
Edited by

Advance in 
Composite Gels

Hiroyuki Takeno

Printed Edition of the Special Issue Published in Gels

www.mdpi.com/journal/gels



Advance in Composite Gels





Advance in Composite Gels

Editor

Hiroyuki Takeno

MDPI ‚ Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Manchester ‚ Tokyo ‚ Cluj ‚ Tianjin



Editor

Hiroyuki Takeno

Graduate School of Science

and Technology

Gunma University

Kiryu

Japan

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Gels

(ISSN 2310-2861) (available at: www.mdpi.com/journal/gels/special issues/Composite Gels).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-6427-2 (Hbk)

ISBN 978-3-0365-6426-5 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/gels/special_issues/Composite_Gels


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Hiroyuki Takeno
Editorial on the Special Issue “Advances in Composite Gels”
Reprinted from: Gels 2023, 9, 46, doi:10.3390/gels9010046 . . . . . . . . . . . . . . . . . . . . . . . 1

Yaxin Xie, Qiuyue Guan, Jiusi Guo, Yilin Chen, Yijia Yin and Xianglong Han
Hydrogels for Exosome Delivery in Biomedical Applications
Reprinted from: Gels 2022, 8, 328, doi:10.3390/gels8060328 . . . . . . . . . . . . . . . . . . . . . . 3

Trideva K. Sastri, Vishal N. Gupta, Souvik Chakraborty, Sharadha Madhusudhan, Hitesh
Kumar and Pallavi Chand et al.
Novel Gels: An Emerging Approach for Delivering of Therapeutic Molecules and Recent Trends
Reprinted from: Gels 2022, 8, 316, doi:10.3390/gels8050316 . . . . . . . . . . . . . . . . . . . . . . 23

Malik Abdul Rub, Naved Azum, Dileep Kumar and Abdullah M. Asiri
Interaction of TX-100 and Antidepressant Imipramine Hydrochloride Drug Mixture: Surface
Tension, 1H NMR, and FT-IR Investigation
Reprinted from: Gels 2022, 8, 159, doi:10.3390/gels8030159 . . . . . . . . . . . . . . . . . . . . . . 43

Naved Azum, Malik Abdul Rub, Anish Khan, Maha M. Alotaibi and Abdullah M. Asiri
Synergistic Interaction and Binding Efficiency of Tetracaine Hydrochloride (Anesthetic Drug)
with Anionic Surfactants in the Presence of NaCl Solution Using Surface Tension and
UV–Visible Spectroscopic Methods
Reprinted from: Gels 2022, 8, 234, doi:10.3390/gels8040234 . . . . . . . . . . . . . . . . . . . . . . 63

Prakairat Tunit, Phanit Thammarat, Siriporn Okonogi and Chuda Chittasupho
Hydrogel Containing Borassus flabellifer L. Male Flower Extract for Antioxidant, Antimicrobial,
and Anti-Inflammatory Activity
Reprinted from: Gels 2022, 8, 126, doi:10.3390/gels8020126 . . . . . . . . . . . . . . . . . . . . . . 79

Sabdat Ozichu Ekama, Margaret O. Ilomuanya, Chukwuemeka Paul Azubuike, James
Babatunde Ayorinde, Oliver Chukwujekwu Ezechi and Cecilia Ihuoma Igwilo et al.
Enzyme Responsive Vaginal Microbicide Gels Containing Maraviroc and Tenofovir
Microspheres Designed for Acid Phosphatase-Triggered Release for Pre-Exposure Prophylaxis
of HIV-1: A Comparative Analysis of a Bigel and Thermosensitive Gel
Reprinted from: Gels 2021, 8, 15, doi:10.3390/gels8010015 . . . . . . . . . . . . . . . . . . . . . . . 99
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Editorial

Editorial on the Special Issue “Advances in Composite Gels”
Hiroyuki Takeno 1,2

1 Division of Molecular Science, Graduate School of Science and Technology, Gunma University,
Kiryu 376-8515, Gunma, Japan; takeno@gunma-u.ac.jp

2 Gunma University Center for Food Science and Wellness, 4-2 Aramaki, Maebashi 371-8510, Gunma, Japan

Polymer gels are soft materials composed of a large amount of solvent (water, organic
solvent, and ionic liquid) and a polymer, and they are constructed using a three-dimensional
network. The incorporation of other components into polymer gels gives birth to functional
materials that cannot be attained in gels constituted of a single polymer. For example,
polymer gels produced through conventional methods are mechanically brittle; by contrast,
composite gels successfully incorporate inorganic nanoparticles and nanofibers into the
polymer network, thus acquiring mechanically tough characteristics. Moreover, polymer
composite hydrogels have potential applications in various fields such as tissue engineering,
biomedical engineering, electrochemistry, and environmental chemistry. To fabricate smart
composite gels, it is necessary to control the structural morphology of composite gels, and
the interactions between the additive and the polymer network [1,2].

In addition to polymer composite gels, supramolecular gels formed via the self-
assembly of small-molecular gelators and surfactants have raised much interest in terms of
the production of smart nanomaterials [3]. A self-assembling structure is formed through
non-covalent bonds such as hydrogen bonds, electrostatic interactions, π−π interactions,
and van der Waals interactions. Factors such as molecular interactions, molecular archi-
tecture, and chirality significantly affect the self-assembling morphology. Recent studies
highlight the importance of controlling the dimension of the supramolecular systems [4]
and complex-ordered aggregates that cause aggregation-induced emission [5]. Moreover,
two-component gelator systems including the combination of polymers and surfactants are
also promising in the fabrication of smart nanomaterials [4].

In recent years, many advances have been made in the development of novel compos-
ite gels. This book aims to present the latest findings of composite gels by experts around
the world in various fields. Each chapter in this book has been previously published in a
Special Issue of the international journal, Gels, entitled “Advances in Composite Gels”. These
articles reveal the promising potential of composite gels as materials for cell scaffolds [6,7],
opt-electrical devices [8], energy storage devices [9], catalysts [8], biomedicine [10], drug
delivery systems [11], protein quantification [12], dental mold gypsum [13], excellent
photoluminescence properties [5], and wastewater remediation [14]. Recent advances in
composite hydrogels deal with biomaterials [15], as well as bioinspired and biomimetic
materials [7]. Learning nature’s strategy to efficiently fabricate smart materials proves valu-
able. The extracellular matrix is a three-dimensional network composed of macromolecular
systems [7], which provide an adequate environment for cell adhesion, cell proliferation,
and cell differentiation [6]. Furthermore, the eye lens having adaptive and focus-tunable
characteristics may be regarded as a kind of biological gel [16]. Gel polymer electrolytes
garner much attention due to having electrochemical applications such as portable electro
devices and soft gel actuators [9,17]. The use of two-component additives produces com-
posite gels with multi-functionality and excellent material properties, possibly resulting in a
synergistic effect between the additives [2,18]. The incorporation of inorganic nanoparticles
and nanofibers into a gel matrix provides robust and highly stretchable composite gels
constructed by multi-crosslinking [2]. Additionally, the review articles included in this

1



Gels 2023, 9, 46

collection introduce recent advances in drug delivery systems [19,20], microgels for oil
recovery [21], and multi-layer hydrogels [22].

Finally, I would like to express my sincere gratitude to all the contributing authors
who have made great contributions to the publication of this book.

Conflicts of Interest: The author declares no conflict of interest.
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Hydrogels for Exosome Delivery in Biomedical Applications
Yaxin Xie 1,† , Qiuyue Guan 2,†, Jiusi Guo 1 , Yilin Chen 1, Yijia Yin 1 and Xianglong Han 1,*
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* Correspondence: xhan@scu.edu.cn
† These authors contributed equally to this work.

Abstract: Hydrogels, which are hydrophilic polymer networks, have attracted great attention, and
significant advances in their biological and biomedical applications, such as for drug delivery, tissue
engineering, and models for medical studies, have been made. Due to their similarity in physiological
structure, hydrogels are highly compatible with extracellular matrices and biological tissues and
can be used as both carriers and matrices to encapsulate cellular secretions. As small extracellular
vesicles secreted by nearly all mammalian cells to mediate cell–cell interactions, exosomes play very
important roles in therapeutic approaches and disease diagnosis. To maintain their biological activity
and achieve controlled release, a strategy that embeds exosomes in hydrogels as a composite system
has been focused on in recent studies. Therefore, this review aims to provide a thorough overview
of the use of composite hydrogels for embedding exosomes in medical applications, including the
resources for making hydrogels and the properties of hydrogels, and strategies for their combination
with exosomes.

Keywords: composite hydrogel; exosome; biomedical engineering

1. Introduction

Hydrogels are three-dimensional macromolecular polymeric networks composed of
hydrophilic polymer chains. They can generally be divided into three categories according
to their origin: natural, synthetic, and hybrid. Hydrogels are degradable, with a high affinity
for water, and can be fabricated under physiological conditions, resulting in excellent
biocompatibility [1]. They can be formed chemically and/or physically upon initiation with
crosslinking agents and produced with a certain viscosity and elasticity. The innovation
of Wichterle and Lim pioneered a new approach to applying crosslinked hydroxyethyl
methacrylate (HEMA) hydrogels as biomaterials in 1960 [2]. In the two decades following
this discovery, Lim and Sun demonstrated calcium alginate hydrogels with applications in
cell encapsulation [3]. It is not surprising that hydrogels, having mechanical and structural
properties similar to those of many tissues and the extracellular matrix (ECM), have
attracted great attention, and significant progress has been made in designing, synthesizing,
and using these materials for many biological and biomedical applications [4].

Exosomes are small, single-membrane, secreted extracellular vesicles (EVs), enriched
in certain proteins, nucleic acids, and lipids. Budding at both the plasma and endosomal
membranes of all the mammalian cell types studied to date, they are produced to remodel
the ECM and deliver signals and functional macromolecules to adjacent cells. Numerous
surface molecules on exosomes enable them to be internalized via endocytosis by recipient
cells, playing an important role in regulating cell–cell communication [5]. Therefore, the
study of exosomes in the pathology of various diseases is an active area of research, and
the exploration of therapeutic exosomes as delivery vesicles has offered new insights for
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clinical applications in recent years. However, the stability and retention of exosomes
released in vivo are major hurdles, as they are rapidly cleared by the innate immune system
or accumulate in the liver, spleen, and lungs via the blood circulation [6].

To overcome the rapid clearance and maintain the bioactivity of exosomes, hydrogels
have been utilized to realize protection and controlled release by encapsulating these small
vesicles. The excellent biodegradability of hydrogels allows them to be controlled by cell
growth. Additionally, when they are used as scaffolds, exosomes can be loaded and released
through their porous structure [7]. This review outlines the major applications of the hydrogel
encapsulation of exosomes for physiological and pathological contexts, with a focus on the
synthesis of, modification of, and exosome-loading strategies for hydrogels (Figure 1).

Figure 1. Hydrogels for exosome delivery in biomedical applications. Inward budding of the cellular
plasma membrane results in the formation of endosomes, and the continuous inward invagination of
the limiting membrane produces multivesicular bodies (MVBs). MVBs then fuse with the lysosome
or plasma membrane, while the vesicles are released into the extracellular matrix to form exosomes.
The secreted exosomes mainly contain proteins, nucleic acids, and lipids. The proteins contained in
exosomes can be divided into two categories: one includes those commonly expressed in exosomes
which can be used as markers (CD9, CD63, and CD81); the other includes the specific proteins from
the parent cells. Hydrogels, as hydrophilic polymer networks, can encapsulate exosomes, overcoming
the issue of low tissue retention and ensuring a controlled-release platform to localize their activity.
Composite exosome–hydrogel systems have been applied in fields including tissue engineering and
the study of pathogenesis. (Created with https://biorender.com/ accessed on 17 April 2022).
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2. Hydrogels

Hydrogels, as hydrophilic polymer networks, absorb from 10–20% (an arbitrary lower
limit) up to thousands of times their dry weights in water [2]. The high water content
provides physical similarity to tissue, and gives the hydrogels excellent biocompatibil-
ity and the capability to easily encapsulate molecules [8]. The structural integrity of
hydrogels depends on the crosslinks formed between the polymer chains, chemically
and/or physically [9]. Naturally derived hydrogels are mostly formed by self-assembling
physical crosslinks, including hydrogen bonds, van der Waals forces, and hydrophobic
interactions, which cause macromolecules to fold and adopt well-defined structures and
functionality [10]. Therefore, they can be synthesized in situ and used in injectable drug-
delivery systems. Chemical crosslinking provides better stability because it allows substan-
tially improved flexibility and spatiotemporal precision during gelation. The conventional
mechanisms include radical polymerization, the chemical reaction of complementation
groups, high-energy irradiation, and enzyme-enabled biochemistry, among others [11].

According to the different resources from which the polymers are sourced, hydro-
gels can be classified into natural, synthetic, and hybrid types. Recently, their network
architectures, which can also be defined as conventional and unconventional polymer
networks, such as interpenetrating and semi-interpenetrating polymer networks, have
been extensively investigated. Concerning gel formation and drug release, a novel type of
hydrogel capable of responding to a change in environmental conditions, such as tempera-
ture, pH, or the concentration of biomolecules, is the environment-sensitive hydrogel. As
the design and preparation of hydrogels have been discussed in depth elsewhere, only a
brief overview of common polymers is provided below [1,4,12].

2.1. Natural Hydrogels

Hydrogels derived from natural polymers tend to be highly compatible with biological
tissues due to their similarity to the natural ECM or its components [13]. Therefore, the
biodegradability and cell interactions in the tissue microenvironment of natural polymer
networks mean that naturally derived hydrogels are widely used in tissue-engineering
applications, and nearly all the hydrogels used for exosome encapsulation are based on
naturally derived polymers [1]. The natural polymers for hydrogels can generally be
divided into polysaccharides (alginate, hyaluronic acid, chitosan, agarose, and cellulose)
and proteins (collagen, gelatin, and fibrin).

Alginate has been widely used as a scaffold in tissue engineering for cells, their encap-
sulation, and drug delivery; alginate is a linear polysaccharide copolymer of (1–4)-linked
b-d-mannuronic acid (M) and a-l-guluronic acid (G) monomers and can be obtained from
brown seaweeds and bacteria [14–16]. Alginate hydrogels are hypotoxic and easily avail-
able, while the dissociation of individual chains during gelation results in a loss of mechan-
ical stiffness. Hyaluronic acid (HA) has been investigated for cell and molecule delivery,
stem cell therapy, and tissue regeneration [17–19]. It is the simplest glycosaminoglycan
(GAG), composed of a repeating disaccharide of (1–3)- and (1–4)-linked beta-D-glucuronic
acid and N-acetyl-beta-D-glucosamine units, and is present in all mammals, especially in
soft connective tissues [20,21]. HA hydrogels are nonimmunogenic, are biocompatible, and
can be degraded by hyaluronidase for cell regulation. Chitosan is a linear polysaccharide,
composed of β-(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine, and obtained
from arthropod exoskeletons [22]. Similar to naturally occurring GAGs, it has been applied
in tissue engineering, showing excellent biocompatibility and biodegradability [23].

As the most abundant protein in animal bodies and the main component of the natural
ECM, low-immunogenic collagen comprises three polypeptide chains wrapped around
one another to form a three-stranded rope structure [24]. By introducing various chem-
ical crosslinks, physical treatments, and other polymer modifications, collagen can be
mechanically and stably enhanced, and is widely used in drug delivery and tissue recon-
struction [25–27]. Gelatin is a single-stranded molecule naturally derived from breaking the
triple-helix structure of collagen. Similar to collagen, gelatin requires covalent crosslinking,
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modifications, and interactions to further improve its physical properties [28,29]. GelMA
hydrogels are hydrogels that are covalently crosslinked by introducing methacryloyl sub-
stituent groups to gelatin through photoinitiated radical polymerization [30]. A cargo-
delivery platform can be created by mixing GelMA with nanoparticles such as laponite
nanoclay to form a GelMA/nanoclay hydrogel with desirable combined mechanical and
biological properties for specific biological applications [31]. Fibrin is a naturally derived
polymer that is attractive for use in tissue sealants and adhesives for controlling bleeding
in wound healing [32], as well as for scaffolds for tissue engineering [33,34]. It can be
produced autologously from blood, thus possessing low antigenicity and being less likely
to induce inflammatory responses [35].

However, the stability, mechanical properties, and cell adhesion of natural hydrogels
need to be improved by extra crosslinking and modifications to realize specific biological
and mechanical properties [13]. Covalent crosslinkers (e.g., glutaraldehyde and genipin)
and physical treatments (e.g., UV irradiation and heating) have been applied to improve
the mechanical properties of natural hydrogels [36–39]. A classic example of peptide
modification is the introduction of the arginine–glycine–aspartic acid (RGD) sequence,
which is used to enhance the cell-adhesion property [40].

2.2. Synthetic Hydrogels

Synthetic hydrogels can be fabricated with specific molecular weights, block structures,
degradable linkages, and crosslinking modes to have tunable architectures at customized
size scales and with controlled degradation rates. In addition, synthetic polymers are good
in terms of cost, supply, and reproducible production. Examples of such synthetic materials
discussed here are vinyl polymers (PHEMA and PVA), PEG, and polyesters (PLA).

Poly(hydroxyethyl methacrylate) (PHEMA) hydrogels can be prepared by the free-
radical polymerization of HEMA. Copolymerization with acrylic or acrylamide monomers
can achieve tunable swelling and mechanical properties for PHEMA hydrogels [41]. How-
ever, pure PHEMA requires extra biofunctional and bioactive motifs to realize cell adhesion
and degradability in the tissue microenvironment [42]. PVA is mainly obtained from the
partial or full hydrolysis of poly(vinyl acetate). Physically crosslinked PVA hydrogels
exhibit high elasticity and fatigue resistance with low friction. PVA hydrogels, therefore,
have been widely studied for cartilage tissue engineering [43]. Similar to PHEMA, pure
PVA hydrogels need to be conjugated with several oligopeptide sequences to enhance their
cellular interactions [44].

Hydrogels made from poly(ethylene glycol) (PEG) and the chemically similar poly
(ethylene oxide) (PEO) are usually obtained from the polymerization of ethylene oxide [45].
Chemically crosslinked PEG hydrogels can be formed by photo-/UV-induced or radiation-
induced free-radical polymerization with the modification of end chains with various
chemical groups [46]. The physically crosslinked networks can also be generated by various
motifs, which render the hydrogels reversible and stimulus-responsive [47]. Meanwhile, a
triblock copolymer hydrogel has also been successfully manufactured and showed good
performance for slow-release small EVs [48].

Poly(lactic acid) (PLA) is obtained from the ring-opening polymerization of lactide.
The stability of PLA hydrogels can be improved via chemical crosslinking, such as photo-
crosslinking to prevent autocatalytic decomposition [49]. Depending on the choice of lactide
monomer, poly(L-lactic acid) (PLLA) and poly(D,L-lactic acid) (PDLLA) can be generated
as stereoisomers, and result in differing stiffnesses for hydrogels encapsulating hMSCs [50].

The limitation of synthetic hydrogels is the lack of native tissue topography and
structure. Ergo, hybrid hydrogels comprising both natural and synthetic materials have
recently attracted increasing attention, with the biological moieties of natural materials
being combined with the benefits of tunable synthetic materials [7]. They are defined
as polymers composed of hundreds of chemically or physically crosslinked nanogels, or
systems combined with different polymers and/or with nanoparticles. The structural
similarity to the natural ECM, tunable viscoelasticity and mechanical properties, high water
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contents, and permeability for oxygen and essential nutrients make hybrid hydrogels good
candidates for tissue-engineering scaffolds [51].

3. Exosomes
3.1. Characterization and Biogenesis of Exosomes

Nearly all types of mammalian cells secrete extracellular vesicles (EVs), including
mesenchymal stem cells [52], immune cells [53], neuronal cells [54], endothelial cells [55],
and cancer cells [56]. As determined by their biogenesis, EVs can be broadly divided into
three categories: exosomes, microvesicles, and apoptotic bodies [57]. Exosomes originate
from endosomes with a size range of 40 to 160 nm (average ~100 nm) in diameter [58]. The
inward budding of the cellular plasma membrane results in the formation of endosomes,
and the continuous inward invagination of the limiting membrane produces multivesicular
bodies (MVBs) [59]. Therefore, they can selectively incorporate cytosolic contents, and
transmembrane and peripheral proteins, which contributes to the heterogeneity of exo-
somes. MVBs may then fuse with lysosomes or the plasma membrane, while the vesicles
released into the extracellular matrix form exosomes [60,61].

Exosomes mainly contain proteins, nucleic acids, and lipids; the proteins contained
in exosomes can be divided into two categories. One comprises proteins commonly ex-
pressed in exosomes that can be used as markers to identify exosomes, such as the CD9,
CD63, and CD81 tetraspanin proteins, as well as TSG101, Alix, flotillin, and Rab [62]. The
other comprises specific proteins from exosomes from different sources. For example,
exosomes from T cells can carry CD3 molecules [63]. A major feature of exosomes that
can distinguish them from other biological vesicles is that they contain a large number of
nucleic acids, including DNA, RNA, miRNA, and noncoding RNA [55,64–66]. Moreover,
exosomes can be engineered to deliver diverse therapeutic payloads. Small RNAs (sRNAs),
particularly microRNAs, are transferred to mediate cell-to-cell communication and deliver
genetic information [67,68].

Since the above biogenesis of exosomes is physiologic behavior, large-scale production
for clinical studies and commercialization requires a higher yield of exosomes. There are
some strategies used to stimulate EV shedding and enhance yield that can also be explored
for exosomes. Wang et al. found that exosome secretion by MSCs could be enhanced by
N-methyldopamine and norepinephrine without altering their modulatory capacity [69].
Other strategies such as pH variations or low-oxygen conditions may also stimulate an
increase in exosome production [70].

3.2. Isolation and Analyses of Exosomes

The heterogeneity of exosomes originates from their size, molecular content, functional
impact, and cellular origin. Therefore, the isolation and detection of exosomes are necessary
for their embedding in hydrogels [71]. A variety of conventional isolation and enrichment
methods have been developed, including ultracentrifugation, gradient ultracentrifugation,
coprecipitation, size-exclusion chromatography, and field-flow fractionation. Ultracentrifu-
gation is the current gold standard and most commonly used conventional approach for
exosome isolation [72]. Sucrose-gradient centrifugation can further fractionate according to
different vesicular densities and is more typically used to isolate exosomes. Coprecipita-
tion is performed using commercial kits that rely on polymer coprecipitation, which are
expensive for large-scale usage and lack specificity for exosomes [71]. Size-exclusion chro-
matography and field-flow fractionation separate exosomes and other molecules based on
their sizes and molecular weights [73,74]. Compared to conventional methods, various new
enrichment methods such as microfluidic filtering, contact-free sorting, and immunoaffinity
enrichment have been developed to improve the isolation efficiency and specificity [75–78].

Since the enrichment methods are mainly based on the size, structure, and capture of
some of the membrane proteins of exosomes, it is necessary to study exosomes by physical,
chemical, and biological characterization to distinguish them from other vesicles and
macromolecular protein complexes. Scanning electron microscopy (SEM) and transmission
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electron microscopy (TEM) are widely used to determine the morphology and structure of
exosomes [79]. Dynamic light scattering (DLS) and nanoparticle-tracking analysis (NTA)
are still attractive techniques for measuring the concentrations and size distributions of
exosomes [80,81]. Conventional methods for the detection of exosomal proteins include
Western blotting, enzyme-linked immunosorbent assay (ELISA), mass spectrometry, and
flow cytometry [82–84], while novel methods include micro-nuclear magnetic resonance
(µNMR) and exosome sensors [85,86]. It has been found that exosomes are enriched with
tetraspanins (CD9, CD63, and CD81), membrane trafficking proteins (RAB proteins and
annexins), and MVB-related proteins (ALIX, TSG101, and clathrin) [87]. The nucleic acids of
exosomes, as potential circulating biomarkers, and intercellular regulators can be amplified
through polymerase chain reactions (PCRs) and sequenced [71].

Despite these developments, some questions remain for subpopulations of EVs lacking
precise definitions. It is still difficult to distinguish exosomes from other small vesicles
with confidence. According to the updated guidelines for studies of EVs, researchers are
encouraged to consider the use of operational terms for EV subtypes that refer to physical
characteristics, biochemical composition, or descriptions of conditions or cells of origin [88].
Therefore, many studies have regarded different types of EVs as an entire cargo to deliver a
packaged set of bioactive components [89]. For the further understanding of EVs’ contents,
single-EV analysis provides a benchmark by resolving EVs at a single-particle level [90].
Rogers et al. successfully detected EVs by using a single-EV microarray, which can assess
EV proteins comprehensively and quantitatively [91].

3.3. Physiological Functions of Exosomes

Exosomes can be released under normal physiological conditions to regulate a range
of biological processes. However, the precise roles of exosomes remain unclear due to the
lack of physiological models in vitro and in vivo [90]. Ongoing experimental advances are
likely to yield a thorough understanding of their heterogeneity and biological functions.
The section below briefly discusses their main physiological functions.

1. Exosomes as mediators of intercellular communication. There are a variety of mech-
anisms that mediate cell–cell communication via exosomes. The phagocytosis-like
uptake of exosomes by recipient cells enables them to transmit signals and molecules.
Specific miRNA and protein cargoes in exosomes can contribute to tissue develop-
ment and maintenance [92]. By directly fusing with the receptor cells, exosomes
can exchange transmembrane proteins and lipids [93]. These properties mean that
exosomes are involved in many physiological and pathological processes.

2. Exosomes as remodelers of the ECM. Cells can release exosomes into the ECM to
manipulate its composition and function. Conversely, changes in the ECM affect
cellular proliferation, migration, and organ morphogenesis. For example, exosomes
can promote ECM synthesis by regulating matrix metalloproteinases (MMPs) [94],
whereas some exosomes can inhibit the deposition of the ECM by suppressing
collagen biosynthesis [95].

3. Exosomes as regulators of the immune response. Exosomes secreted by cells can
modulate the immune response in various ways. Antigen-presenting cells can shed
exosomes with the same cell-surface proteins such as MHC II and costimulatory
signals [96]. An example of this is the release of exosomes containing bacterial mRNA
by macrophages to activate the immune system [97]. MSC-derived exosomes can
carry cytokines, miRNA, and other active molecules involved in proinflammatory
and anti-inflammatory regulation [98].

4. Exosome-Loading Strategies

The stability and retention of exosomes are a major hurdle for clinical applications,
as they are eliminated immediately by the immune system once injected in vivo [99].
Conventional delivery in cell-free exosome therapy includes intravenous, subcutaneous,
and intraperitoneal injections. However, fluorescence imaging revealed that the majority of
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directly injected exosomes accumulated in various organs and tissues such as the liver and
spleen [100]. Consequently, the method of administration should be optimized to achieve a
high therapeutic efficacy and specificity, which requires delivering desirable exosomes to
target tissues.

As the field rapidly evolves, biomaterials such as hydrogels allow exosomes to over-
come the low tissue retention and ensure a controlled-release platform to localize their
activity [7]. By embedding exosomes in a composite system, hydrogels play a dual role as
carriers for cargo delivery and matrices for cellular interaction. Some of the first polymers
used to synthesize hydrogels such as PHEMA and PEG are commonly used as cell culture
materials. Much of the pioneering work with these hydrogels sought to elucidate the effects
of the matrix stiffness on biological behavior [12]. However, these synthetic hydrogels are
typically amorphous, homogeneous materials, considerably different from those of the
native ECM. As progress has been made in 3D cell cultures, several strategies that permit
cells and cellular molecules to spread and signal under physiological conditions have
emerged. Hydrogels exhibiting passive hydrolytic degradation or cell-mediated enzymatic
degradation have been considered, which enable the degradation rate of the matrices to be
customized for the optimal release of the entrapped exosomes [4].

