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Editorial

Editorial on Special Issue “Advances in Hydrogels”
Yang Liu 1,2,3

1 School of Pharmacy, Hengyang Medical School, University of South China, Hengyang 421001, China;
liuyanghxl@126.com; Tel.: +86-0734-8281296

2 Hunan Provincial Key Laboratory of Tumor Microenvironment Responsive Drug Research,
Hengyang 421001, China

3 Hunan Province Cooperative Innovation Center for Molecular Target New Drug Study,
Hengyang 421001, China

Hydrogels are a class of soft materials with crosslinked network structures. They show
good biocompatibility, biodegradability, hydrophilicity, and mechanical properties similar
to those of tissue, so they have a wide range of applications. In recent years, a variety
of multifunctional hydrogels with excellent performance have been developed, greatly
expanding the depth and breadth of their applications. This Special Issue focuses on the
recent advances regarding hydrogels, aiming to provide reference for researchers in related
fields. We have collected thirteen original research articles and three valuable reviews
from thirteen different countries including Canada, China, Thailand, Mexico, India, Saudi
Arabia, Chile, Germany, the Czech Republic, Colombia, Romania, Israel, and the USA.

Hydrogels can be prepared through different crosslinking methods. Photo-crosslinking
has attracted much attention due to its advantages of mild preparation conditions, and
convenient and simple operation. Liu and colleagues summarized the types of photo-
crosslinked hydrogel monomers, the methods for the preparation of photo-crosslinked
hydrogels with different morphologies, and their applications in biomedical engineering [1].
Gradilla-Orozco et al. prepared a multi-structured poly(potassium acrylate-co-acrylamide)-
based hydrogel with a fractal-like structure via photo-crosslinking [2]. Sabel-Grau and co-
workers developed a poly(ethylene glycol)-diacrylate (PEG-DA)-based photo-crosslinked
hydrogel [3]. They used erythrosin B or eosin Y as the novel photoinitiator, which in-
creased the multifunctionality of the prepared hydrogels. Different crosslinking methods
and crosslinking degrees affect the properties of obtained hydrogels. To study the effect
of the crosslinking degree on the adhesivity of hydrogels, Li et al. prepared polyvinyl
alcohol (PVA), polyacrylamide (PAM) and polyvinyl alcohol-bearing styrylpyridinium
group (PVA-SbQ) hydrogels through freeze–thaw cycles, thermal crosslinking and photo-
crosslinking, respectively [4]. They found that the adhesion capability of these hydrogels
decreased with an increase in the crosslinking degree. However, the adhesion could be
improved by maintaining the adhesive functional groups and enhancing the flexibility
of the polymer chains. Moreover, the synthesis of responsive hydrogels with excellent
injectability and biodegradability is also attractive. Steinman and Domb synthesized a sen-
sitive poly(ethylene glycol)-b-poly(lactic acid)-S-S-poly(lactic acid)-b-poly(ethylene glycol)
(PEG-PLA-SS-PLA-PEG) copolymer by the grafting of PEG via urethane linkages, which
could form a hydrogel above 32 ◦C, collapse immediately upon the reaction with NaBH4,
and be degraded slowly by hydrolytic degradation [5]. This hydrogel may be applied in
drug-delivery vehicles with slow-release behavior and immediate-release behavior under
the action of reducing agents.

According to the source, hydrogels can be divided into natural and synthetic hydro-
gels. Natural hydrogels generally have many potential sources, are low cost, and may
show better biocompatibility, biodegradability, and other properties, which has attracted
much attention. Heger and colleagues investigated the influence of a natural phospholipid
lecithin (L-α-phosphatidylcholine) on three differently crosslinked hydrogels (physically
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crosslinked agarose, ionically crosslinked alginate, and a chemically crosslinked mixture
of PVA and chitosan) [6]. They found that lecithin could modify the internal architecture
and mechanical properties of hydrogels. Múnera-Tangarife and co-workers prepared a
natural carboxymethyl cellulose (CMC)-based transparent film with good barrier properties
preventing the passage of oxygen and fats, and studied the factors affecting the drying pro-
cess for CMC using refractance window-conductive hydro-drying (RW-CHD) [7]. Călina
et al. also synthesized a series of superabsorbent hybrid hydrogel compositions con-
structed from natural xanthan gum (XG)/CMC/graphene oxide (GO) by e-beam radiation
crosslinking [8].

With the deepening of research, various multifunctional hydrogels with excellent
performance have played an increasingly important role in biomedical fields such as tu-
mor treatment, cell scaffolds, wound repair, biological detection, the food industry and
controlled drug release. Wang et al. developed a simple and powerful alginate–Ca2+

hydrogel (ACH) to load commercial copper sulfide (CuS) powders for local tumor NIR-II
photothermal therapy (PTT) [9]. This hydrogel exhibited a good photothermal capacity
and stability. Under 1064 nm NIR-II laser irradiation for 5 min, the temperature enhance-
ment of hydrogels with different concentrations of CuS increased from 17.3 ◦C to 38.1 ◦C.
These hydrogels had low cytotoxicity toward 4T1 cells, but the toxicity increased in a
CuS-concentration- and laser-power-density-dependent manner under radiation. Animal
experiments also showed that the large CuS particles in the hydrogel could very efficiently
accumulate in tumor tissues and clearly suppress the tumors without causing evident
inflammatory lesions or organ damage. Wangsawangrung and co-workers developed a
quercetin/hydroxypropyl-β-cyclodextrin (HP-β-CD) inclusion complex-loaded polyvinyl
alcohol (PVA) hydrogel that was physically crosslinked through multiple freeze–thaw
cycles [10]. The quercetin/HP-β-CD inclusion complex was prepared via the solvent evapo-
ration method, which showed significant antioxidant activity compared with free quercetin.
An MTT assay also showed that the viability of mouse fibroblast NCTC 929 clone cells
cultured with various concentrations of extracted media from these hydrogels was greater
than 70%, indicating that these hydrogels showed low cytotoxicity. All the results illustrate
that these hydrogels with the quercetin/HP-β-CD inclusion complex were attractive can-
didates for wound healing. We also constructed thermosensitive hydrogel scaffolds for
cell culture [11]. These hydrogels were formed through the thermally induced gelation of
thermosensitive microgels, which were prepared by the radical polymerization of 2-methyl-
2-propenoic acid-2-(2-methoxyethoxy) ethyl ester (MEO2MA) and oligoethylene glycol
methyl ether methacrylate (OEGMA). The prepared thermosensitive hydrogels could be
used for the in situ embedding and three-dimensional (3D) culture of MCF-7 breast cancer
cells. The cells grew rapidly in the 3D scaffold and maintained a high proliferative capacity.

Molecularly imprinted polymeric hydrogel (MIPG)-based fluorescent sensors for
commercial applications were developed by Zou and colleagues [12]. The MIPG for the
detection of zearalenone (ZON) (MIPG_ZON) was first prepared using 4-vinylpyridine
(4-VPY) as the functional monomer and ethylene glycol dimethacrylate (EGDMA) as the
crosslinker for the ZON. This MIPG_ZON optical sensor showed excellent stability and
reproducibility, and could detect ZON in commercial corn juice in a linear fashion across
the concentration range 0–10 µM, with a limit of detection (LOD) of 1.6 µM. In parallel, a
MIP-based fluorescent probe for the detection of glucuronic acid was also fabricated for cell
imaging. Casas-Forero et al. prepared four types of commercial confectionary hydrogels
through the introduction of a cryoconcentrated blueberry juice (CBJ) rich in polyphenols,
anthocyanins, and flavonoids into a gelatin gel (GG), aerated gelatin gel (AGG), gummy
(GM), and aerated gummy (AGM), respectively [13]. The structures of the hydrogels could
protect the CBJ during in vitro digestion, which enhanced the bioaccessibility of the CBJ.
Ahmed and colleagues also developed a type of nanogel matrix soft confectionary for the
oral supplementation of vitamin D, which resulted in the enhancement of bioavailability,
stability, and patient compliance [14]. Moreover, Sahan et al. highlighted the biomedi-
cal applications and future perspectives of biomimetic hydrogels in the study of cancer
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mechanobiology [15]. Additionally, novel hydrogels with new formulations for the topical
administration of therapeutic agents were also reviewed by Almoshari [16].

The articles and reviews presented in this Special Issue offer a real insight into the
advances regarding hydrogels. It is very clear that many novel multifunctional hydrogels
will continue to emerge with bright application prospects from the efforts of researchers.

Funding: This research received no external funding.

Acknowledgments: The Guest Editors would like to thank to all the contributors to this Special Issue.
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Current Understanding of the Applications of Photocrosslinked
Hydrogels in Biomedical Engineering
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Abstract: Hydrogel materials have great application value in biomedical engineering. Among
them, photocrosslinked hydrogels have attracted much attention due to their variety and simple
convenient preparation methods. Here, we provide a systematic review of the biomedical-engineering
applications of photocrosslinked hydrogels. First, we introduce the types of photocrosslinked
hydrogel monomers, and the methods for preparation of photocrosslinked hydrogels with different
morphologies are summarized. Subsequently, various biomedical applications of photocrosslinked
hydrogels are reviewed. Finally, some shortcomings and development directions for photocrosslinked
hydrogels are considered and proposed. This paper is designed to give researchers in related fields
a systematic understanding of photocrosslinked hydrogels and provide inspiration to seek new
development directions for studies of photocrosslinked hydrogels or related materials.

Keywords: water gel; photocrosslinking; synthetic polymer; natural polymer modification; biomedical-
engineering applications

1. Introduction

Hydrogels are crosslinked networks of polymers. They have excellent hydrophilicity
and can absorb large amounts of water or tissue fluid. At the same time, their volumes
can expand to thousands of times that of the anhydrous state [1]. Water absorption and
water retention of hydrogels are closely related to the molecular structure of crosslinking
network, hydrophilicity, and crosslinking degree of monomers. If the crosslinking network
structure is too tight, its water absorption will be reduced. The higher the hydrophilicity
of the monomer structure, the better the hydroscopicity. Too high a crosslinking degree
will lead to a dense structure of hydrogel, thus reducing water absorption. When the water
content is within a certain range, hydrogels have softness and a rubbery consistency similar
to that of living tissue, which demonstrates their excellent biocompatibility for cells and
tissues [2]. Therefore, hydrogels have great application value in biomedical engineering.

In hydrogels, crosslinking is the key to avoiding dissolution of hydrophilic-polymer
chains or segments. Hydrogels can be divided into physical and chemical hydrogels ac-
cording to differences in crosslinking modes between polymers. In physically crosslinked
hydrogels, polymers usually form three-dimensional network structures through hydro-
gen bonding, ionic bonding, hydrophobic bonding, chain entanglement, microcrystal
formations, electrostatic interactions, etc. [3]. Such crosslinking is relatively simple and
convenient, but the resulting network structure is not uniform, the mechanical strength is
poor, and the crosslinking is usually reversible. Physical gels can subsequently be degraded
by changes in temperature, pH, or ionic strength in the environment. This limits their
use in complex internal environments. In contrast, chemical crosslinking that usually
occurs by covalent bonds is usually irreversible and thus stable under changing condi-
tions. In addition, hydrogels obtained by chemical crosslinking generally have better
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mechanical stability [4]. Therefore, chemically crosslinked hydrogels are more common in
biomedical applications.

There are many methods for chemically crosslinking hydrogels, such as crosslink-
ing polymerization of complementary functional groups, enzyme-induced polymeriza-
tion, photo- or heat-induced free-radical polymerization, and high-energy irradiation-
crosslinking polymerization [5]. Among them, the conditions of crosslinking polymeriza-
tion with complementary functional groups and enzyme-induced polymerization are mild,
and unnecessary functional molecules are not introduced, so they are the two preferred
crosslinking methods [6,7]. However, in practical applications, the small molecules and
macromolecules suitable for these two crosslinking methods are relatively limited, so there
are few hydrogels prepared by using these two polymerization methods [8]. In contrast,
light- or heat-induced radical polymerization is a common method in chemical crosslinking.
In these methods, initiators must be added to a solution of crosslinked molecules to induce
cracking into free radicals with light or heat, attacking the polymer chain withthe crosslink-
ing molecules and initiating a chain reaction to complete polymerization [9]. Therefore,
photo- or heat-induced free-radical polymerization is especially widely used because of its
simplicity and speed.

With the development of cross-disciplines and deepening of scientific research, an
increasing number of photocrosslinked hydrogels have been developed and applied in
biomedical engineering. It is therefore necessary to give a summary and a review of the
subject, as well as a glimpse into possible future development prospects. First, we introduce
the compositions of photocrosslinked hydrogels, including synthetic monomers and modi-
fied monomers based on natural materials. Subsequently, we summarize hydrogels with
different morphologies, such as films, fibers, microspheres, microneedles, and amorphous
(injectable) hydrogels based on these monomers. Then, we summarize recent applications
of these hydrogels in biomedical engineering. Finally, based on current development status,
we put forward views on the development prospects forphotocrosslinked hydrogels in
biomedical engineering. Overall, we hope that this review will give researchers a better
understanding of this field and promote further development.

2. Chemically Synthesized Molecules for Preparation of Photocrosslinked Hydrogels

To prepare photocrosslinked hydrogels exhibitinggood biocompatibility, many poly-
merizable small molecules have been synthesized. These small molecules usually have
carbon–carbon unsaturated bonds, and the polymer network is formed by bond breaking
and addition reaction under initiator and light. Depending on the type of polymeriz-
able group, these molecules can be roughly divided into four classes: ethylene, acrylic,
acrylamide, and acrylate (Table 1).

Table 1. Four different photocrosslinked molecules and their molecular structures.

Functional Group Category Single Structural Formula Polymer Structural Formula

Vinyl
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ing polymerization of complementary functional groups, enzyme-induced polymeriza-
tion, photo- or heat-induced free-radical polymerization, and high-energy irradia-
tion-crosslinking polymerization [5]. Among them, the conditions of crosslinking 
polymerization with complementary functional groups and enzyme-induced polymeri-
zation are mild, and unnecessary functional molecules are not introduced, so they are 
the two preferred crosslinking methods [6,7]. However, in practical applications, the 
small molecules and macromolecules suitable for these two crosslinking methods are 
relatively limited, so there are few hydrogels prepared by using these two polymeriza-
tion methods [8]. In contrast, light- or heat-induced radical polymerization is a common 
method in chemical crosslinking. In these methods, initiators must be added to a solu-
tion of crosslinked molecules to induce cracking into free radicals with light or heat, at-
tacking the polymer chain withthe crosslinking molecules and initiating a chain reaction 
to complete polymerization [9]. Therefore, photo- or heat-induced free-radical polymer-
ization is especially widely used because of its simplicity and speed. 

With the development of cross-disciplines and deepening of scientific research, an 
increasing number of photocrosslinked hydrogels have been developed and applied in 
biomedical engineering. It is therefore necessary to give a summary and a review of the 
subject, as well as a glimpse into possible future development prospects. First, we in-
troduce the compositions of photocrosslinked hydrogels, including synthetic monomers 
and modified monomers based on natural materials. Subsequently, we summarize hy-
drogels with different morphologies, such as films, fibers, microspheres, microneedles, 
and amorphous (injectable) hydrogels based on these monomers. Then, we summarize 
recent applications of these hydrogels in biomedical engineering. Finally, based on cur-
rent development status, we put forward views on the development prospects for-
photocrosslinked hydrogels in biomedical engineering. Overall, we hope that this re-
view will give researchers a better understanding of this field and promote further de-
velopment. 

2. Chemically Synthesized Molecules for Preparation of Photocrosslinked Hydrogels 
To prepare photocrosslinked hydrogels exhibitinggood biocompatibility, many 

polymerizable small molecules have been synthesized. These small molecules usually 
have carbon–carbon unsaturated bonds, and the polymer network is formed by bond 
breaking and addition reaction under initiator and light. Depending on the type of 
polymerizable group, these molecules can be roughly divided into four classes: ethylene, 
acrylic, acrylamide, and acrylate (Table 1). 
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2.1. Ethylenes 
Structurally, ethylene is the simplest functional group among polymerizable mole-

cules. Photopolymerization of ethylene molecules was also the earliest method discov-
ered and applied. In early studies, styrene and other monomers were mainly used to 
synthesize resins due to their poor water solubility, and they were usually polymerized 
by high-energy radiation or heat [10]. At present, thevinyl molecules used in hydrogel 
preparations are mainly N-vinyl pyrrolidone (NVP). NVP itself has low viscosity, high 
reactivity, and limitedskin irritation [11], so it is widely used as a typical ethylene mole-
cule [12]. Kao et al. first reported NVP photocrosslinking with four different comono-
mers to prepare a series of UV-curable bioadhesives with a high water uptake ranging 
from 25 to 350 wt% [13]. Subsequently, Fechine et al. studied the effects of crosslinking 
NVP with other polymerizable molecules such as hydrogen peroxide [14,15]. Lee and 
Devine et al. provideda detailed discussion on the network structure of copolymerized 
NVP and polyethylene glycol diacrylate (PEGDA) hydrogels and found that the molec-
ular weight of the main chain was mainly related to the NVP content and was not af-
fected by polymerization time [16,17]. In addition to NVP, a variety of other ethylene 
molecules have been reported for photocrosslinking polymerizations. For example, Sa-
hiner et al. successfully prepared photocrosslinked bulk polyethylene phosphonic acid 
(PVPA) by mixing and crosslinking PEGDAs with different molecular weights [18,19]. 
Ren et al. synthesized a hydrogen-bonded calcium-crosslinked PVDT-PAA hydrogel 
from 2-vinyl-4,6-diamino-1,3,5-triazine (VDT), acrylic acid (AA), and PEGDA through 
one-step photopolymerization [20]. However, due to the restriction of water solubility 
and reactivity, vinyl monomers are still rarely used in the preparation of photocross-
linked hydrogels [21,22]. 

2.2. Acrylic Acid 
Acrylic-acid (AA) molecules have photoactive groups and good water solubility, 

and due to the free carboxyl structure remaining after polymerization, theycan swell or 
shrink with environmental pH changes, electric fields, enzyme reactions, and tempera-
ture, so that the hydrogel exhibits a tunableresponse. In addition, these free carboxyl 
groups can interact with other groups under certain conditions, so the hydrogel network 
can be functionalized by reactions with carboxyl groups or interactions with solutes 
[23–26]. Therefore, photocrosslinked hydrogels based on AA molecules are very com-
mon and are often used for biological adsorption and environmental purification. For 
example, Liu et al. successfully synthesized a b-cyclodextrin or polyacrylic-acid nano-
composite (b-CD/PAA/GO) grafted with graphene oxide (GO) based on polyacrylic acid 
(PAA) through an esterification reaction, and prepared a composite PAA hydrogel, with 
an adsorption capacity of up to 248 mg/g fordye molecules in wastewater [27]. Hu et al. 
prepared a new PAA hydrogel by improving and optimizing the crosslinking agent 
usedin the AA polymerization process, and the adsorption capacity fordye molecules 
reached a record-breaking 2100 mg/g under neutral conditions [28]. Ma and Kong et al. 
combined PAA hydrogels with organic montmorillonite or GO, and the resultingcom-
posite hydrogel showed good adsorption capacitiesfor lead ions (Pb2+) with an adsorp-
tion capacity of 223.84 mg/g [29] and cadmium ions (Cd2+) with maximum adsorption 
capacity up to 316.4 mg/g [30]. In addition, PAA hydrogels can be used in the construc-
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2.1. Ethylenes

Structurally, ethylene is the simplest functional group among polymerizable molecules.
Photopolymerization of ethylene molecules was also the earliest method discovered and
applied. In early studies, styrene and other monomers were mainly used to synthesize
resins due to their poor water solubility, and they were usually polymerized by high-energy
radiation or heat [10]. At present, thevinyl molecules used in hydrogel preparations are
mainly N-vinyl pyrrolidone (NVP). NVP itself has low viscosity, high reactivity, and lim-
itedskin irritation [11], so it is widely used as a typical ethylene molecule [12]. Kao et al.
first reported NVP photocrosslinking with four different comonomers to prepare a series of
UV-curable bioadhesives with a high water uptake ranging from 25 to 350 wt% [13]. Subse-
quently, Fechine et al. studied the effects of crosslinking NVP with other polymerizable
molecules such as hydrogen peroxide [14,15]. Lee and Devine et al. provideda detailed
discussion on the network structure of copolymerized NVP and polyethylene glycol diacry-
late (PEGDA) hydrogels and found that the molecular weight of the main chain was mainly
related to the NVP content and was not affected by polymerization time [16,17]. In addition
to NVP, a variety of other ethylene molecules have been reported for photocrosslinking
polymerizations. For example, Sahiner et al. successfully prepared photocrosslinked bulk
polyethylene phosphonic acid (PVPA) by mixing and crosslinking PEGDAs with different
molecular weights [18,19]. Ren et al. synthesized a hydrogen-bonded calcium-crosslinked
PVDT-PAA hydrogel from 2-vinyl-4,6-diamino-1,3,5-triazine (VDT), acrylic acid (AA), and
PEGDA through one-step photopolymerization [20]. However, due to the restriction of
water solubility and reactivity, vinyl monomers are still rarely used in the preparation of
photocrosslinked hydrogels [21,22].

2.2. Acrylic Acid

Acrylic-acid (AA) molecules have photoactive groups and good water solubility, and
due to the free carboxyl structure remaining after polymerization, theycan swell or shrink
with environmental pH changes, electric fields, enzyme reactions, and temperature, so
that the hydrogel exhibits a tunableresponse. In addition, these free carboxyl groups can
interact with other groups under certain conditions, so the hydrogel network can be func-
tionalized by reactions with carboxyl groups or interactions with solutes [23–26]. Therefore,
photocrosslinked hydrogels based on AA molecules are very common and are often used
for biological adsorption and environmental purification. For example, Liu et al. success-
fully synthesized a b-cyclodextrin or polyacrylic-acid nanocomposite (b-CD/PAA/GO)
grafted with graphene oxide (GO) based on polyacrylic acid (PAA) through an esterification
reaction, and prepared a composite PAA hydrogel, with an adsorption capacity of up to
248 mg/g fordye molecules in wastewater [27]. Hu et al. prepared a new PAA hydrogel by
improving and optimizing the crosslinking agent usedin the AA polymerization process,
and the adsorption capacity fordye molecules reached a record-breaking 2100 mg/g under
neutral conditions [28]. Ma and Kong et al. combined PAA hydrogels with organic montmo-
rillonite or GO, and the resultingcomposite hydrogel showed good adsorption capacitiesfor
lead ions (Pb2+) with an adsorption capacity of 223.84 mg/g [29] and cadmium ions (Cd2+)
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with maximum adsorption capacity up to 316.4 mg/g [30]. In addition, PAA hydrogels
can be used in the construction of flexible devices due to their good biocompatibility and
flexibility. Based on this, Lu et al. combined PAA with nanocellulose to prepare a flexible
hydrogel that can be used for skin sensing [31]. Clearly photocrosslinked hydrogels based
on AA derivatives show a wide range of applications.

2.3. Acrylamide

Unlike liquid AA, acrylamide (AAm) molecules are usually solid and exhibit good
water solubility. The AAm molecule does not have a free carboxyl group, but instead has
a neutral amide bond, so polyacrylamide (PAAm) hydrogels do not exhibit pH respon-
siveness but show an equilibrium water content in the range of 94.73–96.26 wt%. Thanks
to this, PAAm hydrogels maintain stability in environments with variable solutes [32].
However, the amide bond can also be partially hydrolyzed into a carboxyl group under
certain conditions, and the PAAm hydrogel can function as a partial PAA hydrogel. For
example, Wang et al. used this principle to prepare enzyme-functionalized microspheres
for detection and cleaning of objects [33].

If a hydrophobic isopropyl group is introduced to the other end of the acrylamide
molecule, isopropyl acrylamide (NIPAm) is obtained. After photocrosslinking, the resulting
polyisopropyl acrylamide (PNIPAm) has a critical phase-transition temperature. When
the temperature of the PNIPAm hydrogel is increased above the critical phase-transition
temperature, the volume of the hydrogel shrinks significantly, and vice versa. It is worth
mentioning that the critical phase-transition temperature of PNIPAm hydrogels is 32 ◦C
and its low critical-dissolution temperature is close to the physiological temperature, it has
important application value in biomedical engineering [34]. Zhang et al. prepared PNIPAm-
hydrogel microspheres loaded with drugs, which shrank at physiological temperatures and
released the loaded drugs for wound repair and disease treatment [35]. When PNIPAm
hydrogel is combined with a substance susceptible to photothermal conversions, the new
material exhibits photoresponsiveness, which can be used to deter counterfeiting [36,37].

2.4. Acrylates

The reaction of an acrylic derivative (acrylic or methacrylic acid) with the terminal
hydroxyl group of another molecule yields an acrylate that can be used for photocrosslink-
ing. For example, polyethylene glycol acrylate (PEGMA), polyethylene glycol diacrylate
(PEGDA), polyethylene glycol dimethacrylate (PEGDMA) and other molecules that were
obtained after modification at the end of polyethylene glycol (PEG) can be photocrosslinked
to form the corresponding polymer network. Compared with acrylic acid and acrylamide
hydrogels, acrylate hydrogels are not sensitive to changes in environmental temperature,
pH, or other conditions, and are not convenient for functional-group modification; when
the surrounding environment changes, this kind of hydrogel maintains good stability. In
addition, some acrylate hydrogels, such as PEGDA hydrogels, show good water absorption
(about 60 wt%), good biocompatibility, and good adhesion resistance [38]. Therefore, this
kind of hydrogel can be used in biomedicine to construct a stable hydrogel skeleton for
direct contact with cells or human tissues, biological analyses, and other applications [39].
Hou et al. prepared photocrosslinkedfibers composed of PEGDA with different molecular
weights and studied the conversion of acrylate bonds in the hydrogel and the mechanical
properties of the fibers in detail. Hou et al. prepared a hydrogel microsphere based on a
PEGDA hydrogel and realized the detection of glycoprotein molecules in the solution [40].

3. Chemically Modified Natural Materials

Compared with synthetic materials, natural materials exist widely in nature and have
incomparable advantages in sourcing and storage. In addition, natural materials usually
have good biocompatibility; they are safer than synthetic materials for use in the biomedical
field. At present, hydrogels prepared from natural materials play important roles in cell
culture, tissue engineering, and other fields. However, natural materials usually do not
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have photocrosslinkable groups. In addition to a few complementary functional-group
reactions, crosslinking based on natural materials usually relies on physical crosslink-
ing. In practice, the mechanical strength and stability are poor. Therefore, researchers
have proposed various strategies for modifying natural materials. The introduction of
photocrosslinking groups makes the preparation of natural material hydrogels simpler
and more convenient, solves the problems of mechanical strength and poor stability, and
further expands their applications. Natural materials used for modification and prepara-
tion of crosslinked hydrogels are mainly divided into two categories depending on their
composition: polysaccharides and proteins or peptides.

3.1. Polysaccharides

Polysaccharides are carbohydrates with complex and large molecular structures
formed by dehydration and condensation of multiple monosaccharide molecules. They are
widely distributed in nature and play important roles [41]. For example, peptidoglycan
and cellulose are components of the cytoskeletal structure of plants and animals, and
starch and glycogen are important energy-storage materials used by animals and plants.
The monosaccharides that make up various polysaccharides often have free functional
groups; there are many active groups on the polysaccharide chain that can be modified
toallow photocrosslinking. Common modified crosslinked hydrogels include alginate,
hyaluronic acid, chitosan, heparin, chondroitin sulfate, gellan gum, cyclodextrin, and
dextran, among others.

Alginate is a natural polysaccharide that can form a physical hydrogel by chelating its
independent hydroxyl group with divalent and trivalent metal and heavy-metal ions. It
has wide application value for drug delivery, wound repair, and tissue engineering [42,43].
However, physically crosslinked alginate hydrogels have limitations in practical applica-
tions due to their uncontrollable gluing speed and instability after gelation. Therefore, many
researchers have modified alginate to graft photocrosslinking groups, and realize chemical
crosslinking [44]. For example, Xu et al. chemically grafted aminopropyl vinyl ether after
activating the carboxyl groups of sodium alginate and obtainedalginic acid functionalized
with vinyl ethers (Figure 1a) [45]. Photoinitiators can affect the crosslinking of hydrogels
under UV irradiation. Bukhair et al. obtained cinnamoyl-modified photocrosslinkable
alginic acid via multistep modificationand demonstrated that these crosslinked alginate
hydrogels have better mechanical properties and stabilities, as well as biocompatibility with
physically crosslinked alginate hydrogels due to the formation of cyclobutane bridges con-
necting the alginate polysaccharide chains through the (2π + 2π) cycloaddition reaction of
the inserted cinnamoyl moieties [46]. They have great potential in biomedical applications.

Hyaluronic acid is also a linear macromolecular mucopolysaccharide. It has unique
viscoelasticity, excellent water retention, biocompatibility, and nonimmunogenicity. It
also has important physiological and biological functions and is widely used in clinical
procedures [47,48]. However, natural hyaluronic acid has poor stability, is sensitive to
hyaluronidase, and lacks mechanical strength. Therefore, chemical modifications are
needed to prevent degradation and improve its mechanical strength, and the modified
groups mainly include carboxyl, hydroxyl, and the amino group exposed by deacetylation.
Lee et al. used Pluronic F127 to modify hyaluronic acid. The resulting polymers exhibited
thermosensitive sol–gel transition behaviors over the temperature range of 20–40 ◦C. After
modifying the functional groups of N-(3-dimethylamino propyl)methacrylamide, the HA-
F127 polymer was polymerized to form a stable photocrosslinked hydrogel (Figure 1b) [49].
Jenjob et al. prepared microspheres by photocrosslinking bisphosphonates (alendronate)
with methyl methacrylate-modified hyaluronic acid. The adsorption efficiency of the
microspheres for cationic bone morphogenetic protein 2 (BMP2) reached 91.0% [50].
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Figure 1. Synthetic route map or structural formula of the photocrosslinked hydrogel. (a) Synthetic
route for aminopropyl vinyl ether-modified alginic acid [45]. (b) Synthetic route to N-(3-aminopropyl)
methylacrylamide-modified hyaluronic acid [49]. (c) Synthetic roadmap for cinnamoyl chloride
chloride-modified [51]. (d) Structural formula of heparin modified by methyl acrylate [52].

Chitosan is formed by removing some acetyl groups from the natural polysaccharide
chitin. Its chemical structure is similar to that of hyaluronic acid. It is the only cationic
polymer in nature [53]. It shows good biodegradability, biocompatibility, bacteriostasis, and
other functions. Chitosan is usually insoluble in water and alkali solutions and needs to be
dissolved with acid, so chitosan solutions are usually acidic. In addition, the commonly
used gelation method for chitosan involves use of aldehyde-containing molecules (such
as glutaraldehyde) as crosslinking agents to react with the amino groups of chitosan to
form a Schiff base, leading to gelation [34]. In biomedical applications, acidic materials
cause irritation to skin or wounds, while residual crosslinking agents have strong biological
toxicity. To overcome these shortcomings, Zhou et al. modified chitosan with ethylene
groups; the material was dissolved in water and mixed with polyvinyl alcohol modified
by methacrylic acid. Photocrosslinked hydrogels were formed after a photoinitiatorwas
added [54]. Monier et al. modified chitosan molecules with cinnamyl chloride. The
crosslinked chitosan hydrogel showed good stability (Figure 1c) [51].

Heparin is a mucopolysaccharide sulfate composed of glucosamine, L-ieduraldehyde
glycoside, N-acetylglucosamine, and D-glucuronic acid. It is strongly acidic. It is a natural
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anticoagulant in animals. Heparin specifically binds to growth factors, so it has important
value in growth-factor-delivery systems [55,56]. Based on this, Yoon et al. modified
heparin with N-methylacrylamide hydrochloride and then crosslinked it with cryloyl-
modified Pluronic F127 to obtain composite hydrogels for the controlled release of growth
factors [57]. Jeong et al. successfully prepared electrospun fiber scaffolds by mixing methyl
acrylate-modified alginate and methyl acrylate-modified heparin with polyoxyethylene
(PEO) through electrospinning and photocrosslinking, and found that they were effective
inregulating cell behavior (Figure 1d) [52].

Chondroitin sulfate is a glycosaminoglycan covalently linked to proteins to form
proteoglycans. It is widely distributed in the extracellular matrix and cell surfaces of
animal tissues. The sugar chain is polymerized by alternating glucuronic acid and
N-acetylgalactosamine disaccharides. It relieves pain and promotes cartilage regenera-
tion [58]. After chemical modification, a chondroitin sulfate hydrogel can be obtained
through photocrosslinking. The hydrogel has good biocompatibility and biodegradability,
and has broad application prospects in drug delivery and bone repair [59,60]. For example,
Kim and others prepared methacrylated PEGDA or chondroitin sulfate hydrogel and used
it as a biomineralized three-dimensional scaffold for binding and deposition of charged
ions [61]. Ornell et al. used the photocrosslinked methacryl group to covalently modify
chondroitin sulfate and form injectable hydrogels, which can be used for sustained release
of drugs over a certain period of time (Figure 2a) [62].

Gellan gum is a linear polysaccharide composed of glucose, glucuronic acid, and
rhamnose. It is heat-resistant, acid-resistant, and enzyme-resistant and has good chemical
stability. Gellan gum is insoluble in nonpolar organic solvents and cold water, but can
be dissolved in hot water to form a transparent solution. After cooling, it becomes a
transparent and solid gel [63–65]. Because of its good biocompatibility and tunability,
researchers have tried to use gellan glue for tissue engineering. However, the gel formed
by cations is hard and brittle, which limits its application. For this reason, a variety of
photocrosslinking groups were used to modify gellan gum and obtain hydrogels with
good biocompatibility and mechanical properties. For example, Oliveriraet al. modified
gellan gum with trans-4-aminophenyl pyridine, and the product can be used for catalase
immobilization after photocrosslinking (Figure 2b) [66]. Mano et al. modified gellan
gum with methacrylic acid to prepare injectable gellan gum, which can be used as a
self-generated osteogenic material [67].

Cyclodextrins are a series of cyclic oligosaccharides produced with amylose under the
action of cyclodextrin glucosyltransferase. The three common cyclodextrins contain 6, 7,
and 8 glucose units and arecalled α-, β-, and γ-cyclodextrins, respectively. These molecules
are particularly attractive because they can form inclusion complexes with hydrophobic
guests exhibiting appropriate molecular sizes and have high versatility. In addition, they
can be chemically modified by hydroxyl substitution [68,69]. For example, Cosola et al.
prepared a cyclodextrin modified with polyacrylate, which can prepare photocrosslinked
materials with different morphologies via 3D technology [70]. Yamasaki et al. modified
cyclodextrin with isophorone diisocyanate and 2-hydroxyethyl acrylate to obtain pho-
tocrosslinked cyclodextrin [71]. Microspheres of the prepared photocrosslinked polymer
showed good separation efficiency for phenol (Figure 2c) [72].
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Figure 2. Synthetic routes for some crosslinked hydrogels. (a) Route map for the synthesis of
chondroitin methacryloyl sulfate [62]. (b) Synthetic route for gellan gum modified by trans-4-
aminophenyl pyridine [66]. (c) Synthetic route to cyclodextrin modified by isophorone diisocyanate
and 2-hydroxyethyl acrylate [72]. (d) Synthetic route to glycidyl methacrylate modified dextran [73].

Glucan is a homopolysaccharide formed with glycosidic linkages between glucose.
Based on the types of glycosidic bonds, it can be divided into α-glucan and β-glucan.
The common glucan is dextran, a common α-glucan. It has good biocompatibility and
is widely used in the biomedical field [74]. Dextran is rich in active hydroxyl functional
groups, so it can be chemically modified. Casadei et al. modified it with methacrylate to
obtain photocrosslinked dextran, which enablesthe controllable release of polymers [75].
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Yin et al. used glycidyl methacrylate to modify dextran and crosslinked it with methacrylic
acid ethylene glycol-modified concanavalin A and polyethylene glycol dimethacrylateto
obtain hydrogels (Figure 2d) [73]. The hydrogelsshowed good biocompatibility and glu-
cose responsiveness and are expected to be used in glucose biosensors and intelligent
insulin delivery.

3.2. Proteins/Peptides

Polypeptides are compounds composed of α-amino acids connected by peptide bonds.
They are also intermediate products in protein hydrolysis. Amino acids form polypep-
tides via dehydration condensation. After winding and folding, polypeptides can form
macromolecules with certain spatial structures, namely proteins. Proteins and peptides
play important roles in the growth and development of life. Because of their widespread
sources, nontoxic degradation products, and even benefits to the human body, proteins and
polypeptide products are widely used in the biomedical field. Because the amino acids that
make up proteins and peptides have free side-chain groups, they can be endowed with
new functions through chemical modification, such as photocrosslinking groups. Common
proteins used for modification with photocrosslinking groups include collagen, gelatin,
keratin, silk fibroin, and albumin. Their application scope is greatly expanded through
chemical modification, which gives them wide influence in the biomedical field.

Collagen is a protein formed by three peptide super-chain helices; it accounts for
25–30% of all proteins in mammals and is the most abundant protein [76,77]. Common col-
lagens include type I, type II, type III, type V, and type XI. Collagen is widely used in foods,
medicines, tissue engineering, cosmetics, and other fields because of its good biocompati-
bility, biodegradability, and biological activity [78]. Photocrosslinking of collagen hydrogel
can be realized with chemical modifications and photocrosslinking. The degradation rate
after the collapse of collagen hydrogels is slow, and they can be maintained for a long time
to achieve specific functions. For example, Yang et al. photocrosslinked methacrylated type
II collagen and used it for encapsulation of bone-marrow mesenchymal stem cells (BMSCs)
(Figure 3a). The crosslinked collagen maintained its triple-helix structure, which provides a
good microenvironment for proliferation and differentiationof BMSCs [79].
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(a) Chemical modification of type II collagen and photocrosslinking hydrogel for bone-marrow
mesenchymal stem-cell culture [79]. (b) Synthetic route of methacryloylated gelatin and its gelling
diagram [80]. (c) Synthesis roadmap of two-step modified silk fibroin [81]. (d) Schematic diagram for
crosslinking between keratin and 2,2-dimethoxy-2-phenylacetophenone [82]. (e) Schematic diagram
of free-radical formation in the rib/L-Arg system [83].

Gelatineis formed by partial hydrolysis of collagen, and it can be dissolved in hot
water and forms a gel after cooling. This excellent feature provides flexible application
scenarios. However, in most cases, a more stable hydrogel structure is desired, and the
temperature range for gelatine gels is relatively narrow, which makes it difficult to meet
the demand. Therefore, researchers have modified gelatinewith methacryloyl to enable
photocrosslinking. Methacryloylated gelatine (GelMA) has good biocompatibility and
structural stability after photocrosslinking. Therefore, methacryloylated gelatine shows
great application value in the biomedical field [84]. The Khademhosseini team used
gelatineas a raw material to synthesize GelMA, and used it in cell culture and microchips
to verify its application value in cell-responsive microengineered hydrogels (Figure 3b) [80].
Fu et al. prepared structural colored microspheres with GelMA and used them for cell
culture. They found that they had good biocompatibility and are expected to be used to
construct liver chips [85].

Keratin is the main protein constituting hair, horn, claws, and the outer layers of
animal skin. Because keratin contains cystine, it has a high proportion of disulfide bonds
and plays acrosslinking role in protein peptide chains. Therefore, keratin has particularly
stable chemical properties and high mechanical strength [86,87]. Studies have shown
that keratin extracted from human hair fibers contains a leucine–aspartate–valine (LDV)
cell-adhesion motif. Therefore, keratin has great application potential for cell culture and
tissue engineering. To provide more application scenarios for keratin, it can be modified.
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For example, Yu and Hu et al. successfully realized photocrosslinking of keratin by using
click chemistry and introducing 2,2-dimethoxy-2-phenylacetophenone (Figure 3c) [81,88].

Silk fibroin is a natural high-molecular fibrin extracted from silk. It has good mechani-
cal and physicochemical properties and a long application history. To improve plasticity,
many researchers have tried a variety of methods to modify it chemically (Figure 3d) [82].
Qi and others used silk fibroin modified by methacryl groups to obtain an injectable silk-
fibroin hydrogel after photocrosslinking [89]. However, the lower side chains of silk fibroin
decreased the content of methacryl groups, so the photocrosslinked silk-fibroin hydrogel
had lower mechanical strength. Therefore, it was necessary to modify other active groups
on silk fibroin to improve the mechanical strength. For example, Ju et al. obtained silk-
fibroin hydrogels with good biocompatibility and mechanical properties by modifying the
silk-fibroin hydroxyl with methacrylic acid and then performing crosslinking [90].

Albumin is a protein in plasma that maintains body nutrition and osmotic pressure,
and it accounts for approximately 50% of all plasma proteins. It has good biocompatibility
and solubility. Therefore, when preparing biomedical materials with albumin as a raw
material, the inherent defects of synthetic materials can be avoided. For example, Chiriac
and collaborators used riboflavin and arginine as natural initiators to crosslink bovine
serum albumin (BSA) and obtain BSA hydrogels (Figure 3e) [83]. In vitro and in vivo
experiments showed that the hydrogel had good biocompatibility.

4. Preparation of Photocrosslinked Hydrogels with Different Morphologies

In biomedical applications, different applications have different morphological re-
quirements for common hydrogels. Therefore, it is crucial to prepare a hydrogel with a
specific morphology. Common photocrosslinked hydrogel morphologies mainly include
fibers, microspheres, thin films, microneedles, amorphous shapes, and so on. At present,
many researchers have effectively explored processing methods for hydrogels with dif-
ferent morphologies, which has greatly expanded the application potential of hydrogels
in biomedicine.

4.1. Fiber

Fibrous products such as gauze are widely used in the life science and biomedical
fields. Inspired by this, many researchers have developed new hydrogel-fiber products.
Due to their high surface-to-volume ratios and high porosities, they exhibit good water
absorbance and air permeability and can replace some functions, such as those of tra-
ditional gauze in the biomedical field [91,92]. Usually, a hydrogel precursor solution is
converted into fibers, photocrosslinked, and finally accumulated in woven-fiber products.
At present, the main method used for fiber preparation is electrospinning [93–95]. When
the solution is squeezed out under a high-pressure electric field, the liquid becomes fil-
amentous due to the electric field. After the solvent evaporates, the polymer, polymer
mixture, composite materials, and other molecules form fiber shapes. Electrospun fibers
have many remarkable properties, such as high surface-to-volume ratios and functional
tunability; they can be applicable in many areas including drug delivery, wound dressings,
tissue engineering, membranes or filters, electronics, sensors, and energy [92]. Further-
more, when photocrosslinking technology is applied, the mechanical performance and
stability of the fibercan be improved further [96,97]. For example, Tang et al. developed
a novel high-throughput nanofiber-composite ultrafiltration membrane (Figure 4a) [98].
They first prepared chemically crosslinked polyvinyl-alcohol (PVA) nanofiberscaffolds on a
nonwoven substrate, and then prepared a polyvinyl-alcohol (UV-PVA) barrier layer via
UV crosslinking. The results showed that the 5 wt% UV-PVA solution coating provided
an ultrafiltration membrane with high throughput and high retention rate after UV curing
for 20 s. It had good pollution resistance and could be used for the separation of oil and
water emulsions.
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membrane [98]. (b) Schematic diagram of the preparation and application of photocrosslinked
GelMA-hydrogel microsphere [99]. (c) Enzyme-functionalized antiproteolytic-hydrogel microspheres
were used for biocatalysis [100]. (d) Schematic diagram for preparation and application of ALP
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Microspherical hydrogels have excellent mobility and mass delivery, and thus have
received considerable attention in fields such as biomedical detection and drug delivery.
Specific structural differences can be used to subdivide the micropellets into homoge-
neous micropellets, antiopal micropellets [32], and nuclear-shell micropellets (microcap-
sules) [101].

4.2. Microballoons
4.2.1. Homogeneous Micropellets

Homogenous hydrogel microspheres are usually formed by photocrosslinking after
the hydrogel precursor solution is dispersed into liquid droplets. There are many ways
to disperse solutions into droplets, but the principle is basically consistent; all methods
use emulsification to generate droplets, such as with stirring, microfluidics, and electro-
spraying. Among these techniques, microfluidic technology has obvious advantages in
preparing microspheres due to its accurate fluid control [99,102]. For example, Zhao et al.
obtained hydrogel microspheres loaded with cells and growth factors by mixing cells and
growth factors with GelMA solution, using microfluidics to cut them into droplets, and
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then photocrosslinking them. BMSCs in microspheres showed significant osteogenic effects
both in vitro and in vivo, and significantly increased mineralization, thus promoting bone
regeneration (Figure 4b) [99]. Combining microfluidic technology with electrojet technol-
ogy allowed the application of an electric field as an additional shear force to simplify the
microfluidic device. For example, Zhang et al. successfully used microfluidic electroin-
jection technology to prepare photocrosslinked chondroitin-sulfate microspheres, which
showed good value for drug loading and wound repair [103].

4.2.2. Antiopal Micropellets

Opal has a periodic, ordered structure formed by nanoparticles. When the nanoparti-
cles have a specific size, the opal reflects light of a specific wavelength and thus shows a
structural color. Negative replication using opal as a template yields an antiopal material.
This material has the same structural color characteristics and a continuous porous struc-
ture, which provide good prospects for applications in mass transfer (especially in the fields
of drug loading and sensing) [100]. For example, Wang and others prepared inverse-opal
hydrogel microspheres by using colloidal-crystal microspheres assembled with silicon-
dioxide nanoparticles as templates and AAm and N,N′-methylenebis-(acrylamide) (Bis)
as photocrosslinked hydrogel skeletons to copy the template microspheres [32]. Afterhy-
drolysis and enzymatic immobilization of the microspheres, the resulting material had
biocatalytic functionality and is expected to be used for treatment of complex water bodies
(Figure 4c).

4.2.3. Nuclear-Shell Microspheres (Microcapsules)

Antiopal hydrogel microspheres were obtained by using corrosion for removal of
nanoparticle templates. If the corrosion was incomplete, the prepared microspheres had
a nuclear-shell structure consisting of a hydrogel or nanoparticle-composite core and an
antiopal hydrogel shell. These nuclear-shell microspheres exhibit responsiveness similar to
that of antiopal hydrogel microspheres, and they also have high stability and can be used for
encoding [104]. Based on this, Xu et al. developed photocrosslinked nuclear-shell hydrogel
microspheres that can be used for miRNA detection by modifying the corresponding
aptamer [105].

Homogeneous hydrogel microspheres are generally prepared by single-emulsion
devices. Core-shell hydrogel microcapsules can be prepared if a double-emulsion device
is used and the inner solute is not crosslinked. For example, Zhao et al. developed
microcapsules containing an alkaline phosphatase (ALP) solution by applying microfluidic
electrojet technology. The shells of the microcapsule were formed by calcium alginate and
photocrosslinked PEGDA, which can preserve the activity of ALP in the digestive tract and
thus be used for intestinal endotoxin cleaning (Figure 4d) [101].

4.3. Thin Film

Among the many morphologies of photocrosslinked hydrogels, hydrogels with thin-
film morphologies are most widely used because of their excellent size ranges and me-
chanical strength. Thin films are usually made of homogeneous structures, and by adding
functional materials, hydrogel functionality can be enhanced in various ways. For example,
incorporation of mesoporous active nanoparticles or a vascular endothelial growth factor
can allow the hydrogel membrane to play an obvious promoting role in bone and wound
healing [106,107]. Using the opal structure as the template, a hydrogel thin film with the
antiopal structure was prepared. The nanoporosityand structure color of the antiopal
structure enabled enhanced drug loading, sensing, and driving functions for hydrogels,
withgood application prospects [37,108]. For example, Zhang et al. constructed photore-
sponsive antiopal hydrogel films that can be driven to capture and release objects under the
action of light (Figure 5a) [109]. In some cases, two sides of the hydrogel film can be made
to have different properties and functions by using different functionalization treatments to
obtain a Janus structure thin film. Such films show good results when applied in complex
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environments. Zhang et al. prepared a Janus sponge dressing that was hydrophilic on
one side and hydrophobic on the other. When the dressing was applied to the wound, the
exudate was discharged from the wound to maintain the microenvironment of the wound,
thus accelerating wound repair (Figure 5b) [110].
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4.4. Microacupuncture Needle

Microneedles are usually arrays of microneedles, typically less than 1mm in length.
Due to their size, they only penetrate the surface of the skin without causing bleeding;
they cause much less pain than a traditional needle, and the trauma can heal in hours.
Therefore, microneedles have obvious advantages in transdermal administration [113–115].
Compared with traditional metal- and silicon-based microneedles, hydrogel microneedles
have good biocompatibility, large drug loads, and controllable drug release, and they have
great development prospects. For example, Ghavaminejad et al. prepared microgel-loaded
glucagon using phenylboric acid as a functional group, and then mixed the microgel with
methacrylated hyaluronic acid (MeHA) and added it to the template [111]. After pho-
tocrosslinking, a photocrosslinked hydrogel microneedle was obtained. This microneedle
can release glucagon to raise blood glucose under hypoglycemic conditions, thus pre-
venting hypoglycemia after insulin injections for patients with diabetes (Figure 5c). The
mechanical properties of the microneedles can also be controlled by adjusting the morphol-
ogy. For example, Yu et al. designedan amifostine-loaded armored microneedle AAMN to
havestronger mechanical properties than traditional conical microneedles, much higher
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mechanical strength than conical structuresand high skin permeability, and they can be
better used for transdermal administration of amifostine [115].

4.5. Amorphous (Injectable) Hydrogels

Some hydrogels have poor mechanical properties due to limited high-molecular con-
tent or minimal crosslinking between large molecules. However, although these hydrogels
do not maintain their specific fine structures and appearance, they can be used to cover
irregular wounds and can be injected into irregularly shaped defect sites, which provides
unique advantages in medical trauma repair. Therefore, such hydrogels have great appli-
cation value in biomedical engineering. Liang et al. modified chitosan with quaternary
ammonium moieties and formed an injectable hydrogel with trivalent iron, a protocate-
chuic aldehyde containing catechol and aldehyde groups. It can be used for wound healing
and healing ofinfectionswith methicillin-resistant Staphylococcus aureus (Figure 5d) [112].
In addition, other functional materials can be added to injectable hydrogels to meet specific
needs. For example, Zhao et al. combined drug-loaded hydrogel microspheres with in-
jectable hydrogels to successfully prepare injectable hydrogels that were used for diabetes
treatment [116].

5. Biomedical Applications

Photocrosslinked hydrogels are widely used in biomedicine, such as for biosensors,
flexible wearable devices, medicine or tissue engineering, cell microcarriers, organ chips,
and so on. It should be noted that when constructing hydrogels, appropriate components
should be selected according to the application scenarios. For example, when a hydrogel
is used for sensing, it should exhibit antiadhesion properties. When applied directly to
humans, the hydrogel components should be biocompatible and preferably adaptable.

5.1. Biomedical Sensor

The components of hydrogels usually contain various functional groups, which can
combine with molecules or ions in the surrounding environment and cause changes in
the physical and chemical properties of hydrogels. By detecting these changes, the corre-
sponding molecules or ions can be analyzed and sensed. For example, Qin et al. prepared
hydrogel microspheres with a Janus structure, which changed its volume when the pH of
the environment was changed; this led to changes in the intensitiesof surface-enhanced
Raman scattering (SERS) signals and fluorescence signal. By collecting and analyzing these
two signals, the pH of the solution could be determined (Figure 6a) [117].

When a hydrogel has an ordered micro/nanostructure, it can show structural color,
which will change with volume changes of the hydrogel. Therefore, structural color can
be used to detect and analyzethe target molecule. The Sun research group has performed
a series of studies in this area. They used microspheres or membranes self-assembled
with colloidal nanoparticles of silicon wafers as templates, used hydrogels for repeated
preparation, and prepared a series of structurally colored hydrogel microspheres and films
with different functions. These microspheres showed good sensing ability for detection of
tumor markers, glycoproteins, DNA, and heavy-metal ions (Figure 6b) [118].
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Figure 6. Applications of photocrosslinked hydrogels in biomedical sensors and flexible wearable
devices. (a) The volume and fluorescence intensity of pH-responsive hydrogel microspheres changed
under different pH conditions [117]. (b) The color of a mercury-ion-responsive hydrogels with
structural color in mercury-ion solutions with different concentrations and reflection spectra of
responses [118]. (c,d) Schematic diagram of hydrogel interferometer response to the target and
demonstration of information encryption [119]. (e) Commercial contact lenses (top) and biosensing
contact lenses (bottom) [120]. (f) Origami hydrogel for motion-signal sensing [121]. (g) Self-powered
triboelectric nanogenerator that collects motion energy [122].

In addition to construction with micro/nanostructures, optical hydrogels can be di-
rectly prepared by using the principle of thin-film interference and the swelling characteris-
tics of hydrogels. For example, Qin’s team proposed a hydrogel interferometercolor-change
system that was simple to prepare, quick to respond, and easily patterned, and demon-
strated various applications in detection and information encryption [119]. This kind of
hydrogel does not need a fine micro/nanoconstruction unit, but is used to fabricate a film
by rotating the coating on a highly reflective substrate with grafted functional groups.
According to the principle of film interference, the hydrogel-film thickness is controlled to
cause instant discoloration (Figure 6c). To achieve a portable detection device, researchers
have also developed the necessary mobile phone software [119]. When an unknown
sample must be analyzed, one takes a picture with the mobile phone, and the software
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automatically analyzes the subject and provides the test results. Reversible encryption and
decryption can be realized according to whether the film is damp or not (Figure 6d) [119].

5.2. Flexible Wearable Devices

The concept of hydrogels was first proposed by Wichterle et al. in 1960. They con-
structed a three-dimensional hydrogel network comprising hydroxyethyl methacrylate
(HEMA) containing a small amount of the crosslinking agent EGDMA to overcome the
poor biocompatibility and stability of plastic products at that time. This hydrogel has a
soft texture, good light permeability, adjustable mechanical properties and water content,
and a certain degree of biological inertia. Based on these excellent properties, Wichterle
used it forthe preparation of contact lenses [123]. Subsequently, many researchers made
improvements on this material and developed cosmetic pupils with their own structural
colors, which can be used for detection of substances in tear drops (Figure 6e) [120,124–126].

In addition to contact lenses, many flexible hydrogels are used in combination with
sensing elements to produce flexible electronic devices that convert and conduct sig-
nals [127,128]. For example, Yu et al. developed a photocrosslinked acrylic hydrogel
film with controllable thickness and excellent mechanical properties. During polymeriza-
tion of the hydrogels, Zr4+ added to the solution coordinated with some of the carboxyl
groups in polyacrylic acid, and the resulting hydrogels exhibited high stability. Akirigami
structure for the hydrogel was obtained by photolithographic polymerization, so the hydro-
gel exhibited elevated ductility and flexibility to wrap the curved surface. After combining
this origami hydrogel with a liquid metal, the resulting hydrogel sensor was used to sense
arm or finger-bending motions (Figure 6f) [121]. To solve the need for a power supply for
flexible electronic devices, Wang’s research group developed a stretchable triboelectricnano-
generator (TENG) based on elastomer hydrogels. The tensioning, transparent, ultrathin
single-electrode TENG with a double-layer structure fit firmly to human skin and deformed
as the human body moved. TENGs can also capture energy during deformation processes
(pressing, stretching, bending, and twisting) to drive electronic devices (Figure 6g) [122].

5.3. Drug Delivery and Tissue Engineering

The traditional methods of drug administration such as injection and oral administra-
tion need to be given frequently, and will cause the problem of high drug concentration
in a short time, resulting in side effects. Therefore, sustainable and low-dose drug deliv-
ery has important application prospects. The hydrogel material has a three-dimensional
network structure that “locks” the drug in a grid, allowing it to be released slowly. As a
result, hydrogels could be used for drug delivery, which in turn could play a role in tissue
engineering. For example, Lei et al. prepared a photocrosslinked methacrylated hyaluronic
acid (HAMA) microsphere loaded with vascular endothelial growth factor (VEGF) by a
microfluidic electrospray technique and used in the treatment of thin endometrium. The
combination of VEGF and HAMA can promote endometrial regeneration and embryo
implantation, while hyaluronic-acid hydrogel scaffolds can work with VEGF to promote
endometrial hyperplasia after degradation. Therefore, this drug-loaded hydrogel has a
good application prospect (Figure 7a) [129–131].
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By selecting suitable responsive hydrogels or changing the structure of nanopores,
hydrogels can be designed to have tunable drug-delivery effects. The stimuli used to
trigger the hydrogel’s response are usually light, heat, molecules, or ions. For example,
Zhao et al. developed a glucose-responsive injectable hydrogel. Injected into the body, this
hydrogel can maintain quasi-homeostasis in the normal range of blood glucose levels for
approximately two weeks [116]. Salahuddin et al. prepared a light-controlled hydrogel.
When exposed to light, the mesh of the hydrogel changes, altering the diffusion rate of
the molecules being convenient for the controlled release of the drug [134]. Yang et al.
prepared an antiopal microsphere and used its nanoporous structure to load drugs injected
into the joint cavity. Elevated local temperatures during exercise or arthritis can promote
the release of drugs, and vice versa. Therefore, this ingenious drug-delivery system could
play an important role in the treatment of osteoarthritis (Figure 7b) [132].
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5.4. Cellular Microcarrier

Photocrosslinked hydrogels can be used to load cells as microcarriers for cell culture,
and biocompatibility and bioadhesion of hydrogels can be evaluated according to the
growth status of the cells. For example, Liu et al. used microcarriers constructed from
different hydrogels for cell culture, and found that the growth status of the cells with
different microcarriers was inconsistent. This indicated that hydrogel-cell microcarriers can
be used to study biological adhesion of different hydrogels [135].

When photocrosslinked hydrogels are used in cell culture, they can also be used as a
platform to study cell growth, proliferation, and interaction between cells, which is also the
preliminary basis for the application of hydrogels in tissue engineering in vivo. In earlier
studies, Burdick’s research group prepared hydrogels with gradient-crosslinking density
using microfluidic technology, which were used to study the migration and other behaviors
of cells in vitro [136]. Dadsetan et al. obtained hydrogels with different crosslinking degrees
and mechanical properties by changing the ratio of crosslinking agent and polymerizer in
photocrosslinking hydrogels. When these hydrogels were used for chondrocyte culture,
cells showed different adhesion effects and morphologies on hydrogels with different
crosslinking densities [137]. Huang et al. found that by adding different ionic residues to
the hydrogel, it can improve its mechanical properties and regulate the metabolic activity
and collagen secretion of the loaded chondrocytes without changing the polymer content
and swelling behavior (Figure 7c) [133]. These results indicated that hydrogels, when used
as cell microcarriers, can simulate tissues in vitro and preliminarily monitor and regulate
cell behavior [138].

5.5. Bionic Organ

As mentioned earlier, photocrosslinked hydrogels can be used in cell culture. If mi-
crofluidic and other technologies are integrated into the cell-culture process, multiple
cell cocultures can be realized, and the structures and functions of some organs can be
simulated and realized through interactions between cells. The system is called an organ
chip or organoid. These biomimetic organs can have important application value in the
biomedical field. One of the most important applications is for drug evaluation. Today’s
drug development process often requires multiple rounds of animal or human trials to
verify the drug’s efficacy. Due to the differences between species, animal experiments
often do not truly reflect the effects of drugs on humans, and both animal experiments and
human experiments are faced with ethical problems. In addition, animal trials and human
trials often take a long time, which greatly increases the cost of new drug development.
Comparatively speaking, organ chips or organoids can prevent ethical problems and reduce
time cycles, which is a good way to solve these problems. For example, Zhang et al. used
a 3D microfluidic cell-culture system to construct microchips for liver, lung, kidney, and
other organs for drug screening for related organ diseases [139]. Huh’s team constructed a
biomimetic lung-chip microdevice, that simulated lung respiration by applying mechanical
force, and this can be used to evaluate the biotoxicities of nanoparticles [140]. Furthermore,
they conducted an evaluation study on the toxicities of drugs with lung microchips [141].
Toh et al. cocultured a variety of cells to construct a three-dimensional liver-organ chip.
Studies have shown that this chip can simulate the function of the liver and be used for toxi-
city testing [142]. Zhao et al. combined structurally colored hydrogels with cardiomyocytes
to construct a novel heart chip [143] and used optical signals to monitor cardiomyocyte
activity and drug evaluation (Figure 8a) [144].
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In addition to using bionic organs for drug evaluation, researchers have built organ
chips for direct treatment of diseases. For example, Fu’s team used 3D printing technology
to construct a bionic liver with microchannels and nanoparticles for metabolism and
adsorption of toxic substances [85]. Wang et al. constructed a bionic enzyme-cascade
microcapsule by using microfluidic electrojet technology and a structurally e-colored
microsphere enzyme carrier. In such microcapsules, the cascade metabolism of alcohol in
the liver can be simulated with an enzyme-cascade reaction (Figure 8b) [145].

6. Conclusions and Prospects

In general, synthetic photocrosslinked hydrogels are usually constructed by introduc-
ing molecules containing double bonds that can be polymerized by light at the end of the
molecule, such as ethylene, acrylic acid, acrylamide, acrylic ester, etc. Natural-polymer
photocrosslinked hydrogels are usually modified by acrylates or acrylamide derivatives,
which are prepared by acylation of natural polymers containing reactive groups. In the
presence of photoinitiator, photocrosslinked hydrogels can be carried out under mild condi-
tions. Compared with other chemical crosslinking, photocrosslinked hydrogels can achieve

24



Gels 2022, 8, 216

in situ polymerization crosslinking and have the characteristics of fast reaction rate, mild
reaction conditions, easy control of geometric shape, and low reaction heat release.

Photocrosslinked hydrogels are biomedical materials, and they have good develop-
ment prospects. However, they still have some limitations. The synthetic monomers used
to prepare photocrosslinked hydrogels are usually toxic. Removing these harmful sub-
stances and free-radical residues from photocrosslinked hydrogels is a challenging problem.
Although chemically modified natural materials can vent monomer toxicity, their types
are still limited, and the resulting mechanical properties are not as easy to control as those
of hydrogels prepared from synthetic monomers. In addition, their high biocompatibility
allows easy contamination with many bacteria, which limits their application in other fields.
Therefore, in future research, more natural materials with chemical modifications designed
to meet actual demand should be developed. In terms of preparation and application,
although a variety of techniques have been used to prepare photocrosslinked hydrogels
with different morphologies, it is still a great challenge to prepare photocrosslinked hydro-
gels that effectively simulate tissues or organs in vivo. In future research, the intersection
of advanced processing technology, new materials and human-tissue mechanics will be
important in solving this problem. We hope that with further combinations of biology,
chemistry, engineering, and other disciplines, applications of photocrosslinked hydrogels
in biomedical fields will be expanded and more remarkable achievements will be realized.
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Abstract: In this work, a photo-polymerization route was used to obtain potassium acrylate-co-
acrylamide hydrogels with enhanced mechanical properties, well-defined microstructures in the dry
state, and unique meso- and macrostructures in the hydrated state. The properties of the hydrogels
depended on the concentration of the crosslinking agent. Mechanical properties, swelling capacity,
and morphology were analyzed, showing a well-defined transition at a critical concentration of the
crosslinker. In terms of morphology, shape-evolving surface patterns appeared at different scales
during swelling. These surface structures had a noticeable influence on the mechanical properties.
Hydrogels with structures exhibited better mechanical properties compared to unstructured hydrogels.
The critical crosslinking concentration reported in this work (using glycerol diacrylate) is a reference
point for the future preparation of multistructured acrylic hydrogel with enhanced properties.

Keywords: hydrogels; photo-polymerization; potassium acrylate-co-acrylamide; swelling
capacity; multistructured

1. Introduction

Hydrogels are polymeric tridimensional networks that can absorb large amounts of
water and other fluids without compromising their structure [1–3]. Their swelling depends
on the presence of certain functional groups, crosslinking degree, chain flexibility, tacticity,
crystallinity of components [4], and thermal history [5]. These unique materials are being
used in several commercial applications, for example, as ophthalmic devices, biosensors,
biological membranes, and drug carriers [1,2]. Potential applications of hydrogels as
soil conditioners and as removal agents for heavy metal ions have also been mentioned
in the literature [6–8]. The properties of hydrogels strongly depend on the synthesis,
concentration, and nature of components and the polymerization process. In this regard,
several studies dealing with methods of synthesis, effects of swelling, and crosslinkers on
properties have been reported [9–22].

UV curing (photopolymerization) is an alternative process for synthesis of hydrogels.
It allows for a better control over the reaction kinetics and it is not affected by the presence
of oxygen in the system [23–25]. Additionally, photopolymerization can be utilized with
most monomers, and only one additive (photoinitiator) is needed [26,27]. Other advantages
of photopolymerization are short times of synthesis and minimum generation of heat [28].
It is also important to mention that photopolymerization is widely used to prepare hy-
drogels with applicability in medical and biological fields. For example, successful cell
encapsulation and high cell viability in photopolymerized hydrogels [23] and the develop-
ment of advanced photoinitiators suitable for several medical conditions [29] have been
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reported. Moreover, excellent resistance against bacteria in photopolymerizable hydrogels
have also been reported. Lin et al. (2011) prepared a biocompatible silicone based on
carboxybetaine and a macromer (bis-α,ω-(methacryloxypropyl) poly-dimethylsiloxane)
via photopolymerization using Darocur® TPO as the photo-initiator. These hydrogels
showed excellent resistance against bacterial adhesion and protein adsorption [30].

In the case of acrylic hydrogels prepared via photopolymerization, there are also
plenty of published studies, from copolymer systems [31] to reinforced hydrogels [22,32,33],
among others. In the case of photopolymerized hydrogels based on potassium polyacry-
lates, there are only a few studies reported. Ruan et al. (2004) studied polyacrylate potas-
sium and polyacrylate sodium hydrogels using different photoinitiators in the synthesis.
They found that the highest water absorptions were exhibited by hydrogels synthesized
with Irgacure 1700 and Irgacure 1800 [34]. In this work, we utilized Irgacure 1700.

The superficial instabilities that appear during swelling in gels are a phenomenon
known since the XIX century [35]. Tanaka et al. (1987) observed the appearance of patterns
in polyacrylamide-based gels during phase transition. This phenomenon affected the under-
standing of the kinetic process in the gels [36]. In another study by Tanaka et al. (1992), the
morphologic evolution and kinetics of superficial patterns in acrylic gels during swelling
was reported. A dynamic ordering of patterns was observed [37]. Li et al. (1994) re-
ported the presence of hexagonal-, grain-, and bubble-like shape patterns in ionic N-
isopropylacrylamide (N-IPA)-based gels. These patterns were observed below, near, and
above the transition phase temperature, and their behavior depended on the temperature,
time, external constraint, and thermal history [38]. In a study dealing with photopolymer-
izable polyhydroxythylmethacrylate (PHEMA) hydrogel films with a crosslinking gradient,
Guvendiren et al. (2009) reported a method that allowed them to form various osmotically
driven surface patterns without organic solvents for swelling. They observed and captured
the shape evolution of such patterns, being first hexagonal structures, then peanut shapes,
and then lamellar and finally worm-like patterns [39]. The same research group later
reported creasing formation in the gradient PHEMA hydrogels using various solvents.
They found that the morphology of patterns depended on the equilibrium linear expansion,
which was as a function of the solvent–polymer interaction and the concentration of the
crosslinker [40]. Recently, Chuang et al. (2021) demonstrated that the UV irradiation dose
and the immersion conditions in DI water determined the characteristics of surface patterns
in pHEMA-based hydrogels [41]. The maximum characteristic wavelength of the formed
wrinkles depended on the initial immersion time. This dependency had a relationship that
followed the power law. Furthermore, it is important to mention that surface structures
seem to have an important effect on cells attached on hydrogels. In this regard, Saha
et al. (2010) reported that wrinkled patterns on the surface of soft hydrogels made of
polyacrylamide greatly influenced cell attachment and cell behavior [42]. Figure 1 displays
some of the surface patterns that can be generated in acrylic hydrogels.

It is clear that there is a great interest in polymeric systems that display spontaneous
formation of patterns that can be controlled in terms of size, order, morphology, and com-
plexity. Such materials could be useful in many applications such as coatings, optical filters,
batteries, actuators, valves, microfluidic devices, and flexible electronics [43–47]. In this
work, we prepared multi-structured hydrogels of poly(potassium acrylate-co-acrylamide)
via photopolymerization. Photo initiation allowed us to control the temperature of the
synthesis, which led a higher structural stability of hydrogels during swelling. We used the
term multi-structured due to the ability of these hydrogels to display patterns/structures at
different scales (micro-, meso-, and macroscales). The effect of the crosslinking agent (glyc-
erol diacrylate or DAG) on the swelling capacity, morphology, and mechanical properties
was evaluated.
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2. Results and Discussion

Figure 2 shows the probable reaction between the acrylic monomers and the crosslink-
ing agent to form the polymeric network. Undesired residues such as unreacted molecules
from the pho-initiator and the monomers, as well as free oligomers, were removed in the
cleaning step [48].
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During preparation of hydrogels, it was possible to control the temperature of the
reaction by means of photo-polymerization. By controlling the entropy of the reaction
solution at low temperatures, an ordered polymeric network was formed, allowing for
the preparation of transparent and homogeneous hydrogels. These hydrogels presented
a fractal-like structure in three different scales: micro (10−7 to 10−8 m), meso (10−5 to
10−7 m), and macro (10−3 to 10−5 m). Such properties were consistent with those from
hydrogels synthetized via redox initiation [20]. The polymer gel fraction (GF) was cal-
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culated for all hydrogels (shown in Table 1), as mentioned in the experimental section.
All values were higher than 91%, which is consistent with values reported by Rodgers
et al., who determined GF’s of 89% and 90% for acrylamide and 93% for acrylic acid [29].
Lara-Valencia et al. [10] reported values lower than 90% for acrylic hydrogels obtained
by redox initiation and higher than 90% for photoinitiated ones. Wen et al. [31] reported
values lower than ours for poly acrylic acid/cellulose nanofibers hydrogels. This could be
attributed to the nanofibers, which could have had decreased the UV light transmittance.

Table 1. Maximum swelling and mechanical tests results for hydrogel samples.

Concentration
of DAG (wt %)

Polymer Gel
Fraction, GF(%)

Maximum
Swelling K × 108

Characteristic
Length,

λ × 106 m

Tensile
Strength (Pa)

Young’s
Modulus (MPa)

Elongation at
Break(%)

0.5 91.2 ± 0.8 216.2 ± 7.5 4.28 ± 0.15 1.46 ± 0.038 1979 ± 19 2.64 ± 0.09 1647 ± 52.4

1.0 92.5 ± 1.1 155.1 ± 5.9 4.72 ± 0.18 1.41± 0.036 2087 ± 17 3.66 ± 0.10 1036 ± 43.1

2.0 92.4 ± 0.9 136.8 ± 4.0 5.62 ± 0.16 1.34 ± 0.039 2121 ± 32 3.73 ± 0.18 871 ± 36.0

3.0 93.6 ± 1.4 120.2 ± 4.3 6.03 ± 0.21 1.18 ± 0.025 2206 ± 16 6.48 ± 0.19 660 ± 34.3

4.0 92.1 ± 0.9 99.7 ± 3.9 5.54 ± 0.22 1.08 ± 0.031 2262 ± 34 7.80 ± 0.22 517 ± 32.0

5.0 93.4 ± 1.2 93.7 ± 3.4 5.93 ± 0.21 1.04 ± 0.016 2261 ± 28 8.84 ± 0.43 391 ± 15.2

6.0 93.1 ± 1.3 93.0 ± 3.5 6.86 ± 0.26 0.99 ± 0.007 2343 ± 24 13.43 ± 0.38 349 ± 23.7

7.0 92.9 ± 1.4 79.2 ± 2.3 8.08 ± 0.23 0.97 ± 0.008 2427 ± 20 14.38 ± 0.86 279 ± 21.0

8.0 91.6 ± 0.9 75.0 ± 2.7 7.38 ± 0.26 0.95 ± 0.005 2435 ± 18 15.25 ± 0.44 251 ± 15.5

9.0 92.0 ± 0.9 70.7 ± 2.8 8.34 ± 0.33 0.92 ± 0.008 2482 ± 26 22.34 ± 1.45 210 ± 19.2

10.0 92.7 ± 1.4 69.4 ± 3.3 10.21 ± 0.49 0.91 ± 0.006 2515 ± 33 28.47 ± 0.81 128 ± 12.5

± standard deviation.

2.1. Infrared Spectroscopy FTIR

Figure 3A shows the FTIR spectrum corresponding to acrylic acid. Here, the bands
at 3260 cm−1 were attributed to the OH groups, while the bands corresponding to the
asymmetric and symmetric tension vibrations of CH2 were detected at 2968 cm−1 and
1460 cm−1, respectively. The band at 1733 cm−1 corresponded to the carboxylic carbonyl
group, while the one at 1635 cm−1 was attributed to the vibration of the C=C double
bond. The out-of-plane deformation (=C-H) was represented by the band at 812 cm−1.
Figure 3B corresponds to the FTIR spectrum of the glycerol diacrylate (DAG), in which the
same characteristic bands were observed as in the spectrum shown in Figure 3A. This was
because both compounds possess the same functional groups. However, here, we had the
presence of a secondary alcohol (-CHOH) that generated bands at 1059 cm−1, 1300 cm−1,
and 1413 cm−1. Figure 3C shows the FTIR spectrum of acrylamide. Here, we had the
combination of N-H strain and C-N bending in the bands at 1356 cm−1 and 675 cm−1,
respectively, while the combination of N-H strain and C-N strain occurred at 1610 cm−1.
Bands corresponding to the double bond C=O (≈1735 cm−1) and the N-H strain (from 3342
to 3200 cm−1) were also observed. It can be noted that the band for the carbonyl group
(C=O) appeared at 1670 cm−1, which could be attributed to the presence of the amino
group [10]. In Figure 3D, the spectrum obtained for the acrylamide/potassium acrylate
copolymer, with 4 wt % glycerol diacrylate (DAG), is shown. Here, the absence of the C=C
double bond signal was evident, and the presence of the characteristic signals for both
monomers can be noted. Bands located at 1677 and 1572 cm−1 can be attributed to the
carbonyl and amino groups, respectively.
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2.2. Swelling Kinetics

Figure 4a shows the swelling kinetics of the obtained hydrogels. The swelling of
hydrogels with 0.5 wt % DAG was significantly higher than the rest. On the other hand,
hydrogels with DAG concentrations from 1 wt % to 10 wt % showed a very similar
behavior, having their swelling capacities reduced with increasing crosslinking. It can also
be observed that groups of samples followed practically the same behavior (groups of 1, 2,
and 3 wt %; groups of 4, 5, and 6 wt %; and groups of 7, 8, and 9 wt %). The maximum
swelling ranged from 69 to 217 times the weight of the xerogel. This behavior depended
on the amount of DAG (Figure 4). Table 1 shows the values of the maximum swelling
for all formulations. Magalhães et al. [49] reported swelling degree values from 144 to
189 for hydrogels where they varied the amount of sodium acrylate in the formulation of
poly(sodium acrylate-co-acrylamide) hydrogels. Leitão et al. [50] reported swelling degrees
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from 620 to 1100 times in acrylamide/potassium acrylate hydrogels crosslinked at 0.05, 0.1,
and 0.2% mol with respect to the total mass of monomers.
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Figure 4b shows the maximum swelling as a function of the crosslinking agent (DAG).
A change in slope was observed at 4 wt % of DAG, similar to the characteristic length (λ) of
the mesostructures and macrostructures at different times (as can be seen in the figure of
the characteristic lengths). This critical value of 4 wt % of DAG is consistent with a critical
crosslinking concentration reported in a study from Lopez-Ureta et al. (2008), in which
the authors synthetized acrylic acid/acrylamide hydrogels via redox initiation. They also
used DAG as a crosslinker [20]. We believe that, starting from this critical concentration
(4 wt %), stronger networks were formed, which led to less swelling in the hydrogels. At
lower DAG concentrations, the hydrogels physically collapsed near the equilibrium, which
can be attributed to weaker networks.

The Schott’s model was used in order to analyze the adsorption behavior of hydrogels
in water. Figure 5a shows the linear behavior obtained from Equation (5) (see below in
the Experimental section), which showed linearity values close to 1, demonstrating that it
followed the model adequately.
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In this context, Figure 5b shows the normalized slopes for all samples (m/mcritical).
Here, a linear dependence can be observed. Table 1 shows the values of the constant K for
all the samples evaluated.

