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Abstract. Poly(vinyl alcohol) (PVA) based hydrogels have gained more interest in the field of biomaterials because of their
many biomedical uses (i.e., wound healing, drug delivery, and tissue engineering) and intrinsic physicochemical and bio-
logical characteristics. They can be made using a variety of synthetic techniques, but all of them are very time-consuming.
Among them, photopolymerization also referred to as light-induced polymerization, has drawn a lot of attention because of
its benefits, which include not requiring the use of solvents, easy and quick network formation, energy efficiency, quick pro-
cessing, control over both space and time and reliability of crosslinking density and matrix strength. Ultraviolet (UV)-curable
hydrogels containing PVA as a main component are gaining interest because of their excellent properties, including biodegrad-
ability, biocompatibility, less cytotoxicity and remarkable mechanical strength. This review highlights the significance of
UV curable systems and their components, types, advantages and disadvantages of photoinitiators (PIs), UV curable
monomers and their structures, properties of UV-cured PVA hybrid hydrogels, and their characterizations and applications
in different fields. The photopolymerization mechanisms, tunable properties, and unique advantages of these hydrogels have
been explored in detail. Furthermore, it sheds light on recent advancements in PVA-based hydrogels research and future ex-

ploration in this domain.

Keywords: UV curable hydrogels, PVA, Bone tissue engineering, drug delivery, adsorption

1. Introduction

UV curable poly(vinyl alcohol) based hydrogel sys-
tems are crucial because of their applications in
catalysis [1], adsorption, drug delivery [2], oph-
thalmic material [3], cartilage repair [4, 5], bone re-
generation [6], heart valves [7], repairing and refor-
mation of tissues [6], and tendon repair [8]. Mainly,
PVA hydrogels are utilized in biomedical field be-
cause of their excellent adhesive, biodegradable [9,
10], low cytotoxic [11], biocompatible [12] and me-
chanical properties [13, 14]. PVA can be linked with
different synthetic (styrene, acrylamide, vinyl chlo-
ride, propylene, acrylates) and natural (cellulose,

“Corresponding author, e-mail: fauziaigbal.physics@pu.edu.pk
© BME-PT

chitosan, sodium alginate, hydroxyapatite) compo-
nents in order to form hydrogel system [15, 16]. PVA
works as an artificial water-loving polymer which
shows admirable water absorption properties due to
the hydrophilic functionalities in its structure [17].
Different methods have been used to synthesize the
PVA-based hydrogels including redox polymeriza-
tion [18], freeze-thawing [19, 20] process and ther-
mal [21] methods. All these methods possess some
limitations as well. For example, in the freeze-thaw-
ing process, it is quite difficult to maintain —20°C
temperature for freezing hydrogel [22] and in ther-
mal treatment, a high temperature is required [23].
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Similarly, hydrogels prepared through redox poly-
merization possess non-uniformity [24]. Due to
these limitations, the UV-curing process is preferred
as it shows some benefits like uniform gelation,
facile curing and mild reaction conditions [24].
PVA itself does not possess any UV light absorbing
properties, so it is linked with some photo-curable
component to form UV curable hydrogels. Usually,
UV curable monomers consist of vinyl, acrylate or
methacrylate groups. Generally, acrylamide, Gly-
cidyl methacrylate, 2-isocyanatoethyl methacrylate,
acrylic acid and methacrylic acid monomers serve
as pendent groups in PVA chains. These co-mono-
mers along with different photoinitiators (PIs) (i.e.
TPO, Irgacure-2959) help to form photo-curable
PVA-based hydrogels [8]. For example, Qin ef al.
[25] prepared poly(vinyl alcohol)/poly(ethylenegly-
col) diacrylate (PVA-PEGDA) hydrogel through UV
light (A= 365 nm) at room temperature by using
PEGDA as a UV precursor. Similarly, Kamoun et al.
[26] developed poly(vinyl alcohol)/glycidyl metha-
crylate (PVA-GMAA) hydrogel by UV irradiation
method for various biomedical applications. PVA-
based double network hydrogels can also be cured
through photo-polymerization such as Liu et al. [27]
prepared poly (vinyl alcohol)/poly(acrylamide-co-
acrylic acid)/chitosan (PVA/(PAM-co-AA)/CTS)
double network hydrogel by irradiation of UV light
for 12 h for separation of oil/water mesh [27].
Many general reviews have been published on PVA-
based hydrogels because of their unique character-
istics compared to other synthetic polymers. Barbon
et al. [28] presented the mechanical (elongation,
compression, stress relaxation, friction behavior,
creep test, tear test) and biomedical (biocompatibility,
cytotoxicity) properties of PVA-based hydrogel sys-
tems in their review. Similarly, Qin et al. [29] re-
viewed the synthesis and mechanism of photo-cur-
able hydrogels mainly for biomedical applications
(i.e. tissue engineering). Moreover, they have studied
the types, structures and properties of photoinitiators
used in photopolymerization. Although these re-
views are good they covered a broad range of prop-
erties of hydrogels prepared through thermal methods,
freeze-thawing process and others. These reviews
are not specific to PVA-based UV curable hydrogels.
UV curable PVA-based hydrogel systems have
gained importance because of the facile synthesis
and exclusive properties of PVA polymer. Therefore,

it is necessary to summarize the properties and
significance of photo-curable PVA-based hydrogels.
According to our knowledge, no one has described
the latest progress on PVA-based photo-curable hy-
drogel systems.

In this particular review, the need of photo-curable
systems, types of photoinitiators, UV curable mono-
mers, PVA-based UV-cured hydrogel system with
characterizations and applications are described.

2. Need of UV curable systems

Lasers, electron beams (EB), visible light, and UV
radiation can all cause photo-induced polymeriza-
tion. The photopolymerization method yields poly-
meric systems with a large range of industrial uses,
including pressure-sensitive adhesives (PSAs), coat-
ings, inks and photoresists. The UV-curing method
is widely favored for its advantages, such as high
chemical stability, excellent dimensional strength,
low cost, rapid production in a small space, and cur-
ing without solvents at room temperature. UV-curing
leads the way in thermoset production, revolution-
izing the market with its fast curing time, minimal
energy consumption, and solvent-free process [30].
UV curable radical polymerization emerges as a
cost-effective, fast, and eco-friendly curing method
compared to other curing processes [31]. These ben-
efits include quick solidification, strong solvent re-
sistance in cured films, lower volatile organic com-
pound (VOC) emissions, greater ink flash points,
and general environmental friendliness improve-
ments. Additionally, it improves the dimensional
properties of polymeric systems, which are particu-
larly beneficial for the electronics industry [32].