There are three common approaches for loading exosomes into a hydrogel matrix:

1. Polymers and exosomes are mixed and injected with crosslinkers in situ simultane-
ously. Exosomes are mixed with both polymers and crosslinkers simultaneously, and
injected in situ with a dual-chamber syringe. After irradiation, ion exchanges, or envi-
ronmental changes, polymerization can be achieved, inducing gelation [101]. In situ
gelation can realize precise conformation to irregular cavities, and result in excellent
integration and retention rates in the injection sites [102,103]. For example, entrapping
effervescently generated CO2 bubbles can help to form highly interconnected porous
networks in injectable hydrogels in vivo, which is conducive to cellular attachment,
infiltration, proliferation, and ECM deposition [104].

2. Polymers and exosomes are incorporated before the addition of crosslinkers for
gelation. Exosomes are combined with polymers followed by crosslinkers for gelation.
For example, Qin utilized a composite matrix (thiolated hyaluronic acid, heparin, and
gelatin) to encapsulate bone marrow stem cell (BMSC)-derived exosomes, followed by
the addition of poly(ethylene glycol) diacrylate (PEGDA) as a crosslinker [105]. The
combination based on covalent crosslinking improves the retention and release rates
for the exosomes embedded in the polymers. A problem that cannot be ignored is
that residual unreacted crosslinkers can be cytotoxic, drawing attention to optimizing
the reaction conditions, such as the gelling temperature, and choosing alternative
nontoxic crosslinkers such as genipin [37,106].

3. Polymers and crosslinkers are gelated before their physical combination with exo-
somes. This method involves dehydrating the already-swollen hydrogel and soaking
it in a solution containing exosomes. Due to the super-water-absorbent and swelling
properties of the hydrogel, the exosomes are absorbed into the porous structure [107].
On account of the weak physical incorporation of exosomes, the pore size is pivotal;
exosomes may easily leak from large pores or have difficulty in entering through
small pores.

5. Biomedical Exploitation of Exosomes Delivered in Hydrogels

Exosomes functioning in the delivery of functional cargos are currently an active
research hotspot. The biological features of exosomes make them suitable as potential
therapeutics for the diagnosis and treatment of several diseases. There are generally three
approaches to obtaining exosomes with therapeutic and diagnostic potential. (1) Naturally
derived exosomes (e.g., MSC-Exos) have been verified to be therapeutic by themselves [108].
(2) Engineering exosomes by transferring molecules such as microRNAs has achieved
targeted applications [109]. (3) Exosome mimetics have been exploited as promising
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biomaterials [67,110]. Below, the emerging roles of exosomes in tissue repair, immune
modulation, and the study of pathogenesis are discussed.

5.1. Tissue Repair

Of the many classes of biomaterials that have been used in tissue repair, hydrogels
have been regarded as one of the most prominent and versatile for supporting most cellular
behaviors and nutrient transport. Protected by them, cellular secretions can maintain their
biological activity and undergo controlled release in pathological environments (Table 1).

Table 1. Advances in tissue regeneration via the hydrogel encapsulation of EVs.

Composite Hydrogel Type Exosome Source Release Kinetics Therapeutic Application Reference

GelMA/nanoclay hydrogel hUCMSCs 90% in a month Cartilage regeneration [31]
HA hydrogel ECs 80% in a week Fracture repair [109]

GMOCS hydrogel BMSCs 80% in 2 weeks Repair of growth plate injuries [111]
PEO–PPO–PEO hydrogel PRP 80% in 20 days Subtalar osteoarthritis [112]
Pluronic F-127 hydrogel Melanoma cells Release peaked at 24 h Chronic wound repair [68]

HA@MnO hydrogel M2 Over 80% in 21 days Repair of chronic diabetic wounds [113]
Methylcellulose–chitosan hydrogel PMSCs Not mentioned Severe wound healing [114]

HA hydrogel iPS-CPCs and iPS-MSCs Lasting over 2 weeks Cardiac remodeling after MI [115]
AT-EHBPE/HA-SH/CP05 hydrogel hUCMSCs Not mentioned MI and reperfusion injury [116]

Gelatin–laponite nanocomposite
hydrogel hADSCs Not mentioned Repair of peri-infarct myocardium [117]

PDNP–PELA hydrogel ADSCs 92.5 ± 5.7% in 2 weeks Erectile dysfunction treatment [118]
Peptide-modified HA hydrogel hPAMMSCs 80% in a week Recovery from spinal cord injury [119]

Chitosan hydrogel DPSCs 80% in a week Periodontitis [108]
Fibrin hydrogel Rat BMSCs Left over 2 weeks Tendon regeneration [120]

hUCMSC (human umbilical cord mesenchymal stem cell); EC (endothelial cell); BMSC (bone marrow mes-
enchymal stem cell); OCS (chondroitin sulfate); GM (gelatin macryloyl); PRP (platelet-rich plasma); M2 (M2
macrophage); PMSC (placental mesenchymal stem cell); iPS (induced pluripotent stem cell); CPC (cardiac progeni-
tor cell); MI (myocardial infarction); AT (aniline tetramer); EHBPE (epoxy macromer); HA-SH (thiolated hyaluronic
acid); hADSC (human adipose-derived stem cell); PDNP (polydopamine nanoparticle); PELA (poly(ethylene
glycol)poly(ε-caprolactone-co-lactide)); hPAMMSC (human placenta amniotic membrane mesenchymal stem cell);
DPSC (dental pulp stem cell).

5.1.1. Bone and Cartilage Defects

Overwhelming evidence shows that the exogenous transport of miRNAs by exosomes
can regulate osteogenic and angiogenic differentiation. An example of this is a study
carried out by Mi et al., who created a cocktail therapy by transferring miR-26a-5p into
endothelial cell-derived exosomes (EC-Exos) in an HA hydrogel. The EC-ExosmiR−26a−5p

promoted osteogenic and osteoclast differentiation in mice with femoral fractures [109].
In another study, Hu et al. found that human umbilical cord MSC-derived small EVs
(hUCMSC-sEVs) activated the PTEN/AKT signaling pathway by transferring miR-23a-3p
when investigating the role and mechanism of cartilage regeneration [31]. Compared to
increasing the specific miRNA in the target cells, the inhibition of miR-29a was verified
to stimulate endogenous BMP/Smad signaling, which triggers subsequent osteogenic
differentiation [67]. Therefore, the overexpression of miRNA can be an attractive method
for improving the therapeutic effects. For example, miR-375 could be enriched in hu-
man adipose MSC (hASC)-derived exosomes by overexpressing the miRNA cargo in the
parent cells [121].

Extensive research has shown that the essential properties of a bone and cartilage
engineering scaffold are mechanical strength and a porous structure, to support the at-
tachment and infiltration of osteogenic cells [122]. Hu et al. recently utilized an injectable
and UV-crosslinked gelatin methacrylate (GelMA) to fabricate with nanoclay and achieved
the sustained release of small EVs with the degradation of the hydrogel (Figure 2). The
addition of laponite nanoclay significantly enhanced its ultimate strength for local adminis-
tration in cartilage defects [31]. In addition to additives, 3D technology can also be applied
to customize the shapes and sizes of porous scaffolds in accordance with bone defects.
Fan et al. encapsulated umbilical MSC-derived exosomes (UMSC-Exos) in an HA hydrogel

10



Gels 2022, 8, 328

and combined them with 3D-printed nanohydroxyapatite/poly-ε-caprolactone (nHP) scaf-
folds [123]. Taken together, hydrogels can regulate extracellular matrix (ECM) formation,
which provides a three-dimensional (3D) culture system for exosome secretion [89,124].

 

ε

Figure 2. Schematic illustration of therapeutic sEVs released from a GelMA/nanoclay hydrogel for
cartilage regeneration. (a) Preparation of a GelMA/nanoclay/sEV hydrogel and cartilage defect
implantation. (b) Sustained release of sEVs with the degradation of the hydrogel. (c) Internalization
of therapeutic sEVs by chondrocytes and hBMSCs. (d) The effect of the EVs on chondrocytes and
hBMSCs. (e) Regeneration of a cartilage defect by the composite hydrogel. Copyright 2020, with
permission from John Wiley and Sons [31].

5.1.2. Wound Repair

As a complicated biological process, wound healing consists of inflammation, prolifera-
tion, and remodeling [125]. The conventional treatment of chronic wounds includes regular
wound debridement for stimulating skin regeneration and the protection of the wound
using a specific dressing [126]. Recent interventions inspired by cell therapy approaches
involve exosomes derived from MSCs, plasma, and cancer cells, while stem cell-derived ex-
osomes are being developed for tissue recovery [68,127,128]. In a diabetes-impaired wound
model, a wound dressing biomaterial was applied by combining antioxidant polyurethane
(PUAO) for attenuating oxidative stress and adipose-derived stem cell (ADSC) exosomes
for tissue remodeling [128]. Similarly, immobilizing ADSC-derived exosomes in a com-
posite hydrogel that includes poly-ε-L-lysine (EPL), a natural cationic polypeptide from
Streptomyces albulus, can help to realize antibacterial activity and adhesive ability [129].
Another study explored the feasibility of a composite hydrogel formed from silk fibroin (SF)
and silk sericin (SS) due to the excellent mechanical properties of SF, and the cell-adhesion
and biocompatibility properties of SS. After encapsulating and delivering UMSC-Exos,
SF–SS hydrogels promoted wound healing and angiogenesis [130]. Additionally, the deliv-
ery of platelet-rich plasma exosomes in a composite chitosan–silk hydrogel sponge was
found to upregulate collagen synthesis and deposition, as well as angiogenesis, at the
wound site in diabetic rat models [127]. In addition, exosomes were enriched in miR-21,
miR-23a, miR-125b, and miR-14, which can be blocked to reduce scar formation when
they are laden in hydrogels [131]. Chitosan hydrogels functionalized with exosomes from
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synovium MSCs transduced to overexpress miR-126 promoted healing and angiogenesis in
skin wounds [132].

5.1.3. Cardiovascular Diseases

Ischemic myocardial infarction (MI) results from the severe blockage of blood arteries,
which, in turn, interrupts nutrient supply. However, clinical treatments may lead to further
myocardial ischemia/reperfusion injury [133]. New findings have triggered studies inves-
tigating the potential of utilizing MSC-derived EVs after MI to promote angiogenesis and
restore cardiac function [117,134–136]. For example, Zou at al. elaborated an exo-anchoring
conductive hydrogel enabling electrical conduction within the myocardial fibrotic area and
promoting the synchronous contraction of the myocardium. In this study, an aniline tetramer
(AT) was employed as a crosslinker, and the researchers endowed it with electroconductibility.
The CP05 peptide was applied for its capability of binding to CD63 on the exosomal surface,
to anchor and capture exosomes from human UC-MSCs [116]. Based on the intended applica-
tion, hydrogels can be synthesized with different preparations. A notable application is to
encapsulate EVs from induced pluripotent stem cells in a hydrogel patch and apply them
directly onto the rat myocardium. The hydrogel patch enabled sustainable release, which
protected the acutely injured heart against pathological hypertrophy [89].

5.1.4. Spinal Cord Injury

Spinal cord injury (SCI) is among the most fatal diseases of the central nervous
system, resulting in a temporary or permanent loss of sensation, movement, strength,
and body functions [137]. To overcome the low cell survival resulting from the inhibitory
environment at the lesion site, the local injection of exosomes protected by hydrogels is
a promising therapeutic strategy. Li et al. improved the affinity of HA hydrogels and
MSC-derived exosomes by a laminin modification, and successfully promoted spinal cord
regeneration and the recovery of hindlimb motor function in vivo [119]. Surprisingly, plant
(e.g., ginseng)-derived exosomes that can stimulate the neural differentiation of BMSCs
have been demonstrated, and can be loaded in GelMA to fit the irregular shapes of injury
defects [138]. The promotion of angiogenesis is beneficial for the regeneration of neuronal
networks after SCI. Inspired by this, Luo et al. utilized a hybrid hydrogel system comprising
GelMA, HA-NB, and a photoinitiator (LAP) to immobile exosomes from M2 macrophages.
The hydrogel-mediated release system protected the exosomes from severe oxidative stress
and inflammation [129].

5.1.5. Other Diseases

In addition to the aforementioned applications, exosomes have also played important
roles in periodontal, endometrial, and corneal repairs. In the context of periodontitis, the in-
corporation of dental pulp stem cell-derived exosomes and chitosan hydrogels repolarized
macrophages and accelerated periodontal regeneration [108]. The dynamic coordination of
adipose stem cell-derived exosomes and PEG hydrogels via Ag+–S resulted in outstanding
injectable, self-healing, and antibacterial properties for endometrial and fertility restora-
tion [113]. To effectively promote the repair of corneal damage, exosomes derived from
MSCs were loaded in thermosensitive chitosan-based hydrogels [95].

5.2. Immune Regulation

Commonly, the adaptive immune response is regulated by antigen-presenting cells
(APCs), such as dendritic cells (DCs), B cells, and macrophages, directly interacting with
T cells and natural killer (NK) cells through cell-surface proteins [90]. Exosomes produced
by APCs play an important role in the regulation of immunity, mediating immune stim-
ulation or suppression, and driving inflammatory, autoimmune, and infectious disease
pathology [96]. Inspired by dendritic cell-derived exosomes (DEXs), which improve car-
diac function by activating CD4+ T cells in the spleen and lymph nodes [139], Zhang
et al. encapsulated DEXs in a simple alginate hydrogel and injected the DEX-Gel into
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the MI model. The DEXs significantly upregulated the infiltration of Treg cells and M2
macrophages, which resulted in better wound remodeling, and preserved systolic function
after MI. Furthermore, the combined application of the hydrogel provides physical support
to the infarcted area [140].

MSCs confer regenerative effects in different tissue injuries, while in some cases, MSCs
have been confirmed to secrete immunosuppressive cytokines and other factors, resulting in
anti-inflammatory effects from stem cells [141]. Notably, the analysis of MSC-derived EVs
revealed that they also have immunosuppressive therapeutic effects [142]. To harness EVs’
immunosuppressive properties, Fuhrmann et al. innovatively incorporated enzyme-loaded
vesicles from MSCs into PVA hydrogels and applied this bioactive material for enzyme
prodrug therapy. Once vesicles are released into the desired site, the injected nontoxic
prodrugs are converted to anti-inflammatory drugs by enzymes [143]. The polarization
of M2 macrophages, which can inhibit inflammation and induce tissue regeneration, has
recently drawn great attention [108,109,144]. A classic cue is osteoimmunology, in which
exosomes overexpressing miR-181 from human bone marrow-derived MSCs (hBM-MSCs)
combined with a hydrogel were verified to significantly enhance osseointegration [144].

Tumor-derived EVs have been revealed to suppress tumor-specific and non-specific
immune responses [96]. Metastatic melanoma releases a high level of exosomes carrying
PD-L1 on their surfaces, which help in the evasion of immune surveillance. Based on how
tumor cells suppress the immune system, Su et al. isolated exosomes from melanoma
cells overexpressing PD-L1 to decrease T cell proliferation in a wound-healing model. The
application of the thermoresponsive Pluronic F-127 hydrogel ensured that exosomes were
released in a sustained manner [68].

5.3. Pathogenesis Study

Along with mediating physiological intercellular communication, exosomes also
spread pathogenetic cargoes in diseases. Identifying the proteins and RNAs of exosomes
can provide therapeutic targets. However, exosomal behavior can be dictated by the
environment [4]. Therefore, hydrogels providing certain mechanical, structural, and com-
positional cues in the extracellular microenvironment are adopted as a novel strategy to
recapitulate numerous physiologically relevant cell behaviors [145].

Tumor-derived exosomes can assist tumor growth and promote metastasis. To demon-
strate the role of exosomes in ECM stiffness-triggered breast cancer invasiveness, Patward-
han et al. fabricated stiffness-tunable polyacrylamide (PA) gels as ECM mimics (Figure 3).
Interestingly, stiff ECM cultures fostered exosome secretion by a series of changes in cell
morphology, adhesion, and protrusion dynamics, which resulted in the invasion of breast
cancer cells [146]. Aberrant cell behaviors can be induced by in vitro 2D culture, and the
heterogeneity of exosomal behaviors also depends on the culture conditions [147]. There-
fore, Millan et al. created 3D-engineered microtissues using the polysaccharides alginate
and chitosan for the study of prostate cancer-derived EVs. Proteomics and RNA sequencing
comparing 2D- and 3D-cultured cells revealed significantly differential expression of EV
biomarkers. Some proteins known to be drivers of prostate cancer progression that were
not detectable in the 2D conditions were enriched in the 3D cultures [148].

Exosomes from different cells such as endothelial cells and smooth muscle cells can con-
tribute to atherosclerosis and cardiovascular disease when circulating in the blood [149,150].
In atherosclerosis-prone areas, EVs from smooth muscle cells (SMCs) and valvular inter-
stitial cells (VICs) can cause a phospholipidic imbalance and, consequently, vascular and
valvular calcification. Three-dimensional collagen hydrogels were utilized to produce a
cardiovascular calcification model with which to observe the aggregation and microcalcifica-
tion at the EV level [91]. Moreover, lesion macrophages can deliver exosomes that regulate
vascular SMCs during the progression of atherosclerosis. In a study investigating the
potential role of exosomes from nicotine-treated macrophages, Zhu et al. incorporated the
above exosomes with chitosan hydrogels to stimulate release at the abdominal aorta [151].
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Figure 3. Proposed model of regulation of stiffness-dependent cancer invasiveness by stiffness-
tuned exosomes. Breast cancer cells, in response to stiff substrates (5 kPa), secrete an excessive
number of exosomes due to the activation of YAP/TAZ signaling. The stiffness-tuned exosomes
confer an invasive, mesenchymal-like phenotype, accompanied by fostered focal adhesions and ECM
remodeling. These changes are majorly elicited by exosomal THBS1 in concert with FAK and MMPs.
Copyright 2021, with permission from Elsevier [146].

6. Conclusions and Outlook

The recent development of hydrogels as biomaterials has been aided by progress in
material science, polymer physics, preparation techniques, and biomimetic characteristics.
Despite these advances, there remain many challenges and clinical needs for biological and
biomedical applications. Secreted from parent cells, exosomes can become components
of the ECM. Therefore, hydrogels, as loading and release systems for maintaining the
bioactivity of exosomes, need to mimic the matrix. Conventional forms of optimization
such as the tuning of the pore size, degradability, and compatibility may greatly improve
the retention and release profiles of exosomes in vivo. For instance, 3D printing has been
applied to improve the functional porosities, pore shapes, and geometries of hydrogel
scaffolds [152]. Tunable release and prolonged delivery can also be achieved by introducing
materials such as integrins into synthetic hydrogels [153].

Compared to enhancing biomaterial characteristics, how to deliver exosomes to tar-
get cells is more challenging because the interaction between biomaterials and cellular
behaviors on a relevant timescale needs to be considered. Recent advances in prolonging
the half-lives and increasing the purity of exosomes could be exploited in order to over-
come this hurdle. Design strategies for composite gels that combine different types of
polymeric components to obtain unique properties are, therefore, common. Further study
needs to be undertaken regarding smart hydrogels, such as CRISPR gel, which can be tai-
lored and render programmable gels from traditional materials, thus capable of providing
spatiotemporally defined interactions with exosomes for clinical translation [154,155].
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Abstract: Gels are semisolid, homogeneous systems with continuous or discrete therapeutic molecules
in a suitable lipophilic or hydrophilic three-dimensional network base. Innovative gel systems pos-
sess multipurpose applications in cosmetics, food, pharmaceuticals, biotechnology, and so forth.
Formulating a gel-based delivery system is simple and the delivery system enables the release of
loaded therapeutic molecules. Furthermore, it facilitates the delivery of molecules via various routes
as these gel-based systems offer proximal surface contact between a loaded therapeutic molecule
and an absorption site. In the past decade, researchers have potentially explored and established
a significant understanding of gel-based delivery systems for drug delivery. Subsequently, they
have enabled the prospects of developing novel gel-based systems that illicit drug release by specific
biological or external stimuli, such as temperature, pH, enzymes, ultrasound, antigens, etc. These
systems are considered smart gels for their broad applications. This review reflects the significant role
of advanced gel-based delivery systems for various therapeutic benefits. This detailed discussion is
focused on strategies for the formulation of different novel gel-based systems, as well as it highlights
the current research trends of these systems and patented technologies.

Keywords: hydrogels; in situ gels; emulsion gels; microgels; nanogels; vesicular gels

1. Introduction

In recent years, novel drug delivery systems have proven very adept at delivering
therapeutic molecules with site-specific and localized effects. Additionally, these systems
facilitate drug release at desired rates and simultaneously lower the undesired effects [1].
Gels are three-dimensional, semi-solid systems consisting of polymeric matrices. These
behave in the same way as solid systems; however, they consist of relatively higher liquid
components than solid dispersions [2,3]. Gel systems comprise long, arbitrary chains, albeit
with reversible links at precise points. These systems comprise minimum two components
and are fundamentally coherent colloidal dispersion systems [4]. The system components,
namely the dispersion medium and the dispersed constituent, are uniformly scattered
throughout the system. Gels are usually transparent or translucent in appearance entailing
higher amounts of solvent [5]. When a suitable solvent is employed, the gelling agents
entangle to form a three-dimensional colloidal network that confines fluid movement by
entrapment and achieves immobilization of solvent molecules [6]. The network governs
the viscoelastic properties of the gel system by developing endurance against deformation.
In other words, the thixotropic behavior is contributed by the matrix’s structure [7]. Gels
are prepared mainly by fusion technique or by employing gelling agents. Gel-based
systems can be alienated into two categories, organogels and hydrogels, based on the
physical state of the gelling agent dispersion [8]. Dispersible colloids and water-soluble
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components constitute hydrogels, while lipophilic oleaginous components are employed
in organogels [9]. The systems are further classified into xerogels or aqueous gels based on
the nature of the solvents. Xerogels are solid gels with a minimum solvent concentration
obtained mainly by solvent evaporation, thereby attaining a gel network [10,11]. However,
the gel state can be reinstated by incorporating an imbibing agent that swells the matrix.
Novel gels are capable of controlled and sustained release of loaded therapeutic molecules.
Figure 1 portrays common novel gel-based delivery systems [12]. Smart gels can be
developed which respond to biological and external stimuli, such as temperature, pH,
chemical, enzymes, electrical, light, antigens, etc. These systems are highly instrumental
in lowering undesired effects and are biodegradable and biocompatible [13]. High drug
loading can be achieved. Their size (nanogels) expedites high drug accumulation at
the tissue level and enables stealth systems by evading phagocytic cells [14–16]. Their
distinctive surface properties enable passive and active targeting. This review underlines
the advances in gel-based delivery systems, their developments, and a current update in
the delivery of therapeutic molecules.
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2. Advances in Novel Gel-Based Delivery Systems

Novel gel-based drug delivery systems are classified by the nature of their structural
network and by their response to stimuli [15]. The former is either a chemically aligned
gel network or a physically aligned gel network system. At the same time, the latter
category entails responsive, intelligent gel systems that imbibe solvents and swell on
exposure to stimuli, such as temperature, pH, chemical, enzymes, electrical, light, antigens,
etc. [17,18]. Novel gel systems are evaluated for rigorous characterizations to understand
their efficacy as delivery systems. The most commonly employed evaluation parameters
comprise swelling capacity, size and morphology, rheological properties, surface charge,
etc. [19]. Further, they are scrutinized for physical appearance for compliance, physical
state, homogeneity, and phase separation to understand their stability, extrudability, and
spreading coefficient is significant for topical gels, as well as bioadhesive strength is a
vital element for mucoadhesive gels [20]. Drug content, permeability, and release play a
substantial role in any drug delivery system. The International Council on Harmonisation
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(ICH) (Geneva, Switzerland) dictates the stability guidelines. The gels are subjected to
various stress conditions and later scrutinized for drug content, release, and entrapment
efficiency to assess their compliance [21]. Figure 2 illustrates various potential delivery
routes for novel gel-based delivery systems.
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2.1. Intelligent Hydrogels

A three-dimensional network of hydrophilic polymers composes of hydrogels that
inherently imbibe water and maintain the system’s integrity [22]. These systems are one of
the most versatile delivery systems among novel gels. Researchers have comprehensively
developed several intelligent hydrogels that precisely retort to numerous physical stimuli
such as temperature, light, electric fields, pressure, sound, and magnetic fields in recent
years. Furthermore, stimuli pertain to pH, ions, enzymes, etc. These systems are beneficial
for formulating controlled delivery systems [23–25].

Temperature-responsive hydrogels are triggered by a precisely established tempera-
ture range. These hydrogels are formulated with polymers that are capable of temperature-
triggered phase transitions [26]. Regular polymers exhibit higher solubility with an in-
crease in temperature; however, the polymers employed in temperature-responsive sys-
tems, such as poly (N, N-diethylacrylamide), poly (tertramethyleneether glycol), poly(N-
isopropylacrylamide), and others, possess lower critical solution temperatures. Polymers
with lower critical solution temperatures tend to shrink with the increase in temperature;
these hydrogels are known as negative temperature responsive [22]. Poly(acrylic acid) and
polyacrylamide polymers inherently imbibe at higher temperatures and shrink at lower
temperatures; hence, hydrogels prepared from these polymers are positive temperature
responsive. However, tetronics and pluronics are applied to formulate thermally reversible
gels [27].
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Electrical signal-responsive hydrogels endure swelling and contracting when subjected
to an electric field. The demerit of some systems is that due to the charge orientation, one
side swells while the other contracts, thus, comprising the stability [28]. Polyelectrolytes,
such as poly(2-acrylamido-2-methylpropane sulphonic acid-co-n-butlymethacrylate), are
usually employed to formulate these systems [29,30].

pH-responsive hydrogels tend to release or accept protons depending on the pH of the
site. Researchers have studied these systems extensively and reported encouraging results.
Poly(N,N′-diethylaminoethylmethacrylate) is ionized at a low pH, unlike poly(acrylic acid),
which ionizes at a higher pH. However, polycations tend to swell less at neutral pH [31,32].

In enzyme-responsive systems, a suitable enzyme is considered to trigger a release or
deliver at a precisely targeted site where the enzyme is operational at a specific temperature
or pH [33]. Enzyme-responsive hydrogels are usually prepared from cellulose and other
suitable polymers that facilitate the macromolecular networks and function in a controlled
environment [34]. The most explored enzymatic stimuli-responsive system consists of
a triggerable agent (usually a polymer or a lipid) into which a therapeutic molecule is
incorporated. Indeed, this active agent is sensitive to swelling or degradation when it
reaches the target site. Some reported enzymes include protease- and glycosidase-based
catalyzed enzymatic reactions [35].

Other intelligent systems include light-responsive hydrogels that are functional in
ophthalmic delivery systems. These systems are responsive to light and other stimuli,
including pressure, thrombin, antigen, and so forth [36–38].

2.2. In Situ Gels

Over the years, in situ gels have exhibited tremendous benefits in controlled drug
delivery systems and emerged as a significant intelligent drug delivery technology [39].
These incredible systems remain in a liquid state at room temperature and achieve a sol-gel
state when exposed to any biological environments, such as altered pH and temperature.
In other words, in situ gelling is a spontaneous gelation process at a specific site post-
administration [40].