2.3. Surface Analysis

Figure 6a shows images of the surface of the xerogels where it can be observed that
with a higher the amount of DAG, the structuring of the hydrogel was more noticeable.
A critical crosslinking concentration (CCLC) of around 4 wt % was observed. For DAG
concentrations below 4 wt %, an irregular surface arrangement was noted, while for DAG
concentrations higher than 4 wt %, a compact surface, aligned preferentially in one direction,
and with a more regular surface texture, was observed. Similar results were reported by
López-Ureta et al. [20]. The characteristic length of the structure was in the microscale in
xerogels with 10 wt % of DAG but increased when the concentration of DAG decreased.
The mesostructure of hydrogels was observed by optical microscopy. When the water
penetrated the hydrogels, four distinctive wrinkle patterns were spontaneously formed
and transited to random worms, lamellae, peanuts, and ordered hexagonal patterns during
swelling, until the maximum swelling was reached. Figure 6b shows images of hydrogels
with 1 wt %, 2 wt %, 4 wt %, 6 wt %, and 10 wt % of DAG at short hydration times (10,
40, and 180 s). The order of magnitude of the structures was in the range of 10−6 m. The
size of structures increased with hydration time, becoming more defined as the amount
of DAG increased. There was evidence in this research that the crosslinking gradient
plays a critical role in the evolution of surface patterns and their ordering along with the
lateral confinement of the hydrogel, promoting anisotropic osmotic pressure along with
the thickness. Similar systems were described [35,36,39,40].

Figure 5b shows images of hydrogels exhibiting meso- and macrostructures at differ-
ent swelling times as a function of DGA. The macrostructure was defined from the first
minutes of contact of the xerogel with water. After 24 h, all macrostructures disappeared.
Equilibrium was reached approximately 32 h after the start of the swelling process. De-
pending on the degree of crosslinking of the hydrogel, the hydrogel can undergo large
volume changes during swelling. During the water absorption process, the resulting com-
pressive stresses can be quite large, even exceeding the elastic modulus of the gel. When
this compressive stress becomes large enough (and the material cannot delaminate and
buckle macroscopically), an elastic instability arises in which the free surface folds in on
itself to locally relieve the compressive stress.

Table 1 shows the average characteristic length values for the mesostructure, measured
at 60 s of hydration. Initially, the gel was in an almost stress-free state; however, immersion
in a solvent led to swelling of the network until the osmotic stress, due to the mixing of
solvent with polymer chains and counterions, was balanced by the elastic strain due to
chain stretching. Because of the mechanical constraint provided by the substrate, a gel
attached to the surface that was much thinner than its lateral dimensions can only expand
in the direction normal to the surface. The result of this uniaxial expansion is that the gel
undergoes a state of equibiaxial compressive stress [35].

Figure 7a shows the characteristic length (λ) of the mesostructures at 60 s and 180 s as a
function of DAG concentration. The order of magnitude (10−6 m) increased with the water
absorption. Similar to Figures 3B and 7b, when the DAG concentration was 4 wt %, there
was a clear change in the behavior of the data. This was probable due to the reordering
of the polymeric network. Figure 7b displays the relationship between λ and the DAG
concentration, but this time at 60 and 360 min. The order of magnitude was 10−3 m. The
mesoestructures disappeared when the hydrogels reached their swelling equilibrium.
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graph (SEM) of xerogels; (b) polarized light micrographs of swollen hydrogels; (c) macrostructures of
swollen hydrogels; all as functions of swelling time.
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The size of the meso- and macrostructures slightly decreased when the DAG con-
centration also decreased, generating regular “packed” shapes and thus more compacted
hydrogels. This type of superficial morphology was observed in all sides of the samples
(cubes), demonstrating the tridimensional nature of the patterns. The size of these well-
defined structures augmented with the time after immersion. However, the number of
these structures remained constant.

2.4. Mechanical Tests

Table 2 shows the values of tensile strength, elongation at break, and Young’s modulus.
Figure 8a displays tensile test curves for all compositions evaluated, and Figure 8b shows
the Young’s modulus as a function of the concentration of DAG. It can be observed that
the elastic modulus increased when the concentration of DAG increased. In the case of the
elongation at break, it was observed that it decreased when DAG concentration increased.
For the tensile strength, it generally increased when the concentration of DAG increased as
well. These results were expected due to the formation of stronger and stiffer polymeric
networks as the DAG concentration increased.

Table 2. Formulations of hydrogels obtained.

Substance Amount (g)

Acrylamide 49.0

Acrylic acid 51.0

DAG 0.5 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Irgacure 1700 0.03

Water 100.0

KOH neutralizer and generating potassium acrylate
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3. Conclusions

By means of the photo-polymerization of potassium acrylate and acrylamide, the
temperature of the synthesis was controlled. This allowed for the preparation of transpar-
ent and homogeneous hydrogels based on potassium acrylate-co-acrylamide that were
obtained via photo-polymerization. The resulting hydrogels presented a fractal-like struc-
ture in the micro-, meso-, and macroscales. The maximum swelling ranged from 69 to
217 times the weight of the xerogel. This swelling behavior depended on the amount of the
crosslinking agent (DAG). The critical concentration of DAG was 4 wt %, which could be
a reference point to produce a hydrogel with better mechanical properties and structure
characteristics. Upon increasing the amount of DAG, the mechanical resistance increased,
and simultaneously, values of elongation at break and swelling capacity decreased. The
morphology, swelling capacity, and Young’s modulus showed a transition between 4 and
5 wt % of DAG. This work is a starting point for the future preparation of advanced
multi-structured hydrogel materials that could have a wide range of applications, such as
coatings, batteries, flexible electronics, actuators, and optical filters.

4. Materials and Methods
4.1. Materials

The monomers used for hydrogel preparation were acrylamide and acrylic acid from
Aldrich with purities of 98.5% and 99.3%, respectively. Potassium hydroxide (KOH),
99%, was also purchased from Aldrich. As a photoinitiator, a mixture of 25% bis(2,6-
dimethoxybenzoyl)-2,4,4-trimethyl pentylphosphineoxide and 75% 2-hydroxy-2-methyl-
1-phenyl-propane-1-one (Irgacure 1700) from Ciba Speciality Chemicals Inc. was used.
Glycerol diacrylate (DAG), 97% purity, was obtained from Industria Azteca Integral.

4.2. Synthesis of Hydrogels

Figure 9 shows a scheme of the complete methodology of this work. The acrylic acid
was dissolved in bidistilled water according to the formulation shown in Table 2. The
solution was taken to a pH 7 with the addition of a KOH solution at 47 wt %. The solution
was kept below 25 ◦C to avoid thermal polymerization. Subsequently, the acrylamide
and DAG were added, the mixture was stirred until the system was homogeneous, and
the temperature was lowered to 2 ◦C. Finally, 1 mL of photoinitiator solution (3 wt % in
methanol) was added. The reaction solution was poured into a 0.450 L glass semi-infinite
plate reactor, and nitrogen was bubbled for 15 min. It was placed 15 cm away from the lamp
(Tecno F15T8-BLB 20 W, 127 v) rich in 366 nm wavelength radiation, inside an isothermal
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bath at 2 ◦C for 1 h (to achieve higher conversion). After the reaction time, the hydrogels
were removed, and 0.5 × 0.5 × 0.3 mm3 samples were cut and allowed to dry until constant
weight, and then were introduced into double-distilled water at 25 ◦C for three days. The
water was changed every 24 h, and they were submerged in the water again for three days
at 45 ◦C. Once the cleaning process was completed, the hydrogels were left to dry at room
temperature for 5 days and then put in a vacuum oven at 40 ◦C until constant weight. The
polymer gel fraction (GF) was calculated as follows:

GF(crosslinked polymer %) =

(
Wd
W0

)
∗ 100 (1)

where Wd is the weight of the dry insoluble part of the hydrogel after extraction with water,
and W0 is the initial weight of the xerogel [10].
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4.3. Swelling Kinetics

Dried samples were weighed and placed in double-distilled water at 25 ◦C. The
samples were taken out and weighed at different times. Absorbent paper was used to
remove the excess of water on the surface of samples. Water absorption was calculated
by the difference in weight between the weight of the dry sample and the weight of the
swollen sample, using the following equation:

Sw

(
Wt − W0

W0

)
(2)

where Wt and W0 are the weight of the hydrogel at time t and the weight of the xero-
gel, respectively. To model the swelling kinetics, the second-order model is commonly
used, as proposed by Schott [51], which has been used to predict the swelling in acrylic
hydrogels [10,20,52]:

dSw

dt
= K(Sw∞ − Sw)

2 (3)
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where Sw and Sw∞ are the swellings at time t and at equilibrium swelling, respectively, and
K is a constant of the system.

Integrating Equation (3), in the limits of t, Sw, and 0, this gives

Sw =
K S2

w t
1 + K Sw t

(4)

Rewriting Equation (4):
t

Sw
=

1
K S2

w∞
+

1
Sw∞

t (5)

Equation (5) represents second-order kinetics. In this case, the rate of swelling at any
time is directly proportional to the square of the still available swelling capacity, that is, to
the solvent uptake that has not yet occurred before reaching the maximum or equilibrium
uptake [52].

4.4. Morphological Characterization

For morphological characterization, a JEOL JSM 5400 LV scanning electron microscope
was used. SEM micrographs were obtained for xerogels, which were coated with gold.
The mesostructure of hydrated samples was visualized at different times (10, 20, 30, 40, 40,
60, 120, and 180 s), using an OLIMPUS BX4OF optical microscope with a 40× objective.
Images were obtained with a SCC-131A SAMSUNG digital video camera adapted to the
microscope. The macrostructure was observed with a Hitachi CCD camera. A coin (21.0 mm
of diameter) was used for size comparison.

4.5. Mechanical Characterization

Mechanical measurements of the hydrogels were carried out by an SFM-10 Universal
Testing Machine. The strain rate was set at 50 mm per minute at room temperature. The
experimental data were obtained using an ASTM D-638-14 Standard Test Method [53] as
a reference for tensile properties of plastics with eight specimens. Young’s modulus was
calculated from the initial slope of the tensile curve.
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Abstract: Multifunctional biomedical materials capable of integrating optical functions are highly
desirable for many applications, such as advanced intra-ocular lens (IOL) implants. Therefore,
poly(ethylene glycol)-diacrylate (PEG-DA) hydrogels are used with different photoinitiators (PI). In
addition to standard UV PI Irgacure, Erythrosin B and Eosin Y are used as PI with high sensitivity in
the optical range of the spectrum. The minimum PI concentrations for producing new hydrogels with
PEG-DA and different PIs were determined. Hydrogel films were obtained, which were applicable
for light-based patterning and, hence, the functionalization of surface and volume. Cytotoxicity tests
confirm cytocompatibility of hydrogels and compositions. Exploiting the correlation of structure and
function allows biomedical materials with multifunctionality.

Keywords: hydrogels; photopolymers; volume holography; photo curing; multifunctional biomedical
biomaterials; light-responsive materials

1. Introduction

In tissue engineering and medical science, hydrogels are particularly suitable as tissue
scaffolds due to their tunable properties including water content, swellability, diffusivity
and stiffness [1,2]. In fact, many applications are opened up by the explicit control over
molecular structure and mechanical properties, such as elasticity, cross-linking degree
or surface morphology [3]. Using light to control properties, hydrogels are well-suited
scaffolds for light-responsive functionality [4]. Such stimuli-responsive hydrogel materials
can change their mechanical properties upon exposure to light. However, relatively little
has been studied with respect to the their optical properties and little attention has been
paid to their potential photonic functionalities [5]. Control over optical properties and the
resulting integration of optical functionality open up new opportunities for multifunctional
biomedical materials such as advanced intraocular lens (IOL) implants.

Cataract, the irreversible turbidity of the natural lens of the eye, is one of the most
common causes for global blindness and can only be treated by replacing the clouded lens
with an artificial IOL implant. Among the state-of-the-art IOLs are modern foldable hy-
drogel lenses [6]. Persistent problems with IOLs include postoperative calcification [7] and
secondary cataract [8]. The processes underlying such postoperative clouding, emerging
in vivo from interaction with the biological environment, are still not well understood.

This is where the idea of volume holographic structuring comes into play. Prospective
IOLs, based on multifunctional biomedical material with integrated optical functionality,
could fulfill their function—i.e., to focus the light onto the retina—with an optically struc-
tured volume [9]. As a result, the shape and surface of the IOL remain free and available
for other purposes. Thus, subsequent surface modifications remain optional to achieve
specific interactions with the biological environment. In order to make this possible, we
propose a strategy to combine the optical structuring of the volume and a specific modi-
fication of the surface. Therefore, volume holographic structuring can be applied for the
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integration of three-dimensional optical structures with specific functionality in terms of
diffractive properties.

Volume holography is a very interesting field of application for photo-responsive
polymers, where diffractive structures are induced by a spatially modulated holographic
exposure [10]. Holographic elements such as diffractive structures can accommodate
classical optical functions, while at the same time being extremely flat in shape and low
in weight. This gives rise to a great potential for replacing classical refractive optical
systems or extending them with new functionalities. The prerequisite in each case is
the availability of suitable, photo-patternable materials that can exhibit function through
structure. An example of such diffractive structures with classical optical function includes
holographic lenses.

Poly(ethylene glycol) (PEG)-based hydrogels are generally promising as tissue-engineering
scaffolds due to their biocompatibility and intrinsic resistance to protein adsorption and cell
adhesion [11]. Furthermore, poly(ethylene glycol)-diacrylate (PEG-DA) hydrogels can be
used as model materials for the generation of internal 3D patterns [12]. Acrylate-terminated
PEG macromers undergo rapid polymerization in the presence of photoinitiators that
generate radicals when exposed to light [13]. This makes PEG-DA hydrogels interesting
as scaffolds into which desired bioactivity can be tailored via light-based patterning [12].
In this context, it was shown that hydrogels can also be structured photolithographically
using diffusion processes—which are the basis for volume holography.

Additionally, the micropatterning of PEG-based hydrogels with gold nanoparti-
cles allows for the fabrication of functionalized PEG-based hydrogel films [14,15]. The
integration—and holographic assembly—of nanoparticles in turn enables the modifica-
tion of optical properties on the microscale and nanoscale in the form of holographic
nanoparticle-polymer composite gratings [16].

In all this, the type of photoinitiator (PI) used is key for the specific photo-response
of a certain material. The properties of the PI has strong influence on holographic grating
formation in the respective material [17]. It also influences how well certain conditions are
met, such as resistance to humidity [18]. Eosin-Y (EY) and Erythrosin B (EB) are amongst the
possible PIs applied for holographic grating formation in an AA/PVA photopolymer [19].
EY is used as a PI due to its excellent spectroscopic properties, which makes it suitable for
use with light sources in the visible range and safe for living organisms [20]. EB can only
be used for free radical polymerization [19].

2. Results and Discussion
2.1. Gel Formation

PEG-DA was mixed with PI (Irgacure, EB and EY, respectively). Films were prepared
by photopolymerization with 366 nm for 1 h. In terms of optical transparency, mechanical
integrity, flexibility, and stability, the new gels compare well with other gels based on
PEG-DA [21–23].

For PEG-DA with Irgacure, EB and EY as PI, a minimum concentration of PI was
needed to make gel. With less PI concentration, no hydrogel was formed. The minimum
concentration for the different PIs is shown in Table 1. We found a minimum PI concen-
tration for producing the new hydrogels with PEG-DA and different PIs to be 0.025% for
Irgacure, 0.1% for EB and 0.5% for EY, respectively.

Table 1. Minimum PI concentration to make gel for the different PIs.

Photoinitiator (PI) Minimum PI Concentration to Make Gel with PEG-DA

Irgacure 2959 0.025%
EB 0.1%
EY 0.5%
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2.2. UV-Vis Spectra

Figure 1 shows the UV-Vis spectra before and after crosslinking for the novel PIs. In
general, for all new PEG-DA hydrogels, we find spectra shifted somewhat toward higher
wavelengths compared to the pure PIs [24,25], while crosslinking tends to cause a small
shift toward lower wavelengths, as already substantiated in the literature [26].
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respectively. The hydrogels with new PIs (EB and EY) feature good spectroscopic properties, allowing
for use with light sources in the visible range.

While Irgacure, which is an often employed and suitable photoinitiator for biomaterials
research, has an absorption maximum in the UV/Vis-spectrum around 300 nm [24], the
novel dyes under investigation display a strong absorption of visible light with wavelengths
up to 550 nm (see Figure 1).

With EB as PI, the absorption maximum before crosslinking was around 552 nm with
a shoulder at 514 nm. After crosslinking, the absorption peak can be observed at 550 nm
with a shoulder at 512 nm. The typical color for the hydrogel with EB as PI is pink, as
shown in Figure 1.

With EY as PI, the absorption maximum before crosslinking was around 542 nm with
a shoulder at 507 nm. After crosslinking, the absorption peak can be observed at 543 nm
with a shoulder at 506 nm. The typical color for the hydrogel with EY as PI is orange, as
shown in Figure 1.

The major advantage of the new PIs (EB and EY) over the standard Irgacure is their
high sensitivity in the optical range of the spectrum, which enables optical patterning—e.g.,
by volume holography. To counter the disadvantage of strong coloring, the composition
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could be optimized, e.g., by use of a crosslinker so that the concentrations of EB and EY can
be reduced, respectively.

In the next step, the respective optical response must be determined depending on the
composition. In some cases (such as with an organic cationic ring-opening polymerization
system), competing effects regarding the contribution to the optical grating formation can
be observed [27]. It is also known that optical shrinkage can have significant influence on
grating formation [28] and that the amount of PEG in a composition affects film shrinkage,
as well as its optical properties [29]. Furthermore, we have also observed that photoini-
tiators may contribute to light-induced modification of optical properties and subsequent
pattern formation as well [30].

2.3. Cytotoxicity Tests

A live/dead staining assay has been used to study the cell viability after incubation
with PI EB and EY and also EB 0.1% with PEG-DA before and after crosslinking for 24 h. In
the live/dead staining assay, dead cells turn up red, while living cells turn up green when
observed with a fluorescence microscope. As shown in Figure 2, all cells but one appear to
be green, indicating that PIs and hydrogel (PEG-DA with 0.1% PI EB) are cytocompatible
and suitable as substrates for studying the behaviour of L929 cells at the biointerface.
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Figure 2 shows fluorescent images of cell tests by live/dead cell assay after being
incubated for 24 h with cell line L929. Cell tests shown in Figure 2 confirm cytocompatibility
of PEG-DA hydrogels and PIs, hence affirming its aptitude for biomedical applications.

3. Conclusions

In addition to the standard photoinitiator Irgacure, Erythrosin B (EB) and Eosin Y
(EY) were used as photoinitiators (PI) in PEG-DA hydrogel. We have determined the
minimum PI concentration for producing new hydrogels with PEG-DA for the different
PIs respectively. All the PIs are cytocompatible and suitable as substrates for studying the
behaviour of L929 cells at the biointerface.

The new PIs (EB and EY) feature good spectroscopic properties, allowing for their
application with light sources in the visible range and, thus, for applications in volume

48



Gels 2022, 8, 164

holography. Cytotoxicity test with cell line L929 were performed to confirm cytocompati-
bility of hydrogels and PIs. This opens up many options for PEG-DA hydrogels with PIs as
multifunctional biomedical applications.

The strategy to combine optical structuring of the volume and specific modification
of the surface is particularly interesting for the design of advanced intraocular lens (IOL)
implants: based on a multifunctional biomedical material with integrated optical func-
tionality and operating by the principle ‘function by structure’, such a new type of IOL
is expected to attain enhanced functionality [9]. The optical functionality of an IOL with
integrated holographic lens as a diffractive element consists in focusing the light onto the
retina. Several holographic elements can be combined in stacks, where the functionality of
the individual elements overlap. The selectivity of a stack then results in a superposition of
Bragg selectivity of the individual elements [31].

Beyond an enhanced functionality, the transfer of the optical functionality from the
surface into the volume of the IOL implant brings further benefits such as the free interface
for specific interaction with the biological environment. As the existing problems with
conventional IOLs, such as postoperative clouding, emerge in vivo from interactions with
the biological environment, they could be better addressed with free-surface IOLs.

The next step towards such a multifunctional optical material is to better understand
the processes that underlay optical structuring, such as the interplay of polymerization
and diffusion in the case of holographic gratings. Here, the general approach is to un-
derstand holographic grating formation as a consequence of photopolymerization and
mass transport processes: local polymerization is induced by a light pattern projected
into the photosensitive medium. Polymerization proportional to the light intensity results
in the induction of a chemical gradient, followed by monomer diffusion and subsequent
polymerization. The final grating is formed as a periodic modulation of optical properties,
according to the recording light pattern [10].

It now remains to be clarified what role the individual components play in the forma-
tion of optical structures in cases of PEG-DA hydrogels with EB and EY. Furthermore, it
remains to be examined if other additives—such as crosslinker or dopant, e.g., in the form
of azobenzene-functionalized acrylates or gold nanoparticles—have a positive effect on the
formation of optical patterns.

4. Materials and Methods
4.1. Preparation of PEG Hydrogels
4.1.1. Chemicals

Poly(ethylene glycol) diacrylate (PEG, Mn 575) and 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (photoinitiator (PI)—Irgacure 2959), Erythrosin B and Eosin Y were
from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). The chemical structures of the
hydrogel components are shown in Figure 3.

4.1.2. Synthesis of PEG Based Photopolymer with PIs

PEG-DA was used as precursor. It was mixed with PI (Irgacure, EB and EY, respec-
tively). PI concentration varied between 1% and 6 ppm. The chemical structures of different
PIs are shown in Figure 3. For the good mixing of both substances, the mixture was soni-
cated for around 30 min. At first, the mixture was converted in a cuvette and measured
with a UV-Vis spectrometer to obtain spectra before crosslinking. Then, the mixture was
dispensed on a glass slide and covered with a thin glass cover slip to achieve a flat and thin
hydrogel sample. The glass-sandwich was placed under a UV-light source (366 nm) for
60 min and the glass cover slip was peeled off. A flat, thin standalone hydrogel film was
received and also prepared for UV-Vis measurement. Therefore, the hydrogel was placed
on a thin glass cover slip and measured with a UV-Vis spectrometer to obtain spectra after
crosslinking.
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4.2. Cell Culture
4.2.1. Chemicals

Mouse fibroblast L929 cells were provided by Dr. Lehmann, Fraunhofer Institute for
Cell Therapy and Immunology, IZI, Leipzig, Germany. RPMI 1640 medium, Trypsin, Fetal
Bovine Serum (FBS) and Penicillin/Streptomycin (PS) were provided by PAA Laboratories
GmbH, Austria, and cell culture plates are from SPL Live Sciences Inc., Seoul, Korea. The
Incubator CB150 Series was from Binder GmbH, Germany. Phosphate Buffered Saline
solution (Dulbecco’s PBS) was purchased from Sigma-Aldrich Chemie, GmbH, Germany.
The counter chamber was from Marienfeld Superior (Paul Marienfeld GmbH & Co., KG,
Lauda-Königshofen, Germany).

4.2.2. Cell Culture Experiments

The mouse fibroblasts L929 cells were cultured in the tissue culture plate in RPMI
1640 medium with the addition of 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin
(PS) in a cell culture plate in an incubator at controlled temperature (37 ◦C) and CO2 atmo-
sphere (5%). The cells were grown in a cell culture plate and cell culture experiments were
performed when a confluency of 75% to 95% was reached.

The hydrogel samples were prior washed with water and kept in a PBS solution for
around 30 min before cell culture experiments. As soon as a confluency of at least 75%
was reached, the cells were washed with PBS, detached by using trypsin and, after the
centrifugation process, a new medium was added on the cells and mixed properly. An
amount of 10 µL of this cell medium solution was placed on a cell counter chamber in order
to count the cell number by using an optical microscope and to achieve a concentration
of 40,000 cells/mL. Depending on the counted cell number, the cell solution was mixed
with a defined amount of new medium. The samples were placed in a TCPS plate or on the
washed and precut hydrogel. The samples were then cultured within these cells for 24 h, at
37 ◦C in a 5% CO2 atmosphere in a TCPS.

4.2.3. Live Dead Cytotoxicity Assay

The live dead cytotoxicity assay is a fluorescence-based method for checking the
viability of cells. Hereby, the cells are stained with fluoresceindiacetete (FBS) and pro-
pidiumiodid (PI) molecules. FBS is dissociated in the cytoplasma of live cells into green
fluorescence molecules and, due to the size and charge of the PI molecules, they only can
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enter into the cell cytoplasm when the cell membranes are damaged and are bound to
nucleic acids, which appear then as red fluorescence color. In this manner, the live cells
appear as green-stained cells and dead cells appear as red-stained cells in a fluorescent
microscope image.

For the live dead assay, a 1:1 v/v solution of PI and FBS in PBS was prepared and
added into the cell culture solution in a dark environment. Immediately after the mixtures
are prepared, fluorescence images are taken.

4.3. Analytical Instruments

UV-Vis spectra were obtained with Cary 4000 UV-Vis Spectrometer (Agilent Tech-
nologies, Santa Clara, CA, USA). The spectral range from 300 to 900 nm was measured at
room temperature. Liquid samples (before crosslinking) were converted in a cuvette for
measurement. The flat, thin standalone hydrogel films (after crosslinking) were placed on a
thin glass cover slip for measurement with a UV-Vis spectrometer.

The results from cell culture experiments were observed via the optical microscope
from Carl Zeiss, Germany, and analyses were performed with the AxioVision V4.8.2
software (Carl Zeiss, Oberkochen, Germany).
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Abstract: The development of adhesive hydrogel materials has brought numerous advances to
biomedical engineering. Hydrogel adhesion has drawn much attention in research and applications.
In this paper, the study of hydrogel adhesion is no longer limited to the surface of hydrogels. Here,
the effect of the internal crosslinking degree of hydrogels prepared by different methods on hydrogel
adhesion was explored to find the generality. The results show that with the increase in crosslinking
degree, the hydrogel adhesion decreased significantly due to the limitation of segment mobility.
Moreover, two simple strategies to improve hydrogel adhesion generated by hydrogen bonding were
proposed. One was to keep the functional groups used for hydrogel adhesion and the other was to
enhance the flexibility of polymer chains that make up hydrogels. We hope this study can provide
another approach for improving the hydrogel adhesion generated by hydrogen bonding.

Keywords: hydrogel; adhesive strength; crosslinking; hydrogen bonding

1. Introduction

In several day-to-day applications, adhering materials to each other requires the
use of a glue [1]. In this case, these two materials are called adherends, and the glue
is adhesive [2]. Hydrogels are highly porous three-dimensional crosslinked polymer
networks consisting of hydrophilic polymers that enable hydrogels to retain large amounts
of water [2]. However, the use of a glue is not feasible when an attachment between human
tissues and hydrogels is desired. In the case of hydrogel adhesion, hydrogels are used as
the adherend and adhesive simultaneously [1]. Therefore, an adhesive hydrogel surface
should be designed if the hydrogels are used in biomedicine, such as for wound dressing
and wearable devices [3,4]. Hydrogel adhesion is central to many applications in medicine
and engineering [5,6]; therefore, an ideal hydrogel with excellent adhesive performance
has drawn considerable attention [7]. Hydrogel adhesion usually results from surface
energy, intermolecular interactions, and near-surface effects [1,2]. Academic researchers
have typically focused on the surface of hydrogels or the interface between hydrogels and
substrates to create strong hydrogel adhesion [3,8]. The internal structure of hydrogel can
also affect the adhesion of the hydrogel’s surface, but a few research studies have explored
the relationship between the internal structure of hydrogels and surface adhesion [9,10].

A polymer precursor solution typically consists of different polymer chains. Once these
polymer chains connect by crosslinking, the precursor solution will transform into solid
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hydrogels [11,12]. The crosslinking degree of hydrogels can affect the internal structure of
hydrogels, which further results in the change in the mechanical and swelling properties
of hydrogels. Usually, a higher crosslinking degree of hydrogels corresponds to a higher
compressive and tensile strength and lower equilibrium swelling rate [13,14]. In addition
to the mechanical and swelling properties, hydrogel adhesion is one of the key hydrogel
properties. It has been widely used in medicine and engineering in recent years [15,16].
Although the hydrogel adhesion inherently relies on engineering the contact surface at soft
and hydrated interfaces, we found the adhesion is also affected by the crosslinking degree
of hydrogels. Usually, hydrogels can be prepared by different crosslinking methods, mainly
including the freezing–thawing cycle, photo-crosslinking and thermal-crosslinking [17,18].
To prove the generality of this finding, polyvinyl alcohol (PVA), polyacrylamide (PAM) and
polyvinyl alcohol-bearing styrylpyridinium group (PVA-SbQ) hydrogels, prepared by the
freezing–thawing (F-T) cycle, thermal-crosslinking and photo-crosslinking, respectively,
were chosen to study the effect of crosslinking on hydrogel adhesion produced by hydrogen
bonding in this study. Furthermore, the reason why crosslinking degree could change
the hydrogel adhesion is also discussed. We hope this study can provide insights into
improving the hydrogel adhesion generated by hydrogen bonding.

2. Results and Discussion
2.1. The Effect of The Crosslinking Degree of PVA Hydrogels on Hydrogel Adhesion, and
Mechanical and Swelling Properties

PVA is a conventional raw material for preparing hydrogels because of its satisfactory
biocompatibility, biodegradation, and nontoxicity [19,20]. PVA hydrogels can be formed
through the well-known F-T method via the physical crosslinking by hydrogen bonds
(Figure 1a,b) [21,22]. During the freezing process, water freezes and reduces interaction
with hydroxyl groups on PVA chains [23]. As a result, the hydroxyl groups on PVA chains
bind to form hydrogen bonding (Figure 1a). Consequently, the PVA solution becomes a
hydrogel due to the development of a 3D structure (Figure 1b). With the increased freezing
time, there is an increase in the hydrogen bond formation. Hydrogen bonds act as physical
crosslinking points in PVA hydrogels. Therefore, the crosslinking degree depends on the
freezing time.

There are several methods of testing hydrogel adhesion [1]. Figure 1c shows the
modified method for testing the shear adhesive strength of PVA hydrogels used in this
study unlike the general method (Figure 1d) [1,24]. The adherends were stuck to the same
side of hydrogels to avoid significant errors due to the low adhesive strength of PVA
hydrogels. Figure 1e shows that with the increase in the freezing time of PVA hydrogels,
the adhesive strength decreased from 1600 Pa to 400 Pa. In addition, the swelling ratio of
PVA hydrogels decreased with the increase in crosslinking degree that results from the
increased freezing time (Figure 1f). Conversely, the tensile strength, elongation at break and
compressive strength of PVA hydrogels improved with longer freezing duration because
of the increased crosslinking degree (Figure 1g–i). It is well-known that the crosslinking
degree benefits mechanical strength because a higher crosslinking degree results in a denser
hydrogel structure [12,25,26]. In addition to mechanical strength, the crosslinking degree
affects hydrogel adhesion simultaneously. For PVA hydrogels prepared by the F-T cycle,
on the one hand, most of the hydroxyl groups on PVA formed hydrogen bonds used for
crosslinking during the F-T process, which resulted in the lack of free hydroxyl groups
used for adhesion [7,27]. On the other hand, the increase in the crosslinking degree of the
PVA hydrogels limited the accessibility of hydroxyl groups due to the decrease in segment
mobility. Consequently, the adhesive property between hydrogels and substrates reduced
significantly with increased freezing time. This phenomenon was also applied to composite
hydrogels. As shown in Figure 1j, the adhesion of polyvinyl alcohol/cellulose nanocrystal
(PVA/CNC) composite hydrogels decreased with the increase in freezing duration.
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Figure 1. (a) The formation mechanism of PVA hydrogels. (b) The preparation process of PVA
hydrogels. (c) The modified method of testing hydrogel adhesion used in this study. (d) The general
method of testing hydrogel adhesion. (e) The adhesive strength of PVA hydrogels prepared by
different freezing times. (f) The swelling ratio of PVA hydrogels prepared by different freezing times.
(g) The tensile strength of PVA hydrogels prepared by different freezing times. (h) The elongation at
break of PVA hydrogels prepared by different freezing times. (i) The compressive strength of PVA
hydrogels prepared by different freezing times. (j) The adhesive strength of PVA/CNC hydrogels
prepared by different freezing times.

2.2. The Effect of The Crosslinking Degree of PAM Hydrogels on Hydrogel Adhesion, and
Mechanical and Swelling Properties

Unlike PVA hydrogels prepared by the F-T cycle, PAM hydrogels are usually synthe-
sized by thermal-crosslinking [28,29]. The covalent bonding formed by the polymerization
acts as crosslinking points in these types of hydrogels rather than hydrogen bonding
(Figure 2a), which results in the sol–gel transition (Figure 2b). The crosslinking degree
depends on the crosslinker content and the thermal-crosslinking time. Therefore, PAM
hydrogels with different crosslinking degrees were obtained by adjusting crosslinking time
and crosslinker content to investigate the relationship between crosslinking degree and
hydrogel adhesion. As shown in Figure 2c,d, with the increase in the crosslinking time
and crosslinker content, the hydrogel adhesion decreased. This observation implied that a
higher crosslinking degree was not helpful for hydrogel adhesion. Unlike the PVA hydro-
gels, the free functional groups used for adhesion did not decrease in PAM hydrogels [1,2].
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The decrease in hydrogel adhesion mainly resulted from the limitation of segment mo-
bility. Although there were a lot of free amino groups on the PAM hydrogels, the amino
group could not move to the hydrogel surface to interact with some functional groups on
substrates as the crosslinking degree of PAM hydrogels increased. In addition, with the
increase in crosslinking time and crosslinker content, the swelling ratio of PAM hydrogels
simultaneously decreased (Figure 2e,f). The decreased swelling ratio further corroborated
that the crosslinking degree of the hydrogel increased and a denser hydrogel structure was
formed [30–32]. With the increase in crosslinking degree caused by increased crosslinking
time, the compressive strength of PAM hydrogels gradually increased (Figure 2g). Con-
versely, while the increase in the crosslinker content improved the crosslinking degree, the
compressive strength of PAM hydrogels did not increase significantly (Figure 2h). This
is because the higher crosslinker content resulted in the crosslinking of PAM without
complete polymerization. Accordingly, the length of PAM polymer chains that make up
the hydrogel network were short, which resulted in the slight decrease in compressive
strength. Therefore, it is challenging to enhance the mechanical and adhesive properties of
hydrogels simultaneously.

2.3. The Effect of The Crosslinking Degree of PVA-SbQ Hydrogels on Hydrogel Adhesion, and
Mechanical and Swelling Properties

In addition to the F-T cycle and thermal-crosslinking, photo-crosslinking is another
common method for preparing hydrogels. To prove the generality of the effect of crosslink-
ing degree on hydrogel adhesion, the PVA-SbQ hydrogels with different degrees were
prepared by adjusting the photo-crosslinking duration. Instead of the conventional F-T cy-
cle or using chemical crosslinkers, PVA-SbQ hydrogels could be formed by a fast and facile
photo-crosslinking method via the photodimerization of carbon–carbon double bonds (C=C
bonds) on SbQ functional groups (Figure 3a,b) [33,34]. As shown in Figure 3c, the adhesion
of a PVA-SbQ hydrogel sharply decreased with the increase in photo-crosslinking time. The
increased photo-crosslinking time also reduced the swelling ratio of PVA-SbQ hydrogels,
which suggested an increase in the crosslinking degree (Figure 3d) [30–32]. Conversely,
the compressive strength and tensile strength steadily increased as the photo-crosslinking
duration was increased (Figure 3e,f). As with the PAM hydrogels, the decrease in hydrogel
adhesion primarily resulted from the limitation of segment mobility, and the enhanced
mechanical properties were caused by the increase in the crosslinking degree. This proved
that photo-crosslinked hydrogels also followed the aforementioned relationship between
the degree of crosslinking and hydrogel adhesiveness.

2.4. The Strategies for Constructing Strong Hydrogel Adhesion

In the study, three kinds of hydrogels were prepared by the freezing–thawing cycle,
thermal-crosslinking and photo-crosslinking, respectively. The hydrogel adhesion was
primarily generated by hydrogen bonding because of the amino and hydroxyl groups. In
addition to the amino and hydroxyl groups shown in these hydrogels, carboxyl groups can
also contribute towards hydrogel adhesion. Therefore, amino, hydroxyl or carboxyl groups
are required to construct hydrogel adhesion generated by hydrogen bonding (Figure 4a).
However, these functional groups should be free. For instance, the maximum adhesive
strength of PVA-SbQ hydrogels is much higher than that of PVA hydrogels (Figure 4b).
Although there were many hydroxyl groups in PVA hydrogels, they formed hydrogen
bonding used for crosslinking with themselves rather than interacting with the functional
groups on the substrate. As a result, these hydroxyl groups are not free and will contribute
towards hydrogel adhesion. On the contrary, the fabricated PVA-SbQ hydrogel holds
massive free hydroxyl groups as the crosslinking was mainly driven by photodimeriza-
tion of SbQ groups instead of hydrogen bonds forming between hydroxyl groups. The
advantage of hydrogen bond-triggered adhesion is that it is recyclable since the hydrogen
bonding formation utilizes dynamic and noncovalent interactions. The cyclic stripping
test demonstrated that the adhesive strength of the PVA-SbQ hydrogel did not reduce
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significantly with the increase in the number of stripping cycles (Figure 4c). In addition
to the free functional groups, it was found that the crosslinking degree also affected the
hydrogel adhesion. The increase in the crosslinking degree of the hydrogel restricted the
mobility of the polymer chains (Figure 4d). Hence, the polymer chains with functional
groups were not quickly diffused towards the hydrogel surface to form intimate contact
with the substrate. As a result, excessive crosslinking of hydrogels led to a reduced adhesive
strength (Figure 4e).
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Figure 2. (a) The formation mechanism of PAM hydrogels. (b) The preparation process of PAM
hydrogels. (c) The adhesive strength of PAM hydrogels prepared by different thermal-crosslinking
times. (d) The adhesive strength of PAM hydrogels prepared with different crosslinker contents.
(e) The swelling ratio of PAM hydrogels prepared by different thermal-crosslinking times. (f) The
swelling ratio of PAM hydrogels prepared with different crosslinker contents. (g) The compressive
strength of PAM hydrogels prepared by different thermal-crosslinking times. (h) The compressive
strength of PAM hydrogels prepared with different crosslinker contents.
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Figure 3. (a) The formation mechanism of PVA-SbQ hydrogels. (b) The preparation process of
PVA-SbQ hydrogels. (c) The adhesive strength of PVA-SbQ hydrogels prepared by different photo-
crosslinking times. (d) The swelling ratio of PVA-SbQ hydrogels prepared by different photo-
crosslinking times. (e) The compressive strength of PVA-SbQ hydrogels prepared by different
photo-crosslinking times. (f) The tensile strength of PVA-SbQ hydrogels prepared by different
photo-crosslinking times.
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addition to the free functional groups, it was found that the crosslinking degree also af-
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Figure 4. (a) The functional groups required for hydrogel adhesion generated by hydrogen bonds. 

(b) The maximum adhesive strength of PVA and PVA-SbQ hydrogels. (c) The adhesive strength of 

PVA-SbQ hydrogels under different stripping cycles. (d) The effect of crosslinking degree of hydro-

gels on chain movement. (e) The effect of crosslinking degree on hydrogel adhesion. 

Figure 4. (a) The functional groups required for hydrogel adhesion generated by hydrogen bonds.
(b) The maximum adhesive strength of PVA and PVA-SbQ hydrogels. (c) The adhesive strength
of PVA-SbQ hydrogels under different stripping cycles. (d) The effect of crosslinking degree of
hydrogels on chain movement. (e) The effect of crosslinking degree on hydrogel adhesion.
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3. Conclusions

In this study, we investigated PVA, PAM and PVA-SbQ hydrogels fabricated by the
freezing–thawing cycle, thermal-crosslinking and photo-crosslinking, respectively. These
three types of hydrogels present representative models of hydrogels formed by different
crosslinking mechanisms and extend the observations and derived conclusion to a wide
class of materials. The hydrogel adhesion capability decreased with the increase in the
crosslinking degree of these hydrogels. This is because a higher crosslinking degree would
limit segment mobility. As a result, functional groups on polymer chains could not move to
the hydrogel surface to interact with the substrate to generate hydrogel adhesion. Therefore,
in addition to free functional groups used to interact with substrates, the flexibility of
polymer chains that make up hydrogels is vital for hydrogel adhesion. However, the
decrease in crosslinking degree in order to increase the availability of free functional groups
and higher segment mobility would result in poor mechanical strength of the hydrogels
and limit their functionality. Therefore, it is essential as well as challenging to maintain the
balance between hydrogel adhesion and mechanical strength. However, a rational design
of a hydrogel crosslinked network and free functional groups can allow better control over
these hydrogel characteristics.

4. Materials and Methods
4.1. Materials

Polyvinyl alcohol (PVA, Mn ≈ 130,000, 99% hydrolysis), N,N’-methylenebisacrylamide
(MBA), potassium persulfate (KPS) and acrylamide (AM) were obtained from Sigma-
Aldrich (St. Louis, MO, USA) and used without further purification. Polyvinyl alcohol-
bearing styrylpyridinium group (PVA-SbQ) solution was purchased from Shanghai KCKI
Printing Technology Co., Ltd., Shanghai, China (polymerization degree was 1700, and the
concentration of SbQ was 0.03–0.05 mol kg−1), and cellulose nanocrystal (CNC) aqueous
suspension was prepared from cotton linters.

4.2. The Preparation of PVA Hydrogel

First, 8.0 g PVA powder was added to 92 g deionized water to obtain 8 wt% PVA
solution. Secondly, the mixtures were put into in a three-mouth flask and then stirred at
95 ◦C until the PVA powder was completely dissolved. Subsequently, the PVA solution was
cooled down to room temperature, until the air bubbles completely disappeared. Lastly,
8 wt% PVA solution was poured into a watch glass and placed in a −20 ◦C refrigerator for
2, 4, 6 and 8 h respectively to obtain PVA hydrogels with different freezing durations.

4.3. The Preparation of PVA/CNC Hydrogels

First, the CNC aqueous suspension was prepared by acid hydrolysis method. Specific
steps are as follows: 3 g cotton fiber was added to 62 mL 65% H2SO4 and treated at
50 ◦C for 45 min under constant stirring. The mixture was centrifuged and dialyzed
against deionized water to remove the residual acid. The aqueous suspension was then
ultrasonicated to evenly disperse the CNC and break agglomerates. The dispersed CNC
was diluted to obtain a homogenous aqueous dispersion.

Next, 8 wt% PVA solution was added to the CNC aqueous suspension at given
CNC/PVA mass ratio of 0.01:1. Subsequently, the PVA/CNC solution was stirred at 90 ◦C
for 2 h and then ultrasonicated for additional 20 min. Finally, the PVA/CNC solution was
poured into a watch glass and placed in a −20 ◦C refrigerator for 2, 4, 6 and 8 h, respectively,
to obtain PVA/CNC hydrogels with different freezing durations.

4.4. The Preparation of PAM Hydrogels

An 8 wt% AM solution was obtained by dissolving 8 g AM in 92 g deionized water.
Subsequently, different weights of MBA powders were added into the 8 wt% AM solution
to obtain samples with different compositions, where the mass ratio between MBA and
AM were 1:100, 3:100, 5:100 and 10:100, respectively. These mixtures were then stirred
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continuously for 30 min. After the addition of the MBA and stirring for 30 min, 0.0192 g
KPS was added into the solution and stirred for another 10 min to initiate polymerization.
Finally, the prepared hydrogel solutions were placed at a temperature of 45 ◦C for 4 h to
obtain PAM hydrogels with different MBA compositions. Among the various hydrogels,
the PAM hydrogels with 1% MBA were selected to be placed in 45 ◦C for 4, 6 and 8 h,
respectively, to obtain and study PAM hydrogels with different thermal-crosslinking times.

4.5. The Preparation of PVA-SbQ Hydrogels

PVA-SbQ hydrogels were directly formed from 8 wt% PVA-SbQ solution with different
photo-crosslinking times by being exposed to an F300 UV lamp for 1, 2, 3, 4 min, respectively.

4.6. Characterization

Tensile strength of the hydrogels was evaluated by performing tensile tests on an
Instron 5967 electronic universal testing machine. The PVA and PVA/SbQ hydrogels were
cut into dumbbell-shaped samples with a diameter of 7–9 mm and a thickness of 3–5 mm.
Additionally, the compressive tests were carried out on cylindrical hydrogel samples with
a diameter of 7–9 mm and a thickness of 3–5 mm by an Instron 5967 electronic universal
testing machine at room temperature. The compression rate was fixed at 2 mm/min.
Measurements of each sample were repeated at least three times and the acquired data
were reported as average value and standard deviation.

To estimate the adhesive strength of hydrogels, the shear adhesive strength tests were
performed. The PVA, PVA/CNC, PAM and PVA/SbQ hydrogels were cut into a rectangular
spline with a size of 40 mm × 10 mm × 5 mm and then adhered to metal sheets, where the
adhesion area on one side was 10 mm × 10 mm and the other side was 10 mm × 20 mm,
as shown in Figure 1c. The force response was recorded while keeping one metal sheet
fixed and moving another metal sheet at a speed of 20 mm/min using a universal testing
machine. In the experiment, 5 samples were tested in each group to obtain the average
value and standard deviation. The adhesive strength was calculated by the maximum load
divided by the adhesion area.

To test the swelling ratio of hydrogels, the hydrogel samples were immersed in distilled
water for 3 days at least at room temperature, until the hydrogel weight did not increase.
In the next step, these swollen hydrogels were placed in a 40 ◦C oven to evaporate all of the
water in hydrogels. The weight of swollen hydrogel and dried hydrogels were recorded,
respectively. The equilibrium swelling ratio was calculated by the following equation

ESR% = Ws/Wd × 100 (1)

where Ws and Wd are the weight of the swollen hydrogel at room temperature and dried
hydrogels, respectively.
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Abstract: Nowadays, hydrogels are found in many applications ranging from the industrial to the
biological (e.g., tissue engineering, drug delivery systems, cosmetics, water treatment, and many
more). According to the specific needs of individual applications, it is necessary to be able to
modify the properties of hydrogel materials, particularly the transport and mechanical properties
related to their structure, which are crucial for the potential use of the hydrogels in modern material
engineering. Therefore, the possibility of preparing hydrogel materials with tunable properties is a
very real topic and is still being researched. A simple way to modify these properties is to alter the
internal structure by adding another component. The addition of natural substances is convenient
due to their biocompatibility and the possibility of biodegradation. Therefore, this work focused
on hydrogels modified by a substance that is naturally found in the tissues of our body, namely
lecithin. Hydrogels were prepared by different types of crosslinking (physical, ionic, and chemical).
Their mechanical properties were monitored and these investigations were supplemented by drying
and rehydration measurements, and supported by the morphological characterization of xerogels.
With the addition of natural lecithin, it is possible to modify crucial properties of hydrogels such as
porosity and mechanical properties, which will play a role in the final applications.

Keywords: lecithin; hydrogel; rheology; scanning electron microscopy; drying and swelling; extracellular
matrix; mesh size

1. Introduction

Hydrogels are hydrophilic polymers with a three-dimensional network structure that
have the ability to absorb a large volume of water due to the presence of hydrophilic
moieties, which makes them particularly suitable materials for biomedical applications
(e.g., scaffolds) [1]. Selecting the pertinent components for the fabrication of the final hydro-
gel allows for a functional and applicable material with unique properties (e.g., porosity,
biocompatibility, biodegradability) to be obtained. This exact customizable functionality
makes these materials appropriate and desirable for a wide range of application areas
(tissue engineering, pharmacy, water treatment, material engineering, etc.).

An equally important property of hydrogels is their ability to simulate and mimic
biological systems such as the extracellular matrix (ECM), which is, in fact, a structural
support network composed of diverse proteins, sugars, and other components. ECM
regulates cellular processes including survival, growth, proliferation, migration, and dif-
ferentiation [2]. Engineering a tailored in vitro environment mimicking the organized
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structure of ECM is a huge challenge and a desired goal. Since the scaffolds must offer
relevant properties sufficient for cellular function, hydrogels have an advantage as poten-
tial materials due to their tunable physico-chemical (electrical charge and pore size) and
mechanical (stiffness, tensile strength) properties [3]. The majority of hydrogels are also
biocompatible, for example, naturally derived polymers such as agarose, alginate, chitosan,
collagen, fibrin, gelatin, hyaluronic acid, and dextran as well as biocompatible synthetic gels
based on poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), and poly(hydroxyethyl
methacrylate) (PHEMA) [4].

Since the 3D network structure of hydrogels is mainly responsible for their mechanical
properties and porous microstructure, one of the possibilities of how to modify, upgrade,
or tailor properties of hydrogels is to incorporate hydrophobic or micellar domains into the
gel structure [5].

Pure hydrophobic association (HA) hydrogels refer to physically crosslinked hydro-
gels formed by hydrophobic interactions, which account for 5–20% of the total amount of
polymer. The bulk of hydrophobic association hydrogels are produced by micellar copoly-
merization [6]. For instance, Tuncaboylu et al. attempted to improve the low mechanical
strength of self-healing hydrogels by creating hybrid hydrogels with strong hydrophobic
interactions between hydrophilic polymers mediated by the large hydrophobic moiety of a
physical crosslinker (stearyl methacrylate) [7]. The addition of NaCl to the reaction solution
during the copolymerization of large hydrophobes (stearyl methacrylate (C18)) with the
hydrophilic monomer acrylamide (AAm) in an aqueous solution of sodium dodecyl sulfate
(SDS) led to micellar growth and the solubilization of the large hydrophobes within the SDS
micelles. Rheological measurements showed that the hydrophobic associations surrounded
by surfactant micelles acted as reversible breakable crosslinks responsible for the rapid
self-healing of the hydrogels [7].

An alternative approach to enhance the toughness of the hydrogel network is to in-
troduce particles as additional crosslinking points (e.g., latex particles, nanoparticles) [6].
Latex particles (LPs) that are usually prepared via emulsion polymerization ensure effective
energy dissipation and provide hydrogels with higher mechanical properties. Gu et al. [8]
proposed a method that encompassed the adsorption of the hydrophobic alkyl chains of
hydrophobic monomers on the surface of the latex microspheres and their subsequent
stabilization in the presence of surfactants, thus forming hydrophobic association centers
as the first physical crosslinking points. Moreover, anionic sulfate radicals (originating
from the dissociation of the persulfate) were attracted toward the cationic chains of latex
microspheres (obtained via surfactant-free emulsion copolymerization of styrene with a
vinylidene comonomer bearing a cationic side group) and formed secondary physical
crosslinking centers. The incorporation of cationic latex microspheres led to an improve-
ment in the tensile and compression strength of the modified hydrogel compared with pure
hydrophobic association hydrogel.

Since inorganic nanoparticles have a high specific surface area, their incorporation
into the hydrogel network could also improve its mechanical behavior relating to sur-
face structure and charging [6]. At the same time, the introduction of calcium carbonate
nanoparticles [9], hydroxyapatite [10], kaolin [11], and laponite particles [12] could also
induce hydrogel adhesion.

On the other hand, the embodiment of polymeric nanoparticles provides the ability
to encapsulate both hydrophobic and hydrophilic substances [6]. In addition, Arno et al.
investigated how particle morphology (e.g., particle shape, size, and surface) affected the
adhesion and mechanical properties of the resultant calcium-alginate hydrogels [13]. The
authors demonstrated that 2D platelets substantially improved both the adhesion between
hydrogel surfaces and the material’s mechanical strength when blended into the polymeric
network compared to their 0D spherical or 1D cylindrical counterparts.

The properties of hydrogels, as mentioned previously, can be adapted not only through
the appropriate choice of materials and crosslinking techniques, but also by modifying
the internal structure of the gel by using a structure modifier such as lecithin during the
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preparation process. It should be remembered that lecithin is a typical amphiphilic phos-
pholipid mixture primarily containing distearoylphosphatidylcholine, which possesses
good biocompatibility and capability to enhance the bioavailability of co-administered
drugs [14]. Lecithin in water systems can self-assembly into array of liquid-crystalline
structures depending on the amount of water and temperature. The most likely structures
formed under normal working laboratory conditions are lamellar liquid-crystalline struc-
tures [15]. Moreover, varying the ratio of lecithin in the multi-component hydrogel system
may further improve the applicability and functionality of designed gels. The transport
and mechanical properties of materials are given by their internal structure and can be
greatly affected by its rearrangement.

Among the different types of lecithin-based systems, the most common platforms
in this area are liposomes and microemulsions [16]. Liposomes are an example of soft
phospholipid nanoparticles with typical diameters of around 100 nm [17]. Due to their
closed vesicular structure, hydrophilic active compounds could be embedded into their
internal water compartments, while hydrophobic compounds could be loaded into the
bilayer of the liposome. In most cases, lecithin-based liposomal hydrogels are used as
carriers; nevertheless, such systems still have certain disadvantages such as a slow and
uncontrolled process of drug release [18]. In contrast, lecithin microemulsion-based gels or
organogels have some advantages over liposomal hydrogels such as an easier preparation
procedure, an absence of organic solvents, and higher storage stability due to the thermo-
dynamic stability of microemulsions [19]. The matrix of lecithin microemulsion-based gels
is composed of lecithin, which acts as a surfactant as well as a gelling agent in the presence
of a nonpolar organic solvent (external phase) or a polar agent, which is usually water.

Substantial research is focused on modifying the internal structures of hydrogels,
however, to the best of our knowledge, there has previously been no systematic study
investigating the preparation and targeted modification of the internal structures of bio-
compatible hydrogels that focused on the use of natural amphiphilic substances and their
crucial (e.g., mechanical) application properties.

Thus, this work focuses on the effect of the structure modifier lecithin (as stated before,
the lecithin is able to self-organize into liquid-crystalline structures) and its concentration
on the resultant mechanical properties of differently crosslinked hydrogels. The results
of this work could provide a deeper understanding of the interactions between lecithin
and the hydrogel network, and, alternatively, between lecithin and model drugs. Lecithin
aggregates in hydrogels can also be viewed as a model of phospholipid structures (like cell
membranes) occurring in real tissues, and thus as a model of their potential impact on the
rheological or transport properties of the extracellular matrix.

2. Results and Discussion

On the basis of the prior experience of our team and in an attempt to investigate the
effect of different crosslinking strategies on the final properties of hydrogels, the following
materials were selected: agarose as a physically crosslinked hydrogel, alginate crosslinked
by polyvalent ions as an ionically crosslinked hydrogel, and PVA-chitosan as a chemically
crosslinked hydrogel.

As stated in Section 4, for each type of crosslinking, four different samples were
investigated. Three samples with lecithin additions at different concentrations (0.5, 1, and
2 wt.%) were labeled according to their lecithin concentration (i.e., “0.5”, “1” and “2”).
The fourth sample was a reference sample without lecithin, simply marked as “R”. The
lecithin concentrations were selected on the basis of preliminary experiments focused
mainly on estimating the maximum amount of lecithin that could be incorporated into the
hydrogel matrix.

2.1. Physical Crosslinking

Agarose was a representative of the physically crosslinked hydrogel matrix, whose
properties were affected by lecithin content. Hydrogel samples after preparation as well as
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samples after the drying and rehydration procedure were studied (schematic figure of the
preparation procedure can be seen in the Supplementary Materials Figure S1).

2.1.1. Rheology

Amplitude sweep results for physically crosslinked hydrogels obtained under an
applied oscillatory strain of 1 Hz suggest that differences in lecithin concentration have,
from a viscoelastic property point of view, a minimal influence on the hydrogel structure
after preparation, especially with respect to the width of the linear viscoelastic region (as
can be seen in Figure 1a). The storage as well as the loss modulus gradually increased with
increasing lecithin concentration, which might be due to the overall higher dry content of
the hydrogels. The effect of lecithin concentration on the viscoelastic properties of agarose
hydrogels was also minimal in the linear viscoelastic region (LVR), which is the range of
the values of storage modulus where the hydrogel is able to resist the applied oscillatory
strain and can thus indicate the strength of non-covalent hydrogel nodes. Probably, the
strength of the physically crosslinked hydrogel is provided mainly by non-covalent weak
interactions (H-bonding) between the chains of agarose. Lecithin only had a small effect
on the viscoelastic properties of 1 wt.% aq. agarose. The obtained values marking the end
of the LVR were very similar for all samples physically crosslinked (Table 1). The values
reported in the tables were either obtained by rheology software (TRIOS TA Instruments)
analyses (cross-over point, average moduli values in LVR) or calculated. The end of LVR
was obtained by comparing the average value of storage modulus in LVR with each point,
where the deviation greater than 5% marked the end of the LVR. The mesh size calculations
are described in Section 4.2. The cross-over point (G′ = G′′), the point at which the hydrogel
was irreversibly damaged, was very similar for all samples.

Table 1. Values for physically crosslinked agarose hydrogels after preparation obtained from strain
and frequency sweep tests before drying.

Cross-Over Point Average Moduli Values in LVR End of LVR Mesh Size

Lecithin
Concentration G′ Strain G′ G′′ Strain Mesh

(wt.%) (Pa) (%) (Pa) (Pa) (%) (nm)

0 (R) 157.5 ± 4.1 425.8 ± 2.2 3299 ± 277 366 ± 28 2.5 ± 1.0 13.3 ± 0.1
0.5 207.9 ± 2.1 414.1 ± 4.5 4576 ± 12 551 ± 15 1.8 ± 0.0 13.4 ± 0.4
1 194.9 ± 10.7 433.2 ± 10.2 4002 ± 81 461 ± 4 1.8 ± 0.0 12.7 ± 0.1
2 224.5 ± 0.0 468.0 ± 2.9 4880 ± 27 529 ± 8 1.8 ± 0.0 12.9 ± 0.3

The same amplitude sweep tests were performed on samples dried to the xerogel
form and again rehydrated. The amount of absorbed water had a significant effect on these
samples. As can be seen from Figure 1b as well as from the dry matter content experiments
(Section 2.1.2), the samples with the highest lecithin content were able to reabsorb the
largest amount of water (twice as much water as the sample without lecithin). This was
also reflected in the amplitude sweep results because the moduli values for these hydrogels
decreased proportionately. The reference sample had the highest moduli values, whereas
the lowest values were observed for the samples with the greatest lecithin concentrations.
The moduli values were somewhat larger than those for the samples studied after prepara-
tion (Table 2), mainly due to the elevated values of the swelling degrees of the systems after
drying and rehydration in comparison with those of the just prepared hydrogels. Lecithin,
therefore, favored water absorption. For the physically crosslinked hydrogels, even the
cross-over point was affected, and samples with higher lecithin concentrations shifted the
cross-over point to higher strain values. This could be the effect of the attractive interac-
tions between lecithin and the polysaccharide chains, leading to the reinforcement of the
hydrogels obtained after their drying and rehydration. In the initially prepared hydrogels,
lecithin was dispersed to a greater extent in a liquid medium without this (strong) effect.
This could be explained by the H-bonding between polysaccharide chains and lecithin,
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which are more significant for the rehydrated hydrogels because of the absence of water (in
xerogel), which could not interfere. The same could be observed for the cross-over point,
which again gradually increased with lecithin concentration.
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Figure 1. (a) Strain sweep of agarose hydrogels with different lecithin concentrations (0, 0.5, 1, and
2 wt.%) after preparation; (b) strain sweep of agarose hydrogels with different lecithin concentrations
(0, 0.5, 1, and 2 wt.%) after drying and rehydration of the xerogels; (c) frequency sweep of agarose
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and rehydration of the xerogels.
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Table 2. Values obtained from strain and frequency sweep tests for physically crosslinked agarose
hydrogels after drying and rehydration.

Cross-Over Point Average Moduli Values in LVR End of LVR Mesh Size

Lecithin
Concentration G′ Strain G′ G′′ Strain Mesh

(wt.%) (Pa) (%) (Pa) (Pa) (%) (nm)

0 (R) 1814 ± 340.6 250.4 ± 131.7 41,386 ± 10,517 2977 ± 707 0.3 ± 0.1 7.6 ± 1.1
0.5 1005.7 ± 142.9 718.5 ± 129.3 31,216 ± 980 2010 ± 4 1.2 ± 0.5 7.6 ± 0.2
1 542.7 ± 0.0 1148.7 ± 0.0 23,829 ± 3 1642 ± 118 1.4 ± 0.3 8.2 ± 0.1
2 350.8 ± 35.5 1257.6 ± 12.2 13,506 ± 1217 1256 ± 122 0.9 ± 0.0 9.0 ± 0.3

Frequency sweep test results are presented in Figure 1 and show that the shape of the
rheograms for all hydrogel samples was very similar. The storage modulus was dominant,
which means that the samples act as a fully crosslinked gel material with a fully crosslinked
internal structure. The trend of the moduli values was the same as that observed for
the amplitude sweep tests and therefore indicates that the lecithin addition increased the
values of the storage moduli as well as of the loss moduli, which was well correlated
with the higher dry matter content, as previously stated. With increasing oscillation
frequency values, the moduli values increased, which means that the hydrogel samples
were not completely relaxed, and the degree of relaxation was influenced by the type of
crosslinking. Practically, the average relaxation time of the hydrogel network exceeds the
period associated with the progressively increasing frequency of the applied oscillatory
deformations. The values of the mesh size of the internal structure of the hydrogels
calculated from the frequency sweep tests using Equations (3) and (4) are recorded in
Tables 1 and 2. The results for the freshly prepared hydrogels showed the same trend as
other rheological data (i.e., that the mesh size does not differ substantially between the
concentrations), whereas for the rehydrated xerogels, a slight increase could be observed at
higher lecithin concentrations, which can be explained by lecithin fitting itself into the pores
and thus increasing its size. This could be explained by lecithin forming lamellar liquid-
crystalline structures in absorbed water along with the already mentioned H-bonding
between the polysaccharide chains and lecithin. When comparing the absolute values
of mesh sizes for freshly prepared and rehydrated hydrogels, we can see that the pores
decreased in size after rehydration.

Based on the results of the strain and frequency sweeps performed onto the freshly
prepared agarose hydrogels, it can be seen that lecithin, as an amphiphilic natural compo-
nent, does not lead to a substantially modified viscoelastic behavior of these physically
crosslinked hydrogels in the range of lecithin concentrations used (see Figure 1a,c). Agarose,
which forms a thermoreversible physical hydrogel in an aqueous medium in the form of a
natural linear polysaccharide, was not expected to interact significantly with amphiphilic
lecithin. Thus, it was not expected that agarose could significantly interact with amphiphilic
lecithin. Lecithin thus serves only as a filler, and does not interfere significantly with the
internal structure of the hydrogel. Therefore, lecithin plays an important role in the rehy-
dration of dried samples. Thus, an increasingly higher content of lecithin in the structure
of such type of hydrogels causes the viscoelastic moduli storage and loss moduli to grad-
ually decrease. Practically, the presence of lecithin affects the ability of agarose xerogels
(hydrogel after drying) to reabsorb water (i.e., to swell) (see Figures 1b,d and 2). The final
viscoelastic properties of hydrogels are definitely affected by the amount of dispersion
medium (water) after the swelling of xerogels. If the addition of lecithin, as the modifier of
the internal architecture of hydrogels, is able to change the swelling properties, it will also
definitely change the viscoelastic properties due to the different amount of water. From
the applicative point of view, this finding is absolutely essential, given that by choosing a
suitable concentration of additive (lecithin), we were able to prepare hydrogels with the
required properties (especially viscoelastic) tailored to a specific purpose.
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Figure 2. Drying (a) and rehydration (b) of the physically crosslinked agarose hydrogels with different
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2.1.2. Drying and Rehydration Measurements

The amounts of water and dry matter associated with the studied gels are two of the
most important parameters for hydrogel characterization and future applicability. Dry
matter affects the behavior of the final material. The same is true for the water inside the
hydrogel, which significantly affects, for example, the transport properties. As stated in
Section 1, these parameters predetermine the applicative nature of the final system.

The results of the drying kinetics of physically crosslinked hydrogels can be seen
in Figure 2a. At the start of these experiments, all weights of the hydrogels (2 ± 0.2 g)
and xerogels were comparably the same. It can be seen that the lecithin addition had no
influence on the drying kinetics. The most likely explanation is that water retained by
lecithin is not bound as tightly as water hydrating agarose. Conversely, during the swelling
process, hydrogel with lecithin easily draws water (more easily than the agarose hydrogel
solely) and this resulted in the lecithin-agarose samples showing a higher swelling ability
with corresponding lower moduli (Figure 1). The swelling experiments demonstrated
the influence of lecithin on the swelling capacity. Therefore, the lecithin structures insert
themselves into the hydrogel pores and support the water intake. The kinetics of the
swelling process was very similar for all samples, with a peculiarity noted at the onset of
the experiment, where the samples richer in lecithin (1 and 2 wt.%) revealed a greater rate
of water absorption. Additionally, the same systems (agarose with 1 and 2 wt.% of lecithin)
were able to absorb the largest amount of water.

2.1.3. Morphological Characterization of Xerogels

Morphological characterization was performed on dried samples; therefore, the results
may not correspond to the results obtained from methods where hydrogels are studied
in native form (specifically, rheology). From the results obtained by scanning electron
microscopy (SEM), the effect of lecithin addition could be observed in sectional view. The
surfaces of these xerogels were smooth and with no visible pores on the micrometer scale. In
sectional view, the lecithin-free xerogel exhibited a layered structure of polymer fibers with
no visible interferences (see Figure 3). The same layered morphology was also observed
for xerogels of agarose with different contents of lecithin even though there were regions
of fusion of adjacent layers. Overall, the general morphology, practically devoid of pores
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as revealed by SEM, is most likely due to a compact structure resulting via the air drying
procedure applied to hydrogels to finally obtain xerogels.
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Figure 3. Physically crosslinked agarose xerogels with different lecithin contents observed in sectional
view by SEM. Magnification 5000×.

For these xerogels, gas sorption measurements were also performed (Table 3). The low
values of the specific surface suggest a lack of the pore structure of xerogels, with a slight
dependence on the compactness of layered morphology of these systems in dry state. Even
if the results of gas sorption are in line with those of SEM investigation, the gas sorption
method is not quite a suitable technique for determining the structure of these xerogels.

Table 3. Specific surface area for physically crosslinked agarose xerogels with the addition of lecithin
determined by gas sorption.

Concentration of Lecithin (wt.%) Specific Surface Area (m2/g)

0 (R) 3.4
0.5 1.0
1 1.9
2 2.1

2.2. Ionic Crosslinking

Sodium alginate crosslinked by the calcium chloride in the two to one weight ratio
was a representative of the ionically crosslinked hydrogel matrix, where the negatively
charged poly(guluronic) acid units of alginate (-COO−) interact with the polyvalent ions
(Ca2+) to form a bond (schematic figure of the preparation procedure can be seen in
Supplementary Materials, Figure S2). The final properties were also affected by lecithin
addition. Hydrogel samples, both after preparation and dried and rehydrated, were studied
by rheology, drying, and rehydration as well as morphological characterization.
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2.2.1. Rheology

Ionically crosslinked hydrogels also underwent amplitude sweep tests. What is im-
mediately observable is the decreasing trend of moduli for the freshly prepared samples
as lecithin content increase (see Figure 4a). One of the reasons for this is the water in-
take during gelling, which increases for samples with ascending lecithin concentration
(Section 2.2.2), the amphiphilic component playing a major role in the preparation of ioni-
cally crosslinked hydrogels. Larger lecithin addition also modified some characteristics
of the hydrogels (see Table 4). The average moduli values in LVR steadily decreased after
lecithin addition, thus making the gel softer. The most likely explanation is that after the
crosslinking of alginate by calcium ions, free calcium chloride is still present in the system
and is able to interact with the added lecithin micelles due to its dissociated form. Higher
lecithin content causes a competitive interaction and as a result, lecithin displaces the
calcium ions in the crosslinked alginate. Further lecithin could interact with the alginate via
quaternary ammonia or with the calcium ions via negatively charged phosphate residues.
For the moduli decrease, we could suggest that newly formed nodes are weaker and, in
a lesser amount compared with the original alginate gel. Such competitive interactions
were observable even during sample preparation, where the precipitate was visible on the
surface of the solution. They were also confirmed by viscosity measurements, where the
solution of calcium chloride and lecithin had higher viscosity values than expected, based
on the viscosity of lecithin in water and of calcium chloride in water (figure is available
in Supplementary Materials Figure S3). Other rheological data were very similar for the
samples and, as stated earlier, the biggest differences were in the moduli values, thus in the
hydrogel strength.

Table 4. Values for ionically crosslinked alginate hydrogels after preparation obtained from strain
and frequency sweep tests before drying.

Cross-Over Point Average Moduli Values in LVR End of LVR Mesh Size

Lecithin
Concentration G′ Strain G′ G′′ Strain Mesh

(wt.%) (Pa) (%) (Pa) (Pa) (%) (nm)

0 (R) 150.4 ± 9.1 260.4 ± 18.6 1667 ± 192 165 ± 23 1.7 ± 0.0 10.9 ± 0.4
0.5 158.6 ± 12.5 275.3 ± 24.4 2138 ± 480 245 ± 66 1.3 ± 0.0 11.0 ± 0.7
1 110.8 ± 1.2 260.8 ± 5.4 1052 ± 1 104 ± 0 1.6 ± 0.3 13.8 ± 1.9
2 65.3 ± 17.9 278.2 ± 9.0 468 ± 15 41 ± 0 2.1 ± 0.4 17.3 ± 1.5

The rehydrated samples followed a similar trend with respect to the moduli values,
where these values decreased with increasing lecithin concentration. Average moduli
values in LVR reported in the table below (Table 5) were higher than those presented in
Table 4 because the rehydrated samples were not able to reabsorb the same amount of water
as the freshly prepared hydrogels. Such behavior could be due to a compact arrangement
favored by non-covalent interactions (mainly ionic interactions induced by Ca2+ ions onto
both alginate and lecithin components) during the drying process.
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concentrations (0, 0.5, 1, and 2 wt.%) after drying and rehydration of the xerogels (frequency applied 
1 Hz); (c) frequency sweep of alginate hydrogels with different lecithin concentrations (0, 0.5, 1, and 
2 wt.%) after preparation; (d) frequency sweep of alginate hydrogels with different lecithin concen-
trations (0, 0.5, 1, and 2 wt.%) after drying and rehydration of the xerogels. 

The rheograms obtained during the frequency sweep tests (expressed as viscoelastic 
moduli on applied frequency) (Figure 4c) obeyed the same order as those that resulted 
from the amplitude sweep tests (storage and loss moduli as a function of oscillatory ap-
plied strain of 1 Hz) (Figure 4a) for all the studied alginate and alginate-lecithin hydrogels. 
The calculated mesh size from the rheological (frequency sweep) measurement for freshly 
prepared ionically crosslinked alginate hydrogels indicated the effect of lecithin on the 
structural properties of these hydrogels. The higher addition of lecithin causes a higher 

Figure 4. (a) Strain sweep of alginate hydrogels with the addition of different lecithin concentrations
(0, 0.5, 1, and 2 wt.%) after preparation; (b) strain sweep of alginate hydrogels with different lecithin
concentrations (0, 0.5, 1, and 2 wt.%) after drying and rehydration of the xerogels (frequency applied
1 Hz); (c) frequency sweep of alginate hydrogels with different lecithin concentrations (0, 0.5, 1,
and 2 wt.%) after preparation; (d) frequency sweep of alginate hydrogels with different lecithin
concentrations (0, 0.5, 1, and 2 wt.%) after drying and rehydration of the xerogels.
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Table 5. Values for ionically crosslinked alginate hydrogels after drying and rehydration obtained
from the strain and frequency sweep tests.

Cross-Over Point Average Moduli Values in LVR End of LVR Mesh Size

Lecithin
Concentration G′ Strain G′ G′′ Strain Mesh

(wt.%) (Pa) (%) (Pa) (Pa) (%) (nm)

0 (R) 479.2 ± 129.7 210.8 ± 119.7 26,342 ± 13,355 3191 ± 1346 1.6 ± 0.4 4.6 ± 1.4
0.5 894.9 ± 612.4 522.6 ± 51.8 68,513 ± 17,434 9861 ± 1533 0.6 ± 0.6 12.3 ± 2.1
1 1179.5 ± 106.7 209.1 ± 37.3 25,386 ± 741 2912 ± 45 1.2 ± 0.2 8.3 ± 1.8
2 553.5 ± 24.3 189.5 ± 17.4 4599 ± 500 1842 ± 1447 2.4 ± 0.0 7.6 ± 0.5

The rheograms obtained during the frequency sweep tests (expressed as viscoelastic
moduli on applied frequency) (Figure 4c) obeyed the same order as those that resulted from
the amplitude sweep tests (storage and loss moduli as a function of oscillatory applied
strain of 1 Hz) (Figure 4a) for all the studied alginate and alginate-lecithin hydrogels. The
calculated mesh size from the rheological (frequency sweep) measurement for freshly
prepared ionically crosslinked alginate hydrogels indicated the effect of lecithin on the
structural properties of these hydrogels. The higher addition of lecithin causes a higher
mesh size (more than 50% if the hydrogels without/with 2 wt.% of lecithin is compared).
The effect of lecithin concentration was also not observed for dried and rehydrated hydro-
gels. Although ionically crosslinked hydrogels have the ability to reabsorb the dispersion
medium and again create a network internal structure by water intake, the internal struc-
ture of these hydrogels is probably damaged by the air-drying process. Moreover, swelled
hydrogels differ in mesh size values in comparison with freshly prepared (e.g., hydrogels
with 2 wt.% of lecithin had a mesh size of 17.3 nm while the mesh size of the hydrogels
with the same concentration of lecithin after swelling was 7.6 nm). Therefore, the effect of
lecithin on the mesh size of hydrogels repeatedly prepared by drying and swelling in water
medium was negligible.

2.2.2. Drying and Rehydration Measurements

The drying curves for the alginate-lecithin systems were very similar almost irrespec-
tive of the lecithin content, in contrast to the drying dependence obtained for the freshly
prepared hydrogels of alginate solely (Figure 5a). The different kinetics regarding the rate
of water loss during the drying step could be due to the way lecithin fills the hydrogel
pores and holds water within, and also due to the favorable electrostatic Ca2+-lecithin
interactions, which influence the hydrogel structure and thus enable it to better hold water.
As for the swelling after drying, it can be observed that the samples with higher lecithin
concentrations were able to absorb water more rapidly and to a higher capacity, which is
again due to the modified hydrogel network due to the presence of lecithin.

2.2.3. Morphological Characterization of Xerogels

SEM images taken for xerogels prepared by ionic crosslinking show the effect of
lecithin on the surface morphology of the samples (see Figure 6). Surface morphology
of lecithin-free samples and of those with 0.5 wt.% lecithin exhibited a roughness due
to the many micrometer-sized crystals of CaCl2 resulted after air-drying. Instead, the
surface of xerogels with 1 and 2 wt.% lecithin is practically devoid of crystalline aggregates,
with some degree of roughness, which led to a more compact structure of these mixed
systems in their dry state. The morphological characteristics microscopically revealed
are in accordance with the decreasing tendency of the specific surface values (from gas
sorption measurements, Table 6) as the lecithin content rose. On the other hand, the lack of
CaCl2 crystalline aggregates for the systems with a higher lecithin content (1 and 2 wt.%)
could be related to Ca2+ consumption in favorable electrostatic interactions with lecithin
anions, which means that the crystalline structures observed in the case of alginate xerogels
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without lecithin and for those with 0.5 wt.% lecithin could be due to the excess of CaCl2
contained in these explored samples.
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revealed by SEM. Magnification 5000×.
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Table 6. Specific surface area for ionically crosslinked alginate xerogels with the addition of lecithin
determined by gas sorption.

Concentration of Lecithin (wt.%) Specific Surface Area (m2/g)

0 (R) 9.1
0.5 6.3
1 5.9
2 4.7

2.3. Chemical Crosslinking

Poly(vinyl alcohol) and chitosan crosslinked by the epichlorohydrin was a representa-
tive of the chemically crosslinked hydrogel matrix. Epichlorohydrin reacts with either the
hydroxyl group of PVA or amino group of chitosan to form a highly reactive intermediate.
This intermediate product reacts with another hydroxyl (PVA) or amino group (chitosan)
to form the crosslinked structure. Study of these hydrogels, both in their freshly prepared
state, after air-drying at 40 ◦C and their subsequent rehydration and as xerogels, showed
some physico-mechanical properties altered by the lecithin content (schematic figure of the
preparation procedure can be seen in the Supplementary Materials Figure S4).