2.1. UV curable monomers and their
properties

UV curable inks, adhesives and coatings depend
heavily on UV curable monomers. When exposed to
UV radiation, they are made to withstand fast poly-
merization, which forms a solid crosslinked network.
They are made up of monomers such as polyester
acrylates, polyether acrylates, urethane acrylates,
epoxy acrylates, and acrylated oils [33]. The poly-
functional monomers are the main constituents of
photocrosslinkable systems. The UV curable mono-
mers, their structures, cytotoxicity, advantages, dis-
advantages, and applications are summarized in
Table 1.
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2.2. Mechanism of photopolymerization

UV curable hydrogel systems are mainly obtained
by the photopolymerization of acrylates, methacry-
lates and vinyl groups. These components can show
maximum absorption in UV region. The polymer-
ization of these monomers can be done by using dif-
ferent mechanisms such as 1) free-radical curing
mechanism and 2) ionic curing mechanism. Both
mechanisms impart unique characteristics to photo-
curable components in order to form the hydrogel
systems [44].

2.2.1. Free radical photopolymerization
mechanism

The use of UV curable resins is widespread because
of their high reactivity, quick curing time and variety
of monomers. Three primary components are typi-
cally found in the feed mixture for acrylate-based
resins: photoinitiator, which creates free radicals
when exposed to UV light; functionalized prepoly-
mers, which form the polymer chain structure; and
monomers, which function as reactive diluting
agents that control the viscosity of the system [45].
A free radical mechanism is used in photopolymer-
ization to employ a broad variety of commercially
accessible monomers. A free radical polymerization
process consists of four fundamental steps: a) initi-
ation, b) propagation, ¢) chain transfer and d) termi-
nation. Free radical active centers are created as the
reaction starts, and these centers start the propaga-
tion chain. Propagation adds monomer units one
after the other, increasing the polymer structure.
Then, chain transfer stops the polymer from expand-
ing and starts the creation of a new polymer. Lastly,
termination stops the polymer’s development by
ending the active centers [32]. The free radical pho-
topolymerization mechanism is summarized in the
Figure 1.

Free radicals photopolymerization involves the use
of a variety of monomers such as acrylates (2-hy-
droxyethyl methacrylate, butyl acrylate, ethyl acry-
late, methyl acrylate, acrylamide, acylic acid, n-butyl
acrylates (BA), diacrylates (diethylene glycol diacry-
late (DEGDA), 1,4-butanedioldiacrylate (BDDA),
tricrylates (i.e. pentaerythritol triacrylate (PETA)),
tetraacrylates (pentaerythritol tetraacrylate), methacry-
lates (methyl methacrylate, butyl methacrylate),
epoxy acrylate (EA), and urethane acrylate (UA).
These monomers offer a diverse selection to meet
specific application requirements and enable the
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Photoinitiation: FR

—— [ s [eieelE
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FM, +FR ) FM H-+F
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S — FM, ., +M_F

Figure 1. Free radical polymerization mechanism of a monomer (M) with photoinitiator (F). The reaction initiates with the
generation of a radical specie which combines with monomer to form reactive specie (FM") [42].

formulation of customized hydrogel systems. A num-
ber of considerations are made when choosing a
monomer for a certain application or manufacturing
technique, including how it will affect viscosity, cur-
ing rate, film characteristics, contraction during
polymerization process, cost, lifespan, turbulence,
odor, and cytotoxicity.

From above described monomers, acrylates are the
most extensively employed due to their versatile
properties and compatibility with different resin sys-
tems. Acrylates offer a broad range of options for
achieving desired performance in formation of
photo-polymerized hydrogel systems. The reaction
mixture’s viscosity is directly influenced by the
monomer’s chemical structure, which also affects
the polymerization process’s termination and prop-
agation phases. As a result, the particular structures
of the monomers utilized have a noteworthy impact
on the finished material’s qualities.

2.2.2. Tonic photopolymerization mechanism

Although ionic UV curing techniques are becoming
more and more popular in specialized domains due
to their unique benefits over free radical polymer-
ization, free radical UV curable polymerization has
been widely used in commercial applications. Ad-
vantages of ionic curing systems include low sensi-
tivity to water, no inhibition of oxygen, and the ca-
pacity to polymerize heterocyclic monomers like
oxiranes and vinyl ethers that do not polymerize by
free radical processes. Some ionic systems can be
formulated to allow for post-exposure curing, also
known as dark curing. lonic healing methods have
these qualities, which make them extremely adapt-
able and useful for certain uses [46]. Cationic and

anionic photopolymerization are two types of ionic
curing processes, distinct from free-radical systems.
While the remainder of the polymerization mecha-
nism is identical, the main difference between an-
ionic and cationic photopolymerization is the kind
of photoinitiator utilized. Crivello developed the
mechanism of cationic photopolymerization in the
late 1970s [47] that involves the start of polymeriza-
tion process by using photoinitiators capable of ab-
sorbing UV light. These photoinitiators generate re-
active cations that serve as initiators for the polymer-
ization reaction. This discovery opened up new pos-
sibilities for initiating polymerization processes and
paved the way for advancements in cationic pho-
topolymerization technology [48]. Different mono-
mers, such as epoxy resins, epoxy-functionalized
resins (ethylene oxide and propylene oxide),
propenyl ethers, and other resins with vinyl ether
groups, including diethylene glycol divinyl ether, are
used in cationic photopolymerization. Because of
their quick photopolymerization kinetics, vinyl ethers
stand out among them and frequently surpass the
comparable free-radical photopolymerization of
acrylic monomers in terms of curing speeds. How-
ever, the synthesis of vinyl ether can be expensive.
Propenyl ethers have good reactivity, making them
an ideal alternative. Among the often used vinyl and
propenyl ethers are diethyleneglycol divinyl ether,
trimethylol propane tripropenyl ether, and trimethy-
lol propane dipropenyl ether. Epoxides are a differ-
ent type of monomers utilized in cationic photopoly-
merization. They offer excellent mechanical proper-
ties, little shrinkage, and exceptional resilience to
heat and chemicals. However, epoxy-based systems
can become brittle and have low robustness. Catalytic
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Source of light
=
. .'. .

oO— 89—

Photoinitiator Reactive species
(anions or cations)

Monomer

Figure 2. Schematic representation of ionic photopolymer-
ization process.

photopolymerization uses epoxides such as
diclycidyl bisphenol A (ADE) ether derivatives and
3,4-epoxycyclohexylmethyl-3',4’-epoxycyclohexane
carboxylate. In cationic photopolymer systems, these
monomers aid in the creation of crosslinked net-
works with advantageous characteristics [49].

The process of anionic photopolymerization com-
mences with the photo-induced formation of an ac-
tive anion, which is then introduced to the mono-
mers. The expanding anionic chain is repeatedly
supplemented with monomers as the polymerization
process moves forward. This is similar to the mech-
anism of cationic photopolymerization, in which re-
active cations are produced from photoinitiators to
initiate the process. [50]. A simple illustration of
ionic photopolymerization mechanism is represented
in Figure 2.

