that is, high, methoxy pectin produces
smaller and more pH stable particles than low-methoxy pectin. Then, the biopolymer
nanoparticles seem to be mostly composed of aggregated protein molecules; however,
at pH values where there is sufficient electrostatic attraction between protein and
polysaccharide, they are most likely complexed with pectin. They concluded that the
developed protein—pectin nanoparticles may utilized as encapsulation systems in food
industries [76].

Pectin was investigated for the suppression of agglomeration of human serum
albumin (HSA) nanoparticles loaded with ciprofloxacin [77]. By using the pH-coac-
ervation approach, HSA-pectin nanoparticles loaded with ciprofloxacin were created,
and their various physicochemical properties were assessed. The scientists proposed
using pectin as a pharmaceutical additive to decrease the particle agglomeration in
HSA nanoparticles. Verma et al. created pectin nanoparticles and evaluated their
effectiveness as a drug delivery system for paclitaxel, an anticancer drug. The authors
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proposed that the amide group of L-asparagine and the carboxylate and hydroxyl ions
of pectin were actively involved in the process that formed the nanoparticles. Over the
course of a month, the drug’s release pattern was biphasic, releasing 96% of the drug
at pH 5.8 and 81% at pH 7.4 [78].

Resveratrol is a polyphenol derived from plants. It has garnered attention recently
because of its potential health benefits, which include cardio and neuroprotection,
hepatoprotection, anti-aging, antioxidant, anti-carcinogenic and anti-inflammatory
properties [79]. Huang et al. encapsulated resveratrol using pectin-zein complex
nanoparticles. This approach produced nanoparticles with a yield of 91.7% and a
resveratrol content of about 10.2% (w/w). The nanoparticle loading efficiency of
resveratrol was 77.9%. When compared to free resveratrol, the resulting encapsulated
form of resveratrol exhibited increased antioxidant and anticancer effects. According
to the study’s findings, resveratrol-loaded biopolymer nanoparticles may be useful
in health supplements and food and beverage products [79]. In another study, the
resveratrol was encapsulated in gellan gum/pectin blend nanoparticles using the
ionotropic gelation process. The permeability of the nanoparticles and their sustained
release pattern was evaluated in the Caco-2 cell model and the mucus-secreting tripe
co-culture model [80]. They found that particles can load high concentration of drug
(over 80%) in an acidic media with alow pH in 2 h and sustained resveratrol release
of up to 85% in 30 hours in a pH 6.8 media.

In another investigation, pectin nanoparticles were created utilizing food-grade
cassava root material to coat the nutritional supplement p-carotene, with the goal of
increasing the bioavailability of these lipophilic dietary nutraceuticals during gastro-
intestinal (GI) delivery. The particles have a mean size of 21.3 nm, are mucoadhesive,
and have enhanced antioxidant activity, bioavailability, and stability up to 90 days
at 4°C [81]. Researchers developed caseinate/pectin-based phytosterol nanoparticles
by combining emulsification, evaporation, and complex coacervation processes.
These protein/polysaccharide composite nanoparticles demonstrated a significant
phytosterol loading capacity (21%) and encapsulation efficiency (91%). The findings
showed that the nanoparticles effectively encapsulated and protected the phytosterols
while remaining stable throughout a 15-day storage period at 4°C and 25°C [82].

Curcumin-loaded nanoparticles with over 86% encapsulation effectiveness were
created by a study [83] using zein-pectin complexation. According to their find-
ings, the same method’s nanoparticles can be useful for incorporating curcumin as a
pharmaceutical product. In another study, high methoxy pectin and sodium caseinate
were employed to create nanoparticles, and it was discovered that the electrostatic
interaction between the sodium caseinate and high methoxy pectin-based nanopar-
ticles was stable across a range of pH values [84].

Eugenol essential oil is a natural phenolic compound derived from cloves and is
valued for its potent antibacterial and antioxidant properties [85]. According to a
study, zein-pectin-sodium caseinate complex nanoparticles can encapsulate eugenol.
As an amphiphilic protein, sodium caseinate forms the intermediate layer between the
hydrophilic pectin polymer and the hydrophobic zein polymer. The highly hydropho-
bic zein protein is positioned in the center of the complex structure of this nanopar-
ticle, while pectin is in the outermost layer due to its higher affinity toward water [85].

6.3 Pectin-based nanofibers

Nanofibers-based encapsulation systems are composed of fibers that have sizes
between one and one hundred nanometers [86]. These materials’ high surface area to
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volume ratio is beneficial for the sustained release of several active ingredients [87].
Electrospinning is one of the most utilized methods to make nanofibers due to its ease
of use and efficiency [88]. Polysaccharide solution is pulled through a pump in the
presence of a high electrical field during the electrospinning process. This creates a jet
of fluid followed by solvent evaporation and solidification. Then, the resulting nano-
fibers deposit on the collector plate [89]. The crosslinking capacity of pectin-based
formulations makes them suitable for the preparation of nanofibers. Additionally, due
to their ability to mimic the structure of the natural extracellular matrix, electrospun
pectin nanofibers offers unique advantages.

Tomasula et al. created ultrafine fibers using the electrospinning method. They used
pullulan and pectin to create fibers. Lactobacillus rhamnosus GG, a probiotic, is used as
a model bioactive component to demonstrate how the generated fibers may incorporate
and preserve bioactive compounds. They showed that the generated fibrous mats have
a potential for the food industry [90]. In another investigation, water-resistant pectin
nanofibers were effectively produced using electrospun synthesis with different types
of pectin (HMP and LMP). This study concluded that drug delivery could be facilitated
by the use of manufactured nanofibers [91]. Folic acid was encapsulated in pectin-poly
(ethylene oxide)-alginate electrospun nanofibers [92]. The study revealed that folic
acid encapsulated in the pectin-alginate system shows high folic acid retention when
compared to alginate alone encapsulation system. The recovery of folic acid encapsu-
lated with nanofibers was about 100% when it was stored in the dark at pH 3 for nearly
41 days. On the other hand, the retention of unencapsulated folic acid was found to be
insignificant. Furthermore, other studies also successfully created electrospun-coated
nanofibers utilizing polyethylene oxide and pectin, with the conclusion that these
pectin-based nanofibers have prospective uses in biomedicine [93, 94].

6.4 Pectin-based micro/nanocapsules

Nanocapsules are small particles with a core and shell structure. The protection
and distribution of bioactive substances have been extensively employed with nano-
capsules [95]. A polymer shell encircling a fluid center is their typical structure. Since
less polymer is needed to generate the delivery systems with nanocapsules than with
nanoparticles, this is an advantage [96]. The utilization of polysaccharide-shelled
nanocapsules has been observed to mitigate immunological elimination and extend
their circulation in the body [97].

A study investigated the encapsulation of Bifidobacterium probiotics in pectin-and
alginate-based microcapsules using the emulsification/internal gelation process.
When compared to its alginate counterpart, pectin, as the wall material used in
microencapsulation, had a better encapsulation yield (89.5-96.9%). It also retained
a higher probiotic viability after freeze-drying and in the simulated infant gastro-
intestinal digestion [98]. Osteopontin (OPN), an acidic glycoprotein, usually found
in human and domestic animal milk. It has been related to early life developments,
including immunological modulation, intestinal development, and nervous system
development [99]. They found that, using OPN as the excipient for pectin-based
microencapsulation systems further enhanced the probiotic viability even more
in challenging circumstances. After intestinal digestion, non-microencapsulated
Bifidobacterium bifidum R0071 and Bifidobacterium breve M-16 V showed markedly
decreased viability. While all strains of Bifidobacterium in pectin and alginate-based
microcapsules retained much higher viability (8-9 log CFU.mL™). Even though the
intestinal phase of the microencapsulation showed a decline in probiotic viability
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compared to the stomach phase, encapsulation was still able to effectively shield
Bifidobacterium strains throughout intestinal digestion [98]. In a different investiga-
tion, the Lactobacillus acidophilus LMG9433 encapsulated microcapsule using low-
methoxy pectin developed and found that probiotics were significantly protected
during intestinal digestion. They discovered that the microcapsule had higher probi-
otic viability (8 log CFU.mL™") in comparison to the free bacterial cell sample (5 log
CFU.mL™) [100].

Whey protein-pectin nano spray-dried microcapsules were created by a study
to encapsulate grape marc phenolics and investigate the impact on the stability and
bioaccessibility of the polyphenols. Enhancing bioaccessibility, the new encapsulating
technique preserved the antioxidant activity of grape marc phenolics during simulated
gastrointestinal digestion (GID). Results suggest that this encapsulation method could
be an effective strategy for maintaining the phenolic’s antioxidant properties [101].

Curcumin is the major component of turmeric, it gives its medicinal qualities
such as antioxidant abilities, anticancer, and anti-inflammatory activity [102]. It is
a biologically active molecule that is typically utilized as a model for nutrition and
medicine [103]. Yan et al. created nanocapsules and encapsulated curcumin using the
electrostatic interaction between pectin and heat-denatured lactoferrin. With a load-
ing capacity of 13.4%, the simulated complex demonstrated an encapsulation effi-
ciency of almost 85.3%. The authors also concluded that the generated nanocapsules,
enhanced curcumin solubility and antioxidant capacity, can be used as an appropriate
delivery mechanism for sustained release [104].

To deliver the anticancer medication doxorubicin hydrochloride, researchers cre-
ated a hollow nanocapsule with pectin and chitosan using a layer-by-layer technique.
They reported that the nanocapsules exhibited a high loading capacity, good biocom-
patibility, and pH sensitivity [105].

6.5 Pectin-based nanoemulsions

Emulsions are combinations of two or more liquids that are usually immiscible in
nature. The two immiscible liquids found in food are usually an oil phase and a water
phase. Nanoemulsions are encapsulation systems that normally have an average diam-
eter of between 50 and 200 nm [106]. Because of their excellent physical stability,
great optical transparency, and capacity to increase the bioavailability of encapsulated
drugs, nanoemulsions are frequently utilized as delivery vehicles for bioactive com-
ponents [107]. Based on the relative spatial arrangement of the water and oil phases,
nanoemulsions can be categorized as oil-in-water (O/W), water-in-oil (W/O),
oil-in-water-in-oil (O/W/QO), or water-in-oil-in-water (W/O/W) forms [108]. W/O
nanoemulsions are utilized to encapsulate hydrophilic components like vitamin C,
polyphenols, whereas O/ W nanoemulsions are typically used to deliver hydrophobic
bioactive components like carotenoids, vitamins, omega-3 fatty acids, essential oils,
and curcuminoids. O/W nanoemulsions can be stabilized by polysaccharides. The
polysaccharides attach themselves to the surfaces of the oil droplets and create a bar-
rier that keeps the droplets from aggregating together. Moreover, polysaccharides can
be combined with other molecules to generate conjugates that are surface-active and
useful for stabilizing O/W nanoemulsions [109, 110].

Due to properties such as natural colorants and antioxidants, saffron is a chemical
that is frequently employed in the food and pharmaceutical industries. It comprises
bioactive constituents such as safranal, picrocrocin, and crocin. In a study, research-
ers created a nanoencapsulation system for saffron extract using spray-drying and
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double-layered emulsion utilizing whey protein concentrate and pectin, respectively.
With excellent encapsulation effectiveness, these scientists were able to generate
particles with a size of less than 100 nm that were devoid of pores and cracks [111].

The efficiency of low-methoxy pectin (LMP) and whey protein isolate (WPI)
based complexes on the regulated release of vitamin E and vitamin B12 was inves-
tigated in a study using the double emulsion (W/O/W) method [112]. They found
that the WPI-LMP complex system exhibit a 1.4-fold increase in the encapsulation
efficiency of vitamin E and vitamin B12, when compared to the encapsulation
efficiency of the WPI-only system. The rate of controlled release of these vitamins
is also significantly improved by these complexes. The LMP shows more synergistic
effects due to its diverse protein- and oil-binding capabilities. They concluded that
pectin could therefore be used for nanoencapsulation, which can improve the bioac-
cessibility and allow for the regulated, targeted release of bioactive compounds under
simulated gastric environments.

In another study, pectin-based nanoemulsions encapsulating the poorly water-
soluble antifungal medication itraconazole (ITZ) were developed for use in phar-
maceutical applications. They discovered that high methoxy pectin can act as a good
emulsifier during the emulsion process due to its higher degree of esterification,
which has a quantity of hydrophobic molecules. The discovery revealed that the
molecular interaction between ITZ and pectin plays a key role in obtaining nanosized
emulsion. They further suggested the possibility of using the produced nanoemul-
sions to develop self-emulsifying drug delivery systems [113].

6.6 Pectin-based nanoliposomes

The interactions that take place between hydrophobic polar lipid molecules, like
phospholipids and hydrophilic water molecules, are typically used to generate liposomes.
However, the instability of liposomes might cause changes in the distribution of particle
sizes, leakage of encapsulated substances, and rapid oxidation, which limits their practi-
cal use. The generation of polymeric bio-adhesive membranes around the liposomes
may help to improve this limitation [114]. Coating liposomes with a pectin biopolymer
layer can improve their stability [115]. The non-toxic, biocompatible, and biodegradable
nature of pectin makes it an effective choice as a coating layer for a liposome-based deliv-
ery method. Furthermore, because of its high mucoadhesive qualities and charge density,
pectin can help enhance the targetability and stability of delivery systems like liposomes
[116]. Zhou et al. reported that pectin-coated liposomes demonstrated the capacity to
stabilize liposome-based drug delivery systems [114]. Another research has shown that
pectin at a suitable concentration but with a lower degree of methylation (DM) can result
in pectin-coated liposomes that are more stable and smaller in size [116].

Zhou et al. effectively created pectin-coated vitamin C encapsulated nanolipo-
somes in an effort to improve its stability and epidermal penetration. They discovered
that low-methoxy pectin (LMP), might function as an efficient transdermal drug
delivery system [114]. Pectin-based nanoliposomes were successfully generated by
Haghighi et al. to encapsulate the biologically active polyphenol Phloridzin. They also
observed that the pectin-coated nanoliposomes exhibit greater encapsulation effec-
tiveness and stability when compared to non-coated nanoliposomes. Additionally,
they concluded that the created pectin nanoliposomes loaded with Phloridzin could
be a potential ingredient for use in both food and pharmaceutical goods [116].

Citrus fruits are a common source of Neohesperidin, a flavanone glycoside with a
variety of biological actions, including anti-diabetic, anticancer, anti-inflammatory,
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anti-allergic, gastric protection, and neuroprotection. In order to enable sustained
delivery of Neohesperidin in a simulated gastrointestinal environment, scientists
created nanoliposomes by using chitosan and pectin molecules. The generated nano-
carrier had a diameter of 87-225 nm. The researchers discovered that these nanolipo-
somes were allowed to retain 72.78% of the encapsulated substance in gastrointestinal
settings and that they significantly controlled the release of Neohesperidin. They

also concluded that these nanoliposomes could improve the cellular absorption of the
colonic epithelial cells [117].

7. Conclusions

A new and promising avenue for the development of effective and practically
useful encapsulating systems is the introduction of non-toxic, inexpensive, ecologically
benign, and biocompatible biopolymers like pectin. Pectin, a ubiquitous natural bio-
material, is now an incredible matrix polymer for encapsulation. Pectin is very efficient
in enhancing the bioavailability and stability of encapsulated bioactive substances.
Additionally, as a molecule, it can be modified to meet certain objectives, such as con-
trolled and targeted release of cargo and offer health advantages. Because of its potential
for enhancing food quality and creating novel nutritional supplements, the technologi-
cal application of these bioactive food ingredients impacts industrial development and
inspires future multidisciplinary studies. To facilitate oral ingestion and more improved
applications in food and pharmaceuticals, they must be used with safety requirements.
Although pectin has been employed in food applications for ages, its usage in micro and
nanoencapsulation is still relatively new. Future studies are expected to lead us to an
advantageous situation where we can fully utilize the encapsulating potential of pectin
by customizing its structures in a more evolved way on an industrial context.
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Chapter 4

Biomaterials-Based Hydrogels for
Therapeutic Applications

Mariana Chelu and Adina Magdalena Musuc

Abstract

Conventional therapeutic models based on the premise of a universal solution are
facing a decrease in efficiency, emphasized by the large number of patients who show
resistance or who do not respond positively to classic treatments. This perspective
highlights the urgency for more precise approaches based on personalized treatments
that are adaptable to the specific complexities and unique challenges faced by each
patient. Hydrogels are biocompatible and biodegradable systems for well-controlled
and targeted administration of therapeutic agents, being formed by 3D reticulated
networks of water-soluble polymeric biomaterials, of natural, synthetic, or hybrid
origin, with specific intrinsic and extrinsic properties. Due to the easily adjustable
porous structure, hydrogels allow the encapsulation of macromolecular drugs,
proteins, small molecules, cells, hormones, or growth factors in the gel matrix and
their subsequent controlled release. The biomaterials used, the crosslinking methods,
the design, and the functionalization strategies in obtaining hydrogels with improved
properties are presented. The different possibilities of application are described
transdermally, as dressing materials, oral, ocular, spray-able, or injectable, up to the
intracellular level. This chapter extensively investigates the advances and unique
advantages of hydrogels that enable effective, noninvasive, personalized treatments
and provide greater patient comfort for a wide range of applications.