2.3.1. Rheology

For chemically crosslinked hydrogels, the amplitude sweep results showed that the
addition of lecithin modified the rheological properties of hydrogels (see Figure 7a). How-
ever, the highest lecithin concentration did not lead to further changes in the mechanical
properties. The same can be said after comparing the data points (see Table 7). At the
same time, a higher content of lecithin decreased the values marking the end of the LVR
as well as the strength of the hydrogels and the cross- over point values. The results are
acceptable after taking into account the preparation and final state of the hydrogel. An
important step of the preparation procedure is drying of the liquid mixture, which leads
to crosslinking of the nodes and its subsequent rehydration. If lecithin is present, the
rehydration is improved.

Table 7. Values for chemically crosslinked PVA-chitosan hydrogels obtained from strain and fre-
quency sweep tests before drying.

Cross-Over Point Average Moduli Values in LVR End of LVR Mesh Size

Lecithin
Concentration G′ Strain G′ G′′ Strain Mesh

(wt.%) (Pa) (%) (Pa) (Pa) (%) (nm)

0 (R) 1665.3 ± 43.2 53.8 ± 8.2 8629 ± 304 398 ± 4 1.6 ± 0.3 13.6 ± 0.7
0.5 1005.5 ± 32.4 49.4 ± 18.4 6644 ± 1503 307 ± 44 1.2 ± 0.9 13.8 ± 0.6
1 666.6 ± 5.4 40.2 ± 3.2 4545 ± 129 377 ± 68 0.6 ± 0.1 12.7 ± 0.1
2 631.6 ± 24.7 39.1 ± 4.7 4398 ± 195 421 ± 5 0.7 ± 0.1 12.9 ± 0.1

The same experiments were performed for hydrogel samples dried and rehydrated.
The dried and rehydrated hydrogels with lecithin assembled into the pores ended up
with modified properties (see Figure 7b), specifically, an increase in moduli values and a
decrease in the values marking the cross-over point, in contrast to the reference sample.
As can be seen in Figure 7b and Table 8, the presence of lecithin makes the hydrogels
obtained after the drying–rehydration step much more deformation resistant, characterized
by much higher values of strain at the cross-over point. At the same time, for these mixed
rehydrated hydrogels, lecithin, irrespective of its content, exerted a larger influence in the
enhancement of the hydrogels’ strength (average moduli values in LVR) when compared
to the rehydrated systems physically and ionically crosslinked.
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Figure 7. (a) Strain sweep of PVA-chitosan hydrogels with the different lecithin concentrations (0,
0.5, 1, and 2 wt.%) after preparation; (b) strain sweep of PVA-chitosan hydrogels with different
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Table 8. Values for chemically crosslinked PVA-chitosan hydrogels after drying and rehydration
obtained from strain and frequency sweep tests.

Cross-Over Point Average Moduli Values in LVR End of LVR Mesh Size

Lecithin
Concentration G′ Strain G′ G′′ Strain Mesh

(wt.%) (Pa) (%) (Pa) (Pa) (%) (nm)

0 (R) 2470.0 ± 494.7 138.5 ± 13.5 14,514 ± 1413 532 ± 33 3.2 ± 0.0 11.6 ± 0.3
0.5 7122.4 ± 633.3 379.1 ± 233.0 62,099 ± 6505 1928 ± 65 5.0 ± 1.0 7.1 ± 0.1
1 4964.6 ± 275.8 502.2 ± 277.5 52,833 ± 10,153 2089 ± 246 3.0 ± 1.7 6.2 ± 1.3
2 4074.2 ± 182.3 900.1 ± 97.5 43,685 ± 3177 1761 ± 211 5.9 ± 2.3 8.1 ± 0.0

The frequency and amplitude sweep results indicated the same tendency discussed
above (see comparatively Figure 7). Thus, a critical lecithin concentration is necessary to
modify the properties of this type of chemically crosslinked hydrogels (according to the
results lying between 0.5 and 1 wt.%); also, there is a maximum concentration above which
further modifications do not occur (differences between 1 and 2 wt.% are negligible). The
significant difference in the chemically crosslinked hydrogels (comparing to the physically
and ionically crosslinked) is the relaxation phenomenon characterized by much longer
relaxation times in contrast to covalently crosslinked systems. Covalently crosslinked
hydrogels exhibit almost constant values of storage moduli over the whole range of the
applied frequencies. The same trend was also observed for the dried and rehydrated
samples. Again, for all samples, the storage modulus prevailed in comparison to the loss
modulus. The mesh sizes of these samples (Tables 7 and 8) were not affected by the content
of lecithin, a result that can be explained by the character of covalent crosslinking, which
is stronger than physical and ionic crosslinking. On the other hand, the same trend of
decreasing mesh sizes after rehydration could be observed.

2.3.2. Drying and Rehydration Measurements

As can be seen from Figure 8, the drying and swelling kinetics were not significantly
altered by the addition of lecithin. Only a marginal influence was observed for samples
with the highest lecithin concentrations, which were able to absorb the most water. This
generally smaller influence of lecithin can be explained by the structure of chemically
crosslinked hydrogels, which are characterized by a high enough crosslinking density and,
consequently, by a smaller pore size morphology. The structure is more organized due to
the stronger covalent bonds. The water absorption for this kind of hydrogel possessing
stronger covalent cross linkages was very fast and occurred almost immediately during the
first minutes of the swelling experiments.

2.3.3. Morphological Characterization of Xerogels

Results on the structural characterization of chemically crosslinked xerogels were
similar to those for physically crosslinked hydrogels. The surface morphology of these
xerogels looked smooth with no visible pores. In sectional view, SEM images revealed clear
layered structures, with an interlayer roughness increasing with lecithin content (Figure 9),
which in turn led to a gradual ascension of the value of specific surface (Table 9). Despite
this fact, an apparently less corrugated surface observed for lecithin-free hydrogels had a
higher specific surface area (Table 9), which might be explained by a greater compactness
associated with the layered structure of the mixed xerogels.
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Table 9. Specific surface area for chemically crosslinked PVA-chitosan xerogels with different lecithin
content determined by gas sorption.

Concentration of Lecithin (wt.%) Specific Surface Area (m2/g)

0 (R) 2.9
0.5 0.8
1 1.2
2 1.6

3. Conclusions

This work studied the influence of lecithin (L-α-phosphatidylcholine) on three differ-
ently crosslinked hydrogels (physically crosslinked agarose, alginate ionically crosslinked
by calcium ions, and a mixture of PVA and chitosan chemically crosslinked by epichloro-
hydrin). The bulk of this work was to study differences between the gels investigated
immediately after preparation and the corresponding rehydrated xerogels (prepared by
swelling). By choosing the lecithin content, we were able to modify some of the mechanical
properties of the hydrogels with a modified internal structure, especially in the case of
the rehydrated ones. In this regard, the addition of lecithin had the strongest influence
in enhancing the strength of chemically crosslinked PVA-chitosan gels, which is partially
consistent with the mesh size and by the amount of water absorbed into their structure
after being previous air-dried. Apart from the rheological data and those obtained from the
kinetics of water loss during hydrogel dehydration, these conclusions were supported by
the scanning electron microscopy and gas sorption experiments performed on the xerogels.
For this type of material, even though gas sorption appears to be inappropriate, however, it
serves to confirm the non-porous structure of the xerogels.

In this work, we determined that the addition of phospholipid lecithin into the hy-
drogel matrix can alter their mechanical properties, which might be highly beneficial
knowledge for the use of such hydrogels in particular applications. However, the transport
properties also need to be investigated. Therefore, further transport experiments are re-
quired, which are absolutely crucial for a better understanding of such hydrogel materials
and how they can be used in final applications.

4. Materials and Methods

Hydrogels with distinct gelation mechanisms (physical, ionic, chemical crosslink-
ing) [20] were studied. As an example of a physically crosslinked matrix, the linear
thermoreversible polysaccharide agarose (Agarose E, Condalab, Madrid, Spain) at 1 wt.%,
was used [21]. As an example of an ionically crosslinked matrix, sodium alginate (Sigma-
Aldrich, Prague, Czech Republic) at 2 wt.% crosslinked by calcium chloride (Lach-Ner,
Neratovice, Czech Republic) at a two to one weight ratio was chosen [22]. For chemi-
cally crosslinked hydrogels, poly(vinyl alcohol) (Sigma-Aldrich, Prague, Czech Republic)
mixed with chitosan (low molecular weight, Sigma-Aldrich, Prague, Czech Republic)
and crosslinked by epichlorohydrin (Sigma-Aldrich, Prague, Czech Republic) was em-
ployed [23]. L-α-Phosphatidylcholine (lecithin) was incorporated into all hydrogel samples
before gelation at three different weight percentage concentrations (Sigma-Aldrich, Czech
Republic, Prague).

The materials and their concentrations and ratios were selected on the basis of data
previously reported [20–24] and can be seen in the table below (Table 10).
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Table 10. Concentrations of each individual component in the final hydrogel form (agarose, sodium
alginate, calcium chloride, PVA, chitosan, and lecithin).

Physically Crosslinked Hydrogels

Sample Agarose (wt.%) Lecithin (wt.%)

AG R 1 0
AG 0.5 1 0.5
AG 1 1 1
AG 2 1 2

Ionically Crosslinked Hydrogels

Sample Sodium
Alginate (wt.%)

Calcium Chloride
(mol·dm3)

Lecithin
(wt.%)

ALG R 2 0.1 0
ALG 0.5 2 0.1 0.5
ALG 1 2 0.1 1
ALG 2 2 0.1 2

Chemically Crosslinked Hydrogels

Sample PVA (wt.%) Chitosan (wt.%) Lecithin
(wt.%)

PVA R 7.8 2.5 0
PVA 0.5 7.8 2.5 0.5
PVA 1 7.8 2.5 1
PVA 2 7.8 2.5 2

4.1. Water Loss during Drying and Rehydration Measurements

The ability to hold, release, and absorb water was tested by different approaches.
Water loss was monitored by means of simple drying tests. All samples were dried either
in the laboratory dryer at 40 ◦C and regularly weighed, or in a semi-automatic moisture
analyzer (IR-35, Denver Instrument, Denver, CO, USA), where the weight was recorded
automatically. The relative weight of the hydrogel (x) during drying was calculated using
the following formula:

x =
mt

m0
· 100 (1)

where mt is the weight of the gel at time t, and m0 is the weight of the hydrogel in the
swollen state.

Often very small weight losses of water from the hydrogel samples made using
drying scales more difficult. For this reason, drying kinetics were mostly studied using the
combination of laboratory driers and analytical scales, upon which samples were weighed
every twenty minutes. After the samples were dried to the xerogel form, they were inserted
into a water bath, where they were kept until they reached their maximum water absorption
capacity. The degree of water absorption (ma) was calculated by:

ma =
mt

mx
· 100 (2)

where mt is the weight of the hydrogel at time t, and mx is the weight of the xerogel. The hy-
drogel samples were regularly weighed on analytical scales to study their swelling kinetics.

4.2. Rheology

Hydrogels are semi-solid materials that exhibit distinctive mechanical characteristics
lying between those of solids and liquids. Therefore, rheology is indeed an appropriate
technique for studying their behavior [25–29]. The mechanical properties of the prepared
hydrogels were determined by rheological characterization using a rotational rheometer
(Discovery HR-2, TA Instruments) employing cross-hatched 20 mm plate–plate geometry
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to avoid potential sensor wall-slippage during measurement. The complex rheological
procedure consisted of strain sweep and frequency sweep tests. The strain sweep test is a
useful tool for obtaining information about samples if fluid-like or gel-like behavior under
different values of applied strain prevails. In addition, it is possible to determine the region
where the deformation is non-destructive (the linear viscoelastic region-LVR) as well as
the behavior of the sample when the LVR strain limit is exceeded. The other mentioned
test, the frequency sweep test, serves the purpose of describing hydrogel behavior in the
non-deformation range (LVR) and provides information about different crosslinking sites
(if applicable) in the internal structure of the hydrogel. Both tests were carried out on
freshly prepared samples and rehydrated ones. The rehydrated samples were first dried to
constant mass in the laboratory dryer for two days at a constant temperature of 40 ◦C and
further rehydrated for three days in distilled water. Freshly prepared agarose and alginate
samples were measured within a gap of 1000 µm. The gap for rehydrated samples varied
according to the thickness of the gel, which depended on its swelling capacity, 500 µm
for agarose gels and 1000 µm for alginate gels. PVA-chitosan hydrogels (both fresh and
rehydrated) were measured within a gap of 200 µm due to the limited thickness of the
prepared hydrogel foils. Prior to each applied test, samples were allowed to temper and
rest for 180 s after loading into the measuring gap.

To obtain a suitable value of constant amplitude strain for the linear viscoelastic region
(LVR), which was an essential parameter for ongoing frequency sweep tests, strain sweep
tests were conducted first within the amplitude strain range of 0.01–1000% under a constant
frequency of oscillation of 1 Hz in at least two repetitions, using a freshly loaded sample
for each test. From these measurements, a strain of 0.1% was chosen as a suitable value of
deformation for ongoing frequency tests, because this strain value lays within the LVR for
all fresh and rehydrated samples. The range of oscillating frequencies for the frequency
sweep tests was set to 0.01–100 Hz. Like the former strain sweep tests, the frequency
sweep tests were also conducted in at least two repetitions. A summary of settings for both
rheology tests is presented in Table 11.

Table 11. Summary of settings for rheology measurements (conditioning step, amplitude sweep, and
frequency sweep).

Conditioning Step

Temperature 25 ◦C
Time 180 s

Amplitude Sweep Frequency Sweep

temperature 25 ◦C temperature 25 ◦C
strain 0.01–1000% strain 0.1%

points per decade 8 points per decade 6
frequency 1 Hz frequency 0.01–100 Hz

Routine techniques that are usable for the characterization of the internal structures of
many materials (e.g., scanning electron microscopy) have some limitations in the study of
hydrogels. One of the most limiting factors is that the structures of hydrogels are mostly
studied in a dried state. The internal structures of a hydrogel in the presence of water and
in the absence of water must certainly differ. Moreover, the preparation of the hydrogel
in its dried state is also critical because the dispersion medium (water) must be removed
(mostly by evaporation or by sublimation if lyophilization is used). Unfortunately, both of
these processes (evaporation as well as sublimation) have a significant impact on the final
xerogel morphology. Simply, the fragile internal structure of the hydrogel may be critically
damaged by the removal of the dispersion medium. Thus, such a resulting structure
(specifically, the porous structure) revealed by scanning electron microscopy often has
low informative value with respect to the internal structure of the hydrogel in its swollen
state. Therefore, an alternative way to determine the pore size (and then obtain information
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about the internal structure of the hydrogel) must be found. An interesting solution to this
problem is offered by the rheological characterization of the hydrogel, which involves the
calculation of the mesh size.

Mesh size, as one of the most critical parameters in hydrogel characterization, was
calculated by means of relaxation spectra (relaxation moduli G and relaxation time λ) from
the frequency sweep oscillation measurements in accordance with the Maxwell model [30].
The frequency sweep (viscoelastic moduli as a function of oscillation frequency) was
interpolated by continuous relaxation spectra in TRIOS software (TA Instruments, New
Castle, DE, USA).

Typical relaxation spectra can be found in the Supplementary Materials (Figure S5).
On the basis of previous rheological investigation [25], it was concluded that the optimal
number of Maxwell elements was 4, in order to fit the frequency sweep measurements of
the hydrogels. Four relaxation moduli were obtained from continuous relaxation spectra
analyses. The sum of relaxation moduli was calculated in order to determine the crosslink-
ing density [31] (see Equation (3), where ρx represents the crosslinking density (mol·m−3))
and provides information on the density of the junction in the swollen hydrogel form.
G (Pa) is the sum of 4 relaxation moduli, R (J·mol−1·K−1) represents the universal gas
constant, and T is the thermodynamic temperature in Kelvins.

ρx =
G

RT
(3)

If all criteria are met (in particular, frequency sweep measurements are realized in
the linear viscoelastic region and the mechanical properties of hydrogels with different
crosslinking are consistent with rubber elasticity theory [32]), finally the mesh size can
be calculated using Equation (4), where ξ is the mesh size (unit: m) and NA represents
Avogadro’s number.

ξ = 3

√
6

πρxNA
(4)

4.3. Morphological Characterization of Xerogels

Since the structure affects properties that are crucial for hydrogel applications, deter-
mining the hydrogel morphology is one of the most important characterizations. There are
many direct (microscopy) and indirect (scattering-based) methods to characterize hydrogel
morphology [33]. Several direct visualization techniques (light microscopy, laser scanning
confocal microscopy, and micro-computed tomography) that can handle swollen hydro-
gels have considerable disadvantages (e.g., limited resolution) [34]. On the other hand,
commonly used scanning electron microscopy includes a critical step (i.e., the inevitable
solidification of the sample using drying or freezing, during which the collapse of the struc-
ture or the creation of artifacts can occur) [35,36]. Kaberova et al. [37] tested the usability
of scanning electron microscopy and concluded that the results from this method should
always be confirmed by microscopy techniques applicable for gels in their swollen state.

For the characterization of dry samples, the specific surface area (the Brunauer–
Emmett–Teller (BET) approach) is typically determined. The specific surface area is not
suitable for characterizing hydrogels because of the already mentioned artifacts that appear
during the preparation of dried samples. However, it can be used, for example, for the char-
acterization of materials used in a dried state and that can form hydrogels (adsorbent) [38],
or for the confirmation of reversible porosity [39].

The structure of the xerogels was studied in this work. Specifically, scanning electron
microscopy and gas sorption were chosen as suitable techniques for determining the inter-
nal architecture of xerogels. Since the mechanical properties were studied for hydrogels
right after preparation and also for swollen hydrogels after dehydration, it seemed con-
venient to investigate the structural properties of the hydrogels in these forms. Since this
form is a dry form, it was possible to avoid deformation of the structure caused by the
preparation of hydrogels for scanning electron microscopy.
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4.3.1. Scanning Electron Microscopy

To determine changes in hydrogel structure, xerogels of all prepared samples were
subjected to direct visualization using scanning electron microscopy. The samples were
dried in a laboratory dryer at 40 ◦C. A few small specimens were taken from each studied
sample to maintain objective observation. These specimens were subsequently gold-coated
in a sputtering device (POLARON) and investigated using a ZEISS EVO LS 10 scanning
electron microscope.

Both the surface morphologies and sectional images of samples were recorded. Obser-
vations were realized in secondary electron (SE) mode and the accelerating voltage was set
to 5 kV to avoid charging of the samples.

4.3.2. Gas Sorption

A NOVA 2200e high-speed gas sorption analyzer (Quantachrome Instruments) was
used to determine the specific surface area. The samples were weighed into a measuring
cell (0.05–0.1 g). The measuring cell was placed in a degassing station, where the degassing
process was carried out at 75 ◦C for 20 h. After cooling, the degassed sample was weighed
to four decimal places. The samples were placed in a measuring station. The adsorption
and desorption isotherms were measured under liquid nitrogen (77 K) from 0.05–0.95 of
the relative pressure P/P0. The obtained data were processed by NovaWin software and
specific surface area was calculated by the multi-point BET method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8020115/s1, Figure S1: Preparation procedure of physically
crosslinked agarose hydrogels; Figure S2: Preparation procedure of ionically crosslinked alginate hy-
drogels; Figure S3: Dynamic viscosity measurements for combinations of solutions of lecithin, CaCl2
and alginate; Figure S4: Preparation procedure of chemically crosslinked PVA-chitosan hydrogels;
Figure S5: Typical relaxation spectra for mesh size calculations, TRIOS software (TA Instruments).

Author Contributions: Conceptualization, R.H. and J.S.; Methodology, R.H., M.K., M.T. and J.H.;
Validation, R.H., M.K. and M.T.; Formal analysis, R.H. and J.S.; Investigation, R.H., M.K., M.T.,
J.H. and N.Z.; Data curation, R.H., M.T. and M.K.; Writing—original draft preparation, R.H., M.K.,
M.T. and N.Z.; Writing—review and editing, J.S. and M.P.; Visualization, R.H. and N.Z.; Project
administration, R.H.; Funding acquisition, R.H.; Supervision, J.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research project was supported by the project Quality Internal Grants of BUT (KInG
BUT), Reg. No. CZ.02.2.69/0.0/0.0/19_073/0016948, which is financed from the Operational Program:
Research, Development, and Education.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this study are available on request from the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aswathy, S.; Narendrakumar, U.; Manjubala, I. Commercial hydrogels for biomedical applications. Heliyon 2020, 6, e03719.

[CrossRef] [PubMed]
2. Kular, J.K.; Basu, S.; Sharma, R.I. The extracellular matrix: Structure, composition, age-related differences, tools for analysis and

applications for tissue engineering. J. Tissue Eng. 2014, 5, 2041731414557112. [CrossRef] [PubMed]
3. Geckil, H.; Xu, F.; Zhang, X.; Moon, S.; Demirci, U. Engineering hydrogels as extracellular matrix mimics. Nanomedicine 2010, 5,

469–484. [CrossRef]
4. Gadjanski, I. Recent advances on gradient hydrogels in biomimetic cartilage tissue engineering. F1000Research 2017, 6, 2158.

[CrossRef]
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Abstract: Intensive research on biodegradable films based on natural raw materials such as car-
boxymethyl cellulose (CMC) has been performed because it enables the production of transparent
films with suitable barrier properties against oxygen and fats. Considering the importance of the
production of this type of film at the industrial level, a scalable and continuous drying method is
required. Refractance window-conductive hydro drying (RW-CHD) is a sustainable and energy-
efficient method with high potential in drying this kind of compound. The objective of this study
was to evaluate the factors (CMC thickness, heating water temperature, and film type) and radiation
penetration depth that affect drying time and energy consumption. It was found that drying time
decreased with increasing temperature and decreasing thickness. Similarly, energy consumption
decreased with decreasing temperature and thickness. However, the drying time and energy con-
sumed per unit weight of product obtained were equivalent when drying at any of the thicknesses
evaluated. Film type had little effect on time and energy consumption compared to the effects of
temperature and CMC thickness. The radiation penetration depth into the CMC was determined
to be 1.20 ± 0.19 mm. When the thickness was close to this value, the radiation energy was better
utilized, which was reflected in a higher heating rate at the beginning of drying.

Keywords: carboxymethyl cellulose; drying; RW; CHD; radiation penetration depth

1. Introduction

The limited access to non-renewable resources for packaging materials has turned
the focus to biopolymers. In the last decade, intensive research on biodegradable films
based on natural raw materials such as carboxymethyl cellulose (CMC) has been published,
as it has non-toxic and non-allergic effects and produces a transparent film with suitable
barrier properties against oxygen and fats [1,2]. These films are used for food packaging,
adhesives, biocomposites, and hydrogel films.

Antosik et al. [1] prepared CMC-based films as carriers for a pressure-sensitive adhe-
sive. The polysaccharide solution was poured into a polystyrene mold and dried for 24 h at
60 ◦C. Hasheminya et al. [2] prepared films with Kefiran, essential oil, and CMC; the final
step of the process was to pour the solution onto glass plates and dry at 25 ◦C for 72 h. In
addition, CMC was used for its binding capacity in tea waste bioplastics; the drying process
took place in an oven for 3 h at 70 ◦C [3]. Cheng et al. [4] prepared a composite film using
CMC, konjac glucomannan, and palm olein to improve the moisture barrier properties.
The solutions were dried at room temperature for approximately 20 h. Li et al. [5] produced
a starch-CMC-based film; samples were dried at room temperature for 12 h. Another
example of based CMC films is hydrogels. They can offer new opportunities to design
efficient packaging materials when prepared with CMC and polyvinylpyrrolidone [6].
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These works used the casting method to dry the films at laboratory scale. Considering the
importance of the production of this type of film at the industrial level, a drying method
that is scalable, continuous, and energy efficient is required.

Refractance Window® (RW) drying is a technique developed by MCD Technologies,
Inc. (Tacoma, WA, USA) [7,8]. This technique is called conductive hydro-drying (CHD)
for high thicknesses [9]. The material to be dried is placed on a film that is in contact with
water (95–97 ◦C) at atmospheric pressure. The water is recirculated below its boiling point
to provide the thermal energy necessary for drying. According to some authors, this film is
transparent to infrared radiation [7,8,10]. The thermal energy of the water is transmitted
to the food through the plastic film by conduction and radiation, and moisture is carried
by air flowing over the food layer [9]. This technology has had substantial growth in the
last five years (75% of the publications on the subject have been in this period) due to its
advantages in quality and cost.

One of the advantages of RW-CHD drying is the drying time, which is relatively short
when compared to other drying techniques, such as solar drying, tray drying, or freeze dry-
ing. In tray drying, the products need to be dried from 3 to 5 h at high temperature whereas
the processing time in freeze drying varies from 18 to 24 h [11]. Ochoa-Martínez et al. [12]
found that, for the RW technique, the moisture content decreases rapidly to a value below
5% wb in about 30 min for 1-mm samples and 60 min for 2-mm samples. In contrast, it took
about 240 min to obtain similar results with the tray drying technique. Baeghbali et al. [13]
obtained a drying time of 20–24 h for freeze drying whereas the observed time was 5–7 min
for RW for different products. Nindo et al. [14] reported residence times (h) of drying
for asparagus puree for freeze drying (18–24), tray drying (2.5–5.5), as well as spouted
bed (1.2–2.3), microwave (0.5–1.6), and RW (0.074) technologies. Longer drying times
adversely affect product quality. The faster drying rate in RW-CHD has been attributed to
the radiative heat transfer that occurs between the heating water and the food [14,15]. In
CHD, there is, additionally, a significant effect of conduction heat transfer [16].

On the other hand, compared with conventional dryers, RW dryers have high thermal
efficiency (i.e., two-fold higher than freeze dryers) [8]. Baeghbali et al. [13] compared the
overall energy efficiency from different drying techniques for pomegranate juice drying.
The highest energy efficiency (31.56%) was shown by the RW dryer, followed by a spray
dryer (12.92%) and a freeze dryer (1.12%). Additionally, Baeghbali et al. [17] reported
that the overall energy used for carrot puree drying was 0.375–0.525 kW for RW dryers,
which was lower than the 70–84 kW used in the case of freeze drying. Similar results were
reported by Bernaert et al. [18], where the energy efficiency of RW was three-fold and
40-fold higher than spray drying and freeze drying, respectively.

In addition to the above advantages, the drying equipment, energy consumption,
and operation costs are lower than those of tray, freeze, drum, and spray drying methods.
Additionally, it has negligible CO2 emissions [19]. For example, the cost of the WR drier
can be between one-third and one-half the cost of freeze drying [8,15,20]. Compared to
other drying systems such as drum drying or convection drying, production costs can be
up to 70% lower [21,22].

The effect of process variables (sample thickness and heating water temperature) on
physicochemical properties has been studied for numerous foods, especially fruits and
vegetables and, to a lesser extent, meats, dairy products, and others. Mahanti et al. [23]
conducted an extensive review on this subject. Moderate food temperatures and short
drying times reduce the deterioration of food characteristics. Other important process
variables are the type and thickness of the film used, which affect the percentage of radiation
transmission. These variables have not been studied. Most of the relevant works have used
polyethylene terephthalate (PET) films. Other authors [9,16,24] performed calculations
to determine the relative contribution of heat transfer mechanisms in RW-CHD drying.
In no case was the penetration of infrared radiation observed, which is a critical aspect
affecting heat transfer in this technology. There are no available data in the literature
about this variable for infrared wavelengths, except that of Ginzburg [25] for various
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food materials and Almeida et al. [26] for potatoes in near-infrared drying. In addition,
heat fluxes emitted by water, water–film, and water–film–CMC systems have not been
measured to characterize RW-CHD drying.

In RW-CHD, comprehension of the factors affecting drying time and energy consump-
tion, such as the thickness of the sample, the temperature of the heating water, and the
type and thickness of the film, is important. Only the first two have been studied for
numerous products, especially fruits and vegetables and, to a lesser extent, meats, dairy
products, and others. This technology has not been applied in drying gels such as CMC.
Because of its high moisture content and long processing time, it is essential to use highly
efficient drying methods for the drying of CMC films that can be used as biodegradable
packaging materials.

The main objective of the work was to evaluate the factors affecting the drying time and
energy consumption in the RW-CHD drying of CMC. The radiation penetration depth into
CMC and the effect of operating conditions (CMC thickness, heating water temperature,
and film type and thickness) on drying time and energy consumption were determined.

In this work, it was found that the drying time decreased with increasing tempera-
ture and decreasing thickness. Similarly, energy consumption decreased with decreasing
temperature and thickness. However, the drying time and energy input per unit weight
of product obtained were equivalent when drying at 1.5 or 3.5 mm. That is important for
deciding the amount of sample to be dried (product thickness) as a function of operating
cost and final product quality when exposed to high temperatures for a longer time. Com-
pared to temperature and CMC thickness, film type had a minor effect on time and energy
consumption. This was due to the films’ high radiation transparency (low resistance to
heat flow), regardless of type and thickness. On the other hand, the radiation penetration
depth in CMC was determined to be 1.20 ± 0.19 mm. This was independent of the type
and thickness of the film and the temperature of the heating water since it is a property of
the material; no effect of temperature was observed because the wavelength range at the
temperatures studied is very small. For thicknesses close to this value, more use is made
of the radiation energy, which was reflected in a higher heating rate at the beginning of
drying (3 min).

2. Results and Discussion
2.1. Drying Kinetics

Figure 1 shows the drying kinetics of CMC with thicknesses of 1.5, 2.5, and 3.5 mm for
the three films (PP, LDPE, and PET) at 90 and 70 ◦C. As expected, as the sample thickness
decreased and the drying temperature increased, the water loss was higher for every film.

Considering that the air conditions in contact with the sample during drying were
60.4 ± 6.5% relative humidity and 26.9 ± 1.7 ◦C, the equilibrium moisture content for
CMC is 0.17 kg water/kg dry solid (15% wb) according to the sorption isotherm reported
by Torres et al. [27]. In the kinetics shown, values close to this equilibrium value can
be observed.

An initial part with a constant slope was observed in these curves, corresponding to
the constant drying rate period, up to an approximate moisture value of 5 kg water/kg ss
(83% wb). The high drying rate in this period was notorious, unlike tray drying, which
is very short with a low drying rate [12]. During this period, there was water saturation
on the surface and easy replacement of evaporated water due to the low resistance to
mass transfer in the interior. In RW-CHD, the sample exhibited rapid heating (in the first
seconds of drying), maintaining the continuous transport of water inside the sample to
the surface, in contrast to the tray drying, where the sample heating was slow, and heat
transfer was the limiting mechanism. Moisture removal from the surface to the air occurred
by convective diffusion, the driving force of which is the water concentration difference.
Parrouffe et al. [28] found that infrared radiation had no significant influence on reducing
drying time beyond the constant rate period due to the low moisture content at the surface,
which generally has a low penetration depth or a low absorption. The drying rate in the
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constant rate period (kg water/kg ss-min) corresponding to the slope of the curves in the
linear region is presented in Figure 2.
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Figure 1. Effect of drying time, water temperature, and CMC thickness on moisture content (●PP 0.83, ●PP 0.55, ●PP 0.38, 
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Figure 1. Effect of drying time, water temperature, and CMC thickness on moisture content (●PP 0.83, ●PP 0.55, ●PP 0.38, 

♦LDPE 0.15, ♦LDPE 0.10, ♦LDPE 0.03, ■PET 0.25, ■PET 0.18, ■PET 0.08). 

Considering that the air conditions in contact with the sample during drying were 

60.4 ± 6.5% relative humidity and 26.9 ± 1.7 °C, the equilibrium moisture content for CMC 

is 0.17 kg water/kg dry solid (15% wb) according to the sorption isotherm reported by 

Torres et al. [27]. In the kinetics shown, values close to this equilibrium value can be ob-

served. 

An initial part with a constant slope was observed in these curves, corresponding to 

the constant drying rate period, up to an approximate moisture value of 5 kg water/kg ss 

(83% wb). The high drying rate in this period was notorious, unlike tray drying, which is 

very short with a low drying rate [12]. During this period, there was water saturation on 

the surface and easy replacement of evaporated water due to the low resistance to mass 

transfer in the interior. In RW-CHD, the sample exhibited rapid heating (in the first sec-

onds of drying), maintaining the continuous transport of water inside the sample to the 

surface, in contrast to the tray drying, where the sample heating was slow, and heat trans-

fer was the limiting mechanism. Moisture removal from the surface to the air occurred by 

convective diffusion, the driving force of which is the water concentration difference. Par-

rouffe et al. [28] found that infrared radiation had no significant influence on reducing 

drying time beyond the constant rate period due to the low moisture content at the sur-

face, which generally has a low penetration depth or a low absorption. The drying rate in 

the constant rate period (kg water/kg ss-min) corresponding to the slope of the curves in 

the linear region is presented in Figure 2. 
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Figure 2. Effect of type and thickness of plastic films and CMC thickness on the drying rate: (a) 90 °C and (b) 70 °C. 
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Table 1. Effect of water temperature on CMC drying kinetics. 
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70 1.53 a 3.38 a 52.37 a 

80 2.14 b 4.73 b 37.52 b 

90 2.78 c 6.05 c 29.33 c 

Values followed by the same letter are not significantly different (p < 0.05, Tukey’s test). 

Table 2. Effect of CMC thickness on drying kinetics. 

CMC Thickness (mm) 
Drying Rate 

(kg water/kg ds-min) 

Drying Flux 

(kg water/h-m2) 

Time 

(min) 

1.5 3.49 a 4.96 a 22.67 a 

2.5 1.70 b 4.66 b 42.58 b 

3.5 1.26 c 4.55 b 53.97 c 

Values followed by the same letter are not significantly different (p < 0.05, Tukey’s test). 

Table 3. Effect of type and thickness of plastic film on CMC drying kinetics. 

Film Type-Thickness 

(mm) 

Drying Rate 

(kg water/kg ds-min) 

Drying Flux 

(kg water/h-m2) 

Time 

(min) 

PP 0.83 1.55 d 3.46 e 55.86 a 

PP 0.55 1.70 cd 3.75 de 48.85 b 

PP 0.38 1.90 bcd 4.13 cd 42.80 c 

LDPE 0.15 2.06 bc 4.68 b 38.31 cd 

LDPE 0.10 2.10 b 4.85 b 37.66 cd 

LDPE 0.03 1.93 bcd 4.59 bc 39.42 cd 

PET 0.25 2.68 a 5.77 a 30.36 e 

PET 0.18 2.66 a 5.62 a 30.56 e 

PET 0.08 2.76 a 5.64 a 33.86 de 

Values followed by the same letter are not significantly different (p < 0.05, Tukey’s test). 
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Figure 2. Effect of type and thickness of plastic films and CMC thickness on the drying rate: (a) 90 ◦C and (b) 70 ◦C.

In the analysis of variance, it was observed that the main factors (type-film thickness,
CMC thickness, and heating water temperature) and their interactions had a significant
effect on the drying rate (p < 0.05). According to the F-Ratio value, the relative importance
of CMC thickness (1548.63) related to temperature (429.83) and film type-thickness (73.59)
was highlighted. Tukey tests for temperature, CMC thickness, and film thickness type are
presented in Tables 1–3.

90
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Table 1. Effect of water temperature on CMC drying kinetics.

Temperature (◦C) Drying Rate
(kg Water/kg ds-min)

Drying Flux
(kg Water/h-m2)

Time
(min)

70 1.53 a 3.38 a 52.37 a

80 2.14 b 4.73 b 37.52 b

90 2.78 c 6.05 c 29.33 c

Values followed by the same letter are not significantly different (p < 0.05, Tukey’s test).

Table 2. Effect of CMC thickness on drying kinetics.

CMC Thickness
(mm)

Drying Rate
(kg Water/kg ds-min)

Drying Flux
(kg Water/h-m2)

Time
(min)

1.5 3.49 a 4.96 a 22.67 a

2.5 1.70 b 4.66 b 42.58 b

3.5 1.26 c 4.55 b 53.97 c

Values followed by the same letter are not significantly different (p < 0.05, Tukey’s test).

Table 3. Effect of type and thickness of plastic film on CMC drying kinetics.

Film Type-Thickness
(mm)

Drying Rate
(kg Water/kg ds-min)

Drying Flux
(kg Water/h-m2)

Time
(min)

PP 0.83 1.55 d 3.46 e 55.86 a

PP 0.55 1.70 cd 3.75 de 48.85 b

PP 0.38 1.90 bcd 4.13 cd 42.80 c

LDPE 0.15 2.06 bc 4.68 b 38.31 cd

LDPE 0.10 2.10 b 4.85 b 37.66 cd

LDPE 0.03 1.93 bcd 4.59 bc 39.42 cd

PET 0.25 2.68 a 5.77 a 30.36 e

PET 0.18 2.66 a 5.62 a 30.56 e

PET 0.08 2.76 a 5.64 a 33.86 de

Values followed by the same letter are not significantly different (p < 0.05, Tukey’s test).

According to the Tukey analysis presented in Table 1, the mean value of the drying
rate was significantly different for the three temperatures and the three CMC thicknesses
studied. The rate increased with increasing heating water temperature and decreasing
CMC thickness (higher values were obtained for a CMC thickness of 1.5 mm) and higher
differences for PET films. The mean value of the drying rate increased by 81.7% when
increasing the temperature from 70 to 90 ◦C and was 177.0% when decreasing the CMC
thickness from 3.5 to 1.5 mm. Similar behavior was observed by Zotarelli et al. [24] in
mango drying, with an increase of 40% when decreasing the thickness from 2 to 3 mm.

Table 2 shows that the three thicknesses of each film evaluated had a similar mean
drying rate value. The highest rate was obtained for the PET films, while the other
two materials presented lower values that were statistically equal.

Although the tests with PET for a sample thickness of 1.5 mm showed a higher drying
rate in the constant period (moisture content dropped from 98% to 80% wb), statistical
analysis of the results showed that the film type had little effect on time compared to the
temperature effect and CMC thickness. According to Tsilingiris [29], a slight change in
chemical composition, thickness, and measurement processes should produce substantial
changes in the optical properties of the film.

Figure 3 shows the drying flux, which corresponds to the water evaporation capacity
of the equipment per unit of drying area (kg water/h-m2). These values were between
2 and 9 kg/h-m2, similar to those obtained by Zotarelli et al. [24] (between 2.67 and
10.75 kg/h-m2) when drying mango pulp (thickness of 2, 3, and 5 mm) and heating water
of 75, 85 and 95 ◦C. In addition, Nindo et al. [14] obtained a value of 10 kg/h-m2 when
drying pumpkin puree, with thicknesses between 0.4 and 0.6 mm in the pilot plant and of
3.1, 3.9, and 4.6 kg/h-m2 at the industrial level.
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Figure 3. Effect of type and thickness of plastic films and CMC thickness on the drying flux (R): (a) 90 ◦C and (b) 70 ◦C.

All factors and their interactions affected the drying flux (p < 0.5). According to the
F-ratio, the water temperature (700.62) had the most significant effect. Film thickness
(92.80) and CMC thickness (17.84) had far less significant effects. According to Tukey’s
test (Table 1), the three temperatures had effects that differed in terms of significance. The
mean value of the drying flux increased with increasing temperature. A similar effect was
observed in the drying of mango pulp [24]. By increasing the temperature from 70 to 90 ◦C,
the drying flux increased by 79%.

On the other hand, Tukey’s test for CMC thickness (Table 2) showed that the mean
value of the drying flux was higher and statistically different for CMC thickness of 1.5 mm.
The mean drying flux obtained with 2.5 and 3.5 mm CMC thicknesses was not significantly
different. The mean drying flux value increased by 9.0% when reducing the thickness from
3.5 to 1.5 mm. Zotarelli et al. [24] observed similar behavior when decreasing the thickness
of mango pulp.

The Tukey test (Table 3) for film type and thickness showed that the mean value of
the drying flux was statistically similar for the three thicknesses of each of the films and
different for each type of film. The highest drying flux was obtained with PET, followed by
LDPE and PP.

Figure 4 shows the drying time required to reach a final moisture content of 0.312 kg
water/kg ss (this corresponds to the highest final moisture content of all treatments).
Statistically, it was observed that all factors had a significant effect (p < 0.05) on drying time
(min). According to the F-ratio, the most significant effect was CMC thickness (993.90),
followed by temperature (540.26). Shende and Datta [30] showed the same behavior for
mango drying. Film type-thickness (93.34) showed a minimal effect. Azizi et al. [31] also
found that increasing the thickness of PET film from 0.1 to 0.3 mm does not have any
significant effect on the drying time of kiwifruit irrespective of water temperature and
sample thickness.

In studies of fruit drying using PET, drying times that were comparable to those
presented in Figure 4 were obtained. For cornelian cherry pulp with a thickness of 1 mm at
90, 95, and 98 ◦C, the drying time was between 15 and 20 min [32]; a time of 20 min was
obtained for mango pulp with a thickness of 2 mm at 95 ◦C [30]; and a time of 40 min was
recorded for tomato pulp with a thickness between 1 and 1.5 mm at 90 ◦C and 60 min at
75 ◦C [22]. The increase in drying time with increasing food thickness was also observed in
the drying of papaya puree [33] and mango slices [12].

According to Tukey’s test, significantly different means were obtained for the temper-
atures and CMC thicknesses evaluated (Tables 1 and 2). As expected, the mean value of
drying time decreased with increasing temperature and decreasing thickness. A decrease
from 90 to 70 ◦C increased the drying time by 78.6%; an increase in thickness from 1.5 to
3.5 mm increased the drying time by 138.1%. However, there was a direct relationship
between time and the amount of final product obtained, which in turn was related to
CMC thickness (R2 = 0.9992) (Table 4), meaning that it was equivalent to drying with 1.5
or 3.5 mm in terms of the final amount obtained. This is important for deciding on the

92



Gels 2021, 7, 257

amount of sample to dry in terms of final product quality and operating costs. According
to Table 3, for PP, the mean value of drying time was significantly different for each of its
thicknesses and higher than for the other films evaluated (the evaluated thicknesses of
PP were very high compared to those of LDPE and PET). The lowest average value of the
drying time was obtained with the PET films (regardless of their thickness), which agrees
with the higher drying rate obtained.
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Figure 4. Effect of type and thickness of plastic films and CMC thickness on the drying time: (a) 90 ◦C and (b) 70 ◦C.

Table 4. Relation between the dry product and the sample thickness.

Thickness
(mm)

Drying Time
(min)

Wet Sample
Weight (g)

Dry Sample
Weight (g)

Drying Index
(g Dry Sample/h)

1.5 22.7 33.3 ± 1.2 0.9 ± 0.0 2.6 ± 0.9
2.5 42.6 64.8 ± 3.8 1.7 ± 0.1 2.6 ± 0.8
3.5 54.0 84.9 ± 3.0 2.2 ± 0.1 2.7 ± 0.8

When the yield analysis (g/h-m2) was conducted for the conditions studied (Table 5),
it was observed that the highest values were obtained for 3.5 mm food thickness and 90 ◦C.
The highest yield was obtained for PET 0.25. The best performances for LDPE and PP were
observed with LDPE 0.1 and PP 0.38, respectively. In addition to the yield, it was necessary
to consider the temperatures to which the product was subjected during drying, which
affected the quality of the final product.

Table 5. Effects of process factors on the drying yields (g/h-m2).

Temperature (◦C) 70 80 90

Thickness (mm) 1.5 2.5 3.5 1.5 2.5 3.5 1.5 2.5 3.5

PP 0.83 61.5 45.2 51.0 62.2 66.3 70.4 81.8 78.3 86.5
PP 0.55 60.4 54.7 55.9 89.3 72.4 73.1 95.0 89.1 101.5
PP 0.38 49.1 58.0 64.1 83.3 80.2 88.1 101.2 107.0 113.1
LDPE 0.15 60.7 76.0 74.1 72.1 96.4 99.8 97.8 123.0 120.8
LDPE 0.10 56.5 73.6 71.5 80.1 97.2 106.0 106.4 132.9 132.6
LDPE 0.03 64.8 68.5 70.3 94.8 105.4 106.2 108.8 110.8 126.6
PET 0.25 62.1 90.8 83.7 122.0 120.6 120.2 150.7 157.2 165.7
PET 0.18 73.9 91.0 75.8 118.2 123.8 105.2 129.5 139.8 147.2
PET 0.08 79.7 69.3 67.9 125.3 93.1 95.3 180.5 128.6 148.6

2.2. Temperature Profiles

Figure 5 shows the temperature profiles of the main components of the system (wa-
ter, water–film interface, film–CMC interface, and CMC–air interface) for some of the
conditions studied.
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Figure 5. Temperature profiles of CMC-2.5 mm drying at water temperature of 90 ◦C: (a) PP 0.38 mm, (b) LDPE 0.15 mm,
and (c) PET 0.18 mm.

The interfaces of PP-CMC and PET-CMC films were rapidly heated by radiation and
conduction (within the first three minutes of drying) to approximately 10–20 ◦C below
the source temperature. During drying, their temperature decreased by 5–10 ◦C as the
CMC absorbed energy from the film to equilibrate. In general, they may not heat up to
the source temperature due to their high transmissivity (70–90 %) and low conductivity
(PP: 0.23–0.26 W/mK; PET: 0.16–0.20 W/mK) [34]. On the other hand, when using LDPE,
the interface temperature with CMC increased rapidly. Due to its high conductivity
(0.25–0.33 W/mK) [34], it reached a value close to the heating water (about 5 ◦C below the
water temperature) and remained constant during drying. The film interface temperature
that did not depend on the food was always constant, while that which was in contact with
the food was a function of the food temperature.

The energy absorbed by the sample was used to heat (sensible heat) and to evaporate
the water (latent heat). In general, the CMC temperature remained below the water
temperature due to evaporative cooling and the effect exerted by the air temperature
(26.9 ± 1.7 ◦C). On the other hand, the CMC initially absorbed energy from the film and
warmed up to equilibrium with the temperature of the film–CMC interface (the film lost
energy and the food gained energy); subsequently, heating of the sample was observed, and
finally, they equilibrated at the same temperature. An increase in the sample temperature
up to water temperature was only observed in the drying with LDPE-0.03 due to the low
film thickness and high conductivity. The sample temperature rose to that of the water in
tests carried out at 70 ◦C with 1.5 mm thickness, regardless of the film used.

2.3. Heat Flux Emitted by Water, Water–Film, and Water–Film–CMC Systems

The radiative heat flux emitted by the water at 70, 80, and 90 ◦C and the radiative
heat flux transmitted through the film (water–film system) determined during the first
50 s were measured (Figure 6). It was observed that the heat flux was significantly higher
for times longer than 50 s (these data are not presented). The heating of the film after
this time (Figure 5) increased its emissivity, causing an increase in heat flux. Statistically,
a high-temperature effect was observed.

According to Figure 6, all films showed high transmittance to radiation, with the
heat flux being similar to that of the water. These results agree with those presented by
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Tsilingiris [29] for PP and LDPE films. That confirms that the films were transparent to
radiation to a high degree, which allowed the heating of the sample, as discussed in the
previous section.
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Figure 6. Radiation heat transfer for water and water-drying film systems.

On the other hand, the radiation heat flux leaving the CMC during the first 70 s of
drying is presented in Figure 7 for some of the conditions studied. It was observed that the
radiative heat flux was higher for heating water at 90 ◦C when compared to 80 or 70 ◦C. It
was also observed that it increased with time; initially, this heat flux was low due to the
high radiation absorption of the food; subsequently, the flux increased due to the combined
effect of the radiation emission of the food upon heating and the lower absorption.
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Figure 7. Effect of the type of plastic film, water temperature, and CMC thickness (•1.5 mm, •2.5 mm y •3.5 mm) on the
radiation heat flux leaving the CMC.
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2.4. Penetration Depth of the Infrared Radiation in CMC

The penetration depth is defined as the depth at which the radiation intensity decays
by 37% (1/e) of its initial value [35,36]. In other words, 63% of the incident radiation is
used [11,30]. Depending on the material, electromagnetic waves can travel inside the food
or be absorbed on its surface [37]. Using (Equation (1)), the parameters I0 and µ−1 were
obtained (Table 6).

I = I0e−µx (1)

where I is the radiation passing through the solid (water–film–food system) of thickness x,
I0 is the initial radiation reaching the solid, and µ is the attenuation coefficient.

Table 6. Beer–Lambert Law parameters for radiant heat flow.

Water Temperature
(◦C) 70 80 90

Film Type-Thickness
(mm) µ−1 Ln

(Io) R2 µ−1 Ln
(Io) R2 µ−1 Ln

(Io) R2

PP 0.83 1.33 2.35 0.94 1.35 2.69 0.96 0.73 1.37 1.00
PP 0.55 1.10 2.54 1.00 1.34 2.78 0.96 0.83 1.20 0.99
PP 0.38 1.05 2.57 0.98 0.73 3.04 0.99 0.89 1.13 0.98
LDPE 0.15 1.21 2.71 0.93 1.31 2.91 1.00 0.93 1.08 0.95
LDPE 0.10 1.22 2.79 0.99 1.23 2.97 1.00 0.74 1.36 0.98
LDPE 0.03 1.26 2.69 0.96 1.27 2.96 0.99 0.66 1.52 0.94
PET 0.25 1.33 2.33 0.91 1.41 2.73 0.96 0.88 1.13 0.97
PET 0.18 0.70 2.73 1.00 0.95 2.71 0.97 0.84 1.19 0.86
PET 0.08 1.16 2.67 0.99 1.33 2.94 0.99 0.80 1.25 0.98

The ANOVA and Tukey’s test showed no significant effect of temperature or film
type-thickness, so the values obtained for all penetration depths were averaged (Table 6).
The average value of the radiation penetration depth in 2% CMC was 1.20 ± 0.19 mm.
Although the penetration depth is known to depend on the nature of the material and
temperature of the emitting source (wavelength) [37], the value obtained depended only
on the material (CMC 2%) in the range of temperatures evaluated (70, 80, and 90 ◦C). It
was, as expected, independent of the type and thickness of the films evaluated.

The total emissive power includes the energy of all wavelengths in the radiation
spectrum [37]. The wavelength at which the maximum emissive power of radiation occurs,
λmax, depends on the emitter temperature (T, K) and is given by Wien’s displacement law,
presented in Equation (2) [38].

λmax =
2898

T
(2)

According to Equation (2), for heating water temperatures between 70 and 90 ◦C, the
wavelengths at which the maximum emissive power is obtained are 8.4 µm and 8.0 µm,
respectively. This slight difference in wavelengths for the studied temperature range
explains the lack of an effect of this factor on the penetration depth.

There is little information available in the literature on the penetration depth of
infrared radiation [26,37]. For foods with high humidity (>80), penetration depth values be-
tween 1 and 7 mm were found, depending on the spectral peaks of the radiation source [25].
For potatoes with humidity between 67 and 82%, radiation penetration depth values
between 0.45 and 2.85 mm were obtained [26], and for carrots, 1.5 mm was reported [25].

The amount of infrared radiation that a vegetable or animal sample can absorb de-
pends on the wavelength of the emitter and the sample composition [37]. Foods are
complex mixtures of biochemical molecules, biological polymers, inorganic salts, and
water. Water shows high absorption at wavelengths of 3.0, 4.7, 6.0, and between 12 and
15.3 µm [39]. These values do not coincide in the wavelength range where the highest
emissive power of water is obtained (8.4 µm and 8.0 µm at the temperatures used). On
the other hand, carbohydrates (i.e., CMC) show two strong absorption bands at 3 µm
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and between 7 and 10 µm [39], coinciding with the emission bands of water. Accordingly,
resonant absorption occurs in carbohydrates, which heat the water in the CMC. Subse-
quently, a thermal heating effect of the water occurs due to the dipole orientation in the
electromagnetic field of radiation.

2.5. Energy Consumption

Figure 8 shows the results of energy consumption. According to the analysis of vari-
ance, film thickness, CMC thickness, and the heating water temperature had a significant
effect on energy consumption (p < 0.05). According to the F-ratio, the most significant
factor was CMC thickness (907.56), while the heating water temperature (101.8) and film
thickness (72.56) had a much smaller effect.
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Figure 8. Effects of type and thickness of plastic films, CMC thickness, and water temperature ((a) 90 ◦C and (b) 70 ◦C) on
energy consumption.

Tukey’s test showed significant differences for both thickness and temperature. Energy
consumption increased by 125.0%, thereby increasing the CMC thickness (p < 0.05) from
1.5 to 3.5 and 26.9% with the increase in temperature from 70 to 90 ◦C. This behavior was
expected considering the greater amount of water to evaporate at the higher thickness and
the more significant amount of energy required with increasing temperature.

The Tukey test for film thickness and type showed that the mean energy consumption
value was higher for PP 0.83 mm, followed by PP 0.55 and 0.38 mm. There was no
significant difference in the mean value of energy consumption (p < 0.05) among the other
films, probably due to a combined effect of transmissivity and conductivity.

In the present work, the energy consumption varied between 0.44 and 0.99 kWh
depending on the thickness of the sample. On the other hand, Baeghbali et al. [13] reported
a consumption of 4.31 ± 0.82 kWh (using a pilot-scale continuous dryer in the drying of
pomegranate juice). When analyzing the specific energy consumption ratio (SER) [19],
which in turn was related to the CMC thickness (Table 7), a direct relationship was found
(R2 = 0.9989). This means that the energy consumption, in terms of the final amount of
product obtained for the three thicknesses studied, was similar. As mentioned in the
time calculation, this information is essential for deciding on the amount of sample to dry
depending on the final product quality and operating costs. Menon et al. [19], in their
review of energy efficiency in drying technologies, reported SER values between 0.13 and
1.9 kWh/kg for super-heated steam drying, between 0.7 and 37.1 kWh/kg for microwave
drying, and between 1.41 and 3.11 kWh/kg for impinging heat drying.

Table 7. Specific energy consumption (SER).

CMC Thickness (mm) Energy Consumption (kWh) SER
(kWh/kg Water)

1.5 0.44 ± 0.09 13.6 ± 2.8
2.5 0.79 ± 0.21 12.5 ± 2.8
3.5 0.99 ± 0.20 12.0 ± 2.3
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3. Materials and Methods
3.1. Carboxymethylcellulose (CMC)

CMC powder (Gelycel F1 3500, specification 10031) with 4.14% humidity (Agenquímicos,
Santiago de Cali, Colombia) was used. It was diluted in distilled water to obtain a 2%
solution (98% moisture) using a blender (Samurai, Innova, Colombia) until a uniform
mixture was obtained. The solution was left at rest for 24 h to release all air bubbles. Metal
frames of 9.5 cm × 29.5 cm were used to obtain CMC sheets of the desired thickness (1.5,
2.5, and 3.5 mm).

3.2. Equipment

A stationary RW-CHD dryer (HS-50, Ceirobots, Santiago de Cali, Colombia) (Figure 9)
was used. Two drying trays (10.3 cm × 30.3 cm), the bottoms of which were composed
of plastic film, were in contact with the hot water. CMC was placed on the plastic films.
The water was heated by two resistors (14.7 A each) in a 20 L tank, and the temperature
was maintained through a recirculation system. A fan was used to remove the water
vapor produced during drying. Three films of different thicknesses were evaluated, each
according to commercial availability: polypropylene (PP) of 0.83, 0.55, and 0.38 mm; low
density polyethylene (LDPE) of 0.15, 0.10, and 0.03 mm; and polyethylene terephthalate
(PET) of 0.25, 0.18, and 0.08 mm.
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3.3. Experimental Design

The factors evaluated were the type of film with different thicknesses (PP-0.83, PP-0.55,
PP-0.38, LDPE-0.15, LDPE-0.10, LDPE-0.03, PET-0.25, PET-0.18, PET-0.08), the thickness of
the CMC (1.5, 2.5, and 3.5 mm), and the temperature of the heating water (70, 80, and 90 ◦C).
A 9 × 3 × 3 complete randomized factorial design was used. All tests were performed in
triplicate for a total of 243 treatments. The response variables evaluated were moisture
content and drying time, temperature profiles, radiation heat flux, radiation penetration
depth, and energy consumption. In addition, the radiant heat flux for the water and
water–film system was determined at 70, 80, and 90 ◦C.

3.4. Response Variables
3.4.1. Moisture Content and Drying Time

Moisture content (db) was determined every 5 min. The drying tray was re-removed
from the dryer, and the bottom dried and weighed. A balance (Ohaus®, Ad-venturerTM,
Shanghai, China, accurate to 0.01 g) was used. The initial and final moisture content
of the sample was determined by oven drying (Thermo Scientific, Heratherm OGS60,
Langenselbold Germany) at 70 ◦C for 24 h [32]. The drying time required to reach a moisture
content of 0.312 kg water/kg ss of CMC was determined to compare treatments (this value
was selected considering that it was the minimum value obtained in some treatments).
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3.4.2. Temperature Profiles

The temperatures of the hot water, the water–film interface, and the film-water-food
interface were measured every 5 s using J-type thermocouples (Omega, 5TC-TT-J-30-72,
diameter 0.25 mm, Norwalk, CT, USA) and a data acquisition system (Comark Instruments,
model Diligence Evg N3014, Norwich, UK), with an accuracy of 0.2 ◦C. A thermographic
camera (Flir, Model E4, Wilsonville, OR, USA) was used to measure the temperature of the
food–air interface.

3.4.3. Radiative Heat Flow

The radiative heat flux emitted by the water, the water–film system, and the water–
film–food system was measured for all experimental design conditions. A potentiometer
(Molectron Detector Inc., PowerMax 5200, Portland, OR, USA) with a radiation measure-
ment scale between 0 and 10 W (12 scale ranges; the scale from 0 to 100 mW was used) and
an accuracy of 0.1 mW was used. This equipment used a pyroelectric sensor to measure
the radiation heat flux in a spectral range of 0.25 to 11 µm (from ultraviolet to infrared).
The diameter of the measuring sensor was 19 mm. The sensor was placed 4 cm from the
radiant-heat-flux-emitting surface. The measurements were performed before the heating
of the film or CMC, and the radiative heat flux was calculated by dividing the heat flux
by the sensor area (0.000284 m2). Measurements were taken between 30 and 70 s. Before
30 s, the system had not stabilized, and after 80 s, conduction heat transfer was likely to
occur due to heating of the film. All these measurements were taken on the drying film
without food.

3.4.4. Radiation Penetration Depth

The radiation penetration depth (µ−1 or x0.37) is defined as the depth at which the
radiation intensity decays by 37% (1/e) of its initial value [35,36]. Using the radiation
attenuation law, also known as the Beer–Lambert Law [29,40] (Equation (1)), the values
of the intercept (ln(I0)) and the slope (−µ) were determined. For this, the experimental
values of I vs. x (1.5-, 2.5-, and 3.5-mm thickness CMC, for heating water at 70, 80, and
90 ◦C) were used.

The radiation penetration depth was calculated for a radiation heat flux at 30 s, thus
considering only the radiation emitted by the hot water passing through the film and the
food. Data corresponding to 10 and 20 s were not considered due to the system’s instability
at the beginning of the measurement.

3.4.5. Energy Consumption

Energy consumption was determined using a Peacefair meter, model PZEM-022
(China), for alternating current in the voltage range of 80 to 260 V, 50/60 Hz, up to
100 A. The sensing element of this equipment was placed at the power input of the
drying equipment.

3.5. Statistical Analysis

Statgraphics Centurion 19 software (Statgraphics Technologies, Inc., version 19.2.01,
2021, The Plains, VA, USA) was used to perform analysis of variance and determine the
dependence between process variables and response variables, with a 95% confidence
level (p < 0.05). It was also used to determine the independence between means using
Tukey’s test.
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Scăris, oreanu, A.; Micutz, M.

Development of Novel

Superabsorbent Hybrid Hydrogels by

E-Beam Crosslinking. Gels 2021, 7,

189. https://doi.org/10.3390/

gels7040189

Academic Editors: Yang Liu and Kiat

Hwa Chan

Received: 11 October 2021

Accepted: 27 October 2021

Published: 29 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Institute for Lasers Plasma and Radiation Physics, 409 Atomis, tilor, 077125 Măgurele, Romania;
calina.cosmin@inflpr.ro

2 Department of Physical Chemistry, University of Bucharest, 4-12 Regina Elisabeta Blvd.,
030018 Bucharest, Romania; micutz@gw-chimie.math.unibuc.ro

* Correspondence: maria.dumitrascu@inflpr.ro (M.D.); anca.scarisoreanu@inflpr.ro (A.S.)

Abstract: In this study, several superabsorbent hybrid hydrogel compositions prepared from xanthan
gum (XG)/sodium carboxymethylcellulose (CMC)/graphene oxide (GO) were synthesized by e-
beam radiation crosslinking. We studied and evaluated the effects of GO content from the chemical
structure of the hydrogels according to: sol-gel analysis, swelling degree, diffusion of water, ATR-FTIR
spectroscopy, network structure, and dynamic mechanical analysis. The gel fraction and swelling
properties of the prepared hydrogels depended on the polymer compositions and the absorbed dose.
The hybrid XGCMCGO hydrogels showed superabsorbent capacity and reached equilibrium in less
than 6 h. In particular, the XGCMCGO (70:30) hydrogel reached the highest swelling degree of about
6000%, at an irradiation dose of 15 kGy. The magnitude of the elastic (G′) and viscous (G′′) moduli
were strongly dependent on the absorbed dose. When the degree of crosslinking was higher, the G′

parameter was found to exceed 1000 Pa. In the case of the XGCMCGO (80:20) hydrogel compositions,
the Mc and ξ parameters decreased with the absorbed dose, while crosslinking density increased,
which demonstrated that we obtained a superabsorbent hydrogel with a permanent structure.

Keywords: hydrogel; superabsorbent; e-beam; swelling; crosslinking

1. Introduction

In the specialized scientific literature, there are reports on a series of composite hy-
drogels that have various characteristic properties and can have many applications: de-
livering or controlled releasing of drugs [1–3], adsorbents for water purification [4–6],
adsorbents of dyestuffs in various fields [7], and energy-storage devices [8,9]. Most hydro-
gels containing graphene oxide (GO) in their composition were obtained using chemical
crosslinking agents.

Huang et al. developed some superabsorbent hydrogels based on different GO concen-
trations (GO/poly (acrylic acid-co-acrylamide)) by in situ radical solution polymerization,
and obtained hydrogels with a swelling capacity of up to 1100% [10,11].

Hydrogel crosslinking using ionizing radiation is a well-established method that is
clean and rapid, and that ensures the obtaining of sterile products with a permanent and
homogeneous network structure.

By varying the absorbed dose, the degree of crosslinking, on which the swelling degree
strongly depends, can be controlled. Since it has many hydrophilic groups on its surface,
GO is an excellent material that can be used in mixtures with several polymers in order to
obtain new hydrogels with superabsorbent properties [12–14]. Natural polymers such as
CMC and XG are more susceptible to degradation when they are irradiated in aqueous
solutions due to the indirect effect of water. The effect of e-beam irradiation on XG, which
is used as an ingredient in the food industry to determine irradiation stability, has been
investigated by Li et al. [15]. The study showed that the viscosity of irradiated aqueous
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XG-based solutions was reduced as the irradiation dose increased (5–50 kGy), suggesting
degradation or depolymerizations of polysaccharide macromolecules.

Comprehensives studies on the γ-radiation of XG in solid and aqueous states were
performed by S, en and Hayrabolulu et al. They showed that the effect of γ-radiation in
air for XG is chain scission, which is effective when the dose rate is decreased due to the
enhanced oxidative degradations during irradiation [16,17]. The same research group
developed superabsorbent hydrogels based on XG using γ-radiation crosslinking synthesis
at very low absorbed dose, such as 1–2 kGy [18].

Another study investigated how the irradiation dose (0–30 kGy) influenced the viscos-
ity of CMC solutions, and developed methods to control the degradation [19].

Most often, the crosslinking by irradiation of natural polymers is accompanied by
the degradation of the polymer chain. Despite this major disadvantage, natural polymers
are preferred over the petroleum-derived synthetic polymers for ecological reasons, but
also due to the fact that natural polymers have inherent properties of biocompatibility and
biodegradability. Thus, materials produced for biomedical purposes, in addition to being
easier to process, are much more easily accepted by cells and tissues.

One of the reasons for using graphene oxide (GO) to create hybrid hydrogels with
natural polymers such as xanthan gum (XG) and caboxymethylcellulose (CMC) in their
composition is primarily related to obtaining a hydrogel with improved mechanical prop-
erties compared to the initial polymers. It is well known that natural polymers have low
mechanical properties, although they have excellent absorption properties due to their
highly hydrophilic nature.

GO induces elasticity of polymer chains, thermal and chemical stability. It is a material
suitable for increasing the mechanical strength of natural polymers and due to the ease
with which GO can be dispersed in a polymer mixture increasing the miscibility of these
compounds [20,21].

A particularly important role that GO can play in the composition of some hydrogels
is related to the lyophilization process when the hydrogels lose their water content. GO
hydrogels obviously maintain their chemical composition and still have high porosity, a
large specific surface area, and a high affinity for various molecules. Recent studies have
shown an increased drug-loading capacity and prolonged release when using GO-based
hydrogel systems, making them suitable for advanced drug-delivery applications [22].
In our previous study, superabsorbent hydrogels incorporated with GO were obtained
by e-beam irradiation in the absence of air, at low radiation doses (0.5–3 kGy), from
a high concentration of polymers in aqueous solution (paste-like condition) [23]. The
compositions of the hydrogels above were characterized by a lower swelling capacity and
a higher crosslinking density.

The present study sought to develop and characterize a new hybrid hydrogel with
superabsorbent properties composed exclusively of biodegradable polymers (XG and
CMC), incorporated with GO, to obtain a hydrogel with the best structural, rheological,
and swelling properties, and that could be used in the field of biomedical engineering [24]
and in hygienic products.

2. Results and Discussion
2.1. Sol-Gel Analysis

Figure 1 shows the variation of the gel fraction (GF) depending on the absorbed
dose of the XGCMCGO hydrogels with compositions of 50:50, 80:20, and 70:30. For these
hydrogel compositions, it was observed that the highest percentage of the GF was obtained
at the lowest absorbed dose: 78% for XGCMCGO (50:50) and 73% for XGCMCGO (80:20);
while for XGCMCGO (70:30), at the lowest dose, it obtained the lowest percentage of the
GF, namely 60%. The XGCMCGO (70:30) hydrogel showed an almost constant value of GF
over the entire range of applied radiation doses.
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Figure 1. Gel fraction as a function of the absorbed dose during e-beam irradiation for the
XGCMCGO hydrogels.

For the hydrogel samples having the compositions of 50:50 and 70:30, the percentage of
GF decreased with an increasing absorbed dose. The exception to this rule was the hydrogel
with equal concentrations of polymers (XGCMCGO (50:50)), for which the determination
of the GF was no longer possible at doses above 7.5 kGy, due to the advanced degradation
of the samples after irradiation.

For the XGCMCGO (80:20) hydrogel, the percentage of the GF increased with an
increasing absorbed dose; the highest percentage of the GF was 78% at an irradiation dose
of 15 kGy.

The obtained values were comparable to those of other studies regarding the e-beam
crosslinking of similar hydrogel compositions. For example, Sung et al. prepared CMC/GO
hydrogels by e-beam irradiation at 30 kGy and obtained a gel fraction of 67.3% [20].

Another study, performed by Said et al., which investigated the formation of CMC/AA
hydrogels in aqueous solutions under the effect of e-beam irradiation, showed that the gel
fraction increased quickly with a dose of 50 kGy, reaching a value of 70%, then in the dose
range of 50–100 kGy, showed a slight increase [25].

The rate of hydrogel formation depends on the p0/q0 ratio of the polymer. If the
crosslinking process predominates over the degradation process, an insoluble gel is formed
as a detriment to the degradation process [26]. When polymers are subjected to ionizing
radiation, crosslinking and main chain scission occur simultaneously. The quantitative
estimation of the extent of crosslinking and degradation can be made using the Charlesby–
Rosiak equation. The p0/q0 ratios calculated using the Charlesby–Rosiak equation for the
XGCMCGO hydrogels are presented in Table 1.

Table 1. Sol-gel parameters calculated according the Charlesby–Rosiak Equation (3).

Hydrogel p0/q0 Dg (kGy)

XGCMCGO (50:50) 1.04 0.23
XGCMCGO (80:20) 0.64 0.24
XGCMCGO (70:30) 0.66 0.79

The lowest value of the p0/q0 of 0.64 was obtained for the hydrogel composition
of 80:20, which contained the highest XG concentration. The XGCMCGO (50:50) and

105



Gels 2021, 7, 189

XGCMCGO (70:30) hydrogels showed p0/q0 ratios of 1.04 and 0.66, respectively. It is well
known in the radiation-chemistry field that when various polymeric composition subjected
to a treatment with ionizing radiation show a p0/q0 less than 2, the crosslinking processes
predominated [27]. In the present study, these values were slightly higher compared to
those obtained for hydrogels prepared with high concentrations of acrylic acid (70% AA)
in data presented in our previous study, where the p0/q0 ratio was equal to 0.28 [23].

The gelation dose (Dg) is another parameter that shows the minimum dose required
to obtain an insoluble gel during irradiation. Dg values decreased as the concentration
of polymers and crosslinking agent (N′N—methylenebis(acrylamide), NMBA) increased.
We observed that the gelation occurred at a very low dose (0.23 kGy) for the XGCMCGO
(50:50) hydrogel.

The radiation-chemical yield of crosslinking (G(X)) decreased with an increase in the
irradiation dose for all the XGCMCGO hydrogel compositions. The maximum value of
this parameter was 132.2 µmol/J for the XGCMCGO (70:30) hydrogel at a dose of 2.5 kGy.
For the radiation-chemical yield of scission (G(S)), the maximum value was 252.5 µmol/J
for the XGCMCGO (50:50) hydrogel at a dose of 2.5 kGy (Table 2).

Table 2. Radiation-chemical yield of crosslinking G(X) and chain scission G(S) calculated for the
XGCMCGO hydrogels.

Dose
(kGy)

Radiation-Chemical
Yields (µmol/J)

XGCMCGO
(50:50)

XGCMCGO
(80:20)

XGCMCGO
(70:30)

2.5
G(X) 121.4 113.7 132.2
G(S) 252.5 100.1 121.6

4.7
G(X) 54.4 65.8 73.5
G(S) 113.2 57.9 67.6

7.5
G(X) 33.6 46.8 53.4
G(S) 69.8 41.2 49.1

15
G(X) - 27.6 27.9
G(S) - 24.3 25.6

As shown in the results presented in Table 2, G(S) > G(X) for the XGCMCGO (50:50)
hydrogel, with approximately double the value. Therefore, it was obvious that in this case,
the degradation processes predominated.

On the other hand, we observed that G(X) > G(S) for the XGCMCGO (80:20) and
XGCMCGO (70:30) hydrogels. In these cases, the crosslinking predominated.

2.2. Swelling Degree

To characterize the network structure and determine the effective crosslinking den-
sity of the XGCMCGO hydrogels, the swelling properties in deionized water (DI) were
first investigated.

Figure 2 shows the variation of the swelling degree (SD) at equilibrium, as a function
of time and the absorbed dose, for the XGCMCGO hydrogels. All hydrogels showed
good swelling ability. The maximum SD obtained at a dose of 15 kGy was ~6000%, which
classified these XGCMCGO (70:30) hydrogels as “superabsorbent hydrogels”. In the case
of hydrogels with low concentrations of CMC, XG, AA, and NMBA, the SD had a value
of 2250% for the XGCMCGO (50:50) hydrogel obtained at 4.7 kGy. At irradiation doses
greater than 5 kGy, this hydrogel was degraded in deionized water (DI) in less than 2 h.
For the XGCMCGO (80:20) hydrogel, the SD showed a maximum value of 2300% at a dose
of 7.5 kGy.
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Figure 2. The swelling degree of the hydrogels in DI water: (a) XGCMCGO (50:50); (b) XGCMCGO
(80:20); (c) XGCMCGO (70:30).

Moreover, we can specify that these hydrogels had the ability to reach equilibrium
in less than 6 h and were stable in deionized water; of these, the most suitable proved
to be the XGCMCGO (70:30) hydrogel. Previous studies of superabsorbent hydrogels
based on CMC/AA/montmorillonite obtained by γ-irradiation showed a swelling degree
of 16,000% [28]. Compared to our study, the above study used a high concentration of
polymers; i.e., 10% CMC and 30% AA. Sultana et al. synthesized copolymer hydrogels from
acrylamide/CMC by γ-irradiation, and they obtained an SD value in DI water of 795% [29].
We have shown that by using low concentrations of polymers and GO and appropriate
mass ratios between them, with a moderate radiation dose rate, stable hydrogels with
different degrees of swelling were obtained.

Superabsorbent hydrogels based on xanthan gum/polyacrylic acid/graphene oxide
were prepared as absorbers for removing methylene blue dye from the water. For these
hydrogels, the maximum swelling value in the neutral medium was found to be 2100%
for a GO concentration of 1% [30]. Superabsorbent resin based on acrylic acid/CMC/GO
showed the highest swelling capacity with 0.6% of GO in hydrogel composition, about
750 g g−1 in distilled water. The above study demonstrated that the incorporation of a
moderate amount of GO in a CMC-based hydrogel can improve the water capacity of the
material [31]. The CMC/GO composite superabsorbents prepared by e-beam irradiation
at 10 kGy showed a swelling capacity of 140 g g−1 in distilled water [32]. After analyzing
the data, we concluded that the XGCMCGO hydrogels presented in this study, in addition
to having the lowest concentration of 0.1% GO, had the best swelling properties in a
neutral environment.

2.3. Diffusion of Water

The analysis of water diffusion mechanisms in swollen polymeric systems has re-
ceived considerable attention in recent years due to the important applications of swollen
hydrogels in biomedical and pharmaceutical engineering. When a hydrogel is in contact
with water, water enters the hydrogel by diffusion and the hydrogel network expands,
resulting in the swelling of the hydrogel. Diffusion involves the migration of water into
pre-existing or dynamically formed spaces between the macromolecular chains of the hy-
drogel [33]. To follow this process, Equation (7) was applied to the initial stage of swelling
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process, up to 60% of maximum swelling (equilibrium state) [34]. Table 3 shows the values
of water diffusion mechanisms characteristic to the XGCMCGO hydrogels.

Table 3. Parameters k, n, and D for the XGCMCGO hydrogels.

XGCMCGO (50:50)

Dose (kGy) k n R2 D (cm2/s) R2 Mechanism

2.5 −3.42 0.29 0.91 0.02 0.98 Fickian
4.7 −3.41 0.42 0.96 0.03 0.98 Fickian
7.5 −3.47 0.47 0.99 0.03 0.98 Fickian
15 −3.08 0.28 0.94 0.03 0.98 Fickian

XGCMCGO (80:20)

Dose (kGy) k n R2 D (cm2/s) R2 Mechanism

2.5 −3.59 0.52 0.96 0.02 0.92 Non—Fickian
4.7 −3.44 0.45 0.97 0.03 0.95 Fickian
7.5 −3.53 0.59 0.99 0.03 0.93 Non—Fickian
15 −2.98 0.38 0.97 0.04 0.99 Fickian

XGCMCGO (70:30)

Dose (kGy) k n R2 D (cm2/s) R2 Mechanism

2.5 −3.15 0.44 0.98 0.03 0.98 Fickian
4.7 −2.94 0.52 0.99 0.04 0.97 Non—Fickian
7.5 −2.93 0.45 0.98 0.04 0.99 Fickian
15 −2.94 0.46 0.99 0.03 0.99 Fickian

A value of n ≤ 0.5 indicated a Fickian diffusion mechanism. In this case, the rate of
solvent diffusion was much lower compared to the macromolecular chain relaxation of
the polymer. A value of n in the range 0.5 < n < 1 indicated a non-Fickian transport, in
which the diffusion of the solvent into the hydrogel structure was rapid compared to the
relaxation rate of the macromolecular chain of the polymer [35].

Figure 3a–c show graphically, in logarithmic scale, the values of the parameter F = f(t).
Figure 3d–f show graphically F = f (t 0.5). The values of the coefficients n, k, and D
were calculated from the slope and intersection of the lines resulting from the swelling
kinetics. The calculated values for the diffusion exponents n were less than 0.5 for the
XGCMCGO (50:50) hydrogel at all irradiation doses, thus indicating that the solvent
transport mechanism was of a Fickian type.