2.3. UV curable photoinitiators and their
essentialities

Initiators contain a source of reactive species which

are linked with a large number of monomers consti-

tuting polymeric substances. They create active sites

such as free radicals and cations on the polymeric

system. These active sites are the main reasons to

Type | initiator

R, OR R, / |
}—OH FAr N\
R, OR B3
Hydroxy- Bentoin Ammino-
\\acetophenone ether acetophenong;‘

a)

initiate polymerization in the polymeric material.
Each material comprises a specific type of initiator.
There are basically two types of initiators used in
polymerization, thermal initiators and PIs. Thermal
initiators require heat to produce active sites and start
polymerization. Common examples of thermal ini-
tiators include peroxides, persulfates and azo com-
pounds.

Another different class of initiators, commonly
known as Pls, are activated by light specifically UV
light. Numerous efforts, consisting of a wide range
of experiments, have been dedicated in the field of
photosensitive (UV curing) systems to increase their
functionality. Polymerizable medium, source of light
and photo-initiating system are the main ingredients
of any photopolymerization reaction. According to
photolysis mechanism, a two-fold classification of
photoinitiators exists: cationic and free radical pho-
toinitiators.

The most researched type of Pls are free-radical Pls,
sometimes referred to as classical PlIs, whose reac-
tion processes have been investigated [51]. Radical
photoinitiators generate free radicals upon absorp-
tion of UV radiations. These absorbed radiations are
used to trigger the chemical reaction. Based on poly-
merization, these free radicals photoinitiators are
classified into the following types; type-I and type-II
photoinitiators which are also named as cleavage and
hydrogen abstraction photoinitiators, respectively, as
shown in Figure 3. When exposed to UV light, type-I
PIs cleave homolytically from a triplet state. These
photoinitiators (alpha hydroxy ketones and phos-
phine oxides) breakdown the light photons into two
radicals. On the other hand, type-II Pls, such as
thioxanthones and benzophenones, generate radicals

Type Il initiator

O

]
. % 0 ’
) Sae
— + Hydrogen { O } Electron
R, abstractiol ,\ / transfer

DIl (i.e. ether) N
o

b)

ydrogen
transfer
OH
SRelad

Figure 3. Schematic representation of photoinitiation process; a) mechanism of type-I photoinitiators and b) mechanism of

type-1I photoinitiators [55].
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by the processes of electron/proton transfer or hy-
drogen abstraction using a co-initiator from the
triplet state [52]. Secondary radicals are produced as
a result of their need for a co-initiator like thiol, ester,
or tertiary amine, ether, to extract hydrogen. Cationic
PIs, on the other hand, are the second important type
of Pls, such as salts of iodonium, diaryl iodonium,
sulphonium, and that of triaryl sulphonium [53].
They generate acids (such as H") on the exposure of
light. The rate of initiation (7;) of polymerization is
a direct function of the intensity of incident light (/)
and the quantum yield (Q;) at which the starting
species forms and an exponential function of the
amount of light absorbed (4) by the photoinitiator as
described in Equation (1):

=0 I [1—exp(=A)] (M

The rate of initiation of photopolymerization in-
creases with an increase in the intensity of incident
light. Similarly, the concentration of PI can also con-
trol the depth of curing and hence directly affects the
light of absorption (4) as in Equation (2) [35]:

A=10-¢-[PI] 2

where € symbolizes the photoinitiator absorptivity
and { denotes the sample thickness.

Several traits have to be considered when selecting
a photoinitiator for a hydrogel to ensure its suitability
for the specific application. Table 2 represents dif-
ferent photoinitiators used by different researchers
of this field for the production of UV curable PVA-
based hydrogels.

2.4. UV curable PVA-based hydrogel systems
UV curable PVA-based hydrogels present a promis-
ing avenue for advanced materials with diverse prac-
tical uses, showcasing their potential to contribute
significantly to the scientific and industrial domains.
Their tunable mechanical properties allow re-
searchers to adjust the stiffness and strength of the
hydrogels, making them suitable for mimicking the
mechanical behavior of various tissues in applica-
tions like tissue engineering.

Moreover, due to their high water absorbency and
biocompatibility, they are appropriate for healing
wounds, drug delivery methods, as well as biological
uses. The ability to incorporate bioactive molecules
into the hydrogel matrix further enhances their

potential as carriers for well-ordered drug release.
PVA-based UV curable hydrogel systems are useful
in responsive actuators and sensors outside of the
biomedical industry because of their ready reactions
to an applied stimulus. When ionic strength, pH
value or temperature changes, these hydrogels can
expand or contract, enabling them to convert envi-
ronmental cues into mechanical motion. In essence,
PVA-based UV curable hydrogels represent an ex-
citing intersection of polymer chemistry, material
science and biotechnology. Their synthesis and prop-
erties offer a versatile platform for creating smart
materials that can address challenges in the fields of
medicine and engineering [24, 26].

Some globally used PVA-based UV curable hydro-
gels, along with required photoinitiators, their char-
acterization techniques and study outcomes, are en-
listed in Table 3.

3. Applications of PVA-based UV curable
systems

Hydrogels with high water absorption in aqueous
media form the majority of soft tissues of all living
organisms. Therefore, hydrogels are an ideal mate-
rial for making scaffolds [73]. PVA is extremely bio-
compatible, hydrophilic and non-immunogenic. It
has been used in many biomedical sectors, such as
drug delivery, wound healing and hard and soft tis-
sue engineering (TE), and the US Food and Drug
Administration (FDA) authorized it for use in human
clinical applications [9]. To be effectively used for
soft TE applications, PVA must be modified since,
like other synthetic polymers, it has a limited capac-
ity to promote cell adhesion and proliferation. A par-
ticular Young’s modulus in the 1-100 kPa range is
typically needed for soft tissues, such as the liver,
adipose tissue and skin [74]. UV curable PVA-based
biomaterials have a long recorded history of use in
a wide range of cutting-edge applications in the do-
mains of biomedicine, biotechnology, pharmaceuti-
cals, food production, industry and commerce be-
cause of their exceptional mechanical qualities and
inherent biodegradability [75] as shown in Figure 4.

3.1. Drug delivery

Hydrogels offer the ability to regulate the release of
therapeutic materials in both time and area, such as
cells, macromolecules and small molecules. Hydro-
gels offer a platform for different kinds of physio-
chemical interactions with the encased medicines
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because of their pliable nature, controlled degrada-
tion and ability to prevent delicate drugs from dis-
solving. It has been noted that medication distribu-
tion involves several scale processes, including
network, mesh and molecule levels [76].

Usually, drug is loaded into hydrogel systems. Drug
release can occur from deswelling of the hydrogel
network or diffusion through the porous hydrogel
network, depending on a number of parameters, in-
cluding pH, temperature, and ionic concentration.
Various mechanisms are involved in drug delivery,
such as chemically controlled drug release, diffusion
controlled and swelling controlled mechanisms [77],
as shown in Figure 5. Among the various drug re-
lease mechanisms, chemically controlled mecha-
nisms are indeed one of the most familiar and exten-
sively studied. The general discussion on the mech-
anism of loading of drug and release of drug is be-
yond the range of this report. Our discussion is lim-
ited to the drug release from UV curable PVA-based
hydrogels.