Keywords: biomaterials, hydrogels, microencapsulation, biomedical applications,
bioplatforms

1. Introduction

In recent years, biomaterials-based hydrogels have emerged as promising
platforms for a wide range of therapeutic applications, revolutionizing the land-
scape of modern medicine. These versatile materials, composed of water-swollen
polymer networks, possess unique properties that make them ideal candidates for
drug delivery, tissue engineering, regenerative medicine, and diagnostic applications
[1-5]. Biomaterials-based hydrogels offer several distinct advantages for therapeutic
applications. Their inherent biocompatibility and ability to interact with biological
systems without eliciting adverse reactions make them well-suited for iz vivo use.
Additionally, hydrogels provide a versatile platform for controlled drug delivery,
enabling precise modulation of drug release kinetics and spatiotemporal control over
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therapeutic delivery. In this era of precision medicine, biomaterials-based hydrogels
hold immense promise for targeted therapy and personalized treatment approaches
[6]. By incorporating bioactive molecules, growth factors, or cell-adhesive peptides
into hydrogel matrices, researchers can create tailored environments that promote
tissue regeneration, repair, and remodeling. Furthermore, advancements in 3D bio-
printing technology enable the fabrication of complex, biomimetic tissue engineer-
ing constructs with precise control over scaffold architecture and cell distribution,
offering innovative solutions for organ transplantation, wound healing, and disease
modeling [7]. Despite the significant progress made in the field of biomaterials-based
hydrogels, several challenges and opportunities for advancement remain. In this
context, this chapter aims to provide a comprehensive overview of biomaterials-based
hydrogels for therapeutic applications, exploring their design principles, fabrication
techniques, biomedical applications, trends, and future prospects.

2. Introduction to biomaterials: bridging science and medicine

Biomaterials, at the intersection of science and medicine, represent a dynamic
field of study and innovation with profound implications for healthcare and human
well-being. These materials, engineered to interact with biological systems, hold
the promise of revolutionizing medical treatments, diagnostics, and therapeutic
interventions. At its core, a biomaterial is any substance that interacts with biological
systems to produce a desired therapeutic or diagnostic effect. This broad defini-
tion encompasses a wide range of materials, from metals and ceramics to polymers
and composites, each uniquely tailored to fulfill specific biomedical functions [6].
Biomaterials serve as the building blocks of medical devices, implants, drug delivery
systems, tissue engineering scaffolds, and diagnostic tools, enabling advancements in
regenerative medicine, personalized healthcare, and disease management (Figure 1).

Biomaterials exhibit several key characteristics that distinguish them from con-
ventional materials:

a. Biocompatibility: Biomaterials must be biocompatible, meaning they are
well-tolerated by the body without eliciting adverse immune responses or toxic
reactions. Biocompatibility ensures that biomaterials can interact with biologi-
cal tissues and fluids without causing harm, making them suitable for medical
applications [5].

b.Bioactivity: Some biomaterials possess inherent bioactivity, meaning they
can interact with biological molecules or promote specific cellular responses.
Bioactive biomaterials stimulate tissue regeneration, cell adhesion, or molecular
signaling, facilitating healing and repair processes within the body [6].

c.Mechanical properties: Biomaterials must possess appropriate mechanical
properties to withstand physiological forces and maintain structural integrity
in vivo. These properties vary depending on the intended application, with
materials ranging from rigid metals for load-bearing implants to flexible
polymers for tissue engineering scaffolds [8].

d.Degradation kinetics: Some biomaterials are designed to degrade over time,
either through enzymatic degradation or hydrolytic cleavage of polymer chains.
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Figure 1.
Diversity, properties, and applications of biomaterials-based hydrogels.

Degradable biomaterials enable temporary support or controlled release of thera-
peutic agents, followed by gradual integration or resorption within the body [2].

e. Surface modifications: Biomaterial surfaces can be modified to enhance biocompat-
ibility, bioactivity, or functionality. Surface modifications may involve coating with
bioactive molecules, tethering of cell-adhesive peptides, or incorporation of drug-
releasing nanoparticles, enabling tailored interactions with biological systems [3].

The applications of biomaterials span a wide range of medical fields and disci-
plines, including:

Implantable medical devices: Biomaterials are used to fabricate orthopedic implants,
cardiovascular stents, dental prosthetics, and neural electrodes, providing structural
support, mechanical stability, and biocompatibility for long-term implantation
within the body [8-10].

Tissue engineering and regenerative medicine: Biomaterials serve as scaffolds for
growing tissues and organs iz vitro, enabling tissue regeneration and repair in vivo.
Tissue-engineered constructs, composed of biomaterials seeded with cells and
growth factors, offer promising approaches for treating injuries, defects, and degen-
erative diseases [11, 12].
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Drug delivery systems: Biomaterials are utilized to design drug delivery vehicles,
such as nano/microparticles, hydrogels, and implants, enabling targeted delivery,
controlled release, and enhanced bioavailability of therapeutic agents for treating
various diseases, including cancer, infectious diseases, and chronic conditions [13].

Diagnostic tools and biosensors: Biomaterials are employed to develop diagnostic
assays, imaging contrast agents, and biosensors for detecting biomarkers, pathogens,
and disease states. Functionalized biomaterials enable sensitive and specific detection
of molecular targets, facilitating early diagnosis, disease monitoring, and personal-
ized medicine [14].

Table 1 summarizes the principal characteristics of biomaterials.

2.1Importance of biomaterials in medicine

The importance of biomaterials in medicine cannot be overstated, as they play a
pivotal role in advancing healthcare in numerous ways. Here are some key reasons
why biomaterials are indispensable in the field of medicine:

1. Tissue engineering and regenerative medicine: Biomaterials serve as scaffolds
and matrices for the regeneration and repair of damaged tissues and organs.
They provide structural support and cues for cell growth, differentiation, and
tissue formation, enabling the development of novel therapies for conditions
ranging from bone defects to organ failure [5].

2.Medical implants and devices: Biomaterials are essential components of medi-
cal implants and devices used for various purposes, including joint replacements,
cardiovascular stents, dental implants, and prosthetic limbs. These implants
restore function, alleviate pain, and improve the quality of life for millions of
patients worldwide [8].

Characteristic Description

Biocompatibility Ability to interact with biological systems without eliciting adverse reactions

Mechanical Resistance to deformation or fracture under applied loads

strength

Degradation Rate of breakdown or dissolution over time

kinetics

Surface topography Physical features at the material interface, influencing cell adhesion and response

Porosity Pore size and distribution affecting fluid transport, cell infiltration, and tissue
ingrowth

Bioactivity Ability to induce specific cellular responses or tissue regeneration

Tunable properties

Flexibility to adjust mechanical, chemical, or biological properties for specific
applications

Sterility Freedom from microbial contamination or potential for sterilization
Immunogenicity Likelihood of eliciting an immune response iz vivo
Stability Maintenance of structural and functional integrity over time

Table 1.

Characteristics of biomaterials.
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3.Drug delivery systems: Biomaterials are employed in drug delivery systems to
enhance the efficacy, safety, and targeted delivery of pharmaceutical agents.
By encapsulating drugs within biocompatible carriers, biomaterials enable
controlled release, prolonged circulation, and site-specific targeting, thereby
optimizing therapeutic outcomes and minimizing side effects [2, 11].

4.Diagnostic and therapeutic imaging: Biomaterials are utilized in contrast
agents and imaging probes for diagnostic imaging techniques such as magnetic
resonance imaging (MRI), computed tomography (CT), and ultrasound. These
biomaterial-based imaging agents enable enhanced visualization of anatomical
structures, pathological changes, and molecular markers, facilitating early detec-
tion, accurate diagnosis, and treatment monitoring [15].

5.Biosensors and diagnostics: Biomaterials are integral components of biosensors
and diagnostic assays for detecting biomolecules, pathogens, and physiological
parameters with unique properties, such as biorecognition, signal transduction,
and amplification capabilities. Biosensors enable rapid, sensitive, and specific
detection of disease biomarkers [14].

6. Surgical and wound care products: Biomaterials are utilized in surgical sutures,
tissue adhesives, and wound dressings to promote hemostasis, wound closure,
and tissue healing [16, 17]. These biomaterial-based products enhance surgical
outcomes, reduce complications, and accelerate the healing process, improving
patient recovery and reducing healthcare costs.

7.Biocompatibility testing and research: Biomaterials serve as valuable tools
for studying cell-material interactions, biocompatibility, and tissue responses
in vitro and in vivo [5].

8.Personalized medicine and theragnostic: Biomaterials are driving
innovations in personalized medicine and theragnostic, which combine
diagnostics and therapy into integrated platforms [18, 19]. By incorporating
biomaterial-based drug delivery systems with diagnostic imaging modalities
and targeted therapies, theranostic approaches enable precise diagnosis, treat-
ment monitoring, and therapeutic interventions tailored to individual patients’
needs.

Table 2 provides a basic overview of the advantages and disadvantages of using
biomaterials in medicine.

2.2 Overview of different types of biomaterials

Biomaterials encompass a diverse array of materials engineered to interact with
biological systems [20-22]. From synthetic polymers to natural substances, biomate-
rials offer a rich tapestry of options for addressing various medical challenges.

1. Synthetic polymers offer unparalleled versatility, enabling precise control over
mechanical, chemical, and biological properties. Examples include polyethylene
glycol (PEG), polylactic acid (PLA), and poly(lactic-co-glycolic acid) (PLGA).
Synthetic polymers find applications in drug delivery systems, tissue engineering

79



Biomaterials in Microencapsulation

Aspects Advantages Disadvantages
Biocompatibility Interact well with biological systems Risk of immunogenicity
Minimal risk of adverse reactions Potential for foreign body response
Mechanical Tunable mechanical properties for May lack sufficient strength or stiffness for
properties various applications certain load-bearing needs
Mimic natural tissues and organs
Degradation Biodegradable options available for Variable degradation rates may affect
kinetics temporary applications longevity of implants
Controlled degradation can facilitate Potential for inflammatory response during
tissue regeneration degradation process
Surface Tailorable surface properties for Surface modifications may alter
topography specific applications biocompatibility or functionality
Influence cell adhesion,
proliferation, and differentiation
Porosity Porous structures facilitate nutrient May compromise structural integrity or
and waste exchange mechanical properties
Support cell infiltration and tissue
ingrowth
Bioactivity Induce specific cellular responses or Potential for unintended biological effects or
tissue regeneration off-target interactions
Tunability Flexibility to adjust properties for Requires careful optimization and
diverse medical needs characterization
Sterility Potential for sterilization to Sterilization methods may alter material
minimize infection risk properties or structure
Table 2.

Advantages and disadvantages of using biomaterials in medicine.
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scaffolds, and medical implants, where their tailored functionalities facilitate
targeted therapeutic interventions and tissue regeneration [23, 24].

2. Natural polymers derived from biological sources such as proteins, polysaccha-
rides, and extracellular matrices, natural polymers offer inherent biocompat-
ibility and bioactivity. Collagen, derived from connective tissues, serves as a

ubiquitous scaffold for tissue engineering and wound healing. Hyaluronic acid, a
glycosaminoglycan found in the extracellular matrix, exhibits excellent lubricat-
ing and viscoelastic properties, making it ideal for ophthalmic and orthopedic
applications. Natural polymers offer the advantage of mimicking the complexity
and biochemical cues of native tissues, fostering cell adhesion, proliferation, and
differentiation in regenerative medicine approaches [25, 26].

3.Metals and Alloys renowned for their strength, durability, and biocompatibili-
ty, are indispensable in orthopedic and dental implants, cardiovascular stents,
and surgical instruments. Titanium and its alloys, such as Ti-6Al-4V, are
prized for their excellent corrosion resistance and osseointegration proper-
ties, making them ideal for load-bearing implants. Stainless steel, with its high
strength and machinability, finds applications in orthopedic fixation devices
and cardiovascular stents. Metals and alloys provide structural support and
mechanical stability, ensuring the long-term success of implantable medical
devices [27, 28].
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4. Ceramics characterized by their hardness, biocompatibility, and bioactivity,
hold promise for various biomedical applications. Hydroxyapatite, a calcium
phosphate ceramic, mimics the mineral composition of bone and serves as a
bone graft substitute for promoting osteogenesis and osseointegration. Bioactive
glasses, such as silicate-based compositions, exhibit osteoconductive and angio-
genic properties, facilitating bone regeneration and tissue repair. Ceramics offer
excellent biocompatibility and stability in physiological environments, making
them valuable materials for bone substitutes, dental restorations, and tissue
engineering scaffolds [29, 30].

5. Composites composed of two or more distinct materials combine the advanta-
geous properties of each component to achieve synergistic effects and to address
specific biomedical needs [31, 32]. For example, polymer-ceramic composites
merge the flexibility of polymers with the strength and bioactivity of ceramics,
offering enhanced mechanical properties and biological performance for bone
tissue engineering and dental restorations. Carbon nanotube-reinforced poly-
mers harness the exceptional mechanical strength and electrical conductivity
of carbon nanotubes for applications in neural interfaces and tissue engineering

scaffolds.

3. Hydrogels

Hydrogels, a fascinating class of biomaterials, hold immense promise for a wide
range of biomedical applications. These unique materials, characterized by their
high-water content and tunable properties, offer versatility and biocompatibility
unmatched by traditional materials. At their core, hydrogels are three-dimensional
networks of hydrophilic polymer chains that swell in water but maintain their
structural integrity. This unique characteristic endows hydrogels with a sponge-like
quality, allowing them to absorb and retain large amounts of water while retaining
their shape and mechanical properties. Hydrogels can be synthesized from both
natural and synthetic polymers, offering a wide range of options for tailoring their
properties to suit specific applications [33, 34].

3.1 Properties of hydrogels

1. High-water content: This property enables hydrogels to mimic the physiological
environment, making them ideal candidates for tissue engineering and drug
delivery [1].

2. Tunable mechanical properties of hydrogels: These can be precisely engi-
neered by adjusting factors such as polymer composition, crosslinking density,
and network architecture. This tunability allows hydrogels to mimic the mechan-
ical properties of various tissues, ranging from soft brain tissue to stiff cartilage,
making them suitable for a wide range of applications in regenerative medicine
and soft tissue engineering [3].

3. Biocompatibility and bioactivity: Hydrogels exhibit excellent biocompatibility,
providing a supportive environment for cell growth, proliferation, and tissue
regeneration. Furthermore, hydrogels can be engineered to incorporate bioactive
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molecules such as growth factors, peptides, and cytokines, enhancing their abil-
ity to promote tissue healing and regeneration [34].

4. Swelling and degradation kinetics: Hydrogels swell in response to water
uptake, allowing for controlled release of encapsulated drugs or bioactive
molecules. Additionally, hydrogels can be designed to degrade over time, either
through enzymatic degradation or hydrolytic cleavage of polymer chains. This
degradation kinetics can be tailored to match the rate of tissue regeneration, en-
abling transient support followed by gradual integration into native tissue [33].

5.Responsive behavior: Some hydrogels exhibit responsive behavior to external
stimuli such as pH, temperature, and light. These stimuli-responsive hydrogels
undergo reversible changes in swelling, mechanical properties, or drug release in
response to changes in their environment. This property enables precise control
over hydrogel behavior and functionality, opening up new avenues for smart
drug delivery systems and tissue engineering scaffolds [6, 26].

3.2 Classification of hydrogels

One key aspect that distinguishes hydrogels is their classification based on their
origin and composition.

1. Natural hydrogels are derived from biopolymers found in living organisms,
offering inherent biocompatibility and bioactivity [33, 34]. These hydrogels are
often sourced from proteins, polysaccharides, and extracellular matrices, which
provide a natural scaffold for cellular activities. Examples of natural hydrogels
include:

* Collagen hydrogels: Derived from collagen, the main structural protein in
connective tissues, collagen hydrogels closely mimic the composition and
properties of native extracellular matrices. These hydrogels offer excellent
biocompatibility and promote cell adhesion, proliferation, and tissue regener-
ation, making them valuable materials for wound healing, tissue engineering,
and drug delivery applications [35].

* Alginate hydrogels: Alginate, extracted from brown seaweed, forms hydro-
gels through ionic crosslinking with divalent cations such as calcium ions.
Alginate hydrogels exhibit high-water content and tunable mechanical proper-
ties, making them suitable for applications in cell encapsulation, drug delivery,
and tissue engineering [36].

* Hyaluronic acid hydrogels: Hyaluronic acid, a glycosaminoglycan found in
the extracellular matrix, forms hydrogels with excellent viscoelastic properties
and biocompatibility. Hyaluronic acid hydrogels are widely used in ophthalmic
and orthopedic applications, as well as in skin care products and drug delivery
systems [37].