The XGCMCGO (80:20) hydrogel also presented a Fickian diffusion mechanism, but
only in the cases of irradiation doses of 4.7 and 15 kGy. For the other irradiation doses
(2.5 kGy and 7.5 kGy) the diffusion mechanism was non-Fickian. When the diffusion was
non-Fickian, the relaxation time of the macromolecular chain and the diffusion had the
same order of magnitude. As the solvent diffused into the hydrogel, the rearrangement of
the macromolecular chains did not occur immediately.

The mechanism of water diffusion of the XGCMCGO (70:30) hydrogel was of a Fickian
type; the exception was the hydrogel crosslinked with 4.7 kGy, in which case a value of n
greater than 0.5 was obtained, thus exhibiting a non-Fickian diffusion behavior. In another
similar study of a hybrid hydrogel obtained from acrylamide and XG, a value of n equal
to 0.48 was reported [36]. Another study showed the obtaining of a GO-based hydrogel
in which the inorganic component was incorporated in different concentrations. For this,
values of n were obtained in the range of 0.5–1, which indicated a non-Fickian diffusion,
which is specific to crosslinked hydrogels [37].
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Figure 3. Swelling kinetics curves for the hydrogels: (a) XGCMCGO (50:50); (b) XGCMCGO (80:20);
(c) XGCMCGO (70:30). Plots of F versus t0.5 for the hydrogels: (d) XGCMCGO (50:50); (e) XGCMCGO
(80:20); (f) XGCMCGO (70:30).

The values of the diffusion coefficient (D) were found in the range of 0.02–0.04 cm2/s,
depending on the irradiation dose and the composition of the hydrogel. Compared to other
studies, these values were much lower, suggesting the formation of high-molecular-weight
hydrogels [38], as can be seen in the rheological measurements. For example, following a
study on hydrogels obtained from CMC/acrylamide/GO by radical polymerization, the
values obtained for the diffusion coefficient were in the range of 0.66–1.26 cm2/s [39].

2.4. ATR-FTIR Spectroscopy

The characteristic FTIR spectra for the natural polymers (XG and CMC) and GO are
shown in Figure 4. The FTIR spectrum characteristic of XG showed: 3308 cm−1 (O–H
groups); 2917 cm−1 (CH3 and CH2 functional groups); 1700–1730 cm−1 (C = O); 1607 cm−1

(C = O); 1405 cm−1 (C–O group); and 1025 cm−1 (C–O group). The FTIR spectra of CMC
showed: 3303 cm−1 (O–H group); 2923 cm−1 (C–H stretching vibrations); 1586 cm−1 (COO–
group); 1420 cm−1 (CH2); 1320 cm−1 (O-H groups); and 1030 cm−1 (C–O group). Regarding
the FTIR spectrum of GO, it showed: 3231 cm−1 (O–H); 1732 cm−1 (C = O and C–H groups);
1620 cm−1 (C = C); 1275 cm−1 (C–OH); and 1053 cm−1 (C–O).

Figure 5a,b shows the characteristic FTIR spectra for nonirradiated polymeric blends
with various ratios (XG:CMC) without GO (left side) and containing GO (right side).
According to the acquired FTIR spectra, the displacement of the characteristic bands
located in the range of 3600–600 cm−1 toward smaller wavenumbers corresponded to
the formation of hydrogen bonds due to the miscibility of the polymers. In addition,
increases in the band intensities in this area were proportional to the concentrations of
natural polymers (XG and CMC) included in the polymeric blend.
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Figure 4. The FTIR spectra of pure XG, CMC, and pure GO.

Figure 5. (a) The FTIR spectra of XGCMC without GO dried hydrogel; (b) the FTIR spectra of
XGCMCGO dried hydrogel.

For the XGCMCGO unirradiated polymeric blend, the hydrophilic functional groups
(–COOH, –C = O, –OH, and –C–O–C) of GO played a key role in improving the compati-
bility between the polymer matrix and GO.

The FTIR-ATR spectra, corresponding to XGCMCGO hydrogels irradiated at doses
in the range of 2.5–15 kGy, are shown in Figure 6. It can be seen that the intensity of the
absorption bands varied with the irradiation dose.

The intensity of specific absorption bands in the range of 3300–3000) cm−1 for XGCM-
CGO (50:50) increased with the absorbed dose. The position of the bands assigned to
the groups: C–H varied from 2929 cm−1 to 2940 cm−1; C = O varied from 1614 cm−1 to
1637 cm−1; and COO– varied from 1538 cm−1 to 1542 cm−1, after e-beam irradiation at a
dose of 15 kGy.

In the case of the XGCMCGO (80:20) hydrogel, the value of the band assigned to the
O-H group decreased with the irradiation dose from 3268 cm−1 to 3253 cm−1. The intensity
of the bands assigned to CH groups increased significantly for the irradiated polymeric
blends. The decrease of the wavenumber from 1558/1412/1193/1054 cm−1, due to the
application of a dose of 15 kGy, to 1557/1403/1157/1053 cm−1, respectively, may have
been caused by the different degrees of crosslinking of the hydrogel. As the absorbed dose
increased, the crosslinking density also increased (see Table 4).
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Figure 6. The FTIR spectra of unirradiated and irradiated dried hydrogels: (a) XGCMCGO (50:50); (b) XGCMCGO (80:20);
(c) XGCMCGO (70:30).

Table 4. The elastic modulus (G′), the molecular weight between two crosslinks of the hydrogel
chains (MC), the crosslink density (νe), and network mesh size (ξ) of the XGCMCGO hydrogels.

XGCMCGO (50:50)

Dose (kGy) G′ (Pa) MC (kg/mol) νe (mol/m3) ξ (nm)

2.5 869 132.7 0.76 140.1
4.7 712 157.3 0.64 158.4
7.5 646 160.3 0.63 170.6
15 200 - - -

XGCMCGO (80:20)

Dose (kGy) G′ (Pa) MC (kg/mol) νe (mol/m3) ξ (nm)

2.5 912 210.7 0.49 138.5
4.7 933 195.9 0.52 132.8
7.5 1020 172.1 0.59 128.8
15 1052 146.5 0.70 123.6

XGCMCGO (70:30)

Dose (kGy) G′ (Pa) MC (kg/mol) νe (mol/m3) ξ (nm)

2.5 1016 250.4 0.41 145.9
4.7 840 241.3 0.43 171.8
7.5 795 207.8 0.49 191.7
15 766 200.1 0.52 210.6
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For the XGCMCGO (70:30) hydrogels, the intensity of the absorption bands in the
range of 3400–2800 cm−1 increased with a dose of 7.5 kGy. At this dose, the position
corresponding to the OH group shifted to smaller wavenumbers, from 3333 to 3324 cm−1.
The band assigned to the COO–group was shifted from 1556 cm−1 to 1550 cm−1 when
the hydrogel was irradiated with a dose of 15 kGy. A similar trend was observed for the
other bands in the range of 1500–800 cm−1. The intensity of the characteristic bands for the
XGCMCGO (70:30) hydrogel increased when it was irradiated at doses up to 7 kGy due to
the fact that the crosslinking density decreased, a direct consequence of increased swelling.
These results were supported by the data obtained from swelling experiments (~6000% at
a dose of 15 kGy).

2.5. Characterization of the Network Structure

The characterization of the network structure of a hydrogel is a complex procedure
due to the many types of networks encountered in the practice; namely: regular, irregular,
and weakly or strongly crosslinked networks.

Basic structural parameters for the XGCMCGO hydrogels such as the elastic mod-
ulus (G′), average molecular weight between two successive crosslinks (MC), crosslink
density (νe), and mesh size (ξ) were calculated according to the equations presented in
Section 4.7. Cn was taken as a weighted average of the characteristic ratios of the polymers:
XG = 271 [40], CMC = 10 [41] and AA = 6.7 [42]. Mr is the monomeric unit of XG, CMC, and
AA, taken as an average (XG = 933 g/mol, CMC = 234 g/mol, and AA = 72 g/mol) [43].

Using the values of the elastic modulus (G′) determined by rheological analysis for
each hydrogel composition and based on the theory of rubber elasticity, we determined
MC. The network parameters calculated for the XGCMCGO hydrogels are presented in
Table 4.

The values of the MC parameter for all hydrogel compositions were in the range of
132.7–250.4 kg/mol. For the XGCMCGO (80:20) and (70:30) hydrogel compositions, the
corresponding Mc values decreased with an increase in the absorbed dose; while for the
XGCMCGO (50:50) hydrogel compositions, the corresponding MC values increased. This
increase demonstrated once again the degradation of this polymeric mixture under the
action of ionizing radiation.

For the XGCMCGO (50:50) and (70:30) hydrogel compositions, the corresponding
ξ values increased with an increase in the irradiation dose; while for the XGCMCGO
(80:20) hydrogel compositions, the corresponding ξ values decreased with an increase in
the irradiation dose. The decrease of the parameter ξmay have been due to the increase in
the crosslinking density. Therefore, a large number of active or free radical centers were
formed on the polymer chains, and a large number of small chains were formed, which led
to crosslinking and the formation of a more compact network structure with a smaller mesh
size. Figure 7 shows the appearance of the polymer mixture before and after irradiation
with e-beams.

For this reason, νe is one of the most important structural parameters for characterizing
a class of hydrogels that have superabsorbent properties. According to the values obtained,
it was shown that this parameter increased as the absorbed dose increased in the cases of
the XGCMCGO (80:20) and (70:30) hydrogels. The behavior was completely different in
the case of XGCMCGO (50:50), where the values for νe decreased with an increase in the
absorbed dose. All the values obtained for νe were in the range of 0.41–0.76 mol/m3, and
showed the obtaining of hydrogels with a moderately crosslinked network structure that
allowed the absorption of an increased amount of fluids.

Knowing the hydrogel pore size is important to understanding the mechanism for
transport of bioactive substances in the macromolecular network of such materials. For
example, controlling the rate of a drug diffusion is essential, because it reflects the space
available for a drug molecule to diffuse inside or outside the swollen hydrogel network [44].
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Figure 7. XGCMCGO hydrogels in different hypostases.

The values of ξ obtained for the XGCMCGO hydrogels were in the range of 123.6–210.6 nm.
These values were similar to those obtained by other authors who developed hydrogels
with applicability in tissue engineering, with ξ values previous reported in the range of
139–258 nm [45].

2.6. Rheological Analysis

The hydrogels were evaluated to determine the viscoelastic parameters G′ and G′′. The
elastic modulus (G′) shows the elasticity of the crosslinked bonds and the total elasticity of
the material, while the loss or viscous modulus (G”) provides a perspective on the viscosity
of the material. The ratio between G′ and G′′ indicates the total resistance to deformation
of the material [46].

The mechanical properties of hydrogels are important when selecting material for
biomedical and other applications. They depend on the composition of the hydrogel and its
water content. Hydrogels with a higher water content generally have a better permeability
and biocompatibility [47]. However, there are some disadvantages, as a high degree of
swelling is accompanied by a decrease in mechanical strength. For many applications, the
combination of a high swelling degree and good mechanical properties is very important.
Many approaches have been used to improve the mechanical properties of hydrogels,
including the copolymerization of hydrophilic and hydrophobic monomers, increasing the
crosslinking density, and varying the polymerization conditions [48].

Figure 8 shows the variation of the elastic and viscous (G′ and G′′) moduli as a
function of angular frequency (ω) and the absorbed dose for the XGCMCGO hydrogels.
We observed that G′ was greater than G′′ for all the hydrogel compositions. This is a critical
requirement for hydrogels, as a G′ greater than the G′′ suggests that the hydrogel has a
higher elastic behavior [49].

Rheological analysis confirms the crosslinking or degradation processes that occur
depending on the composition of the polymer mixture. Moreover, the effect of irradiation at
various irradiation doses is highlighted, and the G′ and G” is dependent on the composition
of the hydrogel and the absorbed dose. A rheological analysis was performed on swollen
hydrogel samples. The determined values of G′ and G” are shown in Table 4.
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Figure 8. Elastic modulus (G′), as a function of the angular frequency (ω), of the (a) XGCMCGO (50:50), (b) XGCMCGO
(80:20), and (c) XGCMCGO (70:30) hydrogels and their evolutions as a function of the absorbed dose. Viscous modulus (G”),
as a function of the angular frequency (ω), of the (d) XGCMCGO (50:50), (e) XGCMCGO (80:20), and (f) XGCMCGO (70:30)
hydrogels, and their evolutions as a function of the absorbed dose.

For the XGCMCGO (80:20) hydrogel, the G′ increased with an increase in the absorbed
dose, with a maximum value for G′ = 1052 Pa at 15 kGy. The XGCMCGO (50:50) hydrogel
had a G′ = 869 Pa at 2.5 kGy. When this polymeric blend was irradiated with 15 kGy, the G′

decreased very drastically down to 12 Pa. In the case of the XGCMCGO (70:30) hydrogel,
G′ = 913 Pa was obtained at 2.5 kGy, and at 15 kGy, G′ = 766 Pa.

The G′ decreased with the absorbed dose in the cases of the XGCMCGO (50:50) and
(70:30) hydrogels. We concluded that the decrease in G′ reflected the reduction of the
crosslinking density (νe), while the decrease in G” was due to the inhibition of the viscous
behavior, showing a complete degradation of the polymer blend.

The XGCMCGO (80:20) hydrogel had a very well defined elastic behavior depending
on the absorbed dose. In a recent study, a superabsorbent hydrogel based on CMC/starch/GO
presented a value of G′ = 8050 Pa [50]. In another study, hydrogels obtained from CMC by
redox polymerization for soft-tissue healing applications had a value of G′ = 814 Pa [45]. As
shown by the rheological analysis and the sol-gel analysis, the XGCMCGO (80:20) hydrogel
had the best properties.
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3. Conclusions

We prepared novel and complex XGCMCGO hydrogels by e-beam crosslinking to be
used as a potential substrate in biomedical engineering. Irradiation of XGCMC polymeric
blends with e-beams proved to be a suitable technique, especially when GO was incorpo-
rated into their composition. Irradiation of polymeric mixtures with a wide range of doses
allowed us to obtain hydrogels with different properties.

XGCMCGO hybrid hydrogels had better mechanical strength compared to the pure
CMC hydrogel, and a better flexibility and improved swelling behavior than the simple
XG hydrogel.

The gel fraction and the swelling properties of the prepared hydrogels depended on
the composition of the polymers and the absorbed dose.

The hydrogels showed superabsorbent capacity and reached equilibrium in less than
6 h, especially the XGCMCGO (70:30) hydrogel, which reached the highest swelling degree
of about 6000%, at 15 kGy. The crosslinking process predominated compared to the
degradation process.

By characterizing the network structure, we observed that the hybrid hydrogels with
high XG concentration showed the best structural properties. The crosslinking density
increased with the absorbed dose.

The mesh size obtained from the experimental data of rheological analysis was in the
range of 123–210 nm; these values were comparable to those of several hydrogels.

The interaction between the hydrogel components was highlighted by FT-IR analysis,
and the increase in absorption band intensities for the characteristic functional group, as
well as their shifting toward lower wavenumbers, were correlated with the crosslinking
degree, which decreased at a dose of 15 kGy.

For all hydrogel compositions, G′ > G′′, thus suggesting that the hydrogels had a
higher elastic behavior. The G′ had values in a wide range of 12–1052 Pa, with the maximum
value obtained at a dose of 15 kGy for the XGCMCGO (80:20) hydrogel composition.

Therefore, the prepared XGCMCGO superabsorbent hydrogels belong to a class of
environmentally friendly materials, and might have potential practical applications in
many areas, such as in biomedical engineering and hygienic products.

4. Materials and Methods
4.1. Materials

Sodium carboxymethylcellulose (CMC, Mw = 2.5 × 105 g/mol), N′N-methylene-
bis-acrylamide (NMBA 99%, Mw = 154.17 g/mol), acrylic acid anhydrous 99% con-
taining MEHQ as inhibitor (AA, Mw = 72.06 g/mol), and NaOH were purchased from
Merck KGaA, Darmstadt, Germany. A commercial xanthan gum (XG—food grade, pro-
duced by Jungbunzlauer, Wien, Austria) in powder form with a molecular weight of
Mw = 1.6 × 106 g/mol was used. Ultra-highly concentrated single-layer graphene oxide
(6.2 g/L) was purchased from Graphene Laboratory Inc., New York, NY, USA.

4.2. Synthesis of Hydrogels and E-Beam Irradiation

In this experiment, three different hydrogels based on XGCMCGO with different
content of XG and CMC in the presence of AA, NaOH, and NMBA were prepared. XG
(5 wt %) and CMC (2 wt %) were dissolved in DI water at room temperature. After
complete solubilization of the XG and CMC, they were mixed with each other in different
compositions. For each XG:CMC ratio, 75 mL of the mixture was prepared. The ratios of
XG:CMC in the mixtures were 50:50; 80:20, and 70:30. For a better understanding of the
experiments, sample compositions are presented in Table 5.
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Table 5. Sample composition details.

Hydrogel
Chemical Composition (%, w/v)

XG CMC GO AA NaOH NMBA

XGCMCGO (50:50) 2.1 0.8 0.1 0.8 0.4 2
XGCMCGO (80:20) 3.3 0.3 0.1 2.8 1.4 1.5
XGCMCGO (70:30) 2.9 0.5 0.1 5.9 2.9 0.5

Then, 15 mL of each homogeneous solution of XGCMCGO was packed in a hermeti-
cally sealed polyethylene zip bag and subjected to e-beam irradiation at predetermined
doses (2.5–15 kGy). The e-beam sample irradiation was performed in air at room tempera-
ture (25 ◦C) using a linear electron accelerator (National Institute for Laser, Plasma and
Radiation Physics, Măgurele, Romania) at a fixed beam energy of 6 MeV (average beam
current of 10 µA, pulse length of 3.75 µs, pulse repetition rate of 50 Hz, and average dose
rate of 1 kGy/min) [51]. The dosimetry was performed using graphite calorimeters.

4.3. Sol-Gel Analysis

The hydrogel samples were dried in a vacuum oven to a constant weight and then
immersed in DI water for 48 h at room temperature (25 ◦C). After 48 h, the swollen
hydrogels were removed from the water and dried at 30 ◦C to a constant weight. The gel
fraction (GF) and soluble fraction (s) were calculated as follows:

G(%) =

(
Wd
Wi

)
(1)

s = 1−G (2)

where Wi is the initial weight of dried sample after irradiation, Wd is the weight of the
dried insoluble part of sample after immersion for 48 h, and s is soluble fraction of the
polymer. All measurements were carried out in triplicate for each sample, and all values
were expressed as mean value and standard deviation of three independent samples.

The gelation doses (the doses necessary to produce the first insoluble gel fraction) and
the degradation vs. crosslinking ratios for the XGCMCGO hydrogels were calculated using
a customized computer program for sol-gel analysis (Gelsol95), which was based on the
Charlesby–Rosiak formula [26]:

s +
√

s =
p0

q0
+

(
2− p0

q0

)(
Dv + Dg

Dv + D

)
(3)

where p0 is the degradation density (i.e., average number of main chain scissions per
monomer unit and per unit dose), q0 is the crosslinking density (i.e., fraction of monomer
units crosslinked per unit dose), D is the absorbed dose (kGy), Dg is the gelation dose
(kGy), and DV is the virtual dose (kGy) (the dose necessary to transform the real sample
into a sample with the molecular weight distribution of Mw/Mn = 2).

The radiation yields of crosslinking and degradation (scission) were calculated using
the following equations:

G(X) =
4.9·102·c
MC·D·ρ

(4)

G(S) = G(X)·2 p0

q0
(5)

where G(X) is the radiation yield of crosslinking (expressed as number of moles of crosslink-
ing bonds per Joule), G(S) is the radiation yield of chain scission (mol/J), MC (kg/mol)
is the average molecular weight between two successive crosslinks, c (g/L) is the poly-
mer concentration in irradiated solution, D is absorbed dose (J/kg), and ρ (kg/m3) is the
polymer density [52].
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4.4. Swelling Degree

The swelling properties of hydrogels were explored by placing the dried hydrogels in
DI water at room temperature for 48 h to reach swelling equilibrium. At specified times,
the swelled hydrogels were taken out of the distilled water, blotted with paper, weighed,
and immersed again.

The swelling degree (SD(%)) was calculated as a function of the dry (Wd) and swollen
(Ws) hydrogel weights using Equation (6) [53]:

SD(%) =
(Ws −Wd)

Wd
·100 (6)

4.5. Diffussion of Water

The most basic law of Fick’s was used for the explanation of swelling kinetics and
diffusion of the polymeric structures. The following equation was used to determine the
nature of diffusion of water into hydrogels [54]:

F =
Mt

M∞
= ktn (7)

where F is the fraction of swelling due to the water uptake, Mt is the adsorbed water at
time t, M∞ is the adsorbed water at equilibrium, k is a proportionality constant, and n is
the diffusional exponent. The first 60% of the water uptake data were fitted to Equation (7),
and the corresponding values of k and n were obtained.

4.6. ATR-FTIR Spectroscopy

The changes in chemical structure of the crosslinked hydrogels were investigated.
ATR-FTIR spectra of unirradiated and irradiated samples were taken with a PerkinElmer
Spectrum 100 FTIR Spectrometer. The samples for FTIR analysis were first dried in a
vacuum oven at 30 ◦C for 72 h. The samples were subjected to wavenumbers ranging
from 4000 to 600 cm−1 at ambient temperature and a resolution of 4 cm−1, averaged from
50 scans/sample.

4.7. Characterization of Network Structure

Network parameters of the XGCMCGO hydrogels, such as the average molecular
weight between two crosslinks (Mc), crosslinking density (νe), and mesh size (ξ), were
determined by using the swelling and rheological measurements. Using elastic modulus
(G′) values determined from rheological measurements and based on the rubber elasticity
theory, Mc could be determined using the following equation [55]:

MC =
AρRT(ν2r)

2/3(ν2s)
1/3

G′
(8)

where R is the universal gas constant (8.314 m3 Pa/molK), T is the absolute experimental
temperature (298.15 ◦K), ν2r is the polymer volume fraction after e-beam crosslinking, ν2s
is the polymer volume fraction of the crosslinked hydrogel in swollen state, ρ (kg/m3)
is the polymer density, and the factor A equals 1 for an affine network and 1–2/φ for a
phantom network.

The effective crosslink density (νe) of the hydrogels was calculated using Equation (9):

νe =
ρ

MC
(9)

The polymer volume fractions (ν2r and ν2s) were determined using Equation (10):

ν2r(s) =

[
1 +

(
w2r(s) − 1

)
·ρhydrogel

]−1

ρsolvent
(10)

117



Gels 2021, 7, 189

where ρhydrogel and ρsolvent are the densities of the hydrogel and solvent (kg/m3), respec-
tively; and w2r(s) is the weight of the hydrogel after e-beam crosslinking after swelling
(g). The weight swelling ratio of hydrogels after crosslinking (w2r) was calculated as:
w2r = hydrogel mass after irradiation/hydrogel dry mass. The weight swelling ratio of hy-
drogels after swelling (w2s) was calculated as: w2s = hydrogel mass after swelling/hydrogel
dry mass.

The mesh size of the polymer network (ξ) was determined using Equation (11) [56]:

ξ = ν−1/3
2s ·

[
Cn

(
2MC

Mr

)]−1/2

·l (11)

where Cn is the Flory characteristic ratio, Mr is the average molecular weight of the
repeating unit, and l is the carbon–carbon bond length (0.154 nm).

4.8. Dynamic Rheological Measurements

Dynamic rheological measurements of the hydrogels were performed by employing
an MFR 2100 Micro Fourier Rheometer (GBC, Australia) equipped with a home-made
temperature control jacket connected to a Lauda E100 circulating water bath.

The operating parameters of the instrument during rheological investigation were as
follows: gap between plates—400 µm; displacement amplitude—0.03 µm (to fall into the
linear viscoelasticity domain); frequency domain—0.005–2.000 Hz (with a step of 0.005 Hz,
which led to angular frequencies, in rad/s, of 2π times higher than the corresponding fre-
quencies taken in Hz); equilibration time for each of the isothermal measurements—20 min;
and 30 scans per rheogram.

The dynamic rheological parameters of storage modulus (G′) and loss modulus (G′′)
were determined to evaluate the stability of the hydrogel network. All rheological mea-
surements were performed in triplicate at the same constant temperature of 23 ◦C, and all
values were expressed as mean value and standard deviation.
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Abstract: Responsive polymeric hydrogels have found wide application in the clinic as injectable,
biocompatible, and biodegradable materials capable of controlled release of therapeutics. In this
article, we introduce a thermoresponsive polymer hydrogel bearing covalent disulfide bonds. The
cold aqueous polymer solution forms a hydrogel upon heating to physiological temperatures and
undergoes slow degradation by hydrolytic cleavage of ester bonds. The disulfide functionality allows
for immediate reductive cleavage of the redox-sensitive bond embedded within the polymer structure,
affording the option of instantaneous hydrogel collapse. Poly(ethylene glycol)-b-poly(lactic acid)-S-
S-poly(lactic acid)-b-poly(ethylene glycol) (PEG-PLA-SS-PLA-PEG) copolymer was synthesized by
grafting PEG to PLA-SS-PLA via urethane linkages. The aqueous solution of the resultant copolymer
was a free-flowing solution at ambient temperatures and formed a hydrogel above 32 ◦C. The
immediate collapsibility of the hydrogel was displayed via reaction with NaBH4 as a relatively
strong reducing agent, yet stability was displayed even in glutathione solution, in which the polymer
degraded slowly by hydrolytic degradation. The polymeric hydrogel is capable of either long-term
or immediate degradation and thus represents an attractive candidate as a biocompatible material
for the controlled release of drugs.

Keywords: PEG-PLA; thermoresponsive hydrogel; redox-sensitive

1. Introduction

Biodegradable polymers are ubiquitous across the pharmaceutical industry. These
materials often constitute the primary platform for the delivery of therapeutic agents, as
their slow degradation in vivo allows for sustained drug release over an extended period
of time without the need for subsequent removal of the delivery vehicle. ‘Smart’ polymers
capable of responding to external stimuli were developed to afford targeted drug release
based on the presence of the relevant stimulus. These materials bear functional groups
capable of a quick response to small changes in temperature, pH, or light, which lead to a
physical change in the polymer that triggers drug release [1].

Polymeric hydrogels describe polymers capable of absorbing large amounts of water
to form a gel due to crosslinking of the polymer chains. Smart thermoresponsive hydrogels
were developed to undergo a sol–gel transition in response to temperature variation [2].
This feature enables a liquid solution to be injected into a physiological environment and
form a gel in situ at the point of injection due to the temperature change. The molecular
structures of such polymers determine their gelling temperatures as well as important
features such as biocompatibility [3,4].

Copolymers of poly (lactic-co-glycolic acid) (PLGA) and poly (ethylene glycol) (PEG)
were described at length as biocompatible and biodegradable polymers capable of forming
thermoresponsive hydrogels in water [5]. Triblock copolymers, either with the morphology
PLA-PEG-PLGA or PEG-PLGA-PEG, are soluble in water and reversibly form hydrogels
upon heating [6–8]. The gelling behavior of the hydrogels formed from these copolymers
is affected by overall polymer molecular weight, the ratio between polymer blocks, and
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the concentration of the polymer in solution [3,9–11]. Hence, the rational design of each
element of the polymer structure is critical to achieving desired gel properties.

Inspired by the crucial role of cysteine–cysteine bonds and cleavage thereof in biologi-
cal processes, the disulfide (S–S) bonds were exploited in a variety of functional materials
due to their redox responsiveness. Materials containing disulfide bonds may undergo
specific cleavage under reductive conditions, particularly upon exposure to the reductive
intracellular space, rendering redox-responsive functionality to polymers. Disulfide bonds
were incorporated in polyurethanes to afford self-healing properties [12], in electrochemical
polymers and devices [13,14], and in drug carriers to render reduction-specific crosslinking
or drug binding [15–17] for the controlled release of antitumor drugs due to high con-
centrations of reducing agents in the tumor microenvironment [18], to reduce toxicity in
gene delivery platforms [19–22], and in supramolecular polymer applications [23]. The
opportunity to incorporate disulfide bonds in biocompatible thermoreversible hydrogels
may render these materials dual-responsiveness to both temperature and reduction.

In this work, we describe a triblock PEG-PLA-PEG copolymer bearing one disulfide
bond per molecule. The thermoresponsiveness of the polymer solution afforded a fully
water-soluble material at cool temperatures, which formed a gel between 32 and 40 ◦C.
The polymer possesses a cleavable disulfide bond capable of cleavage upon exposure to
strong reducing agents, thereby rendering immediate hydrogel collapse. This proof of
concept was displayed by the cleavage of the disulfide bond in the presence of hydride.
A synthetic analog without a disulfide bond was stable as a hydrogel even under harsh
reductive conditions. The work here represents, to the best of our knowledge, the first
report of a thermoresponsive hydrogel capable of controlled instantaneous collapse, in this
example upon exposure to reducing conditions (Figure 1).
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Figure 1. PEG-PLA-PEG triblock copolymers with embedded disulfide bonds immediately collapse upon addition of reduc-
ing agent NaBH4. Disulfide-bearing polymer hydrogels afford controlled hydrogel collapsibility due to S–S bond cleavage.

2. Results
2.1. Rational Design

Jeong et al. first reported the synthesis of triblock copolymers containing a central
poly (lactic acid) (PLA) block bearing two sidechains of poly (ethylene glycol) (PEG) [24].
The synthetic method reported there comprised of two steps. First, poly(ethylene glycol)
methyl ether Mn = 550 (mPEG 550) was used as a macroinitiator of lactide polymerization
(via ring-opening polymerization in the presence of stannous octoate catalyst) to form a
diblock copolymer. Two hydroxyl termini of two distinct PLA blocks were subsequently
linked by reaction with diisocyanate, forming urethane linkages (Figure 2A). Whereas the
original research focused on polymers with sol–gel properties, which required cooling to
move from sol form to gel morphology, subsequent reports focused on the development of
sol–gel transitions, which occurred upon heating of the polymer solution. The enhancement
of sol-to-gel properties from relying on cooling (gel at low temperatures and sol at high
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temperatures) to being responsive to heating (sol at room temperature and gel at elevated
temperature) was crucial, as the practical application of such gels relies on the incorporation
of active agents in a room-temperature solution, which upon injection and exposure to
physiological temperatures forms a semi-solid gel capable of extended release of the active
agent. These sol–gel thermosensitive hydrogels were based on an amorphous PLA polymer
block (as opposed to crystalline poly (L-lactic acid) polymer blocks employed in the original
work). Gel properties, biodegradability, and drug release were all subsequently optimized,
leading to over two decades of research and application of injectable sol–gel biodegradable
polymer solutions [6,11,25].
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The PEG-PLA-PEG triblock copolymer described here is an analog of the original
work performed by Jeong and co-workers. Its chemical structure bears the modular hy-
drophobic and hydrophilic units at the appropriate ratios for effecting sol–gel transitions
near physiological temperatures, with the added benefit of one embedded disulfide bond.
In doing so, the ‘smart’ hydrogel was imbued with secondary responsiveness to reduc-
tion agents in addition to its thermal responsivity. The hydrogel resultant thereof was
therefore capable of injection as a liquid at ambient temperatures, gelling upon moderate
heating, and subsequent collapse of the 3D gel structure upon exposure to strong reducing
agents [26]. The following is a description of the synthesis and characterization of the novel
triblock copolymer with a comprehensive study of the gel properties of aqueous solutions
prepared thereof.

2.2. Synthesis

In a similar fashion as the original work on PEG-PLA-PEG triblock copolymers,
several synthetic steps were employed in order to incorporate a disulfide bond into the
triblock copolymer structure. In the first synthetic step, 2-hydroxyethyl disulfide was used
as the initiator of DL-lactide polymerization. In doing so, an amorphous DL-poly(lactic
acid) (DL-PLA) was obtained bearing one embedded disulfide bond (PLA(SS)). In order
to complete the triblock copolymer synthesis, mPEG with hydroxyl termini were linked
to either terminus of the amorphous PLA diol by a 2:2:1 molar reaction between mPEG
diisocyanate and PLA(SS), affording urethane bridges between PEG and PLA polymer
blocks with an overall PEG-PLA-SS-PLA-PEG copolymer structure (Figure 2B).
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2.3. Characterization

The formation of PLA(SS) and PEG-PLA-SS-PLA-PEG polymers was confirmed spec-
troscopically by 1H NMR. Polymer molecular weights (MW) were estimated by size-
exclusion chromatography (SEC). The presence of a disulfide bond was confirmed by
elemental analysis (CHNS).

2.3.1. 1H NMR

The structures of both PLA(SS) and PEG-PLA-SS-PLA-PEG were confirmed by 1H
NMR (Figure 3) by observing all available proton peaks. For PLA(SS), in addition to
characteristic multiplets for lactic acid at 5.2 and 1.5 ppm [3], a downfield shift of 2-
hydroxyethyl disulfide CH2 protons was observed upon polymerization in the PLA(SS)
spectrum, indicating the formation of the ester bond at the termini of the disulfide reagent.
No other peaks were observed in the spectrum, indicating a pure substance.

Upon linkage to PEG, no chemical shifts were observed for peaks from PLA(SS),
confirming the stability of the PLA block of the copolymer to the reaction conditions.
Urethane linkages were confirmed by a peak at δ 3.05 with 2x integration relative to the
CH2 peak at the disulfide, as expected. A characteristic PEG singlet was observed at δ
3.55, and all integrations were calculated relative to CH3 of mPEG. No other peaks were
observed in the spectrum, indicating a pure substance (Figure 3).

2.3.2. Molecular Weight Determination

Weight average (Mw) and number average (Mn) molecular weights of PLA(SS) and
PEG-PLA-SS-PLA-PEG were estimated by SEC by comparing to polystyrene standards.
Polydispersity (PDI) values were calculated from these measured values. Mn was further
calculated by 1H NMR peak integrations using known integration values (CH2 of 2-
hydroxyethyl disulfide for PLA(SS), CH3 of mPEG for triblock PEG-PLA-PEG copolymer).
Mn values calculated by NMR closely reflected the expected chain lengths based on feed
ratios of starting materials, indicating full conversion from PLA(SS) to triblock copolymer
with PEG. Estimated values provided by SEC indicated increased polymer MW upon
copolymerization with PEG by urethane bridge, and only a slight increase in PDI values
indicated polymers with high purity (Table 1).

Table 1. Molecular weight determination of disulfide PLA and disulfide-containing PEG-PLA-
PEG copolymer.

Polymer PLA(SS) PEG-PLA-SS-PLA-PEG

Expected MW 1,2 1.53 1.96
Mn (1H NMR) 1,3 1.46 3.11

Mn (SEC) 1,4 2.65 4.24
Mw (SEC) 1,4 2.85 5.97

PDI 5 1.07 1.41
1 Values given in kDa. 2 Based on feed ratios of starting materials. 3 Calculated based on peak integrations of
known value. 4 Calculated from size-exclusion chromatography (SEC). 5 Calculated from SEC as Mw/Mn.

2.4. Rheometry Studies

The PEG-PLA-SS-PLA-PEG triblock copolymer formed a free-flowing solution in
double-distilled water at room temperature (25% w/w). Upon incubation at physiological
temperature, the solution formed a hydrogel which did not flow upon inversion of the test
tube [3,4]. In order to evaluate the flow behavior of the copolymer solution and determine
the temperature at which the sol–gel transition occurred, the viscosity of copolymer solu-
tions was measured as a function of temperature (Figure 4). Upon heating, an increase in
viscosity was observed beginning at ~32 ◦C with a maximum 70-fold increase in viscosity at
36 ◦C. The high viscosity values were stable through physiologically relevant temperatures.
Upon cooling of the hydrogel, the opposite trend was observed, indicating reversibility of
the thermoresponsive system. This flow behavior indicates a polymeric solution capable of
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injectability at ambient temperatures (<30 ◦C) with temperature-induced gelling occurring
upon exposure to physiological temperatures.
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aqueous solutions.

2.5. Degradation Studies

Degradation of injectable implants such as triblock copolymer hydrogels is an im-
portant parameter for the determination of the hydrogel’s potential applicability to the
clinic [27]. The stability of the hydrogel under physiological conditions affects the thera-
peutic window and controlled release profile of incorporated drugs, and biodegradation
of the hydrogel matrix excludes the necessity for post-injection removal of the material,
allowing it to slowly degrade and be eliminated by the body.

In the case of the PEG-PLA-PEG copolymer with an embedded disulfide bond, two
modes of degradation are possible. One degradable bond is the repeating ester bond
throughout the PLA polymer block, known to be susceptible to hydrolytic cleavage [28].
Secondly, the disulfide bond may degrade upon exposure to reducing agents. Hydrolytic
degradation of the ester bonds was expected to occur slowly over time, allowing for slow
degradation of the hydrogel matrix. The disulfide bond, however, was expected to remain
intact under in vitro physiological conditions, degrading only upon exposure to reducing
agent. Due to its position in the center of the polymer chain, cleavage of the disulfide bond
should lead to an immediate release of water retained in the hydrogel matrix due to rupture
of the triblock copolymer structure. In order to investigate these effects, degradation of
PEG-PLA-SS-PLA-PEG triblock copolymer was studied in water or in the presence of
reducing agents such as sodium borohydride (NaBH4) or L-glutathione.

In order to confirm the redox reactivity of the disulfide bond embedded in the PEG-
PLA-PEG triblock copolymer structure, NaBH4, a strong hydride-based reducing agent,
was added to the hydrogel matrix. The hydride was expected to reduce the disulfide
bond, affording diblock PEG-PLA copolymers with thiol end groups (Figure 5). Indeed, a
reduction in polymer molecular weight to half was observed upon reaction with hydride,
indicating the cleavage of the reduction-sensitive disulfide bond in the triblock copolymer
structure (Figure 5). A chemical analog of the triblock copolymer was prepared using 1,6-
hexanediol as the initiator of PLA synthesis, resulting in PEG-PLA-PEG triblock copolymer
without a disulfide bond (experimental details and spectral data available as Supplementary
Materials, Figures S1 and S2). The molecular weight of this polymer was only slightly
reduced upon exposure to the same hydride reagent, thereby confirming the role of the
disulfide bond in a molecular weight reduction in the original polymer (Figure 5).
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Figure 5. Sensitivity of the embedded disulfide bond in PEG-PLA-PEG triblock copolymer was confirmed by reaction with
NaBH4 and subsequent reduction in molecular weight by half. A chemical analog lacking the disulfide bond retained
most of its molecular weight under the same conditions, indicating the role of disulfide bond cleavage in molecular weight
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In order to evaluate the in vitro degradation of PEG-PLA-SS-PLA-PEG hydrogels,
polymer molecular weight was monitored for two weeks at physiological temperature
(Figure 6). The hydrogel remained stable for this period, after which the molecular weight
was sufficiently reduced to inhibit the water retention capabilities of the hydrogel, resulting
in the release of water from the 3D hydrogel structure. A hydrogel containing 1% L-
glutathione displayed no effect on the degradation rate of the polymer. We hypothesize
that the rigidity of the hydrogel prevented the thiol reducing agent from reducing the
disulfide bond embedded within the triblock copolymer structure. The near-constant PDI
and slow Mw reduction in the polymer under either condition indicates a hydrolytically
degradable polymeric hydrogel with stability in the presence of thiol reducing agents
(Figure 6).
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Figure 6. Degradation of PEG-PLA-SS-PLA-PEG hydrogel in distilled water or 1% glutathione solution displayed a slow
hydrolytic degradation for two weeks with near-constant PDI values.

3. Discussion

Polymer systems that undergo phase transitions in response to environmental stimuli
such as temperature and pH have been widely investigated for drug delivery and tissue
engineering applications [29]. The aqueous copolymer solution presented in this work
represents a programmable biodegradable responsive polymer gel in which its gelling prop-
erties can be additionally controlled by a cleavable S–S bond triggered to cleave and change
the gel properties. The polymer is a non-crosslinked triblock copolymer of polyethylene
glycol (PEG) blocks and a hydroxy acid aliphatic polyester block that possesses thermo-
responsive properties where the polymer is fully water soluble at temperatures between
0 ◦C and about 30 ◦C and gels at body temperature (37 ◦C). In addition to hydrolytically
degradable ester bonds, the polymer possesses, as mentioned above, a cleavable bond that
breaks upon application of an external reductive trigger that is faster than the hydrolysis
of the ester bonds of the polyester block. The cleavage of this bond results in the collapse
of the gel to dissolution in water with no remaining gel properties (Figure 7). This class
of polymer may have medical use as a device for drug carrying or cell support and de-
livery. For drug or cell delivery, the rate of de-gelation can be programmed so that after
its formation at body temperature, the gel may gradually or instantly lose/loosen its gel
properties to allow faster release from the gel of the entrapped cells or drugs. The change
in gel properties, after initial gelation at the site of action, can be tailored according to the
need for a specific application, either immediately or gradually, based on the presence
of reducing agents. Of specific interest is the delivery of therapeutic stem cells carrying
anticancer cargo at cancerous tissue. The cells may be delivered to the site of treatment as a
solution that instantly gels on the target tissue due to temperature change and starts to lose
its gel properties to allow the cells to move towards cancerous tissue due to the increased
neoplastic concentration of reducing agents [18].
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Several important parameters are involved in the development of these systems,
including robust synthetic methods, defined stimuli-responsive gelation, and degradation
for application in vivo. The physical crosslinking mechanism of PEG-PLA-PEG copolymers
hydrogel formation permits the additional advantage of reversibility, as no chemical bonds
must be cleaved in order to re-obtain the polymer in solution [30]. However, to date, there
have been no reports of non-crosslinked thermoresponsive polymer gels that possess all of
the following qualities: (1) are water-soluble below physiological temperatures, (2) form a
semi-solid continuous gel at physiological temperatures, and (3) possess breakable bonds
that permit an immediate programmable change in gel properties following exposure to an
external trigger. The PEG-PLA-PEG triblock copolymers with embedded disulfide bond
described here represent such material, with gelling properties suitable for physiological
application and susceptibility to water leakage upon exposure to reducing agents. The
proof of concept afforded by cleavage with a hydride reagent represents an interesting
option for the development of reduction-sensitive hydrogels capable of instantaneous
collapse upon exposure to reducing agents.

4. Conclusions

Thermoresponsive hydrogels capable of immediate collapse upon exposure to strong
reducing agents represent an interesting injectable platform for the controlled release of
drugs. At ambient temperatures, the polymer dissolved in water (25%) exists as a free-
flowing solution that forms a hydrogel upon heating. The disulfide bond embedded in the
polymer structure induces a controlled hydrogel collapse by the addition of NaBH4. The
hydrogel is otherwise stable for a period of over two weeks. Hydrolytic degradation of
ester bonds results over time in hydrogel collapse into safe by-products. The hydrogels
described here have the potential to be applied as delivery vehicles for the slow release of
therapeutics with immediate release induced upon contact with reducing agents.

5. Materials and Methods
5.1. Materials

Stannous octoate, hexamethylene diisocyanate, and poly(ethylene glycol) monomethyl
ether were purchased from Sigma Aldrich (Rehovot, Israel). Lactide was purchased from
Purac Biochem BV (Gorinchem, The Netherlands). Solvents were purchased from Bio-Lab
Ltd. (Jerusalem, Israel).

5.2. General Methods

Chemical reactions were performed in dry glassware under N2 gas. 1H NMR spectra
were obtained on a Varian 300 MHz spectrometer with CDCl3 as the solvent and tetram-
ethylsilane as the shift reference. The molecular weights of the polymers were estimated
using a gel permeation chromatography (GPC) system consisting of a Waters 1515 Isocratic
HPLC pump with a Waters 2410 Refractive Index Detector and a Rheodyne (Cotati, CA,
USA) injection valve with a 20 mL loop (Waters, Milford, MA, USA). Samples were eluted
with CHCl3 through a linear Styragel HR4E column (7.8 × 300 mm i.d.; Waters) at a
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flow rate of 1 mL/min. The molecular weights were determined relative to polystyrene
standards (Polyscience, Warrington, PA, USA) using a Breeze computer program.

5.3. Synthesis

PEG-PLA-PEG triblock copolymer with disulfide bond was prepared in two steps.
First, 50 µL of a 10% solution of stannous octoate in dichloromethane (DCM) was added
to a melt of 2-hydroxyethyl disulfide (0.13 g, 0.82 mmol) and D,L-lactide (2.4 g, 16 mmol).
The solvent was allowed to evaporate, and the vial was purged with N2. The mixture was
stirred at 120 ◦C for 2 h, followed by overnight stirring at 150 ◦C. The crude polymer was
taken up in DCM and precipitated into ether to afford PLA disulfide PLA(SS) as a pure
substance. 1H NMR (300 MHz, CDCl3, δ): 5.24–5.05 (m, LA), 4.36–4.28 (m, CH2 α-ester),
2.87–2.82 (m, CH2 α-disulfide), 1.59–1.37 (m, LA). Anal. Calcd: C, 46.74; H, 5.91; S, 3.80.
Found: C, 48.00; H, 5.70; S, 4.42.

In the next step, hexamethylene diisocyanate (0.11 mL, 0.68 mmol) was added to a
melt of PLA(SS) (1.0 g, 0.70 mol) and poly(ethylene glycol) methyl ether Mn = 550 (0.34 mL,
0.68 mmol). One drop of stannous octoate was added, and the mixture was stirred at 110 ◦C
for one hour. The crude product was dissolved in cold water, filtered, and lyophilized to
afford PEG-PLA(SS)-PEG as a pure substance. Proton nuclear magnetic resonance (1H
NMR) (300 MHz, CDCl3, δ): 5.15–4.94 (m, LA), 4.30–4.28 (m, CH2 α-ester), 4.11–4.08 (m,
PEG α-urethane), 3.55 (s, PEG), 3.28 (s, CH3), 3.07–3.03 (m, CH2 α-urethane), 2.83–2.79 (t,
J = 6 Hz, CH2 α-disulfide), 1.50–1.38 (m, LA). Anal. Calcd: C, 50.53; H, 7.12; N, 2.05; S, 1.88.
Found: C, 51.09; H, 7.22; N, 1.99; S, 2.27.

5.4. Rheological Studies

Sol–gel transitions were measured on 25% w/w polymer solutions in double-distilled
water (DDW) by rotational tests on a Physica MCR 101 rheometer (Anton Paar, Austria) as
a function of temperature from 25 to 45 ◦C.

5.5. Degradation Studies

25% w/w polymer solutions were prepared in DDW or in 1% solutions of either
reduced L-glutathione or NaBH4. Solutions were incubated at 37 ◦C, and molecular weight
was monitored by GPC for two weeks.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/gels7040169/s1, Experimental details: Figure S1: 1H NMR spectrum of PLA analog; Figure S2:
1H NMR spectrum of PEG-PLA-PEG analog.
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Abstract: Photothermal therapy (PTT) is a promising local therapy playing an increasingly important
role in tumor treatment. To maximize PTT efficacy, various near-infrared photoabsorbers have been
developed. Among them, metal sulfides have attracted considerable interest due to the advantages
of good stability and high photothermal conversion efficiency. However, the existing synthesis
methods of metal-sulfide-based photoabsorbers suffer from the drawbacks of complicated procedures,
low raw material utilization, and poor universality. Herein, we proposed a flexible, adjustable
strategy capable of transforming commercial metal sulfides into injectable hydrogels for local PTT.
We took copper sulfide (CuS) as a typical example, which has intense second-window near-infrared
absorption (1064 nm), to systematically investigate its in vitro and in vivo characteristics. CuS
hydrogel with good syringeability was synthesized by simply dispersing commercial CuS powders
as photoabsorbers in alginate-Ca2+ hydrogel. This synthesis strategy exhibits the unique merits
of an ultra-simple synthesizing process, 100% loading efficiency, good biocompatibility, low cost,
outstanding photothermal capacity, and good universality. The in vitro experiments indicated that
the hydrogel exhibits favorable photothermal heating ability, and it obviously destroyed tumor cells
under 1064 nm laser irradiation. After intratumoral administration in vivo, large-sized CuS particles
in the hydrogel highly efficiently accumulated in tumor tissues, and robust local PTT was realized
under mild laser irradiation (0.3 W/cm2). The developed strategy for the synthesis of CuS hydrogel
provides a novel way to utilize commercial metal sulfides for diverse biological applications.

Keywords: commercial copper sulfide (CuS); alginate; hydrogel; photothermal therapy (PTT);
near-infrared II windows

1. Introduction

Local therapy has recently attracted an increasing amount of attention in tumor
treatment due to the advantages of solid selectivity, controllability, and minor systemic
side effects [1,2]. Local therapy mainly includes local ablation (radiofrequency abla-
tion [3–5], irreversible electroporation [6–8], high-intensity focused ultrasound [9], local
laser ablation [10], cryoablation [11–13], and chemical ablation [14,15]), local phototherapy
(PTT [16,17] and photodynamic therapy [16,18,19]), local radioisotope therapy [20,21], local
radiotherapy [22–24], and local chemotherapy [25]. An increasing number of studies have
shown that local therapy can be applied to many clinical situations, such as in the preser-
vation of tissue and function [26], situations without medical indication for surgery [27],
the local treatment of metastatic tumors [28,29], and the salvage treatment of recurrent
tumors [30]. Thus, local therapy is sometimes essential to improve the quality of life of
patients with tumors, as well as survival time. At the same time, some studies have re-
ported the success of the combination of local therapy and other treatment methods, such
as immunotherapy [31,32], which further illustrates the broad prospect of local therapy.
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As a kind of burgeoning local therapy, PTT uses photoabsorbers to transform near-
infrared (NIR) light energy to heat energy, which induces tumor cell necrosis [16,33].
NIR-based PTT is mainly conducted in two biological windows: the first NIR window
(NIR-I) and the second NIR window (NIR-II). The wavelength range of NIR-I is from
750 nm to 1000 nm, and the range of NIR-II is from 1000 nm to 1350 nm [34]. Compared
with the widely studied NIR-I light, NIR-II light has a stronger penetrating ability and a
higher thermal safe power because of its low absorption and scattering in tissue, which
has a substantial superiority in curing deeper tumor tissues [34–37]. In addition to the
flourishing development of PTT in fundamental studies [38,39], it is very encouraging
that PTT based on local administration has also successfully entered a clinical trial for the
treatment of prostate cancer [1], which demonstrates the great potential of PTT-based local
therapy in clinical transformation.

To date, plenty of biomaterials have been developed as photoabsorbers, such as
organic dyes [40–42], organic nanoparticles [43–45], noble metal materials [46–48], carbon
materials [49,50], black phosphorus [51,52], and metal oxide and sulfides [53,54]. Among
them, metal sulfides, such as CuS, Bi2S3, WS2, CoS, NiS, and FeS, have high photothermal
conversion efficiency because of the surface plasmon resonance effect [55,56], and they have
been widely used in PTT in recent years [57–62]. In particular, CuS, which possesses strong
absorption in the NIR-II bio-window, has been extensively used in NIR-II PTT [63,64].
The current photoabsorbers are mainly obtained using either bottom-up methods or top-
down methods, such as coupling thermal oxidation etching and liquid exfoliation to form a
solvent-dispersible system [65,66]. However, these methods face several common problems,
such as complex steps, high time and energy costs, low raw material utilization, and lacking
universal strategy [67].

To avoid the use of metal sulfides using complex synthesis methods, commercial metal
sulfides are an excellent choice. The advantage of commercial metal sulfides is that they
are mature industrial products with reasonable quality control and low cost, but their
disadvantages lie in the raw materials having large particles, being insoluble in water,
and not being able to be used for biological applications. Recently, our group proposed a
smart “turning solid into gel” strategy [68] by dispersing solid materials in alginate–Ca2+

hydrogel (ACH), which can transform solid materials into an injectable hydrogel, making
the solid materials bioavailable. Therefore, it is fascinating to develop versatile commercial
metal-sulfide-based hydrogels as novel photoabsorbers without complex synthesis.

Herein, we introduced a simple and powerful ACH platform to load commercial CuS
as a representative sample for local tumor NIR-II PTT (Figure 1). The ultra-simple synthesis,
100% loading efficiency, good biocompatibility, low cost, outstanding photothermal capacity,
and extreme flexibility allow this platform to provide more options for highly efficient PTT.
The CuS hydrogel (CSH) can be simply obtained through mixing and stirring steps. In vitro
experiments indicated that CSH exhibits good syringeability and intense NIR-II absorption
(1064 nm). Then, CSH was employed for in vivo PTT studies. The results confirm that this
hydrogel not only performs well in killing tumor cells under mild laser irradiation but that
it also shows low toxicity in vitro and in vivo. To the best of our knowledge, this is the first
time that commercial CuS was elegantly employed for highly efficient PTT in vivo.
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Figure 1. Schematic representation of the synthesis of CSH as a PTT agent for local NIR-II PTT
in vivo.

2. Results and Discussion
2.1. Synthesis and Characterization of CSH

Firstly, alginate solution and Ca2+ were mixed to produce ACH within 1 min based on
their strong coordination interaction (Figure S1). Then, CSH was obtained by dispersing
commercial CuS powder into ACH. To investigate the loading capacity of ACH, increasing
concentrations of CSH were employed. The maximum loading capacity was 480 mg
CuS/mL (Figure 2A). The long-term stability of CSH was also monitored (Table S1 and
Figure S2). All concentrations of CSH were stable for more than 4 days, and concentrations
of 90 mg CuS/mL and below were still stable after 14 days. Considering that excellent
syringeability is essential to potential biological applications, we investigated the maximum
loading capacity of CSH capable of fluently being injected with different diameters of
syringe needles. The results showed that the maximum injectable concentrations for 0.45,
0.5, 0.6, and 1.2 mm syringe needles were 120, 240, 480, and 480 mg CuS/mL, respectively,
and a “TMU” pattern could be written by a 0.45 mm syringe with 20 mg CuS/mL CSH
(Figure 2B), which proved its excellent syringeability due to the shear-dependent and
reversible gel–sol transition (Figure S3) [69].

Rheological experiments showed that the storage moduli (G’) of ACH and CSH
were higher than their loss moduli (G”), demonstrating that ACH and CSH were in a gel
state with a relatively weak mechanical strength and flexible shape, which made them
easily injectable (Figure S4). As the essential components of CSH, the swelling ratio and
degradation behavior of ACH were further investigated. The swelling test showed that
ACH could reach swelling equilibrium in 10 min in PBS (pH = 7.4). The swelling ratio
of ACH was as high as 13,342.6% (Figure S5), which suggested that the internal cross-
linking points of ACH were relatively few, the cross-linking density was low, and the water
absorption capacity was strong. According to the ACH degradation curve (Figure S6),
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the degradation rate of ACH in PBS (pH = 7.4) was 51% after 7 days, which showed its
excellent degradability.
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Figure 2. (A) Standing and oblique photos of different concentrations of CSH taken immediately after
the preparation. (B) “TMU” formed by CSH (20 mg CuS/mL) through a 0.45 mm syringe needle.
(C) SEM images of ACH, CuS particles, and CSH (20 mg CuS/mL).

The scanning electron microscope (SEM) images of ACH, CSH, and commercial CuS
powder were characterized, and they indicated that the CuS particles were dispersed in the
ACH with a porous structure (Figure 2C).

2.2. Photothermal Performance of CSH In Vitro

To evaluate the photothermal efficiency of CSH in vitro, different concentrations of
CSH were treated with NIR-II laser irradiation (1064 nm, 1 W/cm2) for 5 min, and an
infrared thermal camera was used to record the temperature elevations. Under NIR-II
laser irradiation, CSH showed good photothermal capacity (Figure 3A). The temperature
enhancement of CSH with different concentrations increased from 17.3 ◦C to 38.1 ◦C,
while the temperature increase of ACH and PBS was just 6.4 ◦C. The thermal images also
demonstrate the outstanding photothermal ability of CSH (Figure 3B). After undergoing
the heating–cooling process three times, the heating capacity of CSH did not significantly
change (Figure 3C), which indicates that CSH has good photothermal stability under NIR-II
laser irradiation. Therefore, not only can the prepared CSH efficiently transform NIR laser
energy to heat energy, but it can also remain stable after repeated laser illumination.

2.3. Cytotoxicity and Cellular Uptake of CSH

CSH, which had a great photothermal efficacy under 1064 nm irradiation, super-large
loading capacity, and excellent stability, was capable of being used for further studies. To eval-
uate its cytotoxicity, different concentrations of CSH were added to 4T1 cells in 96-well plates,
and the cells were continued to be cultured for 24 h. Then, the cell viabilities were calculated
through a standard MTT assay [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
MTT]. The cell viability was as high as 88.8% after incubation with a high concentration of
CSH (1 mg CuS/mL), which indicated the low cytotoxicity of CSH (Figure 4A). The cellular
uptake experiment proved that CuS particles in CSH could not be uptaken by cells due to their
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big size (Figure S7), which illustrates that the mechanism of PTT based on CHS is deduced
heat conduction instead of the direct interaction of cell and CSH.
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Figure 4. (A) Cytotoxicity of 4T1 cells incubated with different concentrations of CSH or PBS.
(B) Viability of 4T1 cells incubated with PBS or CSH (0.5, 0.8 mg CuS/mL) and irradiated by NIR-II
laser (1064 nm: 0, 2, or 3 W/cm2) (* p < 0.05, ** p < 0.01). (C) Dead/live cell staining test of 4T1 cells
treated with PBS or CSH (0.5, 0.8 mg CuS/mL) and irradiated by NIR-II laser (1064 nm: 0, 2, or
3 W/cm2).
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2.4. In Vitro PTT of CSH

Due to the low cytotoxicity of CSH, PTT of 4T1 cells using the hydrogel was investi-
gated with an MTT assay and live and dead cell staining. As the standard procedure, 4T1
cells were cultured in a 96-well plate at 37 ◦C for 24 h, and different concentrations of CSH
(0.5 and 0.8 mg CuS/mL) or PBS were added and incubated with the cells at 37 ◦C. After
1 h, the cells were irradiated by a 1064 nm laser (0, 2, or 3 W/cm2) for 5 min. The 4T1 cell
viabilities showed CSH-concentration- and laser-power density-dependent deceases. After
being treated with both 0.8 mg CuS/mL of CSH and 1064 nm laser irradiation (3 W/cm2),
4T1 cell viability dropped to less than 4%. However, the viability of 4T1 cells treated with
only CSH or laser irradiation remained approximately 100% (Figure 4B). The fluorescent
images of live and dead cells, which were stained by calcein acetoxymethyl ester (calcein
AM) and propidium iodide (PI), respectively, also showed that the 4T1 cells were signifi-
cantly destructed after the combined treatments (Figure 4C). These results prove that CSH
has an excellent photothermal effect on tumor cells with 1064 nm laser irradiation.

2.5. Intratumoral Retention Test of CSH

In order to assess the intratumoral retention ability of CSH, computer tomography
(CT) scans were carried out in vitro and in vivo under a voltage of 120 kV (clinical use).
Although CSH was considered to have a weak CT value attenuation (Figure 5A,B), after
intratumoral injection, it could still be found at the tumor site with CT scans. During the
2 days of CT monitoring that followed, no significant change was found in the CT value or
in the morphology of CSH (Figure 5C,D), proving its good retention ability at tumor sites.
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2.6. In Vivo PTT of CSH

To minimize the damage to surrounding tissues, a mild laser power (0.3 W/cm2)
was employed for in vivo PTT. CSH with a concentration of 20 mg CuS/mL, which can
cause a significant temperature rise in vitro, was used to guarantee effective tumor ablation
(Figure S8). To evaluate the in vivo photothermal tumor therapy efficacy of CSH in the NIR-
II bio-window (1064 nm), BALB/c mice were grouped according to different treatments
(n = 5) as follows: (1) only PBS; (2) only CSH; (3) PBS + laser; and (4) CSH + laser. In
comparison with the control, there was a noticeable temperature increase at the tumor
site after being injected with CSH and irradiated with a 1064 nm laser (Figure 6A,B).
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Tumor sizes were measured every 2 days to evaluate the anti-tumor capacity. The results
showed that the tumor growth of mice treated with both CSH and laser irradiation was
effectively inhibited, and the tumors were eliminated after PTT (Figure 6C). There was
tumor recurrence in only one mouse in the combined treatment group, and the recurred
tumor was significantly smaller than that in the other groups. In contrast, the tumors in
the other groups multiplied, and the final tumor volumes after 15 days of growth were
about 12.9, 14.1, and 12.5 times larger than the initial tumor volume in groups 1, 2, and 3,
respectively (Figure 6D). The tumors were dissected and photographed on the 15th day
(Figure 6E). The dissected tumors were weighed, and the ratio of tumor weight to mouse
body weight in each group was calculated (Figure 6F), which further revealed that the
tumors were obviously suppressed by CSH-based PTT. These results illustrate that CSH
can wreck tumors entirely due to its high thermal efficiency in vivo.
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Figure 6. (A) Thermal images of tumor-bearing mice treated with only PBS or both CSH and NIR-II
laser irradiation. (B) Photothermal heating curves of tumor sites taken with an infrared thermal
camera. (C) Tumor-monitoring photography of mice in various groups. (D) Relative tumor volume
curves of mice in different groups (n = 5 in each group, ** p < 0.01). (E) Excised tumors from the mice
on the 15th day of the observation period. (F) Ratio of final tumor weight to final body weight of
mice in different groups (** p < 0.01).
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2.7. In Vivo Toxicity of CSH

To assess the systemic toxicity of CSH in vivo, the weight monitoring, blood biochem-
istry analysis, and H&E staining of major organs of the mice were accomplished. The
weight monitoring results displayed no noticeable difference in body weight among the
mice with various treatments (Figure 7A). The blood biochemistry analysis indicated that
the liver and kidney function indexes of the mice were entirely within the normal range
(Figure 7B), and no evident inflammatory lesion or organ damage was found in all major
organs of the mice (Figure 7C). All of the above results confirm that CSH has good biocom-
patibility, which makes it a promising PTT agent with good biosafety and photothermal
efficacy in vivo.
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Figure 7. (A) Weight-changing curves of mice after being subcutaneously injected with PBS and
20 mg CuS/mL of CSH (n = 5 in each group). (B) Blood biochemical indexes of mice measured after
being treated with PBS for 15 days and CSH (20 mg CuS/mL) for 1, 7, and 15 days (n = 5 in each
group). (C) H&E-stained images of major organs of Kunming mice acquired after being treated with
PBS for 15 days and CSH (20 mg CuS/mL) for 1, 7, and 15 days.

3. Conclusions

In conclusion, according to the “turning solid into gel” strategy, a robust metal sulfide
hydrogel system was established to load commercial metal sulfide powders for high-
efficiency tumor PTT. As a representative metal sulfide, commercial CuS powder was
studied in depth. The obtained CSH was verified to have good stability, favorable syringe-
ability, potent photothermal efficacy, and excellent retention capability at the injection site.
Due to the deeper tissue penetration of NIR-II light, further studies were investigated using
1064 nm laser irradiation. The follow-up experimentations in vitro and in vivo showed the
CSH to have negligible toxicity and a high photothermal killing effect on tumor cells under
the irradiation of the 1064 nm laser. Therefore, as a new method of photothermal agent
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preparation, transforming commercial sulfides into injectable hydrogels can help to save
costs, improve accuracy, and raise efficiency without worrying about toxicity, all of which
give it great hope for clinical transformation.

4. Materials and Methods
4.1. Materials

CaCl2 and sodium alginate (200 ± 20 mPa s) were obtained from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). CuS was purchased from Sigma-Aldrich trade
Co., Ltd. (Shanghai, China). Fetal Bovine Serum (FBS) was provided by Lanzhou Minhai
Bio-Engineering Co., Ltd. Dulbecco’s Modified Eagle Medium (DMEM) was obtained
from ThermoFisher Instrument Co., Ltd. (Suzhou, China). MTT was bought from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Calcein AM and PI were provided
by Dojindo Chemical L.L.C. (Shanghai, China). DMSO was purchased from Concord
Technology Co., Ltd. (Tianjin, China). Ultrapure water was bought from Wahaha Group
Co., Ltd. (Hangzhou, China).

4.2. Synthesis of ACH and CSH

Typically, 0.5 mL of sodium alginate (10 mg/mL) and 0.05 mL of CaCl2 (10 mg/mL)
were mixed with 0.45 mL H2O to prepare ACH. Then, commercial CuS powder was added
to ACH, and the system was stirred for 15 min to obtain CSH.

4.3. Stability Assessment of CSH

The homogeneous stability of CSH was evaluated for 2 weeks. Briefly, different
concentrations of CSH (15, 30, 60, 90, 120, 240, 480 mg CuS/mL) were placed in vials,
respectively. If the stability time was less than 10 min or the sulfide could not be dispersed
in ACH, the mixture was regarded as overloaded. The stable concentrations of CSH were
monitored for 14 days and photographed at different time points (10 min, 20 min, 30 min,
1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 12 h, 14 h, 16 h, 18 h, 20 h, 24 h, and then every day).
During the monitoring period, if the hydrogel was found to be layered, it was regarded
as precipitation.

4.4. Syringeability of CSH

The syringeability of CSH was evaluated using four sizes of syringe needles (26 G,
0.45 mm; 25 G, 0.5 mm; 23 G, 0.6 mm; 18 G, 1.2 mm). Different concentrations of CSH
were extruded through the various sizes of syringe needles. For every size of syringe, the
maximum injectable concentration was recorded, and a “TMU” (an abbreviation of “Tianjin
Medical University”) was written by its maximum injectable concentration. Then, a “TMU”
was formed by CSH (20 mg CuS/mL) through a 0.45 mm syringe needle, which was used
for in vivo PTT.

4.5. Characterization

Rheology experiments of ACH and CSH (20 mg CuS/mL) were conducted on a DHR-2
rheometer (TA Instruments), with a strain amplitude of 1% and an angular frequency of
10 rad/s for dynamic oscillatory time sweep measurements.

The swelling ratio and degradation behavior of ACH were investigated according
to a previous study [70]. To calculate the swelling ratio, lyophilized ACH was weighed
(recorded as M0), immersed in PBS (pH = 7.4), and incubated in an incubator shaker at a
shaking speed of 100 rpm at 37 ◦C. The swelled ACH was removed, and the surface water
was wiped out. Then, the collected ACH was weighed at a specific time interval (recorded
as Mt). The swelling ratio (%, w/w) was calculated using the equation (Mt − M0)/M0 × 100.
The experiments were carried out in triplicate to obtain an average value. The degradation
behavior of ACH was assessed in PBS (pH = 7.4). The lyophilized ACH was weighed
(recorded as Mi) and completely immersed in PBS, and then it was degraded in an incubator
shaker at 37 ◦C and 100 rpm. After different time intervals (1, 3, or 7 days), ACH was
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washed with ultrapure water to remove PBS, freeze-dried, and weighed (recorded as Mf).
The degradation rate (%, w/w) was calculated using the equation (Mi − Mf)/Mi × 100.

Field-emission scanning electron microscopy (FE-SEM) images of ACH, CuS powder,
and CSH (20 mg CuS/mL) were acquired under a 2 kV accelerating voltage on a Gemini
SEM 300 (ZEISS, Germany) microscope.

4.6. Photothermal Performance In Vitro

In order to evaluate the photothermal efficacy of CSH in vitro, PBS or different con-
centrations of CSH (0, 1, 2.5, and 5 mg CuS/mL) with a volume of 1 cm3 were placed in
cuvettes with a base area of 1 cm2. Then, cuvettes were irradiated with a 1064 nm laser
(1 W/cm2) for 5 min, and temperature elevations were recorded using an infrared thermal
camera. In order to test its photothermal stability, CSH (5 mg CuS/mL, 1 mL) was put into
a cuvette and irradiated using NIR-II (1064 nm) laser with a power density of 1 W/cm2 for
5 min, and then the system was cooled for 10 min to bring the temperature close to room
temperature; the process was repeated three times.

4.7. Cell Culture and Animals

The growth and metastasis of 4T1 cells in BALB/c mice are similar to those of human
breast cancer, making the cells a relatively classical and widely used cell line to test the ther-
apeutic effects on tumors [71]. Therefore, the 4T1 cell line was used to study CSH in vitro
and in vivo. 4T1 cells were cultured in a culture medium with 90% DMEM and 10% FBS.
Cells were cultured in a humidified incubator (5% CO2 and 37 ◦C), and the culture medium
was refreshed at 1–2 day intervals. Kunming mice and BALB/c mice were purchased from
Beijing HFK Bioscience Co., Ltd. (Beijing, China). All animal experiments were performed
according to the protocols established by the Animal Care and Use Committee of Tianjin
Medical University, and all experimental operations were approved by the Animal Care
and Use Committee.

4.8. Cytotoxicity and Cellular Uptake Assay

To determine the potential cytotoxic effects of CSH, 4T1 cells (1 × 104 per well) were
cultured in 96-well plates with 200 µL of cell culture medium per well for 24 h. Then, after
the exchange of the cell medium, PBS or different concentrations of CSH (0, 0.05, 0.1, 0.2,
0.4, 0.6, 0.8, 1 mg CuS/mL) were added to the wells. After 24 h incubation, cell viabilities
were evaluated via a standard MTT test. After the cells were washed with PBS, new cell
medium and MTT (10 µL, 5 mg/mL) were added and incubated with the cells for 4 h; then,
the supernatant was discarded, and 120 µL of DMSO per well was added. Finally, the wells’
absorptions at 490 nm were measured using a microplate reader.

The cellular uptake mechanism of CSH was also investigated. In brief, 4T1 cells
(1 × 104 per well) were cultured in 96-well plates. After 24 h, PBS or different concentrations
of CSH (0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1 mg CuS/mL) were added and co-incubated with the
cells for another 24 h. Then, the cells were washed with PBS, and 120 µL of PBS per well
was added. Finally, the cells were observed under a microscope.

4.9. In Vitro Photothermal Cytotoxicity Study

The photothermal cell killing ability of CSH under 1064 nm laser irradiation was
evaluated using the MTT assay. 4T1 cells (1.4 × 104 per well) were incubated in a 96-
well plate for 24 h. After being washed with PBS, the 4T1 cells were treated with PBS or
different concentrations of CSH (0.5 or 0.8 mg CuS/mL) for 1 h, and they were irradiated
with varying densities of power of 1064 nm laser (0, 2, or 3 W/cm2) for 5 min. Then, cell
viabilities were measured using the MTT assay, and the absorption of each well at 490 nm
was recorded using a microplate reader.
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4.10. Live/Dead Cells Staining Test

To further investigate the PTT efficacy in vitro, 4T1 cells (1.4 × 104 per well) were
incubated in 96-well plates for 24 h, and CSH (0.5, 0.8 mg CuS/mL) or PBS was added and
co-incubated with 4T1 cells for 1 h. Then, 4T1 cells were exposed to NIR-II laser (1064 nm,
0, 2, or 3 W/cm2) for 5 min, thoroughly washed with PBS twice, and stained with calcein
AM and PI. Fluorescent images were recorded with an inverted luminescence microscope.

4.11. Intratumoral Retention Test of CSH

In vitro and in vivo CT scans were carried out via a clinical X-ray CT (SOMATOM
Force, Siemens healthineers, Erlangen, Germany) under a clinical voltage (120 kV) [72].
CSHs with different concentrations (0, 1, 2.5, 5, 10, 15, 30 mg CuS/mL) were prepared,
and then CT images of CSH were collected. For in vivo CT imaging, 50 µL of CSH
(20 mg CuS/mL) was intratumorally injected into BALB/c mice (n = 3). Then, the mice
were scanned pre-injection and after injection at different time points (0 h, 24 h, and 48 h).
CT values were measured using Radiant DICOM Viewer software.

4.12. Anti-Tumor Assessment In Vivo

To ensure biosafety, a mild laser power (0.3 W/cm2) and CSH with a concentration
of 20 mg CuS/mL were used for in vivo PTT. To verify the in vitro heating effect, CSH
(20 mg CuS/mL) or PBS was made into 50 µL droplets, and they were irradiated using a
1064 nm laser (0.3 W/cm2) for 5 min. Thermal images of them were taken, and photothermal
heating curves were obtained. Then, to explore the anti-tumor ability of CSH with 1064 nm
laser irradiation, tumor-bearing BALB/c mice were divided into 4 groups (n = 5) as follows:
(1) only PBS, (2) only CSH, (3) PBS + laser, and (4) CSH + laser. Mice in Group 1 were
intratumorally injected with PBS (50 µL). Mice in Group 2 were intratumorally injected
with CSH (20 mg CuS/mL, 50 µL). Mice in Group 3 were intratumorally injected with PBS
and exposed to 1064 nm laser irradiation (0.3 W/cm2) for 10 min. Mice in Group 4 were
intratumorally injected with CSH (20 mg CuS/mL, 50 µL) and exposed to 1064 nm laser
irradiation (0.3 W/cm2) for 10 min. The hyperthermia effect on tumor site was carefully
recorded using an infrared thermal camera. Then, tumor sizes were measured and recorded
every 2 days. Tumor volume was calculated using the following formula: V = a × b2/2,
where a and b mean the longest and shortest diameters, respectively. The relative volume
of the tumors was the ratio of the day’s volume to the initial volume. Photos of tumors in
all groups were taken every 2 days, and the tumors were removed and weighed on day 15
after the treatment.

4.13. Statistics

The differences between groups were studied using one-way ANOVA, and “p” value < 0.05
was considered as statistically significant. All analyses were conducted using GraphPad Prism
8.0.2 software.

4.14. In Vivo Biosafety Analysis

To evaluate the biosafety of CSH in vivo, weight monitoring, blood biochemistry
analysis, and H&E staining were conducted on Kunming mice. To monitor the body weight
change, CSH (50 µL, 20 mg CuS/mL) or PBS was subcutaneously injected into Kunming
mice (n = 5, respectively), and their body weights were recorded every two days until
the 15th day. For blood biochemistry analysis and H&E staining, Kunming mice were
subcutaneously injected with PBS (n = 5) or CSH (50 µL, 20 mg CuS/mL) (n = 15). Mice in
the hydrogel-injected group were dissected on the 1st, 7th, and 15th days (n = 5 every time),
and mice in the PBS group were dissected on the 15th day. After the mice were dissected,
their major organs (i.e., heart, lung, spleen, liver, and kidney) were removed and stained
with hematoxylin and eosin, and blood samples were collected. The blood samples were
centrifugated at 3000 rpm for 10 min to separate and collect the supernatant serum. Then,
the blood biochemistry biomarkers were analyzed, which included albumin (ALB), total
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bile acid (TBA), aspartate aminotransferase (AST), alanine aminotransferase (ALT), and
alkaline phosphatase (ALP) for liver function assessment, and uric acid (UA), urea nitrogen
(BUN), and serum creatinine (Cr) for kidney function evaluation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/gels8050319/s1, Figure S1: Photos of ACH stirred for
different times after mixing alginate solution and Ca2+ solution; Figure S2: Standing and oblique
photos of different concentrations of CSH taken on day 7 and day 14; Figure S3: The maximum in-
jectable concentration of CSH through various size of syringes and “TMU” written by them; Figure S4:
Rheological properties of ACH and CSH (20 mg CuS/mL); Figure S5: Curve of swelling ratio of
ACH in PBS (pH = 7.4); Figure S6: Degradation curve of ACH in PBS (pH = 7.4); Figure S7: Photos of
4T1 cells incubated with different concentrations of CSH or PBS for 24 h; Figure S8: Thermal images
and photothermal heating curves of CSH (20 mg CuS/mL) and PBS under 1064 nm laser irradiation
in vitro; Table S1: The stability of different concentrations of CSH.
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Abstract: This study concentrated on developing quercetin/cyclodextrin inclusion complex-loaded
polyvinyl alcohol (PVA) hydrogel for enhanced stability and solubility. Quercetin was encapsulated
in hydroxypropyl-β-cyclodextrin (HP-β-CD) by the solvent evaporation method. The prepared
quercetin/HP-β-CD inclusion complex showed 90.50 ± 1.84% encapsulation efficiency (%EE) and
4.67 ± 0.13% loading capacity (%LC), and its successful encapsulation was confirmed by FT-IR
and XRD. The quercetin/HP-β-CD inclusion complex was well dispersed in viscous solutions of
PVA in various amounts (0.5, 1.0, 1.5. 2.5, and 5.0% w/v ratio), and the drug-loaded polymer
solution was physically crosslinked by multiple freeze–thaw cycles to form the hydrogel. The
cumulative amount of quercetin released from the prepared hydrogels increased with increasing
concentrations of the inclusion complex. The introduction of the inclusion complex into the PVA
hydrogels had no influence on their swelling ratio, but gelation and compressive strength reduced
with increasing inclusion complex concentration. The potential cytotoxicity of quercetin/HP-β-CD
inclusion complex hydrogels was evaluated by MTT assay and expressed as % cell viability. The
results show biocompatibility toward NCTC 929 clone cells. The inhibitory efficacy was evaluated
with 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay, and the results show a
higher level of antioxidant activity for quercetin/HP-β-CD inclusion complex hydrogels compared
with free quercetin. The findings of our study indicate that the developed quercetin/HP-β-CD
inclusion complex hydrogels possess the required properties and can be proposed as a quercetin
delivery system for wound-healing applications.