Mawad et al. [24] measured the release of minit by
using PVA-based hydrogel functionalized with acry-
lamide groups. Model drugs, FITC Dextran (fluores-
cein isothyocyanate dextran) FD-20 (20 kDa) and FD-4
(4 kDa) were loaded in the hydrogels. Loaded-PVA

Figure 5. A schematic representation of the three ways by
which hydrogels can release drugs; a) diffusion
controlled, b) swelling controlled, and ¢) chemi-
cally controlled [80].

— Express Polymer Letters Vol.18, No.11 (2024) 1109-1134

hydrogels were formed using 10 and 15 wt% solu-
tions containing 0.125 wt% FD-20. After that, vor-
texing the liquids made sure they mixed properly.
UV light caused the macromer solutions to crosslink.
The hydrogels were weighed initially and after the
loading of the drug. The discharge of FD-4 from 10
and 15 wt% UV cured hydrogel systems was accom-
plished using the same process. The drug release
from each polyconcentration was evaluated using
three separate assays, each with three duplicates. Re-
search has been done to examine the release of large
molecules present in PVA-based systems for the
studying of crosslinking techniques and polymer
concentration. Three parameters were deduced,
namely the experimental diffusion coefficient, the
release duration, and the percentage of total release.
The results demonstrated that 40-50% of model
drug with burst was released through hydrogel. The
observed typical time for discharge of FD-4 was 7 h
and for FD-20 was approximately 12—15 h in the
case of 10 and 15 wt%, respectively.

The study conducted by Bourke et al. [78] in 2003
examined the discharge of platelet-derived-growth-
factor (PDGF/BP) for curing applications. In order
to achieve this target, acrylamide-functionalized
nondegradable PVA hydrogel was fabricated by UV
crosslinking procedure. Because of its similar struc-
ture and molecular weight to PDGF, soybean-
trypsin-inhibitor (STI) with 21 000 MW model drug
was used for initial loading concentration and release
studies. In addition, they created a delivery system
for growth factors to study the behavior of PDGF/BB
with its release profile onto human dermal fibrob-
lasts that are normally distributed. STI was added to
10, 15, and 20% PVA hydrogel at concentrations of
5-20 mg/mL. In 10% hydrogels, maximum release
happened before 8 h, in 15% hydrogels, 24 h, and in
20% PVA hydrogels, 24 to 48 h. There was a notice-
able increase in the percentage of protein as released
from 57 to ~100% when 5 mg/mL protein loading
concentration was raised to 20 mg/mL. In a similar
vein, the percentage of released protein rose from 41
to 60% and from 42 to 76% for levels of 20 and
15%. According to the study, there are three ad-
justable key parameters to manage the release of pro-
tein from PVA hydrogels: solid content (how much
solid material is in the gel), initial protein loading
and by adding substances that like water (hydro-
philic fillers). The experiment demonstrated that this
gel could release PDGF/B for about 4 days, making
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it a good option for delivering important proteins in
the body. The combined results indicate that net-
works of polyvinyl alcohol (PVA) is useful for de-
livery systems, especially for the regulated proteins
release with biological activity.

Killion et al. [8] determined drug release of dexam-
ethasone (10 mg/hydrogel) by performing UV spec-
troscopy on swelling hydrogel composite. Maleic
anhydride and PVA hydroxyl groups were reacted to
create the hydrogel system that was utilized for the
dexamethasone release investigations. Maleic PVA
was combined with polyethylene-glycol-dimethacry-
late (PEGDMA) at various molecular weights and
concentrations (PEGDMA600 and PEGDMA1000)
to enhance crosslinking. Experimental evidence has
demonstrated that the medication was localized on
the hydrogel’s surface as a result of the hydrogel
composite’s quick swelling, which resulted in a first
burst release within 24 h. The PEGDMA concentra-
tion regulated pore-size alterations, which affected
the release of drugs of PVA 600 with 1 to 1 ratio and
PVA 600 with 1 to 4 ratio. At different pore sizes and
swelling of the hydrogels, the reported drug release
profile was between 11 and 16 days. A higher initial
water content in the hydrogel system before pho-
topolymerization resulted in larger pores within the
hydrogel, facilitating quicker drug molecule release
from the composite.

3.2. Tissue engineering

Tissue engineering (TE) using hydrogels involves a
carefully orchestrated process to regenerate damaged
bone tissues. Hydrogels serve as the foundation for
this approach. Initially, a suitable hydrogel material
is chosen due to its biocompatibility and biodegrad-
ability. These hydrogels function as a scaffolding
framework that emulates the extracellular matrix
(ECM) found naturally in bone tissues [6]. Bioactive
substances such as transforming growth factor-beta
(TGF-B), vascular endothelial growth factor (VEGF),
and bone morphogenetic proteins (BMPs) are added
to the hydrogel matrix to improve the regeneration
potential. These growth factors promote the neces-
sary cellular processes for the development of new
blood vessels and bones. Subsequently, the hydrogel
scaffold is seeded with mesenchymal stem cells
(MSCs), which are specialized bone-forming cells.
These multipurpose cells are derived from bone mar-
row and adipose tissues, among other sources. Once
seeded, the hydrogel scaffold provides cues that

prompt MSCs to differentiate into osteoblasts, re-
sponsible for producing bone matrix. Furthermore,
the hydrogel scaffold serves as a framework for os-
teoconduction, guiding the cells as they proliferate
and form new tissues. Mechanical stimulation plays
a crucial role in this process. Through dynamic cul-
turing systems like bioreactors, mechanical forces
are applied to the hydrogel scaffold, promoting cell
proliferation, extracellular matrix synthesis and min-
eralization. This mimics the natural bone remodeling
process and contributes to the development of me-
chanically robust bone tissues. Angiogenesis, the
formation of new blood vessels, is also encouraged
by hydrogel scaffold’s architecture and the incorpo-
rated growth factors. A well-established blood sup-
ply is vital for delivering nutrients, oxygen, and re-
moving waste as the tissues matures. As the time
passes, osteoblasts continue to deposit mineralized
extracellular matrix rich in calcium and phosphate.
This matrix closely resembles native bone tissues,
offering strength and stability. Throughout matura-
tion, the tissues undergo remodeling, with osteo-
clasts breaking down older tissue while osteoblasts
simultaneously deposit new matrix. Upon reaching
the desired level of maturity, the scaffold can be
transplanted or implanted into the patient’s site of
bone defect [79]. A simple illustration of bone tissue
engineering (BTE) is illustrated in Figure 6. Surgical
procedures guided by medical imaging techniques
facilitate this step, with the ultimate goal of restoring
function and improving the patient’s quality of life.
Through ongoing research and refinement, the
methodology of tissue engineering using hydrogels
continues to advance, holding immense potential for
addressing various bone-related issues effectively
[71, 80, 81].