Natural hydrogels offer the advantage of mimicking the complexity and biochemi-
cal cues of native tissues, fostering cell adhesion, proliferation, and differentiation in
regenerative medicine approaches.
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2.Synthetic hydrogels are engineered from synthetic polymers and designed to
exhibit tailored functionalities and mechanical properties for specific biomedical
applications. Examples of synthetic hydrogels include:

* Polyethylene glycol (PEG) hydrogels: PEG hydrogels are synthesized from
polyethylene glycol, a biocompatible and inert polymer. These hydrogels offer
tunable mechanical properties, swelling behavior, and degradation kinetics,
making them versatile platforms for drug delivery, tissue engineering, and
biosensing applications [24, 38].

* Poly(N-isopropylacrylamide) (PNIPAAm) hydrogels: PNIPAAm hydrogels
exhibit thermoresponsive behavior, undergoing reversible phase transition in
response to changes in temperature. Below a critical temperature (lower criti-
cal solution temperature, LCST), PNIPAAm hydrogels swell in water, while
above the LCST, they collapse and disappear. This unique property enables
PNIPAAm hydrogels to be utilized in smart drug delivery systems and tissue
engineering scaffolds [39].

* Polyacrylamide hydrogels: Polyacrylamide hydrogels offer high mechani-
cal strength and stability, making them suitable for applications requiring
load-bearing capabilities in tissue engineering, cell culture, and microfluidic
devices due to their biocompatibility and ease of fabrication [40].

3. Hybrid hydrogels combine elements of both natural and synthetic polymers,
offering synergistic properties and functionalities. These hybrid materials lever-
age the advantages of natural polymers, such as biocompatibility and bioactivity,
while incorporating the tunability and mechanical strength of synthetic polymers.
Examples of hybrid hydrogels include [41]:

* Gelatin-methacryloyl (GelMA) hydrogels are synthesized by chemically
modifying gelatin with methacryloyl groups, enabling photocrosslinking and
tunable mechanical properties. They combine the biocompatibility of gelatin
with the versatility of photopolymerization, making them valuable materials
for tissue engineering, 3D bioprinting, and drug delivery applications [7].

* Chitosan-polyethylene glycol (CS-PEG) hydrogels: CS-PEG hydrogels
combine the biocompatibility of chitosan with the tunability of polyethylene
glycol, offering a versatile platform for drug delivery and tissue engineering.
They exhibit controlled release of encapsulated drugs and growth factors,
promoting tissue regeneration and wound healing [17, 38].

* Cellulose-based hydrogels: Cellulose-based hydrogels incorporate cellulose
derivatives with synthetic polymers to create hybrid materials with enhanced
mechanical properties and biocompatibility. These hydrogels find applications
in wound dressings, drug delivery systems, and tissue engineering scaffolds,
leveraging the biodegradability and abundance of cellulose [33].

Hybrid hydrogels harness the synergy between natural and synthetic components,
offering a platform for multifunctional and tailored materials with enhanced proper-
ties and performance. Natural hydrogels leverage the biocompatibility and bioactivity
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of biopolymers sourced from living organisms, while synthetic hydrogels offer precise
control over properties and functionalities through engineered polymers.

3.3 Factors influencing the design and properties of hydrogels

In the realm of biomaterials, hydrogels stand out as versatile and promising
materials with diverse applications in medicine and biotechnology. The design and
properties of hydrogels are influenced by numerous factors, ranging from their compo-
sition and synthesis methods to environmental conditions and intended applications.

3.3.1 Composition of hydrogels

The composition of hydrogels serves as the foundation for their properties and
functionalities, dictating their biocompatibility, mechanical strength, and respon-
siveness to stimuli. Hydrogels can be composed of natural polymers, synthetic
polymers, or hybrid combinations thereof, each offering unique advantages and chal-
lenges. By leveraging the advantages of natural polymers (e.g., biocompatibility) with
the tunability of synthetic polymers (e.g., mechanical strength), hybrid hydrogels
provide versatile platforms for biomedical applications [42, 43].

3.3.2 Crosslinking methods

The crosslinking method, which is essentially the gel structure forming reaction,
employed during hydrogel synthesis plays a critical role in determining the network
architecture, mechanical properties, and responsiveness of hydrogels. Various
crosslinking strategies, including physical, chemical, and biological methods, offer
distinct advantages and limitations for tuning hydrogel properties [44]. Chemical
crosslinking methods require precise control of reaction conditions, stoichiometry,
and reaction kinetics to achieve desired crosslink densities and network structures.
Physical crosslinking techniques involve optimization of environmental parameters to
induce gelation [45].

* Physical Crosslinking: Physical crosslinking methods, such as temperature-
induced gelation, ionotropic gelation, and self-assembly, rely on noncovalent
interactions to form the hydrogel network. These methods offer simplicity and
reversibility, enabling controlled gelation and responsive behavior, as well as lower
mechanical strength and stability compared to chemically crosslinked hydrogels.

* Chemical Crosslinking: Chemical crosslinking methods, such as photopolymer-
ization, Michael addition, and click chemistry, involve the formation of covalent
bonds between polymer chains to create a stable hydrogel network. These
methods offer precise control over crosslink density and mechanical properties,
facilitating the customization of hydrogel stiffness, degradation kinetics, and
drug release profiles.

* Biological Crosslinking: Biological crosslinking methods, such as enzymatic
crosslinking and cell-mediated gelation, harness biological agents to induce
hydrogel formation and remodeling. These methods offer compatibility with
living cells and tissues, enabling iz situ gelation and dynamic interactions with
the biological environment.
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3.3.3 Envivonmental conditions

The properties and behavior of hydrogels are influenced by environmental
conditions such as temperature, pH, and ionic strength, which can trigger changes in
swelling, mechanical properties, and drug release kinetics [46].

* pH Responsiveness: pH-responsive hydrogels, such as poly(acrylic acid) (PAA)
hydrogels, exhibit changes in swelling behavior and mechanical properties in
response to variations in pH. By incorporating pH-sensitive moieties into the
hydrogel network, researchers can design hydrogels that respond to acidic or
alkaline environments, enabling applications in drug delivery, biosensing, and
wound healing.

* Ionic strength and solvent composition: Hydrogel swelling, and network
properties can be influenced by variations in ionic strength and solvent composi-
tion. By adjusting the concentration of ions or solvent polarity, researchers can
modulate hydrogel swelling behavior, drug release kinetics, and mechanical
properties, offering opportunities for tailored hydrogel design and optimization.

4. Biomaterials for drug delivery

The convergence of biomaterials science and pharmaceuticals has given rise to a
revolutionary approach in healthcare: drug delivery systems. These systems utilize
biomaterials as carriers to transport therapeutic agents to specific targets within the
body, offering precise control over drug release kinetics, bioavailability, and thera-
peutic efficacy [2, 47-50].

Biomaterial-based drug delivery systems are engineered to overcome biological
barriers that limit the efficacy of conventional drug formulations. Nanoparticle car-
riers, for example, can bypass the blood-brain barrier to deliver drugs to the central
nervous system, offering new treatment avenues for neurological disorders such as
Alzheimer’s disease and brain tumors [51]. Similarly, hydrogel-based delivery systems
can penetrate the tumor microenvironment to deliver therapeutics to cancer cells,
overcoming obstacles such as hypoxia and interstitial fluid pressure.

To address the challenges associated with conventional therapeutic models, there
is a growing need for personalized approaches in biomaterials-based hydrogel design
and application. Key strategies for advancing personalized hydrogel-based therapies
include:

* Integration of patient-specific parameters, such as tissue characteristics, immune
response, and genetic factors, into biomaterial selection processes to optimize
biocompatibility and therapeutic efficacy [43].

* Development of targeted drug delivery systems that incorporate patient-specific
factors, such as tumor biomarkers or disease characteristics, to achieve site-
specific drug release and enhance therapeutic outcomes [52].

* Customized fabrication of hydrogel scaffolds with tailored mechanical properties,
bioactive cues, and degradation kinetics to promote tissue-specific regeneration
and integration [53].
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4.1 Importance of drug delivery in medicine

In the realm of modern medicine, drug delivery stands as a cornerstone of
therapeutic interventions, facilitating the precise administration of pharmaceuti-
cal agents to targeted sites within the body. From alleviating symptoms to curing
diseases, drug delivery systems play a pivotal role in optimizing therapeutic outcomes
while minimizing adverse effects. Conventional drug delivery systems can have many
side effects because they have poor bioavailability, variations in plasma drug levels
and do not demonstrate sustained release. Also, some excipients of synthetic origin
contained in classic medicines, such as coloring agents, perfumes, antioxidants, anti-
caking agents, binding agents, solvents and lubricants, sweeteners, flavoring agents,
preservatives or solubilizing agents, can induce nausea, dizziness, headaches, can be
metabolized in certain organs, and can promote the onset or worsening of certain
diseases over time. For this reason, modern treatment systems based on biomaterials,
of natural origin, with improved efficiency and minimal or absent side effects, are at
the top of scientific research in the biomedical field.

Drug delivery is a critical component of medical treatment, influencing the effi-
cacy, safety, and patient compliance of pharmaceutical interventions. Several factors
underscore the importance of drug delivery in medicine:

i. Drug delivery systems enable the controlled release and targeted delivery of
pharmaceutical agents to specific sites within the body, maximizing thera-
peutic efficacy while minimizing systemic side effects. By optimizing drug
concentrations at the site of action, drug delivery systems enhance the effec-
tiveness of treatments for various diseases, ranging from cancer to infectious
diseases.

—

ii. Drug delivery systems offer convenience and ease of administration, enhanc-
ing patient compliance with prescribed treatment regimens. Whether in the
form of oral tablets, transdermal patches, or injectable formulations, opti-
mized drug delivery systems streamline medication administration, reducing

the burden on patients and improving treatment adherence.

—

iii. Drug delivery systems can be designed to provide sustained release or pro-
longed action of pharmaceutical agents, maintaining therapeutic drug levels
in the body over an extended period. By controlling drug release kinetics, drug
delivery systems optimize pharmacokinetics and pharmacodynamics, ensur-
ing continuous and effective treatment while minimizing fluctuations in drug

concentrations.

iv. Advances in drug delivery technologies have paved the way for personalized
medicine approaches, tailoring treatment regimens to individual patient
characteristics and disease profiles. By incorporating patient-specific factors
such as genetic polymorphisms, disease biomarkers, and pharmacokinetic
parameters, drug delivery systems enable precision medicine strategies that
optimize therapeutic outcomes and minimize adverse events.

v. Drug delivery systems can overcome biological barriers such as the blood-brain
barrier, gastrointestinal mucosa, and tumor microenvironment, enabling
the delivery of therapeutics to otherwise inaccessible sites. By incorporating
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targeting ligands, nanoparticles, or drug conjugates, drug delivery systems
enhance drug penetration and bioavailability, overcoming physiological barri-
ers and improving treatment efficacy for challenging conditions.

-

vi. Drug delivery systems enable the co-delivery of multiple therapeutic agents,
facilitating combination therapies that target multiple pathways or disease
processes simultaneously. By encapsulating drugs within the same carrier
or incorporating multiple drug-loaded nanoparticles, drug delivery systems
enhance synergistic effects, overcome drug resistance, and improve therapeu-

tic outcomes for complex diseases such as cancer and infectious diseases.
4.2 Various drug delivery systems

Drug delivery systems encompass a diverse array of technologies designed to
optimize the administration, targeting, and release of pharmaceutical agents within
the body, enhancing therapeutic efficacy and minimizing side effects [54].

4.2.1 Conventional drug delivery systems

Oral drug delivery remains one of the most common and convenient methods of
medication administration. Oral tablets, capsules, and liquid formulations offer ease
of use, patient compliance, and widespread availability. These formulations undergo
dissolution and absorption in the gastrointestinal tract, delivering drugs to systemic
circulation for distribution to target tissues. Modified-release formulations, such
as extended-release tablets and gastro-resistant capsules, enable controlled drug
release and prolonged therapeutic action, enhancing treatment efficacy and patient
convenience.

Transdermal drug delivery systems deliver drugs through the skin for systemic
absorption, bypassing the gastrointestinal tract and first-pass metabolism.
Transdermal patches, creams, and gels offer sustained release of drugs over an
extended period, providing steady plasma concentrations and minimizing fluctua-
tions in drug levels. These systems are commonly used for delivering hormones,
analgesics, and cardiovascular medications, offering advantages such as improved
patient compliance, reduced systemic side effects, and avoidance of gastrointestinal
irritation.

Inhalation drug delivery systems deliver medications directly to the lungs for rapid
absorption and therapeutic effect. Metered-dose inhalers (MDIs), dry powder
inhalers (DPIs), and nebulizers are commonly used for delivering bronchodilators,
corticosteroids, and other respiratory medications. Inhalation therapy offers targeted
delivery to the site of action, rapid onset of action, and reduced systemic exposure,
making it an effective approach for managing respiratory diseases such as asthma and
chronic obstructive pulmonary disease (COPD).

4.2.2 Advanced drug delivery systems

Nanoparticle-based drug delivery systems utilize nanoscale carriers such as liposomes,
polymeric nanoparticles, and lipid nanoparticles to encapsulate and deliver drugs to
target tissues. These carriers offer advantages such as enhanced drug solubility, pro-
longed circulation time, and targeted delivery to specific cells or tissues. Nanoparticle
formulations enable the controlled release of drugs, reduce systemic toxicity, and
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improve therapeutic efficacy, making them promising platforms for cancer therapy,
gene delivery, and targeted drug delivery to the brain.

Hydrogel-based drug delivery systems utilize hydrophilic polymer networks to encap-
sulate drugs and release them in a controlled manner. These systems are used for
localized drug delivery to tissues, wound healing, and sustained release of therapeutic
agents. Injectable hydrogels offer minimally invasive delivery routes and conformal
contact with tissues, making them suitable for tissue engineering, regenerative
medicine, and controlled drug release applications.

Implantable drug delivery devices are surgically implanted within the body to
deliver drugs over an extended period. These devices include drug-eluting stents,
subcutaneous implants, and intravitreal implants, offering localized drug delivery
and sustained release of therapeutics. Implantable devices provide advantages such as
improved patient compliance, reduced dosing frequency, and enhanced therapeutic
efficacy, particularly for chronic conditions requiring long-term treatment.

Targeted drug delivery systems aim to deliver drugs selectively to diseased tissues
or cells while minimizing exposure to healthy tissues. These systems utilize target-
ing ligands, antibodies, or stimuli-responsive materials to achieve site-specific drug
delivery. Targeted drug delivery offers advantages such as increased drug accumula-
tion at the target site, reduced systemic toxicity, and enhanced therapeutic efficacy.
Examples include antibody-drug conjugates, targeted nanoparticles, and stimuli-
responsive hydrogels for cancer therapy, inflammatory diseases, and infectious
diseases.

4.3 Advantages of using hydrogels for drug delivery

Hydrogels, with their unique properties and versatile characteristics, have
emerged as promising platforms for drug delivery applications. From controlled
release to targeted delivery, hydrogels offer numerous advantages that make them
attractive for pharmaceutical formulations [55]. Hydrogels offer precise control
over drug release kinetics, enabling sustained, controlled release of pharmaceutical
agents over extended periods. The porous structure of hydrogels allows drugs to be
encapsulated within the polymer matrix, from which they can diffuse or be vari-
ably released in response to external stimuli, from zero-order kinetics to pulsatile or
stimuli-responsive release.

Hydrogels can be engineered to achieve targeted drug delivery to specific tissues
or cells within the body. Functionalization of hydrogels with targeting ligands,
antibodies, or peptides enables selective binding to receptors or biomarkers
expressed on target cells, enhancing drug accumulation and therapeutic efficacy
while minimizing off-target effects. Targeted drug delivery using hydrogels offers
advantages such as increased drug bioavailability, reduced systemic toxicity, and
enhanced treatment outcomes for diseases such as cancer, inflammation, and infec-
tious diseases.

5. Design and formulation of biomaterial-based hydrogels

5.1 Engineering hydrogel composition

The design of biomaterial-based hydrogels begins with the selection and
engineering of hydrogel composition. Natural polymers such as collagen, alginate,
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hyaluronic acid, and chitosan offer inherent biocompatibility and bioactivity,
mimicking the extracellular matrix of native tissues. Synthetic polymers such as
polyethylene glycol (PEG), polyacrylamide (PAA), and poly(N-isopropylacrylamide)
(PNIPAAm) offer precise control over mechanical properties, degradation kinetics,
and responsiveness to stimuli. Hybrid hydrogels, combining elements of natural

and synthetic polymers, offer synergistic properties that enhance biocompatibility,
mechanical strength, and tunability.

5.2 Crosslinking strategies for hydrogel formation

The formation of hydrogels relies on crosslinking strategies that create stable
networks of polymer chains. Various crosslinking methods, including physical,
chemical, and biological approaches, offer distinct advantages and limitations for
hydrogel synthesis. By selecting appropriate crosslinking strategies, researchers
can tailor hydrogel properties such as mechanical strength, swelling behavior, and
degradation kinetics to meet specific application requirements.

5.3 Modulating hydrogel properties and functionality

The properties and functionality of hydrogels can be modulated through various
strategies, including molecular design, polymer modification, and incorporation of
bioactive molecules. By tuning parameters such as polymer concentration, crosslink-
ing density, and network architecture, researchers can control hydrogel stiffness,
porosity, and water retention capacity. Stimuli-responsive hydrogels, designed to
undergo reversible changes in response to external stimuli such as temperature, pH,
or light, offer opportunities for on-demand drug release and dynamic modulation of
hydrogel properties.