Keywords: quercetin; cyclodextrin; polyvinyl alcohol; inclusion complex; hydrogel

1. Introduction

At some point, everyone will experience an injury that involves skin or body tissue
damage, and it is important to care for it properly. There are many wound care products
on the market, and several factors need to be considered when choosing an appropriate
dressing for each type of wound, including the color and depth of the wound, degree
of infection, amount of exudate, and condition of the peri-wound skin [1]. Normally, an
ideal dressing should have the following properties: it should maintain a moist environ-
ment, protect from bacterial invasion, accelerate the formation of epithelialization, provide
thermal insulation, and be easy to remove without debris after healing [2].

Today, wound dressings have been developed to facilitate biological functions, such
as antibacterial, antifungal, and antiviral functions, compared with traditional wound
dressings, which just cover wounds. Herbal drugs from medicinal plants are widely
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incorporated in wound dressing materials to improve the healing properties [3,4]. Quercetin
is an interesting component of the flavonoid family that is found in onions, apples, berries,
tea, and tomatoes [5,6]. In addition, it has physicochemical features and absorption ability,
is a source of dietary nutrition, and principally impacts inflammation and immunological
function. Research has shown that ingesting 50 to 800 mg of quercetin per day (quercetin
accounts for 75%) may have potential health advantages owing to its easy absorption in the
organs responsible for metabolism and elimination [7]. The antioxidant, anti-inflammatory,
antibacterial, antiviral, anticancer, antitoxic, and immunomodulatory effects of quercetin
prove that it has potential therapeutic value for wound healing.

However, the major problems that limit its biological activity for wound healing are
poor solubility, low bioavailability, and hydrophobicity, which means it generally dissolves
more readily in organic solution [8,9]. To overcome the disadvantages of quercetin, a
drug-delivery system can be used, for example, that forms an inclusion complex with host
molecules such as cyclodextrins (CDs), which is one of the most popular techniques [10].

Cyclodextrins, generated by the action of an enzyme on starch, are cyclic oligosac-
charides linked by α-1,4 glycosidic bonds that are normally composed of six (α-CD),
seven (β-CD), or eight (γ-CD) α-D-glucopyranose units. Because cyclodextrins enhance
hydrophobic–hydrophilic interactions between proteins and other molecules, they are
employed in the food processing industry to create reduced-cholesterol products and in-
crease the bioavailability of desired molecules [11]. In general, CDs have a cone-shaped
structure, with a hydrophilic outer surface and a hydrophobic inner cavity. Due to the
hydrophobic cavity, CDs can trap hydrophobic molecules to form host–guest complexes
for use in the pharmaceutical industry [12]. CDs are used to encapsulate odors and fla-
vors to avoid food discoloration and minimize off-flavors and can be applied in food
packaging [13]. In addition, CDs are used in many medical applications, such as wound
dressings. Inclusion complexes containing curcumin and hydroxypropyl–cyclodextrin
have been added to bacterial cellulose hydrogels to enhance wound healing [14]. However,
mainly hydroxypropyl-β-cyclodextrin (HP-β-CD) is employed as a complexing agent to
improve the water solubility and bioavailability of poorly soluble medicines and enhance
their stability [15].

Hydrogels are three-dimensional natural or synthetic polymers that contain more than
90% water. The polymer chains are crosslinked to form a network to maintain the hydrogel
structure, and the crosslinking process can be either physical or chemical. Hydrogels have a
hydrophilic porous structure that can absorb a certain amount of water depending on many
factors such as the pore size or the polymer type [16]. Hydrogels are popular for wound
dressing because of several benefits including the ability to maintain a moist environment
and absorb exudates, good biocompatibility, low adhesion to wound tissue, reduced
pressure and shear forces, protection from bacterial invasion, and thermal insulation [16,17].
Hydrogels also have the ability to cool and soothe the skin, which is helpful for pain relief
of burns or painful wounds [18]. Polyvinyl alcohol (PVA) is a biodegradable and water-
soluble hydrophilic polymer that is produced by hydrolyzing polyvinyl acetate (PVAc).
This polymer has good mechanical properties, excellent thermal stability, low toxicity, and
high gas barrier properties, so it is widely used in many applications, including biomedical,
food packaging, paper coating, and textile sizing and as a thickener and emulsion stabilizer,
or it can be blended with other polymers to increase the overall properties. PVA hydrogel
wound dressings can be produced by physical crosslinking through the cyclic freeze–thaw
process [19]. Due to the PVA structure, they can form H-bonding between −OH groups
during freezing, leading to crosslinking of their polymer chains (crystalline zone). However,
the freezing conditions, including temperature, time, and number of cycles, could affect the
degree of physical crosslinking or crystallinity of the obtained hydrogels. At lower freezing
temperature, there are greater interactions between PVA chains and more crystal formation.
Small water crystals are formed and sublimated at low freezing temperatures, resulting in
a porous structure [20], whereas more freeze–thaw cycles lead to further crystal formation
and a higher degree of physical crosslinking [21].
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The purpose of this work was to form an inclusion complex by encapsulating quercetin
into HP-β-CD to overcome its limitations and to develop new hydrogels incorporating the
inclusion complex to accelerate wound healing. Drug-loaded hydrogels were evaluated for
their physical properties in terms of gelation, swelling, and compression. The quercetin
released from the prepared hydrogels and the cytotoxic effects on an NCTC 929 clone cells
were also investigated regarding the biological abilities of the drug-loaded hydrogels.

2. Results and Discussion
2.1. Characterization of Quercetin/HP-β-CD Inclusion Complex

FTIR spectroscopy was used to investigate the successful encapsulation of quercetin
into HP-β-CD (Figure 1). The FTIR spectrum of quercetin (Figure 1a) showed –OH groups
stretching at 3395 and 3268 cm−1; C=O aryl ketone stretching at 1663 cm−1; C=C aromatic
ring stretching at 1605, 1560, and 1518 cm−1; and C–O aryl ether ring stretching, C–O
phenol stretching, and C–CO–C ketone stretching and bending at 1256, 1194, and 1164 cm−1,
respectively [22]. For HP-β-CD (Figure 1b), the characteristic broad peak of OH group
stretching was shown at 3344 cm−1; C–H stretching was detected at 2926 cm−1; and C-O-C
glucose unit stretching occurred at 1020 cm−1 [23]. The FTIR spectrum of the physical
mixture of the two (Figure 1c) showed characteristic peaks of quercetin, including C=O aryl
ketone stretching (1663 cm−1), C=C aromatic ring stretching (1609, 1560, and 1520 cm−1),
and C–CO–C ketone stretching and bending (1165 cm−1), as well as C–O–C glucose unit
stretching of HP-β-CD. When quercetin was encapsulated, its characteristic peaks seemed
to be masked (Figure 1d). The C=O aryl ketone stretching (1663 cm−1), C=C aromatic
ring stretching (1605, 1560, and 1518 cm−1), and C–CO–C ketone stretching and bending
(1164 cm−1) peaks of quercetin were absent in the inclusion complex, which may be because
the quercetin was entrapped in the HP-β-CD cavities [24]. Signals of the characteristic
bands of quercetin shifted from 3282 cm−1 to 3142 cm−1 O–H bending signals showing the
formation of quercetin/HP-β-CD inclusion complex [25].
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Figure 1. FTIR spectra of (a) quercetin, (b) HP-β-CD, (c) quercetin/HP-β-CD physical mixture, and 
(d) quercetin/HP-β-CD inclusion complex. 

Figure 1. FTIR spectra of (a) quercetin, (b) HP-β-CD, (c) quercetin/HP-β-CD physical mixture, and
(d) quercetin/HP-β-CD inclusion complex.

The XRD patterns provide further evidence of the successful encapsulation of quercetin
in HP-β-CD (Figure 2). Characteristic diffraction peaks (Figure 2a) indicated that quercetin
existed in a crystalline form, with peaks at three 2θ positions (10.66◦, 12.34◦, and 27.26◦) [26],
while HP-β-CD (Figure 2b) showed broad peaks of amorphous materials caused by random
X-ray scattering [27]. After the complexation of quercetin and HP-β-CD, there were no
noticeable crystalline peaks of quercetin in the inclusion complex (Figure 2d) because the
CD cavities hindered its crystalline structure, unlike the physical mixture, which showed
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crystalline and amorphous behavior (Figure 2c) of quercetin and HP-β-CD, respectively.
These results suggest that quercetin was successfully encapsulated into HP-β-CD cavities,
leading to the loss of characteristic peaks. Similarly, Zhu et al. encapsulated l-menthol,
which is crystalline (2θ = 8.0◦, 14.0◦, 20.5◦, and 21.6◦), into amorphous HP-β-CD and
observed no sharp peaks of l-menthol [28]. This result agrees with Kim et al., who re-
ported similar XRD patterns of some selective flavonoids in hydroxypropyl-β-cyclodextrin
inclusion complexes, which was indicative of the amorphous nature of the complex [29].
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The morphologies of quercetin, HP-β-CD, and quercetin/HP-β-CD physical mix-
ture and inclusion complex were observed at different magnifications on SEM (Figure 3).
Quercetin (Figure 3a) presented a strip-like structure with a smooth surface [30], while
HP-β-CD (Figure 3b) appeared as rough spheres [31]. In the physical mixture (Figure 3c),
both quercetin and HP-β-CD kept their own structure, with particles of HP-β-CD em-
bedded with quercetin particles [32]. On the other hand, the morphology and shape of
quercetin/HP-β-CD inclusion complex obtained from the solvent evaporation method
were completely different from those of the original product (Figure 3d). Our results were
consistent with Pradhan et al. [33] in that the morphology of Berberis anthocyanin-loaded
CD inclusion complex revealed the rod shape. The encapsulation of quercetin with CD
demonstrated the electrostatic and hydrogel bond interactions between quercetin and CD.

2.2. Encapsulation Efficiency and Loading Capacity of Quercetin in the Inclusion Complex

Cyclodextrins are nontoxic cyclic oligosaccharides consisting of α1,4-glycosidic bonds.
CDs are distinguished by hydrophilic surfaces and hydrophobic cavities. The cavities
are suitable for inclusion complexes with hydrophobic drugs (quercetins) to improve the
aqueous solubility and yield Van der Waals and hydrophobic forces [34,35]. Quercetin/HP-
β-CD inclusion complex was formed with optimum loading and encapsulation efficacy,
achieved at a mass ratio of HP-β-CD to quercetin of 4.35:1. Loading capacity (LC) is
the ratio of mass of encapsulated compound to mass of the polymer (Equation (1)), and
encapsulation efficacy (EE%) refers to the ratio of the mass of the encapsulated compounds
to the total mass of the compounds (Equation (2)). Encapsulation is considered to be
an excellent carrier of compounds when LC id ≥ 5%, and %EE in the range of 70–100%
indicates excellent encapsulation capacity.
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The absorbance of ~1 mg/mL inclusion complex in DMSO was 0.68917 ± 0.01715,
which can be calculated back to the concentration of quercetin using the predetermined
calibration curve (R2 = 0.99758). The estimated total quercetin content in the inclusion
complex was 0.4554 ± 0.0089 g.

The %EE and %LC of quercetin were quantified with UV-Vis spectrophotometry at a
wavelength of 379 nm and calculated using Equations (1) and (2), respectively. The %EE
of the obtained quercetin/HP-β-CD inclusion complex was 90.50 ± 1.84%, and the %LC
was 4.67 ± 0.13%. The %LC of the inclusion complex seemed to be quite low but was not.
The molecular weight of HP-β-CD was greater than that of quercetin by around 4.6 times.
We also used the excess molar ratio of HP-β-CD to prepare the inclusion complex. That
explains why when we calculated %LC, which compares the drug in the complexation
(or inclusion complex) in terms of weight, the molar ratio seemed to be low. This was
similar to the results of Hadian et al., who prepared four formulations of geraniol/β-CD
inclusion complexes by varying the mole ratio of GR:β-CD (0.44:0.13, 0.44:0.2, 0.44:0.4,
and 0.44:1), and showed that %LC gradually decreased with increasing mole ratio (by
7.8 ± 0.70, 6.9 ± 0.1 6.6 ± 0.28 and 6.5 ± 0.6, respectively) [36].

2.3. Gelation of PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex

The gelation of neat and all prepared drug-loaded hydrogels in PBS (pH = 7.4) at 37 ◦C
for 24 h was calculated using Equation (3). The experiments were repeat five times, and
values were averaged. The gelation of neat PVA hydrogel was 97.40 ± 0.62%, while the
gelation of drug-loaded hydrogels ranged from 74.52 ± 0.86% to 94.36 ± 0.80%, as shown
in Table 1.

Table 1. Gelation value and mass content of PVA hydrogels containing various amounts of
quercetin/HP-β-CD inclusion complex. Data shown as mean ± standard deviation (n = 5). IC
as quercetin/HP-β-CD inclusion complex.

Sample Gelation (%)
Mass Content (%)

IC PVA

PVAIC0 97.40 ± 0.62 0.00 100.00

PVAIC0.5 94.36 ± 0.80 4.67 95.24

PVAIC1.0 92.29 ± 0.71 9.09 90.91

PVAIC1.5 89.88 ± 0.83 13.04 86.96
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Table 1. Cont.

Sample Gelation (%)
Mass Content (%)

IC PVA

PVAIC2.5 85.59 ± 0.95 20.00 80.00

PVAIC5.0 74.52 ± 0.86 33.33 66.67

The percent gelation of drug-loaded hydrogel clearly gradually decreased with in-
creasing inclusion complex content in the hydrogels. The reduction in hydrogel weight may
have occurred for the following reasons. The first is that hydrogel swells when immersed
in PBS, leading to a loose structure, so the quercetin can dissolve and be released out of the
hydrogels [20]. The second reason is that when loading the quercetin/HP-β-CD inclusion
complex into the hydrogels, the inclusion complex may disrupt the crosslink formation
of the hydrogel, so some PVA that did not participate in crystallite formation could have
dissolved into the solution [21].

2.4. Swelling Ratio of PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex

The swelling ratio of neat and drug-loaded hydrogels in PBS (pH = 7.4) at 37 ◦C at 10,
30, 60, 180, and 360 min was calculated using Equation (4). The experiment was repeated
three times at each release time point, and values were averaged. The results show that
the swelling ratio of hydrogels with various drug amounts was slightly higher than that
of neat PVA hydrogel, but there was not much difference (Figure 4). After the first 60 min
of the experiment, the swelling ratio of all hydrogels dramatically increased to around
4.3%, then gradually increased to around 5.8% at 180 min and became relatively stable at
around 6.4% after immersion in PBS for 360 min. The incorporation of quercetin/HP-β-CD
inclusion complex into the PVA hydrogels had no effect on the swelling ratio, which may
be caused by the similar conditions of the freeze–thaw process that we used to prepare the
hydrogels. Therefore, the number and temperature of freezing–thawing cycles could be
the most important factors controlling the swelling ratio of hydrogels. We can also add
other polymers or materials, such as gelatin or chitosan, to increase the swellability of
PVA hydrogels [20].
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Figure 4. Swelling ratios of PVA hydrogels containing 0% (PVAIC0), 0.5% (PVAIC0.5), 1.0% 
(PVAIC1.0), 1.5% (PVAIC1.5), 2.5% (PVAIC2.5), and 5.0% (PVAIC5.0) quercetin/HP-β-CD inclusion 
complex. Data shown as mean ± standard deviation (n = 3). 

Figure 4. Swelling ratios of PVA hydrogels containing 0% (PVAIC0), 0.5% (PVAIC0.5), 1.0%
(PVAIC1.0), 1.5% (PVAIC1.5), 2.5% (PVAIC2.5), and 5.0% (PVAIC5.0) quercetin/HP-β-CD inclu-
sion complex. Data shown as mean ± standard deviation (n = 3).

2.5. Mechanical Test of PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex

The compressive strength of neat and all prepared drug-loaded hydrogels was tested,
and the experiment was repeated seven times to obtain average values. The stiffness and
compressive modulus of neat PVA hydrogel were 27,318 ± 831 N/m and 1.19 ± 0.07 MPa,
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respectively, while the values for drug-loaded hydrogels were 19,520 ± 1066 to
26,199 ± 1275 N/m and 0.88 ± 0.04 to 1.12 ± 0.08 MPa, respectively (Table 2). As the
amount of inclusion complex in the hydrogels increased, stiffness and compressive mod-
ulus seemed to gradually decrease. This may have resulted from the molecules of the
inclusion complex being distributed in the PVA structure, leading to a lower crystalline
zone [20] and decreased crosslink density of the PVA hydrogel [37], so it was not able to
withstand the compressive force compared with lower drug content hydrogels. Water con-
tent is another factor that can affect the mechanical properties of hydrogels because when
the water in hydrogel evaporates, the hydrogel becomes stronger, so it will have stronger
resistance against compressive force than softer or lower-water-content hydrogels [38].
Qing et al. prepared PVA hydrogel dressings that incorporated N-succinyl chitosan (NSCS)
and lincomycin, and the results revealed that the introduction of 10% NSCS reduced the
compression strength of pure PVA hydrogel from 0.33 to 0.25 MPa because NSCS increases
the distance between PVA chains and weakens the molecular interaction force. However,
when they further increased NSCS content, hydrogel bonding occurred, and the hydrogel
became stronger, leading to enhanced compression strength (0.75 MPa). As NSCS content
was further increased to 40 and 50%, the compression strength in turn decreased due to the
low crosslinking density resulting from the decreased gel fraction [39].

Table 2. Mechanical test of PVA hydrogels containing various amounts of quercetin/HP-β-CD
inclusion complex. Data shown as mean ± standard deviation (n = 7).

Sample Stiffness (N/m) Compressive Modulus
(MPa)

PVAIC0 27,318 ± 831 1.19 ± 0.07

PVAIC0.5 26,199 ± 1275 1.12 ± 0.08

PVAIC1.0 24,878 ± 758 1.09 ± 0.10

PVAIC1.5 24,011 ± 941 0.99 ± 0.06

PVAIC2.5 21,817 ± 1001 0.92 ± 0.04

PVAIC5.0 19,520 ± 1066 0.88 ± 0.04

2.6. In Vitro PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex Dissolution and
Release Kinetics Study

The characteristics of quercetin release from the prepared hydrogels were investi-
gated using the total immersion method over a period of 48 h in PBS (pH = 7.4) and
incubated at 37 ◦C under continuous stirring. The cumulative release of quercetin from all
hydrogels was calculated using Equation (5) and reported in parts per million. As shown
in Figure 5, the cumulative amount of quercetin released from the hydrogels increased
rapidly with increasing immersion time for the first 5 or 8 h of the experiment, then grad-
ually increased and reached a plateau. After a period of 48 h, the cumulative quercetin
quantities released from the quercetin/HP-β-CD inclusion complex PVA hydrogels were
81.66 ± 17.42, 142.07 ± 30.43, 167.64 ± 23.30, 211.74 ± 27.78, and 286.10 ± 27.71 ppm for
PVAIC0.5, PVAIC1.0, PVAIC1.5, PVAIC2.5, and PVAIC5.0, respectively. The greatest cu-
mulative amounts of CIP released were observed when the quercetin concentration of
PVAIC5.0 was used, and therefore, it can be concluded that when a greater concentration
of quercetin is introduced to the nanoparticles, the drug release will increase. In the USA,
the mean quercetin intake was approximately 14.90 to 16.39 mg per day [40]. Thus, the
release characteristics of quercetin for the PVAIC5.0 hydrogels (close to 28.6 mg/100 g of
sample) was found to be about 1.9-times higher than the oral solution of the quercetin
intake per day.
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Figure 5. Release profiles of quercetin from PVA hydrogels containing 0.5% (PVAIC0.5), 1.0% 
(PVAIC1.0), 1.5% (PVAIC1.5), 2.5% (PVAIC2.5), and 5.0% (PVAIC5.0) of quercetin/HP-β-CD inclu-
sion complex. Data shown as mean ± standard deviation (n = 3). 
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Figure 5. Release profiles of quercetin from PVA hydrogels containing 0.5% (PVAIC0.5), 1.0%
(PVAIC1.0), 1.5% (PVAIC1.5), 2.5% (PVAIC2.5), and 5.0% (PVAIC5.0) of quercetin/HP-β-CD in-
clusion complex. Data shown as mean ± standard deviation (n = 3).

The drug-release kinetics of quercetin from PVA hydrogels loaded with quercetin/HP-
β-CD inclusion complex were fitted with Zero-order and Korsmeyer–Peppas models to
reveal the kinetics of drug release. Release constant (k) and release exponent (n) were calcu-
lated to identify the release mechanism, and the fitted model parameters and correlation
coefficients (r2) for the release profiles are given in Table 3. An r2 coefficient of determi-
nation over 0.95 was considered to reflect the goodness of fit of the release model [41].
The release data from PVA hydrogels loaded with quercetin/HP-β-CD inclusion complex
fit with the Korsmeyer–Peppas model. The release exponent (n) values can be used to
indicate the release rate mechanism. The PVAIC0.5, PVAIC1.0, PVAIC1.5, PVAIC2.5, and
PVAIC5.0 hydrogels had n values of 1.31, 0.77, 0.68, 0.58, and 0.77, respectively. The n
values between 0.89 and 1 indicate that the release of quercetin from PVAIC1.0 to PVAIC5.0
were controlled by the mechanism of anomalous (non-Fickian) diffusion. The diffusion
exponent for PVAIC0.5 is in the range of 0.89 and 1, which denotes the case II transport
mechanism (zero-order kinetics).

Table 3. Modeling results of quercetin released from PVA hydrogels loaded with quercetin/HP-β-CD
inclusion complex fitting with Zero-order and Korsmeyer–Peppas models.

Sample

Release Kinetic Models

Zero-Order Korsmeyer–Peppas

k r2 n r2

PVAIC0.5 0.78 0.7953 1.31 0.995

PVAIC1.0 0.67 0.9127 0.77 0.9671

PVAIC1.5 1.10 0.844 0.68 0.9526

PVAIC2.5 1.49 0.7033 0.58 0.9748

PVAIC5.0 2.31 0.6468 0.77 0.9535

2.7. In Vitro Antioxidant Activity: DPPH-Radical Scavenging Ability Assay

The encapsulation of quercetin within cyclodextrin increases the antioxidant activity
compared with free molecules [42]. The antioxidant activity of quercetin/HP-β-CD inclu-
sion complex is widely used in 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
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assay in comparison with free counterparts and the results were shown in Figure 6. A
concentration of 120 µg/mL quercetin/HP-β-CD inclusion complex was determined to
have 74.80% DPPH inhibition compared with free quercetin, with 61.23% of inhibition, and
ascorbic acid with 74.80%. HP-β-CD inclusion complex showed significant antioxidant
activity compared with quercetin alone (Figure 6) in a dose-dependent manner. The re-
sults indicate that HP-β-CD inclusion complex is associated with the sustained release of
quercetin and increases the stability of incorporated bioactive compounds such as quercetin,
significantly improving its antioxidant activity [43].
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DPPH assay. Values expressed as mean ± standard deviation (n = 5).

2.8. Cytotoxicity Evaluation

The indirect cytotoxicity evaluation of all samples toward NCTC 929 clone cells
investigated the potential use of drug loaded PVA hydrogels as wound dressing material.
Figure 7 shows the viability of cells obtained from MTT assay after being cultured with
various concentrations of media extracted from neat PVA hydrogel as blank PVA, and
PVA hydrogels loaded with quercetin/HP-β-CD inclusion complex (PVAIC0.5, PVAIC1.0,
PVAIC1.5, PVAIC2.5, and PVAIC5.0) compared with that obtained after cells were cultured
with fresh SFM. According to the in vitro cytotoxicity standard, a reduction of cell viability
by more than 30% is considered a cytotoxic effect [44]. The viability of NCTC 929 clone cells
with all extraction medium concentrations, i.e., neat PVA, PVAIC0.5, PVAIC1.0, PVAIC1.5,
PVAIC2.5, and PVAIC5.0, were 92.7–96.3, 76.8–88.2, 80.0–97.5, 74.7–92.9, 87.6–96.8, and
78.3–85.3%, respectively. Cell viability was higher than 70% in all prepared hydrogels
loaded with quercetin/HP-β-CD inclusion complex. Therefore, all hydrogels loaded with
quercetin/HP-β-CD inclusion complex with extraction medium concentrations of 0.5, 5,
10, 25, and 50 mg/mL had cell viability of more than 70%, indicating that these conditions
were non-cytotoxic, and the hydrogels have potential in wound dressing applications.
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3. Conclusions

We successfully prepared PVA hydrogels containing quercetin/HP-β-CD inclusion
complex that achieved efficient drug loading and effective encapsulation. The quercetin/HP-
β-CD inclusion complex was prepared with an excess molar ratio of HP-β-CD via the
solvent evaporation method. The successful encapsulation of quercetin in HP-β-CD was
confirmed by FT-IR and XRD, in which characteristic peaks of quercetin could not be
observed after encapsulation due to the hindering of CD cavities. As observed on SEM,
the quercetin/HP-β-CD inclusion complex demonstrated rod-shaped particles. The pre-
pared quercetin/HP-β-CD inclusion complex had 90.50 ± 1.84% encapsulation efficiency
and 4.67 ± 0.13% loading capacity. It was incorporated into PVA hydrogels in various
amounts (0, 0.5, 1.0, 1.5, 2.5, and 5.0% MIC/Vsolvent ratio). The hydrogels were evaluated for
their potential use as wound dressing in terms of gelation, swelling, compression, release
characteristics, antioxidant properties, and in vitro non-cytotoxicity. The incorporation of
quercetin/HP-β-CD inclusion complex into PVA hydrogels had no effect on the swelling
ratio of the hydrogels. The gelation and compressive strength of hydrogels decreased with
increasing inclusion complex content, whereas the cumulative release of quercetin from
hydrogels increased with higher amounts of inclusion complex.

Hydrogels loaded with quercetin/HP-β-CD inclusion complex investigated for their
cytotoxicity in vitro by MTT assay were shown to be nontoxic toward mouse fibroblast
NCTC 929 clone cells at the test concentrations. The results showed significantly in-
creased antioxidant properties of quercetin/HP-β-CD inclusion complex compared with
free quercetin. These findings suggest that the use of quercetin/HP-β-CD inclusion com-
plex ensures non-cytotoxicity and potential antioxidant activity. Hence, hydrogel with
quercetin/HP-β-CD inclusion complex is an attractive candidate for the encapsulation of
bioactive compounds for biomedical applications.

4. Materials and Methods
4.1. Materials

Quercetin hydrate (C15H10O7·xH2O, Mw 302.24, >96% purity) and hydroxypropyl-
β-cyclodextrin (HP-β-CD, Mw ~1380–1500, >99.0% purity) were purchased from Tokyo
Chemical Industry (Portland, OR, USA). Polyvinyl alcohol (PVA; Mw 89,000–98,000, 99+%
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hydrolyzed) was purchased from Sigma Aldrich (Saint Louis, MO, USA). Methanol (MeOH;
HPLC grade) and dimethyl sulfoxide (DMSO; AR grade) were purchased from RCI Labscan
(Bangkok, Thailand).

4.2. Formation of Quercetin/HP-β-CD Inclusion Complex

Lyophilized formulations of quercetin/HP-β-CD inclusion complex were prepared by
freeze-drying using the neutralization method [45]. Freeze-drying is an excellent method
for preserving a wide variety of heat-sensitive materials such as proteins, microbes, phar-
maceutical agents, tissues, and plasma [46]. The molar ratio of quercetin to HP-β-CD,
following Lan et al., was 1:4.35 [24]. First, 10 g of HP-β-CD was dissolved in 50 mL distilled
water, and 0.5 g of quercetin was dissolved in 70 mL MeOH at 60 ◦C to obtain a homo-
geneous solution. Then, both solutions were mixed and refluxed at 65 ◦C overnight. The
solution was stirred continuously at room temperature for 5 h for complete encapsulation.
Next, MeOH was removed by heating the solution at 75 ◦C for 2 h. The solution was
freeze-dried after being filtered (0.45 µm) and frozen at −20 ◦C. Finally, quercetin/HP-β-
CD inclusion complex was obtained after freeze-drying at −50 ◦C for 48 h. The resulting
lyophilized quercetin/HP-β-CD inclusion complex powder was stored in airtight contain-
ers and protected from light until use. Freeze-dried drug–cyclodextrin complexes were
used for hydrogel preparation.

4.3. Characterization of Quercetin/HP-β-CD Inclusion Complex

Fourier-transform infrared spectrometry (FT-IR; Nicolet iS5 with iD7, Thermo Sci-
entific, Waltham, MA, USA) was performed to reveal the chemical structure and group
interaction of inclusion complex and analyzed in ATR mode with a framework region of 650
to 4000 cm−1 with 64 scans at resolution of 4 cm−1. Samples were prepared as KBr pellets.

The crystalline structure of quercetin/HP-β-CD inclusion complex was examined by
X-ray diffractometry (XRD; SmartLab, Rigaku, Japan) with diffraction angle of 2θ ranging
from 5 to 50◦ at a scanning rate of 0.02◦/s.

A scanning electron microscope (SEM; JEOL, JSM-6610LV, Japan) was used to observe
the morphology of quercetin/HP-β-CD inclusion complex with 15 kV accelerating voltage
and magnification of 5000, 1000, and 500 times after the samples were vacuum-coated with
a fine layer of gold.

4.4. Determination of Encapsulation Efficiency and Loading Capacity of Quercetin/HP-β-CD
Inclusion Complex

The drug-loading process was carried out through a diffusional mechanism, and
the encapsulation efficiency (%EE) was used to illustrate the quantity of added drug
encapsulated in the formulation. The amount of encapsulated quercetin was determined
using a direct method [18] and recorded on a calibration curve at 379 nm.

Briefly, 20 mg of quercetin/HP-β-CD inclusion complex was dissolved in 20 mL
DMSO. The amount of quercetin was quantified using a UV-Vis spectrophotometer at a
wavelength that provided the maximum absorbance (379 nm), and the concentration
was back-calculated from the predetermined quercetin calibration curve. Encapsula-
tion efficiency (%EE) and loading capacity (%LC) were calculated from the following
equations [47]:

EE (%) =
WEntrapped Quercetin

WQuercetin loaded
× 100 (1)

LC (%) =
WEntrapped Quercetin

WSample
× 100 (2)

4.5. Preparation of Quercetin/HP-β-CD Inclusion Complex-Loaded Hydrogels

Quercetin/HP-β-CD inclusion complex was loaded into 10% w/v PVA hydrogels.
Briefly, 2 g of PVA was slowly dissolved in 20 mL distilled water at 80–100 ◦C for 40 min.
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Then, an accurate weight of quercetin/HP-β-CD inclusion complex was added to PVA
solutions at concentrations of 0, 0.5, 1.0, 1.5, 2.5, and 5.0% w/v, which were labeled as
conditions PVAIC0, PVAIC0.5, PVAIC1.0, PVAIC1.5, PVAIC2.5, and PVAIC5.0, respectively.
Then, the solutions were stirred continuously for 20 min to obtain homogeneous solutions
with uniform distribution. The homogeneous solutions were then sonicated in an 80 ◦C
ultrasonic bath to remove air bubbles. Then, the viscous solutions were poured into 90 mm
Petri dishes and covered with aluminum foil. The drug-loaded PVA hydrogels were
physically crosslinked by repeated freeze–thaw cycles, with freezing at −20 ◦C for 20 h
then thawing at room temperature for 4 h [48]. This freeze–thaw process was repeated
for 4 cycles to obtain quercetin/HP-β-CD inclusion complex-loaded hydrogels. The Petri
dishes containing prepared hydrogels were then sealed with parafilm and kept in the
refrigerator.

4.6. Gelation of PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex

To investigate the gel fractions of the hydrogels used in the study, it was first necessary
to ensure that the samples had achieved a constant weight. The prepared hydrogels were
cut into 0.5 cm radius round and then dried in an oven at 50 ◦C for 48 h to obtain the dry
weight (Wdry). After that, the dried hydrogels were submerged in phosphate-buffered
saline (PBS, pH = 7.4) at 37 ◦C for 24 h with agitation (100 rpm) and then were dried again
at 50 ◦C for 48 h to obtain the hydrogel weight after extraction (Wafter extraction):

Gelation (%) =
Wafter extraction

Wdry
× 100 (3)

4.7. Swelling Ratio of PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex

The swelling ratio was measured by taking the dried hydrogel (mdry) and the wet
mass (mwet) of the hydrogel after immersion in a solution for a specified time [49]. First,
each hydrogel was cut into circles of 0.5 cm radius that were then immersed in 5 mL of
phosphate-buffered saline (PBS, pH = 7.4) at 37 ◦C with agitation (100 rpm) for 10, 30, 60,
180, and 360 min. Finally, the swelling ratio of the hydrogels was calculated using the
following equation:

Swelling ratio (%) =
mwet − mdry

mdry
× 100 (4)

4.8. Mechanical Test of PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex

To observe the effect of loading the drug into the hydrogel on its mechanical properties,
compression testing was performed. The hydrogels were cut into circles of 0.5 cm radius
in all experiments. The compressive strength of neat PVA hydrogel and drug-loaded
hydrogels was measured with a universal testing machine (LRX-Plus, AMETEK Lloyd
Instruments Ltd., Hampshire, UK) in terms of stiffness and compressive modulus. The
loading cell was set at a 500 N, with 0.05 N preload and 1 mm/min speed, and the
measurement was stopped when the load reached 10 N [50].

4.9. In Vitro PVA Hydrogels Loaded with Quercetin/HP-β-CD Inclusion Complex Dissolution and
Release Kinetics Study

The cumulative amount of released quercetin/HP-β-CD from hydrogels was measured
using an immersion method according to Chuysinuan et al. [51] with minor modifications.
The disc-shaped specimens (2.8 cm in diameter) were immersed in phosphate-buffered
saline (PBS, pH = 7.4) and incubated at 37 ◦C under continuous stirring. The sample
solution (1 mL) was withdrawn at specific time intervals, and an equal amount of fresh
release medium was added. The absorbance of released quercetin was measured with a UV-
Vis spectrophotometer (LAMBDA 850+, PerkinElmer, Waltham, MA, USA) at a wavelength
of 370 nm. The obtained data were back calculated from the predetermined quercetin
calibration curve (R2 = 0.9944) to determine the amounts of quercetin released from the
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hydrogel samples. The cumulative release of quercetin from each hydrogel at different time
points (with measurement carried out in triplicate at each time point) was reported as parts
per million of the amounts of quercetin released (WQuercetin released) divided by the weight
of hydrogels (Whydrogel):

Cumulative release (%) =
WQuercetin released

Whydrogel
× 106 (5)

A release kinetics study was used to ascertain the release mechanism, and the quercetin
release data were fitted to Korsmeyer–Peppas and zero-order models. The first 60% of the
drug release data was used to fit the models.

The Korsmeyer–Peppas model is a simple model that describes drug release from
polymer nanoparticle systems [52,53]:

Mt/M∞ = ktn

where Mt/M∞ is the quercetin release fraction at time t, k is a constant incorporating
geometric structural features, and n is the release exponent indicating the release rate
mechanism. The value of n indicates the mechanism of the release; a value around 0.45 in-
dicates case I (Fickian) diffusion, between 0.45 and 0.89 indicates anomalous (non-Fickian)
diffusion, and between 0.89 and 1 indicates case II transport (zero-order kinetics).

A zero-order kinetic model is used to describe drugs that are released slowly with a
constant concentration and can be characterized as ideal kinetic model in that it maintains
constant drug levels during the delivery process [54,55]:

Mt/M∞ = kt

where Mt/M∞ is the quercetin release fraction at time t, with zero-order rate constant, and
t is investigation time.

4.10. In Vitro Antioxidant Characterization

The antioxidant activity of free quercetin and quercetin/HP-β-CD inclusion complex
was evaluated using 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay
following [3]. First, quercetin and quercetin/HP-β-CD in various concentrations (15, 30,
60, and 120 µg/mL) were dissolved in methanol. Then, the samples (1 mL) were mixed
with 3 mL DPPH solution (0.1 mM in methanol). The mixture was incubated for 30 min in
the dark. Finally, the absorbance of the reaction mixture was measured using a microplate
reader at 517 nm. Radical scavenging activity (%) was calculated using the following
equation. Ascorbic acid was used as a standard and all analyses were performed in
triplicate:

DPPH radical scavenging activity (%) =
(Absorbance of control − Absorbance of tested sample)

Absorbance of control
× 100 (6)

4.11. Cytotoxicity Evaluation

While CDs are chosen for pharmaceutical formulations to increase the solubility,
bioavailability, and stability of many medications, their structure and cytotoxic capability
are crucial for more effective drug delivery [56]. To evaluate the potential biomedical appli-
cations of PVA hydrogels loaded with various amounts of quercetin/HP-β-CD inclusion
complex, their biocompatibility in terms of indirect cytotoxicity toward NCTC 929 clone
cells (ATCC-CCL-1, Rockville, MD, USA (17th passage) was evaluated in accordance with
the ISO10993-5 standard test method [57]. First, cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM (1×); GIBCO, Waltham, MA, USA) containing 10% fetal bovine
serum (FBS; GIBCO, USA) and 1% antibiotic–antimycotic agent (GIBCO, Waltham, MA,
USA). Then, the cells were seeded into 96-well tissue-culture polystyrene (TCPS) plates (SPL
Lifescience, Pochon, Korea) at 8000 cells/well and then incubated at 37 ◦C in a humidified
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atmosphere containing 95% air and 5% CO2. Next, the hydrogel samples were sterilized
by exposure to UV radiation for 30 min/side and were immersed in serum-free medium
(SFM, containing DMEM and 1% antibiotic–antimycotic agent) in a 96-well TCPS plate. The
samples were incubated for 24 h to produce sample extraction at five ratios of extraction
medium (0.5, 5, 10, 25, and 50 mg/mL). NCTC 929 clone cells were cultured separately in
culture medium in wells of TCPS plates at 8000 cells/well for 24 h to allow cells to attach
to the well surface. After that, the medium was replaced with an extraction medium, and
mouse fibroblast L929 cells were incubated for a further 24 h.

The viability of cells cultured in each extraction medium was determined with 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After treatment,
the medium was removed, and the samples were washed with PBS; then, MTT solution
(0.5 mg/mL) was added, and samples were incubated for 3 h. After that, the MTT solution
was removed from the well and replaced by DMSO (Labscan, Bangkok, Thailand) to
dissolve the formazan crystals. Finally, the absorbance of the solutions was measured at
570 nm using a microplate reader (BioTek Instruments, Winooski, VT, USA) to investigate
cell viability. The viability of cells cultured with fresh SFM was used as a control.
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TCPS Tissue-culture polystyrene
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Abstract: Thermosensitive hydrogel scaffolds have attracted particular attention in three-dimensional
(3D) cell culture. It is very necessary to develop a type of thermosensitive hydrogel material with
low shrinkage, and excellent biocompatibility and biodegradability. Here, five types of thermosen-
sitive microgels with different volume phase transition temperature (VPTT) or particle sizes were
first synthesized using 2-methyl-2-propenoic acid-2-(2-methoxyethoxy) ethyl ester (MEO2MA) and
oligoethylene glycol methyl ether methacrylate (OEGMA) as thermosensitive monomers by free
radical polymerization. Their VPTT and particle sizes were investigated by a nanometer particle size
meter and an ultraviolet spectrophotometer. The feasibility of using these P(OEGMA-co-MEO2MA)
microgels to construct thermosensitive hydrogel by means of the thermal induction method is dis-
cussed for the first time. The prepared thermosensitive hydrogel with the optimum performance
was screened for in situ embedding and three-dimensional (3D) culture of MCF-7 breast cancer
cells. The experimental results of AO/EB and MTT methods indicate that the pioneering scaffold
material has prominent biocompatibility, and cells grow rapidly in the 3D scaffold and maintain high
proliferative capacity. At the same time, there is also a tendency to aggregate to form multicellular
spheres. Therefore, this original P(OEGMA-co-MEO2MA) thermosensitive hydrogel can serve as
a highly biocompatible and easily functionalized 3D cell culture platform with great potential in the
biomedical area.

Keywords: thermosensitive; hydrogel; P(OEGMA-co-MEO2MA); microgel; scaffold; 3D culture

1. Introduction

In recent years, the use of tissue engineering technology for in vitro three-dimensional
(3D) cell culture to construct 3D cell models for tumor research, drug screening, and tissue
repair has aroused great interest in biomedical researchers and clinical workers [1–3].
Among them, scaffold materials play a key role. As the carrier of seed cells and bioactive
growth factors, scaffold materials can provide a favorable microenvironment for cell growth,
reproduction, metabolism, and other physiological activities, and induce cells to form a 3D
model [4–7]. Therefore, an excellent scaffold material should have a 3D porous network
structure to facilitate cell insertion and transport of nutrients and metabolic waste. At the
same time, it should have ideal biocompatibility, degradability and mechanical strength
matching the properties of the extracellular matrix.

Hydrogel is a kind of soft material with a 3D network structure, formed through
various physical or chemical crosslinking methods [8–11]. Hydrogels have extremely
similar physical properties to extracellular matrices, which have been widely used as
scaffold materials for 3D cell culture [12–14]. Among them, thermosensitive polymers-
based hydrogel scaffolds have attracted particular attention [15–17]. Thermosensitive
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polymers generally appear liquid at room temperature, and can be evenly mixed with
cells, drugs, growth factors, etc. When the temperature rises to its low critical dissolution
temperature (LCST), or volume phase transition temperature (VPTT), and appropriate
ions are present, the thermosensitive polymer undergoes in situ gelation to form injectable
3D hydrogels. Thus, it can nondestructively embed cells in situ and promote further
cell growth. By cooling it to liquefy it, cells, or complex cell aggregates, can also be
easily released.

Poly(N-isopropylacrylamide) (PNIPAM) is the most studied thermosensitive material
with LCST or VPTT of 32 ◦C, and is often used as a scaffold material [18–20]. For instance,
Ekerdt and colleagues successfully constructed a type of thermosensitive hyaluronic acid
(HA)-PNIPAM brush polymer through thiol-ene click chemistry, which could mix with
human embryonic stem cells (hESCs), or human induced pluripotent stem cells (hiPSCs), at
4 ◦C, and gel rapidly to form a hydrogel in situ at 37 ◦C [21]. After five days of culture, cells
were able to grow rapidly and aggregate to form regular multicellular spheroids, while
maintaining cell pluripotency after multiple passages. Moreover, this type of hydrogel was
able to release the cells after cooling, liquefaction and centrifugation [22]. Liang et al. also
synthesized a type of dendritic thermosensitive polymer from PNIPAM, dimeric glycerol,
and polyethylene glycol (PEG). This polymer could also be used as a scaffolding material
for the culture of hiPSCs, which were similarly able to release cells after simple cooling,
liquefaction and centrifugation [23].

To further adjust and improve the properties of formed thermosensitive hydrogel,
spherical thermosensitive polymers, namely microgels, were also used for the fabrication of
hydrogel scaffolds. Microgels are spherical hydrogel nanoparticles with particle sizes from
10 nm to a few microns, which have the advantages of simple preparation, fast response
and easy modification and are of considerable interest in the biomedical field [24–27].
Gan et al. successfully constructed this type of thermosensitive hydrogel scaffold using
PNIPAM-based thermosensitive microgels for the first time. The hydrogel thus formed has
an interconnected porous structure, which is highly conducive to the transport of oxygen,
nutrients and cellular metabolites. Human embryonic kidney (HEK) 293T cells could be
encapsulated in this hydrogel and grew well [28]. We also used PNIPAM-based microgels
as scaffold materials to encapsulate aggregates of Human hepatocellular carcinomas HepG2
cells, in which multicellular spheroids of HepG2 cells could be quickly obtained [29]. In
addition, Shen et al. also used the more hydrophilic NIPAM and acrylamide (AAm)
copolymer microgels as scaffold materials for the culture of mouse melanoma cells [30]. It
was found that the cells gradually grew in a single dispersed state. The larger the particle
size of the microgels used, the better the activity of the cells. The Dai group also used
PNIPAM-based microgels with a small negative charge and a small positive charge as cell
scaffolds to study the culture and behavior of mouse embryonic mesenchymal stem cells
(MSCS), respectively [31,32].

Despite the numerous advantages of PNIPAM thermosensitive polymers, the ther-
mosensitive hydrogels formed from them suffer from a certain degree of shrinkage over
time, which severely limits cell growth and activity. Although it is possible to reduce the
shrinkage of the hydrogels by introducing acrylic acid (AA) with negative charge [33],
blending PEG [29,34] and adjusting the particle size of the microgels [35], the effect is still
not satisfactory. In addition, PNIPAM polymers are toxic to some extent and difficult to
degrade. Therefore, it is an urgent problem to find a type of thermosensitive gel material
with low shrinkage, and excellent biocompatibility and biodegradability. In recent years,
novel thermosensitive polymers based on oligo(ethylene glycol) methacrylate (OEGMA)
and 2-(2-methoxyethoxy) ethyl acrylate (MEO2MA) have aroused great interest from re-
searchers because of their excellent biocompatibility and biodegradability [36,37]. OEGMA
and MEO2MA are two types of PEG-based macromolecular monomers with similar struc-
tures, in which the LCST of POEGMA homopolymer is about 90 ◦C and often acts as
a hydrophilic chain segment, while PMEO2MA homopolymer has an LCST of about 19 ◦C
and often acts as a hydrophobic chain segment. The copolymers formed from them also
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have outstanding thermosensitive behavior. The LCST or VPTT could vary from 19 to 90 ◦C
by simply adjusting the relative proportions of OEGMA and MEO2MA in the polymeriza-
tion process. Several studies have reported using these novel thermosensitive polymers for
the culture of various types of cells. For instance, Anderson et al. prepared a brush-like
P(OEGMA-co-MEO2MA) thermosensitive polymer by adjusting the ratio of OEGMA and
MEO2MA. It was used as a matrix material to study the effect on adhesion and morphology
of L-929 mouse fibroblasts [38,39]. It was found that the combination of thermosensitive
polymers with a smaller relative proportion of hydrophilic OEGMA was more favorable
for cell growth and adhesion. In addition, Bakaic et al. [40] constructed an injectable hy-
drogel scaffold with temperature and pH dual responsiveness using chemical crosslinking
between neutral or charged aldehyde functionalized POEGMA copolymers and hydrazide
functionalized POEGMA copolymer precursors. They found that the charged hydrogel
was more supportive of the two-dimensional (2D) cell adhesive of 3T3 mouse fibroblasts
and the 3D stabilization and proliferative of ARPE-19 human retinal epithelial cells.

In this manuscript, we discuss the feasibility of using P(OEGMA-co-MEO2MA) spher-
ical microgels to construct thermosensitive hydrogel 3D cell scaffolds for the first time.
We first used OEGMA and MEO2MA to prepare a series of P(OEGMA-co-MEO2MA) mi-
crogels with different VPTT and sizes through free radical polymerization. Then, novel
P(OEGMA-co-MEO2MA) microgels-based thermosensitive hydrogels were prepared by
the thermal induction method under conditions of heating and the presence of salts. MCF-7
human breast cancer cells were used as the model cells for in-situ embedding and 3D
co-culture in this novel thermosensitive hydrogel. To the best of our knowledge, there are
no reports related to P(OEGMA-co-MEO2MA)-based microgels as scaffolds for 3D cell cul-
ture. Therefore, our study may provide new ideas for the development of thermosensitive
hydrogel scaffolds.

2. Results and Discussion
2.1. The Synthesis of P(OEGMA-co-MEO2MA) Thermosensitive Microgels

In this work, to investigate the influence of the properties of microgels on subsequent
hydrogel formation, five types of P(OEGMA-co-MEO2MA) microgel samples, with different
thermosensitivities or sizes, were synthesized by a free radical polymerization reaction [26].

As shown in Table 1, we first synthesized M1-M3 samples through changing the mass
ratio of thermosensitive monomers OEGMA and MEO2MA. We measured the particle sizes
of microgel aqueous solutions at different temperatures using a nanometer particle size
meter. It can be seen from Figure 1A that the particle sizes of all the three P(OEGMA-co-
MEO2MA) microgels decreased gradually with increase in temperature, which indicated
that all of them had great thermosensitivity, similar to linear and branched P(OEGMA-
co-MEO2MA) polymers. At lower temperatures, due to the strong hydrogen bonding of
oxygen atoms in the microgel, the microgel particle has strong hydrophilicity and high
water content, so the particle size is larger, which is manifested as volume swelling. When
the temperature gradually increases, the hydrogen bond is gradually destroyed, and the
microgel gradually shows strong hydrophobic effect derived from alkyl groups, so the
internal water content decreases, the volume shrinks, and the particle size decreases. The
temperature at which the slope of the curve changes the most is defined as the VPTT.
As shown in the figure, the VPTT of M1, M2, and M3 were about 21 ◦C, 2 ◦C, and 2 ◦C,
respectively, which means that with the increase of the relative proportion of OEGMA in the
monomers, the final microgel has a higher VPTT. This is because, compared with MEO2MA,
OEGMA has more ether oxygen bonds in the molecular structure, which can form more
hydrogen bonds with water molecules; so, the more OEGMA content, the stronger the
hydrophilicity of the formed P(OEGMA-co-MEO2MA) microgel. In addition, we found
that the sizes of M3 were larger than others at most temperatures, which may also be due to
the higher content of OEGMA increasing the hydrophilicity and swelling of this microgel.
This is in agreement with what was reported in the literature [41].
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Table 1. The feeding amount of each sample during the preparation process.

Sample n (MEO2MA):
n (OEGMA)

m/ g

MEO2MA OEGMA SDS BIS KPS

M1 95% : 3% 2.5002 0.1259 0.0284 0.0431 0.0812
M2 90% : 8% 2.3664 0.3368 0.0284 0.0431 0.0812
M3 85% : 13% 2.2371 0.5462 0.0284 0.0431 0.0812
M4 85% : 13% 2.2371 0.5462 0.0284 0.0431 0.0812
M5 85% : 13% 2.2371 0.5462 0.0284 0.0431 0.0812
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In order to further study the thermosensitivity of the above prepared P(OEGMA-
co-MEO2MA) microgels, we used phosphate buffer solution (PBS) to configure a certain
concentrated dilute solution of microgel samples, and measured the change of absorbance
at different temperatures by using an UV-Vis spectrophotometer. As shown in Figure 1B,
when the temperature was lower, the absorbance of all the three microgel solutions was
basically the same, but when the temperature exceeded a certain higher critical value, it
mutated suddenly. The reason for this phenomenon is that with increase of temperature,
hydrophilic microgels gradually become hydrophobic. When a critical temperature is
reached, microgels gather together to form small aggregates, resulting in increased light
refraction, thus decreasing light transmittance and increasing absorbance. Actually, the
critical temperature is the VPTT. Similarly, we found that the VPTT of three samples was
21 ◦C, 23 ◦C and 27 ◦C, respectively. With increase of the relative proportion of OEGMA,
the VPTTs of the samples M1, M2, M3 increased gradually, which was consistent with
previous results.

In addition, the effect of the dosage of surfactant sodium dodecyl sulfate (SDS) on
P(OEGMA-co-MEO2MA) microgel properties was also investigated. We synthesized mi-
crogel samples M4 and M5, and compared them with sample M3. The SDS dosages in their
synthesis processes were reduced (Table 1). We first also measured the particle sizes of
microgel solutions at different temperatures. As shown in Figure 2A, the particle sizes of
M4 and M5 also decreased gradually with increase of temperature, which indicated the
presence of excellent thermosensitivity. From M3, M4 to M5, with reduction of the SDS
dosages, the sizes of the obtained microgels increased at measured temperatures, especially
at lower temperatures. For instance, at 15 ◦C, the sizes of M3, M4 and M5 were 273.3 nm,
363.5 nm, and 406.7 nm, respectively. Moreover, we found that all these three types of micro-
gel samples had the same VPTT, around 27 ◦C. The results of absorbance measurements at
different temperatures, shown in Figure 2B, also indicates that the VPTT remains constant
regardless of the SDS dosage. These phenomena indicated that with the decrease of SDS
dosage, the relative particle size of the microgel generally increased, but the VPTT remained
basically unchanged. This is because SDS in the reaction process does not directly partici-
pate in the polymerization reaction, but plays the role of stabilizing the parent particles of
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microgel by forming micelles. So, the SDS dosage will not affect the thermosensitivities and
VPTTs of obtained microgels. The lower the SDS content, the larger the size of the micelle
formed from the SDS, so the size of the final P(OEGMA-co-MEO2MA) microgel particle
is larger.
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In summary, three types of thermosensitive P(OEGMA-co-MEO2MA) microgels, with
different VPTTs, were synthesized by free radical emulsion polymerization through change
in the mass ratio of OEGMA and MEO2MA. With increase of the content of OEGMA, the
VPTT of the obtained microgels also increased. In addition, two types of thermosensitive
P(OEGMA-co-MEO2MA) microgels, with different sizes and the same VPTT, were also
synthesized by polymerization through change of the SDS dosage. With the decrease of the
dosages of SDS, the sizes of the obtained microgels increased.

2.2. The Preparation of P(OEGMA-co-MEO2MA) Thermosensitive Microgels-Based Hydrogel

Next, we studied the feasibility of using P(OEGMA-co-MEO2MA) microgels to con-
struct thermosensitive hydrogels through the thermal induction method. Referring to our
previously reported method [29], we configured the PBS solutions of microgel samples with
a concentration of 3.0 wt%, and placed them at 37 ◦C, which was higher than their VPTT.
Then, we observed the formation of hydrogels by the inverted method and photographed
the changes of these hydrogels.

As shown in Figure 3, after maintaining for 10 min at 37 ◦C, all three types of
P(OEGMA-co-MEO2MA) microgels could gel and form white hydrogels. This result
was consistent with that of the traditional PNIPAM thermosensitive polymer. When the
temperature was higher than their VPTT, the microgels, in their hydrophobic contraction
state, would aggregate under the synergistic influence of hydrophobicity and the shielding
effect of ions from PBS, thus forming hydrogel macroscopically. The gelation times were
about 5 min to 10 min. Meanwhile, we found that the hydrogels formed from M1 and M2
showed obvious shrinkage after 2 h, and the shrinkage degree increased with time. After
48 h, the volume of the hydrogels formed from M1 and M2 was less than 1/2 of the initial
value. This phenomenon of volume shrinkage has been reported several times regarding
traditional PNIPAMs and other thermosensitive hydrogels, because of the dehydration of
thermosensitive materials at higher temperature [19,20]. As an ideal scaffold material, the
volume contraction should be avoided as far as possible in order to maintain sufficient cell
growth space and ensure the circulation of nutrients and metabolic waste [4,6].

Encouragingly, we found that the volume change of the hydrogel formed by the
prepared sample M3 with a higher VPTT was less than 5% and no significant shrinkage
was observed. So, we also observed and recorded the formation of hydrogels from M4
and M5 microgels with the same VPTT and larger sizes. It can be seen from Figure 4 that
the hydrogels formed from M4 and M5 also showed obvious shrinkage after 2 h, and the
shrinkage degree increased with time, which was hardly surprising.
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different times.

We further investigated the quantitative relation between the volume shrinkage degree
Vt/V0 of the hydrogel (the ratio of the volume of the formed hydrogel at a certain time
point to the initial volume) and time (Figure 5). We found that the hydrogels formed from
M1 or M2 contracted rapidly in the first 8 h, when the volume was less than half of the
initial volume. After 48 h, the volumes of the samples were about 20% and 30% of the
initial volume, respectively. The shrinkage degree was very large. However, the volume
of hydrogel formed from M3 still had a volume of more than 98% of the initial volume
after 48 h without significant shrinkage. We speculated that the reason why the hydrogel
formed by M3 did not shrink significantly may be related to its containing longer OEGMA
chain fragments with excellent hydrophilic properties, which could hinder the shrinkage
of the hydrogel. In our previous report [29,34], we found that adding a small amount of
PEG to the prepared PNIPAM microgel significantly reduced the shrinkage of the resulting
hydrogel. Due to the presence of a large number of PEG fragments in OEGMA, we thought
that OEGMA may have a similar effect to PEG in reducing hydrogel shrinkage.

We also compared the change of Vt/V0 of the hydrogels formed from M3, M4, and M5
microgels. It was shown that, as the size of P(OEGMA-co-MEO2MA) microgel increased,
the shrinkage of hydrogel also increased. For instance, after 48 h, the volume of the
hydrogel samples formed from M3, M4, and M5 were about 98%, 19% and 17% of the
initial volume, respectively. We think the reason was that the larger the particle size of the
microgel particles with the same VPTT, the higher the water content. Therefore, when at
a certain temperature higher than their VPTT, the shrinkage degree of microgels is greater,
resulting in more solvents being extruded from the microgels, which would also cause
more volume shrinkage of the macroscopic hydrogels.
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These results indicated that, by adjusting the thermosensitivity (VPTT) and particle
size of these synthesized P(OEGMA-co-MEO2MA) microgels, the properties of the obtained
thermosensitive hydrogels can be adjusted, especially volume shrinkage. We also found
that the obtained P(OEGMA-co-MEO2MA) thermosensitive hydrogels showed a small
shrinkage degree only by controlling the synthesis conditions of P(OEGMA-co-MEO2MA)
microgels; while for the commonly used PNIPAM hydrogels, complex operations, such as
physical blending or copolymerization, were required to achieve the same effect. There-
fore, the P(OEGMA-co-MEO2MA) thermosensitive hydrogel showed better application
prospects in the biomedical field. In following work, we will continue to conduct in-depth
studies on P(OEGMA-co-MEO2MA) microgel- based hydrogels, especially the gelation
mechanism, gelation conditions and rheological behavior.

2.3. P(OEGMA-co-MEO2MA) Thermosensitive Hydrogels for 3D Cell Culture

A hydrogel without shrinkage is more suitable for cell embedding and 3D growth.
Therefore, we selected microgel sample M3 as the scaffold material for subsequent 3D cell
culture. A type of tumor cell, MCF-7 human breast cancer cell, was chosen as the model cell
to explore the feasibility of using this hydrogel to construct a 3D cell model [29,30,33–35].
After a certain concentration of microgel dispersion, cells were evenly mixed at room
temperature, and then transferred to 48-well culture plates and placed in a cell incubator
at 37 ◦C for culturing. About 1 h later, a stable hydrogel was formed and the cells were
encapsulated in situ in it. Part of the DMEM cell culture medium was added to continue
this culture process.

Firstly, we investigated the viability of cells in the P(OEGMA-co-MEO2MA) hydrogel
scaffold using MTT assay. As shown in Figure 6, the absorbance values measured by the
MTT method increased significantly in the first two days of cell culture, which may be
related to a rapid increase in the number of living cells in this hydrogel scaffold. This result
also indirectly reflected the favorable biocompatibility of this hydrogel scaffold material.
The increase of cell viability slowed down after the third day, which may be related to the
accumulation of metabolic waste, and the reduction of nutrients and relative living space
caused by the increase in the number of cells.

We further observed the growth and morphology of cells in P(OEGMA-co-MEO2MA)
thermosensitive hydrogel scaffolds by AO/EB staining, as shown in Figure 7. On the day of
cell embedding (day 0), we found that dispersed MCF-7 cells did not adhere to the hydrogel
scaffold, but grew uniformly in a single spherical shape in the scaffold. It is well known
that cells can only stick to surfaces that are hydrophobic enough, so this cell behavior in the
scaffold may be caused by the hydrophilic environment inside the scaffold. After 1 day
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of culture, some smaller cell clusters could be observed, which may have formed by cell
division or cell aggregation. As the culture time was further extended, cells grew faster and
the number of cells increased, and most of them showed a green color in the observed field
of view, indicating that the cells were still alive and the hydrogel scaffold could maintain
the cell growth. When cultured for 7 days, we observed that most of the cells were able to
form small multicellular spheres, which may be due to interaction between cells in adjacent
cell clusters as the cells continued to spread and grow within the hydrogel scaffold, thus
aggregating to form multicellular spheres. Therefore, we can speculate that this type of
thermosensitive P(OEGMA-co-MEO2MA) hydrogel scaffold can be used to construct tumor
multicellular sphere models and may have wide application prospects in drug screening
and tumor research. Besides, based on our previous research experience [29], this type of
hydrogel scaffold should also be able to be used for 3D culture of many other types of cells,
which may extend its range of applications.
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3. Conclusions

Here, by using MEO2MA and OEGMA, having excellent biocompatibility and biodegrad-
ability as monomers, we synthesized five types of P(OEGMA-co-MEO2MA) thermosensi-
tive microgel samples with different VPTTs or particle sizes by free radical polymerization.
Their VPTTs and particle sizes were investigated by means of a nanometer particle size
meter and ultraviolet spectrophotometer. With increase of the content of OEGMA, the
VPTT of the obtained microgels increased. With decrease of the dosage of SDS, the sizes of
the obtained microgels increased. All the types of prepared microgels could aggregate to
form 3D hydrogels by thermal induction. All these hydrogels still showed characteristic
shrinkage of thermosensitive hydrogels. However, we found that with the increase of
the VPTT, or the decrease of the particle size, the less obvious the contraction. Among
them, the volume of hydrogel formed from M3 still had a volume of more than 98% of the
initial volume after 48 h without significant shrinkage. These hydrogels could be used as
a scaffold for 3D culture of MCF-7 model cells and showed excellent biocompatibility. Cells
can grow in this scaffold and tend to form multicellular sphere models. This is a simple
method for the preparation of thermosensitive hydrogel 3D cell scaffolds, which shows
enormous application prospects in the biomedical field, such as tumor research, drug
screening, and tissue engineering.

4. Materials and Methods
4.1. Materials

Oligo(ethylene glycol) methacrylate (OEGMA, Mn = 300), 2-(2-methoxyethoxy) ethyl
acrylate (MEO2MA), N,N′-methylene diacrylamide (BIS), sodium dodecyl sulfate (SDS),
were obtained from Tianjin Heowns Biochemical Technology Co, LTD; potassium persulfate
(KPS) was obtained from Tianjin Damao Reagent Factory; Phosphate buffer (PBS), DMEM
medium, fetal bovine serum, streptomycin mixture, trypsin, thiazole blue (MTT), acridine
orange (AO), ethidium bromide (EB) were obtained from Wuhan Rutgers Biotechnology
Co; MCF-7 breast cancer cells were purchased from the Stem Cell Bank of the Chinese
Academy of Sciences.

4.2. Synthesis and Characterization of P(OEGMA-co-MEO2MA) Thermosensitive Microgel

In this manuscript, we first used MEO2MA and OEGMA as polymerization monomers,
BIS as crosslinker, SDS as surfactant, and KPS as initiator to generate P(OEGMA-co-MEO2MA)
thermosensitive microgels by free radical polymerization at 70 ◦C [26] (Scheme 1). The content
of BIS was 2%, the mass of KPS were 0.0812 g, respectively. Three types of microgel samples
M1, M2 and M3 were synthesized by changing the molar ratios of MEO2MA and OEGMA
as 95 : 3, 90 : 8, and 85 : 13, respectively. In contrast to the synthesis of M3, another two
types of microgel samples, M4 and M5, were synthesized by reducing the SDS dosage,
while keeping the other substances constant. The detail feeding amount of each sample is
in Table 1.
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for 1 h, KPS (dissolved in 5 mL of deionized water) was added to initiate polymerization
under magnetic stirring. After 5 h, the reaction was terminated and transferred to a dialysis
belt and dialysis for 7 days. Then, the sample was freeze-dried and preserved.

In order to test the thermosensitivities of these samples, the changes of particle size
and absorbance (turbidity) with temperature were measured by a nanometer particle size
meter and an ultraviolet spectrophotometer, respectively.

4.3. Preparation and Characterization of P(OEGMA-co-MEO2MA) Microgels-Based
Thermosensitive Hydrogel

The thermosensitive P(OEGMA-co-MEO2MA) hydrogels were prepared through the
thermal induction method [29].

A certain amount of P(OEGMA-co-MEO2MA) microgel samples were weighed and
dissolved in phosphate buffered saline (PBS) to obtain a final solution with mass fraction of
3.0 wt%. Then, they were placed in a physiological temperature environment, which was
higher than their VPTTs. The formation process of thermosensitive hydrogel from microgels
and its stability and shrinkage were observed by the inverted method and recorded by
camera. The gelation time was defined as the time point at which the inverted hydrogel no
longer flowed visually.

To quantitatively analyze the shrinkage degree of the obtained hydrogels, we calcu-
lated the ratio of the volume of the obtained hydrogel at certain time point (Vt) to the
initial volume (V0) by measuring with a ruler. The thermosensitive hydrogel sample with
minimum shrinkage was screened out for the next cell experiments.

4.4. P(OEGMA-co-MEO2MA) Thermosensitive Hydrogels for 3D Cell Culture
4.4.1. Cell Culture

The model cells used in this experiment were human breast cancer cells (MCF-7), which
were cultured in a cell culture incubator using DMEM medium. The main components
of the culture medium were 90% DMEM high glucose medium, 10% fetal bovine serum,
and 100 unit/mL penicillin/streptomycin double antibodies. The culture temperature was
37 ◦C and the carbon dioxide concentration was 5%.

4.4.2. Cells Embedded and Cultured in Hydrogel Scaffold

A certain concentration of P(OEGMA-co-MEO2MA) microgel solution was prepared
and mixed well with an equal volume of the uniform cell suspension to form a mixed
solution, in which the cell concentration was about 1 × 105 cells/mL and the microgel
concentration was 3.0 wt%. To a 48-well culture plate, 0.5 mL of the above cell/gel mixture
was added and placed in a cell culture incubator. With increasing temperature, the solution
gelled gradually. After the morphology of the gel in the culture plate was fixed, 0.5 mL of
the culture solution was added to each well and recorded as day 0. The culture solution was
changed regularly to ensure a nutritious environment for cell growth. The whole process is
shown in Scheme 2.
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Scheme 2. The preparation of the P(OEGMA-co-MEO2MA) thermosensitive hydrogel scaffold.

4.4.3. Cell Viability (MTT Assay)

MTT assay was used to detect the viability of cells in the scaffolds. From day 0 of cell
culture, three wells were selected each day and 100.0 µL of MTT solution was added to the
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wells. After continuing to incubate for 4 h, the gel pieces were removed, and 10.0 mL of
DMSO was added. Then, the mixture was shaken for 10 min in the dark to dissolve the
formed formazan. The absorbance of the solution at 490 nm was measured using a UV-Vis
spectrophotometer, and the MTT curve of cells was plotted.

4.4.4. Cell Activity and Morphology (AO/EB Staining)

From day 0 of cell culture, three wells were selected out after culturing for certain
days, and one drop of AO/EB double staining solution was added to the selected wells.
After further incubation for 1h, the cells were removed, and the morphology and growth
state of the cells in the scaffold were observed by an inverted fluorescence microscope.

Author Contributions: Conceptualization, Y.L.; methodology, Y.-N.L., P.Z., W.-F.Y., C.-Y.Z. and Y.-
L.Y.; validation, Y.L., Y.-N.L. and Y.-L.Y.; formal analysis, Y.-N.L., P.Z., W.-F.Y., C.-Y.Z. and Y.-L.Y.;
investigation, P.Z., W.-F.Y. and C.-Y.Z.; resources, Y.L.; writing—original draft preparation, Y.-N.L.,
P.Z., W.-F.Y., C.-Y.Z. and Y.-L.Y.; writing—review and editing, Y.L., Y.-N.L. and Y.-L.Y.; visualization,
Y.-N.L., P.Z., W.-F.Y., C.-Y.Z. and Y.-L.Y.; supervision, Y.L.; project administration, Y.L.; funding
acquisition, Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Hunan Province (No. 2021JJ30597),
Scientific Research Projects of Health Commission of Hunan Province (No. 202113022002), and
Hengyang Guided Science and Technology Project (No. 2020jh042809).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khademhosseini, A.; Langer, R. A decade of progress in tissue engineering. Nat. Protoc. 2016, 11, 1775–1781. [CrossRef] [PubMed]
2. Esdaille, C.J.; Washington, K.S.; Laurencin, C.T. Regenerative engineering: A review of recent advances and future directions.

Regen. Med. 2021, 16, 495–512. [CrossRef] [PubMed]
3. Atala, A.; Kasper, F.K.; Mikos, A.G. Engineering complex tissues. Sci. Transl. Med. 2012, 4, 160rv12. [CrossRef] [PubMed]
4. Gaharwar, A.K.; Singh, I.; Khademhosseini, A. Engineered biomaterials for in situ tissue regeneration. Nat. Rev. Mater. 2020, 5,

686–705. [CrossRef]
5. Reddy, M.S.B.; Ponnamma, D.; Choudhary, R.; Sadasivuni, K.K. A comparative review of natural and synthetic biopolymer

composite scaffolds. Polymers 2021, 13, 1105. [CrossRef]
6. Koons, G.L.; Diba, M.; Mikos, A.G. Materials design for bone-tissue engineering. Nat. Rev. Mater. 2020, 5, 584–603. [CrossRef]
7. Ebhodaghe, S.O. Natural polymeric scaffolds for tissue engineering applications. J. Biomater. Sci. Polym. Ed. 2021, 32,

2144–2194. [CrossRef]
8. Bashir, S.; Hina, M.; Iqbal, J.; Rajpar, A.H.; Mujtaba, M.A.; Alghamdi, N.A.; Wageh, S.; Ramesh, K.; Ramesh, S. Fundamental

concepts of hydrogels: Synthesis, properties, and their applications. Polymers 2020, 12, 2702. [CrossRef]
9. Jian, X.; Feng, X.; Luo, Y.; Li, F.; Tan, J.; Yin, Y.; Liu, Y. Development, preparation, and biomedical applications of DNA-based

hydrogels. Front. Bioeng. Biotechnol. 2021, 9, 661409. [CrossRef]
10. Ahmed, E.M. Hydrogel: Preparation, characterization, and applications: A review. J. Adv. Res. 2015, 6, 105–121. [CrossRef]
11. Feng, X.; Luo, Y.; Li, F.; Jian, X.; Liu, Y. Development of natural-drugs-based low-molecular-weight supramolecular gels. Gels

2021, 7, 105. [CrossRef] [PubMed]
12. Spicer, C.D. Hydrogel scaffolds for tissue engineering: The importance of polymer choice. Polym. Chem. 2020, 11, 184–219. [CrossRef]
13. Portnov, T.; Shulimzon, T.R.; Zilberman, M. Injectable hydrogel-based scaffolds for tissue engineering applications.

Rev. Chem. Eng. 2017, 33, 91–107. [CrossRef]
14. Radulescu, D.-M.; Neacsu, I.A.; Grumezescu, A.-M.; Andronescu, E. New insights of scaffolds based on hydrogels in tissue

engineering. Polymers 2022, 14, 799. [CrossRef] [PubMed]
15. Zhang, Y.; Yu, J.-K.; Ren, K.; Zuo, J.; Ding, J.; Chen, X. Thermosensitive hydrogels as scaffolds for cartilage tissue engineering.

Biomacromolecules 2019, 20, 1478–1492. [CrossRef]
16. Suntornnond, R.; An, J.; Chua, C.K. Bioprinting of thermoresponsive hydrogels for next generation tissue engineering: A review.

Macromol. Mater. Eng. 2017, 302, 1600266. [CrossRef]
17. Doberenz, F.; Zeng, K.; Willems, C.; Zhang, K.; Groth, T. Thermoresponsive polymers and their biomedical application in tissue

engineering–A review. J. Mater. Chem. B 2020, 8, 607–628. [CrossRef]

177



Gels 2022, 8, 313

18. Dou, Q.Q.; Liow, S.S.; Ye, E.Y.; Lakshminarayanan, R.; Loh, X.J. Biodegradable thermogelling polymers: Working towards clinical
applications. Adv. Healthc. Mater. 2014, 3, 977. [CrossRef]

19. Nagase, K.; Yamato, M.; Kanazawa, H.; Okano, T. Poly(N-isopropylacrylamide)-based thermoresponsive surfaces provide new
types of biomedical applications. Biomaterials 2018, 153, 27–48. [CrossRef]

20. Tang, L.; Wang, L.; Yang, X.; Feng, Y.; Li, Y.; Feng, W. Poly(N-isopropylacrylamide)-based smart hydrogels: Design, properties
and applications. Prog. Mater. Sci. 2020, 115, 100702. [CrossRef]

21. Ekerdt, B.; Fuentes, C.M.; Lei, Y.; Adil, M.M.; Ramasubramanian, A.; Segalman, R.A.; Schaffer, D.V. Thermoreversible hyaluronic
acid-PNIPAAm hydrogel systems for 3D stem cell culture. Adv. Health Mater. 2018, 7, e1800225. [CrossRef] [PubMed]

22. Kim, G.; Jung, Y.; Cho, K.; Lee, H.J.; Koh, W.-G. Thermoresponsive poly(N-isopropylacrylamide) hydrogel substrates micropat-
terned with poly(ethylene glycol) hydrogel for adipose mesenchymal stem cell spheroid formation and retrieval. Mater. Sci.
Eng. C 2020, 115, 111128. [CrossRef] [PubMed]

23. Liang, W.; Bhatia, S.; Reisbeck, F.; Zhong, Y.; Singh, A.K.; Li, W.; Haag, R. Thermoresponsive hydrogels as microniches for growth
and controlled release of induced pluripotent stem cells. Adv. Funct. Mater. 2021, 31, 2010630. [CrossRef]

24. Li, F.; Luo, Y.; Feng, X.; Guo, Y.; Zhou, Y.; He, D.; Xie, Z.; Zhang, H.; Liu, Y. Two-dimensional colloidal crystal of soft microgel
spheres: Development, preparation and applications. Colloids Surfaces B Biointerfaces 2022, 212, 112358. [CrossRef] [PubMed]

25. Liu, Y.; Guan, Y.; Zhang, Y. Facile assembly of 3D binary colloidal crystals from soft microgel spheres. Macromol. Rapid Commun.
2014, 35, 630–634. [CrossRef] [PubMed]

26. Guan, Y.; Zhang, Y.J. PNIPAM microgels for biomedical applications: From dispersed particles to 3D assemblies. Soft Matter 2011,
7, 6375–6384. [CrossRef]

27. Gan, T.; Zhang, Y.; Guan, Y. In situ gelation of P(NIPAM-HEMA) microgel dispersion and its applications as injectable 3D cell
scaffold. Biomacromolecules 2009, 10, 1410–1415. [CrossRef]

28. Liu, Y.; Guan, Y.; Zhang, Y. Chitosan as inter-cellular linker to accelerate multicellular spheroid generation in hydrogel scaffold.
Polymer 2015, 77, 366–376. [CrossRef]

29. Shen, J.; Ye, T.; Chang, A.; Wu, W.; Zhou, S. A colloidal supra-structure of responsive microgels as a potential cell scaffold.
Soft Matter 2012, 8, 12034–12042. [CrossRef]

30. Shen, Z.; Bi, J.; Shi, B.; Nguyen, D.; Xian, C.J.; Zhang, H.; Dai, S. Exploring thermal reversible hydrogels for stem cell expansion in
three-dimensions. Soft Matter 2012, 8, 7250–7257. [CrossRef]

31. Shen, Z.; Mellati, A.; Bi, J.; Zhang, H.; Dai, S. A thermally responsive cationic nanogel-based platform for three-dimensional cell
culture and recovery. RSC Adv. 2014, 4, 29146–29156. [CrossRef]

32. Gan, T.; Guan, Y.; Zhang, Y. Thermogelable PNIPAM microgel dispersion as 3D cell scaffold: Effect of syneresis. J. Mater. Chem.
2010, 20, 5937–5944. [CrossRef]

33. Cheng, D.; Wu, Y.; Guan, Y.; Zhang, Y. Tuning properties of injectable hydrogel scaffold by PEG blending. Polymer 2012, 53,
5124–5131. [CrossRef]

34. Gu, J.; Zhao, Y.; Guan, Y.; Zhang, Y. Effect of particle size in a colloidal hydrogel scaffold for 3D cell culture. Colloids Surfaces
B Biointerfaces 2015, 136, 1139–1147. [CrossRef]

35. Vancoillie, G.; Frank, D.; Hoogenboom, R. Thermoresponsive poly(oligo ethylene glycol acrylates). Prog. Polym. Sci. 2014, 39,
1074–1095. [CrossRef]

36. Badi, N. Non-linear PEG-based thermoresponsive polymer systems. Prog. Polym. Sci. 2016, 66, 54–79. [CrossRef]
37. Anderson, C.R.; Abecunas, C.; Warrener, M.; Laschewsky, A.; Wischerhoff, E. Effects of methacrylate-based thermoresponsive

polymer brush composition on fibroblast adhesion and morphology. Cell. Mol. Bioeng. 2016, 10, 75–88. [CrossRef]
38. Anderson, C.R.; Gambinossi, F.; DiLillo, K.M.; Laschewsky, A.; Wischerhoff, E.; Ferri, J.K.; Sefcik, L.S. Tuning reversible cell

adhesion to methacrylate-based thermoresponsive polymers: Effects of composition on substrate hydrophobicity and cellular
responses. J. Biomed. Mater. Res. Part A 2017, 105, 2416–2428. [CrossRef]

39. Bakaic, E.; Smeets, N.M.; Badv, M.; Dodd, M.; Barrigar, O.; Siebers, E.; Lawlor, M.; Sheardown, H.; Hoare, T. Injectable and
degradable poly(oligoethylene glycol methacrylate) hydrogels with tunable charge densities as adhesive peptide-free cell scaffolds.
ACS Biomater. Sci. Eng. 2017, 4, 3713–3725. [CrossRef]

40. Tatry, M.-C.; Galanopoulo, P.; Waldmann, L.; Lapeyre, V.; Garrigue, P.; Schmitt, V.; Ravaine, V. Pickering emulsions stabilized
by thermoresponsive oligo(ethylene glycol)-based microgels: Effect of temperature-sensitivity on emulsion stability. J. Colloid
Interface Sci. 2020, 589, 96–109. [CrossRef]

41. Keerl, M.; Pedersen, J.S.; Richtering, W. Temperature sensitive copolymer microgels with nanophase separated structure. J. Am.
Chem. Soc. 2009, 131, 3093–3097. [CrossRef] [PubMed]

178



 gels

Article

Typical Fluorescent Sensors Exploiting Molecularly Imprinted
Hydrogels for Environmentally and Medicinally Important
Analytes Detection

Lihua Zou 1,†, Rong Ding 2,†, Xiaolei Li 2, Haohan Miao 3, Jingjing Xu 1,2,* and Guoqing Pan 3,*

Citation: Zou, L.; Ding, R.; Li, X.;

Miao, H.; Xu, J.; Pan, G. Typical

Fluorescent Sensors Exploiting

Molecularly Imprinted Hydrogels for

Environmentally and Medicinally

Important Analytes Detection. Gels

2021, 7, 67. https://doi.org/

10.3390/gels7020067

Academic Editor: Kiat Hwa Chan

Received: 6 May 2021

Accepted: 4 June 2021

Published: 8 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Center for Molecular Recognition and Biosensing, School of Life Sciences, Shanghai University,
Shanghai 200444, China; 18201738579@163.com

2 Sino-European School of Technology of Shanghai University, Shanghai University, Shanghai 200444, China;
Rongding_2021@163.com (R.D.); xiaolei_li2020@163.com (X.L.)