This system accommodates numerous routes of administration, namely ocular, oral,
intranasal, vaginal, rectal, depot system, etc. In situ systems have proven their benefits,
including prolonged residence time at the site of application. As a result, there is a marked
reduction in dosage regimen. Good thixotropic properties expedite the flexibility for
formulation development. Rapid absorption and onset can be easily achieved. As a result,
the therapeutic benefits can be achieved at lower doses with minimal side effects. Besides,
they expedite systemic circulation, avoiding localized hepatic circulation, and targeting can
be accomplished [41,42].

In situ gel systems principally work on stimuli such as temperature alteration (chitosan,
poloxamer), ion activation (sodium alginate), pH changes (carbopol), solvent exchange,
and environmental factors. The gels are ideally dependent on physical or chemical mecha-
nisms. The physical mechanism constitutes of imbibing liquids, mainly water and diffusion,
and absorbing water by gel polymers in site-specific locations. While diffusion entails
the solvent penetration from the polymer solution to the neighboring tissues, the poly-
mer solidifies. Temperature–responsive, pH-responsive, enzymatic cross-linking, and
ionic cross-linking are effective mechanisms that govern the precipitation of solids in gel
systems [43].

The pH-responsive systems include fewer polymers such as cellulose acetate phthalate,
carbopol, pseudolatexes, polyethylene glycol, and polymethacrilicacid. The temperature-
responsive systems primarily form gels with temperature variations and they include
polymers such as pluronics, chitosan, xyloglucans etc. [44,45]. Enzymatic cross-linking
is governed by natural biological enzymes. The rate of gel formation is proportional to
the enzyme concentration. Insulin delivery was studied with a smart stimuli-responsive
delivery system and exhibited positive outcomes, e.g., in a study reported by Podual
et.al., where the glucose oxidase enzyme was employed to facilitate the release [46–49]. In
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ionic cross-linking, different ions dictate the phase transition of polymers. Gellan gum,
carrageenan, and alginic acid are a few ion-responsive polymers. Several natural polymers
are available in nature, such as carrageenan, which transform to a gel state on exposure to
ions. Gellan gum is predominantly available as Gelrite (commercially available). It is an
anionic polysaccharide that instinctively forms a gel in the presence of Mg++, Na+, K+, and
Ca++. Electromagnetic radiation is applied to facilitate in situ gels in photo-polymerization
techniques [50,51]. This is achieved by injecting reactive macromers or a solution with
initiators and monomers into the desired tissue site. To initiate photo-polymerization,
specific polymerizable functional groups and acrylate or similar macromers that undergo
dissociation in the presence of a photo-initiator are subjected to radiation. In ultraviolet
photo-polymerization, a ketone, such as 2,2 dimethoxy-2-phenyl acetophenone, is used
as the initiator, while camphorquinone and ethyl eosin initiators are used in visible light
systems [52–55].

2.3. Emulsion Gels

An emulgel is an amalgamation of gel technology and emulsions. This system offers
controlled release, especially in topical formulations, as the therapeutic molecules are
loaded in a dual delivery system emulsion and a gel core. The fusion of these dual delivery
systems overcomes the demerits of these conventional systems, such as stability and drug
loading [56]. Emulgels are prepared by incorporating gelling agents in the continuous
(usually water) emulsion phase. Compared to other gels, these systems facilitate higher
entrapment efficiency, desired thixotropic behavior, and better patient compliance. The
formulation of emulgels is achieved by loading the drug-loaded emulsion into a pre-gel
and applying a shear to achieve a homogenous gel system [57]. Gelling agents, emulsifiers,
water, and penetration enhancers (primarily for topical formulations) are the fundamental
components of emulgels. Polyethylene glycol, tweens, spans, and so forth are utilized
as emulsifiers, while carbopols, including Hydroxypropyl methylcellulose (HPMC), are
used as gelling agents. Menthol, oleic acid, etc., are mostly effective penetration enhancers.
Emulgels are amphiphilic and enable the load of both hydrophilic and lipophilic moieties.
Furthermore, the bioavailability of specific molecules was enhanced by lowering the globule
size to a micron (µm). Microemulsions are isotropic, clearer, and stable systems. As a result,
the increased effective surface facilitates a higher bioavailability [58]. These systems are
proven better than emulgels due to the significant increase in the penetration of topical
formulations and better compliance [59].

2.4. Microgels

Microgels are described as gels that have a size range in microns (µm). In contrast to
typical gels, these systems have cross-linking structures in microns (µm) and are colloidal
dispersions [60]. The molecular arrangements are different in these systems, in comparison
to regular gels. Electric charge, polymer–water bonding, and cross-link density are a few
factors that underlie the swelling capacity of these systems [61]. The internal forces impart
steadiness to the microgels. Similar to microgels, stimuli-responsive methods yield novelty.
The colloidal nature of microgels augments characteristics such as controlled delivery
of therapeutic molecules, high responsiveness to stimuli, extrudability, mass transport,
and high therapeutic efficacy with minimal adversity [62]. The microgels can be created
by reducing the size of macrogels by applying a shear or by employing monomers or
polymers. The basic underlying principles for formulating are emulsification, where a
pregel is prepared in the oil phase, followed by polymerization, yielding microgels. In
nucleation, the adjacent particles (in the solvent) initiate the nucleation process and deliver
homogeneous microgels [63]. No external forces are required. In contrast, complexation,
where complexes are formed in water, can be achieved by adding two mild polymers to
water. Another peculiar method can be adopted for developing microgels by the mere
addition of polyelectrolytes, which are oppositely charged and at diluted concentrations
yield colloidal dispersion [64].
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2.5. Nanogels

Nanogels are mostly hydrogel polymeric network dispersions with particles lying in
the nanometer range (nm). Nanogels allow chemical modifications to facilitate ligand target-
ing and triggered release. This system is a blend of colloidal dispersions and cross-linking
networks of polymers [65]. Nanogels are capable of intracellular delivery with enhanced
cellular concentrations without significant cellular toxicity [66]. Other advantages include
rapid swelling, sharp responsiveness to stimuli, high bioavailability, accommodating more
therapeutic moieties, avoiding renal clearance, and remaining undetected by opsonins.
Besides, nanogels have excellent stability and accommodate highly lipophilic moieties [67].
Distinctly, nanogels can be prepared by chemical cross-linking (emulsion polymerization),
pulse radiolysis, and photopolymerization. In the first method, the cross-linking agent,
monomers, surfactant, and water are added to an organic phase. Later, this organic phase is
irradiated and purified. In pulse radiolysis, ionizing radiation is irradiated onto polymers
in suitable solvents to promote internal structural reorientations of polymer radicles to yield
nanogels. In the photopolymerization technique, monomers are exposed to UV radiation.
Initiators, cross-linking agents, or surfactants are not required for this method; hence, pure
nanogels are produced [68,69].

Similarly, other procedures include heterogenous controlled radical polymerization.
Recently, developed techniques, including reversible addition–fragmentation chain transfer
and atom transfer radical polymerization, have been instrumental in developing polymer-
conjugate systems. Chemical cross-linking is more commonly employed to formulate
varied nanogels and is further classified into Michael addition reactions, carbodiimide
coupling, and free radical polymerization [70]. Hydrophilic monomers are polymerized in
the presence of varied cross linkers to yield synthetic nanogels. Self-assembly of polymers
includes an aggregation of the hydrophilic polymers by electrostatic interactions, hydropho-
bic bonds, or hydrogen bonding in an aqueous medium. These systems accommodate large
molecules; thus, they are effective in incorporating macromolecules, such as proteins and
peptides [71].

2.6. Vesicular Gels

Vesicular gels are composed of carrier systems deliberate with amphiphilic molecules
comprising lipids, surfactants, and co-polymers [72]. The carrier system consists of a
hydrophilic core within an amphiphilic bilayer [73]. Vesicular drug delivery has been on
the rise in recent studies for its versatility and broad application in drug delivery, cosmetics,
etc. Vesicular gels have exhibited significant results in topical drug delivery. A hydrogel
matrix can be incorporated with preformed vesicles in a simple technique [74,75].

2.6.1. Liposomal Gels

Liposomes are a very effective and successful novel delivery system. One significant
advantage of these systems is that they possess biosimilar structures with desirable prop-
erties [76]. Their amphiphilic properties enable the incorporation of both lipophilic and
hydrophilic therapeutic molecules. These carriers are biodegradable, exhibit no toxicity,
and support localization and site-specific release. They are capable of infiltrating several
bio-obstacles otherwise difficult to any conventional systems [77,78]. However, often the
topical applications are limited due to rheological constraints. Traditionally, liposomes
can be formulated by the standard technique of lipid film hydration. Other techniques
include the French pressure cell method and solvent injection methods. The addition of a
gelling agent in the aqueous phase incorporates liposomes into the gel system. Carbopols,
xanthan gum, poloxamers, gellan gum, polyvinyl alcohol, and others are explored as gelling
agents [79].

2.6.2. Niosomal Gels

Niosomes are similar to the liposomal system; however, these are prepared from
non-ionic surfactants. This vesicular system resolves the instability of traditional liposomes
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due to phospholipids [80]. The bilayer, depending on the preparation technique, yields
unilamellar or multilamellar niosomes. The system’s integrity relies on the surfactant’s
chemical composition and on the hydrophilic–lipophilic balance (HLB) value. Primarily,
proniosomes, emulsion niosomes, and aspasomes are different types of niosomes. Pronio-
somes are preliminary niosomes which are devoid of any aqueous phase [81]. These are
reconstituted with a suitable buffer to yield niosomes. Proniosomes are advantageous over
niosomes regarding dose dumping and stability. Niosomal gels comprise a therapeutic
moiety, surfactant, and cholesterol that yield vesicles, which are later loaded into a gel base.
However, broad applications of these systems are restricted to achieving controlled release,
stealth systemic circulations, and enhanced stability [82,83].

2.6.3. Transferosome Gels

Transferosomes are improved versions of liposomes. These systems overcome various
shortcomings of other vesicular systems, including aggregation, dose dumping, and poor
permeability [84]. Similar to liposomes, these systems also possess an aqueous core enclosed
by a lipid layer. However, these bilayers are modified with edge activators, which enables
flexibility. Usually span 80, tween 80, and sodium cholate are proven effective edge
activators. Phospholipids, edge activators, alcohol, and hydrating media (buffers) constitute
transferosomes [85]. Hydrocolloids are incorporated into buffers to yield transferosome
gels. The delivery of proteins and peptides, such as insulin, has shown promising results
when incorporated into the transferosome gel system [85–87].

3. Novel Gel-Based Delivery Approaches for Delivering Therapeutic
Molecules—Recent Trends
3.1. Hydrogel Systems

Various nanocarrier systems have been utilized in drug delivery applications for
different diseases. The number of cancer patients is increasing day by day worldwide.
However, the therapy for cancer treatment is still adapted as a conventional method, i.e.,
surgery and radiotherapy followed by chemotherapy. There are several limitations of
conventional chemotherapy, which produces long- or short-term side effects and adverse
effects. Such chemotherapy delivery to cancer patients has low bioavailability due to poor
solubility issues, resulting in adverse effects on the biological systems. Hence, researchers
are finding a better way to deliver chemotherapeutics with enhanced bioavailability to
resolve these problems safely. The hydrogel drug delivery system is one of the carrier
systems that can deliver hydrophilic chemotherapeutics agents and hydrophobic drugs in a
sustained and controlled manner. Generally, hydrogels are hydrated in nature and possess
self-shrinking and self-swelling characteristics in different biological conditions [88]. Their
3D structural properties enable the efficient encapsulation of chemotherapeutic agents
into their internal structure, which protects the drug from degradation either in storage
or enzymatically during circulation in biological systems. The advantage of the hydrogel
drug delivery system in cancer therapy is that nanogels can be modified according to the
response to the cell or the tumor microenvironments [89].

Hydrogels can be functionalized by targeting ligands for enhanced, prolonged, and
specific drug delivery, making it a safer carrier system. In general, hydrogels could achieve
high drug delivery efficiency in cancer therapy with conformational changes and degrada-
tion under specific conditions, such as temperature, pH, redox, and ultrasound [90].

The second advantage is that hydrogel synthesis can be done as per the demand of the
drug delivery to particular tumor microenvironments. Internal and external stimuli have
been utilized to design hydrogels for the delivery of chemotherapeutic drugs to manage
cancer. The thermo-sensitive stimuli hydrogels are the most common used hydrogels.
These hydrogels are usually in a gel state at room temperature and are attributed to a low
critical solution temperature. Once it is administered into the body, it will change its form
into a solution due to the cellular temperature. Usually, poly(N-isopropylacrylamide) or
elastin-like polypeptides have been used in thermo-sensitive hydrogels recently [91,92].
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Moreover, thermo-sensitive hydrogel in situ sites avoid the accumulation of chemother-
apeutic drugs in the liver or spleen, which overcomes the biosafety limitations of drugs [93].
The chemotherapeutic agent, 7-ethyl-10-hydroxycamptothecin or SN-38, has a lower sol-
ubility in drug delivery applications. Bai et al. developed a thermo-sensitive liposomal
system, which showed a better antitumor effect and reduced systematic toxicities in in vivo
models at the same dose of the pure drug [94]. Similarly, alginate-based thermo-sensitive
gels enhanced cisplatin’s in vivo antitumoral effects through an in situ injection. They
spurred the tumor growth up to 95% compared to the control group, along with an in-
creased prolonged survival rate of the animals [95]. Furthermore, in another study, the
interaction of ligand–receptor with the hydrogel enhances transcorneal permeability and
precorneal retention of the drug activity. Upon topical instillation, dexamethasone and Arg-
gly-asp supramolecular hydrogel increased the transcorneal permeability in rabbits’ eyes
to treat ocular inflammation [96]. The development of a copolymer from a mono-functional
polymer exhibits a good sol-gel transition phase, thereby enhancing water solubility to
prolong the mucoadhesive system. The effect of silsesquioxane thermo-responsive hydro-
gel of FK506 improved drug solubility, biocompatibility, and prolonged retention time by
enhancing drug efficacy in a murine dry eye model [97].

These hydrogels can be used for single-drug therapy and combinatorial therapy by co-
loading with other chemotherapeutics drugs [98,99]. For instance, Doxorubicin (DOX), IL-2,
and IFN-g were delivered by a poly (g-ethyl-L glutamate)-poly (ethylene glycol)-poly(g-
ethyl-L-glutamate) (PELG-PEG-PELG) hydrogel. The prepared hydrogel system showed
long-term sustained drug release behavior for more than three weeks. The combination
therapy enhanced the antitumor effect against B16F10 melanoma cells by inducing cell
apoptosis and cell cycle arrest in the G2/S phase. The nanocarriers have not shown any
systematic side effects in the xenograft mice model, suggesting an effective and promising
approach to drug delivery in melanoma therapies [98].

3.2. Thermosensitive Hydrogels

Likewise, the thermo-sensitive poly(3-caprolactone)-10R5-PCL hydrogels, co-loaded
with tannic acid and oxaplatin to manage colorectal cancer, restricted the CT26 colon cancer
growth in a mice model. They improved the survival time of the animals (11). Moreover,
the co-delivery of gemcitabine and cisplatin through the PDLLA-PEG-PDLLA hydrogels
synergistically improved the anti-cancer efficacy against pancreatic cancer with sustained
drug release. The dual drug-loaded hydrogels exhibited superior antitumor effects in the
xenograft model than in single-drug therapies [100]. Similarly, when the thermo-sensitive
stimuli hydrogel was utilized to co-deliver paclitaxel (PTX) and temozolomide (TMZ), it
produced a synergistic effect against glioblastoma cells. The in vivo studies suggested that
the combination therapy potentially reduced tumor growth and sustained drug release in
mice brains for one month with no apparent side effects [101].

Chitosan-based thermo-sensitive hydrogels, including several polyols, have gained a
critical identity that transforms to a hydrogel form upon contact with body temperature
from a solution state. A study indicated that a hydrogel formulation that employs a green
synthesis approach with chitosan, genepin, and poloxamer 407 has proved to sustain drug
release. Brinzolamide-loaded nanostructured lipid carrier was entrapped into a hydrogel
matrix using a hot-melt emulsification and sonication method that showed a sustained
drug release for a longer duration (24 h) than marketed eye drops (8 h) in the management
of glaucoma [102]. Moxifloxacin hydrochloride thermosensitive gel was formulated using
chitosan-β-glycerophosphate to advance the ocular delivery. The drug release profile of the
formulation was shown to be delivered in a sustained pattern and at a slower rate with a
release of 53% in 1 h and 83.3% in 8 h due to the hydrogel’s polymeric network, whereas
a 75.6% release was identified from the drug solution. Hence, the formulated hydrogel
was stated to be biodegradable, safe, and with a more significant drug loading to the
administration site to manage bacterial infections [103]. The quaternized chitosan achieved
a better swelling property as a therapeutic carrier. The thermo-sensitive transparent quat-
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ernized chitosan hydrogel was utilized to release timolol maleate in the management of
glaucoma. Hemolysis and cytotoxicity profiles showed good biocompatibility. The in vitro
release pattern of timolol maleate from the hydrogel showed a burst release initially and
a linear release for one week, showing a sustained pattern. Hence, quaternized chitosan
has a promising ability to sustain drug release in the anti-glaucoma model [104]. Similarly,
chitosan has been an extensively used polysaccharide to prolong precorneal retention
and corneal permeability, though it is poorly soluble in physiological solvents. Therefore,
derivates of chitosan (glycol chitosan) have shown superior aqueous solubility in a broad
pH range and are employed in ocular drug delivery systems, such as hydrogels, nanopar-
ticles, and films. Hydrogel films for the topical ocular delivery of dexamethasone and
levofloxacin were fabricated by utilizing many oxidation degrees of oxidized hyaluronic
acid and glycol chitosan. The formulation showed potent activity in decreasing bacterial
growth in different strains. Additionally, the formulation downregulated in vitro anti-
inflammatory activities. Overall, the formulated hydrogel film would serve as a treatment
for endophthalmitis with minimal corneal irritation and biocompatibility [105]. In another
study, a combination of carbon dots and thermo-sensitive hydrogels was evaluated for
their in vitro cellular toxicity after effectively delivering diclofenac sodium to an eye. The
in vitro release showed characteristic biphasic release of the drug. Cellular toxicity studies
revealed that the formulation has a better cytocompatibility with CD44 targeting and serves
as a novel way for ocular delivery of drugs [106].

3.3. Light Stimuli Hydrogels

Furthermore, light stimuli hydrogels enhanced drug release from hydrogels. The
mechanism of photosensitive hydrogels is that they can undergo structural and conforma-
tional changes under radiation, ultraviolet, and visible light sources and achieve sol-gel
transition [107,108]. Photo stimuli hydrogels have been utilized in the past few years. For
example, Fourniols and his co-worker developed a polyethylene glycol dimethacrylate-
based photo-polymerized hydrogel for the local and sustained delivery of TMZ in the
management of glioblastoma [109]. Similarly, azobenzene, α-cyclodextrin-functionalized
hyaluronic acid, and gold nano-bipyramids-mesoporous silica nanoparticles-conjugated
polymer-based in situ injectable hydrogels loaded with DOX and stimulated under near-
infrared (NIR) radiation potentially improved the drug localization of drug into the nuclei
of the tumor cells [110]. Another example of a NIR stimuli hydrogel was designed by
Qui et al. in 2018. They synthesized DOX and black phosphorus-loaded agarose-based
hydrogels. The drug release was enhanced after exposure to the light intensity of NIR,
which therapeutically increased the anti-cancer efficacy for in vivo experiments [111].

3.4. pH Stimuli Hydrogels

Another most commonly used hydrogel for cancer therapy is the pH stimuli hydrogel.
Due to the diverse microenvironments of tumor cells, the pH of the extracellular matrix
of the tumor is in the range of 5.8–7.2 and the lysosomal or intracellular matrix pH is
usually 5.5, which is acidic compared to normal cells (pH 7.4) [112,113]. Hence, both
intracellular and extracellular acidic conditions stimulated the hydrogels for degradation
and drug release at the tumor site. The pH-sensitivity could have been achieved by
protonating the polymers’ ionizable moiety or acid-cleavable bond break [114].

Usually, the pH stimuli hydrogels act as prodrugs, inactive in normal biological
pH (7.4), but once they reach the tumor site, upon the release of the drug, they change
to their active chemotherapeutic form, producing its effect. The FER-8 peptide hydrogel
loaded with PTX exhibited high drug encapsulation and self-assembly of the peptide at
pH 7.4. The hydrogel was stimulated by the acidic conditions of the tumor microenvi-
ronment. The PTX-loaded hydrogel significantly accumulated the drug in the tumor site
and showed sustained and prolonged retention of PTX through an intratumoral injection.
This hydrogel showed enhanced tumor inhibition [115]. The polyacrylic acid-based pH
stimuli hydrogel for DOX delivery triggered the specific site of drug delivery with a less
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acidic microenvironment. The hydrogels showed improved pharmacokinetics and drug
accumulation in a mice xenograft model with significant tumor growth regression and
lowered adverse and side effects [116]. Various hydrogels have received attention in the last
few years due to their biocompatibility, biodegradability, and low toxicity. The hydrogel-
based drug delivery of chemotherapeutic agents has been attended in recent years [27].
Most chemotherapeutic drugs are associated with lower solubility. Hence, efficient drug
delivery and significant therapeutic effects cannot be achieved by a lower dose and the
involvement of a higher dose in cancer management includes side effects. Therefore, the
hydrogel system is the emerging nanocarrier for the delivery of chemotherapeutic agents.
Some recent significant research related to novel gel-based systems is shown in Table 1.

Table 1. Recent published research for novel gel-based delivery systems.

Sno. Types of Hydrogels Composition Drug Used Disease References

1

Thermo-stimuli
Hydrogel

7-ethyl-10-hydroxycamptothecin (SN-38)
liposomal hydrogel SN-38 Hepatocellular

carcinoma [94]

2 alginate nanogel co-loaded with cisplatin
and gold nanoparticles cisplatin colorectal cancer [95]

3
poly(γ-ethyl-L-glutamate)-poly(ethylene

glycol)-poly(γ-ethyl-L-glutamate)
(PELG-PEG-PELG) hydrogel

DOX/IL-2/IFN-γ melanoma [98]

4 PHB-b-PDMAEMA paclitaxel and
Temozolomide glioblastoma [99]

5 poly(3-caprolactone) (PCL)-10R5-PCL
(PCLR) hydrogel

tannic acid/
oxaliplatin colorectal cancer [117]

6 Caprolactone-Polyethylene Glycol Silibinin melanoma [118]

7 α-Cyclodextrin co-polymeric PEGylated
iron oxide-based hydrogels PTX/DOX breast cancer [119]

8 β- cyclodextrin complexed glycol
chitosan hydrogel PTX Ovarian Cancer [120]

9 mPEG-b-PELG CA4P and cisplatin colorectal cancer [121]

10 Pluronic F127, Pluronic F68, and Hydroxy
Propyl Methyl Cellulose. Itraconazole Fungal Keratitis [122]

11 Sulfobutylether-β-cyclodextrin
(SBE-β-CD) Ketoconazole Fungal Keratitis [123]

12 Poloxamers (P407 and P188), Carbopol-93 Dipivefrin
hydrochloride Intraocular pressure [124]

13 Triacetin, Transcutol-P, Poloxamer 407,
Poloxamer188 Acyclovir Ocular viral

infections [125]

14 Poloxamer 407, disodium EDTA Chlorhexidine
digluconate

Acanthamoeba
keratitis [126]

15 poloxamers, hyaluronic acid (HA),
beta-lapachone (β Lap), beta-lapachone (β Lap) Restoring the

synovial fluid [127]

16 Poloxamers, D—(+)-GlcN
hydrochloride, papain, Glucosamine (GlcN)

controlling
inflammation and

promoting cartilage
re-generation

[128]

17 Poloxamer, hyaluronic Sulforaphane (SFN
SFN intra-articular

release for
OA treatment

[129]

18

Photosensitive
Hydrogels

azobenzene and
α-cyclodextrin-functionalized hyaluronic

acid with gold nanobipyramids
DOX human epider-

mal keratinocyte [110]

19 poly(N-isopropylacrylamide) hydrogel Bortezomib and DOX osteoblast [130]

20 Agarose based hydrogel black phosphorus and
DOX breast cancer [111]

21 poly(N-phenylglycine)- poly (ethylene
glycol) co-polymeric hydrogel Cisplatin breast cancer [131]

23

pH-stimuli
Hydrogels

poly (acrylic acid) complexed with
stabilized amorphous calcium carbonate DOX hepatocarcinoma [116]

24 amphiphilic hyaluronan (HA)-and
cystamin-pyrenyl Organoiridium (III) lung cancer [132]

25 Graphene oxide, L-arginine 5-fluorouracil breast cancer [133]
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Table 1. Cont.

Sno. Types of Hydrogels Composition Drug Used Disease References

26 FER-8 peptide PTX hepatocarcinoma [115]

27 Dibenzaldehyde, poly
(ethylene glycol) DOX hepatocarcinoma [50]

28

Redox- stimuli
Hydrogels

dextrin nanogel DOX Breast Cancer [134]

29 Polydopamine, poly
(ethylene glycol) DOX breast cancer [135]

30 poly (ethylene glycol)
monomethacrylate Vorinostat and etoposide cervical cancer [136]

31 polyglycerol nanogel DOX cervical cancer [137]

33

N-Isopropylacrylamide,
Methacrylic acid, Benzalkonium

chloride and poly
(sulfobetaine methacrylate)

DOX and Indocyanine green hepatocarcinoma [138]

34

Magnetism-
Responsive
Hydrogels

ferromagnetic vortex-domain iron
oxide, chitosan and poly

(ethylene glycol)
DOX breast cancer [139]

35

methacrylic acid, ethylene glycol
dimethacrylate,

2,2′-azobisisobutyronitrile and
glycidyl methacrylate

sunitinib
cervical cancer, breast

cancer and Human
Thyroid Tumor

[140]

36 paramagnetic fullerene, DNA and
Hyaluronic Acid DOX hepatocarcinoma [141]

37 Proniosomal gel Surfactant, lecithin
and cholesterol Curcumin Ocular Inflammation [142]

38 Liposomal gel Lecithin: cholesterol,
Carbopol 934 Travoprost Glaucoma and

ocular hypertension [143]

39

Injectable hydrogel

horseradish peroxidase (HRP)
and H2O, chitosan, hyaluronic

acid (HA)

Dextrane
Tyramine

cartilage
tissue regeneration [144]

40
bone marrow mesenchymal stem
cell (MSC) spheroids, short fibre

fillers, Kartogenin (KGN)
Celecoxib

cartilage
regeneration, and

inflammation removal
[145]

41
poly (ethylene glycol)-b-

polythioketal-b-poly(ethylene
glycol), micelles

dexamethasone acetate
preventing cartilage

extracellular
matrix degeneration

[146]

42
Gelatin, ulbecco’s phosphate

buffered saline (DPBS),
methacrylic anhydride.

diclofenac sodium

preventing the
development of

degenerative changes in
OA via the synergistical
treatment of enhanced

lubrication (COF
reduction) and sustained

drug release
(inflammation

down-regulation)

[147]

43
Hexachlorocyclotriphosphazene,

Poly (dichlorophosphazene,
Methoxy poly (ethylene glycol),

Triamcinolone acetonide
Effective prevention and

long-term
anti-OA treatment

[148]

44 Shear—sensitive
hydrogels

Hyaluronic acid, aldehyde
groups, amino

Groups, HSPC lipid,
Celecoxib

Minimizing
shear-induced cartilage

damage
and inflammation

[149]

4. Descriptive Patents Established for Novel Gel-Based Delivery Systems

Various publications illustrated the efficacy of novel gels over the last decades. The
current section explains the established patents of novel gels. In patent 20210338211, ap-
tamer and hydrogels cross-linked with DNAzyme are used for colorimetric identification
of analytes in body fluids through an ocular device [150]. Patent 2021120395 tells that
in situ hydrogels provide extended drug release by delivering to a tissue, usually agents
with low water solubility [151]. Patent W/O/2021/113515 explains that hydrogels com-
posed of Gelatin–hydroxyphenylpropionic acid (gelatin-HPA), hyaluronic acid–tyramine
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(HA-Tyr), catalyzer, cross-linker, or other combinations can treat ocular disorders [152].
Patent 20210069496 describes polymeric formulations, including hydrogels formed by a
UV cross-linking method. Here, the hydrogels act as a nasal stimulator that stimulates
the lacrimal glands to mimic the production of tears electronically and to manage dry eye
syndromes [153]. Patent WO/2021/038279 tells of the invention related to ion-exchange
polymeric hydrogels for ocular treatment [154].