Killion et al. [8] studied the innovative synthesis of
photopolymerizable maleic acid-functionalized PVA.
Maleic anhydride and polyvinyl alcohol (PVA) were
combined in a formamide medium in a one-step
process that was made possible by acid catalysis.
Maleic anhydride acylated one out of every sixteen
hydroxyl (OH) groups in PVA, according to NMR
and infrared (IR) spectroscopy, which confirmed the
synthesis. A material with moderate mechanical
characteristics was produced by photopolymerizing
the maleic PVA hydrogels. In response, efforts were
made to improve the system’s mechanical robustness
by using Polyethylene Glycol (PEG). A comparative
study was carried out comparing hydrogels with and
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Figure 6. Schematic representation of regeneration of bone using hydrogel matrix incorporated with some growth factors

and seeding cells.

without incorporated maleic PVA. Maleic PVA hy-
drogels showed significant improvements in stress at
limit values and Young’s modulus in compression
tests compared to hydrogels containing regular PVA.
Moreover, biocompatibility evaluations using the
MTT test showed that the hydrogels were appropriate
for promoting cell proliferation, making them poten-
tially useful scaffolds for bone tissue regeneration.
Schmedlen et al. [82] investigated the utilization of
photoactive PVA as scaffolds in tissue engineering
applications. The benefit of in situ polymerization
provided by these hydrogels allows for less intrusive
implantation methods. These materials’ mechanical
properties may be adjusted to fit a variety of soft tis-
sue applications. Specifically, when the polymer
concentration increases, PVA hydrogels’ Young’s
modulus and ultimate tensile strength increase. A de-
tailed analysis showed the uniform placement of fi-
broblasts within PVA hydrogels that were 3 mm
thick, and these cells remained viable throughout a
two-week period while being cultured. Notably, the
assessment of cell viability revealed uniform out-
comes across the hydrogel thickness. Furthermore,
cells that were encapsulated within the PVA hydro-
gels showcased the ability to create proteins found
in the extracellular matrix. This was indicated by the
generation of hydroxyproline. It was observed that
with the addition of RGDS (arginyl glycyl aspartic
acid) peptide, non-adhesive PVA hydrogels showed
excellent cell adhesive properties. The cumulative
findings emphasized the potential of photopolymer-
ized PVA hydrogels as a promising option in tissue
engineering applications.

Feng et al. [65] revealed that the incorporation of a
minor proportion of gellan gum (GG) into PVA
hydrogels imparted favorable effects on the en-
hancement of elastic modulus and reduction of fric-
tion. The introduction of GG demonstrated a notable
elevation in elastic modulus, with a recorded value
of 12.1+0.8 kPa with a GG content of 0.5%. Inter-
estingly this modulus closely resembled the modu-
lus of chondrocytes and the pericellular matrix situ-
ated around them (measured at 12+1 kPa). This
highlights the significant promise of using this ma-
terial for tissue engineering applications aimed at
promoting chondrocyte growth and facilitating car-
tilage restoration. The enhancement in mechanical
properties along with lowered friction coefficients
showed their suitability to human knee joints. The
addition of GG into PVA hydrogel the friction coef-
ficient values reduced to almost u ~ 0.012, corre-
sponding to an enhancement of mechanical strength
up to 80%. This result showcased the ability of hy-
drogel systems to reliably endure shear stresses rel-
evant to biomedical scenarios. This offered a con-
ducive environment for sustained cell growth.
Furthermore, their investigation revealed inverse re-
lation between the applied load and the friction co-
efficient. This specific property of low-friction be-
havior remains steady across sliding speeds that
mimic everyday human movements like walking
and running. The harmonious convergence of desir-
able modulus and minimal friction attributes in
PVA/GG hydrogels highlighted their viability not
only in cartilage repair applications but also in ex-
tensive biomedical scenarios.
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Goldvaser et al. [73] cured a PVA based methacry-
late (PVA/MA) hydrogel before using it for tissue
engineering (TE) applications. Vero cells were then
used to measure cell viability and attachment, build-
ing on prior research by Lim et al. [83] found that
while PVA/MA hydrogels were non-cytotoxic to
Vero cells, very little cell adhesion occurred on the
hydrogel surface. This was likely due to the presence
of PVA, which can hinder cell attachment. To ad-
dress the low cell adhesion observed by Lim ef al.
[83], Goldvaser et al. [73] modified the MA chains
within the hydrogel by incorporating Arginine-
Glycine-Aspartic acid (RGDS) sequences. This mod-
ification aimed to enhance cell attachment. To achieve
this, they likely used a Cys-RGD (CRGD) peptide.
The thiol group of the cysteine residue in CRGD can
form a covalent bond with the vinyl group of the MA
chain under UV light irradiation. Cell attachment
was studied by varying concentrations of CRGD in
PVA/MA hydrogel. It was observed that an increase
in CRGD increased the cell attachment to hydrogel
system. This enhanced cell attachment is likely due
to the CRGD sequence acting as a ligand for integrin
receptors on the cell surface. In the absence of
CRGD, the cells have no specific binding sites on
the hydrogel, resulting in minimal attachment. Zhou
et al. [84] also observed similar results. They pre-
pared a methacrylated PVA hydrogel loaded with hy-
droxyapatite (HA) to study the adhesion of mouse
fibroblast cells (1.929) to the hydrogel system. While
PVA is a biocompatible polymer, unmodified PVA-
based hydrogels (like PVA/MA) often exhibit poor
cell adhesion due to their lack of inherent cell-bind-
ing motifs. To address this limitation, Zhou et al.
[84] incorporated HA into the PVA/MA hydrogel.
This modification aimed to improve cell adhesion
and growth of L929 cells. The incorporation of HA
significantly enhanced the adhesion and growth of
L929 cells on the hydrogel system. This improve-
ment likely resulted from HA’s enhanced bioactivity,
providing a more favorable microenvironment for
cell attachment and proliferation.

Zhang et al. [85] investigated the effect of incorpo-
rating methacrylate silica nanoparticles (MSi) into a
PVA-based methacrylate hydrogel (PVA-GMA). As
expected, unmodified PVA-GMA hydrogels showed
poor L929 cell adhesion likely due to their low stiff-
ness and high hydrophilicity. In contrast, the MSi-
loaded hydrogels promoted both cell adhesion and
proliferation. This improvement might be attributed

to the enhanced surface roughness and ligand pres-
entation by MSi, providing a more favorable mi-
croenvironment for cell attachment and growth.
These findings suggest that photo-crosslinked PVA-
GMA-Si hydrogels hold promise for tissue engineer-
ing applications due to their ability to support cell
functions.