3 Institute for Advanced Materials, School of Materials Science and Engineering, Jiangsu University,
Zhenjiang 212013, China; haohan_miao@163.com

* Correspondence: jingjing_xu@shu.edu.cn (J.X.); panguoqing@ujs.edu.cn (G.P.)
† These authors contributed equally to this work.

Abstract: In this work, two typical fluorescent sensors were generated by exploiting molecularly
imprinted polymeric hydrogels (MIPGs) for zearalenone (ZON) and glucuronic acid (GA) detection,
via the analyte’s self-fluorescence property and receptor’s fluorescence effect, respectively. Though
significant advances have been achieved on MIPG-fluorescent sensors endowed with superior
stability over natural receptor-sensors, there is an increasing demand for developing sensing devices
with cost-effective, easy-to-use, portable advantages in terms of commercialization. Zooming in
on the commercial potential of MIPG-fluorescent sensors, the MIPG_ZON is synthesized using
zearalanone (an analogue of ZON) as template, which exhibits good detection performance even in
corn samples with a limit of detection of 1.6 µM. In parallel, fluorescein-incorporated MIPG_GA is
obtained and directly used for cancer cell imaging, with significant specificity and selectivity. Last
but not least, our consolidated application results unfold new opportunities for MIPG-fluorescent
sensors for environmentally and medicinally important analytes detection.

Keywords: molecularly imprinted polymeric hydrogels; synthetic receptors; zearalenone; glucuronic
acid; fluorescent sensors

1. Introduction

Due to the tight correlation between human health and environmental pollution
that results in various diseases, environmental monitoring of pollutants and biomedical
diagnosis of biomarkers are global concerns [1,2]. Hence, there is an increasing demand for
developing sensors for the selective detection of various targets, such as abused pesticides
and overproduced mycotoxins in food samples [3–6], as well as biomarkers and tumor cells
that represent related diseases [7–10]. Moreover, the obtained sensors should be fabricated
cost-effectively and capable of rapid, sensitive, portable applications. Traditionally, a
natural receptor, such as enzymes, antibodies, DNA, and cells are used to react with the
analyte of interest. A significant advancement has been achieved in sensors development,
especially pertaining to routine procedures based on these biomolecules [11]. Despite their
excellent specificity, these biosensors suffer from reagent stability and availability, high
cost and cumbersome analysis procedures, etc. [12]. In this context, researchers eagerly
seek synthetic tailor-made receptors capable of selectively recognizing and binding target
molecules with good affinity, while being chemically and thermally stable, easy to prepare,
and reusable [13]. One of the most promising strategies to create such synthetic receptors
is molecular imprinting technology (MIT), which is based on the co-polymerization of
functional monomers with the crosslinking agent in the presence of the template (the target
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molecule or a derivative thereof). After removal of the template which leaves cavities with
a size, shape, and functionality complementary to the template, a tailor-made receptor
called molecularly imprinted polymer (MIP) is synthesized [14,15].

Owning to the manufacture advances, the MIT has been used for a wide range of target
molecules, from small molecules to macromolecules and even larger entities [16,17]. The
synthesized MIP can be widely used in analyte purification, biosensing, and bioimaging,
as well as drug delivery and cancer therapy [18–22], due to its antibody-like affinity,
significant selectivity, and excellent biocompatibility [17]. However, the MIP advances
towards industrial use very slowly, and even the most promising MIP-based sensors are
not widely used in the industry, mainly due to the inconvenience in manufacturing and
real-world use [23]. Therefore, the commercialization of MIP-based sensors relies on the
simplified synthesis process and portable property for the improvement of consolidated
applications in various scenarios [24].

Aiming at developing convenient MIP-based sensors towards commercial applica-
tions in the future, two typical fluorescent sensors were generated, possessing the sensing
mechanism either via the analyte’s self-fluorescence property or receptor’s fluorescence
effect, respectively (Scheme 1). Specifically, a molecularly imprinted polymeric hydro-
gel (MIPG) was synthesized for zearalenone (ZON), a mycotoxin produced by several
species of Fusarium molds to contaminate cereals, in particular corn, barley, oats, wheat,
and sorghum [25], causing toxic effects in humans and animals, including nephrotoxic,
neurotoxic, carcinogenic, estrogenic, and immunosuppressive effects [26]. Specifically,
MIPG_ZON was developed using an optimized amount of 4-vinylpyridine (4-VPY) as
a functional monomer and ethylene glycol dimethacrylate (EGDMA) as a cross-linking
monomer against the zearalanone (ZAN, an analogue of ZON but without a double
bond, which may interfere with the polymerization process). Afterwards, the synthesized
MIPG_ZON was grafted on the glass plate to detect the ZON in corn juice. In parallel,
a fluorescein-incorporated MIPG was generated for the direct recognition of glucuronic
acid (GA), a small monosaccharide as the epitope of hyaluronic acid, the biomarker of
cancerous or infectious cells on the cell surface [27–29]. The obtained MIPG_GA was
fluorescein dimethacrylate (PolyFluor® 511) cross-linked using two functional monomers,
(4-acrylamidophenyl)(amino)methaniminium acetate (AAB) that interacts with the car-
boxylic group of GA with high affinity, and methacrylamide (MAM) which provides
hydrogen bonds to GA. The final application of MIP_GA in cancer cell imaging showed a
great potential of our MIP as a fluorescent probe for biomedical analysis.
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Scheme 1. Schematic illustration of molecular imprinting technology for two typical fluorescent sensors development.
(A) The molecular imprinting process for the synthesis of MIPG_ZON, which can be pasted on the glass substrate in order to
work as a sensor for ZON detection by reading out the fluorescence signal of ZON. (B) The molecular imprinting process for
the synthesis of fluoresce-incorporated MIPG_GA as a fluorescent probe which can be directly used for cancer cell imaging.
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2. Results and Discussion
2.1. Characterization of Synthesized MIPGs_ZON

Three MIPGs_ZON using the functional monomer 4-VPY at different proportions were
synthesized (Table 1), with the expectation that the “π–π” interaction between ZON and the
monomer would lead to strong affinity. According to our preliminary study (Figure S3), the
double bond in the chemical structure of ZON interferes with the imprinting process, which
brought no difference between MIPG and NIPG. To address this problem, an analogue
ZAN was used as a template for MIPGs_ZON synthesis. The hydrodynamic diameter of
the ZAN imprinted polymers was analyzed by the dynamic light scattering (DLS) on a
Zeta-sizer NanoZS (results are summarized in Table 1), which shows a very homogenous
size for each MIPG_ZON.

Table 1. Composition of ZAN imprinted polymers synthesized in 400 µL anhydrous ACN and their
corresponding sizes.

Polymer ZAN
(mmol)

4-VPY
(mmol)

EGDMA
(mmol)

ABDV
(mg)

Size
(nm) PDI

MIPG1 0.03 0.06 0.6 3.1 345 ± 5 0.163
NIPG1 - 0.06 0.6 3.1 455 ± 16 0.160
MIPG2 0.03 0.12 0.6 3.2 443 ± 11 0.137
NIPG2 - 0.12 0.6 3.2 483 ± 6 0.199
MIPG3 0.03 0.18 0.6 3.4 468 ± 12 0.156
NIPG3 - 0.18 0.6 3.4 503 ± 9 0.085

2.2. Equilibrium Binding Studies on MIPGs_ZON

In Figure 1A, our hydrogel is a dense three-dimensional fiber network as observed
under the scanning electron microscope (SEM). The relevant component analysis was
carried out by a Fourier transform infrared spectrometer (FTIR, Figure S4). By magnifying
the SEM image, the thickness of the fibers is found to be at the nanometer level. Figure 1B
represents the binding behavior of the three MIPGs_ZON ranging from 0.1 to 5 mg/mL
towards 2.5 µM ZON in ACN, indicating that the ratio ZAN: 4-VPY: EGDMA of 1:4:20
corresponding to MIPG2 gave the best binding specificity, especially for low polymer
concentrations where 0.1 mg of MIP can bind to 0.5 nmol of ZON, leading to an imprinting
factor of 3.0. Afterwards, 1 mg of MIPG2 and NIPG2 were incubated overnight with
ZON at concentrations varying from 0.5 to 10 µM in 1 mL ACN. As shown in Figure 1C,
the Langmuir-type isotherm equation was used for plotting ZON bound versus free in
case of MIPG2 for the specific binding analysis, in which the binding capacity Bmax was
found to be 5.8 nmol/mg, and the dissociation constant Kd was 7.9 µM with R2 = 0.99.
At the same time, the Freundlich model was used in NIPG2 cases for the non-specific
adsorption analysis, it was found that Bmax = 4.3 nmol/mg and Kd = 7.1 µM with R2 = 0.98.
Therefore, MIPG2 presents higher binding capacity while a similar affinity towards ZON,
with respect to NIPG2. As shown in Figure 1D, the corresponding Scatchard plot, ZON
bound/free versus ZON bound is represented by a straight line, indicating a homogeneous
MIPG2. The variables N and Ka in the Scatchard equation (B/F = KaN–KaB) correspond
to the total number of binding sites and the association constant, which were found to be
~ 5.1 × 105 M−1 and 4.0 nmol/mg, respectively.
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Figure 1. (A) SEM image of the MIPGs_ZON. (B) Equilibrium binding isotherms for 2.5 µM ZON on
MIPGs_ZON at concentrations ranging from 0.1 to 5 mg/mL in 1 mL ACN. Data are means from
three independent experiments. The error bars represent standard deviations. (C) Determination of
the binding capacity of 1 mg MIPG2 and NIPG2 towards ZON varying from 0.5 to 10 µM in 1 mL
ACN, respectively. Data are means from three independent experiments. The error bars represent
standard deviations. (D) Corresponding Scatchard plot of MIPG2.

2.3. Application of MIPGs_ZON-Based Fluorescent Sensor for Real Sample Tests

In order to study the anti-interference ability of the MIPG2, the structurally similar
reagents tetracycline (TC), amoxicillin (AMO), and levofloxacin (LEV) were used for the
selectivity test. As shown in Figure 2A, MIPG2 exhibited lower binding towards other
structural analogs with respect to ZON, demonstrating a great potential in anti-interference
detecting. On the other hand, the NIPG2 shows a high cross-reactivity towards TC and
AMO. Therefore, our MIPG2 is promising to detect ZON in real samples. Furthermore,
the colloidal stability and batch-to-batch reproducibility were investigated prior to the
real sample tests. As shown in Figure 2B, when 1 mg MIPG2 (of the same batch) was
used to detect 2.5 µM ZON repeatedly after each template extraction, the binding amount
was almost constant during one month, indicating its reversibility property. Meanwhile,
1 mg MIPG2 (of a different batch) was employed to recognize 2.5 µM ZON in 1 and
2 years, the amount of ZON bound remained the same, showing its excellent stability and
reproducibility for sensor development.
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Figure 2. (A) Selectivity test of 1 mg MIPG2 and NIPG2 towards ZON and three structurally similar
reagents tetracycline (TC), amoxicillin (AMO), and levofloxacin (LEV) at 2.5 µM, respectively. The
chemical structure of three structurally similar reagents are given below. (B) Detection record of
1 mg MIPG2 (of the same batch) towards 2.5 µM ZON during 30 days after each template extraction,
as well as 1 mg MIPG2 (of a different batch) towards 2.5 µM ZON in 1 and 2 years, respectively.
(C) Analyte-dependent fluorescence emission spectra of MIPG2 with respect to ZON ranging from 0
to 40 µM in corn juice. (D) Lear fitting plot of fluorescence intensity of MIPG2 towards ZON in corn
juice. Corn juice tests were performed on glass substrates coated with MIPG2.

It is well-known that ZON is a mycotoxin produced by several species of Fusarium
that may contaminate cereals, in particular corn, barley, oats, wheat, and sorghum. Thus,
ZON contamination can cause toxic effects in humans and animals, including nephrotoxic,
neurotoxic, carcinogenic, estrogenic, and immunosuppressive effects [25,26]. Since MIPG2
exhibits good specificity and selectivity for ZON, they were then adhered on a glass
substrate in order to work as a fluorescent sensor for ZON detection in real samples.
Herein, we bought some corn juice as ZON-containing practical samples, and diluted it
4 times with ACN for testing. Using the standard recovery method, ZON at concentrations
ranging from 0 to 40 µM were spiked in the corn juice. According to the results of ZON
detection in real samples (Figure 2C,D), our MIPG2-based optical sensor may detect ZON
at the linear concentration range of 0–10 µM with a limit of detection (LOD) of 1.6 µM
(calculated according to the equation: D = 3σ/k, where σ is the relative standard deviation
of the blank sample, k is the slope of the calibration line), showing great potential for
mycotoxin detection in food testing. Although, biological molecular recognition elements
exhibit lower LOD, such as the LOD of antibody-based sensors for ZON is at the nM
level [30,31], and aptamer-based sensors can detect ZON at the pM level [32,33], such
biosensors are expensive and have a short service life. Compared with the chromatography
method which exhibited a LOD in the nM range [5], our MIPG_ZON-based fluorescent
sensor is more convenient for commercial applications. Inspired by recent quantum dots-
incorporated MIPG [4], our MIPG_ZON promises to be smaller and effective, and the
optimization could be established on this protocol.

2.4. Synthesis and Binding Characterization of MIPG_GA

The aim of this part is to synthesize a fluorescent MIPG_GA, which is capable of specif-
ically binding towards GA (an epitope of hyaluronic acid which is usually overexpressed
on cancer cells) for cell imaging. To achieve this goal, the particle size of MIPG_GA must
be controlled at the nanometer scale, and the MIPG must exhibit good compatibility with
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water. Hence, our MIPG_GA was generated using AAB and MAM as functional monomers
to create specific binding sites (Scheme 1). According to our intensive research [28,29,34],
AAB is able to strongly interact with the carboxylic group and MAM is a co-monomer
that establishes a hydrogen interaction with the target molecule. As shown in Figure 3A,B,
the hydrodynamic size of MIPG_GA and NIPG_GA was found to be 520 and 585 nm,
respectively. The SEM image (Figure 3C) shows the three-dimensional nanofiber structure
of the hydrogel (FTIR analysis in Figure S5). Using these polymers to evaluate the binding
performance towards GA, different concentrations of the polymers ranging from 0.1 to
2 mg/mL were incubated with 1 mM GA. After the subtraction of unbound GA from the
total amount of the analyte added by the well-established Dubois method, the amount
of bound GA was determined for each concentration of polymers (Figure 3D). Although
the NIPG_GA bound significant amount of analyte was due to the presence of AB, which
might be largely distributed on the polymer surface and very accessible to GA. It was
found that MIPG_GA bound specifically to GA as the binding to NIPG_GA was lower.
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Figure 3. Dynamic light scattering measurements of 0.5 mg/mL (A) MIPG_GA and (B) NIPG_GA
in H2O (mean value of two experiments). (C) SEM image of MIPG_GA. (D) Equilibrium binding
isotherm for 1 mM GA on MIPG_GA and NIPG_GA at the concentrations ranging from 0.1 to
2 mg/mL in water. Data are means of three independent experiments. The error bars represent
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2.5. Application of MIPG_GA-Based Fluorescent Probe for Cell Imaging

The objective of this part is to observe the interaction between fluorescent polymers
and Hela cells before or after the enzyme treatment, in order to demonstrate the potential
of our MIPG_GA to detect cancer cells in clinical uses. The images shown in Figure 4A,B
correspond to the fluorescence intensity analysis for Hela cells incubated with MIPG_GA
or NIPG_GA, respectively, indicating that the MIPG_GA specifically bound towards the
epitope of hyaluronic acid on Hela cells. Our fluorescent probe is more convenient for
commercializing due to its excellent stability, though less sensitive with respect to the
hyaluronic acid-binding protein (HABP, Figure S6) [35–37]. Moreover, compared with
nano-sized MIP containing quantum dots [28,29], our MIPG_GA is easier to fabricate using
a broad-spectrum cross-linker FAM-based monomer for signaling, showing the universal
utility of this strategy.

Furthermore, according to Figure 4C, the MIPG_GA obtained from fluorescence
microscope images exhibited more binding towards Hela cells with respect to the NIPG_GA.
Particularly, hyaluronidase effectively removes GA on the surface of Hela cells by breaking
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down hyaluronic acids. This is why the fluorescence intensity for hyaluronidase treated
Hela cells became lower than the untreated cells. On the other hand, N-acetylglucosaminidase
plays a role to hydrolyze the non-reducing terminal of N-acetyl-D-glucosamine, whereby
more GA is obtained. Thus, the fluorescence intensity of N-acetylglucosaminidase treated
Hela cells increased. In addition, the MIPG_GA exhibited almost the same cell imaging
fluorescence intensity in 2 years, indicating its excellent stability.
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3. Conclusions

In summary, a MIP-based fluorescent sensor for ZON detection was successfully
prepared and applied for tracing ZON in real samples. In parallel, a MIP-based fluorescent
probe was fabricated and directly used for cell imaging. These two examples unfold the
beauty of molecular imprinting technology in front of our eyes, indicating the perspectives
and versatility of this technique for designing and fabricating fluorescent sensors towards
commercial applications. The biggest gain in this work is the discovery of the road towards
simple and real-world applications for the MIPGs, showing a great potential of this kind of
fluorescent sensors in the detection of analyte of interest in food and biological samples.

4. Materials and Methods
4.1. Reagents

The (4-acrylamidophenyl)(amino)methaniminium acetate (AAB) was synthesized
as previously described [34]. The 4-vinylpyridine (4-VPY), methacrylamide (MAM),
ethylene glycol dimethacrylate (EGDMA), azo-bis-dimethylvaleronitrile (ABDV), azo-
bisisobutyronitrile (AIBN), zearalanone (ZAN), zearalenone (ZON), hyaluronidase, N-
acetylglucosaminidase, hyaluronic acid-binding protein (HABP), biotin, streptavidin, and
fluorescein-5-isothiocyanate (FITC) was purchased from Sigma-Aldrich (Shanghai, China).
Fluorescein dimethacrylate (PolyFluor® 511) was obtained from Polysciences (Hirschberg
an der Bergstrasse, Germany). Glucuronic acid (GA), tetracycline (TC), amoxicillin (AMO),
and levofloxacin (LEV) came from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All the solvents used in the experiments as well as acids and bases are of analytical
grade and anhydrous for acetonitrile (ACN) and dimethylsulfoxide (DMSO). The materials
for cells culturing are: Phosphate buffer saline (PBS), penicillin/streptomycin, high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) supplied with L-glutamine, fetal bovine
serum (FBS), trypsin, ethylenediaminetetraacetic acid, and were obtained from Thermo
Fisher Scientific (Shanghai, China).
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4.2. Synthesis of MIPGs_ZON and MIPG_GA

MIPGs_ZON were synthesized in the presence of the ZAN using different functional
monomer ratios. The 4-VPY was distilled under reduced pressure before use. First of
all, 10 mg (0.03 mmol) ZAN, 6.4 or 12.7 or 19.2 µL (0.06, 0.12, 0.18 mmol) 4-VPY, and
113.1 µL (0.60 mmol) EGDMA was mixed in 400 µL of ACN. After sonication for 5 min, the
initiator ABDV (1 mol% with respect to the number of double bonds) was added. Then,
the prepolymerization mixture was purged with nitrogen for 5 min and placed in a water
bath maintained at 40 ◦C overnight. The non-imprinted polymeric hydrogels (NIPGs)
are synthesized in the same way but without the template. For template extraction, the
polymers were washed 3 times with methanol/acetic acid (7/3), once with methanol,
3 times methanol containing 2.8% ammonia, and 3 times with methanol for 1 h at room
temperature. The final polymers were obtained after drying in a vacuum overnight.

MIPG_GA was synthesized by mixing 4.85 mg (0.025 mmol) GA, 4.73 mg (0.025 mmol)
AAB (1 h pre-incubation with GA), 6.38 mg (0.075 mmol) MAM, and 234 mg (0.5 mmol)
PolyFluor® 511 in 1903 µL DMSO. Afterwards, 1.01 mg (0.0062 mmol) AIBN was added
and before nitrogen purging for 5 min. The mixture was then heated overnight at 50 ◦C.
The next day, a precipitated polymer was obtained. The NIPGs were synthesized in the
same way but without the template. For template extraction, the polymers are washed
3 times with 1 M hydrochloric acid, once with methanol, 3 times methanol containing 2.8%
ammonia, and 3 times with methanol for 1 h at room temperature. The final polymers were
obtained after drying in a vacuum overnight.

The sizes of synthesized polymers were measured by dynamic light scattering (DLS)
analysis on a Zetasizer NanoZS at 25 ◦C, in ACN for MIPs_ZON and in H2O for MIP_GA.
Scanning electron microscopy (SEM) imaging was carried out on a Quanta FEG 250 scan-
ning electron microscope (FEI Europe), by spraying gold. Prior to the binding studies, the
dried MIPGs were added into a dialysis bag for checking whether there was any leakage of
the template one day later. If there is any leakage, a second round of washing will be carried
out. Afterwards, the MIPG2_ZON and MIPG_GA were analyzed by Fourier transform
infrared spectrometer (FTIR), respectively. In addition, 5 mg/mL MIPG2_ZON in ACN
and 5 mg/mL MIPG_GA in DMSO images were taken, in order to prove the gel format.

4.3. Equilibrium Binding Studies

For MIPGs_ZON, the equilibrium binding experiments with ZON were performed
in anhydrous acetonitrile. The particles of 10 mg MIPGs_ZON and NIPGs_ZON were
suspended in 1 mL ACN with intensive sonication (ultrasonic power: 80 W, frequency:
40 KHz, 20 min), in order to work as stock solutions, respectively. Then, polymer concen-
trations at 0.1, 0.25, 0.5, 1, 2, 5 mg/mL were incubated with 2.5 µM ZON in 1 mL ACN
overnight. The samples were then centrifuged at 17,500 rpm for 20 min and a 700 µL
aliquot of the supernatant was taken for unbound ZON determination. Then, the amount
of bound ZON was calculated by subtracting the amount of unbound from the total. A
calibration curve of ZON (Ex = 280 nm, Em = 455 nm, slit: 5) was obtained on F-7000
spectrofluorometer (Hitachi High-Technologies, Tokyo, Japan), as shown in Figure S1. To
investigate the binding capacity, 1 mg of polymers were incubated with ZON varying from
0.5 to 10 µM in 1 mL ACN, with results plotted with the Langmuir-type isotherm equation.
The selectivity study was performed by testing the binding of 1 mg polymers towards
2.5 µM ZON, and three structurally similar reagents: Tetracycline (TC), amoxicillin (AMO),
and levofloxacin (LEV).

For MIPG_GA, the recognition properties were evaluated using the method of
Dubois [28]. Dubois’s method is a colorimetric method widely used to determine monosac-
charide based on the preconversion of sugars into furfural derivatives upon heating with
strong acids, followed by the formation of a colored complex with phenol. Prior to the
binding assay, a calibration curve was generated with standard solutions of GA at con-
centrations ranging from 0.1 to 5 mM in water (Figure S2). Afterwards, the polymers at
concentrations varying from 0.1 to 2 mg/mL were incubated with 1 mM GA in 1 mL water
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overnight. The samples were then centrifuged at 17,500 rpm for 1 h, in order to provide the
supernatant for GA determination by Dubois’s method.

4.4. Application of MIPG_ZON-Based Fluorescent Sensor for Real Sample Tests

Initially, 100 mg MIPG2_GA and NIPG2_GA were mixed with 480 mg poly (vinyl
alcohol) in water and smeared on the glass plates, respectively. Herein, poly (vinyl alcohol)
were used as an adhesion agent due to its excellent transparent feature, exhibiting no
interference to ZON excitation light. After 30 min of shaking in an oven at 90 ◦C, the
glass plates were left for 1 h at room temperature to cool down. The glass plates coated
with MIPG2_ZON and NIPG2_ZON were stored in the fridge at 4 ◦C until use. For the
real sample tests, the spiked samples were prepared using ZON at concentrations from
0–40 µM dissolved in DMSO. The prepared ZON samples were then mixed with corn juice
at a ratio of 1:9 for the determination of recovery. For fluorescence intensity measurements
after 1 h incubation, the Cary Eclipse fluorescence spectrophotometer (Varian, Palo Alto,
CA, USA) was used.

4.5. Application of MIPG_GA-Based Fluorescent Probe for Cell Imaging

Cells were grown in a 5% CO2 incubator at 37 ◦C using DMEM supplemented with
10% premium FBS and antibiotics (100 units/mL penicillin and 100 µg/mL streptomycin)
in cell culture dishes. For imaging studies, Hela cells were grown on cover slips and then
incubated with 0.5 mg/mL polymers or 50 ng/mL FAM-HABP (synthesized in two steps,
first with a biotinylated HABP, followed by incubation with streptavidin-FITC [37]) for
1 h. The cell monolayers were then washed 3 times with PBS (pH 7.4) and immediately
measured by a Leica TSC SP5 confocal scanning laser microscopy (CSLM) system (Ex = 480,
Em = 515).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/gels7020067/s1. Figure S1: Fluorescence calibration curve of ZON in ACN (Ex = 280 nm,
Em = 455 nm, slit: 5 nm); Figure S2: Calibration curve of glucuronic acid in water (quantified by
Dubois’s method with absorbance read at 490 nm). Figure S3: Equilibrium binding isotherms for
2.5 µM ZON on ZON-imprinted polymers (MIP) and NIP at concentrations ranging from 0.25 to
2 mg/mL in 1 mL ACN. MIP here were synthesized using the similar protocol for MIPG2, in the
presence of ZON. Data are means from three independent experiments. The error bars represent
standard deviations. Figure S4: FT-IR spectra of MIPG2_ZON with solution image insert, where
some special peaks were highlighted. Figure S5: FT-IR spectra of MIPG_GA with solution image
insert, where some special peaks were highlighted. Figure S6: Confocal microscope images of fixed
Hela cells incubated MIPG_GA (A) and FAM-HABP (B), that exhibit green fluorescence under proper
filter sets of confocal microscopy. Nuclei stained with PI (red). Scale bar: 50 µm.

Author Contributions: Conceptualization, writing original draft, investigation, validation, method-
ology, L.Z. and R.D.; assistant for methodology, X.L. and H.M.; conceptualization, investigation,
writing—review and editing, supervision, funding acquisition, J.X. and G.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (22001162,
21875092) and the Shanghai Sailing Program (20YF1414200).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors acknowledge the financial support from the National Natural
Science Foundation of China (22001162, 21875092) and the Shanghai Sailing Program (20YF1414200).

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

187



Gels 2021, 7, 67

References
1. Patel, B.R.; Noroozifar, M.; Kerman, K. Review-Nanocomposite-Based Sensors for Voltammetric Detection of Hazardous Phenolic

Pollutants in Water. J. Electrochem. Soc. 2020, 167, 037568. [CrossRef]
2. Sow, W.T.; Ye, F.; Zhang, C.; Li, H. Smart materials for point-of-care testing: From sample extraction to analyte sensing and

readout signal generator. Biosens. Bioelectron. 2020, 170, 112682. [CrossRef] [PubMed]
3. Beloglazova, N.; Lenain, P.; Tessier, M.; Goryacheva, I.; Hens, Z.; De Saeger, S. Bioimprinting for multiplex luminescent detection

of deoxynivalenol and zearalenone. Talanta 2019, 192, 169–174. [CrossRef] [PubMed]
4. Shao, M.; Yao, M.; Saeger, S.D.; Yan, L.; Song, S. Carbon Quantum Dots Encapsulated Molecularly Imprinted Fluorescence

Quenching Particles for Sensitive Detection of Zearalenone in Corn Sample. Toxins 2018, 10, 438. [CrossRef] [PubMed]
5. Lhotska, I.; Gajdosova, B.; Solich, P.; Satinsky, D. Molecularly imprinted vs. reversed-phase extraction for the determination of

zearalenone: A method development and critical comparison of sample clean-up efficiency achieved in an on-line coupled SPE
chromatography system. Anal. Bioanal. Chem. 2018, 410, 3265–3273. [CrossRef] [PubMed]

6. Li, G.; Zhang, K.; Fizir, M.; Niu, M.; Sun, C.; Xi, S.; Hui, X.; Shi, J.; He, H. Rational design, preparation and adsorption study
of a magnetic molecularly imprinted polymer using a dummy template and a bifunctional monomer. New J. Chem. 2017, 41,
7092–7101. [CrossRef]

7. Li, Q.; Shinde, S.; Grasso, G.; Caroli, A.; Abouhany, R.; Lanzillotta, M.; Pan, G.; Wan, W.; Rurack, K.; Sellergren, B. Selective
detection of phospholipids using molecularly imprinted fluorescent sensory core-shell particles. Sci. Rep. 2020, 10, 9924.
[CrossRef] [PubMed]

8. Li, R.; Feng, Y.; Pan, G.; Liu, L. Advances in Molecularly Imprinting Technology for Bioanalytical Applications. Sensors 2019,
19, 177. [CrossRef]

9. Ma, Y.; Yin, Y.; Ni, L.; Miao, H.; Wang, Y.; Pan, C.; Tian, X.; Pan, J.; You, T.; Li, B.; et al. Thermo-responsive imprinted hydrogel
with switchable sialic acid recognition for selective cancer cell isolation from blood. Bioact. Mater. 2021, 6, 1308–1317. [CrossRef]
[PubMed]

10. Wang, J.; Dai, J.; Xu, Y.; Dai, X.; Zhang, Y.; Shi, W.; Sellergren, B.; Pan, G. Molecularly Imprinted Fluorescent Test Strip for Direct,
Rapid, and Visual Dopamine Detection in Tiny Amount of Biofluid. Small 2019, 15. [CrossRef] [PubMed]

11. Bhalla, N.; Jolly, P.; Formisano, N.; Estrela, P. Introduction to biosensors. Biosens. Technol. Detect. Biomol. 2016, 60, 1–8.
12. Morales, M.A.; Halpern, J.M. Guide to Selecting a Biorecognition Element for Biosensors. Bioconjugate Chem. 2018, 29, 3231–3239.

[CrossRef] [PubMed]
13. Fuchs, Y.; Soppera, O.; Haupt, K. Photopolymerization and photostructuring of molecularly imprinted polymers for sensor

applications-A review. Anal. Chim. Acta 2012, 717, 7–20. [CrossRef] [PubMed]
14. Haupt, K.; Rangel, P.X.M.; Bui, B.T.S. Molecularly Imprinted Polymers: Antibody Mimics for Bioimaging and Therapy. Chem. Rev.

2020, 120, 9554–9582. [CrossRef]
15. Xu, J.; Miao, H.; Wang, J.; Pan, G. Molecularly Imprinted Synthetic Antibodies: From Chemical Design to Biomedical Applications.

Small 2020, 16. [CrossRef] [PubMed]
16. Poma, A.; Turner, A.P.F.; Piletsky, S.A. Advances in the manufacture of MIP nanoparticles. Trends Biotechnol. 2010, 28, 629–637.

[CrossRef] [PubMed]
17. Xu, J.; Ambrosini, S.; Tamahkar, E.; Rossi, C.; Haupt, K.; Bui, B.T.S. Toward a Universal Method for Preparing Molecularly

Imprinted Polymer Nanoparticles with Antibody-like Affinity for Proteins. Biomacromolecules 2016, 17, 345–353. [CrossRef]
[PubMed]

18. Xu, S.; Wang, L.; Liu, Z. Molecularly Imprinted Polymer Nanoparticles: An Emerging Versatile Platform for Cancer Therapy.
Angew. Chem. Int. Ed. 2021, 60, 3858–3869. [CrossRef] [PubMed]

19. Cheong, W.J.; Yang, S.H.; Ali, F. Molecular imprinted polymers for separation science: A review of reviews. J. Sep. Sci. 2013, 36,
609–628. [CrossRef] [PubMed]

20. Saylan, Y.; Yilmaz, F.; Ozgur, E.; Derazshamshir, A.; Yavuz, H.; Denizli, A. Molecular Imprinting of Macromolecules for Sensor
Applications. Sensors 2017, 17, 898. [CrossRef]

21. Vaneckova, T.; Bezdekova, J.; Han, G.; Adam, V.; Vaculovicova, M. Application of molecularly imprinted polymers as artificial
receptors for imaging. Acta Biomater. 2020, 101, 444–458. [CrossRef]

22. Korde, B.A.; Mankar, J.S.; Phule, S.; Krupadam, R.J. Nanoporous imprinted polymers (nanoMIPs) for controlled release of cancer
drug. Mater. Sci. Eng. C 2019, 99, 222–230.

23. Wackerlig, J.; Schirhagl, R. Applications of Molecularly Imprinted Polymer Nanoparticles and Their Advances toward Industrial
Use: A Review. Anal. Chem. 2016, 88, 250–261. [CrossRef]

24. Lowdon, J.W.; Dilien, H.; Singla, P.; Peeters, M.; Cleij, T.J.; van Grinsven, B.; Eersels, K. MIPs for commercial application in
low-cost sensors and assays—An overview of the current status quo. Sens. Actuators B 2020, 325, 128973.

25. Urraca, J.L.; Marazuela, M.D.; Merino, E.R.; Orellana, G.; Moreno-Bondi, M.C. Molecularly imprinted polymers with a streamlined
mimic for zearalenone analysis. J. Chromatogr. A 2006, 1116, 127–134. [CrossRef]

26. Lucci, P.; Derrien, D.; Alix, F.; Perollier, C.; Bayoudh, S. Molecularly imprinted polymer solid-phase extraction for detection of
zearalenone in cereal sample extracts. Anal. Chim. Acta 2010, 672, 15–19. [CrossRef]

188



Gels 2021, 7, 67

27. Xuan-Anh, T.; Acha, V.; Haupt, K.; Bernadette Tse Sum, B. Direct fluorimetric sensing of UV-excited analytes in biological and
environmental samples using molecularly imprinted polymer nanoparticles and fluorescence polarization. Biosens. Bioelectron.
2012, 36, 22–28.

28. Demir, B.; Lemberger, M.M.; Panagiotopoulou, M.; Rangel, P.X.M.; Timur, S.; Hirsch, T.; Bui, B.T.S.; Wegener, J.; Haupt, K. Tracking
Hyaluronan: Molecularly Imprinted Polymer Coated Carbon Dots for Cancer Cell Targeting and Imaging. ACS Appl. Mater.
Interfaces 2018, 10, 3305–3313. [CrossRef]

29. Panagiotopoulou, M.; Salinas, Y.; Beyazit, S.; Kunath, S.; Duma, L.; Prost, E.; Mayes, A.G.; Resmini, M.; Bui, B.T.S.; Haupt, K.
Molecularly Imprinted Polymer Coated Quantum Dots for Multiplexed Cell Targeting and Imaging. Angew. Chem. Int. Ed. 2016,
55, 8244–8248.

30. Thongrussamee, T.; Kuzmina, N.S.; Shim, W.B.; Jiratpong, T.; Eremin, S.A.; Intrasook, J.; Chung, D.H. Monoclonal-based
enzyme-linked immunosorbent assay for the detection of zearalenone in cereals. Food Addit. Contam. Part A 2008, 25, 997–1006.
[CrossRef]

31. Wang, D.; Zhang, Z.; Zhang, Q.; Wang, Z.; Zhang, W.; Yu, L.; Li, H.; Jiang, J.; Li, P. Rapid and sensitive double-label based
immunochromatographic assay for zearalenone detection in cereals. Electrophoresis 2018, 39, 2125–2130. [CrossRef] [PubMed]

32. Caglayan, M.O.; Ustundag, Z. Detection of zearalenone in an aptamer assay using attenuated internal reflection ellipsometry and
it’s cereal sample applications. Food Chem. Toxicol. 2020, 136, 111081. [CrossRef]

33. Sun, S.; Xie, Y. An enhanced enzyme-linked aptamer assay for the detection of zearalenone based on gold nanoparticles. Anal.
Methods 2021, 13, 1255–1260. [CrossRef]

34. Nestora, S.; Merlier, F.; Beyazit, S.; Prost, E.; Duma, L.; Baril, B.; Greaves, A.; Haupt, K.; Bui, B.T.S. Plastic Antibodies for Cosmetics:
Molecularly Imprinted Polymers Scavenge Precursors of Malodors. Angew. Chem. Int. Ed. 2016, 55, 6252–6256. [CrossRef]

35. Kolapalli, S.P.; Kumaraswamy, S.B.; Mortha, K.K.; Thomas, A.; Das Banerjee, S. UNIVmAb reactive albumin associated hyalad-
herin as a potential biomarker for colorectal cancer. Cancer Biomark. 2021, 30, 55–62. [CrossRef] [PubMed]

36. Li, H.; Guo, L.; Li, J.W.; Liu, N.; Qi, R.; Liu, J. Expression of hyaluronan receptors CD44 and RHAMM in stomach cancers:
Relevance with tumor progression. Int. J. Oncol. 2000, 17, 927–932. [CrossRef]

37. Rangel, P.X.M.; Lacief, S.; Xu, J.; Panagiotopoulou, M.; Kovensky, J.; Bui, B.T.S.; Haupt, K. Solid-phase synthesis of molecularly
imprinted polymer nanolabels: Affinity tools for cellular bioimaging of glycans. Sci. Rep. 2019, 9, 3923. [CrossRef]

189





Citation: Casas-Forero, N.;

Trujillo-Mayol, I.; Zúñiga, R.N.;

Petzold, G.; Orellana-Palma, P. Effects

of Cryoconcentrated Blueberry Juice

as Functional Ingredient for

Preparation of Commercial

Confectionary Hydrogels. Gels 2022,

8, 217. https://doi.org/10.3390/

gels8040217

Academic Editors: Yang Liu and Kiat

Hwa Chan

Received: 12 March 2022

Accepted: 30 March 2022

Published: 1 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 gels

Article

Effects of Cryoconcentrated Blueberry Juice as Functional
Ingredient for Preparation of Commercial Confectionary Hydrogels
Nidia Casas-Forero 1,2,* , Igor Trujillo-Mayol 1 , Rommy N. Zúñiga 3,4 , Guillermo Petzold 2,5

and Patricio Orellana-Palma 6,*

1 Programa de Doctorado en Ingeniería de Alimentos, Facultad de Ciencias de la Salud y de los Alimentos,
Campus Fernando May, Universidad del Bío-Bío, Av. Andrés Bello 720, Chillán 3780000, Chile;
igor.trujillo@gmail.com

2 Laboratorio de Crioconcentración, Departamento de Ingeniería en Alimentos, Facultad de Ciencias de la
Salud y de los Alimentos, Campus Fernando May, Universidad del Bío-Bío, Av. Andrés Bello 720,
Chillán 3780000, Chile; gpetzold@ubiobio.cl

3 Departamento de Biotecnología, Facultad de Ciencias Naturales, Matemática y del Medio Ambiente,
Campus Macul, Universidad Tecnológica Metropolitana, Las Palmeras 3360, Ñuñoa, Santiago 7800003, Chile;
rommy.zuniga@utem.cl

4 Programa Institucional de Fomento a la Investigación, Desarrollo e Innovación,
Universidad Tecnológica Metropolitana, Ignacio Valdivieso 2409, San Joaquín, Santiago 8940577, Chile

5 Grupo de Crioconcentración de Alimentos y Procesos Relacionados, Universidad del Bío-Bío,
Av. Andrés Bello 720, Chillán 3780000, Chile

6 Departamento de Ingeniería en Alimentos, Facultad de Ingeniería, Campus Andrés Bello,
Universidad de La Serena, Av. Raúl Bitrán 1305, La Serena 1720010, Chile

* Correspondence: nidiacf@gmail.com (N.C.-F.); patricio.orellanap@userena.cl (P.O.-P.);
Tel.: +56-51-2204000 (P.O.-P.)

Abstract: Hydrogels can absorb and/or retain components in the interstitial spaces due to the 3D
cross-linked polymer network, and thus, these matrices can be used in different engineering ap-
plications. This study focuses on the physicochemical and textural properties, as well as bioactive
compounds and their antioxidant activity stability of commercial hydrogels fortified with cryoconcen-
trated blueberry juice (CBJ) stored for 35 days. CBJ was added to commercial hydrogels (gelatin gel
(GG), aerated gelatin gel (AGG), gummy (GM), and aerated gummy (AGM)). The samples showed a
total polyphenol, anthocyanin, and flavonoid content ranging from 230 to 250 mg GAE/100 g, 3.5 to
3.9 mg C3G/100 g, and 120 to 136 mg CEQ/100 g, respectively, and GG and GM showed the lowest
bioactive component degradation rate, while AGM presented the highest degradation. GG and GM
samples could be stored for up to 21 days without significant changes, while the results indicated
≈15 days for the AGG and AGM samples. Thereby, CBJ offers enormous possibilities to be used as a
functional ingredient due to the high nutritional values, and it allows enriching different hydrogel
samples, and in turn, the structures of hydrogels protected components during in vitro digestion,
enhancing the bioaccessibility after the digestion process.

Keywords: cryoconcentrated blueberry juice; hydrogels; stability; storage; bioactive compounds
content; antioxidant activity

1. Introduction

Confectionery hydrogel products have a high popularity and demand among con-
sumers (mainly children and the elderly) due to their visual attractiveness, texture, and
mouthfeel [1]. Specifically, the confectionery hydrogel products are manufactured with
gelling agents, sucrose, glucose syrup, acids, flavorings, and colorants [2]. Thus, depending
on the type of processing and mixture of ingredients, it is possible to obtain hydrogel
products with different textures, including gelatin gels with soft texture [3], gummy char-
acterized by a firm, soft and chewy texture structure [4], and marshmallows or aerated
gummy (conferred by air bubbles) with a soft and elastic texture [5].
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On the other hand, the growing awareness and knowledge (individual and commu-
nity) among consumers have encouraged food industries to replace ingredients harmful
to human health used in many food products. Whereby confectionery hydrogel products
have been questioned due to their high sugar content and low nutritional value. This
combination has been associated with obesity, diabetes, cardiovascular diseases, and hy-
pertension [6]. Thus, consumers demand healthier confectionery hydrogels foods with
lower sugar content and higher natural antioxidants than current commercial products [7].
Therefore, researchers are endeavoring to improve the nutritional value and consumer
appreciation of these products. The most common strategies are based on sugar substi-
tution through low-caloric sweeteners, such as sorbitol, isomaltulose, and stevia [6,8,9].
Hence, various bioactive compounds have been incorporated into hydrogels products,
such tea extract [7,10], hibiscus extract [11], betalain-rich extract [12], watermelon juice [13],
pomegranate juice [14], and cryoconcentrated blueberry juice [15,16].

In particular, cryoconcentrated juices retain their natural sugars, bioactive compounds,
and antioxidant activity due to low-temperature processing through cryoconcentration
technology [17], display attractive colors, and have interesting health benefits [18–20]. How-
ever, it is essential to understand that these bioactive compounds could lose their beneficial
bioactivity during storage due to their instability under various ambient factors [21,22].
Therefore, it is important to establish their stability through different storage conditions. In
this sense, kinetic models have been used to predict the influence of storage on the stability
of bioactive compounds [21]. Tutunchi et al. [22] and Rodríguez-Sánchez et al. [23] reported
that betanin and betaxanthins’ degradation in gummy candy considers first-order kinetics.
However, there are few studies on the degradation kinetics of bioactive compounds in
commercial hydrogels based on confectionery products during storage conditions, which
is important for the food industry due to their interest in the development of confectionery
products with health-promoting effects.

Therefore, the aim of this study was to evaluate physicochemical and textural proper-
ties, stability of the bioactive compound, and antioxidant activity in commercial hydrogel
products based on confectionery foods fortified with cryoconcentrated blueberry juice
during storage conditions (4 ◦C and 25 ◦C) over 35 days.

2. Results and Discussion
2.1. Characterization of Hydrogels Samples
2.1.1. Physicochemical Properties

Table 1 summarizes the physicochemical properties of the samples.

Table 1. Physicochemical parameters of gelatin-based confectionery.

Physicochemical
Parameter GG AGG GM AGM

TSS (◦Brix) 16.8 ± 0.0 a 21.0 ± 0.1 b 61.0 ± 1.0 cd 60.1 ± 0.2 c

pH 5.0 ± 0.0 a 5.2 ± 0.0 c 5.1 ± 0.0 b 5.1 ± 0.0 b

Moisture (%) 83.1 ± 0.1 d 78.9 ± 0.2 c 38.7 ± 0.4 a 38.3 ± 2.6 ab

Water activity 0.988 ± 0.001 d 0.981 ± 0.003 c 0.889 ± 0.009 ab 0.877 ± 0.008 a

Density (kg/m3) 1083.2 ± 15.9 b 408.6 ± 5.3 a 1202.1 ± 33.1 c 406.5 ± 14.2 a

Gas hold-up (ε, %) ND 62.3 ± 0.9 a ND 66.2 ± 1.5 b

a–d: Different superscripts within the same row indicate significant differences at p ≤ 0.05. GG: gelatin gel;
AGG: aerated gelatin gel; GM: gummy; AGM: aerated gummy; TSS: total soluble solid; ND: not determined.

Initially, GG and AGG reached a TSS content of around 17 ◦Brix and 21 ◦Brix, respec-
tively. Rubio-Arraez et al. [3] reported a similar TSS value (20 ◦Brix) in gels with citrus juice
and non-cariogenic sweeteners. Thus, this result means that CBJ provides the TSS necessary
to obtain gelatin gel without sweeteners. While GM and AGM exhibited lower TSS values
(≈60 ◦Brix) than that indicated by studies in gummies and marshmallows [10,11,24,25],
which reported values between 70 ◦Brix and 80 ◦Brix in the hydrogel samples. This differ-
ence may be due to the partial substitution of the syrup for CBJ, resulting in GM and AGM
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with a lower amount of added sugar. For pH, the values ranged from 5.0 to 5.2. These
values are lower than those previously reported for similar products, ranging from 6.0 and
6.9 [5,24,25]. This decrease in pH value can be related to the CBJ added in the samples,
which provides organic acids, such as malic, citric, and shikimic acids [26]. In the same
way, the moisture content and aw in the GG and AGG samples were in agreement with the
values reported by Rubio-Arraez et al. [3]. For GM and AGM hydrogels, the results were
significantly higher than those stated by Mardani et al. [25] and Periche et al. [5,24], who
observed a moisture content value close to 16% to 24% and aw of approximately 0.75 to 0.85.
In contrast, Mandura et al. [10] and Šeremet et al. [7] reported high moisture content (34%)
for gummy with a white tea infusion as an ingredient. Therefore, these differences could
be attributed to TSS and phenolic compounds since the phenolic groups can hold more
water due to interactions between the hydroxyl groups of polyphenols, proteins, sugars,
and water [27].

For density, the aerated samples (AGG and AGM) showed a reduction of 35% com-
pared to the non-aerated samples (GG and GM) due to the incorporation of air
bubbles [15]. This incorporated air (ε) corresponds to 62% and 66% for AGG and AGM, re-
spectively. These results are in line with the values reported by Casas-Forero et al. [15] and
Mardani et al. [25] for aerated gelatin gel and marshmallows, respectively. Furthermore,
air is the “main ingredient” of aerated confectionery, and it provokes a significant decrease
in density [28].

2.1.2. Rheological and Mechanical Properties

Figure 1 shows the rheological behavior of the hydrogel samples.
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Figure 1. Rheological and mechanical properties of hydrogel samples: (a) The changes in viscosity
during shear rate; (b) The changes in tan δ (G′′/G′) during frequency scanning; (c) Stress and strain
curves in uniaxial compression.

First, all samples exhibited similar behavior. Thus, at low shear rates (<10 s−1), the viscosity
decreased with an increasing shear rate, indicating that the samples had a pseudoplastic fluid
and shear thinning behavior. Then, at high shear rates (>10 s−1), the viscosity no longer changed
with the increase in shear rate (Newtonian fluid) [6]. Similarly, Figure 1a (relationship between
apparent viscosity and shear rate) shows that GG had the lowest viscosity (0.006 Pa·s). In
contrast, AGG significantly increased its viscosity (0.083 Pa·s), showing values close to those
found for GM and AGM (≈0.05 Pa·s). This increase in viscosity is mainly related to an increase
in the amount of gelatin added in the AGG, GM, and AGM samples, which was significantly
higher than GG hydrogel, with an increase of 2.6, 2.0, and 2.0 times, respectively. This behavior
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agrees with that reported by Casas-Forero et al. [15]. Furthermore, as described above, aeration
in confectionery changes its physical properties, in particular, an increase in viscosity and a
decrease in fluidity [28].

In the same way, the value of tan δ (G′′/G′) is a parameter of the viscoelastic behavior
of the materials [29]. As shown in Figure 1b, the tan δ of all samples was less than 0.5 in the
entire frequency range, indicating that an elastic behavior predominated over the viscous,
which is characteristic of these types of hydrogel products [6].

Additionally, stress-deformation curves of the samples during uniaxial compression are
depicted in Figure 1c. All samples exhibited a sigmoid stress–strain behavior, characteristic
of foam materials [30]. As can be seen, GG had fracture stress and strain of 8 kPa and 65%,
respectively, exhibiting the characteristics of a soft material. The results are consistent with
the literature, which reports 4 kPa to 8 kPa and 60% values for fracture stress and strain, re-
spectively [31,32]. AGG was characterized by a weaker and less ductile texture with 6 kPa for
fracture stress and 55% for fracture strain. This difference between GG and AGG is attributed
to the air bubbles, which reduce the matrix content per unit of sectional [32]. This is in line,
with Hartel et al. [28] who indicated that the texture properties of aerated confectionery are
largely dependent on the air phase. For GM and AGM, fracture stress and strain values in GM
(23 kPa and 69%, respectively) were higher than achieved by AGM (10 kPa and 67%, respec-
tively). This means that GM had a firm and elastic texture, while AGM was a product with a soft
elastic texture. Likewise, AGM showed fracture stress close to those obtained in a commercial
marshmallow (9 kPa) [33], indicating that it is possible to develop hydrogel foods with CBJ as a
source of natural sugar and bioactive compounds without affecting its texture, which would be
a potential commercial advantage.

2.1.3. Microstructural Features

Micrographs of the confectionery are shown in Figure 2.
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Figure 2. Optical micrograph images of gelatin-based confectionery at 10X: (a) GG; (b) AGG; (c) GM;
(d) AGM.
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GG exhibited a homogeneous structure with a small strand formation (Figure 2a), which is
characteristic of the microstructure of bovine gelatin [12]. GM preserved the uniform structure
of GG with the formation of some air bubbles and any tiny sugar crystals (Figure 2c). A similar
microstructure was reported by de Moura et al. [11] and Kumar et al. [34] in jelly candies with
hibiscus extract-encapsulated and vegan gummy candy, respectively. In the case of the aerated
samples, AGG and AGM showed small and large air bubbles. Large bubbles with a marked
spherical shape were characterized in AGG hydrogels (Figure 2b), while AG showed small
bubbles with non-spherical shapes and the formation of tiny sugar crystals (Figure 2d). The
difference in bubble size between AGG and AGM can be attributed to the gelatin content, as
evidenced by Casas-Forero et al. [15] in the study of aerated gelatin gels that increased small
bubbles as the amount of gelatin decreased.

2.2. Stability of Hydrogel Samples during Storage
2.2.1. Stability of TBC Content and Antioxidant Activity

Total bioactive compounds (TBC) and antioxidant activity (AA) values in the initial
sample and hydrogel samples are shown in Table 2.

Table 2. Total bioactive compounds (TBC) and antioxidant activity (AA) of the hydrogel samples.

Sample
TBC AA

TPC TAC TFC DPPH FRAP

CBJ 773.3 ± 8.7 e 22.3 ± 0.7 e 566.8 ± 7.6 e 4585.4 ± 8.5 e 4442.0 ± 61.9 d

GG 233.4 ± 1.6 a 3.9 ± 0.1 cd 136.1 ± 2.9 cd 782.9 ± 3.0 b 1067.8 ± 13.5 a

AGG 251.0 ± 3.6 cd 3.5 ± 0.2 a 133.7 ± 3.7 c 759.1 ± 1.1 a 1057.3 ± 45.9 a

GM 247.7 ± 0.9 c 3.7 ± 0.2 abc 119.6 ± 3.9 a 911.3 ± 2.2 d 1075.1 ± 12.6 ab

AGM 238.5 ± 3.9 ab 3.7 ± 0.1 ab 123.9 ± 4.7 ab 870.5 ± 4.8 c 1083.3 ± 31.8 ab

a–e: Different superscripts within the same column indicate significant differences at p ≤ 0.05. CBJ: cryoconcen-
trated blueberry juice; GG: gelatin gel; AGG: aerated gelatin gel; GM: gummy; AGM: aerated gummy.

The fortification of food with juice rich in bioactive compounds can improve the
nutritional and functional values of these products [35]. First, CBJ had a TBC content close
to 770 mg GAE/100 g for TPC, 22 mg C3G/100 g for TAC, and 560 mg CEQ/100 g for
TFC, and the AA values were approximately 4585 µmol TE/100 g for DPPH and 4440 µmol
TE/100 g for FRAP.

On day 0, hydrogel samples displayed a TBC content ranging from 230 to 250 mg
GAE/100 g for TPC, 3.5 to 3.9 mg C3G/100 g for TAC, and 120 to 136 mg CEQ/100 g
for TFC. These slight variations in TBC content between the samples could be due to pro-
cessing conditions since all samples were fortified with CBJ at 30% (w/w). Compared to
other studies, the TPC obtained was higher than those reported in white tea-based candies
(170–180 mg GAE/100 g) [7], pomegranate juice-based candies (72–159 mg GAE/100 g) [14],
and jelly candies with rosemary extract (227 mg GAE/100 g) [8]. In contrast, Rivero et al. [9]
reported polyphenol content of over 50% in candies with raspberry juice powder (490–550 mg
GAE/100 g). These differences between studies can be related to the formulation, and the
process conditions used.

In terms of AA, all the samples exhibited similar FRAP values (1050–1085 µmol
TE/100 g), while DPPH values varied between samples. Thus, in DPPH, GG and AGG
had values of 780 and 760 µmol TE/100 g, respectively, while GM and AGM increased the
DPPH results, reaching values of 910 and 870 µmol TE/100 g, respectively. The values are
comparable to those reported by Rivero et al. [9], Mandura et al. [10], and Hani et al. [36],
who studied the AA of gummy with red pitaya fruit puree, white tea-based candies, and
jellies containing honey and propolis, respectively.

Additionally, we observed a proportional trend between CBJ and hydrogel samples. A
decrease varying from ≈70% to ≈85% for TBC and DPPH values were observed, while FRAP
decreased in all the samples (44.7% for GG, 24.5% for AGG, 39.5% for GM, and 19.1% for AGM).
These variations are in agreement with the results reported by Cedeño-Pinos et al. [8], who
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suggested that the reduction in the AA level in gelatin-based candies may be due to interactions
between ingredients, the presence of amino acids, or the interaction of antioxidants with the
gelling matrix.

Figure 3 shows the degradation of total bioactive compounds of the hydrogel samples
and CBJ during storage.

Gels 2022, 8, x FOR PEER REVIEW  7  of  20 
 

 

Additionally, we observed a proportional trend between CBJ and hydrogel samples. 

A decrease varying from ≈70% to ≈85% for TBC and DPPH values were observed, while 

FRAP decreased  in all  the samples  (44.7%  for GG, 24.5%  for AGG, 39.5%  for GM, and 

19.1% for AGM). These variations are in agreement with the results reported by Cedeño‐

Pinos et al. [8], who suggested that the reduction in the AA level in gelatin‐based candies 

may be due to interactions between ingredients, the presence of amino acids, or the inter‐

action of antioxidants with the gelling matrix. 

Figure 3 shows the degradation of total bioactive compounds of the hydrogel sam‐

ples and CBJ during storage.   

   

(a)  (b) 

   

(c)  (d) 

Gels 2022, 8, x FOR PEER REVIEW  8  of  20 
 

 

   

(e)  (f) 

Figure 3. Degradation of total bioactive compounds of the gelatin‐based confectionery and CBJ dur‐

ing storage: (a) TPC at 4 °C; (b) TPC at 25 °C; (c) TAC at 4 °C; (d) TPC at 25 °C; (e) TFC at 4 °C, (f) 

TPC at 25 °C. 

The CBJ showed a significant reduction in TBC by increasing the temperature from 4 

to 25 °C during storage. This decrease in TBC was between 40% and 50% for CBJ stored 

at 4 °C and about 80% for CBJ stored at 25 °C. This result was higher than the previously 

reported value by Orellana‐Palma et al. [19] for cryoconcentrated Calafate juice, who re‐

ported a loss between 4% and 25% in the TBC after 35 days of storage at 4 °C. Regarding 

anthocyanin stability studies in blueberry  juice, Barba et al. [37] indicated a decrease of 

about 9% after 7 days of storage at 4 °C in juice treated with PEF. Furthermore, Cortellino 

and Rizzolo [38] and Zhang et al. [39] observed in thermally treated  juice a loss of 60% 

after 150 days at 20 °C and 80% after ten days at 4 °C, respectively. These differences in 

the TBC degradation rate during storage can be related to pretreatments before juice stor‐

age that could inactivate enzymes, such as polyphenol oxidase and peroxidase, which are 

considered responsible for the decay of phenols in berry‐derived foods [38]. 

Figure 3a,b show that TPC gradually decreased as the storage time increased. After 

35 days, the polyphenols loss was 50% and 65% for GG and AGG, respectively, whereas 

GM and AGM showed a lower loss with 48% and 55% values. This difference between 

samples could be related to the moisture content and water activity, since a more signifi‐

cant volume of water favors reactant mobility, contributing to phenolic compounds deg‐

radation [40]. Maier et al. [41] also observed a decrease in the phenolic content from 243.6 

mg/kg to 82.6 mg/kg in gelatin gels enriched with grape pomace extract during storage. 

Furthermore, Tutunchi et al. [22] indicated a loss of TPC of 25% to 35% for gummy candy 

with red beet extract powder at 28 days. Meanwhile, Šeremet et al. [7] reported fluctua‐

tions in the TPC during the storage of white tea‐based candies. 

On the other hand, TAC decreased markedly over 35 days, with a total decrease of 

75%, 78%, 77%, and 87% for GG, AGG, GM, and AGM, respectively (Figure 3c,d). These 

results were consistent with the findings of de Moura et al. [11] and Maier et al. [41]. They 

reported a reduction of close to 70% in anthocyanin content in jelly candy with hibiscus 

extract and gelatin gels enriched with grape pomace extract, respectively. Tavares et al. 

[42] mentioned that anthocyanins are unstable and highly susceptible to degradation un‐

der conditions such as pH, temperature, light, oxygen, enzymes, ascorbic acid, and copig‐

ments. Likewise, Chen et al. [21] and Teribia et al. [43] suggested that anthocyanin degra‐

dation could result from condensation and polymerization reactions with other phenolic 

Figure 3. Degradation of total bioactive compounds of the gelatin-based confectionery and CBJ
during storage: (a) TPC at 4 ◦C; (b) TPC at 25 ◦C; (c) TAC at 4 ◦C; (d) TPC at 25 ◦C; (e) TFC at 4 ◦C,
(f) TPC at 25 ◦C.

197



Gels 2022, 8, 217

The CBJ showed a significant reduction in TBC by increasing the temperature from 4 to
25 ◦C during storage. This decrease in TBC was between 40% and 50% for CBJ stored at 4 ◦C
and about 80% for CBJ stored at 25 ◦C. This result was higher than the previously reported
value by Orellana-Palma et al. [19] for cryoconcentrated Calafate juice, who reported a loss
between 4% and 25% in the TBC after 35 days of storage at 4 ◦C. Regarding anthocyanin
stability studies in blueberry juice, Barba et al. [37] indicated a decrease of about 9% after
7 days of storage at 4 ◦C in juice treated with PEF. Furthermore, Cortellino and Rizzolo [38]
and Zhang et al. [39] observed in thermally treated juice a loss of 60% after 150 days at
20 ◦C and 80% after ten days at 4 ◦C, respectively. These differences in the TBC degradation
rate during storage can be related to pretreatments before juice storage that could inactivate
enzymes, such as polyphenol oxidase and peroxidase, which are considered responsible
for the decay of phenols in berry-derived foods [38].

Figure 3a,b show that TPC gradually decreased as the storage time increased. After
35 days, the polyphenols loss was 50% and 65% for GG and AGG, respectively, whereas GM
and AGM showed a lower loss with 48% and 55% values. This difference between samples
could be related to the moisture content and water activity, since a more significant volume
of water favors reactant mobility, contributing to phenolic compounds degradation [40].
Maier et al. [41] also observed a decrease in the phenolic content from 243.6 mg/kg to
82.6 mg/kg in gelatin gels enriched with grape pomace extract during storage. Furthermore,
Tutunchi et al. [22] indicated a loss of TPC of 25% to 35% for gummy candy with red beet
extract powder at 28 days. Meanwhile, Šeremet et al. [7] reported fluctuations in the TPC
during the storage of white tea-based candies.

On the other hand, TAC decreased markedly over 35 days, with a total decrease of 75%,
78%, 77%, and 87% for GG, AGG, GM, and AGM, respectively (Figure 3c,d). These results
were consistent with the findings of de Moura et al. [11] and Maier et al. [41]. They reported
a reduction of close to 70% in anthocyanin content in jelly candy with hibiscus extract and
gelatin gels enriched with grape pomace extract, respectively. Tavares et al. [42] mentioned
that anthocyanins are unstable and highly susceptible to degradation under conditions
such as pH, temperature, light, oxygen, enzymes, ascorbic acid, and copigments. Likewise,
Chen et al. [21] and Teribia et al. [43] suggested that anthocyanin degradation could result
from condensation and polymerization reactions with other phenolic compounds present
in the sample. Hence, this anthocyanin decrease can lead to undesirable color changes and
a reduction in antioxidant activity.

Like the results of the TPC and TAC, the storage also had an unfavorable influence on
the TFC (Figure 3e,f). At the end of 35 days of storage, the flavonoids content in GG and
AGG stored at 4 ◦C decreased by approximately 60% and 75%, respectively, and for the
GM and AGM samples stored at 25 ◦C, this reduction was up to 62% and 77%, respectively.
In general terms, the stability of TBC in gelatin-based foods was slightly higher than CBJ
mainly when stored at 25 ◦C, possibly due to the interaction of polyphenols with gelatin
that led to lower availability of polyphenols for hydrolysis and oxidation reactions [22,23].
Similarly, Kia [44] indicated that the gelatin triple helix could retain antioxidant compounds
due to crosslinking and the formation of three-dimensional networks. On the other hand,
the TBC stability in samples containing air bubbles inside the food matrix (AGG and AGM)
was significantly (p ≤ 0.05) lower than those samples non-aerated (GG and GM). This
can be related to oxygen reacting with antioxidant compounds through hydrogen atom
donation of the hydroxyl group to a free radical, leading to a decrease in the bioactive
compounds [45].

Figure 4 shows a significant reduction (p ≤ 0.05) in the values of DPPH and FRAP
during the storage period at 4 and 25 ◦C.
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DPPH values of hydrogel samples decreased by approximately 54% by day 35. Mean-
while, a higher loss was observed in the FRAP assay, which decreased between 65% and
75% by day 35. This reduction might be due to the degradation of bioactive compounds,
mainly anthocyanins [21]. The decrease in AA during storage has been reported in other
studies, including a decrease in AA of 64% in jelly prepared with citrus juice [3], 51% in
white tea-based candies [10], 21% to 37% in gummy candy with red beet extract pow-
der [22], 15% in vegan gummy candies with betalains nanoliposomes [34], and 55% to 70%
in gummy candy with red beet extract [46].

On the other hand, k and t1/2 are summarized in Table 3.

199



Gels 2022, 8, 217

Table 3. Kinetic parameters of total bioactive compounds and antioxidant activity in the CBJ and
hydrogel samples stored under different conditions.

Assay Kinetic
Parameters

4 ◦C 25 ◦C

CBJ GG AGG CBJ GM AGM

TPC k (10−3 day−1) 13.0 ± 0.6 a 18.6 ± 0.1 c 24.9 ± 1.4 e 36.8 ± 0.7 f 16.4 ±0.6 b 21.3 ± 1.3 d

t1/2 (day) 53.3 ± 2.7 f 37.2 ± 0.3 d 27.9 ± 1.6 b 18.8 ± 0.4 a 42.4 ± 1.5 e 32.6 ± 1.9 c

R2 0.94 0.87 0.86 0.89 0.92 0.90
TAC k (10−3 day−1) 22.3 ± 1.2 a 40.9 ± 1.1 b 47.9 ± 1.7 c 67.7 ± 2.2 ed 43.6 ± 2.4 b 60.1 ± 7.2 d

t1/2 (day) 31.1 ± 1.8 e 16.9 ± 0.4 d 14.5 ± 0.5 c 10.3 ± 0.3 a 15.9 ± 0.9 cd 11.5 ± 0.1 b

R2 0.97 0.99 0.97 0.97 0.98 0.99
TFC k (10−3day−1) 21.8 ± 0.5 a 28.4 ± 0.5 b 38.8 ± 1.6 d 66.7 ± 0.9 f 33.1 ± 0.1 c 41.9 ± 1.7 e

t1/2 (day) 31.8 ± 0.7 e 24.4 ± 0.4 d 17.9 ± 0.7 b 10.4 ± 0.2 a 20.9 ± 0.8 c 16.5 ± 0.6 b

R2 0.96 0.98 0.95 0.97 0.90 0.99
DPPH k (10−3 day−1) 16.3 ± 0.6 a 21.2 ± 0.4 b 25.6 ± 0.6 c 40.2 ± 0.7 d 21.3 ± 0.6 b 26.2 ± 0.6 c

t1/2 (day) 42.5 ± 1.7 d 32.8 ± 0.6 c 27.1 ± 0.6 b 17.2 ± 0.3 a 32.6 ± 0.9 c 26.5 ± 0.6 b

R2 0.98 0.90 0.96 0.98 0.96 0.97
FRAP k (10−3 day−1) 24.7 ± 0.6 a 31.7 ± 0.2 b 37.9 ± 1.7 d 54.2 ± 1.5 f 34.1 ± 0.3 c 41.7 ± 0.6 e

t1/2 (day) 28.0 ± 0.7 e 21.9 ± 0.2 d 18.2 ± 0.8 c 12.8 ± 0.3 a 20.3 ± 0.2 c 16.6 ± 0.2 b

R2 0.96 0.98 0.94 0.97 0.97 0.99
a–f: Different superscripts within the same column indicate significant differences at p ≤ 0.05. CBJ: cryoconcen-
trated blueberry juice; GG: gelatin gel; AGG: aerated gelatin gel; GM: gummy; AGM: aerated gummy. TPC: Total
polyphenol content, TAC: Total anthocyanin content, TFC: Total flavonoid content, k: kinetic degradation rate,
t1/2: half-life time, R2: correlation index.

The TBC and AA degradation was appropriately fitted to a first-order kinetic model
(R2 > 0.9), which is similar to the previous studies on the degradation of bioactive com-
pounds in blueberries [41,47]. As expected, in CBJ samples, the storage temperature
significantly affected the k values of TBC and AA. The results indicate that CBJ stored at
25 ◦C degrades three times faster than CBJ stored at 4 ◦C. Anthocyanins showed the
most remarkable changes, decreasing t1/2 from 31 days to 10 days. As reported by
Tavares et al. [42], storage temperature influences anthocyanin degradation due to their
high thermosensitivity.

By comparing samples stored at 4 ◦C, we observed that the matrix did not have a pro-
tective effect against the degradation of TBC and AA, as the value of k was approximately
1.3 and 1.6 times higher for GG and AGG compared to CBJ, respectively. These differences
in the value of k could be related to the available water content since CBJ had a high TSS
(45 ◦Brix), exhibited a lower aw (0.911) than the GG and AGG samples (0.988 and 0.981,
respectively). Thus, these conditions reduce the degradation of phenolic compounds in
CBJ by decreasing the mobility of the reactants within the food [22,40]. In samples stored at
25 ◦C, a protective effect of gelatin was noticeable on the degradation of TBC and AA. A
52% and 38% lower k were observed in GM and AGM than in CBJ, respectively. Similar
results were reported by Tutunchi et al. [22], who indicated that betanin was more stable in
gummy candy than a beverage. In this regard, Rodriguez-Sánchez et al. [23] suggested that
interactions with proteins may protect some pigments such as betaxanthins from hydrolysis
and oxidation. Likewise, Muhamad et al. [48] indicated that sugar has a protective effect
on anthocyanins, which could be assigned to its steric interference with reaction products
of anthocyanin–phenolic polymerization [49]. The anthocyanins stability results showed a
t1/2 of 16 and 12 days for GM and AGM, respectively. Tutunchi et al. [22] also observed a
similar t1/2 in gummy candies enriched with red beet extract powder.

2.2.2. Stability of Color

The CIELAB parameters (L*, a*, b*, and ∆E) of gelatin-based foods and CBJ stored for
35 days are shown in Table 4.
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Table 4. Color parameters of CBJ and gelatin-based confectionery during storage.

Sample Time (Days) L* a* b* ∆E

4 ◦C

CBJ

0 8.0 ± 0.2 d 24.6 ± 0.9 f 4.9 ± 0.2 c -
7 8.0 ± 0.0 d 22.5 ± 0.0 e 4.6 ± 0.1 c 2.1 ± 1.0 a

14 7.1 ± 0.2 c 21.6 ± 0.0 d 4.3 ± 0.0 b 3.1 ± 1.0 b

21 6.9 ± 0.2 bc 21.0 ± 0.0 c 4.3 ± 0.0 b 3.8 ± 0.9 c

28 6.7 ± 0.2 b 19.3 ± 0.1 b 3.2 ± 0.1 a 5.7 ± 0.9 d

35 6.3 ± 0.2 a 17.4 ± 0.6 a 3.2 ± 0.0 a 7.6 ± 1.5 e

GG

0 18.1 ± 0.6 d 7.6 ± 0.4 f 1.1 ± 0.0 d -
7 17.2 ± 0.3 cd 7.1 ± 0.2 e 1.1 ± 0.1 d 1.2 ± 0.4 a

14 16.6 ± 0.3 bc 5.8 ± 0.2 d 0.8 ± 0.1 c 2.4 ± 0.2 b

21 16.2 ± 0.5 b 4.5 ± 0.1 c 0.7 ± 0.0 c 3.8 ± 0.3 c

28 15.9 ± 0.6 ab 4.1 ± 0.1 b 0.6 ± 0.0 b 4.3 ± 0.1 d

35 15.3 ± 0.2 a 3.8 ± 0.1 a 0.5 ± 0.0 a 4.8 ± 0.4 e

AGG

0 60.2 ± 0.5 e 10.2 ± 0.2 f 10.0 ± 0.1 d -
7 58.7 ± 0.7 d 9.6 ± 0.1 e 9.9 ± 0.3 d 1.7 ± 0.3 a

14 56.8 ± 0.3 c 8.4 ± 0.2 d 9.2 ± 0.0 c 4.0 ± 0.0 b

21 54.8 ± 0.1 b 7.9 ± 0.0 c 8.6 ± 0.1 b 6.0 ± 0.5 c

28 53.4 ± 0.1 a 5.2 ± 0.0 b 8.5 ± 0.0 b 8.6 ± 0.2 d

35 51.9 ± 1.4 a 4.6 ± 0.0 a 7.7 ± 0.0 a 10.3 ± 0.9 e

25 ◦C

CBJ

0 8.0 ± 0.2 f 24.6 ± 0.9 f 4.9 ± 0.2 e -
7 6.8 ± 0.1 e 18.4 ± 0.1 e 3.9 ± 0.1 d 6.4 ± 1.0 a

14 5.6 ± 0.0 d 13.5 ± 0.5 d 1.3 ± 0.0 c 11.9 ± 1.3 b

21 4.6 ± 0.0 c 10.7 ± 0.1 c 1.0 ± 0.0 b 14.8 ± 1.0 c

28 3.6 ± 0.0 b 9.0 ± 0.0 b 0.9 ± 0.0 a 16.7 ± 1.0 d

35 3.0 ± 0.0 a 7.6 ± 0.0 a 0.9 ± 0.0 a 18.1 ± 1.0 e

GM

0 22.1 ± 0.6 e 4.0 ± 0.1 f 9.4 ± 0.4 d -
7 21.0 ± 0.4 d 2.8 ± 0.1 e 9.7 ± 0.1 c 1.7 ± 0.3 a

14 19.3 ± 0.1 c 2.5 ± 0.1 d 8.7 ± 0.3 b 3.3 ± 0.5 b

21 18.6 ± 0.4 b 2.4 ± 0.1 c 8.8 ± 0.1 b 3.9 ± 0.3 c

28 17.9 ± 0.2 a 2.3 ± 0.0 b 8.7 ± 0.3 b 4.6 ± 0.4 d

35 17.3 ± 0.5 a 1.7 ± 0.0 a 8.1 ± 0.2 a 5.5 ± 0.3 e

AGM

0 56.4 ± 1.6 f 11.3 ± 0.5 f 9.4 ± 0.4 d -
7 53.4 ± 0.8 e 11.2 ± 0.1 e 8.9 ± 0.1 c 3.0 ± 1.0 a

14 47.8 ± 0.6 d 10.9 ± 0.2 d 8.8 ± 0.1 c 8.6 ± 2.2 b

21 46.0 ± 1.0 c 9.9 ± 0.3 c 8.7 ± 0.3 bc 10.5 ± 0.9 c

28 44.2 ± 0.5 b 9.1 ± 0.0 b 8.4 ± 0.1 b 12.4 ± 1.6 d

35 40.7 ± 0.3 a 8.8 ± 0.1 a 7.9 ± 0.1 a 15.9 ± 1.7 e

a–f: Different superscripts within the same column indicate significant differences at p ≤ 0.05. CBJ: cryoconcen-
trated blueberry juice; GG: gelatin gel; AGG: aerated gelatin gel; GM: gummy; AGM: aerated gummy. TPC: Total
polyphenol content, TAC: Total anthocyanin content, TFC: Total flavonoid content, k: kinetic degradation rate,
t1/2: half-life time, R2: correlation index.