Patent 202121042889 talks about etoricoxib, which is formulated as a nanosponge hy-
drogel for the management of arthritis by the method of emulsion solvent diffusion using a
polymeric organic solvent, ethylcellulose eudragit, and an aqueous phase. The formulated
nanosponges were evaluated for differential scanning calorimetry (DSC), Fourier-transform
infrared spectroscopy (FTIR), polydispersity index (PDI), scanning electron microscopy
(SEM), zeta potential, drug content, entrapment efficiency, viscosity, spreadability, in vitro
diffusion, irritation test, and in vivo antiarthritic effect. The synthesized formulation proved
to be effective as a novel way for managing arthritic pain [155]. In patent 202031000910, a
cross-linked protein matrix hydrogel was prepared for topical application in skin regenera-
tion and wound healing [156].

Conductive hydrogels with an adhesiveness method of preparation were invented
and discussed in patent 112442194. The process involves dopamine modification of carbon
nanotubes and grafting to saccharides, followed by acrylamide mixing and formation of
hydrogels in the presence of an initiator and a cross-linking agent. Hydrogel structure,
electrical conductivity, adhesiveness, and biocompatibility can be improved by dispersing
the modified carbon nanotubes in an aqueous solution to form hydrogen bonds and cross-
link with the supramolecules of the hydrogel. Hence, conductive hydrogels can be used in
biomedical fields, as well as for human body monitoring and electronic skin, etc. [157].

Patent 20210023121 discloses thrombin-responsive hydrogels for prolonged heparin
delivery for auto-anticoagulant regulation in a controlled feedback mechanism. The for-
mulated microneedle, containing a patch, can activate the thrombin and release heparin
to avoid blood coagulation. The insertion of a microneedle patch containing hydrogel
regulates blood coagulation sustainably in response to thrombin without leakage [158].

Patent 20210393780 discloses the effectiveness of thermo-sensitive polymer–protein-
based hydrogels in the field of cancer therapeutics. The invention is enriched by photo-
sensitizers, dyes, photothermal agents, and drugs. Hence, the invention proved to be less
expensive, highly effective, and thermosensitive, resulting in a sustained drug release for
targeted delivery [159]. Patent WO/2021/174021 describes a degradable hydrogel system
for immunotherapy with an extended-release pattern of an anti-cancer drug linked with
a hydrogel matrix synergistically for cancer treatment [160]. Patent 9758/CHENP/2012
explains self-assembling peptides and their use in hydrogels for the adhesion, proliferation,
differentiation of neural stem cells, and their auto-healing properties. They are reported
to be non-toxic in central nervous systems, as well as to avoid bleeding and have faster
nervous regeneration [161]. Patent 20140286865 explores di-block co-polypeptide synthetic
hydrogels in the central nervous system [162].

5. Conclusions

In this review, the authors have focused on recent trends in novel gel-based drug
delivery systems and their applications. In recent times, these novel systems have exhibited
proficient delivery of multiple therapeutic moieties and expressed desired properties and
functions, such as selective targeting. The systems offer abundant benefits compared
to conventional drug delivery approaches including controlled drug release, high drug
loading, biocompatibility and biodegradability, and enriching patient compliance and
comfort. The responsive gel technology is significant in formulating intelligent delivery
systems; these systems respond to stimuli such as pH, temperature, enzymes, and so forth.
Hence, these systems are site-specific and facilitate the controlled release of therapeutic
molecules. Although, fundamentally, these systems have proven capabilities for effective
drug delivery, there is a scope to explore new polymers to fabricate novel gels; therefore, the
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currently employed components can be modified. Furthermore, recent studies revealed that
employing plant extracts to develop novel delivery systems has enabled the development
of various drug delivery systems with non-toxic procedures. The formulation of substances
of natural origin has advantages in various magnitudes on the environment. Over the years,
the evolution of green chemistry has provided more eco-friendly procedures resulting in
minor harm to nature. Current findings suggest promising results for green synthesised
delivery systems over conventional systems. Green technology does not require common
harmful chemicals. Instead, this technology uses biological and biocompatible reagents.
Besides, reports suggest that green technology delivery systems have better stability than
traditional methods. Formulations developed with green technology employing plant
extracts and biomaterials, such as proteins or peptides, yielded non-toxic and highly
biocompatible systems; thus, they have resolved the most concerning issue with traditional
delivery systems, i.e., toxicity. Green technology will play a significant role in formulating
novel delivery systems. However, we require further understanding of the development of
systems with green technology.
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31. Stayton, P.; El-Sayed, M.; Murthy, N.; Bulmuş, V.; Lackey, C.; Cheung, C.; Hoffman, A. ‘Smart’ delivery systems for biomolecular

therapeutics. Orthod. Craniofacial Res. 2005, 8, 219–225. [CrossRef]
32. Zhu, Y.J.; Chen, F. pH-Responsive Drug-Delivery Systems. Chem. Asian J. 2015, 10, 284–305. [CrossRef] [PubMed]
33. Chandrawati, R. Enzyme-responsive polymer hydrogels for therapeutic delivery. Exp. Biol. Med. 2016, 241, 972–979. [CrossRef]

[PubMed]
34. Culver, H.R.; Clegg, J.R.; Peppas, N.A. Analyte-Responsive Hydrogels: Intelligent Materials for Biosensing and Drug Delivery.

Acc. Chem. Res. 2017, 50, 170–178. [CrossRef] [PubMed]
35. Billah, S.M.R.; Mondal, I.H.; Somoal, S.H.; Pervez, M.N.; Haque, O. Enzyme-Responsive Hydrogels; Springer: Cham, Switzerland,

2019; pp. 309–330. [CrossRef]
36. Rafael, D.; Melendres, M.M.R.; Andrade, F.; Montero, S.; Martinez-Trucharte, F.; Vilar-Hernandez, M.; Durán-Lara, E.F.;

Schwartz, S.; Abasolo, I. Thermo-responsive hydrogels for cancer local therapy: Challenges and state-of-art. Int. J. Pharm.

2021, 606, 120954. [CrossRef]
37. Andrade, F.; Roca-Melendres, M.M.; Durán-Lara, E.F.; Rafael, D.; Schwartz, S., Jr. Stimuli-Responsive Hydrogels for Cancer

Treatment: The Role of pH, Light, Ionic Strength and Magnetic Field. Cancers 2021, 13, 1164. [CrossRef]
38. Griffin, D.R.; Kasko, A.M. Photoselective Delivery of Model Therapeutics from Hydrogels. ACS Macro Lett. 2012, 1, 1330–1334.

[CrossRef]
39. Fakhari, A.; Subramony, J.A. Engineered in-situ depot-forming hydrogels for intratumoral drug delivery. J. Control. Release 2015,

220, 465–475. [CrossRef]
40. Fang, G.; Yang, X.; Wang, Q.; Zhang, A.; Tang, B. Hydrogels-based ophthalmic drug delivery systems for treatment of ocular

diseases. Mater. Sci. Eng. C 2021, 127, 112212. [CrossRef]
41. Choi, B.; Loh, X.J.; Tan, A.; Loh, C.K.; Ye, E.; Joo, M.K.; Jeong, B. Introduction to in situ forming hydrogels for biomedical

applications. In In-Situ Gelling Polymers; Springer: Singapore, 2015; pp. 5–35. [CrossRef]

36



Gels 2022, 8, 316

42. Loh, X.J. In-Situ Gelling Polymers: For Biomedical Applications; Springer: Singapore, 2015.
43. Dimatteo, R.; Darling, N.J.; Segura, T. In situ forming injectable hydrogels for drug delivery and wound repair. Adv. Drug Deliv.

Rev. 2018, 127, 167–184. [CrossRef]
44. Shim, W.S.; Kim, J.-H.; Kim, K.; Kim, Y.-S.; Park, R.-W.; Kim, I.-S.; Kwon, I.C.; Lee, D.S. pH- and temperature-sensitive, injectable,

biodegradable block copolymer hydrogels as carriers for paclitaxel. Int. J. Pharm. 2007, 331, 11–18. [CrossRef]
45. Kang, J.H.; Turabee, H.; Lee, D.S.; Kwon, Y.J.; Ko, Y.T. Temperature and pH-responsive in situ hydrogels of gelatin derivatives to

prevent the reoccurrence of brain tumor. Biomed. Pharmacother. 2021, 143, 112144. [CrossRef] [PubMed]
46. Podual, K.; Doyle, F.J.; Peppas, N.A. Dynamic behavior of glucose oxidase-containing microparticles of poly(ethylene glycol)-

grafted cationic hydrogels in an environment of changing pH. Biomaterials 2000, 21, 1439–1450. [CrossRef]
47. Yu, J.; Zhang, Y.; Bomba, H.; Gu, Z. Stimuli-responsive delivery of therapeutics for diabetes treatment. Bioeng. Transl. Med. 2016,

1, 323–337. [CrossRef]
48. Xu, X.; Shang, H.; Zhang, T.; Shu, P.; Liu, Y.; Xie, J.; Zhang, D.; Tan, H.; Li, J. A stimuli-responsive insulin delivery system based on

reversible phenylboronate modified cyclodextrin with glucose triggered host-guest interaction. Int. J. Pharm. 2018, 548, 649–658.
[CrossRef] [PubMed]

49. Wells, C.M.; Harris, M.; Choi, L.; Murali, V.P.; Guerra, F.D.; Jennings, J.A. Stimuli-Responsive Drug Release from Smart Polymers.
J. Funct. Biomater. 2019, 10, 34. [CrossRef]

50. Qu, J.; Zhao, X.; Ma, P.X.; Guo, B. pH-responsive self-healing injectable hydrogel based on N-carboxyethyl chitosan for hepatocel-
lular carcinoma therapy. Acta Biomater. 2017, 58, 168–180. [CrossRef]

51. Jalalvandi, E.; Shavandi, A. In situ-forming and pH-responsive hydrogel based on chitosan for vaginal delivery of therapeutic
agents. J. Mater. Sci. Mater. Med. 2018, 29, 158. [CrossRef]

52. Prajapati, V.D.; Jani, G.K.; Moradiya, N.G.; Randeria, N.P. Pharmaceutical applications of various natural gums, mucilages and
their modified forms. Carbohydr. Polym. 2013, 92, 1685–1699. [CrossRef]

53. Bhardwaj, T.R.; Kanwar, M.; Lal, R.; Gupta, A. Natural Gums and Modified Natural Gums as Sustained-Release Carriers. Drug

Dev. Ind. Pharm. 2000, 26, 1025–1038. [CrossRef]
54. Guo, J.-H.; Skinner, G.W.; Harcum, W.W.; Barnum, P.E. Pharmaceutical applications of naturally occurring water-soluble polymers.

Pharm. Sci. Technol. Today 1998, 1, 254–261. [CrossRef]
55. Dodane, V.; Vilivalam, V.D. Pharmaceutical applications of chitosan. Pharm. Sci. Technol. Today 1998, 1, 246–253. [CrossRef]
56. Farjami, T.; Madadlou, A. An overview on preparation of emulsion-filled gels and emulsion particulate gels. Trends Food Sci.

Technol. 2019, 86, 85–94. [CrossRef]
57. Singh, L.P.; Bhattacharyya, S.K.; Kumar, R.; Mishra, G.; Sharma, U.; Singh, G.; Ahalawat, S. Sol-Gel processing of silica

nanoparticles and their applications. Adv. Colloid Interface Sci. 2014, 214, 17–37. [CrossRef]
58. Dickinson, E. Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets. Food Hydrocoll. 2012, 28, 224–241.

[CrossRef]
59. Zhao, X.; Chen, B.; Sun, Z.; Liu, T.; Cai, Y.; Huang, L.; Deng, X.; Zhao, M.; Zhao, Q. A novel preparation strategy of emulsion gel

solely stabilized by alkaline assisted steam-cooking treated insoluble soybean fiber. Food Hydrocoll. 2022, 129, 107646. [CrossRef]
60. Smeets, N.M.B.; Hoare, T. Designing responsive microgels for drug delivery applications. J. Polym. Sci. Part A Polym. Chem. 2013,

51, 3027–3043. [CrossRef]
61. Imaz, A.; Forcada, J. New Biocompatible Microgels. Macromol. Symp. 2009, 281, 85–88. [CrossRef]
62. Martín-Molina, A.; Quesada-Pérez, M. A review of coarse-grained simulations of nanogel and microgel particles. J. Mol. Liq. 2019,

280, 374–381. [CrossRef]
63. Sung, B.; Kim, C.; Kim, M.-H. Biodegradable colloidal microgels with tunable thermosensitive volume phase transitions for

controllable drug delivery. J. Colloid Interface Sci. 2015, 450, 26–33. [CrossRef]
64. Vinogradov, S.V. Colloidal Microgels in Drug Delivery Applications. Curr. Pharm. Des. 2006, 12, 4703–4712. [CrossRef]
65. Kousalová, J.; Etrych, T. Polymeric Nanogels as Drug Delivery Systems. Physiol. Res. 2018, 67, S305–S317. [CrossRef] [PubMed]
66. Varshosaz, J.; Taymouri, S.; Ghassami, E. Supramolecular Self-Assembled Nanogels a New Platform for Anticancer Drug Delivery.

Curr. Pharm. Des. 2018, 23, 5242–5260. [CrossRef] [PubMed]
67. Ryu, J.-H.; Jiwpanich, S.; Chacko, R.; Bickerton, S.; Thayumanavan, S. Surface-Functionalizable Polymer Nanogels with Facile

Hydrophobic Guest Encapsulation Capabilities. J. Am. Chem. Soc. 2010, 132, 8246–8247. [CrossRef] [PubMed]
68. Suhail, M.; Rosenholm, J.M.; Minhas, M.U.; Badshah, S.F.; Naeem, A.; Khan, K.U.; Fahad, M. Nanogels as drug-delivery systems:

A comprehensive overview. Ther. Deliv. 2019, 10, 697–717. [CrossRef] [PubMed]
69. Müller, R. Biodegradability of Polymers: Regulations and Methods for Testing. In Biopolymers Online; American Cancer Society:

Atlanta, GA, USA, 2005. [CrossRef]
70. Oh, J.K.; Drumright, R.; Siegwart, D.J.; Matyjaszewski, K. The development of microgels/nanogels for drug delivery applications.

Prog. Polym. Sci. 2008, 33, 448–477. [CrossRef]
71. Ahmed, S.; Alhareth, K.; Mignet, N. Advancement in nanogel formulations provides controlled drug release. Int. J. Pharm. 2020,

584, 119435. [CrossRef]
72. Rajkumar, J.; Gv, R.; Sastri K, T.; Burada, S. Recent update on proniosomal gel as topical drug delivery system. Asian J. Pharm.

Clin. Res. 2019, 12, 54–61. [CrossRef]
73. Brandl, M. Vesicular Phospholipid Gels: A Technology Platform. J. Liposome Res. 2007, 17, 15–26. [CrossRef]

37



Gels 2022, 8, 316

74. Tian, W.; Schulze, S.; Brandl, M.; Winter, G. Vesicular phospholipid gel-based depot formulations for pharmaceutical proteins:
Development and in vitro evaluation. J. Control. Release 2010, 142, 319–325. [CrossRef]

75. Breitsamer, M.; Winter, G. Vesicular phospholipid gels as drug delivery systems for small molecular weight drugs, peptides and
proteins: State of the art review. Int. J. Pharm. 2018, 557, 1–8. [CrossRef]

76. Fetih, G.; Fathalla, D.; El-Badry, M. Liposomal Gels for Site-Specific, Sustained Delivery of Celecoxib: In Vitro and In Vivo
Evaluation. Drug Dev. Res. 2014, 75, 257–266. [CrossRef] [PubMed]
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Abstract: Interfacial interaction amongst the antidepressant drug-imipramine hydrochloride (IMP)
and pharmaceutical excipient (triton X-100 (TX-100-nonionic surfactant)) mixed system of five various
ratios in dissimilar media (H2O/50 mmol·kg−1 NaCl/250 mmol·kg−1 urea) was investigated through
the surface tension method. In addition, in the aqueous solution, the 1H-NMR, as well as FT-IR
studies of the studied pure and mixed system were also explored and deliberated thoroughly. In
NaCl media, properties of pure/mixed interfacial surfaces enhanced as compared with the aqueous
system, and consequently the synergism/attractive interaction among constituents (IMP and TX-100)
grew, whereas in urea (U) media a reverse effect was detected. Surface excess concentration (Γmax),
composition of surfactant at mixed monolayer (Xσ

1 ), activity coefficient (f 1
σ (TX-100) and f 2

σ (IMP)),
etc. were determined and discussed thoroughly. At mixed interfacial surfaces interaction, parameter
(βσ) reveals the attractive/synergism among the components. The Gibbs energy of adsorption
(∆Go

ads) value attained was negative throughout all employed media viewing the spontaneity of
the adsorption process. The 1H NMR spectroscopy was also employed to examine the molecular
interaction of IMP and TX-100 in an aqueous system. FT-IR method as well illustrated the interaction
amongst the component. The findings of the current study proposed that TX-100 surfactant could act
as an efficient drug delivery vehicle for an antidepressant drug. Gels can be used as drug dosage
forms due to recent improvements in the design of surfactant systems. Release mechanism of drugs
from surfactant/polymer gels is dependent upon the microstructures of the gels and the state of the
drugs within the system.

Keywords: amphiphilic drug; nonionic surfactant; surface property; thermodynamic; chemical
shift; FT-IR

1. Introduction

Gels are used for various applications based on their drug-loading properties, rheo-
logical properties, and release mechanisms. Drugs can either be soluble in water with no
interaction through any of the constituents, electrostatically/hydrophobically tied with
polymer, or soluble within micelles and polymer/surfactant associates. The use of surfac-
tant/polymer systems for gene therapy has a great deal of promise, and certain polymers
can interact with the natural (nonionic) surfactant, which can be utilized to lock in bile
salts for controlling cholesterol levels in the body. The interfacial/micellar characteristics
of amphiphiles mixtures have been broadly studied due to their extensive applications,
for instance, hydrate inhibitors, biologicals, foaming, in fabric moderating, pharmaceutics,
improved oil recovery procedure, and so forth [1–3]. In aqueous/non-aqueous solvent, the
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surfactant monomers (comprising hydrophobic and hydrophilic parts into single molecules)
were orientated into an associated form after surpassing a certain concentration into the
solution (solvent) and formed the associate structure, called the micelle. The corresponding
concentration is symbolized as the critical micelle concentration (cmc) [3–6]. Surfactant
micelles revealed a considerable role in the solubilization of several hydrophobic materials
including drugs [3,7]. Surfactant also acts as a drug carrier in combination with a specific
additive, and therefore, extensive inspections of the influences of several additives (organic
and inorganic) on the association performance of the drug are needed [3,7]. As compared
with singular surfactant micelle formation, the mixed surfactants have substantial consid-
erable properties in a variety of features [3]. Usually, a mixed surfactants system (ionic
amphiphile with other ionic or nonionic amphiphiles) has smaller surface energy, higher
solubilization capability, and smaller cmc along with higher surface activities as compared
to the singular surfactants because of the attractive interaction/synergetic influence [3,8].
To diagnose osteoarthritis, Yin et al. [9] have made significant progress in eliminating
major hurdles to using extracellular vesicles for delivery and as markers. Osteoarthritis
therapeutics can be delivered effectively via extracellular vesicles because of their size,
surface expression patterns, low immunogenicity, and low cytotoxicity.

Within various kinds of surfactants (cationic/anionic/nonionic), the non-ionic sur-
factant is valued as the best one for safe drug delivery, as they are physiologically more
supportable than ionic surfactant [7]. TX-100 is one of the most applied surfactants in
bio-chemical and chemical practices. The head groups of non-ionic surfactants consist
of no electrical charge; therefore, they are generally soluble in water through H-bonding
formation between the hydrophilic parts of the surfactant with water. Triton X-100 (TX-100)
non-ionic surfactant has a huge industrial significance applied in the formulation of foams
and found several applications in the pharmaceutical sciences for purpose of cleaning
and as an ingredient in a few curative products [10,11]. TX-100 comprises a hydrophilic
chain of 9 to 10 ethylene oxide units coupled with an aromatic ring, having a branched
hydrocarbon chain. Different properties (interfacial, micellization, drugs solubilization
ability, clouding property, etc.) of TX-100 in the occurrence of charge amphiphiles have
been analyzed by means of experimental methods [3,12,13]. TX-100 varies from other
conventional nonionic surfactants because their hydrophilic portion was found to be longer
compared with the hydrophobic section of the monomer [14]. Herein, the interaction of
TX-100 with antidepressant IMP was evaluated by means of different techniques. The
mixed system of IMP+TX-100 reveals a compact packing at the surface as well as higher
interfacial activity.

At a higher concentration, numerous amphiphilic drugs also formed a micellar struc-
ture in a similar manner to a conventional surfactant [15,16]. Pure amphiphilic drugs
self-association studies, for any particular purpose are usually out-of-focus due to their
high cmc, because of the use of a high amount of a drug, which might create numerous side
effects [17]. Therefore, amphiphilic drugs are generally used in combination with additives
such as surfactant, hydrotropes, bile salts, etc., as a drug carrier that generally forms mixed
micelles [8,15]. As a mixture, the cmc value reduced more than 10 times. Hence, a very
low quantity of drug is used along with a mixed micellar system to raise the absorption of
numerous drugs [8].

Imipramine hydrochloride (IMP) is an amphiphilic tricyclic antidepressant drug that
has two main parts, one is a large rigid tricyclic hydrophobic ring (tail) and the other one
is a small alkyl amine part (head) and endures aggregation but higher concentration [15].
This drug color is white to off-white, odorless compound, and is employed to treat depres-
sion. The nature of IMP drug is protonated (cationic) at a lower pH range (below 7) and
deprotonated at a high range (above 7) of pH (pKa = 9.5) [15]. Apart from their uses to heal
depression, this drug also indicated some unwanted impact. Consequently, to lessen the
unwanted impact of IMP, mixed micellization investigation of IMP with TX-100 (as a drug
carrier) (Scheme 1) was conducted in different media by means of the several methods.
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Scheme 1. Mixed micelle formation of the IMP+TX-100 mixed system.

Previously, our group have examined solution (bulk) properties (mixed micellization
behavior) of pure and mixed system of IMP and TX-100 in water, NaCl, and urea media [18]
and the current study is an extension of our previous work [18]. Herein, the interfacial
properties of IMP and TX-100 mixture were evaluated by tenstiometic method in different
media, along with 1H NMR and FT-IR spectroscopy, which were also employed to evaluate
the interaction amongst IMP and TX-100 in an aqueous system. Combining IMP with
TX-100, might enhance drug characteristics, such as their solubility along with stability
in living atmospheres [8,19]. Previously, in an aqueous solution, Alam and Siddiq [20]
examined the association and surface behavior of an IMP drug and TX-100 mixed system by
differing the mole fraction of a drug by tensiometric method. Irrespective of surface tension
and 1H NMR methods, the FTIR study of the akin system in aqueous media was also
investigated to crisscross the reliability of the interaction between IMP drug and TX-100.
1H NMR of IMP+TX-100 mixture in five different ratios has been investigated to explain
the mechanism of IMP and TX-100 interactions. Several theoretical models regarding the
interfacial behavior are employed to illustrate the mixed monolayer formation of the drug-
surfactant mixed system in three different media. Various parameters, such as surface excess
concentration (Γmax), composition of constituent at mixed monolayer and the interaction
parameter (βσ) at interface, activity coefficient of employed ingredients (f 1

σ (TX-100) and
f 2

σ (IMP)) at the boundary, packing parameter, etc., at the mixed monolayer, have been
assessed and discussed [3,21]. Different thermodynamic functions (Gibbs’s energy of
adsorption (∆Go

ad), minimum free energy (Gmin), excess free energy at mixed monolayer
(∆Gσ

ex)), and chemical shifts by 1H NMR study have also been thoroughly evaluated and
debated. According to the current study, the results have relevance to model drug delivery,
but no direct evidence can be drawn for drug delivery. As a result of this study, drugs and
their possible carriers are examined physiochemically using various theoretical models,
which is vital since the surfactant may also be utilized as a drug carrier. In addition, the
choice of 50 mmol·kg−1 NaCl and 250 mmol·kg−1 urea concentration was not based on
any specific reason other than to examine the effects of salt and urea that are normally
found in human being. To provide knowledge (thermodynamic and additional) for the
widely used drug-surfactant combinations in the absence and presence of NaCl and urea in
drug delivery, our primary goal had been to exhibit how the two ingredients interacted
in the aqueous system as well as in salt and urea media. Further enhancement of drug-
surfactant conjugate delivery systems is possible if salt/urea are present as their presence
increases/decreases the spontaneity of the mixture.

2. Results and Discussion
2.1. Characteristics at the Air-Interfacial Surfaces of Pure and Mixed System

Amphiphiles are likely to settle at the air-interfacial surface as compared with the
bulk solution. Gibbs’s adsorption equation [22] is employed to assess a variety of surface
parameters of drug–surfactant mixed system. All interfacial parameters were evaluated
by using the surface tension plot given in our previous work [18]. The adsorbed quantity
of molecules in each unit area of the surface is computed through the assistance of Gibbs
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adsorption equation [22]. The surface excess concentration (Γmax) along with minimum
area per monomer (Amin) values in aqueous/non-aqueous media were determined utilizing
the subsequent equations [3,22]:

Γmax = − 1
2.303nRT

(

∂γ

∂log(C)

)

(mol·m−2), (1)

Amin =
1020

NA Γmax
(Å

2
). (2)

Here, the γ, C, T, n, R, and NA is the surface tension (mN·m−1), employed concentra-
tion of IMP, TX-100, or IMP+TX-100 mixtures, temperature, whole number of solute species
obtained during adsorption, gas constant, and Avogadro number, respectively [3]. The n is
considered 2 and 1 in the case of individual IMP and TX-100, respectively. However, in mix-
tures, n values were assessed using term: n = n1Xσ

1 + n2
(

1 − Xσ
1
)

[3], where n1 = number
of species in component 1 and n2 = number of species in component 2 after ionization.
Xσ

1 = interfacial composition of component 1 at the mixed surface (Table 1). Throughout the
study, the first component, or component 1, is used for TX-100 and the second component,
or component 2, is used for IMP. The slope = ∂γ/∂log(C) value is attained from the γ vs.
log(C) plot of any fixed concertation in all cases.

Table 1. Different interfacial parameters for IMP+TX-100 mixture in several media at 298.15 K a.