3.3. Adsorption studies

Many sectors, including textile, paper, leather tan-
ning, plastics, rubber, cosmetics, and printing, use
synthetic dyes extensively. Their uniform color ren-
dering, affordability, and exceptional durability are
the reasons behind their widespread use. But
throughout the dyeing process, some of these colors
will unavoidably find their way into the wastewater
stream. Because the resulting colored effluent is haz-
ardous and carcinogenic, and because it may endan-
ger aquatic ecosystems, it must be purified before
being released into the environment. Of all the strate-
gies that are accessible, adsorption has shown to be
a particularly beneficial option when compared to
traditional methods because of its high efficacy, low
cost, and ease of operation. The utilization of hydro-
gels for adsorption phenomena constitutes a signifi-
cant and extensively investigated area within the
field of materials research. Hydrogels, characterized
by their distinctive three-dimensional polymeric net-
works possessing inherent hydrophilic properties,
have garnered substantial attention due to their pro-
nounced capacity to selectively adsorb a wide array
of solutes from aqueous solutions. This phenomenon
is orchestrated through intricate physicochemical in-
teractions that occur between the hydrogel matrix
and the target adsorbate molecules. Notably, the phe-
nomenon involves intricate physicochemical inter-
actions, including physical forces such as van der
Waals interactions, hydrogen bonding, and electro-
static attractions, which enable the mixing of adsor-
bate species into the porous hydrogel structure.
Moreover, chemical interactions such as covalent
bonds, ion exchange, and complexation further aug-
ment the potential for precise and tailored adsorption
of specific molecular entities. The interplay between
these mechanisms is inherently dependent upon in-
fluential variables, including pH levels, temperature,
ionic strength, and the presence of competitive ions
within the solution. Adsorption is like a sticky inter-
action between two things (like hydrogels and dyes);
the surface of a material and other substances in its
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Figure 7. Removal of organic dyes from aqueous medium using PVA-based hydrogels as adsorbents.

surroundings. When materials come into contact, the
outer layer of the material can attract and hold onto
molecules or particles from the surrounding environ-
ment. Imagine a sponge soaking up water, but on a
small scale. A simple illustration of the adsorption
phenomenon is shown in Figure 7. Adsorption de-
pends on factors like the type of material and the
properties of the substances being adsorbed. Under-
standing how adsorption works is crucial in various
fields, from cleaning up pollution to designing better
products like filters and catalysts [64, 86].

Bai et al. [64] concentrated on the synthesis of in-
ventive PVA/cellulose nanocrystals(CNC)-based hy-
drogels utilizing a photo-crosslinking approach in
order to generate unique, environmentally friendly
absorbent hydrogels. PVA/CNC matrices were used
to create the hydrogel compositions, which are poly
(2-hydroxyethyl methacrylate) (PVA/CNC/poly-
HEMA) and PVA/CNC/poly(N'-methylenebisacry-
lamide) (PVA/CNC/poly-MBA). Notably, the hydro-
gel production method produced an easy-to-use and
environmentally responsible method. The combina-
tion of crosslinking agents, namely HEMA and
MBA, which initiate interpenetrating networks (IPNs)
with PVA and CNC components, so improving the
overall characteristics of the resultant PVA/CNC hy-
drogels, is what made these hydrogels unique. The
strengthened contact between PVA and CNC result-
ed in the stimulation of a bond network by photo-
crosslinking of HEMA or MBA inside the PVA/CNC
hydrogels, which in turn led to the creation of the
IPN structure. FTIR analysis provided support for
the HEMA and MBA photo-crosslinking inside the
PVA/CNC/poly-HEMA and PVA/CNC/poly-MBA

hydrogels. Through the use of TGA, the adsorbent
hydrogels’ weight loss patterns were successfully de-
scribed. The assessment of swelling capabilities and
reswelling behavior confirmed the favorable per-
formance of the synthesized hydrogels. Glass conical
100 mL flasks were used for adsorption testing, and
they were shaken in a water bath at 200 rpm at 25 °C.
Each flask contained 70 mg of dried materials mixed
with a solution of either 60 mL xylenol orange (XO)
or 60 mL methylene blue (MB). Three milliliters of
the MB and XO solutions were used for UV-Visible
measurements after the hydrogels reached adsorp-
tion equilibrium. The absence of binding sites in
both PVA and PVA/CNC hydrogels was shown to be
the reason for the poor adsorption capacity of pure
PVA hydrogel for MB or XO. When compared to
PVA/CNC/poly-HEMA and PVA/CNC/poly-MBA
hydrogels, this is because of their thin porous walls,
which result in a decreased availability of binding
sites for MB or XO adsorption. Compared to the rel-
atively less efficient pure PVA and PVA/CNC hydro-
gels, the PVA/CNC/poly-HEMA and PVA/CNC/
poly-MBA hydrogels had a much higher removal ef-
ficiency because of their thick and significant IPN
structure. Moreover, the PVA/CNC/poly-HEMA and
PVA/CNC/poly-MBA hydrogels exhibit improved
properties concerning swelling, reswelling, mechan-
ical strength and thermal stability when compared to
the PVA/CNC hydrogel. The PVA/CNC-based hy-
drogels’ extensive range of characteristics highlights
their suitability for use as dye carriers and materials
for water management.

Kamoun et al. [26] prepared UV cured poly(vinyl al-
cohol)-grafted-glycidyl methacrylate (PVA-g-GMA)
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hydrogel for different applications including adsorp-
tion studies of bovine serum albumin (BSA). They
also observed the effect of GMA on crosslinking
density and adsorption of BSA on hydrogel. PVA-g-
GMA (with different concentrations of GMA) was
dissolved in fixed quantity of PBS-BSA solution (7.4
at 37°C) for nightlong. The difference in hydrogel
weight after BSA adsorption was determined by sub-
tracting the final measurement from the initial
weight of the hydrogel samples. UV-VIS spectro-
photometer (at 280 nm) was used in order to meas-
ure the exact amount of BSA adsorbed on hydrogel
samples. They observed that change in concentration
of GMA influenced the adsorption of BSA. The
crosslinking density of hydrogel systems was in-
creased with an increase in concentration of GMA.
Increased crosslinking in the hydrogel system en-
hanced its hydrophobic nature, which led to a reduc-
tion in BSA adsorption. Indeed, the adsorption of
BSA protein increased with a decrease in the con-
centration of GMA.