5.4 Methods for preparing hydrogels
5.4.1 Polymerization techniques

Free radical polymerization: Free radical polymerization is a commonly used
method for synthesizing hydrogels from monomers such as acrylic acid, acrylamide,
or methacrylate derivatives. Initiators such as ammonium persulfate (APS) and
N,N,N’,N’-tetramethylethylenediamine (TEMED) are used to initiate polymeriza-
tion, leading to the formation of crosslinked polymer networks [56].

Crosslinking Polymerization: Crosslinking polymerization involves the crosslinking
of preformed polymer chains to create hydrogel networks. Crosslinking agents such as
glutaraldehyde, genipin, or poly(ethylene glycol) diacrylate (PEGDA) are used to link
polymer chains via covalent bonds, resulting in hydrogels with tunable mechanical
properties and degradation kinetics [57].

5.4.2 Physical gelation methods

Temperatuve-induced gelation: Temperature-induced gelation relies on the reversible
sol-gel transition of polymers in response to changes in temperature. Polymers such
as poly(N-isopropylacrylamide) (PNIPAAm) undergo a phase transition near their
lower critical solution temperature (LCST), resulting in the formation of hydrogels at
elevated temperatures and solubilization at lower temperatures [58].
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Ionic gelation: Ionic gelation involves the crosslinking of polymers via ionic interac-
tions between oppositely charged ions. Polymers such as alginate or chitosan form
hydrogels in the presence of multivalent cations such as calcium ions (Ca*"), resulting
in the formation of stable crosslinked networks [59].

5.4.3 Chemical modification techniques

Functionalization: Hydrogel properties can be modified through chemical
functionalization of polymer chains. Functional groups such as carboxylic acids,
amino groups, or thiol groups can be introduced onto polymer chains via chemical
reactions such as amidation, esterification, or thiolene click chemistry, enabling
tailored hydrogel properties and functionalities [60].

Surface modification: Surface modification of hydrogels involves the attachment of
bioactive molecules, cell-adhesive peptides, or growth factors onto hydrogel surfaces.
Surface modification techniques such as physical adsorption, covalent immobiliza-
tion, or layer-by-layer assembly enable the creation of bioactive hydrogels with
enhanced cell adhesion, proliferation, and differentiation properties.

5.4.4 Solution casting and molding

Solution casting and molding involve the preparation of hydrogel precursor
solutions followed by casting into molds and subsequent gelation. This method allows
for the fabrication of hydrogel films, discs, or shapes with precise control over size,
shape, and thickness.

5.4.5 Electrospinning

Electrospinning is a technique used to fabricate hydrogel fibers with diameters
ranging from nanometers to micrometers. Hydrogel precursor solutions are electros-
pun into fine fibers using an electric field, resulting in the formation of hydrogel mats
or scaffolds with high surface area and porosity.

5.4.6 3D printing

3D printing, also known as additive manufacturing, enables the fabrication of
complex three-dimensional hydrogel structures layer by layer. Hydrogel precursor
solutions are deposited onto a substrate using a computer-controlled nozzle or laser,
allowing for the precise spatial patterning of hydrogel materials.

5.5 Characterization techniques

Swelling Ratio Measurement: The swelling ratio of hydrogels, defined as the ratio of
swollen weight to dry weight, is often measured to assess hydrogel swelling behavior
and water retention capacity.

Mechanical Testing: Mechanical testing techniques such as tensile testing, compres-
sion testing, or rheological analysis are used to evaluate the mechanical properties of
hydrogels, including stiffness, elasticity, and viscoelastic behavior.

Drug Release Studies: Drug release studies are conducted to assess the release
kinetics of therapeutic agents from hydrogel matrices. Techniques such as
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spectrophotometry, chromatography, or imaging are used to quantify drug release
over time.

Biocompatibility Assessment: Biocompatibility assessment involves evaluating
the cytotoxicity, cell adhesion, and cell proliferation of hydrogels using i vitro cell
culture assays or iz vivo animal studies.

Methods for preparing hydrogels encompass a wide range of synthesis, modifica-
tion, fabrication, and characterization techniques tailored to achieve specific proper-
ties and applications. From polymerization techniques to physical gelation methods,
chemical modification strategies, and fabrication techniques, researchers and engi-
neers have at their disposal a versatile toolkit for designing and engineering hydrogels
with precise control over structure, properties, and functionality [61].

5.6 Incorporation of therapeutic agents into hydrogel matrices

Hydrogels serve as versatile carriers for the encapsulation and controlled release of
therapeutic agents, ranging from small molecules to proteins and nucleic acids [62].
By incorporating therapeutic agents into hydrogel matrices, researchers can achieve
precise control over drug release kinetics, improve drug stability, and enhance
therapeutic efficacy.

5.6.1 Encapsulation techniques

Physical entrapment involves the encapsulation of therapeutic agents within
hydrogel matrices through physical interactions such as hydrogen bonding, elec-
trostatic interactions, or hydrophobic interactions. Therapeutic agents are simply
mixed with hydrogel precursor solutions before gelation, resulting in a uniform
distribution of drugs throughout the hydrogel matrix. Chemical conjugation entails
the covalent attachment of therapeutic agents to polymer chains within hydrogel
matrices. Functional groups on therapeutic agents and polymer chains are chemically
modified to facilitate covalent bonding, ensuring the stable incorporation of drugs
into hydrogel networks.

5.6.2 Key considerations
i. Hydrogels and encapsulated therapeutic agents must be biocompatible to
ensure compatibility with biological systems and minimize adverse effects on

cells and tissues.

ii. Encapsulated therapeutic agents should remain stable within hydrogel matri-
ces to maintain drug potency and efficacy throughout the release process.

iii. The release kinetics of therapeutic agents from hydrogel matrices should be
carefully tuned to achieve desired release profiles, balancing factors such as
diffusion rates, degradation rates, and stimuli responsiveness.

5.7 Strategies for controlling drug release from hydrogels

Controlling drug release from hydrogels is crucial for optimizing therapeutic
efficacy, minimizing side effects, and achieving desired pharmacokinetic profiles.
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5.7.1 Diffusion-controlled release

The structure of hydrogel matrices, including porosity, mesh size, and network
density, influences the diffusion of therapeutic agents through the hydrogel network.
Tuning these parameters allows for controlled diffusion of drugs and modulation of
release kinetics. The concentration of therapeutic agents loaded into hydrogel matri-
ces affects drug release kinetics, with higher loading concentrations typically result-
ing in faster release rates due to increased concentration gradients.

5.7.2 Degradation-controlled release

Hydrogel degradation kinetics, determined by factors such as polymer composi-
tion, crosslinking density, and degradation mechanisms, influence drug release rates.
Degradable hydrogels undergo gradual breakdown, releasing encapsulated drugs as the
polymer matrix degrades over time. Enzyme-responsive hydrogels incorporate peptide
sequences susceptible to enzymatic cleavage within the polymer network. Enzyme
activity in the surrounding environment triggers hydrogel degradation and subsequent
release of therapeutic agents, enabling spatiotemporal control over drug release.

5.7.3 Stimuli-responsive release

pH-responsive hydrogels undergo structural changes in response to variations in
pH, enabling the triggered release of therapeutic agents under acidic or basic condi-
tions. pH-sensitive polymers such as poly(acrylic acid) (PAA) or poly (histidine)
(PHis) are commonly used to design pH-responsive hydrogels for targeted drug deliv-
ery to specific physiological environments [63]. Temperature-responsive hydrogels
exhibit phase transitions in response to changes in temperature, resulting in sol-gel
transitions and modulation of drug release kinetics. Thermoresponsive polymers such
as poly(N-isopropylacrylamide) (PNIPAAm) undergo reversible phase transitions
near their lower critical solution temperature (LCST), enabling the temperature-
triggered release of therapeutic agents [64].

5.7.4 External stimuli-vesponsive release

Light-responsive hydrogels incorporate photoreactive moieties that undergo
conformational changes or crosslinking upon exposure to specific wavelengths of
light. Light-triggered hydrogel systems enable spatially controlled release of therapeu-
tic agents using light patterning techniques such as photolithography or laser irradia-
tion. Magnetic-responsive hydrogels incorporate magnetic nanoparticles within the
polymer matrix, enabling remote control over drug release using external magnetic
fields. Magnetic stimuli induce mechanical deformation or swelling of hydrogel
networks, facilitating the on-demand release of therapeutic agents at target sites.

6. Biomaterials-based hydrogels in skin tissue engineering, surgical
defects, and wound healing

6.1 Role of hydrogels in wound management

The outer layer of the human body, the skin, is our largest organ, and the first
defense barrier against harmful environmental influences [65, 66]. It is incredibly
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versatile and performs many vital functions. The skin has the ability to regenerate
itself naturally, but this self-healing ability can be diminished for wounds larger than
about 4 centimeters in diameter [67]. Bandages are applied to help the wound healing
process and also to protect the wounds from various infections. Currently, a variety of
modern products have been commercially launched for wound care, including foams,
films, hydrocolloids, hydrogels, and hydrofibers. Hydrogels are ideal wound dressings due
to their exceptional biological properties [68-71]. Dressings based on hydrogels are
considered advanced successful systems and particularly useful tools in biomedical
practice.

Hydrogels can be designed with a wide variety of characteristics to obtain biocom-
patible, stable, and bioresorbable polymeric matrices for applied biomedicine such as
skin tissue engineering and wound management [72, 73]. A crucial attribute of the
use of hydrogels in wound healing is to ensure facile application, long-lasting adhesive-
ness, and the ability to be easily removed from human skin without causing any dam-
age or leaving traces [74-76]. In addition, they are considered therapies with great
potential to reduce scar formation in skin wounds due to their high water content. As
dressing materials, they can be used both for exudative wounds and for dry wounds.
The main constraints of medical adhesive hydrogels are the strength to adhere to
soft tissue surfaces and the resistance to cyclic stresses in the moist and dynamic
environments surrounding the tissues [77]. Hydrogels do not cause irritation, allow
the passage of metabolites, and do not interact with biological tissues [78]. Hydrogels
are used to transport various drugs to areas affected by wounds, benefiting from
their porous, hydrophilic structure [2]. A promising strategy to avoid scar formation
following skin injury involves employing a hydrogel as a pro-regenerative matrix
combined with growth factors and various cell types to stimulate tissue regeneration.
Its adhesive attributes allow it to adhere to hard and soft tissues, being a valuable
material in surgery, orthopedics, dentistry, ophthalmology, technical-sanitary instru-
mentation, or surgical tools [79-82].

Polysaccharide-based hydrogels used as dressings for wound healing ensure
several simultaneous activities to support complete recovery and have the following

role [83]:

1. Antioxidant. They lead to the reduction of the level of reactive oxygen species
that affect the antioxidant capacity necessary to promote the healing of diabetic
wounds. Oxidative stress inhibits healing progress in many categories of skin
wounds, such as bacterial infections, erosions, scars, ulcers, burns, or acute
trauma.

2. Anti-inflammatory. Inhibition of anti-inflammatory responses is a key factor
in wound healing, especially chronic wounds. Incorporating drugs with anti-
inflammatory properties into the bioinspired hydrogel matrix is an advantageous
approach that helps increase the anti-inflammatory effects.

3. Antibacterial. The incorporation of biomaterials into wound dressings increases
their ability to inhibit the growth of a wide spectrum of bacteria and reduces the
risk of infection, avoiding dangers such as necrosis, sepsis, or other fatal hazards.

4.Hemostatic. Hemostasis is the first and very important stage of wound healing
because an uncontrolled hemorrhage can lead to death. Fast hemostasis can be
achieved with dressings based on hydrogels with a porous structure, which are
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advantageous because they have excellent capacities for absorbing large amounts
of injury exudate and controlling wound bleeding.

5.Supports the growth of skin cells and granulation tissues. Hydrogels are
used as carriers for natural compounds or drugs for skin healing. Embedding
the drugs or various slow-release bioactive constituents into multifunctional
hydrogel scaffolds can lead to an increase in the long-term healing capacity of
wounds.

6.2 Delivery of growth factors and cells for tissue skin regeneration

Wound healing is a physiological process that occurs continuously, in several
stages: hemostasis, inflammation, proliferation, or formation of granulation tissue,
remodeling or maturation of the newly formed tissue [84]. It requires direct dynamic
interactions between the extracellular matrix (ECM) and growth factors or indirectly,
for example, the binding of different types of cells to the ECM [85, 86]. Growth
factors are polypeptide molecules secreted by cells, with a signaling role that adjusts
cellular responses corresponding to the stages of healing. During the healing of skin
wounds, various growth factors are secreted and released that help synthesize col-
lagen and regenerate the epidermis [87]. The benefits of the administration of growth
factors are limited because they have low stability iz vivo, slow absorption through
the skin, and can be eliminated with the exudate. In clinical practice, the efficient
and safe delivery of growth factors requires controlled delivery systems. However,
the action time of the growth factors can be increased if they are loaded in natural
hydrogel matrices [88]. They have many functional groups that provide suitable bind-
ing sites to form stable bonds with growth factors [89].

A promising strategy to regulate skin healing and avoid scar formation after skin
injuries involve the use of hydrogel as a pro-regenerative matrix combined with
growth factors and different cell types to act directly on local wounds and to stimulate
tissue regeneration.

6.3 Clinical applications and case studies

Numerous studies have presented the results of research with the perspective of
developing materials for healing wounds with adhesive and hemostatic properties.
The research focused on composite hydrogels based on nanoparticles inspired by
mussels, recognized for their exceptional ability to adhere in an aqueous environment
and for rapid hardening due to the contained Byssus proteins [90]. A very recent
study reported the obtaining of a therapeutic and bioinspired hydrogel based on
crosslinked CS/COL combinatorial biomacromolecules. Both dry and wet hydrogels
obtained incorporated green synthesized AgNPs loaded with cefotaxime sodium.
They showed good antimicrobial activity against gram-positive and negative bacteria.
Wound healing activity performed on injured rats demonstrated complete wound
closure after 2 and 3 weeks, respectively, fully restoring skin function [91]. A novel
pharmaceutical hydrogel containing bacteriomimetic microparticles based on mem-
brane vesicles (MV) produced by Lactobacilli was designed for wound healing. The
anti-inflammatory effect of the hydrogel was tested on primary human peripheral
blood mononuclear cells, and scar formation was observed in a mouse model iz vivo.
The hydrogel showed anti-inflammatory effects in vitro and a good ability to heal
wounds and reduce scar formation iz vivo [92].
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The fabrication of bioinspired dressings for wounds is of significant interest
from the perspective of the increasing incidence of chronic diseases and the increase
of resistance to antibiotics. The researchers approached this topic of interest and
created hydrogels based on hyaluronic acid methacrylate and gelatin methacrylate,
incorporating selenium nanoparticles. The nanoparticles were obtained through a
nontoxic microwave-assisted hydrothermal synthesis strategy. The effectiveness of
nanoparticle-loaded hydrogels in wound healing was evaluated by the iz vitro scratch
test. Experiments have shown that nanoparticles significantly improve results com-
pared to other types of nanoparticles, and hydrogels can act as effective dressings to
facilitate wound healing [93].

It is known that cardiovascular diseases cause many millions of deaths worldwide
every year, and treatments after surgical interventions require the development of
new and more effective therapies and medical technology. It is an important direc-
tion for top research, and numerous biomaterials-based approaches have extensively
investigated this critical area [82]. Open heart operations or heart transplants are
major and high-risk interventions, including the risk of infection. Various research
has addressed obtaining cardiac patches that provide temporary support to the
infarcted area for the administration of cells or bioactive factors or anti-inflamma-
tory drugs. Researchers have developed a novel hydrogel patch for sustained release
directly into the infarcted heart to reduce inflammation. The adhesive hydrogel
that can be painted was obtained based on dextran-aldehyde (dex-ald) and gelatin,
incorporating the anti-inflammatory protein, ANGPTL4. Experiments performed
on cardiac tissue treated with ANGPTL4-loaded hydrogel patches showed increased
vascularity, reduced inflammatory macrophages, and structural maturation of
cardiac cells. In addition, the developed hydrogel showed suitable tissue adhesion,
excellent mechanical stability, and sustained release of anti-inflammatory drugs.
The results of the in vivo experiments encourage the authors to consider the hydro-
gel patch a useful tool for the repair of various tissues, including the heart, muscles,
and cartilage [94].

The development of biotherapeutic hydrogels offers new treatment options for a
wide range of conditions, including acute wounds, diabetic wounds, and burns. The
healing process can be affected by many factors, such as bacterial infections, high
levels of reactive oxygen species, macrophage dysfunction, sustained hypoxia,
excess pro-inflammatory cytokines, age, sex, obesity, diabetes, nutrition, or medi-
cation. All these elements are taken into consideration when designing new synthe-
ses of smart hydrogels to provide multifunctional abilities that allow them to effectively
respond and accelerate wound healing. Likewise, they can have different properties
in real time, such as reactivity to stimuli, injectable self-healing, shape memory, and
conductive monitoring [95-102].