α1 X1
σ βσ f1

σ f2
σ Γmax 107 (mol·m−2) Amin/Aid (Ǻ2) γcmc (mN·m−1) πcmc (mN·m−1) pC20 ln(C1/C2)

Aqueous solution
0 12.78 129.95 42.58 28.42 1.95
0.1 0.7334 −6.07 0.6496 0.0382 23.09 71.89/137.77 30.35 40.65 3.90 −6.04
0.3 0.7621 −7.77 0.6443 0.0110 23.22 71.51/139.94 29.94 41.06 4.36 −6.04
0.5 0.7741 −8.79 0.6385 0.0052 24.16 68.72/140.84 29.67 41.33 4.58 −6.04
0.7 0.7969 −9.34 0.6803 0.0027 25.73 64.54/142.56 29.36 41.64 4.68 −6.04
0.9 0.8421 −9.62 0.7868 0.0011 27.90 59.52/145.97 29.40 41.60 4.71 −6.04
1 36.02 46.10 29.31 41.69 4.57

50 mmol·kg−1 NaCl
0 8.86 187.41 44.69 26.31 2.07
0.1 0.8828 −2.76 0.9629 0.1168 27.25 60.93/149.04 30.66 40.34 3.88 −6.32
0.3 0.8712 −4.80 0.9235 0.0262 26.04 63.77/148.16 29.91 41.09 4.38 −6.32
0.5 0.9149 −4.76 0.9661 0.0186 28.65 57.95/151.46 29.83 41.17 4.57 −6.32
0.7 0.8819 −6.75 0.9101 0.0052 28.01 59.27/148.97 29.53 41.47 4.75 −6.32
0.9 0.9210 −7.23 0.9559 0.0022 31.30 53.05/151.91 29.45 41.55 4.82 −6.32
1 27.60 60.15 29.65 41.35 4.96

250 mmol·kg−1 U
0 12.46 133.24 44.03 26.97 1.86
0.1 0.7776 −4.69 0.7930 0.0587 25.19 65.91/141.11 30.21 40.79 3.70 −6.05
0.3 0.8085 −6.12 0.7989 0.0183 25.92 64.06/143.43 29.59 41.41 4.15 −6.05
0.5 0.8149 −7.26 0.7797 0.0080 25.42 65.31/143.92 29.31 41.69 4.38 −6.05
0.7 0.8189 −8.50 0.7567 0.0033 25.57 64.94/144.22 29.80 41.20 4.54 −6.05
0.9 0.8096 −10.99 0.6715 0.0007 24.60 67.49/143.52 29.71 41.29 4.71 −6.05
1 33.18 50.04 30.17 40.83 4.49

a A1 = Amin of TX-100 and A2 = Amin of IMP. A1 = 46.10 (in aqueous), 60.15 (in NaCl), 50.04 Ǻ2 (in urea). A2 = 129.95

(in aqueous), 187.41 (in NaCl), 133.24 Ǻ2 (in urea).

In the ideal state, the minimum surface area per molecule (Aid) was evaluated by
means of Equation (3):

Aid = Xσ
1 A1 + (1 − Xσ

1 )A2. (3)

Here, A1 and A2 = per monomer minimum head group area of surfactant and IMP cor-
respondingly. The assessed Γmax, Amin and Aid value of individual and mixed components
(IMP, TX-100, and IMP+TX-100) in the existence of different media were revealed in Table 1.

Table 1 showed the value of Γmax and Amin of individual TX-100 in the aqueous system,
which was found to be 36.02 mol m−2 and 46.10 Ǻ2 respectively, revealing that their value
is in the same range with the previously reported value [23]. The parameter Amin value
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showed the opposite trend with the Γmax value means, as each parameter was in reverse
with each other. The Γmax value of singular IMP obtained lesser than the Γmax value of pure
TX-100 means, and the Amin value showed the opposite behavior. This obtained behavior
viewed that TX-100 molecules favored a compacted or strongly packed arrangement at the
air-solvent interface as compared with IMP regardless of the media used, and therefore
TX-100 showed more surface activity. The value of Γmax of the IMP+TX-100 mixed system
was found above the Γmax value of singular IMP but was obtained below the Γmax value of
TX-100, so we can observe that mixed system surface activity was found higher than pure
IMP but less than pure TX-100. In an aqueous system, the Γmax value of the IMP+TX-100
mixed system was found to increase with an increase in α1 of TX-100, observing that the
mixed system surface activity increases with the increase of the composition of TX-100
in the solution mixture. However, in the presence of NaCl or U, the Γmax value of the
IMP+TX-100 mixture has not viewed a specific trend, nor did Amin, since Amin is inversely
proportional to Γmax.

The Γmax value in NaCl media of IMP+TX-100 mixtures was achieved higher than
other employed media (H2O or U). The electrostatic repulsions between the ingredient’s
monomers decreased in NaCl media, observing that the efficiency of the molecules′ exis-
tence at the interfacial surface increased and high compactness of IMP+TX-100 mixtures
existed. However, in U solvent, pure IMP, and TX-100, Γmax value found less but does not
show any proper trend for mixed system.

The Aid value of IMP+TX-100 mixtures were observed to be higher than experimental
Amin, implying that the space taken by apiece monomers was found below as expected
for their ideal behavior. For mixtures (IMP+TX-100), the Amin value was obtained below
the value of Amin of pure IMP. This result indicates that the introduction of TX-100 in the
solution of IMP causes decreases in the repulsive force between IMP monomer molecules,
and hence the value of mixture Amin decreased. Figure 1 showed the Γmax/Amin/Aid vs.
α1 plot for IMP+TX-100 mixture in diverse media (filled, open, and half-filled symbols
represent Γmax, Amin, and Aid, respectively), which shows the comparison of different
surface parameters graphically.
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Figure 1. Plot of Γmax/Amin/Aid against α1 plot for IMP+TX-100 mixture in different media (filled,
open, and half-filled symbols represent Γmax, Amin, and Aid, respectively).

The parameter surface tension value at the cmc, is symbolized via γcmc and the obtained
value is depicted in Table 1. The γcmc value of singular and mixed system (IMP+TX-100)
in aqueous and NaCl media were taken from the graph of our group’s earlier published
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work [18]. For individual TX-100 and IMP+TX-100 mixtures, the value of γcmc was found
close to each other’s means in the same range, irrespective of the solvent employed. How-
ever, their value for individual IMP was found quite higher. The surface parameters-surface
pressure at the cmc (πcmc) and the adsorption efficiency, i.e., pC20, was also exploited for
individual ingredients and the IMP+TX-100 mixtures in all media. At the cmc, the surface
pressure (πcmc) parameter was explored by means of Equation (4) [3].

πcmc = (γ0 − γcmc). (4)

In Equation (4), γ0 signified the pure solvent surface tension, and γcmc indicated
the γ at the cmc of the single and mixed components. All assessed values of γcmc and
πcmc are presented in Table 1. The obtained πcmc is lowest for IMP irrespective of the
media utilized but was found to be close to each other for individual TX-100 and the
IMP+TX-100 mixture [24].

Another parameter, called pC20, allowed the adsorption efficiency of the constituents
at the interfacial surface. This parameter is demarcated as the negative logarithm of the
concentration of monomer(s), as the individual solvent surface tension is lessened by
20 mN m−1 (C20) [3]:

pC20 = −logC20. (5)

The higher the pC20 value, the larger the amphiphile efficiency for adsorption (higher
surface activities) because a smaller amount (volume) of prepared solutions is needed to
condense the solvent surface tension by 20 mN·m–1. The obtained value of pC20 of IMP was
considerably lower to a large extent, as compared to pC20 achieved for individual TX-100
regardless of the solvent used, which again confirmed that the IMP drug was less surface-
active as compared with TX-100 (Table 1). This obtained phenomena showed that TX-100
has better adsorption ability along with being more effective in surface tension reduction of
the solvent [24]. The pC20 value for IMP+TX-100 mixed systems was higher than individual
IMP, observing that the mixed systems were more surface-active as compared with IMP,
and their value increased with an enhancement in α1 of TX-100, but blended systems pC20
value was found near the pC20 value TX-100 (Table 1). Pure species, as well as IMP+TX-100
mixtures pC20 value enhanced in the existence of NaCl because of the better surface activity
in NaCl media as compared with aqueous system and the reverse trend, which was detected
in the existence of U (Table 1).

2.2. Composition of Component and Interaction Parameters at the Air-Interfacial Surfaces

Before the start of micellization, at the interfacial surface, a mixed monolayer formation
took place through adsorption phenomena. Rosen′s theory [25] was applied to assess the
composition of the constituent at mixed monolayer as well as the interaction parameter
(βσ) at the interface through subsequent equations.

(

Xσ
1
)2 ln

(

α1C/Xσ
1 C1

)

(

1 − Xσ
1
)2 ln

[

(1 − α1)C/
(

1 − Xσ
1
)

C2
]

= 1, (6)

βσ =
ln
(

α1C/Xσ
1 C1

)

(

1 − Xσ
1
)2 . (7)

In Equation (6), the Xσ
1 = composition of the surfactant in the mixed monolayer

(IMP+TX-100), and in Equations (6) and (7) C1 = TX-100 concentration (first component),
C2 = IMP concentration (second component), and C = mixed monolayer concentration
(IMP+TX-100) at different α1, which is used for lessening the surface tension of a solvent of
any selected value for all cases (pure and mixture).

The assessed values of Xσ
1 and βσ of all systems are itemized in Table 1. Herein, the

Xσ
1 (TX-100 composition at the mixed component surface) values were obtained amid

73% to 92% in all studied media, displaying that mainly TX-100 comprises the mixed
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monolayer. By increasing the α1 value, the Xσ
1 value was exhibiting any regular behavior

(i.e., increase or decrease), but overall, their value was found to be higher at higher α1. The
Xσ

1 value attained higher values in the NaCl system as compared with the aqueous solution
at all α1, displaying that salt diminished the repulsive forces existing amid components.
Accordingly, there was an affection for early micellization prompted via the progressively
hydrophobic atmosphere.

The βσ values possess three possibilities: (1) βσ = 0 for an ideal monolayer, which
means no interaction among the mixture ingredients, (2) βσ > zero for antagonistic interac-
tions, whereas (3) βσ < zero signifies the supremacy of attractive or synergistic interactions
amongst mixture ingredients.

The βσ values obtained was negative in all cases, revealing the existence of attractive
interactions or synergism at the interfacial surface (Table 1) [26,27]. This occurred because
of the closely packed formation of the mixed monolayer, owing to the clearly interactive
forces amongst the ingredients at the interface in all utilized media. The decrease in
electrostatic repulsion amongst molecules of both components applied its impact more at
the planar interfacial surface, as compared in convex micelles [3]. The negative value of
βσ was revealed interactions amongst the constituent allocated to ion-ion dipole as well as
hydrophobic interactions irrespective of the employed media. Consequently, the merger of
these forces overwhelmed all electrostatic repulsion amongst the ingredients. In NaCl or
U media, the βσ value was not displaying a somewhat unique trend, but was found to be
negative in the whole system (Table 1).

IMP+TX-100 mixtures display higher surface activity together with a much lesser cmc
value as compared with individual IMP. The higher interaction amid the ingredients in the
solution mixtures does not only serve as evidence for synergism in binary mixed system.
Synergism in any mixed system at an interfacial surface occurs only if the subsequent
circumstances are met [3]: (a) βσ value should be below 0, and (b) |βσ| value should be
more than ln(C1/C2) value, otherwise attractive mixed monolayers will be found. By
viewing these results, it is shown that for all systems only first the circumstance was
satisfied (Table 1) However, the second circumstance was not fulfilled in almost all cases.
Therefore, attractive interactions were observed irrespective of the type of media employed
for the surface tension reduction efficiency.

Akin to mixed micelles, the value of the activity coefficient of the employed ingre-
dients (f 1

σ (TX-100) and f 2
σ (IMP)) at the boundary was also evaluated via subsequent

equations [28]:
f σ
1 = exp[βσ(1 − Xσ

1 )
2], (8)

f σ
2 = exp[βσ(Xσ

1 )
2]. (9)

Table 1 shows that both f 1
σ (TX-100) and f 2

σ (IMP) values are obtained below one
irrespective of the media employed [28]. Therefore, the system showed nonideal behavior
as well as experienced attractive interactions amid the applied species at the boundary of
the air-solvent. The results also showed that the f 2

σ was found to be lower as compared to
f 1

σ (Table 1). This phenomenon showed that the involvement of IMP was much lower at
the mixed monolayer than that of the TX-100. In NaCl or U media, no distinct behavior
was detected.

2.3. Thermodynamic Parameters

Thermodynamic parameter, e.g., the Gibbs energy of adsorption (∆Go
ad) of the existing

systems (pure and mixed), was obtained from Equation (10) [29,30]:

∆Go
ad = ∆Go

m − πcmc

Γmax
. (10)

Table 2 showed the achieved ∆Go
ad value of pure and mixed systems in different media.

For the calculation of ∆Go
ad of the current system, ∆Go

m (Gibbs free energy) values were
used from our previous article [18]. All ∆Go

ads values were negative, which was symbolic of
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the spontaneity of the adsorption process at the air-solvent interface and their magnitude
were higher than those of the previously calculated ∆Go

m value [18] of the corresponding
system. The occurrence of ∆Go

ad > ∆Go
m hypothesized that adsorption phenomena were

favored over the association process, meaning that after finishing the adsorption process,
the micellization process starts, i.e., a slight effort is required to complete this phenomenon
(energy supplied in micellization to bring the monomers from the surface to micellar state).
The ∆Go

ads value of the IMP+TX-100 mixture at all α1 of the surfactant was more negative
than the value associated with an individual component (IMP and TX-100) (Table 2). These
obtained results showed that the adsorption phenomenon was additionally feasible in case
of a mixed monolayer, as compared with the monolayer formed by a singular component.
The ∆Go

ads value did not view any specific trends in U or NaCl media in IMP+TX-100
mixtures. In the case of pure components, in NaCl/U media their negative value was found
to increase/decrease, respectively.

Table 2. Various thermodynamic parameters along with packing parameter (P) for pure and IMP+TX-
100 mixture in various media.

α1 ∆Go
ad (kJ·mol−1) Gmin (kJ·mol−1) ∆Gσ

ex (kJ·mol−1) P

Aqueous system
0 −40.06 33.33 0.34

0.1 −42.66 13.14 −2.94 0.60
0.3 −45.15 12.89 −3.49 0.61
0.5 −45.99 12.28 −3.81 0.63
0.7 −45.92 11.41 −3.74 0.67
0.9 −45.13 10.54 −3.17 0.73
1 −41.58 8.14 0.95

50 mmol·kg−1 NaCl
0 −47.80 50.44 0.24

0.1 −40.08 11.25 −0.71 0.71
0.3 −43.40 11.49 −1.33 0.68
0.5 −43.70 10.41 −0.92 0.75
0.7 −44.94 10.54 −1.74 0.73
0.9 −44.45 9.41 −1.30 0.82
1 −45.48 10.74 0.73

250 mmol·kg−1 U
0 −39.30 35.33 0.33

0.1 −40.40 11.99 −2.01 0.66
0.3 −42.41 11.42 −2.35 0.68
0.5 −44.11 11.53 −2.71 0.66
0.7 −45.0 11.66 −3.12 0.67
0.9 −46.25 12.08 −4.20 0.64
1 −41.30 9.09 0.87

One more thermodynamic parameter, named minimum free energy (Gmin), which is
attained at the outmost adsorption at equilibrium, is also used to determine the attractive
interaction/synergism at the interfacial boundary via Equation (11) [31,32].

Gmin = AminγcmcNA. (11)

The value of the evaluated Gmin value is given in Table 2. The value of Gmin is usually
correlated by the shipping of a component from the bulk system toward the interfacial
boundary. The smaller magnitude of the Gmin value detected in any studied case was
characteristic of intensified stability of the air-solvent boundary [3]. The level through
which the Gmin value of the system is decreased is directly proportional to the extent of
synergism allied through the system. The obtained Gmin in our case was found to be lower
in magnitude, showing the thermodynamic stable air-solvent boundary. The Gmin seemed
to be guileless in respect of any increase or decrease in value in any proper way by the
occurrence of U/NaCl (Table 2).
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An additional parameter of mixed monolayer called excess free energy (∆Gσ
ex) of

IMP+TX-100 was computed using Equation (12) [33–36].

∆Gσ
ex = RT[Xσ

1 ln f σ
1 + (1 − Xσ

1 ) ln f σ
2 ]. (12)

The obtained value of ∆Gσ
ex was found to be negative in each solvent, observing that

mixed monolayer formation is more stable than compared with a monolayer of either
singular constituent (Table 2). Usually, at higher α1, the ∆Gσ

ex value was found to be more
negative, indicating that stability of the mixed monolayer was attained more at higher
α1, however, the ∆Gσ

ex value is not exhibiting a specific trend with the change of solvent
(Table 2). Figure 2 showed the variation of ∆Go

ad/Gmin/∆Gσ
ex value with change in mole

fraction (α1) of TX-100 in different media (filled, open, and half-filled symbols represent
∆Go

ad, Gmin, and ∆Gσ
ex respectively) which depicted the comparison of different evaluated

thermodynamic parameters graphically.
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Figure 2. Variation of ∆Go
ad/Gmin/∆Gσ

ex value with change in mole fraction (α1) of TX-100 in different
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ex respectively).

2.4. Packing Parameters

The structural geometry can be supposed via the packing parameter (P), i.e., the shape
of micelles/mixed micelles in aqueous and non-aqueous solution was assessed through
the following equation [37]:

P =
V0

Aminlc
. (13)

In Equation (13), lc and V0 are the effective chain length and volume of micellar
interior, respectively, of the hydrophobic part of the employed monomers. Here, Amin
value was used as achieved from the surface tension measurement. The V0 and lc value
were computed by employing Tanford’s theory [38].

V0 = [27.4 + 26.9 (nc − 1)]× 2 (Å
3
), (14)

lc = [1.54 + 1.26 (nc − 1)] (Å). (15)

Here, nc represents the whole sum of C-atoms in the C-chain length. The entire sum of
C-atoms is measured one beneath the real count of C-atoms for the calculation of V0 and
lc value, since the C-atom next to the head group is extremely solvated. Hence, the first
corban is also considered as the head group portion [3]. Table 2 depicted the evaluated P
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(packing parameter) value of the entire system. Micelles can be found in several shapes,
depending on the obtained P value. As stated in literature [3,39] spherical micelles were
detected as P ≤ 0.333, cylinders or rods shapes micelles were noted for 0.333 < P < 0.5,
vesicles and bilayers shapes micelles were found for 0.5 < P <1, whereas inverted micelles
were reported for P > 1. In our case, a P value for IMP was obtained for 0.333 < P < 0.5
in the aqueous and U solvent, signifying that the micelles formed by IMP were cylinders
or rods. In the NaCl solvent, the P value of IMP was found for 0.24, showing that IMP
formed spherical micelles in the presence of NaCl (Table 2). For singular TX-100, the P was
attained 0.5 < P < 1 irrespective of the employed solvent, representing that the micellar
shape of TX-100 were vesicles (Table 2). For the IMP+TX-100 mixture of the different ratio
in the presence of a different solvent, the P value was achieved 0.5 < P < 1, showing that a
vesicle-shaped mixed micellar solution formed like pure TX-100, because mixed micelles
consist of a maximum share of TX-100.

2.5. 1H NMR Study
1H NMR technique is one of the finest methods for confirming the structure and

purity of compounds [40,41]. Currently, 1H NMR is a very powerful method for exam-
ining an intermolecular interaction between both different compounds in their mixed
micelles [42,43] and it gives us a great deal of information of interaction that is usually
not available with other techniques. The present study also deals with the 1H NMR study
of the interaction among the drug IMP and TX-100 surfactant in different ratios in their
mixed micellar solution of an aqueous system. The 1H NMR signals of pure IMP, as well as
TX-100, are clearly visible in D2O. The 1H NMR spectra of singular drug IMP and TX-100 is
shown in Figure 3 with labeled hydrogen atoms attached to various carbons and obtained
chemical shift value exposed in Table 3. Related data of pure TX-100 1H NMR have also
been given in previously published work [24,44]. The spectra of pure IMP clearly show
distinct six proton signals, and their corresponding proton numbers are allotted in the
structure given in Scheme 2. The pure TX-100 spectra clearly show eight proton signals
and the corresponding proton numbers are allocated in Scheme 3 [24,44]. Protons attached
to -N+(CH3)2 signals (I1 protons) are highly deshielded, that is, they resonate at high δ

values because of the occurrence of N-atom in the drug IMP head group. All the NMR
signals in both compounds drug IMP and non-ionic surfactant TX-100 (I1-I6 and T1-T8),
in their pure form, show an increase in chemical shift δ values, which shows that each
proton signal was highly deshielded. The proton signal I4 resonates at low δ values. This
can be clearly observed, from the change in chemical shift values of I1, I3, I2, and I5, that
the proton signals that present nearby to the head group are highly deshielded because
of the occurrence of an adjacent N atom, whereas the proton signal I4 is highly shielded.
No doubt, due to the combined electrostatic and hydrophobic effects, the interaction is
stronger. In both drug and surfactant, the aromatic protons I6, T7, and T8 resonate at high
δ values, i.e., they shift downfield.

Table 3. 1H NMR chemical shifts (δ, ppm) of pure IMP and TX-100 in aqueous system.

Compound Chemical Shifts (δ, ppm)

Pure IMP I1 I2 I3 I4 I5 I6
2.478 2.916 2.790 1.695 3.564 6.983

Pure TX-100 a T1 T2 T3 T4 T5 T6 T7 T8
0.549 1.124 1.495 3.591 3.806 3.865 7.015 7.097

a References [24,44].
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Figure 3. 1H NMR (600 MHz) spectrum of singular compound IMP drug and TX-100 in D2O.
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Scheme 2. Molecular model of drug IMP.
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Scheme 3. Molecular model of TX-100.

Substantiation of complex formation for the drug–surfactant mixtures was obtained
by NMR spectroscopy [45]. The proton signals of both the drug and surfactant show a
significant change upon mixing (IMP+TX-100), which can be clearly understood from the
chemical shift values given in Table 4 and also from the spectra presented in Figure 4. Table 4
depicted the addition of TX-100 in pure IMP solution cause noteworthy displacement in
chemical shift values, which clearly point towards molecular interaction between IMP and
TX-100. Chemical shifts are used to describe signals in NMR spectroscopy and the location
and number of chemical shifts is symbolic of the structure of a compound.

Upon addition of TX-100 to pure IMP, a slight increase in chemical shift values is seen,
i.e., they show a downfield shift, but not much interaction is seen at lower mixing ratios
i.e., 0.1 TX-100 and 0.3 TX-100. However, as the mole fraction of TX-100 reaches 0.5, a
prominent enhancement in δ values is seen through a rise in mole fraction (0.5–0.9), and
from these values, it can be concluded that the extent of downfield shift is caused by the
addition of TX-100; this depends upon the α1 of surfactant in the solution of a drug and
surfactant mixture. This increase in a downfield shift can be ascribed to an interaction of
rigid tricyclic ring of IMP and polyoxyethylene chain of TX-100 structure.

Table 4. 1H NMR chemical shifts (δ, ppm) of IMP+TX-100 mixtures in aqueous system.

Chemical Shifts (δ, ppm)

α1 = 0.1 α1 = 0.3 α1 = 0.5 α1 = 0.7 α1 = 0.9

T1 0.486 0.517 0.527 0.534 0.542
T2 1.01 1.06 1.08 1.096 1.111
T3 1.376 1.389 1.437 1.464 1.473

T4–T6 3.406 3.417 3.42 3.44 3.517
T7 6.82 6.831 6.944 6.999 7.004
T8 6.975 6.997 7.007 7.026 7.029
I1 2.496 2.515 2.524 2.526 2.685
I2 2.924 2.93 2.932 2.937 3.41
I3 2.834 2.845 2.86 2.874 2.903
I4 1.716 1.754 1.759 1.764 1.817
I5 3.57 3.582 3.596 3.628 3.65
I6 6.991 6.998 7.012 7.018 7.024

The changes in chemical shift values for the alkyl protons I1 to I5 upon addition of
TX-100 are also given in Figure 4 and Table 4 and it is clear that upon mixing of both studied
constituents, the resultant mixed micelles cause deshielding (a downfield shift) of all the
hydrophobic tail protons of IMP. Upon mixing, the hydrophobic interactions, as well as
electrostatic attractions, endorse spherically along with the compacted micelles, while steric
repulsion sources the hindrance amongst the constituents, causing the exposure along with
protons deshielding. Overall, the proton signals (I1–I6, T1–T8) for both drug IMP and
surfactant TX-100 in mixed micelles resonating at high δ values show a downfield shift of
protons. It is known that both electrostatic, as well as steric interactions, show the leading
character during the mixed micelles formation. Therefore, through the rise in TX-100 mole
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fraction, all proton signals for drug-surfactant mixtures are highly deshielded, which point
towards an increase in steric repulsion among the molecules, which leads to the formation
of large micelles [45,46]. As compared to pure IMP, the length of peak I4 is increased in
case of mixtures up to mole fractions 0.5, but as the mole fraction reaches 0.7 and 0.9, the
length of the signal I4 is decreased, which shows that these mole fractions (0.7 and 0.9) of
TX-100 are more effective as compared to IMP. Similar changes were recorded for other
NMR signals, such as I1. It is clearly visible from the spectra as well, being stable, that the
aromatic protons related to the tricyclic rigid ring in IMP as well as the protons related to
the mono aromatic ring in TX-100 are highly deshielded and show high δ values. Therefore,
a clear downfield shift is observed. In the case of mixtures, all peaks are showing a clear
downfield shift for both compounds, I1–I6 as well as T1–T8, at different mixing ratios. The
compactness of the micelles varies with the variation of mole fraction, which is clear from
the chemical shift values [47,48]. This change in chemical shift values is attributed to the
interplay of electrostatic and steric interactions.

 

α

δ

δ
α α α α α

Figure 4. 1H NMR (600 MHz) spectrum of IMP+TX-100 mixture having various α1 of TX-100 in D2O.
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2.6. FT-IR Study

The interaction impact can also be qualitatively followed via FT-IR spectra [49]. FT-
IR spectroscopy was utilized to describe diverse functional groups and to examine the
interaction amongst unlikely groups existing in the binary mixed system. Background-
deducted FT-IR spectra of a pure drug and IMP+TX-100 mixed system of equal ratio in
an aqueous solution are depicted in Figure 5a,b. Amphiphilic compound head-groups
along with hydrophobic portion frequencies give statistics on the structural change in the
monomers of formed micelles [50,51]. The feasible interaction amongst IMP+TX-100 mixed
system will possibly alter the C–H bending and stretching and C–N stretching frequency of
the drug head group.
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Figure 5. FTIR spectra of IMP (a,b) in the absence and existence of TX-100 and FTIR spectra of TX-100
(c,d) in the absence and existence of IMP in the selected wavenumber regions (cm−1).
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To view the effect of TX-100 on the aliphatic C–N bond stretching band as well as C–H
bond bending band in the IMP molecule of IMP+TX-100 mixture, a frequency range of 1195
to 1500 cm–1 was selected (Figure 5a). As shown from Scheme 2, the nature of the employed
drug IMP is cationic, as it keeps a positively charged N atom allied with three alkyl groups.
As depicted in Figure 5a, the singular IMP spectra showed C–N bond stretching at two
different frequencies: one at 1212.61 and the second one at 1225.36 cm–1. However, in the
occurrence of TX-100, the C–N stretching in IMP was shifted to a higher frequency. The
first C–N bond stretching was shifted to 1244.47 from 1212.61 cm–1, and the second one
was shifted to 1291.29 from 1225.36 cm–1. IMP showed C–H bending at three different
frequencies (1446.10, 1472.01, and 1485.58 cm–1) (Figure 5a) and in the occurrence of TX-100,
the frequency of C–H bending in IMP was significantly shifted to a higher frequency
from their initial position (1457.12 cm–1, 1473.92 cm–1, and 1487.65 cm–1, correspondingly)
because of the interaction of TX-100 with IMP. Shifting to a higher or lower frequency
region is dependent on the environment of the interacting group of molecules. Through the
addition of TX-100, the alteration in C–N stretching and C–H bending frequency in IMP
showed the attractive interaction between constituents, owing to mixed micelles formation.