On day 0, CBJ had an intense reddish color mainly due to anthocyanins (L* ≈ 7.9,
a* ≈ 24.56, and b* ≈ 4.91), and its addition explains the marked color of the samples, as
can be seen in Figure 5.
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GG had low L* and higher a* compared to GM, indicating that GG presents a darker
reddish color and may be related to a lower gelatin content in the formulation [24], high-
lighting the intense color of the CBJ. Meanwhile, the aerated samples (AGG and AGM)
exhibited an opaque appearance with higher values of L* (p ≤ 0.05) compared to the non-
aerated samples (GG and GM), which is mainly attributed to the air bubbles as reported by
Zúñiga et al. [32] and Casas-Forero et al. [15]. In addition, the aeration produces an evident
decrease in the darkness of the samples.

In terms of storage, a general decrease in L* values was observed, indicating a progres-
sive darkening. On day 35, CBJ, GG, and AGG showed a decrease of 21%, 16%, and 14%,
respectively, stored at 4 ◦C, while CBJ, GM, and AGM, which were kept at 25 ◦C, exhibited
a reduction of 62%, 22%, and 28%, respectively. Thus, these results denote a protective
effect of gelatin on color stability, as indicated by Otálora et al. [12] with gummy candies.
Likewise, several authors have reported higher color stability in confectionery, such as gels
and candies, made with gelatin as a gelling agent, compared to pectin [7,36,41]. Similarly,
the coordinates of a* and b* decreased significantly with time storage (p ≤ 0.05), indicating
that the samples lost their characteristic red coloration, which could be attributed to the
degradation of anthocyanins in the chalcones [50].

The ∆E increased with time, reaching values greater than 5 units at 35 days. According
to de Moura et al. [11], the human eye can distinguish the color change between samples with
∆E values greater than 3.5. The color difference was more noticeable in the CBJ stored at 25 ◦C
(∆E≈18 units), whereas GG and GM exhibited lower values (∆E≈5 units). Comparable results
were reported by Rivero et al. [9], de Moura et al. [11], and Yan et al. [51].

From a practical point of view, the present study can be useful in the food industry
and molecular gastronomy, since the findings obtained are the use of the starting point for
the cryoconcentrates used in gelling materials, which in turn allows multiple possibilities
for food innovations.

3. Conclusions

The findings of this study suggest that it is possible to fortified gelatin-based confec-
tionery with cryoconcentrated juice without detriment to their physicochemical character-
istics and textural properties. CBJ improved nutritional value due to providing bioactive
compounds with high antioxidant capacity. Specifically, on day 0, gelatin-based foods
showed high TBC and AA. Regarding the stability study, a significant decrease in the TBC
content and AA was observed in the CBJ and gelatin-based foods over storage (4 ◦C and
25 ◦C). Despite this, a protective effect of gelatin against loss of bioactive compounds and
color changes was noticed. Furthermore, to preserve TBC, it can be estimated that GG and
G could be stored for at least 21 days at 4 ◦C and 25 ◦C, respectively, while in aerated prod-
ucts (AGG and AGM), the storage time would be 15 days under storage at 4 ◦C and 25 ◦C,
respectively. These findings support the idea that CBJ could be considered an innovative
and functional ingredient. Furthermore, further studies must be carried out to evaluate
the bioactivity of gelatin-based confectionery with cryoconcentrates to demonstrate their
potential beneficial health effects.
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4. Materials and Methods
4.1. Materials

Blueberries (Vaccinium corymbosum L.) were purchased from a local market in Chillán
(36◦36′24′′ S 72◦06′12′′ W, XVI Región del Ñuble, Chile), and the fruits were stored at 4 ◦C
until processing. Gelatin from bovine powder skin type B (G9382), sucrose, Folin–Ciocalteu
reagent, gallic acid, cyanidin-3-glucoside, catequin, 1,1-diphenyl-2-picryl-hydrazyl (DPPH),
2,4,6-tris(2-pyridyl)-S-triazine (TPTZ), and 6-hydroxyl-2,5,7,8-tetramethyl-2-carboxylic acid
(Trolox) were purchased from Sigma-Aldrich (St. Loius, MO, USA). Glucose syrup 42 DE
was acquired locally from Furet Ltd. (Chillán, Chile). Standards and enzymes used to
simulate in vitro digestion, such as human salivary α-amylase (1031), porcine pepsin
(P6887), porcine pancreatin (H2625), and bovine bile (B3883), were purchased from Sigma-
Aldrich (St. Loius, MO, USA). Calcium chloride (CaCl2), sodium carbonate (Na2CO3), ferric
chloride hexahydrate (FeCl3·6H2O), sodium acetate (CH3COONa), sodium hydroxide
(NaOH), hydrochloric acid (HCl), sodium nitrite (NaNO2), aluminum chloride (AlCl3), and
potassium chloride (KCl) were obtained from Merck (Darmstadt, Germany). Ultrapure and
distilled water were used for the preparation of all aqueous solutions.

4.2. General Experimental Procedure

Figure 6 shows the experimental procedure of the hydrogels fortified with CBJ, the charac-
terization of hydrogels samples, storage stability, determination of total bioactive compounds
(TBC) and antioxidant activity (AA), color measurement, and half-life time analysis.
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4.3. CBJ Preparation

Blueberries were washed with tap water to remove dirt, and later, the juice was ex-
tracted in a tabletop juicer (JE2001, Nex, Barcelona, Spain). Immediately, the juice was
filtered through a nylon cloth (0.8 mm mesh) to remove skin and seeds. Then, the juice
was concentrated through three cryoconcentration cycles using the centrifugal method
described previously by Casas-Forero et al. [16]. Hence, CBJ corresponds to the cryocon-
centrated sample acquired in the final cycle. After the third cycle, the CBJ reached values of
45 ◦Brix and a 4.1 pH. Thus, the cryoconcentrated juice was stored until use as an ingredient
in the elaboration of hydrogel samples.

4.4. Preparation of Hydrogel Products

For the commercial hydrogels products based on confectionery foods, four types
of samples were prepared, gelatin gel (GG), aerated gelatin gel (AGG), gummy (GM),
and aerated gummy (AGM). For GG and AGG samples, the hydrogels with CBJ were
performed according to Casas-Forero et al. [15], with slight modifications. Separately, the
gelatin powder (3 g for GG and 8 g for AGG) was hydrated in 70 mL distilled water at
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room temperature for 10 min. Then, the solutions were mechanically stirred (300 rpm)
for 10 min at 60 ◦C. After, the solutions were cooled and maintained for 5 min at 40 ◦C,
and later, 30 g of CBJ was added to each solution, and the solution (with CBJ) was stirred
(300 rpm) for 5 min at 40 ◦C. Later, the gel solution with CBJ was poured into plastic vessels
(approximately 34 mm inner diameter and 15 mm height). For AGG samples, air bubbles
were incorporated using an Oster® mixer (Oster 2532, 250-watt, 6-speed, Rianxo, Spain)
for 9 min, and then, the aerated gel solution with CBJ was deposited into plastic vessels.
Finally, the GG and AGG samples were maintained overnight at 4 ◦C until the formation of
a solid gel.

For GM and AGM samples, separately, 6 g of gelatin powder was hydrated in 25 mL
distilled water for 10 min at room temperature. Then, the solution was heated at 60 ◦C and
mechanically stirred at 300 rpm until complete dissolution (≈10 min). The gelatin solution
was cooled and maintained until at 40 ◦C. In parallel, a syrup solution was prepared with
350 mL of distilled water, 350 mL of sucrose, and 300 mL of glucose syrup. Thus, once
the solution was homogenized with constant agitation, it was heated for 5 min at 110 ◦C,
and then, it was cooled to 50 ◦C. After, 30 g of CBJ and 45 g of syrup were mixed with the
gelatin solution, and the mixture was stirred (300 rpm) for 5 min at 40 ◦C. Thus, for GM,
the gel solution with CBJ and syrup was placed into plastic vessels. For AGM, the aeration
process was performed for 4 min using an Oster® mixer (Oster 2532, 250-watt, 6-speed,
Rianxo, Spain). Finally, the aerated gel solution with CBJ and syrup was placed into plastic
vessels. Thus, the GM and AGM were solidified overnight at room temperature.

4.5. Characterization of Hydrogels Samples
4.5.1. Physicochemical Parameters

Total soluble solids (TSS) expressed as ◦Brix were analyzed using a digital PAL-1
refractometer (PAL-3, ≈1 mL, range: 0–93 ◦Brix, precision: ±0.1 ◦Brix, Atago Inc., Tokyo,
Japan). The pH was measured using a digital pH meter (HI 2210, Hanna Instruments,
Woonsocket, RI, USA). The moisture content was obtained gravimetrically by vacuum
drying at 60 ◦C in a vacuum oven (3618–1CE, Lab Line Instruments Inc., Melrose Park,
IL, USA) for 24 h (AOAC, 20.013, 2000). The water activity (aw) was determined using a
dew-point hygrometer (AquaLab Model 4TE, Decagon Devices Inc., Pullman, WA, USA).
The density was measured by the flotation method according to Zúñiga and Aguilera [31],
and the results were expressed as kg/m3. Gas hold-up (ε) of AGG and AGM was obtained
by comparing the density of the aerated sample (ρAGG or ρAGM) with the respective gas-free
sample (ρGG or ρGM) density. The ε was calculated according to Equation (1).

ε(%) =

(
1− ρAGG or ρAGM

ρGG or ρGM

)
∗ 100 (1)

where ρAGG, ρAGM, ρGG, and ρGM are the density of aerated gelatin gel (AGG), aerated
gummy (AGM), gelatin gel (GG), and gummy (GM), respectively.

4.5.2. Rheological Properties

The rheological properties were evaluated by a rotational-type rheometer (Physica MCR300,
Anton Paar GmbH, Stuttgart, Germany) using a parallel plate geometry (50 mm diameter) with
a 1 mm gap. The apparent viscosity of the samples was determined at 25 ◦C with a shear rate of
0.1 to 100 s−1 [27]. The frequency sweep measurement was performed from 0.1 to 100 Hz at a
constant stress of 3.0 Pa within the linear viscoelastic region at 25 ◦C [52].

4.5.3. Mechanical Properties

The uniaxial compression test was carried out using a texture analyzer (TAXT plus100,
Stable Micro Systems Ltd., Surrey, UK) with a load cell of 5.0 kg. The samples were
compressed with a 50 mm diameter cylindrical aluminum probe (P50) at a constant speed
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of 1 mm/s up to a compression strain of 70% [53]. The true stress (σH) and true strain (εT)
were calculated from force-time curves by Equations (2) and (3), respectively.

σH = F
[

ho − h
ho A

]
(2)

εT = − ln
[

ho

ho − h

]
(3)

where F is the compression force (N), A is the cross-sectional area of the sample (m2), and
ho and h are the initial and final height after compression (m), respectively.

4.5.4. Optical Microscopy

The samples were cut into thick slices of 3 mm with a razor blade and the slices
were placed on a slide. Photomicrographs were acquired using an Olympus Trinocular
Microscope (Olympus Co., Tokyo, Japan) coupled to a digital camera, Olympus LC 20
(Olympus Co., Munster, Germany) with an objective lens Nikon 10× [12].

4.6. Storage Stability Study (SSS)

Specifically, GG and AGG were maintained at 4 ◦C in the dark in a refrigerated
incubator (FOC 215E, Velp Scientific Inc., Milano, Italy), and GM and AGM were stored
at 25 ◦C in the dark in a thermostatic chamber (Memmert UF110, Memmert, Schwabach,
Germany). For each sample and the control (CBJ), total bioactive compounds (TBC),
antioxidant activity (AA), and color were analyzed at 0, 7, 14, 21, 28, and 35 days of storage.

4.7. Determination of Total Bioactive Compounds (TBC)

Total polyphenol content (TPC) was measured according to the Folin–Ciocalteu
method described by Waterhouse [54], with minor modifications. Gallic acid (GA) was
used as standard. An amount of 100 µL of the sample was mixed with 500 µL of 10-fold
diluted Folin–Ciocalteu reagent. Then, the solution was vigorously mixed with 1500 µL
of Na2CO3 (20% w/v). After 90 min in the dark at room temperature (incubation), the
absorbance was recorded at 760 nm. TPC was calculated as milligrams of GA equivalents
(GAE) per 100 g of sample (mg GAE/100 g).

Total monomeric anthocyanin content (TAC) was quantified by the differential pH
method according to Lee et al. [55], with some modifications. Cyanidin-3-O-glucoside
(C3G) was used as standard. An amount of 200 µL of the sample was mixed with 800 µL
of KCl (pH 1.0, 0.025 M) and 800 µL of CH3COONa (pH 4.5, 0.4 M) buffers. After 30 min
in the dark at room temperature (incubation), the absorbance was measured at 510 and
700 nm. TAC was calculated as milligrams of C3G equivalents per 100 g of sample (mg
C3G/100 g).

Total flavonoid content (TFC) was determined using the aluminum chloride colorimet-
ric method described by Dewanto et al. [56], with modifications. Catequin (C) was used as
standard. An amount of 250 µL of the sample was mixed with 1000 µL of distilled water
and 75 µL of NaNO2 (5% w/v). After 6 min in the dark at room temperature (incubation),
75 µL of AlCl3 (10% w/v), 500 µL of NaOH (1 M), and 600 µL of distilled water were added
to the solution, and later, the absorbance was measured at 510 nm. TFC was calculated as
milligrams of C equivalents (CEQ) per 100 g of sample (mg CEQ/100 g).

4.8. Determination of Antioxidant Activity (AA)

The DPPH assay was assessed using the method reported by Brand-Williams et al. [57],
with minor modifications. An amount of 150 µL of the sample was mixed with 2850 µL
of DPPH methanolic solution. The mixture was kept in the dark at room temperature for
30 min (incubation), and the absorbance was measured at 515 nm.

The ferric reducing antioxidant power (FRAP) assay was performed according to
Benzie and Strain [58], with some modifications. Briefly, FRAP reagent was prepared with
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50 mL of CH3COONa buffer (pH 3.6, 300 mM), 5.0 mL of TPTZ (10 mM in HCl (40 mM)),
and 5.0 mL of FeCl3·6H2O (20 mM) (10:1:1 ratio), and then the solution was incubated at
37 ◦C. An amount of 150 µL of the sample was mixed with 2850 µL of FRAP reagent. The
solution was kept in the dark at 37 ◦C for 30 min (incubation), and the absorbance was
measured at 593 nm.

For DPPH and FRAP assays, Trolox (T) was used as the standard curve, and the results
were expressed as µmol Trolox equivalents (TE) per 100 g of sample (µM TE/100 g).

TBC (TPC and TAC) and AA (DPPH and FRAP) values were measured by spectrophoto-
metric analysis (T70 UV/Vis spectrophotometer, Oasis Scientific Inc., Greenville, SC, USA).

4.9. Color Measurement

Color analysis was performed through CIELab coordinates (L*: darkness–lightness,
a*: green-red axis, b*: blue-yellow axis) using a colorimeter (CM-5, Konica Minolta, Osaka,
Japan), with illuminant D65 and an observer angle of 10◦, where the samples were filled in
a glass cuvette, and thus, the CIELab values were measured [59].

4.10. Kinetics and Half-Life Time Analysis

First-order kinetics was used to describe the degradation TBC and AA content [22].
The reaction rate constant (k) and half-life time (t1/2) were calculated according to
Equations (4) and (5), respectively.

Ct

Co
= e−k t (4)

t1/2 =
ln 2

k
(5)

where Co is the initial TBC and AA content, and Ct is the TBC and AA content at time
t (days).

4.11. Statistical Analysis

All experiments were replicated three times and measurements were carried out in
triplicate, and the data were expressed as mean ± standard deviation (SD). A one-way
analysis of variance (ANOVA) was performed for each variable to identify differences
between samples, and least significant difference (LSD) tests were performed for the
comparison of means at a significance level of 5% (p ≤ 0.05) using Statgraphics Centurion
XVI software (v. 16.2.04, StatPoint Technologies Inc., Warrenton, VA, USA).
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Abstract: Vitamin D deficiency distresses nearly 50% of the population globally and multiple studies
have highlighted the association of Vitamin D with a number of clinical manifestations, including
musculoskeletal, cardiovascular, cerebrovascular, and neurological disorders. In the current study,
vitamin D oil-in-water (O/W) nanoemulsions were developed and incorporated in edible gummies
to enhance bioavailability, stability, and patient compliance. The spontaneous emulsification method
was employed to produce a nano-emulsion using corn oil with tween 20 and lecithin as emulsifiers.
Optimization was carried out using pseudo-ternary phase diagrams and the average particle size
and polydispersity index (PDI) of the optimized nanoemulsion were found to be 118.6 ± 4.3 nm and
0.11 ± 0.30, respectively. HPLC stability analysis demonstrated that the nano-emulsion prevented
the degradation and it retained more than 97% of active vitamin D over 15 days compared to 94.5%
in oil solution. Similar results were obtained over further storage analysis. Vitamin D gummies
based on emulsion-based gelled matrices were then developed using gelatin as hydrocolloid and
varying quantities of corn oil. Texture analysis revealed that gummies formulated with 10% corn oil
had the optimum hardness of 3095.6 ± 201.7 g on the first day which remained consistent on day
45 with similar values of 3594.4 ± 210.6 g. Sensory evaluation by 19 judges using the nine-point
hedonic scale highlighted that the taste and overall acceptance of formulated gummies did not change
significantly (p > 0.05) over 45 days storage. This study suggested that nanoemulsions consistently
prevent the environmental degradation of vitamin D, already known to offer protection in GI by
providing sustained intestinal release and enhancing overall bioavailability. Soft chewable matrices
were easy to chew and swallow, and they provided greater patient compliance.

Keywords: vitamin D; nanoemulsion; gelled matrices; texture analysis; gelatin; sensory evaluation; gummy

1. Introduction

Vitamin D or calciferol is a lipid-soluble vitamin which is a combination of various
steroidal derivatives. These derivatives include: cholecalciferol (vitamin D3), which is a
derivative of cholesterol, calcidiol (partially active hydroxylated form of cholecalciferol),
calcitriol (dihydroxylated active form), ergocalciferol (D2), and its mono and dihydrox-
ylated derivatives [1]. Vitamin D is both endogenous and exogenous. The human skin
epidermis, when exposed to ultraviolet-B (UVB) radiation present in sunlight, produces
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vitamin D3 from 7-dehydrocholesterol endogenously. Exogenous vitamin D is sourced from
dietary food, such as dairy, oily fish, liver, egg yolk, etc., and supplements. Since the natural
food options which can provide exogenous vitamin D are quite limited, supplementation is
increasingly encouraged to counter its deficiency. Vitamin D in general, refers to vitamin
D3. Its primary circulating form 25-hydroxyvitamin D is converted to active metabolite
1,25-dihydroxyvitamin D within the human body [2].

Individuals having serum vitamin D levels (i.e., 25-hydroxyvitamin D [25(OH)D]) below
20 ng per milliliter or 50 nmol per liter (deemed appropriate level by the Institute of Medicine
in 2011) are considered vitamin D deficient. In 2011, after a comprehensive analysis of the liter-
ature, the Institute of Medicine (IOM) reached the conclusion that a 25(OH)D concentration of
20 ng/mL or above in blood was adequate for optimal bone health [3–5]. Vitamin D deficiency
is associated with a number of clinical manifestations in people of different age groups. It is
predominantly associated with bone health, and vitamin D deficiency is well understood to
contribute to musculoskeletal disorders. Without vitamin D, just 10–15% of dietary calcium
and about 60% of phosphorus are absorbed. [2]. Vitamin D deficiency results in musculoskele-
tal fatigue, and low vitamin D levels have been observed in conjunction with rheumatoid
arthritis, multiple sclerosis, and arthritis, closely associated with many cardiovascular risk
factors, e.g., myocardial heart infarction, congestive heart failure [6], diabetic cardiovascular
disease, and peripheral arterial disease. A number of studies have suggested the role of
vitamin D deficiency in increased cerebrovascular accident (CVA) risk and it has been linked
to an elevated risk of depression and schizophrenia [7–9]. Vitamin D modulates the role of B
and T-lymphocytes and regulates cell differentiation and proliferation [10,11]. Multiple studies
have acknowledged that women represent a high risk population for vitamin D deficiency,
with pregnant women being at higher risks, leading to multiple pregnancy complications, e.g.,
gestational diabetes and preeclampsia [12]. Vitamin D deficiency is prevalent across the world,
with an estimated 1 billion people suffering from the condition [13]. According to several
reports, 40–100% of elderly people in the U.S. and European countries are vitamin D deficient.
Furthermore, various studies have shown low vitamin D status regardless of age, gender, and
geography [2,13–15]. According to a meta-analysis report from 2015, vitamin D deficiency
was 35% more frequent among obese people irrespective of age or demography [16]. Vitamin
D deficiency has been associated with populations having higher levels of melanin in their
skin and the populations that use extensive skin care, notably in Middle East nations [13,17].

The Institute of Medicine (IOM) has published guidelines for vitamin D supplementa-
tion, suggesting 600 IU/day vitamin D for most of the population aging between one and
70 years. The Recommended Dietary Allowance (RDA) of vitamin D for individuals above
70 years of age is 800 IU per day and for infants up to one year of age is 400 IU a day [18].
For the treatment and prevention of vitamin D deficiency, the Endocrine Society in the
United States recommended more than 30 ng/mL of serum 25(OH)D concentrations to be
achieved, more preferably in the range of 40–60 ng/mL [4]. To reach a serum 25(OH)D
level of 30 ng/mL, all deficient adults should be provided with either 50,000 IU weekly of
vitamin D3 or 6000 IU daily for 8 weeks. A daily maintenance dose of 1000 IU in patients
up to 18 years and 1500–2000 IU daily in patients aging 18–50 years is recommended by
The Endocrine Society [4,19].

Limitations with supplemental solid oral delivery: Oral delivery is perceived as most
reliable route for the administration of active pharmaceutical ingredients (APIs). More than
60% of all medicines comprise of solid oral dosage forms due to ease of manufacture, avail-
ability of large number of excipients, cheaper development process, more accurate dosing
compared to oral liquids, and ease of handling and dispensing [20]. Since it is non-invasive,
patients are more comfortable compared to other routes. Major disadvantages with oral
formulations include low gastric and intestinal solubility, which reduces the bioavailability
of large number of pharmaceuticals and rapid stomach breakdown, possibly followed
by degradation of the API by gastrointestinal (GI) tract enzymes [21]. Another critical
concern is patient compliance among children and the elderly majorly due to dysphagia. A
questionnaire research revealed that 26% of 6158 patients reported difficulties swallowing
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tablets [22]. Another study found that 37.4% of all participants (n = 1051) reported having
trouble swallowing tablets and capsules [17]. When it comes to supplementation (either
prophylactic or treatment), where a medication or dose is not usually regarded equally
relevant or critical as other urgent needs or treatment medications, the graph of compliance
further falls. Adults with dysphagia or those reluctant to take medications usually ignore
the supplementary pills. Parents usually miss the supplements when given as solid orals
due to reluctance of children to take the pills.

Limitations with vitamin D stability and bioavailability: Cholecalciferol is highly sus-
ceptible to environmental degradation (sunlight, heat, and oxygen), and readily undergoes
isomerization or oxidation when exposed to open air in its raw form, resulting in a loss
of its functioning and physiological implications. Several studies report that it is poorly
water-soluble and solubilizing vitamin D in some carrier oils protects it from the effects
of heat or oxidation [23–25]. Vitamin D has very limited bioavailability, which limits its
effectiveness when given as an oral supplement, and higher doses are required to maintain
effective levels. It has been observed that only around half (~50%) of the Vitamin D3
consumed orally is absorbed [26].

Lipid-based formulations have gained commercial recognition by improving the oral
bioavailability and solubility of poor water-soluble drugs. They enhance the drug absorption
by solubilizing the poorly water soluble or insoluble drugs and promoting the emulsification
process in the GIT. The application of nano-emulsions (NEs) in the food sector has attracted
growing interest owing to the changes in the physicochemical attributes and biological
efficiency associated with particle size modifications. Particle size reduction in emulsion-based
formulations can have a variety of effects that may benefit various food and supplemental
applications: (i) enhanced stability against aggregation and separation of droplets under
gravity; (ii) greater visual clarity; and (iii) improved oral bioavailability [27,28]. In one of
the studies conducted by Salvia-Trujillo et al., lipid droplets of a relatively smaller size were
digested considerably quicker in simulated GI fluid suggesting mixed micelles that solubilize
lipophilic vitamins may develop more quickly in the small intestine [27]. Because of their
potential to yield robust and transparent delivery systems with excellent oral bioavailability,
NEs are particularly well suited for encapsulating lipophilic nutraceuticals [29]. NEs are
dual phased thermodynamically stable systems comprising of at least two immiscible liquids
having droplet sizes in the nanometer range usually below 200 nm. They have good kinetic
stability upon storage and can be fabricated with minimal surfactant concentrations [30,31].
High-energy emulsification technologies, such as using ultrasonic generators or high-pressure
homogenizers, can be used to synthesize NEs. Nano emulsion-based soft chewable matrices
that are easy to chew and swallow and have the potential to entrap the medication, giving
sustained, controlled release while avoiding quick disintegration in the stomach, have shown
promise as delivery systems.

Vitamins in chewable gummy form have become increasingly common today among
both the young and adults. Gummy supplements are reported to accommodate the ‘pill
fatigue’ of consumers and to mask the ‘vitamin taste’ that is often very poor or has an
odious smell [32]. Nowadays, children with complete dentition readily embrace gelled
gummies and candies because of their good taste and chewability, since they are frequently
flavored with various fruity and other lucrative flavors and extracts and are sweet in nature.
Presently, two out of the top 10 vitamin D supplements are gummies. This is due to the
widespread acceptability of gummy soft chew supplements among people of all age groups.
It has also been evident in many studies that children’s nutritional status has been improved
with chewable vitamins [32,33]. In the light of above considerations, a nano-emulsion-
based soft confectionary system was developed, having a soft chewable matrix, which was
followed by an evaluation of its texture profile, dissolution, and consumer compliance.

2. Materials

Vitamin D (97–99% pure) was procured from HiMedia Laboratories Pvt. Ltd. Mumbai,
India. Cold pressed pure corn oil was purchased from Deve herbes, Delhi, India. Gelatin
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160 g bloom strength, Poloxamer 188, lecithin, and sucralose were purchased from Sigma-
Aldrich, Inc., St. Louis, MO, USA. Transcutol and Poloxamer 407 were purchased from
Gattefosse, Saint-Priest, France. Tween 20, Tween 80, Tween 60, and Span 20 were bought
from Loba Chemie Pvt. Ltd., Mumbai, India. HPLC grade methanol and water were bought
from Merck, Mumbai, India. Food Safety and Standards Authority of India (FSSAI) grade
sorbitol/xylitol, sucralose, citric acid, and flavors were purchased from local vendors.

3. Experimental Design
3.1. Preparation and Optimization of Vitamin D Nanoemulsion

The oil phase of nanoemulsion was selected based on the reported solubility of vita-
min D in various oils [34–39]. Surfactant and co-surfactant were selected based on their
ability to spontaneously emulsify corn oil [40]. Briefly, 100 mg of corn oil was dissolved
in 3 mL of methylene chloride and then surfactant/co-surfactant (10 mL) was added
and stirred at 200 rpm (at 40 ◦C) using magnetic stirrer to remove methylene chloride.
Thereafter, 1 mL of sample was withdrawn and in it 10 mL of distilled water was added
gradually, and percentage transmittance was determined at 339 nm wavelength using a UV
spectrophotometer [41]. All the measurements were performed in triplicate.

Nanoemulsion optimization was performed by aqueous titration method followed
by pseudo-ternary phase diagram as described previously [42,43]. Corn oil containing
a weighed quantity of vitamin D was admixed with the combination of surfactant and
co-surfactant (Smix) in different ratios (1:1, 2:1, 1:2, 1:3 and 3:1). The mixtures were
then titrated with water, vortexed, and analyzed visually for their appearance, clarity, or
turbidity (Table 1) and plotted as ternary phase diagram. Clear dispersions (nanoemulsions)
with a minimum concentration of Smix were selected for further evaluation [44].

Table 1. (A). Grading system of oil and Smix based on appearance and emulsification time. (B). Visual
screening data of nano emulsions using different ratio of Smix and oil.

A. Grade Parameter Self-Emulsion Time (min)

1. Rapid, clear nanoemulsion <1
2. Rapid, slight hazy nanoemulsion <2
3. Slow, turbid emulsion >3
4. No emulsification >4

B. Grading based on appearance

Ratio of Smix: Oil
Co-surfactant to surfactant ratio

1:1 2:1 1:2 1:3 3:1

10:3 1 1 1 1 1
09:3 1 1 1 1 1
08:3 2 1 1 1 1
07:3 2 1 1 2 1
06:3 2 1 2 2 1
05:3 3 1 2 2 2
04:3 3 1 2 3 2
03:3 4 1 2 4 2
02:3 4 2 3 4 3
01:3 4 4 4 4 4

3.2. Characterization of Vitamin D Nanoemulsion

The average particle size of the fabricated nanoemulsion was evaluated using Zetasizer
Nano ZS90 (Malvern Instruments, Malvern, UK) via dynamic light scattering (DLS). An am-
bient temperature of 25 ◦C and scatter angle of 173◦ were set to carry out the measurements.
To eliminate the overlapping effects of scattering, a dilution of 500 times was performed
with buffer solution of equivalent pH before measurements. A disposable capillary cell of
1 mL was employed for zeta potential measurement.
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To analyze morphology, a Morgagni 268D transmission electron microscope (TEM,
Fei Electron Optics, Eindhoven, The Netherlands) functioning at 80 kV was employed.
On a 400-mesh copper panel coated with carbon foil, one drop of each sample previously
diluted 100 times was applied and allowed to dry for two minutes. A negative stain of
2% phosphotungstic acid was then applied to the sample slide and allowed to dry before
examination. Observations were conducted at room temperature, using a smaller objective
aperture, a lower accelerating voltage of 80 kV, and at increasing magnifications [44].

3.3. Stability Study of Vitamin D Nanoemulsion

The high-performance liquid chromatography (HPLC) analysis was employed for
quantification of vitamin D. Waters e2695 separations Module HPLC system (Waters Co.,
Milford, MA, USA) equipped with autosampler, Waters 2489 dual wavelength UV detector
and a column heater was used. The symmetry C8 column by Waters, having 100 Å pore
size with 4.6 mm internal diameter, 5 µm particle size, and 250 mm length, was used for
the stationary phase and Empower™ software (Version 3, feature release 4) from Waters
was used to process and analyze the results.

A primary stock solution of 1 µg/mL was prepared by dissolving vitamin D in HPLC
grade methanol. Hence, 50 mg vitamin D was serially diluted to obtain standard solution
of desired concentration. The following process parameters were utilized for separation:
temperature was maintained at 25 ± 2 ◦C, methanol and HPLC grade water in a ratio of
90:10 (v/v) were employed as mobile phase, 1.0 mL/min flow rate was set and maintained,
sample cooler was set to 15 ◦C, and detection was carried out at 265 nm. The standard
solution was analyzed 5 times (n = 5) for regression.

Vitamin D nanoemulsion was freshly prepared and stored in light resistant container.
Since vitamin D degrades rapidly in the aqueous solution, a comparison was made with
the oil solution of vitamin D prepared by mixing a weighed quantity of vitamin D in corn
oil. One mL of both samples was diluted to 100 mL using HPLC grade methanol and were
then analyzed on day 0, day 15 and day 30.

3.4. Soft Confectionary (Nano Gummy) Preparation

The nanoemulsion based gelled matrix system was developed using gelatin (hydro-
colloids), as shown in Figure 1. The matrices were made from a blend of type A and type
B gelatin with a bloom strength of 160 g. Different combinations of sweeteners (sorbitol,
xylitol, sucralose), citric acid, and flavors (coffee, lime, vanilla, orange, candy) were tested.
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Figure 1. Formulation development process from nano emulsion optimization to gummy formation.

Briefly, gelatin types A and B in equal quantity were dissolved in a small quantity
of water heated to 60 ◦C by stirring at 100 rpm. To this, the previously developed o/w
nanoemulsion was added, and the mixture was stirred for 2 min. Sweeteners were then
added followed by citric acid, flavoring agent, and corn oil (plasticizer). The influence of
corn oil on the matrix properties and product acceptability was studied. The formula of the
developed Nano gummy using 10% corn oil is shown in Table 2.
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Table 2. Nano gummy formula with 10 wt. % corn oil.

Ingredients Amount (wt. %)

O/W nanoemulsion 34.29
Gelatin 10.29
Sorbitol 13.20
Xylitol 30.79

Sucralose 0.38
Citric acid 0.38

Lime flavor 0.66
Corn Oil 10.00

3.5. Texture Profile Analysis of Nano Gummy

The textural properties of gummy confections were evaluated using two-bite compres-
sion tests [45]. Gummies were formulated with different corn oil concentrations (0%, 10%,
20% and 30%) and textural attributes, including hardness and stickiness, were measured.
A TA.XT2i Texture Analyzer (Stable Micro Systems, Godalming, UK) was used for the
evaluation. All measurements were made using a 5 kg load cell. A cylinder aluminum
plate probe with a diameter of 7.5 cm, lubricated using the corn oil was lowered at a speed
of 1 mm/s to compress 50% of confectionary jelly cube measuring 10 mm3 placed on the
fixed bottom surface. The equipment was adjusted to zero, trigger force was kept at 0.05 N,
and the plate was automatically lowered until the bottom surface of the plate just contacted
the table. All the measurements were made in triplicate. Data were obtained and analyzed
using Stable Micro System’s Exponent software, which evaluates the force–time curve
formed during the compression of the sample [46,47].

3.6. Sensory Evaluation of Nano Gummy

Sensory assessment is accomplished by documenting the outcome of the assessor’s
replies based on the parameters of taste, texture/appearance, aroma, and overall liking
after a comprehensive study. A questionnaire was prepared, and sensory assessments were
performed using a qualitative 9-point hedonic scale, with 1 being least likely and 9 being
most. Participant were given three different gummies, viz. Placebo gummy (nano gummy
without vitamin D), Nano gummy, and Marketed gummy (Azveston Healthcare Pvt. Ltd.,
Bengaluru, India) on Day 1 and again on Day 45 after storage. Volunteers were screened
based on inclusion and exclusion criteria and were informed about the study objectives and
recruited after providing informed consent. Gender-neutral healthy volunteers who spoke
and understood English, aged between 18 and 45 years, and had no medical history or
known sensitivities to the materials used in gummy fabrication were eligible to participate.
Participants younger than 18 years old, smokers, those having flu or similar manifestation,
those who did not speak or comprehend the language of choice, and those who had known
sensitivities to the materials used in gummy production were all excluded. Oral hygiene
product, food and aerated drinks were restricted 2-h before and throughout the study
period. Responses were collected based on the questionnaire, including: How do you like
the taste? How do you like the aroma? How do you like the appearance and texture and
overall product? One-way ANOVA (regression analysis) and t-test with Welch correction,
with p < 0.05 as significantly different, were used for the evaluation of differences between
the gummy and changes over 45 days of storage.

4. Results
4.1. Preparation and Optimization of Vitamin D Nanoemulsion

Based on the previously reported solubility of vitamin D, corn oil was selected as the oily
phase. Results of the emulsification study (Figure 2) showed that tween 20 has maximum
potential to emulsify corn oil followed by lecithin. The decreasing order of emulsification
potential among was as follows: tween 20 (96%) > lecithin (87%) > tween 80 (84%) > tween
60 (84%) > transcutol (72%) > poloxamer 407 (61%) > poloxamer 188 (53%) > span 20 (49%).
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From the results obtained, tween 20 and lecithin were selected as surfactant and co-surfactant,
respectively, for the preparation of the vitamin D nanoemulsion.
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Figure 2. Comparative corn oil emulsification potential of various screened surfactants.

Data obtained from a grading system based on the visual screening, appearance, and
emulsification capacity of formulations prepared using different ratios of Smix and Oil
were obtained and are tabulated in Table 1. Data revealed that Smix ratio 2:1 resulted in
a clear and stable nanoemulsion. Thus, Smix 2:1 was selected for pseudo ternary analysis to
obtain the optimized formulation. The nanoemulsion region is shown by a colored region
in the pseudo-ternary phase diagram (Figure 3). From the results, it was evident that 3%
corn oil, 3% tween 20 and lecithin in a ratio of 2:1 and 94% water resulted in the optimized
vitamin D nanoemulsion utilized for further evaluation.
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Figure 3. Pseudo-ternary Phase diagram of optimized nano-emulsion with corn oil, Smix
(tween 20 + lecithin; 2:1) and water.

4.2. Characterization of Vitamin D Nanoemulsion

As illustrated in Figure 4B, the average particle size and particle size distribution of
the optimized vitamin D nanoemulsion were found to be 118.6 ± 4.3 nm and 0.11 ± 0.30,
respectively. The zeta-potential was found to be −27 ± 0.82 mV, indicating that the formed
nanoemulsion was stable.
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TEM revealed that the vitamin D nanoemulsion was spherical (Figure 4A). The droplet
size measured by TEM (127 ± 7.2 nm) was slightly larger, but not significantly different
from that measured by dynamic light scattering (118.6 ± 4.3 nm). The slightly larger size
observed in TEM could be due to the measurement of the hydration layer surrounding the
globule, which was not measured using DLS due to difference in principle.

4.3. Stability Study of Vitamin D Nanoemulsion

A representative chromatogram of vitamin D is shown in Figure 5A,B. The standard solu-
tion of a known concentration of vitamin D (1 µg/mL) was analyzed five times for robustness.
The data obtained for the regression plot of vitamin D by HPLC are shown in Table 3.

The linear equation for the calibration plot was used to quantify the concentration
of vitamin D on days 0, 15, and 30. Vitamin D in corn oil solution degraded by 5.49% in
15 days and 8.97% in 30 days, whereas the nanoemulsion formulation degraded by 2.94%
and 7.63% on day 15 and day 30, respectively (Table 4).

Table 3. Average retention area, retention time and peak height of stock solution.

Concentration
(µg/mL) Average Area Retention Time Height Area %

1 4,132,567 7.643 284,993 100
1 4,134,052 7.620 285,379 100
1 4,142,904 7.660 286,712 100
1 4,130,736 7.663 284,132 100
1 4,140,783 7.677 285,363 100

Mean 4,136,208.4 7.652 285,315.8 100

Std. Dev. 5329.52 0.022 930.21 NA
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Table 4. Concentration reduction and percent reduction of vitamin D on day 15 and 30.

Test Day Sample A (IU/mL) % Reduction Sample B (IU/mL) % Reduction

Day 0 289,302.01 0 38,282.13 0
Day 15 273,420.01 5.49 37,155.68 2.94
Day 30 263,360.20 8.97 35,360.46 7.63

4.4. Texture Analysis

The gummies prepared using different concentrations of corn oil as plasticizer were
subjected to texture analysis. The maximum force during the initial compression was used
to determine hardness (g) and the negative force with which the probe disconnects from
the sample over its way up after compressing was termed as stickiness (g). The mean
hardness values and mean stickiness values of each gummy type on day 1, 15, 30, and 45 are
shown in Table 5. Gummies without corn oil were softest on day 1 (1540 ± 125 g) but they
were extremely soft and difficult to handle and not in the range of an acceptable marketed
gummy. Although gummies with 40% corn oil had the lowest stickiness value of the four
(76 ± 8 gm on day 45) due the excess of oil present, they were the hardest. As shown in
Figure 6, gummies with 10% corn oil had the optimum hardness value (3100 ± 200 g on
day 1 and 3600 ± 210 g on day 45), and stickiness was also minimal. It was noted that the
gummies prepared with 10% corn oil had excellent hardness and texture up to 30 days and
this was retained up to 45 days on further storage.
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Table 5. (A) Mean hardness value (Peak force (g) mean ± STDV) and (B) mean stickiness value
(negative force (g) mean ± STDV) of each gummy on day 1, 15, 30 and 45.

A. Mean Hardness Value (Peak Force (g) Mean ± STDV) of Each Gummy

Oil Content in Gummy Day 1 Day 15 Day 30 Day 45

No corn oil 1540 ± 125 1620 ± 100 2030 ± 150 1820 ± 155
10% corn oil 3100 ± 200 3260 ± 155 3330 ± 165 3600 ± 210
20% corn oil 3410 ± 265 3630 ± 230 3930 ± 195 3970 ± 265
40% corn oil 4260 ± 165 4600 ± 185 5000 ± 205 4650 ± 195

B. Mean Stickiness Value (Negative Force (g) Mean ± STDV) of Each Gummy

No corn oil 325 ± 45 400 ± 35 425 ± 60 550 ± 60
10% corn oil 160 ± 20 180 ± 30 125 ± 25 145 ± 33
20% corn oil 100 ± 15 85 ± 15 80 ± 7 85 ± 12
40% corn oil 90 ± 14 80 ± 14 75 ± 9 76 ± 8

Figure 6. Graphical representation of (A) peak hardness cum (B) peak stickiness of each gummy on
day 1, 15, 30 and 45 and (C) force-time curve of 40% corn oil gummy on day 1.

4.5. Sensory Analysis

The Placebo, Nano, and Marketed gummies were compared and the data obtained
via sensory evaluation conducted at Day 1 and at Day 45 following storage are presented
in Table 6. The highest score for taste was observed for the Marketed gummy. However,
the difference between the score compared to placebo and nano gummy was insignificant
(p > 0.05). Further, storage for a period of 45 days had no detrimental effect on the taste and
the scores for all the gummies remained same. The aroma of Placebo and Nano gummies
was significantly better than the Marketed gummy (p = 0.01; p < 0.05). Following 45 days
storage, the loss of aroma was observed for all the gummies, but the loss was maximum for
the Marketed gummy. Although the appearance and texture of the Marketed gummy was
better than Nano gummy (p = 0.029; p < 0.05), the nano gummy retained both texture and
appearance without any significant change (p = 0.45) over 45 days of storage. Overall liking of
the Nano gummy was comparable to Marketed gummy and was similar on day 1 and day
45 without any significant difference (p = 0.4).
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Table 6. Average scores from the sensory evaluation on Day 1 and day 45.

Day 1 Placebo Gummy Nano Gummy Marketed Gummy

Taste 7.1 ± 1.7 6.7 ± 1.6 7.3 ± 1.4
Aroma 7.4 ± 1.3 7.0 ± 0.8 5.4 ± 0.7

Appearance/texture 7.0 ± 0.6 6.8 ± 0.9 7.6 ± 1.2
Overall liking 6.9 ± 0.9 6.6 ± 0.8 7.2 ± 1.0

Day 45

Taste 7.2 ± 1.4 6.6 ± 1.0 7.4 ± 0.7
Aroma 6.7 ± 0.7 6.4 ± 1.1 4.5 ± 0.6

Appearance/texture 7.1 ± 0.8 6.9 ± 1.2 7.4 ± 0.9
Overall liking 6.7 ± 0.6 6.5 ± 0.6 7.3 ± 1.1

5. Discussion

The present study explores the potential of a novel nano matrix-based gummy (Nano
gummy) to deliver vitamin D. The novel matrix not only prevented the degradation of
vitamin D, but also enhances the compliance. Our results suggested that vitamin D was
well preserved in O/W nanoemulsion and remained stable over storage. Further, sensory
analysis studies suggested that palatability and consumer acceptability were well achieved.

The Nano gummy described in the present work was prepared by a two-step proce-
dure. Firstly, vitamin D loaded nanoemulsions were formed using spontaneous emulsi-
fication and aqueous titration procedure. Based on the solubility studies and published
literature, corn oil was selected as oil phase. A previous study supported that the in vitro
digestibility and bioaccessibility of vitamin D were maximum in long chain triglycerides
such as corn oil compared to medium chain triglycerides [34,35]. Studies conducted by
Yang et al. [36], Qian et al. [37], and Rao et al. [38] showed similar results where long chain
triacylglycerols, viz. corn oil, displayed better bioavailability characteristics of fat-soluble
vitamins in contrast to indigestible oils due to the improved solubilization ability of mixed
micelles produced by long chain fatty acids [39]. From the results of the emulsification
study, tween 20 and lecithin with maximum potential to emulsify corn oil (96% and 87%,
respectively) were selected as surfactant and co-surfactant, respectively.

Pseudo-ternary phase diagrams were drawn to locate the nanoemulsion zones, where
oil, surfactant, co-surfactant, and water exist as clear and homogeneous dispersions. Ternary
phase diagrams provide information on the best combinations to use for the preparation of
nanoemulsion. The droplet size of the nanoemulsion is critical as it influences the solubility as
well as bioavailability and it is well established that smaller size droplets result in enhanced
solubility and bioavailability owing to the higher surface area [34,35].

The phase analysis demonstrated that when the surfactant: co-surfactant ratio was
2:1, the largest proportion of oil was integrated in the nanoemulsion system and smaller
size nanoemulsions. The 3% corn oil, 2% tween 20, 1% lecithin, and 94% water resulted
in an optimized vitamin D nanoemulsion with globule size 118.6 ± 4.3 nm and particle
size distribution of 0.11 ± 0.30. The zeta potential of nanoemulsion is important because
its value can be linked to colloidal dispersion stability. In a dispersion, the zeta potential
demonstrates the extent of repulsion between contiguous, identically charged particles.
A higher zeta potential indicates stability for particles and molecules of sufficiently small
size. In cases of lower zeta potential, repulsive forces are weaker compared to attractive
forces, leading to the breaking and flocculation of dispersions. Colloids having a large zeta
potential (either negative or positive) are deemed electrically stable [48,49]. The optimized
formulation displayed zeta-potential of −27 ± 0.82 mV, indicating that the developed
nanoemulsions are stable. Using TEM, the structural and dimensional characterization
of the optimized vitamin D nanoemulsion was accomplished. The nanoemulsion droplet
structure was confirmed to be spherical, and each droplet had a discrete region surrounding
it, which suggested vitamin D encapsulation. The size of the nanoemulsion droplets
obtained by TEM was in agreement with that obtained by DLS. Blackness in the core of
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particles as observed in TEM image could be attributed to the solubilization of vitamin D
in the oil.

During the stability study, the results showed that vitamin D nanoemulsion retained
the vitamin D concentration quite well, although it was exposed to water in the emulsion.
Jiang et al. [23] showcased similar behavior when encapsulating vitamin D in carrier oils
and storing away from light, which prevents its otherwise easy degradation. This study
confirmed the stability of vitamin D in the nanoemulsion upon storage for extended time
periods. The vitamin D degradation was only 7.63% in nanoemulsion compared to 8.97%
in oil following 30-day storage. The stability results do not appear to be distinctly different
but are significant because in the nanoemulsion, the vitamin D, prone to hydrolysis, was in
contact with water.

In the second step, the optimized nanoemulsion was mixed with hydrocolloid matrix
to form the Nano gummy. It was hypothesized that the Nano gummy might improve
the bioavailability of vitamin D, although this was not tested in the present research.
The improved bioavailability of vitamin D from Nano gummy could be explained by
two mechanisms. Firstly, gummies are meant for chewing in the mouth where they are
mixed with saliva and begin to dissolve. Most likely, the released nanoemulsion from
the Nano gummy in the buccal cavity will allow enhanced permeation of vitamin D and
thus improved bioavailability. Such enhancement of buccal permeation by nanoemulsions
has been previously reported [39,50,51]. Secondly, the released nanoemulsion from the
Nano gummy will disperse in the gastric fluid. The nanoemulsion results in the enhanced
solubilization of vitamin D and its subsequent absorption from GIT, resulting in improved
bioavailability. Thus, the Nano gummy could significantly enhance the bioavailability of
vitamin D encapsulated in nanosized emulsion droplets in hydrocolloid matrix [50].

While designing gummies, oil incorporation played an important in the texture proper-
ties of gummies. Gummies with corn oil 10% exhibit optimum hardness value throughout
the study. The addition of oil led to a steep increase in hardness value, but for gummies
the optimum hardness value ranges around 3100 g force. After 3100 g force, the gummies
become harder and firmer. Texture profile analysis may further be used to track changes in
texture during the drying process of gummy confections. The stickiness results showed
that the gummies with the lowest content of oil, i.e., 10% oil, exhibited more adhesiveness
throughout the study, as can be observed in Table 5. The stickiness value increases with
a decrease in oil content. Stickiness for gummies with 40% oil content was even lower,
but they became hard and deteriorated the chewy feel. The texture of the gummies is also
affected by their age, because the water content changes over time and water plays an
essential element in maintaining texture [52]. Concentrations of other additives were kept
constant throughout the experiment. Sucralose is an artificial sweetener, while sorbitol
and xylitol are sugar alcohols. These act as sweeteners and impart that likeliness among
children to willingly consume the product. Various flavors improve the aroma and overall
taste of the product since these factors play an important role in overall liking of the product.
Homogenization speeds were limited to 1000 rpm as higher homogenization speeds may
lead to instability or breaking of the incorporated emulsion.

Although texture can be measured using both instrumental and sensory techniques, it
has been demonstrated that sensory analysis when coupled with instrumental analysis yields
better attributes [53] for a consumer-oriented product. The sensory assessment technique
is widely used in food product development, its quality control, monitoring of shelf life,
consumer acceptance, and some experts suggest it to be one of the most sensitive and reliable
approach in certain situations [54]. In the current study, the formulated gummy retained its
texture and overall acceptance over 45 days of storage at room temperature. This signifies a
stable product in terms of consumer perception. Unvarying taste over storage indicated that
excipients were inter compatible and incorporated nano-emulsion jacketed vitamin D quite
well. Although the formulated confectionary lost significant aroma on storage based on the
sensory scores, this could be improved by modifying flavoring agents.
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6. Conclusions

The nanoemulsion-based matrix system using edible oil, emulsifier and hydrocolloid
proved to be an effective approach to develop stable, nano enhanced vitamin D gummies
that are readily consumer acceptable. The developed Nano gummy could enhance the
vitamin D bioavailability. However, prolonged stability studies and gummy evaluation are
required before scale up.
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Abstract: Hydrogels are biocompatible polymers that are tunable to the system under study, allowing
them to be widely used in medicine, bioprinting, tissue engineering, and biomechanics. Hydrogels are
used to mimic the three-dimensional microenvironment of tissues, which is essential to understanding
cell–cell interactions and intracellular signaling pathways (e.g., proliferation, apoptosis, growth, and
survival). Emerging evidence suggests that the malignant properties of cancer cells depend on
mechanical cues that arise from changes in their microenvironment. These mechanobiological cues
include stiffness, shear stress, and pressure, and have an impact on cancer proliferation and invasion.
The hydrogels can be tuned to simulate these mechanobiological tissue properties. Although interest
in and research on the biomedical applications of hydrogels has increased in the past 25 years, there
is still much to learn about the development of biomimetic hydrogels and their potential applications
in biomedical and clinical settings. This review highlights the application of hydrogels in developing
pre-clinical cancer models and their potential for translation to human disease with a focus on
reviewing the utility of such models in studying glioblastoma progression.

Keywords: cancer; glioblastoma; hydrogel; mechanobiology; mechanoreceptor; mechanotransduction

1. Cellular Microenvironment

The cellular microenvironment is characterized by a mixture of extracellular matrix
proteins, soluble signaling factors, neighboring cells, and the physical properties of the
niche that affect cell behavior through direct or indirect biomechanical and biochemical
signals [1,2]. Properties of the microenvironment, such as stiffness and composition, have
been shown to direct cell physiology and lineage [3,4]. Such findings have inspired research
to define the cellular microenvironment and its links to cellular behaviors using in vitro
tissue models that can mimic biomechanical conditions [5,6]. Here, we will discuss the
cellular niche, namely, the biological and mechanical properties of the extracellular matrix
(ECM), how cells sense these properties, and the dysregulation of cell-ECM interactions
in various disease states. How these factors, which are involved in crosstalk with cells,
contribute to cellular activities and overall health, will also be presented through a review
of the various research publications on the topic. This review will provide an in-depth
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overview of what is known and what is unknown about the biomechanics involved in cell-
microenvironment interactions, how the use of biomimetic hydrogel models can fill these
gaps in the knowledge, and the utility of biomimetic hydrogels in biomedical applications.

1.1. Extracellular Matrix

Tissues may be described as having two components: cellular and non-cellular. The
extracellular matrix is the non-cellular component and is composed of proteins, polysac-
charides, growth factors, signaling molecules, proteases, and water [7] (Figure 1). These
components are distributed heterogeneously rather than homogenously, resulting in unique
niche microenvironments for each cell as well as tissue-specific mechanical, physical, and
biochemical properties [7]. These play a large role in regulating and mediating cell behav-
iors. While the ECM is a mixture of many components, a large portion of it is composed
of proteins. These include proteoglycans such as hyaluronan, and fibrous proteins such
as collagens, elastins, fibronectins, and laminins [8]. These proteins function to anchor
cells to the ECM via focal adhesions and aid propagating signals between cells [8]. ECM
composition also affects physical properties such as elasticity, stiffness, porosity, static
architecture, and dynamic deformations of the matrix [9]. For instance, based on their
concentration, assembly, and crosslinking densities, the structural collagens and elastins of
the ECM significantly alter its mechanical properties such as composite strength, elasticity,
and mechanical resistance [10,11]. ECM properties are not static; they undergo dynamic
changes as the ECM is continuously being remodeled through protein degradation, deposi-
tion, or modifications that can be self-contained or caused by cellular activity [10]. In cases
such as tissue repair, the activity of growth factors and cytokines in the ECM cause matrix
metalloproteinases to activate for ECM remodeling [12]. Wound healing and tissue remod-
eling processes activate growth factors through mechanical and biochemical stimuli to
change ECM composition [13]. There are also specialized forms of ECMs that have proven
to be important regulators of tissue and cell behavior. For instance, basement membrane
is important structurally and functionally for blood vessels because of its involvement in
angiogenesis [12]. The ECM has also been shown to mediate or regulate stem cell fate, cell
proliferation, cell differentiation, cell migration, and tissue regeneration [11,14–16].

1.1.1. Cell-ECM Interactions

The cell and its ECM are involved in a dynamic reciprocity, through which cues from
the ECM and cellular activities are in crosstalk to maintain a healthy state [17]. Signaling
processes are one of the ways that the cell-ECM interactions are facilitated. Cell-matrix
adhesion sites, or focal contacts, enable communication between cells and the ECM through
physical connections of cellular integrins and cadherins to ligands in the ECM [15,16].
Focal contacts are important to cellular processes that require physical attachment to the
ECM, such as migration and angiogenesis [18]. Engagement of integrins and cadherins to
certain ligands can activate signaling pathways such as that of the Rho family of GTPases
to stimulate structural changes in the cell or induce other processes, therefore serving as an
important step in biochemical cell-ECM interactions [6,16].

Proteoglycans present in the ECM have functions such as inducing aggregation and
participating in ECM structure by adhering to structural proteins [19]. Some proteoglycans
reside on the surfaces of epithelial cells, where they act similar to cell-adhesion molecules
and bind collagens and fibronectin to anchor cells to the ECM [20,21]. In addition to these
vital functions, proteoglycans are active co-receptors that mediate cellular signaling by
binding soluble ligands in the ECM and encouraging the formation of receptor complexes
on cell surfaces [22,23]. Proteoglycan co-receptors are vital to various developmental
processes, and the loss of co-receptor function or mutation has been implicated in diseases
such as cancer and ischemic heart disease [23]. Therefore, the ECM also plays a crucial
role in mediating cell–cell communication, which will be discussed more thoroughly in
Section 1.2 of this review.
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Figure 1. Extracellular matrix (ECM) and cellular mechanotransduction. ECM components such
as collagens can alter mechanical properties to induce changes in cellular signaling and gene or
protein expression via mechanoreceptors and mechanotransduction proteins. Legend on the bottom
left shows which ECM component is represented by each symbol. (Created with BioRender.com,
accessed on 29 May 2022).

Mechanobiology of the Cellular Microenvironment

The ECM is involved in mechanical crosstalk with cells [24], which relies on mechan-
otransduction proteins that help to regulate intracellular tensile response to mechanical
forces from the ECM [25]. Mechanical stimuli that cells may receive include shear stress,
membrane tension, force, strain, stiffness, and drag force [25]. These stimuli are listed in
Table 1 with the mechanotransduction proteins identified to be involved in recognizing the
stimuli and eliciting the response in cells. While the extracellular matrix of many cancers,
including colon, breast, and prostate cancer, is stiffer than that of healthy tissues [26,27], cell
deformability or reduced stiffness has been correlated to increased metastatic potential and
invasiveness in cancer. In a study of ovarian cancer cells of varying invasiveness, Xu et al.
found that the more-invasive ovarian cancer cell line was more deformable compared
to the less-invasive cell line [28]. In another study, Hayashi and Iwata confirmed that
cancer cells are softer (i.e., lower Young’s modulus) than normal cells using atomic force
microscopy [29]. Another study reported that cisplatin treatment caused decreased stiffness
and invasiveness of prostate cancer cells [30], suggesting that various cell lines may have
varied mechanical properties in the cancer state. Further controversy exists within the field
of glioblastoma biomechanics. Gliomas are highly variable; therefore, measurements of
tumor stiffness may vary depending on location of measurement [31]. Although some
GBM tissues were stiffer than healthy reference tissues, GBM tissues, on average, were less
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stiff than healthy tissues [31–33]. The controversy regarding GBM tumor stiffness could by
fueled by differences in methods of measurement, as there is currently no standard practice
in the field [34–36].

Mechanical stimuli coming from the extracellular environment can be processed by
cells through mechanotransduction pathways. The proteins of these pathways translate
mechanical cues to induce biochemical and genetic responses. For instance, integrins and
focal adhesion proteins are mechanotransduction proteins that communicate mechanical
forces to the cell cytoskeleton, and there have been some studies that show force-dependent
integrin activation [37–39]. Yes-associated protein (YAP) and other transcription factors
have been shown to translocate to the nucleus in stiffer substrates [40]. Similarly, E-cadherin
is a mechanotranducer of shear stress [41–43]. Many mechanotransduction proteins have
been studied in the context of specific cell types, including platelet endothelial cell adhesion
molecule-1 (PECAM-1) in skeletal muscle cells, G protein-coupled receptors in endothelial
cells, and vascular endothelial growth factor receptor 2 (VEGFR2) in chondrocytes [44–47].
Cell surface receptors also transduce mechanical signals to cells upon recognition of a
ligand that sustained force from the ECM, which can then cause conformational changes in
the mechanoreceptor to activate a protein signaling pathway to alter cellular processes [48].
Such membrane proteins are not the sole propagators of mechanical force; studies have
shown that there are mechanotransduction systems in cells that enable the progression of
force through a long distance [49]. Src and Rac1 have been shown to be activated at distances
from 30-60 µm from the original area the force was applied to, via cytoskeletal mediation
of the force [49,50]. Mechanical signals can also be transmitted throughout the cytoskeleton
to the nucleus via proteins such as linker of nucleo- and cyto-skeleton (LINC) complex 9
to change chromatin structure and cause nuclear stiffening [49,51]. Mechanotransduction
systems translate the numerous mechanical cues from the ECM into biochemical signals
interpreted by the cell that lead to signaling cascades that control transcription, proliferation,
migration, and many other cellular processes [52–55] (Figure 2). For instance, smooth
muscle cells can migrate along gradients of substrate stiffness through durotaxis [56]. ECM
biomechanics is not only vital for cellular processes, but also regulates tissue and organ-
level processes such as tissue differentiation, morphogenesis, and development [57–60].
Therefore, elucidating the interplay of ECM biomechanical and biochemical signals with
mechanotransduction proteins and pathways is critical to understanding diverse aspects of
cellular and tissue health.
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Figure 2. Application of extracellular stress leads to increased intracellular calcium concentrations.
Matthews et al. applied high levels of stress to cells (A) and found that when imaged via Fura-2AM
ratio imaging, it led to a transient increase in calcium concentrations, as shown in pseudocolor images
ranging from blue to yellow (B) that is quantified (C) as a function of time for control and gadolinium
chloride-treated cells. (Figure reprinted/adapted with permission from Ref. [61]. Copyright 2006,
National Academy of Sciences.
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1.1.2. Cell-ECM Interactions in Cancer

Problems in mechanotransduction can result from changes in ECM mechanical prop-
erties and defects in proteins involved in mechano-sensitivity [101]. Since mechanotrans-
duction is essential for modulating cellular homeostasis, its failure is linked to metastasis
and cancer progression [96]. For instance, there are many proteins implicated in mechan-
otransduction in glioblastoma (GBM). Talin1 inhibition has been observed to decrease cell
spreading and limit cell stiffness changes of glioma cells in response to ECM stiffness,
proving its role as a mechanosensory [76]. Non-muscle myosin II depletion reduced the
effect of matrix confinement on GBM cell motility [102]. Constitutive activation of RhoA
GTPase caused lower sensitivity to matrix stiffness of GBM cells in toxicity assays [55].
Increased matrix stiffness was correlated to Hras, RhoA, and rho-associated, coiled-coil-
containing protein kinase 1 (ROCK1) upregulation, which are mechanosensor proteins that
are implicated in migration and proliferation in cancers in general [61,87]. Integrins are
also particularly important in mechanotransduction by relaying signals from the ECM to
the cell actin cytoskeleton and are essential to cell migration and cell-matrix adhesion in
cancer [103].

Identifying proteins involved in mechanotransduction and their roles in cancer pro-
gression can be an essential part of developing therapeutic strategies to hinder cancer
progression and malignancy. Certain studies have shown the potential effects of targeting
mechanotransduction proteins on cancer cells. Knock-down of CD44 led to decreased
structural microtubule, vimentin, and glial fibrillary acidic protein expression and de-
creased migration and cell stiffness [104]. Targeted inhibition of integrins in the tumor
microenvironment has been shown to reduce angiogenesis and inhibit tumor growth [103].
While these studies show partial inhibition of mechanical sensitivity as decreasing invasive
properties of tumor cells, other studies have shown that tumor initiating cells are mostly
insensitive to mechanical cues from the ECM and that mechanically-insensitive cells have
increased motility and invasiveness in vitro [28,105–109]. A complex approach is needed
to target mechanical sensitivity in cells through mechanotransduction-based therapeutics
for it to become a promising mode of cancer treatment. Therefore, extensive research in
mechanotransduction and cell-ECM crosstalk is essential.

1.2. Neighboring Cells and Secreted Factors

In addition to the ECM components, cells are surrounded by heterogeneous pop-
ulations of neighboring cells that are unique to the tissue and sub-location within the
tissue [110]. How cells communicate and influence one another is crucial to maintaining
homeostasis and coordinating processes that require several cells, such as tissue formation
and regeneration.

Cells can interact through secreted signals that are recognized by membrane-bound
receptors through either paracrine signaling, between cells, or autocrine signaling, which
is from one cell to itself. In fact, cancer cells are often able to “override” signals from
neighboring cells through autocrine pro-survival and proliferation signals. It is crucial to
better understand the specific interactions between cells that promote healthy conditions or
lead to disease states. For instance, Zervantonakis et al. found that fibroblasts in the tumor
microenvironment of HER2 positive breast-cancer cells reduced drug sensitivity through
paracrine signaling that activates mechanistic target of rapamycin (mTOR, anti-autophagic)
and anti-apoptotic signals [111]. In addition to elucidating mechanisms of tumor resistance,
cell–cell interaction dynamics can provide insights to developing self-assembled multicellu-
lar structures in vitro. Mueller et al. demonstrated that by utilizing pulsed light activation
to control engineered photo-switchable cell-cell interactions, they were able to control the
spatial organization of multicellular structures without a scaffold [112]. This highlights the
importance of maintaining cell interactions in efforts to mimic physiological conditions
in vitro.

Cells are also involved in communications through physical contacts with one another.
This is another way that mechanical stimuli may play a role in influencing cellular processes.
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Physical contacts are also involved in collective migration, which has been exhibited by
metastatic and invasive cancer cells [113]. The cytoskeletal tension at cell-cell contacts can
serve as a significant regulator of mechanotransduction pathways, and there is a wide field
of study on the mechano-sensing implications of cell-cell contacts such as focal adhesions
and adherens [114]. One method in particular, physically interacting cell sequencing (PIC-
seq), is a novel sequencing approach that combines cell sorting, RNA-sequencing, and
computational modeling to describe complex cellular interactions in different contexts [115].
However, the heterogeneity and complexity of the interactions between cells and with the
ECM need to be better recapitulated in vitro to provide a more accurate understanding of
cellular communication networks.

1.3. Hydrogels as In Vitro Models of the Cellular Microenvironment

Three-dimensional hydrogel models of the cellular microenvironment have gained
interest in recent years for their improved mimicry of in vivo conditions as opposed to
two-dimensional cell cultures (Table 2). These hydrogel models have been extensively
studied and compared to 2D culture and in vivo conditions. Cells have been shown to have
differing spatio-physical properties in 3D and conventional 2D culture conditions [116–119].
Hsieh and colleagues showed that cells cultured in 2D exhibit greater drug sensitivity
than in vivo, and 3D cultures exhibit chemosensitivities comparable to solid tumors pro-
vided that they have similar cell density [120]. Expanding the cellular environment from
2D to 3D has also been shown to affect proliferation and metabolism [120–122]. Using
3D cultures has led to significant advancements in the understanding of cell migration
strategies as well, since some of these could not be observed in 2D cultures [123–125]. For
instance, fibroblasts have several different migration strategies that are utilized in different
microenvironmental conditions, demonstrating cellular plasticity [125]. Such findings
prompt questions about the mechano- and bio-sensing abilities of cells in relation to their
environments. In this section, we will elaborate on the different methods utilized thus far
to improve cell-microenvironment mimicry in the form of hydrogel models, the cellular
response to such models in contrast with conventional cell-culture methods, and factors to
be considered in crafting a hydrogel model.

Table 2. 2D versus 3D cultures [117–119,123,126–128].

2-Dimensional Culture 3-Dimensional Culture

Advantages Disadvantages Advantages Disadvantages

Simple Does not mimic
in vivo structure

More like in
vivo structure Expensive

Reproducible Fewer interactions
with environment Niches are available Time consuming

Inexpensive

Access to unlimited
amount of nutrients

from media

Access to nutrients is
not unlimited, varies Less reproducible

Less diverse
phenotype and

polarity

Can form organs or
spheroid clusters

of cells

More complex and
difficult to carry out

Altered cell
morphology

Allows study of
cell-cell and

cell-ECM interactions

Fewer interactions
with environment

1.3.1. Mimicking Cellular Microenvironment Biomechanics

There have been many diverse approaches to capturing the complexity of the ECM
and the biomechanical cues directed by it via in vitro hydrogel models. Tissue specificity
is a crucial factor to consider in developing an ECM-mimetic hydrogel-based cell culture
system, since the cells of each tissue produce and degrade matrix constituents, leading to
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variable ECM composition, bioactivity, and mechanics amongst tissues [129] (Figure 3). In
the bone, the ECM is calcified to provide structural support to the tissue, while in tendons
it is structured to provide tensile strength [130,131].

Most natural ECM mimics in vitro have been hydrogels composed of ECM com-
ponents such as collagen, fibronectin, or hyaluronic acid. Such hydrogels have been
significant in studying cellular behavior in 3D environments as well as cell response to
controlled mechanical properties such as stiffness, elasticity, and rigidity [63,132–139].
Photo-crosslinking, chemical crosslinking, changing fiber density, and the development of
‘smart’ hydrogels that are responsive to external stimuli (e.g., changes in pH, temperature,
and light) have all been used to fine-tune hydrogels to mimic the cellular microenvironment
mechanically [140–151]. For example, photo-crosslinking of gelatin methacryloyl (GelMa)
hydrogels alters hydrogel stiffness based on the light intensity, exposure time, and concen-
tration of photo-initiator used in photo-crosslinking [143]. Nanocomposite smart hydrogels
have been produced to change volume, Young’s modulus, and breaking strength based on
applied chemical and physical stimuli [148,150].
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to choose a hydrogel model that corresponds to the in vivo mechanical properties of tissue that is
relevant to the work. (Created with BioRender.com, accessed on 14 July 2022).

1.3.2. Recapitulating Cellular Microenvironment Heterogeneity

While the above-discussed methods are useful to study the effects of semi-isolated
mechanical conditions on cells, they often disregard the biological complexity of the ECM.
In vivo ECMs can also serve as a medium through which cells communicate with one
another via secreted growth and signaling factors in vitro. Several protocols have been
developed to decellularize ECM isolated from animal or human tissue, or to harvest ECM
secreted by fibroblasts in vitro [152–155]. To better capture the biological complexity of the
ECM, hydrogel models have been developed to incorporate fibroblasts, growth factors, and
more diverse components of the ECMs specific to the cell type being studied. Incorporating
fibroblasts in a co-culturing system with the cell type of interest is a relatively newer
approach, which allows for fine-tuning mechanical properties using a hydrogel model
while adding biological complexity to the culture through the addition of the secreted
matrix from fibroblast cells [156,157]. Lee et al. developed a 3D hydrogel system for co-
culturing human liver-cancer cell spheroids with fibroblasts on a micropatterned fibrous
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scaffold, thereby modeling the three dimensional structure of tumors and the cross-talk
between cancer cells and neighboring fibroblasts [156]. Several groups have also developed
methods of controlled growth factor release into hydrogel-based cell cultures [158–160]. It is
crucial to combine the biochemical components of the ECM with the mechanical properties
to better mimic the cellular microenvironment in vitro.

2. Hydrogels and Their Applications

Hydrogels are defined as hydrophilic polymer networks that form a three-dimensional
structure [161]. A critical property of hydrogels is their ability to swell with water without
dissolving due to hydrophilic functional groups present on the polymers of the hydrogel.
Their high water content makes them flexible and resemble soft tissue, implicating their use
in biomedical studies [162]. There are many polymeric substances that can be classified as
hydrogels, and they are generally composed of one or more natural or synthetic materials
for use in a wide variety of applications. The three-dimensional structure of hydrogels is
preserved despite swelling by chemical and/or physical crosslinks within the polymeric
network. Changes in composition, protein concentration, and crosslinking density lead
to changes in elasticity, polymer density, and biodegradation rate [163]. These and other
tunable properties of hydrogels make them suitable for a wide range of studies on me-
chanical, chemical, and biological conditions in vitro as well as ideal candidates for use in
in vivo clinical applications such as in drug delivery systems [161,162]. Here, we describe
the major classifications of hydrogels based on their composition, the general properties of
hydrogels, and current and potential experimental and clinical applications of hydrogels
with a focus on pre-clinical cancer models.

2.1. Types of Hydrogels

There are several classification methods for hydrogels, such as those based on ionic
charge, biodegradability, physical properties, crosslinking, and preparation. They are most
commonly classified by their source polymer(s): naturally occurring biomaterial, synthetic
bio-mimetic, or a hybrid of these two sources [163]. Synthetic materials are traditionally
used extensively due to low biodegradation rate, ease of manipulation, and greater control
over biochemical interactions [149,164,165]. Natural biomaterials, however, are preferred
due to their ability to biologically mimic the structural and biochemical properties of the
cellular niche in vitro, and are responsive to cellular activities in terms of biochemical
reactivity and degradability [164]. Numerous studies have presented methods for forming
hybrid hydrogels that possess properties of both natural and synthetic biomaterials that
are mechanically and biochemically responsive and tunable by the surrounding environ-
ment [165,166].

2.1.1. Natural Hydrogels

Natural hydrogels are composed of naturally occurring polysaccharides and proteins
such as collagen, Matrigel®, hyaluronan, gelatin, and their derivatives, including alginate
and chitosan [167,168]. While most studies cite hydrogel formation from one ECM protein,
there are several that utilized hydrogels composed of several proteins [167,168]. Either
protein concentration or crosslinking density is altered in the hydrogels in order to change
the Young’s modulus of the gels [167,168]. However, these are not finely tunable or as
well-understood as the mechanical properties of synthetic hydrogels [169]. In contrast, the
biocompatibility of natural hydrogels and their responsiveness to cellular degradation add
an important dimension to biological studies [170].

Many studies incorporate several proteins into biomaterial hydrogels to improve
hydrogel stability and similarity to the in vivo cellular microenvironment. Comparing
cellular properties in vitro in composite hydrogels versus single-material hydrogels can
give more specific information on how cell mechano-sensitivity is influenced by specific
cell-ECM protein interactions. A useful representative investigation of the insight obtained
by studies undertaken with composite hydrogels is a study by Rao et al. [171] (Figure 4).
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They mixed collagens I and III with hyaluronic acid (HA), collagen IV with HA, and
used collagen (I and III) as a standalone in hydrogel formation to determine modulus
values of the different hydrogels and observe changes in cell morphology, spreading, and
migration. Composite hydrogels had much higher elastic modulus values than the collagen
hydrogel, and increased HA content correlated to increased modulus values and greater
cell spreading and migration [171]. Interestingly, cell morphology differed by the type
of collagen used in the hydrogels: cancer cells cultured in collagen IV had a rounder cell
shape, while those in collagen I and III were spindle shaped [171].
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Figure 4. Glioblastoma cell morphologies and migration when cultured on different substrates.
OSU-2 glioma cells were cultured on collagen I and III and HA composite hydrogels with different
concentrations of HA. Cell morphologies shown in (A) were quantified via cell area (B), circularity
(C), and roundness (D). Increased HA content led to lower cell area but increased cell circularity and
roundness. The scale bar in (A) indicates 100 µm, * in (B–D) represents a p-value < 0.05 compared
to 0% HA condition. Figure reprinted/adapted with permission from Ref. [171]. Copyright 2013,
American Chemical Society.

Another common composite hydrogel used in several cell mechanics studies is Matrigel®,
a mixture of ECM proteins secreted from mouse sarcoma cells, which is commonly used for
spheroid formation in 3D cultures [172]. Several mechanics studies use Matrigel® for the
formation of spheroids before seeding onto other types of hydrogels or for studies of cell
invasion. For instance, Grundy et al. reported that primary GBM cells that were insensitive
to rigidity were more invasive in spheroid cultures in Matrigel® as opposed to rigidity
sensitive cells [173].

Hydrogels using natural biomaterials are also advantageous, since they allow for the
design of an in vitro extracellular environment that can biologically mimic the in vivo ECM
and various cellular conditions. Natural hydrogels have been used for tissue engineering
and regenerative medicine because they form structures similar to tissue ECM due to the
natural proteins and polysaccharides that they are composed of [168]. While the biological
similarity is closer to in vivo when natural biomaterials are used in hydrogel preparation,
the mechanical properties are not adjustable or robust compared to those of synthetic
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hydrogels. Additionally, natural hydrogels can lead to great variation from batch to
batch due to the components being sourced naturally [168,174]. Recently, however, ‘smart’
hydrogels, which are robust, have localized mechanical properties, and are responsive to
changes in pH, temperature, and light have been developed from natural materials [148].
Smart hydrogels composed of natural materials have many possible applications in tissue
engineering, regenerative medicine, and stem cell and cancer research.

2.1.2. Synthetic Hydrogels

Synthetic hydrogels are composed of synthetic materials such as polyethylene gly-
col (PEG), poly(vinyl alcohol), and poly-2-hydroxy ethyl methacrylate [175,176]. They
offer advantages to natural hydrogels in the sense that they offer greater control over
gel mechanical properties, have higher capacity for water absorption, do not degrade
as rapidly as biomaterial hydrogels, and have great reproducibility [177]. For instance,
PEG-based hydrogels are useful in mechanics studies due to stiffness tunability and ability
to support long culture periods (several weeks) [178]. Synthetic hydrogels have more
utility in studies focused on the effect of isolated mechanical properties on cell behavior
without the additional influences of interactions between cells and biochemically active
biomaterials [179]. Biomimetic polymers have also been synthesized which may contain
a similar component to a natural material, such as a specific amino-acid sequence, which
can add biological activity such as degradability or biochemical signaling to the gel in
a more controlled environment than if a natural biomaterial were used [180]. Therefore,
synthetic hydrogels are extremely customizable and can be synthesized for specific medical
or research applications.