7. Hydrogels in tissue engineering
7.1 Use of hydrogels as scaffolds for tissue regeneration

The potential to coexist and interconnect within specific physiological systems
or around tissues without causing damage is the key factor that distinguishes
biomaterials from other types of materials. In the modern innovative era, advanced
techniques of combining biomimetic materials and incorporating cells and bioactive
molecules design tissue engineering scaffolds with distinct 3D structure that ensure
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mechanical aid for cells in engineered tissues and simulate the native extracellular
matrix [1]. The manufacture of biomaterial-based scaffolds that do not induce
immune reactions has a decisive contribution in stimulating angiogenic and osteo-
genic progressions and is based on the selection of the most suitable biomaterial.

In the area of tissue engineering, hydrogels based on biomaterials are effective in
promoting the healing of bone defects. However, inadequate vascularization in large
bone defects is a huge challenge for clinical bioengineering and limits progress in the
production of bone substitutes [103].

The biodegradability of the scaffold should be controllable and tunable to allow
useful remodeling. This remodeling particularizes vascularization, cellular differen-
tiation, and degradation of the scaffold, so that at the end, this scaffold is substituted
by the target tissue [104]. Osteoarthritis is a degenerative disease whose major
pathological features are articular cartilage defects, which in turn amplify inflam-
mation in the joint. Cartilage is a significant tissue whose damage can amplify the
deterioration of joint function. The tissue’s limited self-repair capacity is insufficient
and significant regeneration will not occur due to the complex structure of cartilage,
where there are no blood vessels, nerves, or lymphatic tissue. Biomaterials-based
hydrogels with elastic structures, with smooth surfaces and a high-water content
can be designed with properties adapted for the repair of different types of cartilage
defects. Numerous studies have developed and applied advanced hydrogels in vitro or
in vivo created for the needs of cartilage tissue engineering and precision medicine.

A very recent study presented the development of a semi-flexible hydrogel that
mimics the stiffness of natural tissue and facilitates bone regeneration. The hydrogel
based on elastic fibers of reticulated fibrinogen and collagen consumes energy and
makes the transition from soft to hard, changing its internal state along with body
temperature. Due to its hydrophilicity, the hydrogel quickly adhered to the surface,
then became rigid, reducing inflammation in the early stages and contributing to the
formation of bone tissue. Due to the ability of accelerated regeneration, this bioin-
spired hydrogel has the potential to be applied to various other tissues [105].

A new formulation of injectable hydrogel based on kappa-carrageenan-co-N-
isopropyl acrylamide (kC-co-NIPAAM) was made by free radical polymerization and
antisolvent evaporation technique. The results of digital X-ray investigation using
anin vivo bone defect model showed that the synthesized hydrogel improved bone
regeneration [106].

Hydrogels serve as supporting matrices to deliver cardiomyocytes and stem cells in
regenerating cardiac tissue into infarcted cardiac muscle. Among the hydrogel types
used for cardiac tissue are natural polymer hydrogels, synthetic polymer hydrogels, or
hybrid hydrogels [107]. Research highlights the hydrogels with elastomeric, conduc-
tive, and oxygen-releasing properties and stimuli-responsive hydrogels, which have
the ability to react to a range of physical, chemical, and biological stimuli, mimicking
the cardiac tissue [108, 109]. Liver tissue engineering projects the development of
physiologically applicable liver models. The recent iz vitro models of livers made with
the help of bioengineering are encouraging for testing drugs, toxicological studies
or as disease models and as a possible alternative, in the future, to insufficient donor
organs, to treat end-stage liver diseases [110].

7.2 Encapsulation of cells within hydrogel matrices

It is now known that the synergistic interaction between immune cells and cellular
encapsulation is responsible for a proper regenerative process, which is the basis of
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the new concept of modular tissue engineering. Thus, cell-laden hydrogels are being
investigated as native-like systems for various applications in regenerative medicine
and hard tissue repair. The development of cell encapsulation strategies in different
biodegradable hydrogel formulas provides several advantageous features for tis-

sue engineering applications, such as (i) ease of application, (ii) a highly hydrated
substrate that provides a favorable environment for cell and tissue growth, (iii) the
possibility of it is formed in vivo, and (iv) controlled degradation [111].

Degradation regulation can be achieved by (i) the selection and use of natural
biopolymers that are susceptible to enzymatic degradation and (ii) the integration
into the hydrogel of segments that are less stable from a hydrolytic or enzymatic point
of view. Since the encapsulation of the cells occurs together with the gelation process,
the number of suitable formulations is limited.

7.3 Challenges and advancements in tissue engineering with hydrogels

One of the current scientific challenges is the study of the structure of hydrogels
derived from the extracellular matrix proteins of natural tissues, the quantification
of their composition and their extensive characterization, for their application as
injectable or preformed cell delivery matrices in tissue engineering and regenerative
medicine.

Protein-based biopolymers obtained from natural tissues have a hierarchical con-
figuration in their native state. They are isolated from their natural tissue through
various advanced processes and solubilized in an aqueous solution to be remodeled
into injectable or preformed hydrogels for tissue engineering and regenerative
applications.

Bio gels are advanced materials based on novel biopolymers derived from proteins,
lipids, nucleic acids, and carbohydrates, which provide the bioactive amino acid
sequences required for the adhesion, growth, and maturation of encapsulated cells.

8. Hydrogels in ophthalmic and dental applications

The recent applications of hydrogels in ophthalmology highlight their capacity
as versatile, efficient, biocompatible, and adaptable therapeutic tools. They prove
the ability to target, control, and sustain drug release to the posterior segment of
the eye, minimizing invasive operations and improving patient results [112]. Also,
hydrogels are useful in postoperative drug delivery and disease detection. However,
most hydrogel-based studies remain in preclinical stages, requiring rigorous clinical
evaluations [113].

Hydrogels are useful in ocular applications such as soft contact lenses (SCLs) or
as materials during contact lens development and can be integrated with nature-
inspired drug immobilization and release strategies, providing useful tools for ocular
delivery systems of medicines [114].

Oral tissue engineering uses dental biomaterials that require a dual purpose:
combating bacterial infections and promoting tissue growth. Biomaterial-based
hydrogels demonstrate exceptional potential for oral tissue regeneration and drug
delivery [115].

Materials based on hydrogels must face specific challenges, such as the oral
environment with sudden temperature changes, the presence of different categories
of bacteria, and pH fluctuations caused by saliva and biofilms [116]. Controlled
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syntheses of hydrogels can regulate their porous structure to achieve pores of the right
size and shape with the surrounding tissues, promoting cell adhesion and growth and
being useful in regenerative therapy [117, 118].

Among the advantages of hydrogels for oral applications:

* high fluid absorption capacity,

* antibacterial properties,

* effective drug release carriers,

* response to external physical, chemical, and biological stimuli,

* promotes the regeneration of oral tissue.

9. Targeted therapy in theragnostic

Hydrogels are promising tools widely applied in the treatment of cancer by
chemotherapy, radiotherapy, immunotherapy, hyperthermia, photodynamic therapy,
and photothermal therapy (Figure 2) [119].

A

Photothermal and
Photodynamic Therapy

Figure 2.
The applications of hydrogels (A) cancer chemotherapy; (B) radiotherapy; (C) immunotherapy;
(D) hyperthermia; (E) photodynamic therapy and photothermal therapy [119].
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The main advantages of hydrogels as excellent carriers of new drugs in cancer treat-
ment are:

* their use as controlled and precise systems for the continuous and sequential
release of drugs, chemotherapeutics, radionuclides, immunosuppressants,
hyperthermia agents, phototherapy agents, and other substances.

* targeting different sites and categories of cancer, thus reducing the dose of com-
mon drugs, and improving the efficiency of the treatment.

* providing intelligent responses to environmental changes depending on internal
and external environmental stimuli, with the possibility of remote control and
the release on demand of various active anticancer substances.

* the combination of imaging and therapeutic applications in an only one therag-
nostic platform by incorporating different contrast agents or nanoparticles in the
hydrogel matrix and monitoring in real time the response to the treatment and
the stage of the disease.

* the possibility of adjusting the treatment parameters in real time, optimizing the
therapeutic results, and minimizing the development of drug resistance and side
effects.

As targeted therapy in theragnostic, injectable hydrogels have a huge potential
due to the possibility of in vivo application and their distinctive way of administra-
tion in the human body. Design strategies aim to develop multifunctional injectable
hydrogels with good adhesion, elasticity, and bioresorbability iz vivo to be applied
via a minimal route. In the structure of the hydrogel, functional bionanomaterials
can be incorporated to be used in various diagnostic and therapeutic applications in
vivo, including on representative organs such as the skin, liver, heart, and urinary
bladder [120].

10. Challenges and future perspectives

Several challenges persist in the field, which researchers are actively addressing to
advance the field.

1. Biocompatibility and immunogenicity

Ensuring the biocompatibility of hydrogels is essential for their safe and effective
use in biomedical applications. Hydrogel degradation products or residual crosslink-
ing agents may induce inflammatory responses or immune reactions iz vivo, limiting
their clinical utility.

2.Mechanical properties and stability

Achieving adequate mechanical properties and stability is critical for the struc-
tural integrity and functional performance of hydrogels in vivo. Weak mechanical
properties or rapid degradation may compromise the longevity and efficacy of
hydrogel-based therapies.
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3. Control over drug release kinetics

Precise control over drug release kinetics is essential for optimizing therapeutic
efficacy and minimizing side effects in drug delivery applications, particularly in
complex biological environments.

4. Biomimetic tissue engineering constructs

Fabricating biomimetic tissue engineering scaffolds with appropriate structural
and biochemical cues to promote tissue regeneration remains a formidable challenge.
Mimicking the complex hierarchical organization and microenvironment of native
tissues in hydrogel-based constructs is essential for successful tissue engineering
outcomes.

5.Clinical translation and regulatory hurdles

Transitioning hydrogel-based technologies from the laboratory to clinical practice
poses significant time, regulatory, and translational challenges. Establishing robust
preclinical evaluation protocols, conducting well-designed clinical trials, and address-
ing manufacturing challenges are critical steps toward successful commercialization
and widespread adoption.

6. Therapeutic efficacy and clinical outcomes

Demonstrating the therapeutic efficacy and clinical benefits of hydrogel-based
therapies in human patients remains a fundamental challenge. Robust preclinical
studies and clinical trials are needed to validate the safety, efficacy, and long-term
outcomes of hydrogel-based interventions. Rigorous preclinical evaluation and clini-
cal validation of hydrogel-based therapies are essential for establishing their clinical
utility and market acceptance.

10.1 Future trends and potential advancements - emerging technologies in
hydrogel research

As researchers continue to push the boundaries of hydrogel technology, several
emerging trends and potential advancements are shaping the future landscape of
hydrogel research, promising to revolutionize for revolutionizing healthcare and
biomedical applications.

10.1.1 Smart hydrogels for precision therapeutics

Smart hydrogels, engineered to respond to specific stimuli such as temperature,
pH, light, or biomolecular signals, offer unprecedented control over drug release
kinetics and therapeutic delivery. These stimuli-responsive hydrogels enable precise
spatiotemporal modulation of drug release tailored to the dynamic physiological
microenvironment. From on-demand drug release to triggered responses to dis-
ease biomarkers, smart hydrogels offer versatile platforms for precision medicine
applications.

10.1.2 3D bioprinting for biomimetic tissue engineering

3D bioprinting technology enables the fabrication of complex, biomimetic tissue
engineering constructs with precise spatial control over cell distribution, scaffold
architecture, and biochemical cues. By integrating cells, biomaterials, and growth
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factors into customizable 3D structures, bioprinting holds promise for engineering
functional tissues and organs ex vivo, and organ transplantation.

10.1.3 Bioactive hydrogels for regenerative medicine

Bioactive hydrogels, incorporating bioactive molecules, cell-adhesive peptides,
and growth factors, mimic the biochemical cues of the native extracellular matrix to
promote tissue regeneration and repair. These bioactive cues facilitate cell adhesion,
proliferation, and differentiation within hydrogel scaffolds, fostering tissue-specific
regeneration. From promoting bone regeneration and cartilage repair to facilitating
cardiac tissue engineering and neural regeneration, bioactive hydrogels offer thera-
peutic interventions for a wide range of degenerative diseases and traumatic injuries.

10.1.4 Nanotechnology-enabled drug delivery systems

Nanotechnology-based drug delivery systems, incorporating nanoparticles,
liposomes, or nanofibers within hydrogel matrices, offer precise control over drug
loading, release kinetics, and targeting specificity. These nanocomposite hydrogels
enable efficient encapsulation and delivery of therapeutic agents, overcoming biologi-
cal barriers and enhancing therapeutic efficacy.

10.1.5 Multifunctional hydrogels for theragnostic

Multifunctional hydrogels, integrating therapeutic and diagnostic functionalities
within a single platform, enable theranostic applications for disease diagnosis, moni-
toring, and treatment. These theranostic hydrogels combine drug delivery capabilities
with imaging modalities, biosensing capabilities, or controlled release mechanisms,
offering integrated solutions for precision medicine.

The future of hydrogel research is characterized by transformative advancements
and innovative technologies that promise to revolutionize healthcare and biomedi-
cal applications. From smart hydrogels for precision therapeutics to 3D bioprinting
for biomimetic tissue engineering, bioactive hydrogels for regenerative medicine,
nanotechnology-enabled drug delivery systems, and multifunctional hydrogels for
theragnostic, the potential for hydrogel-based technologies is vast and far-reaching.

11. Conclusions

Biomaterials-based hydrogels represent a frontier in biomedical engineering,
offering versatile platforms for a wide range of therapeutic applications, including
drug delivery, tissue engineering, regenerative medicine, and diagnostics. The unique
properties of hydrogels, such as biocompatibility, tunable mechanical properties,
and controlled release kinetics, make them invaluable tools for addressing complex
biomedical challenges and improving patient outcomes. From the design and for-
mulation of hydrogels to the incorporation of therapeutic agents, control over drug
release kinetics, and future directions in research and development, biomaterials-
based hydrogels offer transformative opportunities for precision medicine and
personalized therapy. Hydrogels have demonstrated remarkable potential in targeted
drug delivery, enabling localized delivery of therapeutic agents to specific tissues
or organs while minimizing systemic toxicity. By engineering stimuli-responsive
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hydrogels, researchers can achieve precise control over drug release kinetics, enabling
on-demand and site-specific delivery tailored to the dynamic physiological micro-
environment. Moreover, hydrogels hold promise for tissue engineering and regen-
erative medicine applications, where they serve as scaffolds for cell encapsulation,
proliferation, and differentiation. Bioactive hydrogels, incorporating growth factors,
cell-adhesive peptides, and extracellular matrix components, facilitate tissue-specific
regeneration and repair, offering therapeutic interventions for degenerative diseases
and traumatic injuries. Looking ahead, future advancements in biomaterials-based
hydrogel research are expected to focus on smart hydrogels for precision therapeutics,
3D bioprinting for biomimetic tissue engineering, nanotechnology-enabled drug
delivery systems, and multifunctional hydrogels for theragnostic. By harnessing

the collective expertise of multidisciplinary researchers, engineers, clinicians, and
industry partners, we can anticipate continued innovation and translation of hydro-
gel-based technologies into clinical practice, ultimately improving patient care and
quality of life. In conclusion, biomaterials-based hydrogels hold immense promise for
therapeutic applications, offering innovative solutions for addressing unmet medical
needs and advancing healthcare. As research in hydrogel science and engineering
continues to evolve, the potential for biomaterials-based hydrogels to revolutionize
medicine and transform the treatment landscape is boundless.
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Chapter 5

Developments and Challenges of
Hydrogel Coatings for Long-Term
Marine Antifouling Applications

Mengyan Nie and Koulin Chen

Abstract

As aresult of the accumulation of marine organisms on submerged surfaces,
marine fouling can have significant economic and environmental impacts. For
example, marine fouling can increase drag and reduce the hydrodynamic efficiency of
avessel, leading to increased fuel consumption and operational costs as well as higher
greenhouse gas emissions. The marine organisms attached to submerged surfaces can
also induce corrosion and cause the marine structural integrity of the affected sur-
faces compromised, leading to increased maintenance and repair costs. Additionally,
marine fouling can also pose biosecurity risks by spreading invasive species to new
regions and disrupting local ecosystems. Great efforts have been made to develop
effective and environmentally friendly antifouling technologies to mitigate these
impacts. Hydrogel antifouling coatings have been proven effective and environmen-
tally friendly, making them promising for practical marine applications. Here, brief
overviews of antifouling mechanisms and types of hydrogel coatings are presented
first. The latest developments in hydrogel antifouling coatings are categorized based
on design strategies, and the limitations of these coatings are also critically appreci-
ated with regard to their potential for practical marine applications. Finally, insightful
perspectives on hydrogel coating are summarized for their use in practical marine
applications.