To investigate the C–H stretching in IMP, the frequency band region of 2800 to
2960 cm–1 was chosen to assess the effect of TX-100, and the achieved plotted graph
is displayed in Figure 5b. As depicted in the graph, IMP showed a C–H bond stretching
band at 2887.08 as well as 2932.08 cm–1 of the alkane methyl group. In presence of TX-100,
the obtained C–H bond stretching band was shifted from 2887.08 to 2979.89 and 2932.08 to
2948.24 cm–1. In the presence of TX-100, the occurrence of this shifting in the C–H stretching
frequency band in the IMP functional group, reveals an interaction amongst both employed
ingredients (IMP and TX-100) [52].

Figure 5c,d depicted the FT-IR spectra of a singular TX-100 and TX-100+IMP mixture
with an identical ratio. Figure 5c showed the spectra of singular TX-100 between 940
and 1470 cm–1 frequency that showed the C–O stretching at 947.11 and 1097.42 cm–1,
O–H bending at 1364.01 cm–1, and C–H bending band at 1455.63 cm–1. Upon addition of
IMP in the solution of TX-100, both C–O bond stretching was shifted from their original
position. The first one shifted from 947.11 to 948.12 cm–1, and the second one shifted from
1097.42 to 1091.14. In addition, in the presence of IMP, the shifting in the frequency band
of O–H bending in TX-100 occurred from 1364.01 to 1364.49 cm–1 and the C–H bending
band from 1455.63 to 1457.20 cm–1, signaling the interaction amongst the constituents.
Figure 5d showed the spectra of TX-100 as well as the TX-100+IMP mixture in the range
2840–2930 cm–1. Pure TX-100 showed the medium and broad C-H stretching band (alkane)
at 2868.83 cm–1. The C–H stretching band (alkane) attained at 2868.83 cm–1 in TX-100
was moved to a higher frequency (2879.98 cm–1) in the presence of IMP, signifying an
interaction amongst TX-100+IMP mixture mixed micelles. The O–H stretching band was
found in case of singular TX-100, but for the TX-100+IMP mixture, the O–H stretching
band peak disappeared due to merging with the water peak (not shown graphically). Due
to the interaction of the employed ingredients, the whole frequency band variation did
not achieve much, but obtained to be reproducible. Overall, herein, the shifting in C–N
stretching, O–H bending, along with C–H bending, and stretching frequency recommend
the interaction between the employed ingredients [53–55].

3. Conclusions

Before a surfactant can be employed as an appropriate drug agent, a broad range analy-
sis must be accomplished to examine the interaction of the surfactant through the proposed
drug. Herein, 1H NMR, FT-IR, and tensiometric studies were performed to explore the
interaction of a TX-100 surfactant with the cationic drug IMP. Physiologically, the nonionic
nature of surfactants is more suitable as compared with ionic ones (cationic/anionic) and,
owing to their high surface activity, a nonionic surfactant, such as TX-10, is considered
as an ideal nominee for drug delivery in comparison to other surfactants. The interfacial
properties of IMP, TX-100 along with the IMP+TX-100 mixture of various ratios at the sur-
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face were evaluated using a tensiometric method in different solvents (H2O/NaCl/urea).
TX-100 decreases the surface thickness acquired by means of the water layer and enhances
the hydrophobic film width of the studied systems. Interfacial composition (Xσ

1 ) and the
βσ values of the IMP+TX-100 system showed a much higher participation of TX-100 at
the surface than IMP and attraction/synergism between the components at the surface,
respectively. The obtained value of ∆Go

ad specifies that the adsorption phenomena was a
spontaneous process and the stability of the mixed monolayer. The P value of IMP+TX-100
was attained as 0.5 < P < 1, showing that the micellar solution was vesicles-shaped. The
value of Γmax acquired more for the surfactant than IMP, confirming that the surfactant
showed higher surface-activity as monomers of TX-100, favoring a compacted or strongly
packed arrangement at the surface in all solvents. 1H NMR study of solution mixed systems
advocated that IMP and TX-100 interact with each other via hydrophobic interaction. FT-IR
spectra showed that the frequency band of individual ingredients (IMP and TX-100) was
shifted from the original position for the mixed system, proving the interaction amongst
them. The conclusions of the current investigation contribute to the assessment of the
implementation of the surfactant (as a capable drug delivery) with a drug mixed system
and the supporting mechanisms, for a basic understanding required for the projected
expansion of economical and efficient drug formulations.

4. Materials and Methods
4.1. Materials

Every material in the current study was used as received from their respective com-
pany. Drug IMP was obtained from Sigma (St. Louis, MO, USA) having purity ≥ 98.0%.
Surfactant TX-100 was from Sigma (Taufkichen, Germany). Different additives such as
NaCl was acquired from BDH (Poole, England), having a purity of 98.0%, and urea was ob-
tained from Sigma (Taufkichen, Germany), with a purity of 98.0%. Deuterium oxide (D2O)
was purchased from Sigma (St. Louis, MO, USA) with a purity of 99%, which was used
as the solution preparation for the 1H NMR study only. For the rest of the study, distilled
water was used for the solution preparation. Using calculated quantities of NaCl and urea
dissolved in distilled water, the prepared solutions of these additives were used as solvents.
In the aqueous system and in the occurrence of fixed NaCl/urea concentrations, the stock
solutions of both employed constituents (IMP and TX-100) of fixed concertation were made
separately, clearly above their corresponding cmc. Combinations of both components (IMP
(drug) and TX-100 (surfactant as drug carrier) were readied by mixing the prepared stock
solutions of both constituents (IMP and TX-100) in diverse mass ratios, varying the mole
fraction of component 1 (TX-100 surfactant) from 0.1 to 0.9. These prepared solutions of
diverse mass ratios were employed in the experiments, assuming that the density of the
component’s dilute solution at the experimental temperature is roughly constant.

4.2. Methods

4.2.1. Measurement of Surface Tension

For the surface tension (γ) measurement, an Attension tensiometer (Sigma 701, Darm-
stadt, Germany) working with the ring detachment process was applied for pure (IMP and
TX-100) and mixed system (IMP+TX-100) in five ratios in aqueous/NaCl/U solvent. The γ
of resultant system (IMP, TX-100, or IMP+TX-100) vs. log (C (conc.)) of pure IMP, TX-100, or
IM+TX-100 were plotted, and each plot showed a break point that was termed cmc of the
system [18]. Here, plots given for the IMP+TX-100 mixed system in different media in our
previous work [18] were used for evaluation of different interfacial parameter evaluation.
The error in γ and temperature was attained as ± 0.2 mNm−1 and ± 0.2 K, respectively.

4.2.2. 1H NMR Study

For the 1H NMR study, D2O (as a solvent) was used rather than distilled water
to prepare the solutions of the individual component (IMP, TX-100) and their mixtures
(IMP+TX-100). The 1H NMR spectra of IMP, the surfactant, and their mixture of various

58



Gels 2022, 8, 159

mole fractions in the aqueous system, were noted using a Bruker ultrashield plus 600
spectrometer, Billerica, MA, USA (600 MHz proton resonance frequency). Approximately
1 mL of every studied system is placed in a 5 mm tube for spectra measurements and
chemical shifts were noted on the δ (ppm) scale. The reproducibility of δ was within 0.01
ppm. An organosilicon compound-tetramethylsilane was employed as an internal standard,
which is recognized for calibrating a chemical shift.

4.2.3. FTIR Spectroscopy

In the aqueous system, the FTIR spectra (4000 to 400 cm–1 wavelength) of the singular
components and IMP+TX-100 mixed system in an equal ratio were recorded by consuming
a NICOLET iS50 FT-IR spectrometer possessing ATR accessory (Thermo Scientific, Madison,
Waltham, MA, USA). Here, a particular part of the wavelength range is exposed in the
graph for clarity purposes. From the entirely attained spectra of the chosen system, the
water spectrum was consistently deducted. The concentration of IMP and TX-100 was
maintained very well above their respective cmc value. Each spectrum was obtained at a
resolution of 4.0 cm−1.
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Abstract: Surfactants are ubiquitous materials that are used in diverse formulations of various
products. For instance, they improve the formulation of gel by improving its wetting and rheological
properties. Here, we describe the effects of anionic surfactants on an anesthetic drug, tetracaine
hydrochloride (TCH), in NaCl solution with tensiometry and UV–visible techniques. Various micellar,
interfacial, and thermodynamic parameters were estimated. The outputs were examined by using
different theoretical models to attain a profound knowledge of drug–surfactant mixtures. The
presence of attractive interactions among drug and surfactant monomers (synergism) in mixed
micelle was inferred. However, it was found that sodium dodecyl sulfate (SDS) showed greater
interactions with the drug in comparison to sodium lauryl sarcosine (SLS). The binding of the drug
with surfactants was monitored with a spectroscopic technique (UV–visible spectra). The results of
this study could help optimize the compositions of these mixed aggregates and find the synergism
between monomers of different used amphiphiles.

Keywords: tetracaine hydrochloride; sodium dodecyl sulfate; sodium lauroyl sarcosine; drug–surfactant
mixed micelle; synergistic interaction

1. Introduction

It is often observed that the surfactant mixtures (e.g., surfactant–co-polymer, surfactant–
drug, and surfactant–surfactant) exhibit better performance than single surfactants [1–6]. It
is also common to use mixtures of surfactants and polymers to formulate gels that are used in
drug-dosage forms to improve their properties or to improve their physical stability [7]. The
anionic surfactant used in this study, sodium dodecyl sulfate, has been used to synthesize
nanogels [8]. SDS has shown better activity in the formation of microgels based on poly(N-
isopropylacrylamide) [8]. The synergistic or antagonistic effects of binary mixtures are
produced by attraction or repulsion between surfactant monomers. Synergism is observed
when the molecular interaction between the monomers of a mixture is greater than before
mixing. The strength of synergism between different types of surfactants follows the order
of anionic–cationic > nonionic–ionic > ionic–ionic > nonionic–nonionic. The interaction
between oppositely charged head groups and the hydrophobic interaction between chains of
amphiphiles are the two main factors that are responsible for strong synergistic effects inside
cationic–anionic mixtures [9–11]. Ionic–anionic mixtures become turbid (precipitation) at
some mole fractions, producing lamellar phases and rod-like morphologies.

A lesser water solubility and the dissolution characteristics of a drug usually limit
its bioavailability and therapeutic efficacy. The poor water-solubility of drugs may also
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lead to disappointing and inconstant ingesting, which aggravates the complications of
bioavailability and scarcity in the delivery of drugs. In addition, excessive dosages of drugs
cause side effects such as vomiting, nausea, dizziness, and fatigue [12,13]. The development
of increasing water solubility and improvements in encapsulation efficiency can enhance
absorption, enhance bioavailability, and lower the required therapeutic dose [1,14,15]. Re-
searchers have often studied different ways to increase solubilities, such as using small drug
carriers, preparing nanoparticles, and using self-emulsifying formulations or amorphous
formulations based on water-soluble polymers. A surfactant is a most-capable drug trans-
porter in biomedical applications since it can be easily fabricated into different formulations
such as micelles, hydrogels, and nanoparticles to enclose bioactive agents at several points
of hydrophobicity [16–19]. Surfactants are polar molecules and contain both hydrophilic
and hydrophobic components orientated at the surface to diminish the surface tension of
water [20–22]. A micelle will only form when the concentration of the amphiphile is higher
than a specific concentration (called the critical micelle concentration or cmc) that can be de-
termined using diverse methods (surface tension, conductometry, fluorometry, UV–visible
spectroscopy, cyclic voltammetry, and isothermal calorimetry) [23–26]. A valuable feature
of these molecules is their cmc value. The cmc value depends on various aspects such as
ionic strength, temperature, and the existence of additional compounds in the solution.
Most chemical industries utilize surfactants, e.g., as pharmaceuticals, corrosion inhibitors,
detergents, paints, and cosmetics [27–31].

Certain types of drugs, such as antidepressants, anticholinergics, antihistamines,
and local anesthetics, are amphiphilic; they have surfactant-like properties and form mi-
celles [32–35]. Invariably, their therapeutic activity is determined by how they interact with
surfactants. Depending on their interactions in solution, any drug can be made more active.
The mixed systems of many amphiphilic drugs have also been researched by our group us-
ing different techniques with different amphiphiles [36–45]. Tetracaine hydrochloride, TCH
(Figure 1), is an amphiphilic compound that also possesses colloidal properties and is one
of the most used local anesthetic drugs. It is used for stopping pain during surgery and eye
infections. Since tetracaine is a poorly water-soluble compound, it is usually formulated as
tetracaine hydrochloride. It has been hypothesized that the +ve charge on the drug, which
is the functional component, interacts with the Na+ channels on neuronal membranes
and stops the transmission of the pain sensation along the nerve [46,47]. Furthermore, the
cationic form provides an amphiphilic structure to such a drug, so it can be classified as
a cationic tension-active molecule. Therefore, a TCH-like cationic surfactant undergoes
an abrupt change above a critical concentration (cmc) and the Krafft temperature. The
aqueous dissolution of tetracaine follows the same principle as all ionic surfactants (in that
it is governed by both solubility and micellization). As a result, the nature of the surfactant,
its counter ions, concentration, and temperature all affect the process. As the use of high
concentrations of local anesthetic in spinal anesthesia is known to occasionally result in
the sudden death of patients, it is important to understand how the micellization process
occurs and what its phase diagram looks like.

In this work, surface tension and UV–visible measurements were carried out to ex-
amine the effects of anionic surfactants on a cationic drug. To the best of our knowledge,
the mixed micellization of tetracaine hydrochloride (TCH) with sodium lauroyl sarcosine
(SLS) and sodium dodecyl sulfate (SDS) in the presence of sodium chloride (NaCl) has not
been previously described. Different theoretical approaches of mixed micellization (such
as those by Clint, Rubingh, Rodenas, Rosen, and Motomura) were utilized to investigate
the interactions of TCH + SDS/SLS mixtures. Various interfacial, micellization, and en-
ergetic parameters were analyzed. The output of this work can support the search for a
surfactant-based carrier for drug delivery.
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Figure 1. Chemical structures of (a) tetracaine hydrochloride (TCH), (b) sodium dodecyl sulfate
(SDS), and (c) sodium lauryl sarcosine (SLS).

2. Result and Discussion

The stock solutions of numerous mole fractions (α1) of component 1 (SDS/SLS) from 0
to 1 were prepared. As shown in Figure 2, the solution was turbid at some mole fractions
(which barred the experiment), and we selected the mole fractions where no turbidity was
observed. The surface tension (ST) measurements were used to estimate the cmc values of
pure and binary mixtures of drugs and surfactants. Measurements of surface tension are
widely used to provide authentic cmc values for all types of surfactants (cationic, anionic,
and non-ionic). Illustrative ST graphs for the mixtures at different mole fractions of SLS in
the presence of 100 mM NaCl at 298.15 K are displayed in Figure 3. The cmc values acquired
via surface tension are listed in Table 1. As the surfactant molecules were mixed, a complex,
which was more deeply adsorbed at the surface than single amphiphiles, was formed, thus
suggesting an enhanced surface activity. The cmc values of single and mixed amphiphiles
could be evaluated by the intersection of the linear fitting of the points (Figure 3). The cmc
value of TCH was found to be 79.43 mM, which was lower than the values published by
Miller et al. [48], who reported a value of nearly 100 mM without any salt. The cmc values
of both employed surfactants in the existence of salt were also found to be less than those
with a lack of salt. The values of cmc for currently employed surfactants in the presence
of NaCl were in good agreement with the literature [49,50]. The obtained value of cmc
for SDS in the presence of 100 mM NaCl was much lower than the cmc value computed
by Thapa et al. [51] in an aqueous solution. When NaCl was added to the drug solution,
the electrical atmosphere changed. The charge between the head group in the cationic
drug became neutralized. Micelles could be formed at much lower concentrations in pure
water because of the reduced electrostatic repulsion among the polar head groups. The cmc
values for all mixtures unified in the center of two single amphiphiles, suggesting that the
micellization of a drug was preferred in the company of surfactants. The observed decline
in the cmc values of the mixture was due to the enrichment in the hydrophobic interaction
among drugs and surfactants.

The whole study can be divided into two parts: (A) interactions of drugs with surfac-
tants in the solution and (B) interactions of drugs with surfactants at the surface.
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Figure 2. The physical appearance of TCH + SDS/SLS mixtures at different compositions:
(a) SDS + TCH and (b) SLS + TCH.

 

5 

∗ =  +   
α 𝑐𝑚𝑐 𝑐𝑚𝑐

∗ =  +  
α

α

Figure 3. Graph of surface tension versus log molar concentration for SLS + TCH mixed systems.
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Table 1. Physical parameters of TCH + SDS/SLS mixed systems in aqueous NaCl.

cmc
(mM)

cmc*
(mM) XRub

1 Xideal
1 −βRub fRub

1 fRub
2

SDS + TCH
0.0 79.43 - - - - - -

0.05 0.37 16.42 0.54 0.80 16.04 0.033 0.0095
0.1 0.31 9.16 0.56 0.90 15.20 0.055 0.0081
0.7 0.13 1.45 0.65 0.99 15.72 0.139 0.0014
0.8 0.15 1.27 0.66 0.99 15.44 0.174 0.0011
0.9 0.12 1.13 0.67 0.99 17.11 0.156 0.0004
1.0 1.02 - - - - - -

SLS + TCH
0.0 79.43 - - - - - -

0.05 4.49 41.24 0.50 0.51 8.86 0.110 0.1078
0.1 3.05 27.85 0.53 0.68 9.09 0.139 0.0742
0.5 1.24 7.74 0.62 0.95 9.96 0.243 0.0207
0.7 0.79 5.68 0.64 0.98 11.81 0.212 0.0082
0.9 0.33 4.49 0.64 0.99 16.53 0.115 0.0012
1.0 4.07 - - - - - -

Relative standard uncertainties (ur) are ur(cmc/cmc*) = 0.03, ur (XRub
1 /Xideal

1 ) = 0.02, ur (βRu) = 0.03, and
ur ( f Rub

1 / f Rub
2 ) = 0.04.

2.1. Interactions of Drug with the Surfactants in the Mixed Micelle

Using Rubingh’s regular solution theory (RST) for mixtures of amphiphiles [52], the
cmc of a mixed system (cmc*) can be calculated via Equation (1):

1
cmc∗

=
α1

f1cmc1
+

α2

f2cmc2
(1)

where f 1 and f 2 are the activity coefficients of the surfactant (SDS/SLS) and drug in mixed
micelles, respectively, and α1 represents the mole fraction of surfactant (SDS/SLS) in
the total mixed solution. The cmc values of surfactants and drugs are cmc1 and cmc2,
respectively. f 1 = f 2 = 1 if we assume ideal behavior, so Equation (1) becomes:

1
cmc∗

=
α1

cmc1
+

α2

cmc2
(2)

Equation (2) was proposed by Clint [53]. Using the Clint equation, we could judge the
ideality or non-ideality of a mixed system. Figure 4 displays a plot of cmc (experimentally
determined)/cmc* (calculated with Equation (2)) vs. α1 (SDS/SLS). The cmc values of both
mixtures were decreased with increases in the α1. According to one possible explanation,
the mixture was more favorable than expected under an ideal condition because of the
interactions among hydrophobic chains of amphiphiles.

In contrast, for non-ideal mixtures, a new theory has been established and is referred
to as the Rubingh model [52]. The Rubingh model uses RST to relate the activity coefficients
of components with micellar mole fractions of component 1 as follows:

f Rub
1 = exp

[

βRub
(

1 − XRub
1

)2
]

(3)

f Rub
2 = exp

[

βRub
(

XRub
1

)2
]

(4)

where βRub and XRub
1 are the interaction parameter and micellar mole fraction, respectively

of component 1. If two variables have values of less than 1, the mixing components are
not ideal. When computing the βRub values (parameter based on the cmc values of each
amphiphile and their mixtures), the nature and strength of the interactions between the two
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surfactants are determined. Rubingh [52] derived the relationship shown in Equation (5)
by considering the phase separation model for micellization.

βRub =
ln
(

α1cmc/XRub
1 cmc1

)

(

1 − XRub
1

)2 (5)
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Figure 4. Experimentally determined critical micelle concentration (cmc) and ideal critical micelle
concentration (cmc*) against mole fraction of surfactants (SDS/SLS) in mixed systems at 298.15 K.

The micellar mole fraction of component 1 is represented by XRub
1 , which is calculated

by iteratively solving Equation (6):

(

XRub
1

)2
ln
(

α1cmc/XRub
1 cmc1

)

(

1 − XRub
1

)2 ln
[

(1 − α1)cmc/
(

1 − XRub
1

)

cmc2
]

= 1 (6)

It is commonly believed that the deviation from zero of the interaction parameters
(βRub) is due to interactions among the amphiphile head groups. Positive divergence
from zero indicates antagonistic behavior, and negative deviation indicates synergistic
interactions between two components. Free energy subsidies associated with amphiphile
head groups have been found to be the main sources of mutual interaction. When positively
and negatively charged amphiphiles are assorted in water, the most noteworthy feature
of this mixture is its unusually huge drop in cmc values. A mixture of anionic and non-
ionic surfactants usually yields a nonconformity from ideal behavior (less negative βRub)
and synergistic effects in the mixed micelles of two non-ionic amphiphiles are even to
a lesser extent. In most cases, experimentally computed values of βRub for mixtures of
positively and negatively charged amphiphiles are higher. According to Table 1, there were
considerable interactions (synergism) between the current mixed systems. The synergism
was detected because of the electrostatic interaction among +ve and –ve charged head
groups. The βRub average values were – 15.90 and – 11.25 for SDS + TCH and SLS + TCH,
respectively. The positive and negatively charged amphiphiles were found to be firmly
tied to one another through electrostatic and hydrophobic forces, consequently leading
to ultimate attraction that promoted the growth of micellar aggregates. The synergism
between two amphiphiles depends not only on the strength of the interaction but also on
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the individual amphiphile properties. The higher the hydrophobicity of an amphiphile, the
easier it is to make micelles.

In a mixed system, the ideal micellar mole fraction of component 1 is represented by
Equation (7) [54]

Xideal
1 =

α1cmc2

α1cmc2 + α2cmc1
(7)

The values of Xideal
1 are given in Table 1. The values of Xideal

1 display nonconformity
from the values of XRub

1 , signifying non-ideality. The higher values of Xideal
1 for both binary

mixtures at all mole fractions confirmed that added drug molecules replace some of the
surfactant molecules from the mixed micelles, so the contribution of drug molecules is
greater in mixed micelles than it should be in ideally mixed systems.

Thermodynamic Parameters for Drug–Surfactant Mixtures in the Mixed Micelle

Using RST, it is feasible to evaluate the free energy change for micellization in the
following way [55–59]:

∆Gmix = RT[XRub
1 ln(XRub

1 f Rub
1 ) + XRub

2 ln
(

XRub
2 f Rub

2

)

] (8)

If the values of activity coefficients ( f Rub
1 and f Rub

2 ) for an ideal mixed system are equal
to unity, then Equation (8) becomes:

∆Gideal
mix = RT[XRub

1 lnXRub
1 + XRub

2 lnXRub
2 ] (9)

where ∆Gideal
mix is the free energy change for an ideal mixed system. Interestingly, the data

(Table 2) show that the values were negative, implying that the micelles were spontaneously
formed and were stable. If the values of ∆Gideal

mix deviate from the values of ∆Gmix, rather
than forming an ideal micelle, it then forms a real one. The literature confirms that previous
investigators have observed the same behavior [60,61].

Table 2. Energetic constraints of TCH + SDS/SLS mixtures in aqueous NaCl a.

α1
−GE

mix/−∆Hm

(kJmol−1)
−∆Gmix

(kJmol−1)
−∆Gideal

mix

(kJmol−1)
T∆Sm

(kJmol−1) | T∆Sm
∆Gmix

|
−∆Go

m

(kJmol−1)

SDS + TCH
0.0 - - - - - 16.23
0.05 9.87 11.78 1.71 6.40 0.54 29.48
0.1 9.27 11.15 1.69 6.32 0.57 29.93
0.7 8.90 10.69 1.61 6.01 0.56 32.08
0.8 8.54 10.29 1.58 5.88 0.57 31.79
0.9 9.36 11.12 1.57 5.89 0.53 32.34
1.0 - - - - - 27.01

SLS + TCH
0.0 - - - - - 16.23
0.05 5.49 7.33 1.72 6.17 0.84 23.34
0.1 5.60 7.44 1.71 6.16 0.82 24.30
0.5 5.79 7.56 1.64 5.93 0.78 26.54
0.7 6.76 8.52 1.62 5.92 0.69 27.66
0.9 9.45 11.26 1.62 6.07 0.54 29.77
1.0 - - - - - 23.59

a Relative standard uncertainties (ur) are ur(GE
mix/∆Hm) = 0.03, ur(∆Gmix/∆Gideal

mix ) = 0.03, ur(∆Sm) = 0.03, and
ur(∆Go

m) = 0.03.

An excess thermodynamic function is a variation among the energetic function of the
mixer for a non-ideal solution and the subsequent values for an ideal solution at a similar
pressure and temperature [54]. The excess free energy of mixed micellization GE

mix for a
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two-amphiphile mixtures can be computed with the help of equations 8 and 9 in form of
Equation (10).

GE
mix = ∆Hm = RT[XRub

1 ln f Rub
1 + XRub

2 ln f Rub
2 ] (10)

From Table 2, we can observe that the values of GE
mix were negative over the entire

mole fraction range, confirming observations that the creation of the mixed micelles was
thermodynamically more stable than the ideal state.

For the mixed system, Equations (9) and (10) were also used to calculate the entropy
change as Equation (11):

∆Sm =
∆Hm − ∆Gm

T
= −R

[

XRub
1 lnXRub

1 + XRub
2 lnXRub

2

]

(11)

Moreover, both binary and mixed micellization were found to be constrained by posi-
tive entropy values, which confirmed that entropy contribution drives mixed micellization.
In the literature, the same results have previously been reported [55]. When we consider
SDS + TCH mixed systems, the contributions to entropy were more significant at initial
fractions. It was found to be an entropically favorable process when mixed micelles were
formed, as the entropy/free energy change in this process was greater than 0.

Equation (12) was utilized to compute standard Gibbs free energy per mole of micel-
lization using the mass-action model without considering counterion binding [58]:

∆Go
m = RTlnXCMC (12)

In the above equation, XCMC is the cmc value at mole fraction unit while R and T have
their basic scientific meaning. The values of ∆Go

m listed in Table 2 are negative for single
and mixed amphiphiles. The negative values show that the micellization spontaneously
occurred in the aqueous NaCl solution. The ∆Go

m values of the drug were less than the
single surfactants (SDS or SLS) and mixtures, confirming that mixed micelle formation of
a drug with surfactants is more spontaneous compared to a drug alone. It is interesting
to note here that the βRub values and ∆Go

m values were directly proportional with respect
to α1, confirming that the higher interactions between amphiphile monomers cause more
spontaneity in the process; the same results were reported by Bagheri et al. [54].