Synthetic hydrogels have been used to study the mechanics of cancer, as reported
in several previous publications. For instance, 2D “films” of poly-methylphenyl siloxane
with increasing stiffness values resulted in increased cell spreading and migration of
glioblastoma cells compared to more compliant films [181]. In developing an in vitro drug-
screening platform for cancer, synthetic HA derivatives, HA-aldehyde and HA-hydrazide,
were crosslinked and formed into a hydrogel where cells were able to form clustered
structures similar to tumors, and had greater drug resistance than in 2D cultures [182]. PEG
hydrogels are often used for hydrogel preparation due to their tunable properties and high
biocompatibility compared to other synthetic materials. They were used in mechanical
studies of lung adenocarcinoma where matrix stiffness alterations resulted in changes in
cellular morphology [183].

While there are several advantages to using synthetic hydrogels, they are limiting in
their ability to mimic the complexity of native ECM. This highlights the importance of efforts
to add biochemical reactivity to synthetic hydrogels for in vitro studies that are aiming to
mimic cellular microenvironments [184]. For instance, Lutolf et al. engineered synthetic
hydrogels that were degradable by matrix metalloproteinases through crosslinking of
synthetic substrates into the hydrogels [164]. Smart synthetic hydrogels have also been
studied to engineer stimuli-responsive synthetic biomaterials that change when faced with
altered temperature, pH, light, and other stimuli [185].

2.1.3. Hybrid Hydrogels

Many hydrogels are composed of synthetic materials that are mixed, conjugated, or
coated with biomaterials to provide researchers with insight into the controlled mechanical
response and specific cell-protein interactions while maintaining the ability to adjust
mechanical properties, and keep a low rate of degradation [186]. In general, a limiting
property of hydrogels is their low stiffness and rigidity, which is the opposite of in vivo
tissue properties. Hybrid hydrogels have been of interest in studies to improve both the
stiffness and rigidity of hydrogels [177,187].

Many types of hybrid hydrogels have been developed for cancer mechanics studies.
Fibronectin-coated PA substrates were used to study the invasiveness of different human
glioma cell lines with a focus on cell structure, migration, and proliferation [188]. Cells
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were rounder and had lower migration and proliferation rates in ECM substrates with
lower rigidity. GBM migration patterns in the brain white matter tract were mimicked
in vitro with electrospun alignment of nanofibers in a mixture of gelatin, poly-ethersulfone,
poly-dimethylsiloxane, HA, and collagen in order to study migration patterns of GBM
cells, and the addition of HA was seen to have a converse effect on migration [189]. The
addition of HA to gelatin and PEG composite hydrogels resulted in dose-dependent glioma
malignancy marker expression changes and cell clustering [190]. Another study combined
PA hydrogels with HA and either laminin or collagen I and found that collagen and laminin
presence was correlated to mechanical response to substrate stiffness [134].

2.2. General Properties of Hydrogels

Hydrogels are defined by their hydrophilicity, which allows them to store water
and swell without dissolving [191]. The bio-responsive properties of hydrogels, such
as biochemical activity and degradability, allow for culture conditions to be dynamic
and receptive to cellular cues. Conversely, since hydrogels are tunable in mechanical
properties such as elasticity, compliance, and stiffness, it is possible to study the responses
of cells to microenvironmental mechanics. While synthetic hydrogels are easier to adjust
mechanically, natural hydrogels are more bioresponsive. In crafting a study, these are
important properties to keep in mind, as they introduce variables to whichever system is
being studied.

Two important descriptors of hydrogels that determine many physical properties are
ionization degree and crosslink density. Crosslinks in a hydrogel are either chemical or
physical, and can be introduced to a gel by methods such as irradiation, sulfur vulcanization,
or chemical reactions aided by temperature and pressure [144]. Swelling and elastic
modulus values are determined by cross-linking degree and charge densities or ionic
strength of the polymers in the hydrogel [192]. Greater concentration of cross-linked
polymers and the number of ionic groups cause higher elastic modulus values and greater
swelling capacity [193]. Similarly, the distribution of proteins or polymers and cross-links
in hydrogels, which are generally non-homogenous, are affected by cross-link density and
degree of ionization [194,195].

There are numerous properties of hydrogels that can be influenced by internal factors,
e.g., composition, protein concentration, and polymer modifications, and by external
factors, e.g., UV radiation and temperature [161]. Chemical and physical reproducibility of
hydrogels depends on controlled conditions and utility in research can be greatly enhanced
by proper knowledge of hydrogel properties and subsequent unique modifications of the
scaffold to better mimic whichever system is being studied [196].

2.3. Research Applications of Hydrogels

Research applications of hydrogels are varied in vitro. They are often used as scaffolds
in 3D cultures for the study of cellular physiology and characteristics, as they interact with
tissue-mimetic hydrogels. While 2D culturing methods have provided valuable informa-
tion on cellular characteristics, recent studies have undertaken a shift toward preference for
3D-culturing methods for more advanced and sensitive studies that imitate native tissues
and cells more closely [126,197]. These 3D platforms provide more physiologically relevant
information on cell-environment interactions biochemically and mechanically, including:
morphology, cell and environmental stiffness, motility, and signaling [117]. Some 3D plat-
forms that have been used for cell culture include microporous and nanofibrous scaffolds
encapsulating cells. However, these either have pore sizes that are too large, which negate
the 3D structure and act as a 2D scaffold, or are too weak for mechanical studies [198,199].
Hydrogels are useful as mechanically and biochemically tunable matrices for 3D cultures,
which simulate soft tissue structure and have potential for translation and clinical applica-
tions [184]. For instance, Jiang et al. found that the formation of a hybrid hydrogel with
ultralong hydroxyapatite nanowires and sodium alginate allows for improved mechanical
properties of the hydrogels and enhanced biocompatibility for in vitro studies [200].

240



Gels 2022, 8, 496

Drug screening or efficacy assays are prone to showing promising effects in vitro, only
to fail or be substantially less effective in animal models and clinical trials [201]. In the
search for in vitro cell-culture systems that can provide more accurate and relevant results,
3D scaffolds such as hydrogels have been gaining attention, in part due to their potential
to mimic the ECM and inhibit drug delivery [119]. Huber et al. compared the response
of 2D cultures of non-small cell lung cancer cultured to 3D microtissues of the same cell
line to various drugs and found that drug efficacy was significantly different between the
models [127]. Singh et al. developed a hydrogel microarray assay to generate uniform
microtumors and subsequently study tumor response to epidermal growth factor (EGF) and
cetuximab treatments [202]. Such systems increase the chances of success for translation
because they enable studies of treatment response more closely aligned to clinical response.

2.4. Clinical Applications of Hydrogels

A clinical approach to hydrogel scaffolds is found tissue engineering applications,
which have gained traction recently as potential solutions to donor shortage problems for
tissue or organ transplantations [203,204]. These approaches generally combine cells from
a donor with a hydrogel scaffold that is prepared to mimic the extracellular matrix of the
tissue or organ being engineered [203]. Hydrogels are suitable tissue-engineering appli-
cations due to their ability to uptake water, to encapsulate cells, and to be bio-reactive [8].
Various hydrogels have been used as bio-ink for 3D organ or tissue printing applications
in which tissues are built with direct deposition of cells with the bio-ink [205]. Studies
have shown applicability of alginate, collagen, and various composite hydrogels for tissue
printing methods [206–208]. For instance, natural protein and polysaccharide hydrogels
have been used for articular cartilage-tissue engineering applications to promote cartilage
regeneration [209]. Latifi and colleagues demonstrated the potential of an injectable hybrid
hydrogel (collagen I and III) to be applied in soft-tissue engineering, specifically human
vocal fold engineering [210]. A long-standing problem of the tissue engineering field is the
need for in vitro tissue vascularization to be able to transplant or implant larger portions of
tissue into patients. A couple of groups have recently made strides in promoting in vitro
vascularization of hydrogel constructs of bone [211] and soft tissue [212].

Injectable hydrogels have been studied for drug delivery and wound healing or
dressing applications [213]. Hydrogels have been applied in drug delivery applications
due to their ability to give control over the time and/or site of drug delivery for enhanced
treatment [214,215]. The biocompatibility, similarity to native tissues, and high-water
content all contribute to great applicability of hydrogels for controlled drug release and
delivery [216]. Naturally derived injectable hydrogels for the controlled delivery of small
molecules to the central nervous system have also been extensively studied. Wang et al.
have shown that an injectable hyaluronan-methylcellulose hydrogel enhanced delivery
of growth factors [217]. Further, the great tunability of hydrogels has led to development
of thermosensitive, pH-sensitive, and temperature-sensitive hydrogels that can be used
for drug delivery in distinct biological environments [218–220]. Similarly, temperature-
sensitive hydrogels have been developed for various wound-healing applications. A PEG-
PLGA-PEG composite hydrogel has been developed for delivery of a growth factor linked
to tissue repair for diabetic wound healing [221].

Tissue regeneration is another field in which hydrogels are being investigated and have
shown to be promising for translation to the clinic due to their biocompatibility and ability
to be fine-tuned or adapted for specific applications. For instance, Zheng et al. developed a
polyacrylic, acid-alginate-demineralized, bone matrix hybrid double-network hydrogel,
which was shown to promote vascular endothelial growth factor (VEGF) synthesis and basic
fibroblast growth factor (bFGF) and alkaline phosphatase activity of MG63 osteosarcoma
cells to enhance bone regeneration [211]. Stem-cell therapy is a promising solution for
injuries that require tissue regeneration, but it is limiting since uncontrolled differentiation
can lead to the presence of unnecessary cells at the site of injury and lead to stem cell
metastasis and tumorigenesis [43,60,129]. Application of hydrogels can improve stem
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cell therapy by introducing stem cells and differentiation factors to the injury in a site-
specific manner [5]. In a study of spinal cord injury, Mothe et al. investigated a hydrogel-
integrated stem cell therapy by encapsulating neural stem cells and differentiation factors
in a hyaluronan-based hybrid hydrogel and found that treatment enhanced graft survival,
increased oligodendrocytic differentiation, and reduced cavitation in the injury site in
rats [222].

Contact lenses are an example of the clinical application of hydrogels [223,224]. While
hard contact lenses are composed of hydrophobic materials, soft contact lenses are hydrogel-
based [225]. Owing to the wide variety in hydrogel-forming substances, attempts are con-
tinually being made to improve the physical and chemical properties of contact lenses [225].
Hydrogels have also been used clinically in dermatology applications such as wound
healing and skin regeneration [226,227].

3. Cancer and the Tumor Microenvironment

Biomechanical properties of the tumor microenvironment have been shown to be
altered compared to the healthy state in many types of cancer to promote processes crucial to
tumorigenesis, including cellular proliferation and migration. Since changes in extracellular
mechanical properties can induce structural reorganization, morphological changes, and
altered signaling, they can cause cancer cells to exhibit mechanical properties differently
than healthy cells, e.g., stiffness [228]. This, in turn, can further promote invasive or
metastatic phenotypes [229]. For instance, cancer cells also usually have a lower Young’s
modulus compared to healthy cells of the same type, which can influence deformability and
influence migratory ability [230]. Cancer cells also have a more robust ability to respond
to ECM conditions, and can alter cytoplasm viscoelasticity in response to increased ECM
stiffness and collagen I deposition [231].

Breast cancer is a context in which mechanical properties of tissue and cells have been
well described, and many biomechanical contributions to carcinogenesis and metastasis
have been identified [96]. Many of the studies involving cell response to mechanical stimuli
have been conducted with aggressive breast-cancer cells, especially the MDA-MB-231 cell
line, due to their robust response to changes in extracellular mechanics. Clinically, tissue
stiffness has served as an indicator of breast tumors and risk of breast cancer [232,233], and
the biomolecular consequences of this phenotype has been studied rigorously in many types
of 3D hydrogel models in the laboratory, especially in the last decade. Various mechanical
stimuli can cause cellular stress and lead to carcinogenesis or increased invasiveness of can-
cer cells. For instance, several mechanotransduction pathways are linked to carcinogenesis
and invasiveness and upregulated in cancer [95,100,234,235]. Application of mechanical
load was shown to regulate breast-cancer cell proliferation independent of matrix defor-
mations or stiffness [234]. Mechanical stretch, ECM stiffness, and fluid shear-stress all led
to more invasive phenotypes of breast-cancer cells. At the level of response to treatment,
ECM stiffness has been characterized to contribute to chemoresistance of breast-cancer
cells to doxorubicin [235]. Therefore, a potential therapeutic approach may be to introduce
proteinases or drugs that reduce ECM stiffness by degrading certain components to reduce
the number of treatment-resistant cells. Lastly, certain microenvironmental properties
have been correlated to improved prognosis in breast cancer and can be used to identify
diagnostic and prognostic signatures. For instance, the tumor-associated collagen signature
consisting of aligned collagen fibers in biopsied tissues from breast-cancer patients has
been identified as a prognostic signature for survival [236].

The positive contributions that studying biomechanics has made to our overall under-
standing of breast cancer highlight the importance of incorporating a biomechanics-based
approach to cancer biology in vitro studies. Inspired by the benefits of biomechanics studies
on our understanding of breast cancer, we will present the current research in glioblastoma
(GBM), which is a disease that has not been well-defined biomechanically. We believe that
a better understanding of the biomechanical properties of GBM and its microenvironment
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can produce translatable results that may contribute to the development of diagnostic and
therapeutic approaches to improve the prognosis of this invasive cancer.

3.1. Glioblastoma and the Tumor Microenvironment

Biomechanical and biophysical studies can help to glean valuable insight into a wide
variety of diseases, since biomechanics is an integral part of cell proliferative, migration,
and survival signaling, all of which are crucial to carcinogenesis and tumorigenesis. GBM
is the most common and lethal form of primary brain cancer in adults [237], but there are
only two clinically approved chemotherapies targeting it. It is an example of a disease
that has not been traditionally studied in terms of biomechanics until approximately
the last ten years but is one that may greatly benefit from such studies. Here, we will
present an overview of the biomechanical properties known about GBM, the methods and
contributions of available 3D culture and mechanotransduction studies of GBM, and the
potential translational impact of those studies on the clinic and patient survival.

3.1.1. The Blood-Brain Barrier

The blood-brain barrier (BBB) is also an essential part of the brain microenvironment
that is altered in the cancer state. The BBB is formed by vascular endothelial cells lining
microvessels in the brain and is essential in regulating brain extracellular conditions to
ensure neuronal signaling [238]. The endothelial cells of the BBB limit transcellular and
paracellular transit into, and thereby protect, the brain by regulating permeability through
tight junctions, adherens junctions, charged moieties, pericytes, etc. [239,240]. In tumor
microvessels, however, loss of claudin-1 and claudin-3 and down-regulation of claudin-5
was observed, which correlated to increased permeability [241,242].

3.1.2. Extracellular Matrix of the Brain

The ECM of the brain (Figure 5) is altered when tumorigenesis occurs. Several ECM
components, including HA, tenascin-C, and vitronectin, are upregulated in the tumor mi-
croenvironment [243]. Studies show that proteins of the tumor niche also tend to be different
than healthy brain tissue and that tumor invasion alters ECM composition [244]. Basement
membrane components such as laminin, fibronectin, and collagen type IV are more highly
secreted by glioma cells and, in turn, alter composition of the local ECM [245,246]. Tumor-
associated mesenchymal stem-like cells induce HA synthase 2 activity and lead to greater
HA abundance in the tumor niche [247]. In addition to a distinct microenvironment, the
GBM tumor has a hypoxic and necrotic core that aids in the cancer cell-induced blood vessel
formation by increasing expression of pro-angiogenic VEGF, VEGFR2, and angiopoietin 2,
which results in the disorganized network of blood vessels observed in GBM [243,248–250].

Many cellular properties are altered in the cancer state. For instance, cell proliferation,
migration, and deformability is increased in the GBM state when compared to healthy
cells [67,138,251–254]. The impact of the extracellular niche on these cellular properties
and the biology behind the changes have been elucidated by various in vitro and in vivo
studies focusing on mechanical cell-ECM interactions [17,101,255–257].

3.1.3. Overview of Microenvironment and Biomechanics of Glioblastoma

A large body of research has been dedicated to studying the differences between
the microenvironments, or niche, of tumor and healthy cells. These include studies on
overall tissue stiffness, ECM composition, cellular signaling, and the presence/activation
of mechanotransducers. There is a general consensus that while cancer cells are less
stiff and more deformable than healthy cells [28,105,106,255,256], tumor tissue tends to
be stiffer by variable magnitude compared to non-tumor tissues, a trend that has been
shown in thyroid, breast, prostate, bladder, and kidney tissues [107–109]. The tumor
niche is also characterized by altered ECM composition, which may lead to increased
invasiveness and metastatic properties of cancer cells [257]. Characterization of the ECM,
both biologically and mechanically, in GBM has not reached the depth of understanding
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that has been achieved for several other types of cancer, such as prostate and breast cancer.
However, there are certain differences that have been noted between healthy and cancerous
tissue microenvironments, which can lay the groundwork for future studies of GBM
microenvironment and mechanics.
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Figure 5. Extracellular matrix (ECM) of the brain. The ECM of the brain has a unique composition,
including hyaluronic acid, collagen IV, and other ECM components along with glial cells, neurons, and
astrocytes. The blood-brain barrier (BBB) is a neurovascular unit composed of vascular endothelial
cells with surface charge modifications, tight junction proteins, pericytes, astrocytes, and other
components. The BBB is selectively permeable and can block solutes in the systemic blood from
entering the environment of the central nervous system (Created with BioRender.com, accessed on
14 July 2022).

Biomechanics of the Glioblastoma Extracellular Matrix

The mechanical properties of the tumor niche in GBM are different than those of
the healthy brain ECM due to the altered composition, protein-protein, cell-protein, and
cell-cell interactions. Even within the GBM tumor, there are distinct mechanical regions
for necrotic and non-necrotic portions [250]. In general, GBM tissue has been found to
be stiffer than healthy ECM, with increasing stiffness generally correlating to increased
malignancy [109,147]. From a set of human brain biopsies, one study showed that increas-
ing malignancy of tumors gave higher Young’s modulus values, with primary GBMs
exhibiting stiffness values varying from 70 to 13,500 Pa [258]. Stewart et al. showed that
brain tumors had elastic moduli ranging from 170 to 16,060 Pa using a custom-built inden-
ter [259]. Another study correlated increased ECM stiffness to decreased survival of human
patients [260]. Altered stiffness results in changed mechanical cues that are relayed to the
cell, which then impact cellular gene expression so significantly that the overall behavior of
the cell can be drastically changed [9] (Table 1). Several studies have been published that
note differences in cellular morphology, deformability, motility, proliferation, and signaling
in response to changes in environmental stiffness [104,134].

Modification of the Extracellular Matrix in the Brain by Glioblastoma Cells

The tumor also modifies the local ECM through protein degradation. Some of the
most studied cell-secreted proteins to be up-regulated in the cancer state are matrix metal-
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loproteinases (MMPs), which are proteases that remodel the ECM by degrading certain
component proteins [261]. The hypoxic core of GBMs has been shown to be a significant
contributor to the increased MMP activity [262]. Various MMPs that are up-regulated in
GBMs have also been shown to aid in glioma cell invasion [263]. Plasminogen activation by
the urokinase pathway, which includes urokinase (uPA), urokinase receptor (uPAR), and
plasminogen, is also prominent in GBMs. The urokinase pathway aids in ECM degradation
and remodeling by converting plasminogen into active plasmin, which is a serine kinase
that degrades certain ECM proteins, and activates MMP-2 and MMP-9 [264]. MMP-2 is
a type IV collagenase that has been implicated in invasion and metastasis of GBMs [263].
Lastly, various cathepsins, which are lysosomal cysteine proteases that can be secreted
into the ECM, are also up-regulated in GBMs and have been linked to tumorigenesis and
invasion [265–267].

3.1.4. Glioblastoma Migration, Invasion, and Mechanotransduction

Some hallmarks of GBM are enhanced cellular migration and aggressive invasive-
ness [268]. These properties are achieved through complex mechano-chemical signaling
mechanisms that enable crosstalk between the tumor cells and the tumor microenvironment.
The proteins that sense and translate mechanical cues from the ECM or microenvironment
and relay them to the cell are called mechanotransducers [54]. Interestingly, one study found
that keeping the mechanotransducer RhoA GTPase constitutively active in vitro in U87
cells caused similar toxic responses in 3D environments with varying stiffness, indicating
the importance of mechanotransduction in cell response to environmental conditions [133].
Another study found that by altering mechanotransducers in GBM tumor-initiating cells,
they were able to alter cell motility and invasion in 3D cultures [67]. Knock-down of CD44,
a transmembrane glycoprotein receptor for HA and other ECM components, resulted in de-
creased microtubule and vimentin expression, hampered migration, and decreased nuclear
stiffness compared to control cells [104]. Integrins are well-studied mechanotransducers
that are linked to malignancy and are primary communicators in cell-ECM adhesion and
signal transduction [134,245,263]. Clinical nuclear medicine studies have evaluated the role
of various positron emission tomography (PET) radiotracers (e.g., [18F]Galacto-RGD [269],
[68Ga]PRGD2 [270], and [18F]FPPRGD2 [271]) to enable molecular imaging of integrin avb3,
a member a class of adhesion molecules that mediate cell–cell and cell-ECM interactions,
and which plays an important role in cancer metastasis and angiogenesis [272]. These stud-
ies reveal the importance of understanding how mechanotransducers process mechanical
cues from the ECM to influence cancer-cell properties [93,94].

Cellular structure and cytoskeletal alterations are under the direct influence of ECM
mechanical cues and cellular mechanotransducers [93]. Pathak and Kumar found that
culturing cells in narrow versus wide channels of various extracellular stiffnesses led
to altered cell morphology, migration, and myosin alignment (Figure 6), underlining
the importance of extracellular culture conditions in determining cell behavior. Various
integrins serve to form attachments to proteins of the ECM. Once an integrin is bound to
an extracellular ligand, focal adhesion clusters form at the surface of the integrin receptor
within the cell, which link to the cytoskeleton and function in cell motility by recruiting
proteases for ECM degradation and activating signaling pathways that induce cytoskeletal
rearrangement [55]. Cytoskeletal rearrangement as orchestrated by cell-ECM interactions
are vital to increasing cell deformability and, in turn, enhancing migration.
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Figure 6. Cell migration, cell area, actin alignment, and myosin alignment when exposed to different
channel widths and hydrogel stiffnesses. (A–C, left panel) Migration speed was quantified for cells
cultured in narrow or wide channels with varying stiffness. With increased stiffness but decreased
channel width, cell migration speed was higher. * p < 0.05. (A–D, right panel) Cell area, actin
alignment, and myosin alignment were quantified from cells imaged after culture in wide or narrow
channels with varying stiffness. Cells cultured in stiffer conditions with narrow channels exhibited
increased actin and myosin alignment but lower cell spreading than those in narrow channels. Figure
reprinted/adapted with permission from Ref. [102]. Copyright 2012, National Academy of Sciences.

3.1.5. In Vitro Studies of Mechanotransduction in Glioblastoma

Studies of GBM cell-ECM interactions and mechanics rely on in vitro matrix-mimetics
that are composed of either biologically occurring proteins or synthetic materials. In 2D cul-
tures, this is accomplished by coating glass or polystyrene with bio- or synthetic materials
and culturing cells on top of the coating. In 3D cultures, hydrogels, defined as crosslinked
polymer networks that can retain water, are composed of one or several synthetic or
biomaterials to mimic the cell microenvironment. Changes in composition, component
concentration, and crosslinking density lead to changes in rheological properties such as
elasticity and stiffness [177]. Cell migration, morphology, cytoskeletal structure, invasive-
ness, and signaling are some of the properties characterized in gels of varying stiffness.

It is common practice in the study of GBM mechanics to use various naturally occur-
ring proteins of the brain ECM to construct hydrogels in which cells are seeded. While
most studies cite hydrogel formation from one ECM protein, there are several that utilize
hydrogels mixed with several proteins, which are discussed in the next sections. Either
protein concentration or crosslinking density is altered in the hydrogels to change Young’s
modulus of the gels and study the effect of elasticity or stiffness in the microenvironment
on the cells. The use of biomaterials in hydrogels offers the additional variable of gel
degradation by cells or over time in incubation, which adds an important dimension to
understanding tumor-cell function in remodeling the ECM.

3.1.6. Hydrogel Culture Methods
Collagen

Despite collagen type I not being an abundant protein in the GBM and healthy brain
ECM, it is often used in mechanics studies of these cells, due to its ability to easily form a gel.
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Even though collagen IV is upregulated and more abundant in the GBM microenvironment,
there is a limited amount of studies in which collagen IV is used for hydrogel formation to
investigate GBM mechanics [171]. There are commercially available pre-coated glass slides
that make mechanics studies using collagen I simpler. In studies where glioma cells were
seeded onto collagen I-coated substrates (glass or polystyrene), there was a trend of cells
spreading more extensively in stiffer ECMs [76,273]. One group observed a nearly linear
80 µm extension called an “invadopodia” that stretched from one cell to another, which they
hypothesized was a significant factor in cell signaling [273]. The drawback of studies using
collagen-coated glass or polystyrene is that it forms a 2D culture, which does not accurately
mimic the 3D environment that cells are exposed to in vivo. It was shown that GBM cells
exhibited chemoresistance to sunitinib, a kinase inhibitor, in vitro in a 3D collagen-based
environment, but not on plastic or collagen-coated surfaces [136]. Additionally, 2D cell
migration does not require MMP activity, while 3D culture does, so MMP expression can
be studied extensively in relation to mechanics only in 3D culture [274]. For greater insight
into in vivo characteristics, it is more useful to employ 3D rather than 2D cultures.

Collagen fiber density or concentration is an important factor to consider in experi-
mental design. A study confirmed that varying the collagen I concentration resulted in
varying elastic modulus of hydrogels, but that the difference is not significant with collagen
concentrations from 1.5 to 2.5 mg/mL [275]. They also found that a higher concentration of
collagen inhibited growth of the GBM in vitro. Decreasing collagen gel stiffness was shown
to increase migration distance and velocity of GBM cells [124]. Another study investigated
the effects of gelation temperature on collagen I gel pore size and how this impacted glioma
invasion. Gelation temperature caused variations in pore size for hydrogels composed
of 1 mg/mL collagen and was a significant factor in determining speed of invasion of
glioma cells with smaller pore sizes (5-12 µm) hindering cell motility [276]. A study by
Hwang et al. showed that actin filamentation of migrating cells in collagen gels is dynamic
and undergoes rapid changes, and produces of stress fibers and lamellipodia [277]. This
study also drew attention to the migratory patterns of glioma cells, which was shown to
mostly be composed of double-nucleated cells that migrated in clusters and had extensive
interactions, through actin filament extensions, to collagen in the surrounding gel and
nearby cells [277]. Distinct cell shapes, in terms of elongation and roundness, have been
observed in different collagen gels [278]. Collagen gels were also used to study the effect of
the microenvironment on gene expression and the effects of depletion or overexpression of
certain genes on cell ability to retain mechano-responsiveness [278–280].

Three-dimensional culturing methods are being modified with novel technologies
to model more than just a homogenous tumor microenvironment; they are being used to
form models of interacting systems. In a study by Chonan et al., the tumor niche including
ECM and blood vessels was mimicked in a microfluidic device using collagen I and human
umbilical vein endothelial cells (HUVECs) [281]. Further studies with collagens are required
for a more thorough understanding of the effect of these proteins on GBM cells.

Hyaluronan

There is extensive research on the production of hyaluronan (HA)-based gels for
studies of GBM mechanics. HA hydrogels have been used clinically as implants for neural
regeneration and reduction of scar formation [282,283]. In in vitro studies, HA gels are
generally functionalized with peptides or other ECM proteins, such as laminin, RGD
(Arg-Gly-Asp peptides), poly-D-lysine, and poly-L-lysine, which allow for cell adhesion
to the gel, since HA alone does not attach to the cells [283,284]. In a study with short
Arg-Gly-Asp (RGD) peptides incorporated to HA gels, it was noted that glioma cells’
actin stress fiber assembly and cell spreading was greater in stiffer gels [147]. Various HA
crosslinkers can also be used to increase gel stiffness. Divinyl sulfone, for example, was used
to crosslink HA carboxyl groups to varying degrees when different concentrations were
used [285]. Chitosan-HA scaffolds, when compared to 2D surfaces, increased invasiveness
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and chemotherapeutic resistance and were proposed as possible in vitro mimics of the
tumor microenvironment for pre-clinical drug effectiveness studies [286].

Other Proteins

Proteins such as fibronectin, laminin, and gelatin on their own are not commonly used
for hydrogel formation. Rather, they are more frequently used to coat glass or polystyrene
for two-dimensional cell-protein interaction studies. In the formation of hydrogels, they
are generally used in combination with synthetic materials. These were also discussed
previously in the synthetic hydrogels section of this review.

Methacrylated gelatin (GelMA) has been used on its own as a scaffold for glioma cells
in a study of gel biophysical properties and their effect on cell morphology, proliferation,
motility, and gene expression. Pedron et al. observed that GelMA biophysical properties
could be varied by the methacrylation degree and bulk density. Cell morphology, motility
and expression of hypoxia markers (VEGF, MMP-2, MMP-9, and HIF-1) and the ECM
protein fibronectin were affected by the environmental properties [287]. Ramamoorthi et al.
used an alginate hydrogel with varying stiffness values and observed greater cell sensitivity
to toxins in less stiff gels [133].

Composite Biomaterial Hydrogels

There is a paucity of research involving composite hydrogels in the study of GBM
mechanics. Researchers developed a composite matrix of HA and collagen oligomers with
the addition of Matrigel-coated microfibers with tunable stiffness by varying component
protein concentrations [124]. While low stiffness correlated to lower migration velocity
and distance, collagen source and concentration was shown to affect these parameters
variably. They also reported that in the HA hydrogel, cells exhibited collective migration
while in collagen, they relied on single-cell migration [124]. These studies outline some of
the different cellular responses to each of the ECM components and serve to emphasize
the importance of studying specific cell-ECM interactions when attempting to describe
GBM mechanics.

Synthetic Hydrogels

There are several types of synthetic polymers that have been used in the study of GBM
mechanics. In 2D culture, “poly-methylphenyl-siloxane film” with greater stiffness values
resulted in increased cell spreading and migration compared to more compliant films [181].
Wan et al. developed nanotextured polydimethylsiloxane (PDMS) surfaces with aptamers
overexpressing epidermal growth factor receptor (EGFR) to isolate human GBM cells from
a mix with fibroblast cells [288]. PA hydrogels are commonly used in GBM mechanics
studies. In a novel study of cell mechano-sensitivity to matrix confinement, cells that were
seeded onto PA hydrogels in more narrow channels exhibited greater migration speeds
when compared to cells seeded on PA hydrogels in wider channels or directly onto 2D
surfaces. This effect was abrogated by the inhibition of non-muscle myosin II, implicating
this protein as a mechanosensory [102]. In a study investigating patient-derived primary
GBM cell sensitivity to gel stiffness or rigidity, cells were seeded onto PA gels with different
rigidity measures and the migration rate was correlated to rigidity-sensitivity [173]. Human
glioma cell lines U373 and U118 cultured on polyacrylamide gels of normal brain stiffness
(1 kPa) and GBM tumor stiffness (12 kPa), had greater proliferation rates in the stiffer
substrate [289]. Umesh et al. studied the effect of PA gel stiffness on expression of proteins
related to the cell cycle and dependency on EGFR signaling in human GBM cells, and saw
that increased stiffness caused increased expression and phosphorylation of EGFR and Akt.
Conversely, loss of EGFR, Akt, or phosphoinositide 3-kinase (PI3K) function resulted in
decreased stiffness-sensitivity of the cells [252].
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4. Challenges and Future Directions

We have endeavored to provide a thorough explanation of the various hydrogel-
based methods that are employed for biomechanical studies and an overview of how
studying cell-ECM interactions can lead to significant advancements in understanding the
pathology of cancers, with a focus on GBM. It is abundantly clear from the state of the
field that cellular response to biomechanical cues is a key player in maintaining health and
homeostasis. To incorporate biomechanical effects into our current understanding of cell
biology, hydrogel-based three-dimensional models of cell culture must become more widely
used. The number of publications mentioning hydrogels has increased exponentially over
the past 25 years (Figure 7). Furthermore, publications mentioning both hydrogels and
cancer are making up a greater proportion of the hydrogel-related manuscripts published
each year since 2012, indicating a growing interest in the development and use of hydrogels
in the study of cancer. However, a major drawback of these approaches is that any one
hydrogel model is not universally applicable due to the unique ECM composition and
mechanical properties of the suite of cellular states that may be studied. Additionally,
differences in hydrogel composition (and lot-to-lot variability of commercially available
hydrogels), cell passage number, cell seeding density, hydrogel crosslinking density, time
between cell seeding and microscopy, and other factors make it difficult to obtain consistent
results [290,291]. It is worthy of note that ECM composition still has not been characterized
based on the abundance of each component and elastic modulus for many tissues and
conditions. Protocols unique to the disease model (cell type, microenvironment, perfusion,
etc.) need to be established to enable wider adoption of hydrogel-based cell culture studies
as an improved biomimetic replacement for conventional two-dimensional cell culture.
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been characterized based on the abundance of each component and elastic modulus for 
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The use of hydrogels as model systems for studying cell response to biomechanical
stimuli has been discussed in this review, with a focus on GBM as a case study for what
has been achieved versus what has yet to be understood in the field. Breast cancer is an
exemplar of the impact that biomechanical studies can have on diagnostic, prognostic, and
therapeutic approaches to a disease. Therefore, we believe that future studies to understand
how cells respond and adjust to mechanical stimuli, and how these responses may be
dysregulated in various pathologies, are of utmost importance to craft a more systematic
understanding of diseases that have been difficult to treat and cure, such as GBM. An
improved understanding of tissue and cellular mechanics would facilitate the development
of mechanotherapies for regenerative rehabilitation [292–295]. Not only will such studies
further our understanding of the disease, but they may also provide clues for how to take
advantage of mechanical stimuli to treat them. Hydrogels are used in contact lenses and as
vehicles for drug delivery; they also have the potential to be used as therapeutic agents in
cases where mechanical cues such as stiffness or stress can influence therapeutic resistance
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in certain cancers. For example, hydrogels with low stiffness may be implanted after tumor
removal in patients with invasive cancers to reduce the ability of cancer cells to migrate.
Such innovative uses for hydrogels and applications of knowledge that can be gained by
biomechanical studies would improve our understanding and treatment of cancer.
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basic fibroblast growth factor bFGF
blood-brain barrier BBB
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epidermal growth factor EGF
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G-protein coupled receptor 68 GPR68
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matrix metalloproteinase MMP
Myocardin related transcription factor A MRTF-A
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phosphoinositide 3-kinase PI3K
physically interacting cell sequencing PIC-seq
platelet endothelial cell adhesion molecule-1 PECAM-1
polydimethylsiloxane PDMS
polyethylene glycol PEG
positron emission tomography PET
rho-associated, coiled-coil-containing protein kinase ROCK
T-cell receptor TCR
Testin LIM domain protein TES
Three-dimensional 3D
Transforming growth factor beta 1 TGF b1
Transient Receptor Potential Cation Channel Subfamily M Member 7 TRPM7
Transient Receptor Potential Cation Channel Subfamily V Member 4 TRPV4
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Two-dimensional 2D
urokinase uPA
urokinase receptor uPAR
vascular endothelial growth factor VEGF
vascular endothelial growth factor receptor VEGFR
Vasodilator stimulated phosphoprotein VASP
von Willebrand factor—glycoprotein Ib complex VWF-GPIb
Yes-associated protein YAP
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Abstract: Active pharmaceutical ingredients (API) or drugs are normally not delivered as pure
chemical substances (for the prevention or the treatment of any diseases). APIs are still generally
administered in prepared formulations, also known as dosage forms. Topical administration is widely
used to deliver therapeutic agents locally because it is convenient and cost-effective. Since earlier
civilizations, several types of topical semi-solid dosage forms have been commonly used in healthcare
society to treat various skin diseases. A topical drug delivery system is designed primarily to treat
local diseases by applying therapeutic agents to surface level parts of the body such as the skin, eyes,
nose, and vaginal cavity. Nowadays, novel semi-solids can be used safely in pediatrics, geriatrics, and
pregnant women without the possibility of causing any allergy reactions. The novel hydrogels are
being used in a wide range of applications. At first, numerous hydrogel research studies were carried
out by simply adding various APIs in pure form or dissolved in various solvents to the prepared
hydrogel base. However, numerous research articles on novel hydrogels have been published in the
last five to ten years. It is expected that novel hydrogels will be capable of controlling the APIs release
pattern. Novel hydrogels are made up of novel formulations such as nanoparticles, nanoemulsions,
microemulsions, liposomes, self-nano emulsifying drug delivery systems, cubosomes, and so on.
This review focus on some novel formulations incorporated in the hydrogel prepared with natural
and synthetic polymers.

Keywords: hydrogel; novel formulations; natural polymer; synthetic polymer; topical application

1. Introduction

Generally, active pharmaceutical ingredients (API) or drugs are not supplied as pure
chemical compounds (for the prevention or the treatment of any diseases). Still, APIs
are commonly delivered in pharmaceutical formulations, commonly known as dosage
forms [1]. It is a multistep process that involves the combination of API with other compo-
nents widely known as excipients or pharmaceutical inactive ingredients and converting
into a final valuable medicinal compound [2]. They have been converted into a suitable
dosage formulation and delivered in various administration routes [1]. The dosage forms
are commonly administered in solid, semi-solid, and liquid forms. The various solid dosage
forms include tablets, capsules, and powders. The various semi-solid dosage forms include
creams, gel, emulgel, ointments, paste, etc. The various types of liquid dosage forms
include emulsion, injections, lotion, ocular formulations, suspension, syrup, etc. [3].

For delivering therapeutic agents locally, topical administration is mainly preferred
due to its convenience and affordability. A topical drug delivery system (TDDS) is mainly
meant for treating local diseases by applying the therapeutic agents to superficial body
parts, including the skin, eyes, nose, and vaginal cavity. In contrast to oral administration,
topical administration avoids first-pass metabolism in the liver, gastric pH variations in the
stomach, and fluctuations in plasma concentrations. The other benefits of a topical drug de-
livery system consist of patient fulfilment and acceptance, easy and convenient application,
less pain and noninvasive system, increase in API bioavailability, improved physiological
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and pharmacological action, as well as minimal systemic toxicity and exposure of API to
non-infectious tissue/sites [4].

The production of semi-solid products has been going on for decades, and they are
often used as pharmaceuticals, cosmetics, and health supplements. Typically, semi-solid
dosage form (SSDF) products are administered topically or inserted into a body orifice [5].
This dosage form does have some benefits, such as applying the medications directly to the
affected area and the ease of administration to patients of any age. A challenge in SSDFs is
the need to deliver the API across the skin or other physical membranes of the patient to
reach the desired system [6]. Since ancient times, there have been several kinds of topical
semi-solid dosage forms widely used in human society for treating various skin diseases [7].
The semi-solid dosage forms used topically usually come in creams, gels, ointments, or
pastes [8]. Dermatology products are available in various formulations and consistencies,
but semi-solid dosage forms are the most popular kind [9].

Skin is the most important and largest organ in the body. It is responsible for a variety
of necessary functions, mainly protection (from an entry of microorganisms, from the
external environment, to prevent excessive water loss, etc.,) as well as to regulate body
temperature [10,11]. In TDDS, skin is one of the primary and accessible organs [9]. Most
topical semi-solid formulations are designed to target the skin or underlying tissues [7].
Among the three layers (stratum corneum (SC), epidermis, and dermis) of skin, the SC
is primarily responsible for protecting the tissues underneath the skin. Most of the API’s
cannot easily pass through the skin due to the effective barrier of the SC [10]. The SC
restricts the penetration of nearly all large and hydrophilic API molecules, including
proteins, peptides, nucleotides, and oligonucleotides [12].

Despite their washable water bases, novel semi-solids are not greasy. Therefore, they
are less irritating to the skin and more effective than conventional semi-solid dosage forms.
Novel semi-solids can be used safely in pediatrics, geriatrics, and pregnant women without
the possibility of causing any allergy reactions. It is expected that novel semi-solids will
control the release pattern [13]. Topical dosage forms that are intended to give local or
systemic effects. Conventional TDDS has significant drawbacks. Acne, alopecia, and
psoriasis are all skin diseases with deep roots inside the skin. Traditional TDDS seems
inadequate in treating the above skin disease due to the poor absorption of APIs in the skin.

Due to skin’s poor retention, conventional topical dosage forms appear ineffective in
treating these conditions. Based on patient fulfillment, security, effectiveness, feasibility,
and shelf life, novel TDDS has gained popularity in recent decades. Based on the research
results performed in novel TDDS, it can be concluded that transferring from conventional
TDDS to novel TDDS through the use of carriers necessitates extensive research and will
offer new hope for the treatment of various diseases [9].

According to the USP, gels (also known as jellies) are semi-solid systems made up
of either a suspension containing small inorganic particles or organic macromolecules
(primarily polymers) dissolved in a large quantity of liquid to form an infinite rigid network
structure [14]. According to Rathod and Mehta [15] and also by Jeganath and Jeevitha [16],
there are several ways to classify gels, including colloidal phases (inorganic and organic),
solvents type (emulgel, hydrogels, organogels, and xerogels), composition (flexible and
inflexible gels), and rheological property (plastic, pseudoplastic, and thixotropic gels).
According to Paul et al. [17], the novel formulation can include into the following gels:
(i) hydrogels, (ii) organogels, (iii) in situ gels, (iv) emulgels, (v) microgels, (vi) nanogels,
and (vii) vesicular gels (liposomal gel, niosomal gel, and transferosomal gel).

A semi-solid state became advantageous for actual usage of the prescribed dose
for applying in the skin. Pharmaceutical companies are gaining rapid attention or are
increasingly interested in hydrogels due to their modified drug release [18]. Initially, many
research studies were performed in hydrogels by simply incorporating various drugs in
pure or dissolved in suitable solvents to the prepared hydrogel base. However, for the
past five to ten years, numerous research articles on novel hydrogels have been published.
Novel hydrogels are made up of novel formulations such as nanoparticles, nanoemulsions,
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microemulsions, liposomes, self-nano emulsifying drug delivery systems, cubosomes, and
so on. The novel hydrogels are used for different applications.

Few review articles related to novel hydrogels have been previously published in
various journals. Torres et al. [19] reviewed classification of hydrogels based on phys-
ical or chemical interactions as well as stimuli-sensitive substances. Taxol (a Paclitaxel
loaded formulation) loaded with biocompatible nanocarriers (nanoparticles, microparticles,
micelles, liposomes, etc.) incorporated into hydrogels prepared with natural polymers
(hyaluronic acid, gellan gum, alginate, and chitosan) was reviewed by Voci et al. [20]. A
chitosan and cellulose-based hydrogel for wound treatment was reviewed by Alven and
Aderibigbe [21]. Michalik and Wandzik [22] reviewed chitosan-based hydrogel in the
agriculture field for sustained action. Cai et al. [23] reviewed and discussed the latest
findings in advanced hybrid-based hydrogel technologies combining nanostructures and
microstructures, their formulation, and potential uses mainly in tissue engineering and
antitumor delivery systems. The current review aims to highlight the most important
developments that have come about from the increase of a variety of novel formulations
containing the API embedded in different sources of polymer-based hydrogels. This review
article discusses some previous research on topical novel hydrogels prepared with varying
sources like natural and synthetic gelling agents.

2. Methodology

To obtain the appropriate literature, relevant keywords like hydrogels, topical hydro-
gels, novel topical hydrogels, etc. have been used in search engines such as Google Scholar,
PubMed, etc. The information was mainly collected from research and review articles
published between 2010 to 2022.

3. Hydrogels

Hydrogel refers to a three-dimensional arrangement made of hydrophilic polymers
with a high capacity to interact with and retain a vast amount of water and biological fluids
due to several functional grouping [like amino (–NH2), the carboxylic acid (–COOH), a
hydroxyl group (–OH), amide (–CONH), sulfo groups (–SO3H)] in the polymer chains [24].
As per Lee, Kwon, and Park, the term “hydrogel” comes from an article published in
1894 and the first cross-linked network substance that showed up in publications [25].
In 1960, Wichterle O from Prague and Lim D from the Czech Republic were the first to
discover hydrogels. They used synthetic polymer poly-2-hydroxyethyl methacrylate for
preparing contact lenses [4,26]. Due to the high-water holding capacity, elastic in nature,
compatibility with living tissue, and adaptability made hydrogels as a broad choice of use
in various fields [27]. As part of the second stage, commencement in the 1970s, scientists
began developing a more complex hydrogel capable of responding to pH and temperature
and producing a precise response. Third-stage hydrogels are made from supramolecular
inclusion complexes that are biocompatible and versatile. Hydrogels developed in the third
stage of development led to creating “smart hydrogels” [28]. Since the 1980s, hydrogels
have been used for various biomedical disciplines like contact lenses, absorbent cotton,
suture, and cell engineering [29], and biosensor, drug delivery, cell therapy, and 3D cell
culture [27] to incorporate various conventional and novel formulations [18,29].

4. Classifications of Hydrogels

Hydrogels can be classified into multiple ways with various viewpoints based on the
literature. Based on phase transition like gel-sol reactions due to physical or chemical, or
biochemical stimulation. The physical stimulants comprise temperature, electric fields,
magnetic fields, solvent composition, light strength, and stress. In contrast, chemical
stimulation includes pH, ionic strength, specific chemical compositions, and biochemical
stimulation by enzymes and amino acids [24]. Based on their pore size (nanogels and
microgels), based on the polymer structure (homopolymers and copolymers), based on
cross-linking (physically cross-linked and chemically cross-linked), based on degradation
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(biodegradable, non-degradable) and their source (natural, synthetic, or hybrid), and based
on physical properties (conventional, and smart) [20], the classification of hydrogel is
shown in Figure 1.

Figure 1. Classification of hydrogel.

Hydrogels provide comfortable drug delivery methods because of their tunable prop-
erties, rapid expandable degradation, and attainable preparation. [30]. A hydrogel is an
excellent carrier for delivering APIs, especially to the skin. Ex vivo porcine ear skin is a
widely used model due to its similarity to the human skin in terms of behavior, composition,
and permeability [31].

5. Hydrogels Prepared with Natural Polymers

Natural hydrogels were prepared with natural constituents recommended for maxi-
mum biocompatibility as they are obtained from natural sources [28]. Novel formulation
formulated with natural gelling agents, preparation methods, mixing with the hydrogels,
and its use are shown in Table 1. Different novel formulation evaluation studies before
incorporating into hydrogel are shown in Table 2. Physical evaluation studies for novel
natural hydrogel formulation prepared with natural gelling agent are shown in Table 3.
Novel natural hydrogel formulation in vitro, in vivo evaluation studies details are shown
in Table 4.
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5.1. Hydrogels Loaded with Liposomes

Liposomes (LS) are nanocarriers primarily composed of phospholipids and choles-
terol [42]. Chlamydia trachomatis is the causative agent of sexually transmitted infections. The
current treatment option is oral azithromycin or doxycycline, both of which have potential
side effects. To reduce the side effect and effectively treat C. trachomatis, Jraholmen et al. [32]
used natural polyphenol Resveratrol (RVT) LS incorporated into a natural CHI hydrogel. To
maximize RVT’s potential therapeutic activity, they used LS as the primary release medium
and CHI hydrogel as a supplemental medium. Since RVT inhibits biofilm formation, LS
are preferred nanocarriers for topical therapy since it does not interact with vaginal flora,
and chitosan hydrogel effectively obstructs vaginal biofilms. RVT in LS preparation was
found to increase RVT solubility, deliver sustained action, and enhance chemical stability,
allowing for medical uses. In addition, RVT in LS formulation improves RVT’s ability to
bind to microbes, producing a more potent antimicrobial action even at a low dosage. The
study showed that RVT-LS in CHI hydrogel could inhibit nitric oxide, the chief free radical
that causes inflammation. The RVT-LS incorporated into the CHI hydrogel delivery system
improved the anti-chlamydial effect of RVT at lower concentrations and highlighted the
existence of a delivery system to ensure effective treatment.

5.2. Hydrogels Loaded with Self-Double-Emulsifying Drug Delivery System

Self-double-emulsifying drug delivery system (SDEDDS) is a mix ture of water-soluble
surfactants and water-in-oil (w/o) emulsions, which can instantaneously emulsify to
water-in-oil-in-water (w/o/w) double emulsions, with water-soluble drugs present in
the internal aqueous phase [43]. Vitamin C is one of the most effective antioxidants for
preventing skin damage and a whitening agent. Once exposed to oxygen, basic pH, and
high temperatures, vitamin C is highly unsteady, rapidly degraded, and discolored. As a
result, a promising strategy for resolving these weaknesses is required to enable its clinical
implementation. To overcome the above and improve the vitamin C penetration in the
skin, Wang Q et al. [33] prepared a vitamin C-loaded SDEDDS, followed by blending it in
a xanthan gum (XG) hydrogel. Vitamin C-loaded SDEDDS showed improved physical
potency upon incorporation into hydrogels, implying that the shell is more secure to
protect vitamin C from degradation, mainly from ionization solution and oxygen exposure.
Incorporating vitamin C in SEDDS-based hydrogels increases the vitamin C permeation
in the skin due to the bioadhesive property of XG. The oil vesicle of the SDEDDS could
even act as a protective coating for vitamin C, allowing for improved vitamin C-controlled
release from the SDEDDS formulation. Vitamin C encapsulation in SDEDDS, hydrogels, or
even both might greatly increase vitamin C permeability and distribution inside the skin.
Overall, vitamin C-incorporated SDEDDS-mixed with XG hydrogels will greatly enhance
skin penetration.

5.3. Hydrogels Loaded with Microparticles

Polymeric microparticles (MP) have been extensively researched as a beneficial and
novel carrier for the sustained and controlled release of vast drugs. Chronic wound healing
treatment usually requires the administration of drugs at regular intervals for a more
extended period. Long-term sustained release treatment might decrease the frequency of
administration while maintaining drug concentration at the site of a wound. Based on this
knowledge, Yasasvini S et al. [44] created simvastatin (SIM) CHI CHI-MP and incorporated
them into polyvinyl alcohol (PVA) hydrogels to improve wound healing activity. After
seven days, 92% of SIM was released from 5% PVA hydrogel for a dose of 2.5 mg. This
SIM release from 5% PVA was correlated with the swelling index. In low dose (2.5 mg),
the swelling index value was more when compared to 5 and 10 mg SIM concentration.
The in vivo wound healing activity showed SIM released in controlled manner results in
continuous wound healing. The combination of APIs in MP formulation incorporated
into hydrogels could be best for releasing the APIs in a sustained manner and a successful
topical wound healing activity from the above results.
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5.4. Hydrogels Loaded with Nanoemulsion

Nanoemulsions (NE) are thermodynamically stable and spherical structures where
a thin layer of emulsifying agent stabilizes the oil droplets that contain the drug. NE is
getting popular for enhancing the skin permeation of lipophilic drugs [45]. Rosmarinic
acid (ROS) is a natural polyphenol. Due to its antioxidant property, it can be used as
anti-aging compound. But its use is limited due to poor water solubility, high instability,
and poor permeability through biological barriers. To overcome the above drawbacks
Marafon et al. [34] created ROS loaded NE for topical use. The pH of the ROS-NE was
ranged from 3.80 to 5.80, making the formulation physically stable and suitable for topical
application. The permeability studies in porcine ear skin showed that nearly 1.5 fold
higher ROS was penetrated when compared to pure ROS. The absence of necrosis in
keratinocyte cells indicates the formulation’s safety. Their findings showed that ROS as a
NE prepared with tween-80 and incorporated in HEC-based gelling agents could be used
as an appropriate carrier for skin application in novel anti-aging skincare preparation.

Another example for NE encapsulated hydrogel formulation was prepared with Pentyl
Gallate (PG) by Kelmann RG and colleagues [35]. PG-NE was prepared and encapsulated
into a hydrogel formulation containing natural polymer CHI and a synthetic polymer
Aristoflex AVC (ART). PG-NE-ART’s viscosity is less than PG-NE-CHI; this increase in
viscosity is due to the degree of deacetylation of CHI. The pH of both the PG-NE-CHI
and PG-NE-ART was reduced after 90 days due to the hydrolysis of the triglyceride and
phospholipid moieties, which resulted in the release of free fatty acids. The presence of
a CHI or an ART did not affect the skin retention of PG from the NE. ART compared to
the two gelling agents tested, ART appeared to be more intriguing since it initially did
not affect PG-NE’s droplet size and zeta potential. The PG-NE-ART also demonstrated
improved intrinsic stability, viscosity, and spreadability. According to the authors, PG can
be an attractive topical antiherpetic agent.

Phenytoin (PENY) is an antiepileptic drug on prolonged oral administration that
results in gingival hyperplasia. Previous studies confirmed that PENY could be used
successfully as a wound-healing agent, but none of the studies clearly states the permeation
of PENY across the skin. Cardoso et al. [36] prepared PENY-NE and nanocapsule (NC), to
which CHI was dispersed and converted into novel hydrogels, and then evaluated PENY
skin penetration and wound healing activity. The in vitro release study results showed
that PENY diffuses through the NE and NC and then through the hydrogel network to
arrive at the release medium in a controlled manner. The higher PENY accumulation in
the dermis of injured skin for PENY-NC-CHI and PENY-NE-CHI hydrogels compared
to other skin layers suggested that such hydrogels might be helpful to formulations for
wound treatment. When PENY-loaded NC and NE hydrogels were compared to the non-
encapsulated form, the amount of PENY that reached the dermis and the receptor medium
was significantly lower. It indicates that PENY as a wound-healing agent poses a low risk
of systemic absorption.

5.5. Hydrogels Loaded with Microemulsion

The formation of microemulsion (ME) is straightforward, comprising an oil phase, a
surfactant, a cosurfactant, and aqueous phases, and can easily be prepared through gentle
stirring. ME is an encouraging nanocarrier for the topical administration of poorly water-
soluble drugs [46]. Ibuprofen (IBU) is a non-steroidal anti-inflammatory poor water-soluble
drug. The skin restricted its percutaneous penetration from conventional preparations.
Nanocarriers play a vital role in enhancing the IBU permeation in the skin. To increase IBU
percutaneous delivery, Djekic L et al. [37] created an o/w ME with IBU and incorporated it
into hydrogel made up of XG. ME-XG-hydrogel prepared with the least XG (0.25%) had
the most excellent drug release rate and spreadability. Artificially stimulated inflammation
in male Wistar rats via intraplantar injection of carrageenan dispersed in saline. The
ME-XG-H1 formulation produced approximately 65% antihyperalgesic effect and 74%
antiedematous after 3 h, showing a considerable lowering in paw inflammation caused
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by carrageenan. The hydrogel-thickened ME could offer promise carriers with improved
percutaneous delivery to prevent pain and, to a lesser extent, inflammation.

Invasive fungal infections pose a significant and growing risk to human healthiness.
Terbinafine hydrochloride (TER) is an anti-fungal agent used in topical and oral forms.
Celebi et al. [38] prepared TER-ME in which natural gelling agents such as CHI (1%)
and natrosol 250 (4%), as well as synthetic gelling agents such as CAR-974 (1%), are
dispersed. The anti-fungal activities of the TER-ME-loaded hydrogels were evaluated
against a variety of strains. The anti-fungal activity was determined against three yeast
species (Candida albicans, Candida krusei, and Candida parapsilosis), two nondermatophytic
fungi (Aspergillus niger and Penicillium), and two dermatophytes (Microsporum spp. and
Trichophyton rubrum). TER loaded in CHI hydrogel was the most effective against Candida
albicans and Candida krusei. TER loaded in natrosol hydrogel was most effective against
Trichophyton rubrum. Based on the findings of their study, they concluded that TER in
CHI, CAR-974, natrosol hydrogel, and microemulsion formulations had similar anti-fungal
activity as the marketable product (Lamisil).

Curcumin (CUR) administration via percutaneous route could be appropriate for
topical and systemic therapeutic applications. Koop et al. [39] created an ME contain-
ing the hydrophobic drug CUR and incorporated it into a hydrogel combining xanthan
and galactomannan (X-GAL) for topical use. About <60% of CUR was released from
CUR-ME-X-GAL. The skin permeation study was carried out on porcine ear skin, and the
results revealed that similar amounts of CUR (2.17 to 2.47 µg/mL) were found in the SC, epi-
dermis, and dermis of the skin. In vivo anti-inflammatory study in male Swiss mice showed
the inhibition of inflammation of 63.2% for CUR-ME-X-GAL. The researchers hypothesized
that combining CUR’s bioactivity with X-GAL hydrogels aided tissue restoration.

5.6. Hydrogel Loaded with Nanocrystals

Nanocrystals (NCY) are colloidal carriers of nano-sized particles stabilized in a disper-
sion medium by least polymeric and/or amphiphilic stabilizing agents. NCY was designed
to enhance the absorption and permeation of lipophilic drugs [47]. Baicalin (BCN) cannot
be used in topical applications due to its lipophilicity and poor permeation. Wei S et al. [40]
attempted to prepare BCN-NCY and incorporate them into a hyaluronic acid (HA) hy-
drogel to improve BCN topical permeation. The 6-h in vitro release study revealed that
more than 95% of BCN was released from BCN-NCY incorporated into 0.5 and 1% HA,
while 85.4 and 72.3% of BCN was released from BCN-NCY incorporated into 1.5 and 2%
HA, respectively. Over 12 h, the cumulative amount of BCN that permeated rat skin from
BCN-NCY-hydrogel with 0.5 and 1% HA was significantly more significant than that of
BCN-NCY hydrogel with 1.5 and 2% HA. This is because the viscosity of 0.5 and 1% HA
gels was lower than that of 1.5 and 2% HA hydrogels. The 1% HA is relatively advanta-
geous for preparing excellent BCN-NCY hydrogel. According to their study, HA-based
NCY-hydrogel can deliver poorly water-soluble drugs topically, safely, and effectively.

5.7. Hydrogel Loaded with Cubosomes

Cubosomes (CUBO) are thermodynamically stable; self-assembled nano-sized liquid
crystalline particles prepared by combining a specific ratio of lipids with suitable surfactants,
water, and temperature conditions [48–50]. Silver sulfadiazine (SSD) helps treat burns, but
it has drawbacks such as poor permeation into the burn wound and cytotoxicity. However,
permeation can be increased and can reduce SSD cytotoxicity with the help of nanocarriers.
Morsi et al. [41] prepared a CUBO based on silver sulfadiazine (SSD). They incorporated
it into a CHI (1.5%), CAR 940 (1%), or a combination of CHI-CAR-based hydrogels to
create cubosomal hydrogels or cubogel. The release of SSD from SSD-CUBO formulation
is controlled; thereby, the cytotoxic effect of silver is avoided. Formulating SSD-CUBO
into cubogels using CHI and CAR-934 showed advantages over the marketed product
Dermazin. From the first day of treatment, there was no interference in the healing process
as well as it being compatible with a biological fluid. Healing tissues started earlier (day 9)
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for SSD-cubogel than Dermazin (day 15). SSD cubogel could thus be used very effectively
in administering deep second-degree burns, resulting in improved healing outcomes with
few adverse effects compared to most formulations on the market.

6. Hydrogels Prepared with Synthetic Polymers

Synthetic hydrogels are prepared with synthetic gelling agents that seem to be more
reproducible, have greater flexibility for adjusting their chemical or mechanical qualities,
and have more closely controlled structures. However, synthetic hydrogels cannot offer
similar biocompatibility to natural hydrogels [28]. Novel formulation formulated with
synthetic gelling agents, preparation methods, mixing with the hydrogels, and its use are
shown in Table 5. Different novel formulation evaluation studies before incorporating into
hydrogel are shown in Table 6. Physical evaluation studies for novel hydrogel formulation
prepared with synthetic gelling agent are shown in Table 7. Novel synthetic hydrogel
formulation in vitro, in vivo evaluation studies details are shown in Table 8.

6.1. Hydrogels Loaded with Liposomes

Photothermal therapy transmitted by near-infrared light (NIR) has emerged as an
attractive cancer cell treatment method and an alternative to conventional tumor therapy.
Chen G et al. [51] prepared IR780 iodide (tumor-targeting photosensitizer) and IR792
perchlorate (tumor non-target photosensitizer) LS loaded in hydrogels for systematically
targeted cancer photothermal therapy. Images of photosensitizers against CT-26 tumor
behavior in Balb/c mice showed that compared to IR792, IR780 resulted in the most
significant tumor accumulation and a strong fluorescence in tumor tissue parts for the
patches applied to mice’s backs. The IR780-LS in hydrogel could systematically target
tumors after topical administration. IR780-LSs applied topically in hydrogel increased lung
fluorescence signals, confirming IR780 to be targeted effectively against deep metastases.
The anti-cancer effect in CT-26 colon tumor mice showed that IR780-LSs in hydrogel-
treated mice showed outstanding anti-cancer activity (which could be attributed to a higher
concentration of photosensitizers at the tumor site) are nontoxic under laser irradiation. The
hydrogel’s biosafety of the IR780-LS was tested in a mouse skin model. The absence of any
skin reaction or toxicity during the seven-day course of therapy indicated that IR780/LP
in the hydrogel applied topically were secure for the skin. IR780-LS in hydrogel forms a
potent combination formulation for topical administration against tumor cells.

6.2. Hydrogels Loaded with Self-Nanoemulsifying Drug Delivery Systems

Self-nanoemulsifying drug delivery systems (SNEDDS) are homogeneous mixtures of
API combined with lipids, emulsifiers, and hydrophilic co-solvents/solubilizers, which
create nanosize emulsions (generally <50 nm) upon constant mixing in the aqueous phase.
SNEDDS have a high capacity to solubilize lipophilic APIs, and they also improve the
skin permeation [61]. Cutaneous leishmaniasis (CL) is a significantly ignored tropical skin
disease that is the most widespread form of leishmaniasis, evidenced by skin lesions that can
lead to ulcers, scars, impairment, and stigma [62]. Liposomal amphotericin B intravenously
showed good efficacy, but treating with a topical application is preferred due to it being self-
administration and cheaper. For the effective and safe treatment option, CL Lalatsa et al. [52]
prepared topical buparvaquone (BQ) SNEDDS-enabled carbopol hydrogels. Treatment
with BQ-SNEDDS gel indicates no skin modifications (like inflammatory conditions or
skin redness); the epidermis and dermis layers were free of inflammatory cells, with no
acanthosis or hyperkeratosis. After seven days, the topical application of BQ-SNEDDS
gels reduced the parasite load by 99%, very similar to the intralesional administration of
Glucantime. Histology studies confirmed that the Balb/c mice treated with BQ-SNEDDS
hydrogels showed a reduction in parasitism and evidence of healing. In conclusion,
their findings suggest that nano-enabled BQ hydrogels may offer a safe, non-invasive
therapy for CL.
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6.3. Hydrogels Loaded with Phytosomes

Phytosomes (PHY) are typically made by combining APIs with phospholipids in
a precise molar ratio under controlled conditions. PHY are an advanced lipid-based
delivery method with a LS-like structure that can entrap various polyphenolic-based phy-
toconstituents to improve absorption when administered [63]. Topical escin-containing
components have conventionally been used to relieve leg discomfort and heaviness caused
by mild vascular circulatory disturbances and reduce bruises. However, it was unclear if
escin itself could decrease pain hypersensitivity in the inflammatory process. To confirm the
anti-inflammatory effect of escin, Djekic, et al. [53] and colleagues created topical hydrogels
containing escin-sitosterol phytosomes (ES) and escin for antihyperalgesic activity. ES and
escin-incorporated hydrogels had significant, concentration-dependent antihyperalgesic
effects in a rat inflammatory pain model. CAR-934 hydrogels containing 1–2% ES can
be recognized as potential topical formulations that are highly significant to hydrogels
containing the same concentrations of escin. The skin irritation test on male Wistar rat
skin demonstrated that it could use it safely on human skin. The above research results
might imply that topical monocomponent hydrogels containing ES and escin could effec-
tively treat inflammation-related pain. ES-incorporated hydrogels were considerably more
efficient than those incorporated with escin.

6.4. Hydrogels Loaded with Nanoparticles

Alginate (ALG) hydrogel holds active compounds such as various drugs, signaling
molecules, or stem cells with soft flexible gels in ALG rich in M-blocks and firm gels in
ALG in rich G-blocks. A few examples of novel approaches based on alginate hydro-
gels are: Porous 3D hydrogel calcium alginate (Ca-ALG) has great swelling capacity in
wounds, providing slow drug release. It is used to entrap cells for tissue regeneration and
engineering, as physical support for cells or tissue, or as a hurdle between two media. It
protects the cells from the host’s immune system until it reaches the targeted area. The
encapsulated fibroblasts represent an excellent example of a dual-layered structure made
from alginate hydrogel with apical keratinocytes. Hydrogel film based on poly (N-vinyl
caprolactam)-calcium alginate (PVCL/PV-Ca-ALG) loaded with thrombin receptor agonist
peptide has shown a beneficial effect on wound healing and tissue regeneration. A rela-
tively recent study compared a sodium alginate-acacia gum-based hydrogel loaded with
zinc oxide nanoparticles (ZnO-NPs) to only ZnO-NPs by their healing effects and activity
against B. cereus and P. aeruginosa [64].

Polymeric nanoparticles (NPT) are colloidal particles that are sub-micron (1 to 1000 nm)
in size and contain APIs entrapped inside or adsorbed to the polymer [65]. The 5,10,15,
20-tetrakis(1-methylpyridinium-4-yl)-porphyrin tetra-iodide (TMPTI) is a well-known por-
phyrin that is broadly used for the inactivation of different types of microorganisms. TMPTI,
on the other hand, is not widely used due to accumulation in healthy cells. Nanoparticles
can rectify it; by keeping this concept, Gonzalez et al. [31], with his research team, synthe-
sized TMPTI-NPT by a solvent evaporation method encapsulated into CAR hydrogel. A
skin permeability study in domestic porcine skin showed a better TMPTI permeated deeper
skin levels with no surrounding damages. It shows that the TMPTI-NPT encapsulated
in hydrogel formulation does not affect the normal cells. These findings indicate that
encapsulating topical pharmaceutical carriers like hydrogels may successfully treat topical
skin diseases, including skin cancer.

Solid lipid nanoparticles (SLNP) are made up of solid lipid compounds, incorporated
with an API in them, and coated with a surfactant to stabilize their structure [66]. Articaine
(ATC) is a local anesthetic drug, but continuous usage leads to prolonged and permanent
paresthesia. Melo et al. [58] aimed to create NC and SLNP containing ART, which was used
topically by incorporating ART hydrogels attained a sustained release of ATC from the
NC and SLNP formulation. The encapsulation of ATC in NC and SLNP results in higher
cellular viability values. The formulation containing ATC-NC showed the best permeation
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characteristics compared to SLNP. This study opens up possibilities for the future use of
nanostructured delivery systems for ATC local anesthetics.

6.5. Hydrogels Loaded with Nanostructured Lipid Carrier

Nanostructured lipid carrier (NLC) are second-generation lipid nanomaterials [67]
composed of a lipid component with solid and liquid lipids distributed in an aqueous
emulsifier solution [68]. PENY is an antiepileptic medication; its noticeable stimulatory
effect on connective tissue development suggests that it could be used topically as a wound-
healing agent. However, it is not widely used due to its low solubility, bioavailability, and
ineffective distribution during topical application. Motawea et al. [54] made an effort to
sustain the release of PENY by making it into nanostructured lipid carriers (NLCs) and
incorporating it into a hydrogel made up of CAR-934. The intermolecular hydrogen bond
interaction between the PENY-NLC components evidenced the PENY entrapped inside the
lipid matrix. After 48 h, the release of PENY from the hydrogel preparations was slower
than their NLC. The obtained reduction in drug release results could be believed to be
due to the polymer network of CAR-934. According to their results PENY-NLCs loaded in
CAR-934 hydrogels could be novel, cost-efficient, and economically feasible carriers with
significant potential in topical administration.

6.6. Hydrogels Loaded with Microemulsion

Tenoxicam (TEN) is an NSAID that is used to treat arthritis. However, long-term oral
administration results in peptic ulcers. To overcome this adverse effect, Goindi S et al. [55]
formulated a novel TEN-ME and incorporated it into a CAR-940 hydrogel for treating
arthritis. The TEN-ME formulations produce higher levels of anti-inflammatory activ-
ity better than conventional topical dosage forms with effectiveness comparable to an
oral formulation. Their research concluded that TEN-ME formulations could be a viable
alternatives to the TEN oral formulations.

Res, 3,5,4′-trihydroxy-trans-stilbene (RTTS) is an effective treatment for osteoarthritis.
Long-term oral administration of RTTS causes kidney damage. Because osteoarthritis is a
topical disease, topical therapeutic delivery is much preferred. Hu et al. [57] developed
RTTS-ME and incorporated it into CAR-940 hydrogel to treat osteoarthritis in a rabbit. Due
to the decrease in particle size, the penetration of RTTS was more from ME and hydrogel
formulations. It appears that papain-induced osteoarthritis in animals mimicked human
osteoarthritis, as papain affects cartilage, but it did not interfere with the cartilage’s repair
mechanism. Topical delivery of RTTS-ME incorporated in hydrogel noticeably relieved
osteoarthritis signs by decreasing pro-inflammatory cytokines and improved macroscopic
cartilage restoration. As a result, the hydrogel preparation could be an effective carrier for
the topical administration of RTTS-ME to treat osteoarthritis.

6.7. Hydrogels Loaded with Nanoemulsion

Genistein (GEN) is an isoflavone that has recently received a lot of attention because
of its effects on avoiding skin carcinoma and dermal aging on exposure to ultraviolet light.
Due to its poor aqueous solubility, it cannot incorporate it into a topically applied form.
To improve the solubility and permeability, Vargas et al. [56] created topical hydrogels
encapsulated in GEN nanoemulsions. CAR-940-based hydrogel containing GEN-NE pene-
trates the skin in a sustained manner. They concluded that compared to octyldodecanol,
there was detected a higher amount of GEN in the skin from the formulation composed of
medium chain triglycerides (MCT) as the oily core. It is a promising delivery system for
the skin.

6.8. Hydrogel Loaded with Cubosomes

The higher concentration of surfactant affects the size of the particle, entrapment
efficiency of API, release from the formulation, and causes an adverse or toxic effect to the
body. To overcome the above-mentioned drawbacks, Rapalli et al. [59] used the ‘Quality

280



Gels 2022, 8, 174

by Design (QbD) method to create a topical hydrogel comprising ketoconazole (KETO)-
entrapped cubosomes with lesser surfactant concentrations. They were successful in their
research, using the QbD method, by formulating the KETO-CUBO with a lower amount of
surfactant than those reported in previous works of literature.

6.9. Hydrogel Loaded with Nanosponge

Nanosponge (NS) is a novel preparation that is a nanoporous carrier with a sponge-
like network shaped by hyper cross-linking polymeric materials to form three-dimensional
covalent structures used to incorporate nanoparticles with a non-collapsible and porous
formation [69,70]. Clobetasol propionate (CP), a potent topical corticosteroid, possesses a
high therapeutic potential for psoriasis. Meanwhile, common adverse effects, such as skin
degeneration, steroidal acne, skin discoloration, and allergic skin reactions, limit its utility
for topical administration. Kumar et al. [60] created a CP-NS based on these observations.
They incorporated it into a CAR-934 hydrogel to reduce the adverse effects and control
the CP release. They successfully prepared cyclodextrin-based CP-NS, with approximately
86% of CP released after 24 h. Incorporating CP-NS with CAR-934 hydrogel enhanced its
suitability for topical administration. The anti-psoriatic potential of fabricated nanofor-
mulation was further substantiated in vivo using a mouse tail model. Histological and
biochemical findings showed appreciable anti-psoriatic activity of the prepared nanogel.

7. Conclusions

The formulations’ main goal is to deliver the APIs effectively, and to be toxicity-free
and long-lasting. The novel formulations have benefits over traditional formulations,
such as improved solubility, bioavailability, toxicity protection, improved pharmacological
action, stability improvement, better tissue macrophage dispersion, sustained delivery, and
protection from physiochemical deterioration. Incorporation of different APIs into novel
formulations like nanoparticles, nanocapsules, liposomes, phytosomes, nanoemulsions,
microemulsions, cubosomes, SLNP, NLC, nanosponge, and other novel formulations fulfill
the above benefits.

Common skin diseases normally necessitate topical preparations to ensure patient
compliance, while causing negligible systemic adverse effects. Treating skin diseases with
a simple semi-solid dosage form is an appealing goal for dermatologists, patients, and
pharmaceutical companies alike. The most significant challenge in achieving this goal is
attaining adequate drug penetration, while reducing side effects. Numerous obstacles exist
in the treatment of the skin on a topical basis. As an outcome, drug delivery through the skin
is extremely complicated. Detailed physical and chemical properties and delivery systems
are needed to estimate and analyze topical preparation and improve particle properties.
In several cases, in vitro, ex vivo, and in vivo animal studies are the best method to study
drug penetration and analyze the clinical efficiency and effectiveness of novel topical drugs
delivery systems.

Hydrogels have been extensively used in topical applications because of their excellent
biocompatibility, solubility in water, and three-dimensional pore structure that fits the
extracellular matrix. Hydrogel research based on sources (mainly natural and synthetic
polymers) has recently gained attraction that showed outstanding physicochemical proper-
ties that could be useful in treating a wide range of skin diseases. This innovation could
allow for the localized delivery of APIs via topical applications to increase the action. There
has been an increase in research on novel hydrogels over the last decade. Novel hydrogels
were able to enhance the penetration of APIs, minimizing the risks of percutaneous absorp-
tion. These novel hydrogels have a strong pharmacological effect against different skin
diseases. The combination of novel formulations with hydrogels offers a great opening
to treat several currently available skin diseases. In this review, we learned that many
researchers formulated novel formulations and a few did not conduct many characteristic
studies (particle size, shape, entrapment efficacy, zeta potential, viscosity, pH, in-vitro
release studies, etc.) for the prepared novel formulations. The novel formulation was then
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primarily mixed with hydrogel preparations. All of the researchers then carried out the
evaluation studies for the novel hydrogel formulation by the studies. As evidenced by
animal studies, many novel hydrogels demonstrated significant activity against various
topical diseases and found this one to be stable, as evidenced by stability studies. There is a
strong possibility that novel hydrogels based on natural and synthetic polymers will soon
enter clinical trials and the market.
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Abbreviations

ALG Alginate
API Active pharmaceutical ingredients
ATC Articaine
BCN Baicalin
BQ Buparvaquone
Ca Calcium
CAR Carbopol
CHI Chitosan
CL Cutaneous leishmaniasis
CP Clobetasol propionate
CUBO Cubosomes
CUR Curcumin
ES Escin-sitosterol
GAL Galactomannan
GEN Genistein
HA Hyaluronic acid
IBU Ibuprofen
KETO Ketoconazole
LS Liposomes
MP Microparticle
NC Nanocapsule
NCY Nanocrystals
NE Nanoemulsions
NLC Nanostructured lipid carrier
NM Not mentioned
NP Not performed
NPT Nanoparticle
NS Nanosponge
PENY Phenytoin
PG Pentyl Gallate
PHY Phytosomes
POL Poloxamer
PVA Polyvinyl alcohol
QbD Quality by Design
ROS Rosmarinic acid
RTTS Res, 3,5,4′-trihydroxy-trans-stilbene
RVT Resveratrol
SC Stratum corneum
SDEDDS Self-double-emulsifying drug delivery system
SIM Simvastatin
SLNP Solid lipid nanoparticles
SNEDDS Self-nanoemulsifying drug delivery systems
SSD Silver sulfadiazine
SSDF Semi-solid dosage form
TDDS Topical drug delivery system
TEN Tenoxicam
TER Terbinafine hydrochloride
TMPTI 5,10,15,20-tetrakis(1-methylpyridinium-4-yl)-porphyrin tetra-iodide
X Xanthan
XG Xanthan gum
ZnO Zinc oxide
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