Keywords: hydrogel, hydration layer, biofouling, coating, marine fouling,
microbiologically induced corrosion (MIC), antibacterial, coating toughness,
self-generating, self-healing, antifouling agent

1. Introduction

Material surfaces constantly face the threat of foreign substance adherence. When
materials become covered in contaminants, their inherent interfacial properties
are compromised, which would cause severe impact on their performance and even
failure of engineering components. Microbial biofouling poses a significant issue
in relation to biomedical devices, implants, marine structures, and food packaging
materials. The formation of microbial biofilms on biomedical devices and implants
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can lead to severe infections at surgical sites and even medical devices premature
failure. As such, medical devices in contact with human blood must prevent protein
adsorption and blood cell adhesion to avert biofilm formation and biofouling. In
aquatic environments, microbes, macroalgae, and shellfish readily attach to alloys and
metals, causing microbiologically induced corrosion (MIC), reducing fuel efficiency
and operational performance in naval vessels, and contributing to transregional
biological invasions [1].

To tackle these challenges, various antimicrobial strategies have been developed to
effectively prevent bacterial attachment, broadly categorized into two main approaches:
‘contact killing’ which actively kills adhering bacteria and ‘antifouling surfaces’ that
resist bacterial attachment. The approach of contact-killing often leads the killed
bacteria and debris to accumulate on the surface, thereby compromising the long-term
antibacterial performance of the system or the effective surface regeneration strate-
gies needed. The antifouling surface approach mainly relies on surface modification
strategies to form antifouling coatings or to produce specific surface morphologies [2].
Among current antifouling coatings, hydrogels comprising 3D networks of soft and wet
materials are more promising due to their high antifouling performance and environ-
mental friendliness. In this chapter, the working mechanisms of hydrogel antifouling
coatings are briefly overviewed first, and then different types of antifouling hydrogels
are critically appreciated with their limitations identified and mitigation strategies
proposed. In the end, the perspectives on hydrogel antifouling coating systems are
presented to address the remaining challenges for practical marine applications.

2. Antifouling mechanism of hydrogels

Due to a variety of amino-acid residues and conformation flexibility, proteins
could adsorb onto nearly any material surface via noncovalent interactions, such as
hydrogen bonds, electrostatic and ionic interactions, and hydrophobic interactions.
Cells do not directly attach to any substances, rather they interact with the materials
via the adsorbed proteins. The conformation of the adsorbed proteins dictates how
the cells respond (e.g., adhesion, proliferation, differentiation, etc.). In order to pre-
vent protein adsorption and bacterial attachment, two strategies are commonly used
to fabricate antifouling coatings—to make the surface either strongly hydrated or
hydrophobic. For example, the perfluorinated surfaces are usually super-hydrophobic
and oleophobic, exhibiting good antifouling performance because of low-affinity
interactions between most molecules and the superhydrophobic surface. By contrast,
the hydration layer would form a physical and energy barrier to prevent molecule
adsorption. A wide range of molecule systems with hydrophilic or ionic groups that
can form strongly hydrated layers have been employed to fabricate antifouling sur-
faces, such as poly(ethylene glycol) (PEG) and its derivatives, zwitterionic materials,
peptides, polysaccharides, and other polymers [3].

Hydrogels are composed of hydrophilic polymer networks. Their super-hydro-
philic nature allows them to absorb significant amounts of water molecules into
their 3D networks, forming a highly hydrated layer on their surface that prevents
the adhesion of proteins or microbes. For an organism to attach, it must penetrate
this hydration layer, requiring additional energy and thus reducing the likelihood of
attachment [4, 5]. Moreover, the swollen state of hydrogels imparts soft and highly
elastic properties, deterring most marine organisms that prefer to adhere to rigid sur-
faces. Consequently, hydrogels exhibit excellent resistance against proteins, marine
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bacteria, green algae spores, and barnacle larvae. They are also nontoxic, highly
elastic, and inert to bio-macromolecular adhesion.

Hydrogels, including polyhydrophilic and zwitterionic polymers, exhibit different
mechanisms for forming their hydration layers. Hydrophilic materials leverage hydro-
gen bonding while zwitterionic materials utilize stronger ionic solvation. Resistance to
protein adsorption correlates positively with the strength of surface hydration, which
is primarily determined by the material’s physicochemical properties (i.e., molecular
weight and surface chemistry) and surface accumulation (i.e., film thickness, packing
density, and chain conformation). In addition to surface hydration, chain flexibility
plays a crucial role in protein resistance, especially for long-chain polymers. For
instance, UV-initiated thiol-ene cross-linking chemistry was utilized to prepare PEG
hydrogel coatings with different structural compositions by varying PEG length,
vinylic end group, and thiol cross-linker [6]. The antifouling efficiency of long-chain
PEG outperformed that of oligo(ethylene glycol) coatings. As proteins approach the
surface, the compression of polymer chains due to entropy reduction leads to steric
repulsion, resisting protein adsorption, and marine bacteria settlement. While most
water-soluble polymers can reduce protein adsorption to some extent, optimal anti-
fouling capabilities are achieved only under the combined effects of surface hydration
and steric repulsion. It is speculated that the hydration layer plays the main role in the
resistance against protein adsorption if chain flexibility is limited, whereas both chain
flexibility and the hydration layer are important if chain flexibility is significant [4].

3. Types of hydrogels used for antifouling coatings
3.1 Polyhydrophilic polymer hydrogels

Several low- or nonfouling polyhydrophilic materials, including poly(ethylene
glycol) (PEG, sometimes termed as polyethylene oxide, PEO), polysaccharides, and
polyamides, share common structural and chemical properties—hydrophilicity,
electrical charge neutrality, and the presence of hydrogen-bond acceptors/donors [4].

PEG and its derivatives are the most widely used antifouling materials due to the
advantages of high solubility in water, superior biocompatibility, and nontoxicity. Since
the 1970s, they have been utilized to modify material surfaces for antifouling coatings
because of their strong antifouling tendencies toward cells and proteins. Due to their
bulky volume, high hydrated chain mobility, and steric repulsion, PEGylated materials
effectively reduce cell adhesion and protein adsorption [7]. The higher the degree of
polymerization, the better the antifouling effect is. Ekblad et al. [8] have demonstrated
that hydrogel coatings containing polyethylene glycol are highly effective in inhibiting
the settlement of a wide range of fouling organisms in marine and freshwater, showing
excellent antifouling properties with regard to settlement and removal. However, their
widespread use is hindered by poor mechanical performance and brittleness upon
dehydration [9, 10]. Furthermore, PEG undergoes oxidative degradation when exposed
to oxygen, elevated temperatures, or light [11, 12], and the degradation process is
significantly accelerated when ethylene glycol segments come into direct contact
with a transitional metal catalyst such as gold, in the presence of oxygen and higher
temperatures [13]. The oxidative degradation would make the PEGylated surface
unstable and diminish their antifouling properties, and thus limiting their long-term
applications. For example, PEG brushes lose their antifouling capabilities when tem-
peratures reach 35°C, limiting their long-term resistance to protein fouling [14].
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3.2 Zwitterionic polymer hydrogels

Compared with PEG and its derivatives, zwitterionic polymer materials, such as
carboxybetaine (CB), sulfobetaine (SB), and phosphorylcholine (PC) demonstrate
greater oxidative resistance and hydrolytic stability, and have been explored exten-
sively as promising alternatives to PEG derivatives in developing antifouling surfaces.
Zwitterionic polymers, such as polybetaines and polyampholytes, contain both posi-
tive and negative charges equally within their structure. Unlike nonionic hydrophilic
polymers (e.g., PEG) that form hydration layers through hydrogen bonding, zwitter-
ionic polymers can form a more stable and thicker hydration layer on the surface via
electrostatic interactions, tightly binding water molecules through more effective and
stable ionic bonds (as seen in Figure 1) [15], which reduce electrostatic interactions
with protein molecules and minimize protein adhesion, yielding superior antifouling
performance. In addition, the electrostatic interactions between water modules and
dipoles present in the zwitterionic polymer chain are stronger and less sensitive to
temperature than hydrogen-bonding interactions along EG chains, thus as-induced
hydration layer more stable at higher temperatures (e.g. body temperature).

A key factor in the nonfouling properties of zwitterionic polymers is to control
the uniform distribution of surface charge and to achieve surface charge neutrality
(Figure 2), guiding the design of novel, fouling-resistant zwitterionic materials.
Balanced charge and minimal dipole moments are crucial for enhancing the hydration
capacity of the outermost layer through electrostatic interactions [16-20].

However, zwitterionic polymers swell in aqueous media, leading to poor adhesion
to surfaces. Therefore, to create stable zwitterionic surfaces, extensive surface modi-
fication and covalent bonding techniques are required. Moreover, external conditions
such as pH, ionic strength, and temperature significantly influence the antifouling
performance of zwitterionic materials. All these factors may limit their ultimate
usability in industrial applications [21].

Based on their negatively charged groups, polybetaines are categorized into sul-
fobetaine (SB), carboxybetaine (CB), and phosphobetaine (PB). They can be consid-
ered biomimetic molecules due to their structural similarity to natural molecules. The
structure of SB is analogous to taurine, a sulfur-containing nonprotein amino acid
widely present in many animals [22]. CB resembles glycine betaine, a natural com-
pound used in humans for osmoregulation [23]. PB is homologous to the hydrophilic
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Figure 1.
Comparison of the hydration of poly (sulfobetaine methacrylate) (PSBMA) and poly (ethylene glycol)
(PEG) [15].
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Figure 2.
The uniform distribution of surface charge of polybetaines and polyampholytes [16].

portion of phospholipids, which are major components of cell membranes [24].
However, due to high production costs, PB-based polymers have limited their applica-
tions for antifouling coatings. In contrast, SB and CB monomers are cost-effective in
production. Especially, SB can be easily prepared, and the antifouling performance
of polysulfobetaine is unaffected by the medium solution pH level. CB monomers are
biocompatible and can be further modified to enhance their antifouling performance.
Therefore, current antifouling coatings primarily utilize SB and CB [25]. Karthduser
etal. [26] synthesized a set of poly(sulfobetaine methacrylate)s (PSBMAs) to study
the relationship between their structure and antifouling performance. The spacer
groups, either separating the zwitterionic units from the polymer backbone or the
cationic from the anionic charges, were systematically varied to explore its effect

on the resistance against nonspecific protein adsorption and the accumulation of
single species of marine biofouling organisms. It was revealed that the antifouling
performance of PSBMAs coating could be optimized via the design of the betaine-
to-backbone spacers. The shorter the ethylene spacer, the higher protein resistance is
achieved. Moreover, a shorter spacer between the oppositely charged ionic groups of
the zwitterionic moiety effectively favors the removal of tested fouling organisms.

In addition to polybetaines, polyampholytes represent another class of materials that
are structurally similar to polybetaine polymers. These polymers achieve uniform charge
distribution and charge neutrality primarily through the equimolar and homogenous
pre-polymerization mixture of two monomers bearing opposite charges. Ampholytic
components are notably amenable to functionalization, offering broader chemical
diversity and greater flexibility in molecular design. Yeon et al. [27] synthesized an
ampholytic dopamine derivative, ZW-DOPA, which contains both catechol and amine
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Figure 3.
Hllustration of poly (sulfur ylides) coatings for preventing adsorption of biomolecules and microorganisms [29].

functionalities. Coatings based on ZW-DOPA demonstrated enhanced resistance to
adhesion by marine diatoms. Furthermore, Liu et al. [28] developed a new subsurface-
initiated atom transfer radical (SIATR) polymerization technique with sulfobetaine
methacrylate and 3-sulfopropyl methacrylate potassium salt as monomers to fabricate
ampbholytic copolymer brushes, which demonstrated significantly enhanced stability of
the ampholytic polymers and promising candidate for long-term antifouling coatings in
marine environment. Berking et al. [29] explored a new class of zwitterionic polymers,
specifically poly(sulfur ylides), which effectively inhibit the adhesion of biomolecules
and pathogenic bacteria. It is also noteworthy that minimal charge separation exists
in these new zwitterionic polymers (as seen in Figure 3), which agrees well with the
favorable shorter spacer effect observed by Karthéuser et al. in [26], providing insightful
guidance for the development of better zwitterionic polymers antifouling coatings.
Zhang et al. [30] also developed zwitterionic hyaluronic acid-based hydrogels
via UV light-free thiol-ene click chemistry reaction, which exhibited excellent
antifouling properties and good cytocompatibility and were well suitable for 3D cell
encapsulation.

4. Strategies for improving the antifouling performance of hydrogel for
marine applications

While the hydrophilic surfaces of hydrogels help prevent fouling by reducing
the adhesion of proteins and microorganisms, their antifouling applications are still
limited by unsatisfactory antimicrobial properties. The hydration layer of zwitterionic
hydrogel coatings is sensitive to pH, ionic strength, and temperature of the exposed
environment, which could significantly influence antifouling behaviors of zwitterionic
coatings and affect protection naval vessels from biofouling when operating in different
locations or seasons. Furthermore, some hydration layer-based coatings may detach
or de-graft from the surfaces due to the hydrolysis of siloxane, amide, or ester bonds
or cleavage of Au-S or oxidative degradation of PEG in the hydration layer. Various
approaches have been developed to improve the mechanical, durability, and antifouling
performances of hydrogel coatings for long-term applications in marine environments.

4.1 Enhancing adhesion to substrates via surface grafting or synergistic
multimodal hydrogen bonding

It remains challenging to stably and conveniently deposit hydrophilic poly-

mers densely and homogeneously onto various surfaces. Especially in marine
antifouling, large-scale applications of hydrophilic polymer coatings can lead
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to problems, such as low adhesive strength, uneven surface coverage, and short
lifespan. Effectively anchoring PEG to material surfaces poses a significant chal-
lenge. Various methods, including physical adsorption [31], graft polymerization
[32, 33], covalent coupling [34, 35], and plasma treatment, have been employed.
For example, Kim et al. [36] synthesized a series of stable PEG-based peptides
(PEGtides) hydrophilic coatings via anionic ring-opening polymerization of func-
tional epoxy monomers like catechol and lysine, leveraging catechol-amine syn-
ergy and diverse hydrogen bonding for strong adhesion (as seen in Figure 4(a)).
Wang et al. [37] achieved the strong adhesion of catechol-modified four-arm
polyethylene glycol hydrophilic antifouling coating onto various types of materials
surfaces by grafting dopamine onto the ends of four-arm PEG (4A-PEG-COOH)
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Figure 4.

Schematic diagrams of (a) the overall adhesion and cohesion mechanism of the PEGtides developed in [36], (b)
4A-PEG-DA coating in [37], (c) covalently bonded interlayer introduced between the antifouling hydrogel and
substrate surfaces [38]. In (c), a layer of mid-coat is used to mediate the binding of the hydrogel layer to various
surfaces. Covalent anchoring groups are used to establish strong adhesion of the hydrogel layer to the mid-coat.
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(as seen in Figure 4(b)) through amidation reaction. Zhu et al. [39] selected an
ethyl a-cyanoacrylate (ECA) adhesive that maintains a robust bond between the
polyvinyl alcohol (PVA)-glycerin gel and the substrate through several dehydra-
tion/rehydration cycles, thus preserving its antifouling efficacy with excellent
thermoplastic and mechanical properties. PVA-glycerol hydrogels significantly
inhibit the settlement of the barnacle Balanus albicostatus. Yang et al. [38] intro-
duced an epoxy resin interlayer (mid-coat as called in Figure 4(c)) in hydrogel
coatings to facilitate strong hydrogel attachment to various surfaces. The strong
adhesion of the hydrogel layer to the mid-coat was achieved via the formation
of strong covalent bonds between them. Despite covalent bonding, the hydrogel
layer provided a hydrophilic surface, thus maintaining outstanding antifouling
performance.

4.2 Introducing nanomaterials for nanocomposite antifouling coatings

Some research groups have investigated the antifouling performance of organic/
inorganic hybrid composite materials by mixing inorganic fillers at the nano- or
micron-scale. Adding micron- or nano-sized fillers can enhance the toughness of
the coating, and formation of nanocomposites can significantly improve mechanical
properties of the hydrogel coatings. Liu et al. [40] first functionalized multiwalled
carbon nanotubes (MWCNTs) with poly(sulfone) (PSf) and sulfobetaine methacry-
late (SBMA) to produce amphiphilic and protein-resistant nanocomposite films and
membranes. Wang et al. [41] later prepared PSf nano-hybrid membranes enhanced
with functionalized MWCNTSs with PEG as the dispersion phase, and as-prepared
hybrid membranes showed better hydrophilicity and excellent antifouling properties
while maintaining excellent tensile strength. Carbon nanotubes, with their excellent
mechanical properties, high surface area, and good hydrophilicity, have become an
ideal component for enhancing mechanical properties and increasing the porosity of
composite membranes.

Ashraf [42] developed a strong and uniform nano-CuO incorporated PEG
hydrogel coating over polyaniline-modified polyethylene aquaculture cage nets and
observed a significant reduction in fouling over three-month field tests. Tian et al.
[43] prepared a series of hybrid antifouling coatings consisting of silicone elastomer
and nanocomposite hydrogel embedded with silver nanoparticles (AgNPs). The field
tests in the South China Sea demonstrated that the hybrid coatings with nanocompos-
ite hydrogel exhibited good antifouling performance regarding antialgae properties
(as shown in Figure 5).