2.2. Interfacial Properties of TCH + SDS/SLS Mixed System

When amphiphiles are dissolved in water, the amphiphile monomers are adsorbed
at the surface and the surface tension of water decreases, mainly due to the hydropho-
bic effects. The thermal motion and dynamic equilibrium determine the adsorption or
desorption of monomers. Electrostatic interactions, hydrogen bonding, van der Waals
interactions, and solvation/desolvation are factors that are less responsible for adsorption.
Gibb’s adsorption equation can be used to quantify the amount of amphiphiles adsorbed
per unit area of the interface (surface excess, Γmax) [62]:

Γmax = − 1
2.303nRT

(

dγ

dlogC

)

(13)

In Equation (13), dγ
dlogC is the maximum slope, T is the absolute temperature in K,

and R = 8.314 J mol–1 K–1. Based on literature, the value of n was taken as 2 for pure
amphiphiles and was calculated for mixtures with the following expression [62,63]

n = Xs
1n1Xs

2n2 (14)

The Γmax values can be used to calculate the values of minimum area per molecule
(Amin) with Equation (15) [64]

Amin =
1020

NAΓmax
(15)
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where NA = 6.02214 × 1023 (Avogadro’s number). The minimum area per molecule of
an amphiphile suggests the packing (loose or close) and orientation of the amphiphile
molecule at the surface. The low Amin (high Γmax) values of the mixture at all mole fractions
confirmed strong electrostatic interactions between cationic drugs and anionic surfactants
(Table 3). This fact was also reflected in the negative interaction parameter values for the
mixture. If there is no interaction between two amphiphiles in a mixed adsorbed film at the
surface, the minimum area per molecule can be calculated with the following equation [62]:

Aideal = α1 Amin, 1 + α2 Amin, 2 (16)

Table 3. Interfacial and packing data of TCH + SDS/SLS mixed system in aqueous NaCl a.

α1
106

Γmax
(molm−2)

Amin

(Å2)
Aideal

(Å2)
C20

γcmc

(mNm–1)
πcmc

(mNm–1)

SDS + TCH

0.0 1.64 1.01 - 19.36 39.57 31.43

0.05 1.77 0.94 1.01 0.03 27.79 43.21

0.1 2.44 0.68 1.01 0.05 28.55 42.45

0.7 3.10 0.53 0.99 0.03 29.88 41.12

0.8 3.39 0.49 0.98 0.04 30.17 40.83

0.9 3.28 0.51 0.97 0.03 30.68 40.32

1.0 1.71 0.97 - 0.09 30.60 40.40

SLS + TCH

0.0 1.64 1.01 - 19.36 39.57 31.43

0.05 2.73 0.61 1.01 0.80 27.88 43.11

0.1 2.28 0.73 1.01 0.41 27.72 43.28

0.5 2.57 0.65 1.03 0.19 26.89 44.11

0.7 2.14 0.77 1.04 0.09 27.11 43.89

0.9 2.01 0.83 1.05 0.04 28.04 42.96

1.0 1.57 1.05 - 0.18 23.80 47.20
a Relative standard uncertainties (ur) are ur(Γmax) = 0.05, ur(Amin/Aideal) = 0.03, ur(C20) = 0.03, and ur(γcmc/πcmc) = 0.02.

The observed values (Amin) were lower than ideal values (Aideal), indicating significant
attractive interactions between the two components (Table 3). Water became 84–99%
saturated following the adsorption of amphiphiles, which reduced its surface tension by
approximately 20 dyn/cm. Adding an amphiphile to the water decreased the surface
tension of H2O by 20 mNm−1, indicating the efficiency of its adsorption. Hence, it has the
lowest concentration required to achieve saturation adsorption. By using Equation (17), we
could calculate the adsorption efficiency (pC20) as:

pC20 = −logC20 (17)

where C20 is a measure of the adsorption efficiency of surfactants at the interface. The
values of C20 are also listed in Table 3. It was concluded that the C20 values of SDS decreased
with the addition of TCH. Decreasing C20 values of SDS with TCH were also shown by
an earlier study [51]. In the case of SLS, the values of C20 only decreased at higher mole
fractions. The C20 value of SDS in the presence NaCl has been found to be lower than in
its absence [51], confirming that the surface activity of SDS is enhanced in the presence
of NaCl.
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Rosen and Hua modified Equations (5) and (6) for amphiphile adsorption to calculate
the XS

1 and βs with the following equations [64]

(

Xs
1
)2 ln

(

α1Cmix/Xs
1C1

)

(

1 − XS
1
)2 ln

[

(1 − α1)Cmix/
(

1 − XS
1
)

C2
]

= 1 (18)

βs =
ln
(

α1Cmix/XS
1 C1

)

(

1 − XS
1
)2 (19)

The interpretation of interaction parameter at the surface (βs) is the same as in the case
of bulk (βRub), with negative and positive βs values that suggest synergism and antagonism,
respectively. Here, the values of Xs

1 were increased with the stoichiometric mole fraction
(Table 4) and were always greater than XRub

1 , showing amphiphiles contributed more to
mixed monolayer formation than in the mixed micelle. Additionally, the contribution
of SDS was greater than SLS in the mixed monolayer formation with the TCH. The βs

values were negative for both mixed systems, suggesting attractive interaction. The activity
coefficients at the surface could be calculated by the following equations

ln f S
1 = βs(XS

2 )
2

(20)

ln f S
2 = βs(XS

1 )
2

(21)

Table 4. Thermodynamic and interfacial properties of TCH + SDS/SLS mixtures in aqueous NaCl a.

α1 Xs
1 −βs fs

1 fs
2

−Gs
ex

(kJmol−1)
–∆Gads

(kJmol−1)
Gmin

(kJmol−1)

SDS + TCH
0.0 - - - - - 35.34 24.07

0.05 0.56 17.66 0.033 0.004 10.77 53.89 15.69
0.1 0.59 14.60 0.091 0.006 8.71 47.35 11.71
0.7 0.71 12.28 0.370 0.002 6.19 45.33 9.62
0.8 0.74 11.40 0.486 0.002 5.32 43.82 8.88
0.9 0.75 12.83 0.454 0.001 5.92 44.61 9.34
1.0 - - - - - 50.74 17.97

SLS + TCH
0.0 - - - - - 34.83 24.07

0.05 0.54 19.05 0.018 0.004 11.71 39.16 10.22
0.1 0.57 16.09 0.051 0.005 9.77 43.27 12.14
0.5 0.64 14.52 0.157 0.002 8.25 43.71 10.47
0.7 0.67 13.48 0.251 0.001 7.26 48.17 12.67
0.9 0.70 15.10 0.261 0.001 7.83 51.15 13.94
1.0 - - - - 53.58 15.12

a Relative standard uncertainties (ur) are ur(XS
1 ) = 0.02, ur(βs) = 0.03, ur( f s

1 / f s
2 ) = 0.04, ur(Gs

ex) = 0.03,
ur(∆Gads) = 0.03, and ur(Gmin) = 0.03.

The values of f S
1 and f S

2 are listed in Table 4 and were found to be less than unity, thus
indicating non-ideality at the surface.

Thermodynamic Parameters for Drug–Surfactant Mixtures at the Surface

The standard free energy of interfacial adsorption (∆Go
add) can be computed by using

the following relation [58]:

∆Go
add = ∆Go

m −
(

πCMC

Γmax

)

(22)

At the cmc, surface pressure is measured with the term πCMC. Here in Equation (22),
Go

m is the standard Gibbs free energy previously computed with Equation (12). It was
observed that the accomplished upsides of ∆Go

add were –ve, similar to those of ∆Go
m;
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nonetheless, the extent was much more noteworthy, showing that adsorption was fur-
ther unconstrained for this situation. f S

1 and f S
2 can be utilized to ascertain excess free

energy (Gs
exc) at surface:

Gs
exc = RT

[

XS
1 ln f S

1 +
(

1 − XS
1

)

ln f S
2

]

(23)

With negative values of Gs
exc, stability can be attained by the stable mixing at the

surface, which is possible with the monolayer of surfactants or drugs alone. Negative Gs
exc

values (Table 4) also indicate synergism at the surface. The degree of synergism for a mixed
system can also be quantified by an energy parameter [65],

Gs
min = AminγCMC NA (24)

The energy parameters that define the work required to create an interface per mole
of the solution by transferring monomers from bulk to interface can be determined by the
above-described energy parameters (Gs

min). According to Table 4, a lower value of Gs
min

indicates a more stable surface, and this in turn results in increased surface activity.

3. UV–Visible Spectroscopic Study

The interaction of TCH with SDS and SLS was monitored with UV–visible absorption
spectroscopy. The absorption spectrum of TCH (0.05 mM) in a 100 mM NaCl solution
showed two absorption peaks at 226 and 310 nm due to the attendance of the aminobenzoate
group. π–π* and n–π* transitions were involved in the first and second ones, respectively.
When increasing concentrations of SDS and SLS were added to the TCH solution, the
absorbance increased but the maximum absorbance at 310 nm was not changed (Figure 5).
This spectral behavior indicates the electrostatic interactions between the positive charge of
TCH molecules and the negative charge of surfactant monomers.
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Figure 5. Absorption spectra of tetracaine hydrochloride in the presence of increased concentrations
of (a) TCH + SDS and (b) TCH + SLS.

The binding constant and stoichiometric ratio were estimated with the differential
absorbance method represented by the Benesi–Hildebrand equation [66]:

1
A − A0

=
1

K(Amax − A0)[S]
n +

1
Amax − A0

(25)

where the concentration of SDS/SLS is represented by [S], while A, A0, and Amax represent
values of absorbance due to the presence of surfactants, the absence of surfactants, and
resulting absorbance due to the drug–surfactant complex, respectively. When plotting
1/(A − A0) against 1/[SDS/SLS]2, a straight line is obtained (Figure 6), specifying the
creation of the 1:2 complex. For an SDS + TCH mixed system without the addition of
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salt, Thapa et. al. reported a 1:1 complex [51]. However, for our system, a curvilinear fit
was obtained, so the SDS + TCH complex was mainly 1:2. Using the Benesi–Hildebrand
equation, the binding constant could be calculated (intercept/slope). We found values of K
of 1.86 × 105 (± 0.04) and 9.09 × 104 (± 0.04) mol–1 dm3 for the SDS + TCH and SLS + TCH
mixed systems, respectively. The SLS + TCH mixed system had lesser binding constant
values than the SDS + TCH system. In comparison, SDS has one functional group and SLS
has two functional groups. The localized positive charge on the nitrogen atom on the TCH
interacts with the negative charge on the sulphonic group, thus enhancing the electrostatic
attraction between the guest and host. SLS, however, has methylated amide nitrogen, so
the amide bond cannot be a hydrogen bond donor, which inhibits intermolecular attraction
between SLS and TCH at the palisade layer. Furthermore, the steric hindrance of the
N-methyl group of SLS may make it difficult to tightly align the amphiphiles. All these
behaviors of SLS are responsible for its lesser binding constant compared to SDS.
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Figure 6. Benesi–Hildebrand plots for the interaction of TCH (a) SDS and (b) SLS.

By using binding constant (K) values, free energy change of binding could be attained
with Equation (26):

∆GK = −RTlnK (26)

The binding free energies were –30.08 (± 0.2) Jmol–1 for SDS + TCH and – 28.30(± 0.2)
kJmol–1 for SLS + TCH. In both mixed systems, the G values were negative, indicating that
the binding process was spontaneous.

4. Conclusions

The synergistic interaction of TCH (+ve charged head group) with SDS and SLS (–ve
charged head group) surfactants in the presence of salt (100 mM NaCl) was analyzed with
both tensiometry and UV–visible spectroscopic techniques. The following conclusions can
be derived:

1. The negative deviation of experimentally determined cmc values with hypothetical
values confirms the nonideality of current mixtures.

2. The interaction parameter at the interface and in solution was determined to be –
ve, thus validating synergism between monomers of two species at the surface and
in bulk.

3. The higher values of the ideal mole fraction of component 1 (Xideal
1 ) for both bi-

nary mixtures at all mole fractions indicate the strong ability of the drug to form of
mixed micelles.
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4. Energetics parameters confirm the spontaneity, stability, and entropic favorability of
drug–surfactant mixtures.

5. The TCH with SLS had smaller binding constant values than SDS, possibly because
SLS has a methylated amide nitrogen so the amide bond cannot be a hydrogen bond
donor, which inhibits the intermolecular attraction between SLS and TCH at the
palisade layer. Furthermore, the steric hindrance of the N-methyl group of SLS may
make it difficult to tightly align the amphiphiles. All these behaviors of SLS are
responsible for its smaller binding constant in comparison to SDS.

5. Experimental
5.1. Materials

Tetracaine hydrochloride (TCH, 99%), an anesthetic amphiphilic drug, and sodium
lauroyl sarcosine (SLS, >95%) were supplied by Molecules On (Switzerland) and used as
received. Sodium chloride (NaCl, 99%) and sodium dodecyl sulfate (SDS, 98.5%) were
acquired from Sigma-Aldrich (St. Louis, MO, USA). At 298.15 K, all experiments were
performed using ultra-pure, double-distilled de-ionized water with a conductivity between
1 and 2 µScm–1. To prepare standard solutions for experiments, amphiphiles (both pure and
mixed) were dissolved and accurately weighed in a 100 mM NaCl solution. The stock solu-
tions for both techniques (surface tension and UV–vis spectrophotometer measurements)
were prepared in aqueous 100 mM NaCl solutions.

5.2. Methods

5.2.1. Surface Tension Measurements

The surface tension experiments were conducted with a digital tensiometer (Sigma 700,
Attention, Darmstadt, Germany) by using a platinum ring. The instrument was occasionally
calibrated with ultra-pure distilled water. In tensiometric titration, an amphiphile stock
solution was titrated into a static volume of H2O. Throughout all experiments, water was
circulated from a thermostatically controlled water bath through the outer jacket to keep
the temperature at 298.15 K.

5.2.2. UV–Vis Spectrophotometer Measurements

We measured the spectra of the aqueous solutions of the drug and the drug–surfactant
binary mixtures to determine the level of the binding of the drug with surfactants. As a
first step, TCH in water was prepared as a stock solution in a volumetric flask. The desired
concentration of surfactant solution was prepared from the aqueous TCH solution. Finally,
a suitable volume of surfactant solution was added to the H2O solution of TCH in a quartz
cell. We measured the absorption spectra of TCH solutions with surfactants and plotted
them against the wavelengths. For the measurement of the absorption spectrum of TCH
solutions over the range of 200–400 nm, an Evolution 300 spectrophotometer from Thermo
Scientific, Tokyo, Japan was used to record UV–visible spectra (Figure 2).
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Abstract: Borassus flabellifer L. is a plant in Arecaceae family, widely distributed and cultivated in
tropical Asian countries. The purpose of this study was to identify the bioactive compounds of
B. flabellifer L. male flower ethanolic extract and investigate the antioxidant, anti-inflammatory, and
antibacterial activities against Cutibacterium acnes. Total phenolic compounds and total flavonoids
in B. flabellifer L. male flower ethanolic extract were determined by the Folin–Ciocalteu method
and aluminum chloride colorimetric assay, respectively. Active substances in the extract and their
quantities were analyzed by liquid chromatography and mass spectrometry (LC–MS/MS). The
antioxidant evaluation was carried out using DPPH, ABTS free radical scavenging assays, and
FRAP assay. C. acnes inhibitory activity was performed by the broth microdilution method. Anti-
inflammatory activity was determined by the protein denaturation assay. In addition, gel containing
different amounts of B. flabellifer L. male flower extract was formulated. The physical stability of the gel
was observed by measuring viscosity and pH after six heating and cooling cycles, as well as 1-month
storage at 4, 30, and 45 ◦C. The total phenolic content in the extract was 268.30 ± 12.84 mg gallic acid
equivalent/g crude dry extract. The total flavonoid contents in the extract were 1886.38 ± 55.86 mg
quercetin equivalent/g extract and 2884.88 ± 128.98 mg EGCG equivalent/g extract, respectively.
The LC–MS/MS analysis revealed the presence of gallic acid, coumarin, and quercetin and the
concentrations of quercetin, coumarin, and gallic acid in B. flabellifer male flower ethanolic extract
were 0.912, 0.021, and 1.610 µg/mL, respectively. DPPH and ABTS antioxidant assays indicated
that the B. flabellifer L. male flower extract had IC50 values of 31.54 ± 0.43 and 164.5 ± 14.3 µg/mL,
respectively. FRAP assay revealed that the B. flabellifer male flower extract had high ferric ion reducing
power. The extract was able to inhibit C. acnes bacteria with a minimum inhibitory concentration
(MIC) of 250 mg/mL. At 250 and 500 µg/mL, the extract demonstrated the highest anti-inflammatory
activity. The gel containing 31.25% w/w and 62.5% w/w showed good physical stability after six
heating and cooling cycles, as well as 1-month storage.

Keywords: Borassus flabellifer L.; antioxidant activity; antibacterial activity; Cutibacterium acnes; gel

1. Introduction

Acne vulgaris is a common skin disorder in which the skin’s pores are blocked by
sebum, bacteria, and dead cells. Acne is associated with inflammation of the pilosebaceous
unit. Previous studies reported that oxidative stress components, such as reactive oxy-
gen species and lipid peroxide are involved in the pathogenesis and progression of the
disease [1]. In addition, acne vulgaris is triggered by Cutibacterium acnes (C. acnes) under
the influence of normal circulating dehydroepiandrosterone. C. acnes is a Gram-positive
bacteria that lives in the sebaceous follicle. It is one of the main causes of acne vulgaris by
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inducing inflammation and follicular epidermal proliferation [2]. Inhibition of C. acnes by
topical antibacterial medications reduces its entry into the skin and prevents acne from
spreading to other areas.

The natural antioxidant systems in the skin, including superoxide dismutase and
catalase enzymes, maintain the balance of cellular redox reactions. Elevated reactive
oxygen species (ROS) levels and decreased antioxidant levels can lead to oxidative stress
and cause cellular membrane. Al-Shobaili showed a significant elevation of plasma lipid
peroxide levels in acne patients compared with healthy volunteers [3]. In addition, the
activities of superoxide dismutase and catalase enzymes and the level of total antioxidant
capacity significantly diminished in acne patients [3].

Various acne vulgaris treatments target different steps in the pathogenesis of acne,
including reducing C. acnes proliferation, suppressing androgens, and decreasing sebum
production to prevent follicular occlusion [4]. The treatment of acne using topical antibacte-
rial agents, such as clindamycin and erythromycin, is effective and faster than hormonal
adjustments and laser treatments. However, the long-term use of topical antibiotics to treat
acne vulgaris can cause undesirable side effects and induce C. acnes resistance. C. acnes
resistance to antibiotics, such as erythromycin and clindamycin has been detected with
high prevalence in Mediterranean countries mainly due to antibiotic abuse [5–8]. Side
effects of topical antibiotic use are dryness of the treated area, skin irritation, and contact
dermatitis, including red, dry, and itchy skin. Many plants have shown antibacterial and
anti-inflammatory activities. Natural active compounds are attractive for use as a combina-
tion or replacement of antibacterial drugs to treat acne vulgaris since they possess fewer
side effects and have multiple mechanisms of action [9].

Borassus flabellifer L. (B. flabellifer) (Arecaceae) is a plant widely grown in Southeast
Asia [10]. Folk medicine uses various parts of B. flabellifer as a diuretic, antimicrobial,
tonic, laxative, and wound healing agent [11]. A study on the pharmacological activity of
the male flower found that the ethanol extracts at concentrations of 150 and 300 mg/kg
had anti-inflammatory [12], analgesic, and antipyretic effects in rats [13]. The root and
male flower parts extracted with methanol were found to have antioxidant activity [14].
However, the bioactive compounds, antioxidant, and anti-C. acnes activities of male flower
ethanolic extract have never been reported. The objective of this study was to quantify
phenolic compounds and flavonoids, as well as the active substances in the ethanol extract
from the male flower of B. flabellifer. The antioxidant, anti-C. acne, and anti-inflammatory
potential were evaluated. Gel containing different concentrations of B. flabellifer extract was
developed and investigated for its physical stability.

2. Results and Discussion
2.1. Yield of B. flabellifer Male Flower Ethanolic Extract and Total Phenolic Content in B. flabellifer
Male Flower Ethanolic Extract

The yield of ethanolic extract obtained from dried B. flabellifer male flower was mea-
sured. The yield was reported as 5.06 ± 1.35% w/w. The total phenolic content in B. flabellifer
male flower ethanolic extract using the Folin–Ciocalteu reagent was expressed in terms of
gallic acid equivalent. The standard curve equation was y = 0.0147x + 0.1009, r2 = 0.9990
(Figure 1A). The results showed that total phenolic content increased with the concentration
of B. flabellifer male flower extract with a correlation coefficient of 0.9979 (Figure 1B). The
average total phenolic content in the extract was 268.30 ± 12.84 mg gallic acid equivalent/g
crude dry extract, calculated from 31.25–250 µg/mL crude extract. The total phenolic con-
tent in plant extracts of B. flabellifer male flower ethanolic extract depends on the polarity of
solvent used for extraction [15]. Tusskorn et al. reported that B. flabellifer flowers extracted
with methanol and ethyl acetate had phenolic contents of 159.3 ± 0.3 and 90.0 ± 0.0 mg
GAE/g extract, respectively [16]. The results suggested that the total phenolic content
in B. flabellifer male flower’s ethanolic extract was significantly greater than the extracts
from methanol and ethyl acetate. The total phenolic content of B. flabellifer root extract
from ethanol was significantly higher than the petroleum ether extract [17]. These results
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agreed with our results and previous reports, showing that the total phenolic compound in
terms of the gallic acid equivalent amount was significantly higher when B. flabellifer was
extracted with ethanol.

male flower’s ethanolic extract w

–

Figure 1. (A) Calibration curve of gallic acid. (B) Total phenolic content of B. flabellifer male flower
ethanolic extract.

2.2. Total Flavonoid Content in B. flabellifer Male Flower Ethanolic Extract

The total flavonoid content in B. flabellifer male flower ethanolic extract determined
by the aluminum chloride colorimetric method was expressed in quercetin and epigal-
locatechin (EGCG) equivalent amounts. The quercetin standard curve equation was
y = 0.0012x + 0.0276, r2 = 0.9991 (Figure 2A). The EGCG standard curve equation was
y = 0.0008x + 0.0217, r2 = 0.999 (Figure 3A). The concentration of total flavonoids in the
extract increased with the concentration of the extract (Figures 2B and 3B). The average total
flavonoid contents in the extract were 1886.38 ± 55.86 mg quercetin equivalent/g extract
and 2884.88 ± 128.98 mg EGCG equivalent/g extract, calculated from 62.5–500 µg/mL of
crude extract. These results indicated that the ethanolic extract of male flowers contained a
high amount of flavonoids. The total flavonoid contents found in each part of B. flabellifer
were different. The lower polar solvent could extract higher total flavonoid content from
B. flabellifer. The root and fruit extracts from ethanol yielded higher total flavonoid con-
centrations at 3.57 ± 1.26 and 7.02 ± 0.61 mg quercetin equivalent/g of crude extract,
respectively. In contrast, the root extract from petroleum ether contained 17.41 ± 1.89 mg
quercetin equivalent/g of crude extract. In addition, part of B. flabellifer contained differ-
ent amounts of total flavonoids. The total flavonoid content in quercetin equivalent in
B. flabellifer flower was significantly higher than the root [18].

2.3. Analysis of B. flabellifer Male Flower Ethanolic Extract Phytochemical Component by LC–MS/MS

A total of four bioactive compounds in B. flabellifer male flower ethanolic extract were
identified and characterized by a correlation of the molecular (precursor) ions and the
fragmentation patterns (product ions) acquired by LC–MS/MS analysis (Figure 4). The
LC–MS/MS data were compared with the molecular ions and fragmentation patterns of
the reference standards. The results showed that the bioactive compounds identified in
B. flabellifer male flower ethanolic extract were quercetin, coumarin, and gallic acid, as
shown in Figure 5.
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Figure 2. (A) Calibration curve of quercetin. (B) Total flavonoid content of B. flabellifer male flower
ethanolic extract.

→ → 
→ 

→ 

Figure 3. (A) Calibration curve of epigallocatechin gallate. (B) Total flavonoid content of B. flabellifer

male flower ethanolic extract.

The main peaks of quercetin, coumarin, and EGCG reference standards were revealed
at retention times of 4.173, 4.636, and 3.686 min corresponding to ion transitions of the
precursor to the protonated ions [M-H]+ at m/z 303.15 → 153.15, 147.05 → 91.15, and
459.10 → 139.10, respectively. The main peak of gallic acid reference standard was shown
at a retention time of 1.700 min. The ion transition of the precursor to the product ion was
deprotonated ions [M-H] at m/z 169.05 → 125.05. The results of the LC–MS/MS analysis
of B. flabellifer male flower ethanolic extract are presented in Figure 6 and Table 1. The
LC–MS/MS analysis confirmed the presence of quercetin, coumarin, and gallic acid in
B. flabellifer male flower ethanolic extract. In addition, the concentrations of quercetin,
coumarin, and gallic acid in B. flabellifer male flower ethanolic extract were 0.912, 0.021, and
1.610 µg/mL, respectively.
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Figure 4. LC–MS/MS analysis presenting the precursor ion and product ion spectra of (A) coumarin,
(B) gallic acid, (C) EGCG, and (D) quercetin.
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Figure 5. Chromatograms of standard compounds determined by LC–MS/MS.

–

–

 

MS Chromatogram

min

Intensity

200,000

(x100,000)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

303.05>153.15(+)@3/147.05>91.15(+)@1/459.10>139.10(+)@2/169.05>125.05(-)@4

 Q
u

er
ce

ti
n

 

 C
o

u
m

ar
in

 

 E
G

C
G

 

 G
al

li
c 

ac
id

 
  

  

  

  

  

    

Figure 6. Overlay of LC–MS/MS extracted ion chromatograms (EIC) for B. flabellifer male flower
ethanolic extract.
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Table 1. Identification and quantification of compounds of ethanol extract of B. flabellifer male flower
by LC–MS/MS.

Compound Precursor Ions
(m/z)

Product Ions
Retention

Time (min) Equation R2 Linearity
(µg/mL)

Quantification of
B. flabillifer Male

Flower
(µg/mL)

Target
Ion

Reference
Ion

Gallic acid 169.05 125.05 79.05 1.69 Y = (762,191)x + (50,587.9) R2 = 0.9989 0.250–5.000 1.610

EGCG 459.10 139.10 289.05 3.68 Y = (605,393)x + (−1614.28) R2 = 0.9980 0.005–0.200 Not detected

Quercetin 303.05 153.15 229.10 4.16 Y = (508,792)x + (24,227.3) R2 = 0.9992 0.250–5.000 0.912

Coumarin 147.05 91.15 103.10 4.62 Y = (593,159)x + (−37.6301) R2 = 0.9999 0.005–0.200 0.021

2.4. The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Free Radical Scavenging Activity of B. flabellifer
Male Flower Ethanolic Extract

The B. flabellifer male flower extract showed DPPH free radical scavenging activity
with the IC50 value of 31.54 ± 0.43 µg/mL. The IC50 values of gallic acid, quercetin, EGCG,
and ascorbyl glucoside were <3.9, 13.77 ± 2.80, 6.25 ± 0.19, and 38.68 ± 2.00 µg/mL,
respectively. These results indicated that the potency of antioxidants to scavenge the
DPPH radical was in the following order: Gallic acid > EGCG > quercetin > B. flabellifer
male flower extract > ascorbyl glucoside (Figure 7A). The DPPH scavenging activities
of B. flabellifer male flower extracted by different types of solvents have been reported.
Tusskorn et al. showed that the male flower of B. flabellifer extracted by ethyl acetate
and chloroform had the IC50 values of 287.03 ± 6.90 and >1000 µg/mL, respectively [16].
Kavatagimath et al. reported that the B. flabellifer male flower extracted by 95% ethanol
and butylated hydroxytoluene had the IC50 values of 460 and 419 µg/mL, respectively [18].
The IC50 values of B. flabellifer male flower ethanolic extract reported in our study showed
a significantly lower value indicating that the male flower ethanolic extract had a superior
antioxidant activity compared with the other solvents.