Kashi et al. [87] prepared PVA/AA hydrogel through
UV curing for 3D printing. They also studied adsorp-
tion kinetics of 3D printed hydrogel capsules. Ad-
sorption of Pb(//) ions from water was done by
PVA/AA capsules. To investigate the effect of pho-
toinitiator concentration on Pb(//) adsorption, they
prepared capsules with varying photoinitiator con-
centrations during the printing process. PVA/AA-BO
(no photoinitiator), PVA/AA-B20 (20 mg photoini-
tiator) and PVA/AA (25 mg photoinitiator) hydrogel
capsules were used for adsorption studies. These 3D
capsules were added to a dispersion containing metal
ions. The content of these metal ions was then stud-
ied using atomic absorption spectroscopy (AAS).
Concentration of adsorbed Pb(//) was measured
through Equation (3):

Co—C.)V
g=GGW ) 3)

where ¢ represent adsorbed Pb(//) in mg/g onto cap-
sule’s unit mass, Cy and C, describe the concentra-
tion of Pb(//) initially and after adsorption, respec-
tively, m [g] denotes the mass of 3D printed capsule
and V' [L] is the volume of aqueous phase. To esti-
mate the adsorption kinetics, hydrogel capsules were
added to several colloidal dispersions containing
Pb(/]) ions at different concentrations (ranging from
100 to 600 mg/L). The contact time of the experi-
ment varied from 0 to 60 min to investigate the

adsorption equilibrium of Pb(//) ion adsorption by
the hydrogel capsules. It was observed that the pres-
ence of other substances can disturb the adsorption
rate. That is why they studied adsorption kinetics in
the presence of other ions like cobalt(//), nickle(/])
and iron(//]). Contact time significantly impacted the
adsorption of Pb(//) onto hydrogel capsules. As con-
tact time increased, the rate of adsorption of Pb(//)
also increased. The quickest adsorption times were
observed for PVA/AA-B25 (2 min), PVA/AA-B20
(9 min), and PVA/AA-BO (10 min), respectively.
The faster adsorption rate observed for the 3D cap-
sules could be attributed to their high porosity. In
short, capsules with a high-porosity, spongy struc-
ture have been shown to exhibit enhanced adsorption
capacity for Pb(//). The loading capacity of the cap-
sules was also affected by the initial concentration
of the Pb(//) solution. Higher initial concentrations
of the adsorbate Pb(//) led to increased adsorption.
PVA/AA-B25 and PVA/AA-B20 exhibited a higher
adsorption capacity at lower initial Pb(//) concentra-
tions compared to the control, PVA/AA-BO. The
mechanism of Pb(//) adsorption was studied with the
help of different adsorption isotherms, such as Lang-
muir and Freundlich equations. The adsorption of
Pb(/]) onto capsules was investigated using iso-
therms. The Freundlich isotherm best described this
process, indicating multilayer adsorption and a non-
uniform capsule surface. Additionally, the maximum
adsorption capacity of the capsules for Pb(//) was
determined by Freundlich isotherm [88, 89].

3.4. Food and packaging material

PVA-based hydrogel films are promising candidates
for food safety and packaging materials due to their
combination of desirable properties: excellent me-
chanical strength, good optical clarity, potential for
antimicrobial activity, efficient film formation, water
resistance, and biodegradability [90]. Packaging and
food preservation increase the shelf life of the mate-
rial. Various active components, like nutrients, an-
timicrobial agents, and antioxidants, can be incorpo-
rated into packaging materials to create superior
functionality. Nutrients can extend shelf life by pro-
viding additional sustenance to the food product. An-
timicrobial agents help prevent the growth of harm-
ful bacteria and mold, further enhancing food safety.
Finally, antioxidants can delay the oxidation process
that leads to spoilage and quality loss in food items.
In the past decade, many other researchers have
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incorporated biodegradable materials with various
natural preservatives to avoid environmental and
health concerns. To improve biodegradability and
other properties of hydrogels, various natural poly-
mers such as chitosan (CS) and guar gum (GG’)
have been combined with PVA [91-93]. Such as,
Bhat et al. [93] investigated PVA-based hydrogels
crosslinked with chitosan, along with hydroxy citric
acid (HCA), as a potential food packaging material.
They investigated the influence of HCA on the prop-
erties of PVA/CS hydrogel films prepared with dif-
ferent PVA/CS ratios. Their findings suggest that
HCA addition enhances both the mechanical prop-
erties and degradation temperature of the resulting
PVA/CS-GG’-HCA films. Furthermore, these hydro-
gel films showed a decrement in permeability of
water vapour and stop the growth of E. coli and
S. aureus bacteria. Owing to all these properties,
they suggested PVA hydrogel films as an excellent
material for food packaging applications.

Similarly, Yun et al. [94] investigated a medium mo-
lecular weight chitosan (MCh)/(PVA) hydrogel sys-
tem incorporating sulfosuccinic acid (SSA) as a
crosslinking agent. This MCh/PVA-SSA hydrogel
was prepared using a UV curing process for poten-
tial application as a food coating. They also ob-
served non-UV cured films as well without SSA.
Furthermore, hydrogel films were evaluated by its
thermal, optical, and physical properties. These
properties included swelling behavior, elongation at
break (%F), tensile strength, biodegradability and
absorption of water vapour. Subsequently, the hy-
drogel’s potential as a food coating was investigated
by applying it to apples. The effects of various plas-
ticizers, including sorbitol (SO), xylitol (XL), and
glycerol (GL), on the physical properties of films
were also investigated. The results showed that UV
cured films possessed thermal and optical properties
as compared to non-UV cured films. The SO-con-
taining films exhibited superior mechanical proper-
ties compared to those containing XL and GL. This
enhanced tensile strength might be attributed to the
presence of additional hydroxyl groups in sorbitol.
These hydroxyl groups can potentially form more
hydrogen bonds with PVA, CS and SSA, leading to
a more robust network structure. Moreover, the ef-
fect of SSA on crosslinking was investigated. Hy-
drogel films without SSA exhibited slower curing
compared to those containing SSA. This was con-
firmed by analyzing crosslinking density, solubility,

Non-coated sample MChPS15-coated sample

Non-coated sample

MChPS15-coated sample

Figure 8. Coating of apple with MCh sample along with de-
composition of uncoated sample. As reproduced
with permission of reference [96].

and degree of swelling. The addition of SSA resulted
in a decrease in the degree of swelling compared to
hydrogels without SSA, indicating an increase in
crosslinking density. Furthermore, with increasing
UV curing time, the solubility decreased. This con-
firms that SSA not only enhances crosslinking den-
sity but also improves the water resistance charac-
teristics of the hydrogel films. In line with the
enhanced crosslinking density, films containing SSA
exhibited a slower degradation rate under soil burial
conditions. Building on these findings, they investi-
gated the coating efficiency of Mch/PVA hydrogel
solution on apples, as shown in Figure 8. An uncoat-
ed apple served as a control and degraded within
70 days, while the MCh/PVA-coated apple exhibited
significantly extended shelf life, demonstrating the
effectiveness of the coating in preserving the fruit.
This way, PVA based hydrogels served as food and
packaging applications [94].

4. Conclusions

In conclusion, this review has provided a compre-
hensive report of UV curable PVA-based hydrogels
and their diverse applications in various fields, from
biomedical to industrial applications. The photopoly-
merization mechanisms, tunable properties, and
unique advantages of these hydrogels have been ex-
plored in detail. UV curable PVA-based hydrogels
offer an exciting avenue for researchers and practi-
tioners seeking innovative materials with tailored
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properties and rapid crosslinking capabilities. As
highlighted throughout this review, UV curable PVA-
based hydrogels exhibit exceptional promise in drug
delivery, tissue engineering and adsorption. Their
biocompatibility, tunable mechanical properties and
ease of fabrication make them valuable candidates
for addressing specific application requirements.
Furthermore, their response to UV irradiation pro-
vides precise control over gelation and crosslinking,
enhancing their utility in various manufacturing
processes.