Zhang et al. [44] developed a cellulose-based hydrogel with integrated copper
oxide nanoparticles, where Cu,0@CuO nanospheres were in-situ deposited onto the
cellulose hydrogel framework. This method ensures better distribution and strong
binding between the nanospheres and the hydrogel. The cellulose hydrogel exhibited
not only antifouling properties due to the hydration layer on its surface but also
enhanced mechanical strength, making it more durable. Li et al. [45] developed nano-
composite hydrogel coatings containing 3D porous Cu,0 nanoparticles, redox gel, and
reduced graphene oxide, and observed excellent, stable, and long-lasting bactericidal
performance with regard to mussel and barnacle adhesion. Instead of Cu,O nanopar-
ticles, Xiong et al. [46] dispersed CeO, nanorods into a polyzwitterionic hydrogel
PVA-P(SBMA-AM) via a simple one-pot method and achieved outstanding antifoul-
ing performance, which can sustain for over 6 months in a real marine environment.
The highly efficient antifouling is due to a dense hydrated layer formed on the surface
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by the super-hydrophilic polyzwitterionic hydrogel and its subsequently excellent
broad-spectrum antiadhesion behavior. CeO, nanorods dispersed in the hydrogel also
have highly efficient bacterial-killing performance. Synergistic work between the
bacterial killing of CeO, nanorods and antiadhesion of the polyzwitterionic hydrogel
leads to its significantly improved marine-antifouling performance. Very recently, Hu
etal. [47] employed Al(OH); nanoparticle as a physical cross-linker to construct a soft
antifouling polyacrylic acid (PAA)/PSBMA hydrogel coating with high toughness and
low swelling through dynamic coordination bonding and plentiful hydrogen bonds.

Wei et al. [48] synthesized spindle-shaped calcium carbonate-chitosan/poly
(vinyl alcohol) (SCC/PVA) hydrogels, inspired by the characteristics of good
mechanical strength and self-cleaning capability of seashells. These hydrogels,
containing 1-2-um-sized spindle CaCO; particles which are well dispersed within the
matrix, demonstrated stable underwater superoleophobicity, remarkable mechanical
strength (with compressive strengths up to 25 MPa for SCC/PVA-3), and long-term
antibiofouling performance (up to 180 days testing period) against typical fouling
organism in marine environment.

Due to their high specific surface area, nanoparticles exhibit a strong tendency to
agglomerate, which can negatively impact the mechanical properties of the hydrogels.
Although numerous methods have been employed to modify nanoparticles to reduce
their aggregation, using excessively modified nanoparticles in hydrogels can still lead
to aggregation and decrease the mechanical properties of the hydrogels. Therefore,
the optimal dosage of nanoparticles should be thoroughly investigated, and further
developments in nanoparticle modifications should be pursued to enhance their
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dispersion. Furthermore, the aforementioned metallic nano-fillers as fungicides or
bactericides, such as AgNPs, Cu,0, CeO,, and AI(OH)3, are hazardous to marine
ecosystems if overused, and should be replaced by some environmentally compatible
materials (e.g., calcium carbonate, chitosan, or their analogs).

4.3 Introducing double-network structure to toughen hydrogels

The mechanical properties of single network (SN) antifouling hydrogels are
generally poor. For example, single network poly(sulfobetaine methacrylate)
(PSBMA) hydrogel has a low fracture strain of 74.19 + 4.27% and a weak maximum
compressive stress of 0.191 + 0.019 MPa. The compressive stress and fracture
strain of another zwitterionic single network poly(carboxybetaine methacrylate)
(PCBMA) hydrogel are 0.531 + 0.058 MPa and 69.88 + 1.93%, respectively [49].
According to the literature [43, 46, 50], introducing double network (DN) struc-
tures can effectively strengthen hydrogels and improve their long-term antifoul-
ing performance in harsh marine environments, as demonstrated in Figure 6.
Typically, DN hydrogels consist of a rigid network that breaks easily to dissipate
energy and a flexible network that enhances the tensile properties of the hydrogels,
achieving a balanced state of strength and toughness [51].

Chen et al. [52] designed a new type of hybrid physically-chemically cross-linked
agar/polyacrylamide (PAM) double network hydrogel with desirable/balanced
mechanical properties by varying the network-forming parameters. Under optimal
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(a) Tensile stress—strain curves for single-network (PAA and PSBMA) and double-network (PAA/PSBMA and
PSBMA/PAA) hydrogels in deionized water. (b) Tensile stress—strain curves for double-network PAA/PSBMA, s,
hydrogel under deionized water, 1 M NaCl solution and artificial sea water. (c) Compressive stress—strain curves
for PAA, PSBMA, PAA/PSBMA-I, and PSBMA/PAA hydrogels. (d) Compressive properties of single- and
double-network hydrogels [50].
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conditions, agar/PAM DN hydrogels achieved the greatest tensile stress of approxi-
mately 3.3 MPa at a failure strain of ca. 2400% and the highest tensile strain of 3700%
at a failure stress of 2.8 MPa, comparable to the chemically cross-linked DN hydro-
gels. Agar/PAM hydrogels also exhibited excellent antifouling properties by strongly
resisting protein adsorption, cell adhesion, and bacterial attachment, as well as the
free shapeable property to form any complex shapes.

Jiang et al. [53] prepared double network hydrogel by copolymerization of differ-
ent ratios of [2-(methacryloyloxy) ethyl] trimethylammonium (TMA) and 3-sul-
fopropyl methacrylate (SA), followed by incorporation of a second polyacrylamide
(PAM) network. Compared with the single network hydrogels, the elastic modulus,
maximum compressive stress, and strain of the DN hydrogels measured by compres-
sion tests were enhanced greatly with a second PAM polymer network incorporated.
It was also observed from protein adsorption and algae attachment tests that the
negatively charged hydrogels showed better antialgae fouling performance than the
positively charged and neutral DN hydrogels.

Great efforts have recently been made to develop double-network hydrogel for
biocompatible or environment-friendly antibacterial coatings for long-term real
applications in biomedical devices and naval vessels. Table 1 summarizes some
innovative approaches reported by far [46, 50, 52-62] for double network hydrogel
coatings which show promise for long-term antifouling applications in harsh marine
environments, especially for naval assets and reported in the past 5 years. Various
interaction modes within and between networks are explored to enhance mechani-
cal properties or to introduce additional functions to prolong the antifouling service
life of hydrogel coatings. For example, Zhang et al. [58] employed a simple one-pot
method to prepare a hybrid ionic-covalent cross-linked double-network hydrogel.

In the DN hydrogel, sodium alginate (SA) was cross-linked by Ca®* ions to serve as
the rigid network, while PCBAA was covalently cross-linked to act as the flexible
network. This DN hydrogel exhibited excellent mechanical properties, including high
elastic modulus (0.28 MPa), high tensile strength (0.69 MPa), and robust self-healing
capabilities. More importantly, the hybrid cross-linked double-network hydrogel
demonstrated strong resistance to nonspecific protein, cell, bacterial, and algal
adhesion, showcasing outstanding antifouling performance. Li et al. [61] developed
a DN hydrogel with chemically cross-linked PAM as the first network and physically
cross-linked copper alginate as the second network. The introduction of copper ions
(Cu*) into the alginate network endowed the hydrogel with antibacterial properties
and provided better mechanical properties through stronger cross-linking between
alginate and copper ions compared to traditional calcium ions (Ca*"). The introduc-
tion of BTA is believed to endow the hydrogel coating with anticorrosion proper-
ties, transforming pitting corrosion into uniform corrosion, and providing unique
advantages in tidal zone applications. Still using physically cross-linked sodium
alginate as the second network, Xiong et al. [62] developed an ultrahigh strength and
outstanding marine antifouling hydrogel coating with chemically cross-linked PVA
as the first network while introducing polyhexamethylene biguanide hydrochloride
(PHMB) potent fungicide. The as-developed hydrogel demonstrated a high tensile
strength of 17.23 MPa and excellent antifouling effect with no attachment observed
from any marine organisms on the hydrogel coating after 6 months of immersion

in the actual marine environment. The ultrahigh tensile strength of the hydrogels
also remained nearly the same after 6 months of immersion in the sea. As such, the
as-developed antifouling hydrogels are very promising for real applications in harsh
marine environments.
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It is noteworthy that fully physical cross-linked double-network hydrogels dem-
onstrate some potential functions (e.g., self-healing, self-cleaning, and antifreezing)
which would help utilization of the hydrogels for long-term antifouling applica-
tions in harsh marine environments. For example, Chen et al. [54] designed fully
physically cross-linked agar/hydrophobically associated polyacrylamide (HPAM)

DN hydrogels, which achieved excellent mechanical strength, high toughness, and
notable self-healing property without any external stimuli at room temperature. As
illustrated in Figure 7, unlike typical DN hydrogels which networks are normally held
together with hybrid hydrogen-bond or ionic-covalent interactions, both networks in
the designed hydrogels in [54] are physically cross-linked, whereas a hydrogen bond
associated agar helix bundles as the first network are interpenetrated with the second
network HPAM which are mainly associated by strong hydrophobic interactions
between SDS micelles and alkyl groups of stearyl methacrylate (SMA). Fully physi-
cal cross-linked DN antifouling hydrogels were further explored by Zheng et al. [59]
with a molecular engineering strategy proposed to produce zwitterionic hydrogels
with high toughness and self-healing capacity. According to molecular engineering
principles, a benzene group and a positively charged imidazole were incorporated
into sulfobetaine (SB) monomer to produce a new monomer, 3-(1-(4-vinylbenzyl)-
1Himidazol-3-ium-3-yl) propane-1-sulfonate (VBIPS), making the side chain of the
VBIPS zwitterionic hydrogels more hydrophobic and strengthening the inter/intra-
chain interactions. The formation of dense ionic bonds and n-n interactions between
the incorporated benzene and imidazole groups, as well as dynamic nature of these
interactions, increase the rigidity of the polymer chain and the interchain interac-
tions, enhancing the tensile and fracture toughness of the hydrogel. The reversible
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Illustration of preparation and working principle of fully physically cross-linked agar/HPAM double network
hydrogel [54].
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and dynamic nature of ionic bonds and n- interactions also endow the capabilities of
self-healing and long-term antifouling via acid or salt treatments.

Furthermore, double network hydrogels could provide a ‘repel and kill’ effect by
incorporating natural antifouling agents as part of networks to achieve long-term
antifouling performance, as demonstrated with chitosan in [55, 56] and capsaicin
analog in [60].

4.4 Incorporating natural antifoulants and their synthetic analogs into hydrogel
coatings

Although the adhesion and mechanical properties of hydrogel coatings can be
enhanced via the strategies discussed above, the hydrogel coatings have no intrin-
sic antibacterial properties and only provide an unsustainable passive biocidal
effect through the formation of a hydrophilic hydration layer. This could lead to
irreversible marine biofouling and even microbiologically influenced corrosion
(MIC) in long-term applications as well as potential risks of marine microorgan-
ism transmission. Traditional antifouling coatings containing bactericides or
fungicides, such as tributyltin, zinc ions [63], copper oxides [64-66], or TiO,
[67], exhibit active inhibitory effects on marine organism adhesion but also pose
a hazard to marine environment due to their inherent toxicity. Consequently,
these coatings are prohibited for use in many countries or deemed unsuitable for
practical applications. Incorporating environment-friendly natural antifouling
agents or modifying existing natural ones has emerged as a promising method,
as aforementioned briefly in Section 4.2. Here, we will further elaborate on
recent advances in enhancing the antifouling efficacy of hydrogel coatings while
incorporating multifunctional attributes to make them environment-friendly and
durable in complex and harsh marine environments [68]. Natural antifoulants
can be extracted from marine microorganisms [69], marine plants [70], marine
invertebrates, and terrestrial sources [25]. Most natural antifoulant products are
biologically extracted organic compounds, intrinsically having better biocompat-
ibility and degradability than heavy metal-based antifouling agents. Ideal anti-
fouling chemicals should possess a range of characteristics, including low dosage
yet high efficacy, the ability to inhibit biological adhesion without toxic effects,
broad effectiveness against target organisms, and a lack of negative environmental
impact during degradation and mass production. Antifoulants usually disrupt
their adhesion mechanisms or even kill them when fouling organisms are in close
contact with antifoulant-functionalized surfaces [71, 72]. Several antifouling
mechanisms have been proposed for natural antifoulants based on their roles,
including protein expression regulators, oxidative stress inducers, neurotransmis-
sion blockers, surface modifiers, biofilm inhibitors, adhesive production/release
inhibitors, and lethal toxicity [25]. Based on their roles and mode of operation,
antifouling coatings can be categorized as contact-killing surfaces or antifoulant-
releasing surfaces. In the first approach, antimicrobial groups are anchored on the
surface, degrading or killing fouling organisms upon contact, while in the second
approach, released antifoulants disrupt potential fouling events before attachment
occurs [73].

Buzzacchera et al. [74] combined chitosan with PSBMA to develop hydrogel
coatings of polymer brushes that exhibited great antifouling capabilities, significantly
reducing protein fouling and preventing the activation of platelets and adhesion of
white blood cells. The ‘repel and kill’ effect from incorporating chitosan into double
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network hydrogel coatings was also demonstrated in Figure 8 during the antifouling
performance assessment in [55, 56].

Chen et al. [75] incorporated 3-(trimethoxysilyl) propyl methacrylate (TMSPMA)
into a stable double network PVA/PAM hydrogel for the first time. After hydrolysis,
TMSPMA becomes a synthetic orthosilicic acid analog (SOSA) with a structure
similar to orthosilicic acid. It is hard for diatoms to distinguish the SOSA from
orthosilicic acid, leading them to ingest the SOSA upon attaching to SOSA-contacting
hydrogel. However, SOSA cannot be utilized by diatoms to construct cell walls after
intake and will disturb their reproduction activity. Therefore, SOSA is often used as
an agent against diatom adhesion in the preparation of long-term antifouling hydrogel
coatings with an active inhibition effect. He et al. [76] recently introduced a capsaicin
analog, N,N’-((4,5,6-trihydroxy-1,3-phenylene) bis(methylene)) dipropenamide
(TPA), with other monomers to prepare single network hydrogels. Combined with
the antifoulant capsaicin analog TPA with the hydrophilic nature of the as-produced
hydrogel, the hydrogel coatings exhibited outstanding algal inhibition and antibacte-
rial performance over 73 days of immersion in a real marine environment. Compared
with the double network hydrogel prepared with PVA and another capsaicin analog
N-(4-hydroxy-3-methoxybenzyl) acrylamide (HMBA) [60], the SN hydrogel with
TPA seems better in the terms of antifouling performance in marine environments,
which could be attributed to different antifouling potency of capsaicin analogs used
and is worthy of further investigations.

Yang et al. [77] also proposed a facile strategy to construct antifouling hydrogel
coatings for long-term biomedical and marine antifouling applications by making
use of the synergistic effect of highly hydrated surfaces and the active bactericidal
effect from quaternary ammonium cations. The hydrogel coating was prepared with
2-hydroxyethyl methacrylate (HEMA), acrylamide (AM), dimethylaminoethyl
acrylate bromoethane (IL-Br), and poly(sodium-p-styrenesulfonate) (PSS). HEMA,
AM, and IL-Br copolymerize via terminal double bonds to form hydrophilic polymer
chains, which provide a highly hydrophilic surface that greatly imparts antifouling
properties to the hydrogel. The quaternary ammonium and sulfonic acid groups
from IL-Br and PSS form ionic bonds through electrostatic interactions, while the
introduced quaternary ammonium cations enhance the active bactericidal effect.
Very recently, Xiong et al. developed an ultrahigh strength SA/PVA/PHMB hydrogel
coating [62] and observed that the outstanding long-term antifouling effect in the real

! @ sema @ o-Ketoglutaric acid
ﬂ, | : ™ N,N-methylene-bis-acrylamide
- E NN PSBMA Chain
sy

| T~~~ Shori-chain Chitosan

! ; U™ 1onic Crosslinking Points
NH Qlll 9

Hydrogel

Figure 8.
Illustration of the Repel and Kill’ effect of hybrid ionic-covalent chitosan/poly (sulfobetaine methacrylate)
(CS/PSBMA) DN hydrogel [55].
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marine environment was due to strong interactions between the carboxylate anions in
SA and the ammonium cations in PHMB as well as the firm bonding of PHMB to the
hydrogel. As-designed hydrogel coating combines both excellent mechanical proper-
ties and a highly efficient antifouling effect, emerging as one of the most promising
marine antifouling coating materials.

4.5 Integration of self-generating function into hydrogel coatings for long-term
antifouling performance

Despite good progress made with antifouling coatings, antifouling functions of
most reported coatings are readily lost when detachments or scratches occur through
physical damage and chemical degradation by water, oxygen, possible catalytic ions,
particles, or even rocks and icebergs in harsh marine environments. As proposed in
Section 4.1, adhesion to the substrates could be greatly enhanced via surface cross-
linking or synergistic multimodal electrostatic interactions. The adhesion enhance-
ment approaches could reduce the coating detachment to some extent but could not
fully address detachment and scratch issues caused by physical damages (e.g., erosion
by sand particles in seawater or collisions with rocks or marine creatures when naval
vessels operate at high speeds). Consequently, it is important to develop durable
antifouling coatings with self-polishing, self-generating, self-recovery, or self-healing
capabilities. This is especially true when the hydrogel coatings are operated in the
mode of contact-killing surfaces which incorporate antifouling or antimicrobial
agents that need to be maintained or regenerated on the surfaces. In the case that
antifouling agents are released from the coating onto the surface to kill fouling organ-
isms, self-polishing is necessary to maintain an appropriate level of antifouling agents
on the surface, as shown in Figure 9 [78, 79].

At an early stage, most self-polishing coatings contain acrylic or polyurethane
copolymers with biocides tributyltin or cuprous oxide (Cu,O) [80], which degrade
slowly in seawater, facilitating the release of fouling biomolecules and organisms.
This allows for multiple surface renewals before re-coating is necessary. Such strate-
gies have been extensively used on ship hulls, following significant breakthroughs
with the concept of self-peeling hydrogel coating proposed by Xie et al. in [81].

The self-peeling hydrogel was prepared by mixing a polyfunctional aziridine cross-
linking agent and a prepolymer copolymerized with methyl methacrylate (MMA),
acrylic acid (AA), and tributylsilyl methacrylate (TBSM). The coating can be easily
applied onto a surface to form a cross-linked polymer film by conventional brush-
ing or spraying methods. When immersed in seawater, the film self-generates a thin
hydrogel layer at the water-contacting surface as a result of the hydrolysis of TBSM.
The as-formed hydrogel layer is hydrophilic due to hydration, thus preventing protein
adsorption and microorganism attachment. The hydrogel-formation process con-
tinues after gradual corrosion and detachment of each top hydrophilic layer, which
makes it promising for long-term practical applications. The same group [82, 83]
further explored the approach by replacing TBSM with triisopropylsilyl methacrylate
(TIPSM) to prepare the self-peelable hydrogel coatings. The field testing results over
2 months of immersion in the sea demonstrated good antibiofouling performance. It
was also noted that both the formation and the self-peeling of a thin hydrated layer
on the hydrogel coating surface play important roles in its antifouling properties,

and there exist delicate balances between the hydrogel formation and the self-peeling
rates that can be properly adjusted by the type and content of hydrolysable como-
nomer and the cross-linking degree. Wu et al. [78] later improved both mechanical
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Figure 9.
Schematic of self-polishing processes of (a) uncvoss-linked and (b) self-peeling hydrogel coatings as well as
(c) cross-linked self-genevating hydrogel coatings in seawater [78].

and antifouling properties of the coatings by tailoring the used acrylamide (AM)
derivatives and incorporating N,N’-[(2-hydroxy-4,5-dimethylbenzene-1,3-diyl)-
dimethanediyl] bisprop-2-enamide (HDDE), a capsaicin derivative as active antibac-
terial agent while maintaining self-peeling and self-generating properties (Figure 10).
Dai et al. [84] developed a self-generating and self-renewing zwitterionic hydrogel
coating with a different silyl acrylate monomer, tertiary carboxybetaine triiso-
propylsilyl ethyl acrylate (TCBSA), co-polymerized with MMA and 2-methylene-
1,3-dioxepane (MDO). The copolymer rapidly self-generates a zwitterionic surface
due to its hydrolysis, and the hydrolyzed polymer chain can dissolve into seawater,
leading to a self-renewing dynamic surface, and providing persistent fouling resis-
tance. Moreover, the ester units introduced into the main chain make the polymers
degradable, and the degradation rate is sensitive to the enzyme concentration, which
further contributes to the self-renewing dynamic surfaces. Lab testing results exhib-
ited excellent protein resistance and antifouling performance against marine bacteria
Pseudomonas sp. and diatoms. Later the same group [85] developed a degradable
hyperbranched polymer containing antifouling moieties N-(2,4,6-trichlorophenyl)
maleimide (TCB-TCPM), proposing a coating capable of effectively combating
marine biofouling through a synergistic mechanism. Upon exposure to seawater, the
polymer surface undergoes hydrolysis, releasing antifouling agents that kill adhered
microbes (attack), and generate zwitterionic groups to prevent new organisms from
attaching (defense). Moreover, this coating can self-regenerate, with its degradable
structure allowing for a continually renewing antifouling surface. The proposed
strategy, termed as ‘kill-resist—renew trinity’, combines these mechanisms to pro-
vide a highly promising platform for antifouling coatings. However, its antifouling
efficacy needs to be further investigated in actual marine environments for long-term
applications. Alternative approaches have also been developed by incorporating
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Working principle of the self-repairing underwater antifouling coating [79].

nanostructured antifouling agents, such as Cu,0 [65, 86], AgNPs [87], and TiO, [88],
into hydrogel coatings to enable self-cleaning and self-generation for sustainable
antifouling in marine environments, although these approaches could raise concerns
about potential metallic hazards to marine ecosystem for practical applications.

4.6 Stimuli-responsive hydrogel coatings

Stimuli-responsive coatings can swiftly and reversibly switch their surface
properties based on minor environmental changes such as temperature or pH [89].
Combining this responsiveness with antifouling properties could become a valuable
strategy for achieving surface regeneration. In such cases, a simple trigger (like salt,
pH, temperature, solvent, light, or stress) can easily remove fouling and restore
antifouling properties while addressing the concerns caused by incorporating metal
oxides antifouling agents for self-regeneration discussed above.

4.6.1 Temperature-vesponsive antifouling coatings

Thermal-responsive polymers like poly (N-sopropylacrylamide) (PNIPAAm)
combine antifouling and fouling release properties. PNIPAAm undergoes a dramatic
reversible phase transition from a soluble, swollen, hydrated, and protein-repellent
state below its lower critical solution temperature (LCST, 32°C), to an insoluble,
collapsed, dehydrated, and protein-adhesive state above this temperature. Below the
LCST, antifouling behavior is promoted by the hydration of the acrylamide groups
along the polymer brush backbone, which also facilitates the release of dead bacteria.
Above the LCST, the layers based on PNIPAAm collapse, causing the coating to absorb
smaller proteins and bacteria while exposing antifouling parts that kill bacteria [90].
Yu et al. [91] designed a temperature-responsive switchable surface by grafting the
nanopatterned PNIPAM polymer brushes and an antimicrobial quaternary ammo-
nium salt (QAS) at the polymer-free region to achieve the function of attracting
bacteria, killing bacterial, followed by releasing bacteria. Wang et al. [92] designed
a hierarchical polymer architecture, which can perform the phase transition from
antibacterial to antifouling upon increasing temperature from room temperature to
physiological conditions at 37°C. The upper layer is a thermal-responsive bactericidal
layer of poly(N-isopropylacrylamide-co-2-carboxyethyl acrylate) [P(NIPAAm-co-
CEA)], and the lower layer is an antifouling layer of poly(sulfobetaine methacrylate)
(PSBMA). At lower temperatures, the upper layer actively kills bacteria, while at
higher physiological temperatures, the collapse of the polymer structure exposes
the antifouling layer, making it cell-repellent. This dual functionality is particularly
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useful for medical implants as it prevents infection while minimizing tissue irritation.
However, thermal-responsive coatings are seldom reported for marine antifouling
applications possibly due to temperature change seldom observed or the impractica-
bility of adjusting environmental temperatures in most real marine applications.

4.6.2 pH-responsive antifouling coatings

pH is a suitable factor to activate a coating to switch between bactericidal and
cell-repellency states, thereby preventing the formation of biofilm. The key reason for
the antifouling mechanism is associated with pH variation during the metabolization
of bacteria [93]. The decrease of pH in the surrounding environment due to bacterial
growth acts as a trigger to release bactericidal substances. Xu et al. [94] integrated the
pH-responsive strategy, self-cleaning mechanism, and ‘one-step’ anchoring process
to develop environmentally responsive fouling release coatings. The pH-responsive
switchable coating was constructed by grafting pH-sensitive poly (2-diisopropyl
aminoethyl methacrylate)-b-poly (2-methacryloyloxyethyl phosphorylcholine)
(PDPA-b-PMPC) and cationic polylysine (PLYS) chains with azido-modified tannic
acid (TA-N3) via copper-free azide—alkyne ‘click’ reaction. When the pH decreases
due to bacterial adhesion onto the surface, the bactericidal polymer brush coating is
switched to an antifouling layer with self-defensive (fouling-release/self-cleaning)
capability. The coating was found to be stable and durable over 30 days of immersion
in filtered seawater or 14 days of exposure to flowing seawater.

4.6.3 Photo-responsive antifouling coatings

While pH and temperature are attractive triggers for some localized marine appli-
cations, their uses in naval vessels (e.g., ship hulls) might be limited due to difficulties
in temperature and pH control within the exposed local environments. However,
due to its noninvasive, inherently clean, and accessible characteristics, light could
be an effective stimulus to trigger the coating function to switch reversibly between
bactericidal and bacteria-releasing states. Wei et al. [95] explored a smart antibacterial
surface that can switch functions in response to UV-visible light. This surface com-
bined azobenzene (Azo) groups with a biocidal f-cyclodextrin derivative conjugated
with seven quaternary ammonium salt groups (CD-QAS). When the Azo groups on the
coating surface are in trans form, CD-QAS makes the coating surface strongly bacteri-
cidal, effectively killing attached bacteria. Upon UV light exposure, Azo groups switch
to cis form, and the Azo/CD-QAS inclusion complexes disassociate and release dead
bacteria from the surface. This reversible functional switch allows the coating surface
to regenerate between killing bacteria and releasing them, which was particularly
beneficial for reducing long-term biocidal activity depletion in practical applications.
Lietal. [96] developed another antifouling hydrogel coating based on a photothermal
antibacterial approach by introducing in-situ modified polydopamine nanoparticles
(PDA NPs) with Cu NPs (PDA@Cu NPs) into a polyelectrolyte hydrogel precursor
(cationic polyethyleneimine/anionic pectin, CPAP). Due to the inherent bacterial cap-
ture/killing capability of the CPAP hydrogel and the enhanced photothermal conver-
sion efficiency of the PDA@Cu NPs, the fabricated coating exhibited highly efficient,
convenient, broad-spectrum, and environmentally friendly antibacterial performance.
This hydrogel shows excellent potential for antibacterial applications, demonstrating
significant efficacy against common pathogens, biocompatibility, and hemocompati-
bility. However, its application is limited to surfaces easily accessible to light. Moreover,
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a thick layer of fouling material does not allow light penetration, implying the need for
frequent cleaning to maintain photoactive bactericidal capabilities.

4.6.4 Salt-responsive antifouling coatings

Salt-responsive antibacterial hydrogels have been developed for wound-healing
applications. For example, Yuan et al. [97] developed a salt-responsive hydrogel
with triple functions of antifouling, bactericidal, and bacterial release by combin-
ing e-poly-L-lysine (EPL), poly(ethylene glycol) diglycidyl ether (PEGDGE), and
poly (DVBAPS-co-GMA) via a one-pot method. Poly(DVBAPS-co-GMA was firstly
copolymerized with monomers (3-(dimethyl(4-vinylbenzyl))ammonium sulfonate
(DVBAPS) and glycidyl methacrylate (GMA), which provides antifouling and
salt-responsive properties due to the presence of the salt-responsive zwitterionic
monomer DVBAPS. Afterward, different functional polymers EPL, poly(DVBAPS-
co-GMA), and PEGDGE were mixed with rational feed ratios to react with adjacent
chains to form covalently cross-linked hydrogel. Within the hydrogel, EPL as a
cationic peptide can impart certain sterilization properties while the PEGDGE with
sufficient OEG groups prevents the initial bacterial adhesion effectively. Due to the
presence of amine residues, the designed hydrogels were further quaternized by
reacting with glycidyltrimethylammonium chloride (GTMAC) to prolong antibac-
terial properties. The as-prepared hydrogels demonstrated good antifouling and
sterilization capabilities, and ca. 94% of the attached bacteria can be released after
saline/water switching for several cycles. Fang et al. [98] investigated the antiadhe-
sion properties of salt-sensitive purely zwitterionic hydrogel PSBMA, which was
physically self-assembled due to the inter- and intra-molecular ion interactions. The
PSBMA polymer was demonstrated to be intriguingly customized into a transient
network with outstanding antifouling capability depending on the ion concentration.
When ion concentration increases, the PSBMA hydrogel dissociated completely,
endowing it as a candidate for bacterial adhesion prevention. Taken these together,
salt-responsive hydrogels not only demonstrated their promising potential in wound
healing management, but also a strategy to customize for seawater desalination and
wastewater treatment applications in marine environments [99].

Stimuli-responsive hydrogel coatings provide valuable guidance to develop long-
term and durable antifouling strategies for practical marine applications. However,
great challenges remain for the large-scale applicability and durability of stimuli-
response hydrogel coatings, as well as the controllability of external stimulus triggers.
The multiple switches might also compromise the coating quality, thereby weakening
antifouling performance and leading to fouling to build up [100]. Design strategies
and the latest research advances in stimuli-responsive antibacterial coatings have been
reviewed in more detail [2, 7, 101-103].

5. Conclusions and outlook

The accumulation of marine organisms causes marine fouling, which poses
negative impacts on the structural integrity of marine assets and has significant
economic and environmental implications. Currently, antifouling coatings represent
the most effective strategy to prevent marine fouling. Especially as environmental
awareness grows, marine antifouling coatings are evolving toward more effective,
durable, and eco-friendly, as well as simpler to process. So far, no single polymer

133



Biomaterials in Microencapsulation

coating formulation has been identified as a universal and effective marine antifoul-
ing coating strategy, and leveraging the synergistic advantages of several antifoul-

ing strategies into one multifunctional and smarter coating is highly desirable for
effectively tackling marine fouling challenges. Among them, hydrogel coatings have
been proven promising for practical marine antifouling applications due to their
higher efficiency and the diversity of available enhancement strategies, for example,
improved adhesion onto any substrates via cross-linking or multimodal electrostatic
interactions, toughening via introducing nanomaterials or double network structures,
eco-friendliness via integration of natural antifoulant or their analogs, and long-term
durability via integration of self-regeneration or self-healing properties.

Despite the great progress made so far, considerable efforts are still needed to
further enhance the antifouling efficacy and durability of hydrogel coatings. These
efforts should focus on prompting their responsiveness to the changes in the exposure
environment and the coating itself (e.g., surface damage/impact, pH, temperature,
salinity, and light) as well as developing simplified but precision-controlled mass
production technologies, which could be achieved through further development or
incorporation of advanced polymerization or processing techniques (e.g., precision
in-situ polymerization). For example, transforming these coatings into commer-
cial (large-scale) applications may involve simplifying common covalent grafting
methods or shifting the focus to physical adsorption techniques (e.g., layer-by-layer
assembly and spray painting). Moreover, integrating smart materials responsive to
environmental stimuli (such as changes in pH, temperature, and salinity [104]) could
pave the way for dynamic antifouling surfaces that can actively prevent biofouling or
release antifouling agents on demand.

Hydrogel coating could effectively prevent marine biofouling and even microbio-
logically induced corrosion. Nevertheless, the protection of the underlying metallic
substrates from marine corrosion is still in demand. As illustrated in Figure 11(b), the
hydration layer is hydrophilic, allowing corrosive ionic species such as chloride ions
to diffuse through the hydration layer and trigger marine corrosion if the underly-
ing metallic substrates are not adequately protected or if there are cracks or porous
defects within hydrogel coating. As such, in order to provide complete protection,
antifouling coatings should be integrated with anticorrosion coatings via layer-by-
layer structures (e.g., HVOF-deposited amorphous anticorrosion coatings as shown
in Figure 11(a, b)) or be incorporated with suitable corrosion inhibitors (e.g., BTA
inhibitor for Cu-based alloy substrates as shown in Figure 11(c)). More efforts
should be directed toward further developing integrated antifouling and anticorro-
sion hydrogel coating systems to achieve comprehensive marine protection, thereby
enabling their transformation for practical marine applications.

It is well known that the marine organisms attached to submerged surfaces can
not only induce corrosion and cause the marine structural integrity of the affected
surfaces compromised but also contribute to the biosecurity risk by spreading
invasive species to new regions and disrupting local ecosystems. With further Arctic
exploration and the potential increase in Arctic shipping, biofouling on vessels would
pose severe threats to the fragile Arctic ecosystem. The sea ice in the Arctic shipping
routes could collide with vessel surfaces and damage the surface coatings. Therefore,
there are great challenges for marine protection coatings which must have high ero-
sion resistance and antifreezing properties in addition to excellent antifouling and
anticorrosion performance under subzero temperatures. Several hydrogel antifouling
coatings have been reported with excellent antifreezing properties [59, 106-108],
but the mechanical strength of these coating materials is normally in the range of
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Schematic illustration of the preparation process of (a) and working principles of integrated antifouling and
anticorvosion functionalities of hydrogel-anchored Fe-based amorphous coatings [105]. (c) Hllustration of BTA-
loaded hydrogel coating [61].

20-190 kPa, which is not strong enough for sustainable and long-term marine anti-
fouling applications regardless of anticorrosion performance. More attention should
be paid to developing coatings that can completely protect Arctic shipping facilities
from marine fouling and corrosion under subzero temperatures.
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