UV curable PVA-based hydrogels have emerged as
a capable material for of 3D printing, particularly
within bioprinting and tissue engineering. However,
their continued development and integration into
these fields are met with several intricate challenges
that researchers and industry professionals must ad-
dress to harness their full potential. Firstly, one of
the primary challenges lies in refining the material
properties of PVA-based hydrogels. These hydrogels
need to closely mimic the mechanical, structural, and
biological attributes of native tissues. Researchers
are actively working to enhance their strength, elas-
ticity, and biocompatibility to make them more suit-
able for tissue regeneration and other medical appli-
cations. Biocompatibility and cytotoxicity represent
another critical hurdle. Ensuring that UV curable
PVA hydrogels are entirely biocompatible and de-
void of harmful cytotoxic elements is imperative,
particularly when they are intended for use in im-
plantable medical devices or as scaffolds for tissue
engineering. Rigorous biocompatibility testing and
the development of cytotoxicity moderation strate-
gies are ongoing areas of focus. Moreover, in case
of UV cured 3D printing offers significant advan-
tages but faces challenges that limit its broader ap-
plication. These challenges can be categorized into
material and process limitations. Material limitations
include improper dispersion of fillers leading to in-
consistencies and incompatibility between resin
components, hindering printability and desired prop-
erties. Process limitations involve balancing factors
like curing time for complete polymerization, vis-
cosity and surface tension impacting printability,
density control for applications like scaffolds, and
contact angle affecting adhesion between resin and
the printing platform. Additionally, achieving uni-
form curing can be hindered by uneven UV light ab-
sorption, necessitating functionalities that promote
consistent light penetration.

Another challenge arises when using non-curable
components alongside UV curable resins. While these
components offer desired functionalities, they can be
toxic and require post-printing evaporation. Unfor-
tunately, this evaporation process can disrupt the
structure of the cured hydrogel, impacting pore size
and surface morphology. Researchers are actively
addressing these challenges to achieve:

— Improved biocompatibility by minimizing the use
of toxic materials while maintaining desired prop-
erties.

— Enhanced printability through optimized resin
properties for efficient printing.

— Precise control over structure for achieving uni-
form curing and desired pore size and surface
characteristics for specific applications.

Overcoming these challenges will unlock the full po-

tential of UV-cured 3D printing in various fields, in-

cluding bioprinting for tissue regeneration, function-
al and sustainable food packaging development, and
designing controlled-release drug delivery systems.

Continuous research and innovation are key to mak-

ing UV-cured 3D printing a more versatile and ro-

bust technology [32, 95-97].

List of abbreviations

PVA Poly(vinyl alcohol)

uv Ultraviolet

BTE Bone tissue engineering

PI Photoinitiator

PVA-g-GMa Poly(vinyl alcohol) graft gly-
cidyl methacrylate

SbQCNC Stibnite quantum dots carbon
nanocomposites

HA Hydroxyapatite

P(AM-co-AA) Poly(acrylamide-co-acrylic acid)

PVA/CTS Poly(vinyl alcohol)/chitosan

PVA-TRAP6 Polyvinyl alcohol thrombin-re-
ceptor-agonist-peptide-6

PVA-NB Polyvinyl alcohol-4-nitroben-
zenediazonium

EGAMA-DOPA Ethylene glycol acrylate
methacrylate dihydroxypheny-
lalanine

PVA-AA Poly(vinyl alcohol)/acrylamide

MPVA Magnetic beads poly(vinyl alco-
hol)

PEGDA Poly(ethylene glycol) diacrylate

TPO Diphenyl(2,4,6-trimethyl ben-

zoyl) phosphine oxide
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PAM-co-AA
CTS

EB

PSAs
VOCs
EHA

BA
DEGDA
BDDA
PETA
CNC
TEGDE
CHDMDE

DEGDE
ADE

EA

UA

ri
Irgacure-184

DEAP
Irgacure-2959
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Glycidyl methacrylate
Poly(acrylamide-co-acrylic acid)
Chitosan

Electron beam
Pressure-sensitive adhesives
Volatile organic compounds
2-ethyl hexyl acrylate

N-butyl acrylates
Diethyleneglycol diacrylate
1,4-butanediol diacrylate
Pentaerythritol triacrylate
Cellulose nanocrystals
Triethylene glycol divinyl ether
1,4-cyclohexanedimethanol di-
vinyl ether
Diethylene-glycol-divinyl-ether
Diclycidylether derivative
bisphenol A

Epoxy acrylate

Urethane acrylate

Initiating rate

1-hydroxy cyclohexyl phenyl ke-
tone

2,2-diethoxyaceto-phenone
(4-(2-hydroxyethoxy)phenyl-(2-
hydroxy-2-Propyl)ketone)

Irgacure-819-DW Phenyl bis(2,4,6-trimethylben-

LAP

VA-086

Omnirad TPO-L

BAPO
BP

PPD

FTIR
XRD
TEM
SEM
FDA

TE

FITC
PDGF/pp
TI
PEGDMA

ECM
BMPs

zoyl)phosphine oxide

Lithium phenyl-2,4,6-trimethyl-
benzoyl phosphonate
2,2-Azobis[2-methyl-N-(2-hyd-
roxyethyl) propionamide]
Ethyl(2,4,6-trimethylbenzoyl)-
phenyl phosphinate)
Bisacylphosphine oxide
Benzophenone
1-phenyl-1,2-propanedione
Fourier transform infrared
X-ray diffraction

Transmission electron microscopy
Scanning electron microscopy
Food and drug administration
Tissue engineering

Fluorescein isothyocyanate
Platelet-derived growth factor
Trypsin inhibitor

Polyethylene glycol dimethacry-
late

Extracellular matrix

Bone morphogenetic proteins

VEGF Vascular endothelial growth factor

TGF-B Transforming growth factor-beta

MSCs Mesenchymal stem cells

MCS Maleilated chitosan

MPVA Methacrylated poly(vinyl alcohol)

NMR Nuclear magnetic resonance

IR Infrared

PEG Polyethylene glycol

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

RGDS Arginyl glycyl aspartic acid

GG Gellan gum

Poly-HEMA Poly(2-hydroxyethyl methacry-
late)

Poly-MBA Poly(N'-methylene bisacry-
lamide)

IPNs Interpenetrating networks

RTIR Real-time infrared

TGA Thermo-gravimetric analysis

MB Methylene blues

XO Xylenol orange

GG’ Guar gum

HCA Hydroxycitric acid

SSA Sulfosuccinic acid

SO Sorbitol

XL Xylitol

GL Glycerol

TE Tissue Engineering

BSA Bovine Serum Albumin

PBS Phosphate-buffered saline

AAS Atomic Absorption Spectroscopy

MA Methacrylate

CRGD Cys-RGD

MSi Methacrylate functionalized sili-
ca nanoparticle
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