–

–

–

(−1614.28)
–

–

(−37.6301)
–

A 

Figure 7. Cont.

85



Gels 2022, 8, 126

 

 

D 

B 

C 

Figure 7. The antioxidant activity of gallic acid, quercetin, epigallocatechin, ascorbyl glucoside, and
B. flabellifer flower ethanolic extract determined by (A) DPPH free radical scavenging assay, (B) ABTS
free radical scavenging assay, (C) standard curve of ferric reducing antioxidant power assay using
ferrous sulfate, (D) FRAP assay.
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The superior antioxidant activity of B. flabellifer male flower extract obtained from
our study might be due to the lower degradation extent of phytochemical compounds,
i.e., polyphenolic compounds (phenolic compounds and flavonoids) in the extract during
the extraction process. The polyphenolic compounds can degrade upon drying, extraction,
and long-term storage [19]. According to the Kavatagimath et al. report, the extrac-
tion temperature might affect the stability of phenolic compounds, which are the active
pharmaceutical ingredient for antioxidant activity [18]. The high temperature during
continuous hot extraction using Soxhlet apparatus may result in degradation of the phe-
nolic compounds and reduced antioxidant activity observed by the DPPH method [20].
Kotsiou et al. discussed that the main reason for phenolic compound degradation under
high temperature was oxidation and hydrolysis reactions [21]. In addition, the age of
B. flabellifer flower and the storage time of flower extract had been shown to influence the
amount and stability of phenolic compounds in the extract, respectively [20,22]. Therefore,
using mature (6 month-old) B. flabellifer flower, cold maceration, and freshly prepared
extract as an active ingredient in the formulation was recommended to achieve the best
antioxidant activity.

2.5. The 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) Free Radical Scavenging
Activity of B. flabellifer Male Flower Ethanolic Extract

The B. flabellifer male flower ethanolic extract showed the scavenging activity of the
ABTS+ radical. The IC50 value of B. flabellifer male flower extract for ABTS free radical scav-
enging activity was 164.5 ± 14.3 µg/mL. The IC50 values of gallic acid, quercetin, EGCG,
and ascorbyl glucoside were 16.11 ± 0.33, 61.92 ± 3.01, 27.21 ± 6.00, and 131.20 ± 3.91 µg/mL,
respectively. The results indicated that the potency of antioxidants to scavenge ABTS rad-
ical was in the following order: Gallic acid > EGCG > quercetin > ascorbyl glucoside
> B. flabellifer male flower extract (Figure 7B). The IC50 values of B. flabellifer male flower
methanolic and ethyl acetate extract, determined by the ABTS free radical scavenging assay,
were 10.82 ± 0.78 and 462.92 ± 25.70 µg/mL, respectively [16]. These results suggested
that the B. flabellifer male flower extracted in this study yielded higher antioxidant activity
compared with the previous report.

Do et al. reported the effect of plant extraction solvent on total phenolic content, total
flavonoids content, and antioxidant activity [23]. They concluded that the best extracting
solvent to yield the highest total phenolic compound and total flavonoids content in the
extract was ethanol. The different solvents used in extraction resulted in the differences
in compositions and antioxidant activities of the extracts. Ethanol (95%) is suitable for
extracting bioactive compounds with a broader range of polarity, when compared with
methanol (more polarity) and ethyl acetate (less polarity). Since the Pearson correlation
showed that both phenolic and flavonoid contents were directly proportional to their
antioxidant activity, the decrease in polyphenolic compounds resulted in the decrease in
antioxidant activity. Therefore, these results imply that 95% of ethanol may be the most
appropriate solvent to extract polyphenolic compounds from B. flabellifer male flower.

2.6. Ferric Reducing Antioxidant Potential (FRAP) of B. flabellifer Male Flower Ethanolic Extract

The FRAP assay was performed to determine the reducing capacity of B. flabellifer
male flower extract in a redox reaction. The results revealed good linearity of ferrous sulfate
obtained within the range of 9.8–2500 µM (r2 = 0.9999) (Figure 7C). The results of FRAP
assay were expressed as Fe2+ equivalent. Gallic acid, quercetin, EGCG, ascorbyl glucoside,
and B. flabellifer male flower extract at 1 mg/mL exhibited 4877.13 ± 34.43, 4566.46 ± 59.81,
4442.79 ± 42.72, 2458.42 ± 41.93, and 4778.25 ± 56.20 µM Fe2+ equivalent, respectively
(Figure 7D). The results indicated that the potency of antioxidants to reduce ferric ion was
in the following order: Gallic acid > B. flabellifer male flower extract > quercetin > EGCG
> ascorbyl glucoside. These results indicated that compared with the other mechanisms, the
antioxidant activity of B. flabellifer male flower extract was mainly based on the reducing
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power of the compounds in the extract, which reduced ferric ion (Fe3+) to the ferrous
ion (Fe2+).

2.7. Pearson Correlation of Total Phenolic and Flavonoid Contents with Antioxidant Activities of
B. flabellifer Male Flower Ethanolic Extract

Pearson correlation coefficients for total phenolic and flavonoid contents with B. flabellifer
male flower ethanolic extract antioxidant activities were shown in Table 2. Total phenolic
and flavonoid contents positively and significantly correlated with the antioxidant activities
measured by ABTS and FRAP assays. In addition, the results showed a correlation between
the total phenolic content and antioxidant activity determined by the DPPH scavenging
assay. There was no correlation between the total flavonoid content and DPPH free radical
scavenging activity for B. flabellifer male flower ethanolic extract. These results indicated
that the total phenolic and flavonoid contents contributed to the antioxidant activities of
B. flabellifer male flower ethanolic extract.

Table 2. Pearson correlation coefficients of total phenolic and flavonoid contents and antioxidant
activities of B. flabellifer male flower ethanolic extract measured by DPPH, ABTS, and FRAP assays.

Total Phenolic Content
(Gallic Acid Equivalent)

Total Flavonoid Content
(Quercetin Equivalent)

Total Flavonoid Content
(EGCG Equivalent)

DPPH assay 0.8256 * 0.7001 0.6962

ABTS assay 0.9964 *** 0.9932 *** 0.9932 ***

FRAP assay 0.9972 **** 0.9970 **** 0.9965 ****

* Indicated p < 0.05, *** indicated p < 0.001, and **** indicated p < 0.0001.

The polyphenols and flavonoids present in the extract from the male flower of
B. flabellifer exert several antioxidant properties through several mechanisms, including
free radical scavenging, reduction potential, and metal chelation. The antioxidant activity
of polyphenols was associated with the capability to inactivate reactive radical species due
to the neutralization of free radicals. Neutralization occurs when polyphenols transfer
their electrons and/or hydrogen atoms to radicals. The reduction potential of polyphe-
nols resulted from the reduction of Fe3+ to Fe2+. The reduction potential of polyphenols
depends on the presence of double bonds in the rings and the number of OH groups. In
addition, chelation of Fe3+ may be another possible antioxidant mechanism of polyphenolic
compounds containing two or more groups of OH groups [24].

The antioxidant capacity of a plant crude extract could be a combined effect of phe-
nolic, flavonoids, and other reducing compounds, including gallic acid, coumarin, and
quercetin. In the present study, the antioxidant activity was measured by DPPH, ABTS
radical scavenging assay, and FRAP assay. The extract from the male flower of B. flabellifer
showed a significantly higher radical scavenging activity and ferric chloride reducing
power compared with the previous reports. In addition, the radical scavenging activity of
the extract was in accordance with the phenolic and flavonoid contents in the extract. The
higher value of total phenolic and flavonoid contents might be responsible for the potent
antioxidant activity of this extract. This might be due to the drying process and extraction
method of the plant that preserve the bioactive compounds.

The selective HPLC–DPPH post-column methodology might be another interest-
ing option to investigate the antioxidant activity of the bioactive compounds containing
B. flabellifer L. male flower extract [25].

2.8. Anti-Cutibacterium Acnes Activity of B. flabellifer Male Flower Ethanolic Extract

The minimum inhibitory concentration (MIC) of B. flabellifer male flower ethano-
lic extract against C. acnes was 250 mg/mL. In comparison, the standard antibacterial
drug, i.e., clindamycin, had the minimum inhibitory concentration (MIC) of C. acnes as
0.781 µg/mL. The results suggested the use of B. flabellifer male flower ethanolic extract to
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treat acne vulgaris caused by C. acnes infection. Wongmanit et al. reported the antibacterial
activity of B. flabellifer male flower ethanolic extract against Enterococcus faecalis and Staphylo-
coccus aureus, but did not report the activity against Escherichia coli [22]. Alamelumangai et al.
reported that the methanolic and ethanolic seed coat of B. flabellifer extract at 50 mg/mL
could inhibit the growth of Aspergillus brasiliensis and Bacillus subtilis [26]. Reshma et al.
isolated 2,3,4-trihydroxy-5-methylacetophenone from palm juice extract, which showed
a broad-spectrum antibacterial activity against Escherichia coli, Mycobacterium smegmatis,
Staphylococcus aureus, and Staphylococcus simulans [27].

Some phenolic compounds in B. flabellifer L. male flower extract, including gallic acid,
quercetin, and coumarin have shown antibacterial activity against C. acnes [28]. Gallic
acid is a hydroxybenzoic acid that inhibited bacterial growth by inducing irreversible
changes in membrane properties of both Gram-positive and Gram-negative bacteria [29].
Gallic acid has shown a strong anti-C. acnes activity by the inhibition of lipase enzyme [30].
Coumarin and quercetin showed a significant antibacterial effect against C. acnes [31]. The
mechanism of antibacterial activity of coumarin was inhibiting the bacterial fatty acid
synthesis pathway [32]. The antibacterial mechanism of quercetin included destroying
bacterial cell wall, changing cell permeability, affecting protein synthesis and expression,
reducing enzyme activities, and inhibiting nucleic acid synthesis [33].

2.9. Effect of B. flabellifer Male Flower Ethanolic Extract on Inhibition of Protein Denaturation

The anti-inflammatory activity of B. flabellifer male flower ethanolic extract was evalu-
ated against denaturation of egg albumin. The B. flabellifer male flower ethanolic extract at
250, 500, and 1000 µg/mL inhibited albumin denaturation of 47.55 ± 1.30, 47.79 ± 3.53, and
27.40 ± 5.08%, respectively. Diclofenac diethylammonium, a positive control, inhibited al-
bumin denaturation to a greater extent than the extract with the IC50 of 0.26 ± 0.02 mg/mL.
Denaturation of protein results in autoantigen generation, leading to inflammation. Inhibi-
tion of protein denaturation might inhibit an inflammatory activity. The results suggested
that the B. flabellifer male flower ethanolic extract at 500 µg/mL was the optimal concen-
tration for anti-inflammatory activity. The inhibition of B. flabellifer male flower ethanolic
extract and diclofenac diethylammonium at higher than 500 and 2000 µg/mL, respectively,
showed a decreasing inhibitory activity. These results agreed with the previous report
showing a decreasing inhibition rate of ibuprofen [34].

Protein denaturation may cause auto-antigens, leading to inflammatory responses.
The substances that can protect protein from denaturation may be used for developing an
anti-inflammatory agent. The inhibition of albumin denaturation assay has been widely
used for determining an in vitro anti-inflammatory assay [35–38]. B. flabellifer male flower
ethanolic extract at 250 and 500 µg/mL was shown to inhibit albumin protein denaturation.
The inhibition decreased with the increasing concentration of B. flabellifer male flower
ethanolic extract. The mechanism of protein denaturation inhibition of the flower extract
might be due to the interaction of polyphenolic compounds in the extract and albumin
protein, resulting in improved thermal stability of proteins. Binding of gallic acid with
protein increased protein intramolecular packing and induced higher thermal stability [39].
Coumarin and its derivatives exhibited an inhibition of heat-induced protein denaturation
at specific concentrations [40,41]. The anionic form of quercetin was reported to bind a
folded protein and increased the thermal stability of the planar conformation [42]. The
interaction of polyphenols and protein may result in secondary structural changes in
protein due to the reduction of surface hydrophobicity. Therefore, increasing the extract
concentration containing an higher amount of polyphenols might result in a negative effect
on the structural and thermal properties of protein [43].

2.10. Evaluation of Physical Characteristics and Stability of Gel Containing B. flabellifer Male
Flower Ethanolic Extract

The freshly prepared gel containing B. flabellifer male flower ethanolic extract was
characterized as a light brown gel with a smooth texture and the distinctive odor of
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B. flabellifer male flower ethanolic extract. The gel had a darker color when the concentration
of the flower extract increased (Table 3). The gel containing 25, 31.25, and 62.5% w/w of
B. flabellifer male flower ethanolic extract had pH values of 6.05 ± 0.01, 6.31 ± 0.02, and
6.59 ± 0.02, respectively.

Table 3. Appearance of B. flabellifer male flower ethanolic extract and gel containing 25, 31.25, and
62.5 %w/w B. flabellifer male flower extract.

Concentration of B. flabellifer
Male Flower Ethanolic Extract

25% w/w 31.25% w/w 62.5% w/w

Extract (dissolved in
50% ethanol)

− −

   

   

− −

   

   

− −

   

   

Gel containing extract

− −

   

   

− −

   

   

− −

   

   

A plot of viscosity versus shear rate for the gel base and containing B. flabellifer male
flower ethanolic extract is shown in Figure 8. The results clearly indicated that the apparent
viscosity of the gel base and gel containing B. flabellifer male flower ethanolic extract
decreased significantly with the increasing shear rate, i.e., from around 100,000 cP at a
shear rate of 0.9 s−1 to below 1000 cP at a shear rate of 200 s−1, indicating that the gel
exhibited a pseudoplastic character. The viscosity values of gel containing B. flabellifer male
flower ethanolic extract determined by a viscometer were 366.45 ± 20.01, 341.66 ± 28.91,
and 326.2 ± 22.64 kcps, respectively. The viscosity of gel containing B. flabellifer male
flower ethanolic extract, measured using a rheometer and a viscometer, decreased with the
increasing extract concentration. This result might be due to the mild acidity of B. flabellifer
male flower ethanolic extract (pH = 5.08 ± 0.3), which might reduce the neutralization
capacity of triethanoloamine to carbopol.

 

–

, 

, 

, 

, 

Figure 8. Rheology measurement. (A) Flow curves of gel base, gel containing 25, 31.25, and 62.5% w/w

extract expressed as shear rate and applied shear stress. (B) Flow curves of gel base, gel containing
25, 31.25, and 62.5% w/w extract expressed as viscosity and shear rate.
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The physical stability of all gel formulations containing B. flabellifer male flower ethano-
lic extract was confirmed by the maintained appearance, odor, color, and other physical
characteristics. Gel separation and non-homogeneity were not observed in all formula-
tions. After accelerated stability tests at all six cycles and 1-month storage at 4, 30, and
45 ◦C, the appearance, color, odor, and texture of the gel containing flower extract were
not changed. The viscosity of the gel containing 31.25 and 62.5% w/w extract was not
significantly changed, except the gel containing the lowest concentration of the extract
(25% w/w) (Figure 9A). The viscosity of the gel formulation containing 25% w/w extract
decreased significantly after the 6th heating–cooling cycle and after 1-month storage at
45 ◦C (Figure 9B). The pH values of all the formulations after they were freshly prepared
and after the heating–cooling cycles and 1-month stability tests were not significantly
different (Figure 10A,B).

 

A 

B 

, 

, 

, 

, 

Figure 9. (A) Effects of six heating–cooling cycles on the viscosity of gel containing 25, 31.25 and
62.5% w/w of B. flabellifer male flower ethanolic extract. (B) Effect of temperature on the viscosity of
gel containing 25, 31.25 and 62.5% w/w of B. flabellifer male flower ethanolic extract after storage at 4,
30, and 45 ◦C for 1 month. * Indicated p < 0.05 and ** indicated p < 0.01.
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Figure 10. (A) Effects of six heating–cooling cycles on the pH of gel containing 25, 31.25 and 62.5% w/w

of B. flabellifer male flower ethanolic extract. (B) Effect of temperature on the pH of gel containing 25,
31.25 and 62.5% w/w of B. flabellifer male flower ethanolic extract after storage at 4, 30 and 45 ◦C for
1 month.

3. Materials and Methods
3.1. Materials

Gallic acid, Griess reagent, DPPH (2,2-diphenyl-1-picrylhydrazyl), TPTZ (2,4,6-Tris(2-
pyridyl)-s-triazine, ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), and coumarin
were purchased from Sigma-Aldrich, St. Louis, USA. Absolute ethanol, dimethyl sulfoxide,
sodium bicarbonate, sodium nitrate, and sodium hydroxide were purchased from RCI Lab-
scan, Bangkok, Thailand. The Folin–Ciocalteu phenol reagent, aluminum chloride, sodium
acetate trihydrate, ferrous sulfate heptahydrate (99% purity), and potassium persulfate
were obtained from Loba Chemie, Mumbai, India. Quercetin (98% purity), epigallocat-
echin (EGCG) (98% purity), ascorbyl glucoside, phenoxyethanol, and triethanolamine
were purchased from Chanjao Longevity Co., Ltd., Bangkok, Thailand. Clindamycin and
diclofenac diethylammonium were purchased from RPC International Co., Ltd., Bangkok,
Thailand. Carbopol Ultrez-21 polymer, propylene glycol, and glycerin were purchased
from Namsiang, Bangkok, Thailand. Iron (III) chloride hexahydrate and 37% hydrochloric
acid were purchased from Qrec, New Zealand.
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3.2. Plant Material

The male flower of B. flabellifer was collected from Mueang District, Phetchaburi
Province, Thailand. The 6-month-old B. flabellifer male flowers were harvested from a
5–20 year-old B. flabellifer tree at the end of April 2021 at 10:00–12:00 pm. The pictures
of fresh and dried cut B. flabellifer male flowers were included in Figure 11. The sample
has been identified by a botanist of the Forest Herbarium, Royal Forest Department,
Bangkok, Thailand.

–
–

𝑌𝑖𝑒𝑙𝑑 (%) = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑐𝑟𝑢𝑑𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑔)𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑝𝑙𝑎𝑛𝑡 × 100%
–

–
–

–
–

–

Figure 11. (A) Fresh male flower of B. flabellifer. (B) B. flabellifer male flowers dried extract.

3.3. Preparation of Extraction of B. flabellifer Male Flower Ethanolic Extract

The male flowers of B. flabellifer were washed, cut into pieces, and dried at room
temperature for 20 days. B. flabellifer male flowers were dried in a room with good venti-
lation to protect from direct exposure to light and heat from sunlight. The flowers were
flipped several times during the day. The dried flowers were powdered and extracted by
maceration of 300 g of powdered plant with 1700 mL of 90% ethanol at room temperature
for 72 h. Then, the extract was filtered using filter paper and concentrated by evaporating
the solvent using a rotary vacuum evaporator. The dried crude extract was weighed, and
the yield was calculated by Equation (1).

Yield (%) =
Weight o f dried crude extract (g)

Weight o f dried plant
× 100% (1)

3.4. Quantitative Analysis of Phenolic Compounds in the Ethanolic Extract of Male Flower of
B. flabellifer by Folin–Ciocalteu Method

Total phenolic content was determined by the Folin–Ciocalteu reaction. Gallic acid
solution at concentrations ranging from 7.8–125 µg/mL and B. flabellifer male flower extract
solution at concentrations ranging from 7.8–250 µg/mL were added into 96-well plates
(50 µL/well). Then, 10% v/v of Folin–Ciocalteu phenol reagent (100 µL) was added and
mixed for 1 min. After 4 min of incubation, 7.5% w/v Na2CO3 solution (50 µL) was
subsequently added to the mixture and incubated at room temperature in the dark for 2 h.
Then, the absorbance was measured using a UV–visible spectrophotometer (Spectramax
M3, Thermo Scientific, Waltham, MA, USA) at a wavelength of 765 nm. Total phenolic
contents were calculated from the gallic acid standard curve. Data were expressed as µg
gallic acid equivalents per mL of crude extract and µg/mg gallic acid equivalents of dry
crude extract.

3.5. Quantitative Analysis of Total Flavonoid Content in B. flabellifer Male Flower Ethanolic
Extract by the Aluminum Chloride Colorimetric Method

The total flavonoid contents in B. flabellifer male flower extract were determined
by the aluminum chloride colorimetric method. Quercetin solution (3.9–1000 µg/mL),
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epigallocatechin solution (3.9–2000 µg/mL), and extract solution at concentrations of
3.9–500 µg/mL (100 µL/well) were added into 96-well plates. Then, 5% NaNO2 (30 µL)
was added to the well and incubated for 5 min. Aluminum chloride (2% w/v, 50 µL) was
added and incubated for 6 min followed by 10 min of incubation with 1 N NaOH (50 µL).
The absorbance was measured at a wavelength of 510 nm with a UV–Vis spectrophotometer
(Spectramax M3, Thermo Scientific, Waltham, MA, USA). Total flavonoid contents were
calculated from quercetin and EGCG standard curves, and data were expressed as µg
quercetin and EGCG equivalents per mL of crude extract and µg/mg quercetin and EGCG
equivalents of dry crude extract.

3.6. Phytochemical Screening and Quantitative Determination of Bioactive Compounds in
B. flabellifer Male Flower Ethanolic Extract by LC–MS/MS

The phytochemical screening of B. flabellifer male flower ethanolic extract was con-
ducted using an LC–MS/MS instrument (Shimadzu Corporation, Kyoto, Japan) with
ESI interface. The LC–MS/MS comprises a Column Oven: CTO-20A, Autosampler: SIL-
20ACXR, Pump: LC-20ADXR, Degasser unit: DGU-20A3R, and Valve unit: FCV-20AH2.
MS detection was performed using the LCMS 8040 model triple quadrupole mass spectrom-
eter equipped with an ESI source operating in both positive and negative ionization modes
and the data were processed by Lab solution software, version 5.82 SP1. The operation
parameters were as follows: Heat block temperature of 400 ◦C, DL temperature of 250 ◦C,
and autosampler temperature of 15 ◦C.

HPLC separation was performed on ACE Excel 5 Super C18 column (150 × 2.1 mm).
Mobile phase consisted of two solvents: Solvent (A) deionized water with 0.1% formic acid
and solvent (B) acetonitrile. Gradient elution was performed at a flow rate of 0.4 mL/min
at 40 ◦C. A 5 µL injection volume of the sample was injected on to the column, separated,
and eluted using the following gradients: 0.01 min (10% B); 2.00 min (50% B), and allowed
for a column stabilization of 2 min with initial conditions.

3.7. Determination of DPPH Free Radical Scavenging Activity of B. flabellifer Male Flower
Ethanolic Extract

The DPPH free radical scavenging capacity of the B. flabellifer male flower extract
was determined and compared with gallic acid, quercetin, EGCG, and ascorbyl gluco-
side [44,45]. Gallic acid, EGCG, ascorbyl glucoside, and B. flabellifer male flower extract
were diluted in deionized water, and quercetin was diluted in 95% ethanol at concentra-
tions of 3.9–2000 µg/mL. DPPH was dissolved in absolute ethanol at a concentration of
500 µM. Gallic acid, quercetin, EGCG, ascorbyl glucoside, and B. flabellifer male flower
extract (100 µL) were mixed with DPPH solution (100 µL). The mixture was incubated at
room temperature in the dark for 30 min. The absorbance was measured using a UV–Vis
spectrophotometer microplate reader at a maximum wavelength of 517 nm. The percentage
of radical scavenging activity was calculated by Equation (2). The 50% of scavenging (IC50)
was calculated from the non-linear regression analysis of the graph plotted between the
percentages of DPPH free radical scavenging and the sample concentrations.

DPPH Free radical scavenging (%) =
A − B

A
× 100% (2)

where A is the absorbance of the reaction with solvent control and B is the absorbance of
the reaction with the extract.

3.8. Determination of ABTS Free Radical Scavenging Activity of B. flabellifer Male Flower
Ethanolic Extract

Gallic acid, EGCG, ascorbyl glucoside, and B. flabellifer male flower extract were di-
luted in deionized water, and quercetin was diluted in 95% ethanol at concentrations of
3.9–2000 µg/mL. The ABTS scavenging assay was modified from a previous report [46].
ABTS was dissolved in absolute ethanol to a concentration of 7 mM. ABTS radical cation
(ABTS+) was produced by the reacting ABTS stock. The solution with 2.45 mM potas-
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sium persulfate was dissolved in and remained in the dark at room temperature for 24 h
prior to use. The ABTS+ solution was diluted with absolute ethanol to an absorbance of
0.700 (±0.02) at 734 nm. Gallic acid, quercetin, EGCG, ascorbyl glucoside, and B. flabellifer
male flower extract (20 µL) were mixed with the ABTS solution (180 µL). The mixture was
incubated at room temperature in the dark for 15 min. The absorbance was measured using
a UV–Vis spectrophotometer microplate reader at a wavelength of 734 nm. The percentage
of radical scavenging activity was calculated by Equation (3). The 50% of scavenging (IC50)
was calculated from the non-linear regression analysis of the graph plotted between the
percentages of ABTS+ free radical scavenging and the sample concentrations.

ABTS Free radical scavenging (%) =
A − B

A
× 100% (3)

where A is the absorbance of the reaction with solvent control (deionized water) and B is
the absorbance of the reaction with the extract.

3.9. Determination of Ferric Reducing Antioxidant Power of B. flabellifer Male Flower
Ethanolic Extract

Gallic acid, EGCG, ascorbyl glucoside, and B. flabellifer male flower extract were
diluted in deionized water, and quercetin was diluted in 95% ethanol at concentrations of
3.9–2000 µg/mL. The FRAP reagent was prepared from an acetate buffer (300 mM, pH 3.6),
a solution of 10 mM TPTZ in 40 mM HCl, and 20 mM FeCl3 at 10:1:1 (v/v). The FRAP reagent
(180 µL) and sample solutions (20 µL) were added to each well and mixed thoroughly. The
mixture was incubated at 37 ◦C for 30 min. Then, the absorbance was read at 595 nm. The
standard curve was constructed using a ferrous sulfate solution (9.8–5000 µM), and the
results were expressed as µmol Fe (II) equivalent.

3.10. Antibacterial Activity of B. flabellifer Male Flower Ethanolic Extract against C. acnes

The study of the minimum inhibitory concentration (MIC) of C. acnes bacteria was
performed by the broth microdilution method [47]. Samples were prepared by dissolving
the extract in 95% ethanol at a concentration range of 0.244–500 mg/mL. The culture
medium was added into 96-well plates, with 100 µL in each well. The prepared sample
(100 µL) was added to the well and mixed with the culture. Clindamycin was used as
a positive control at a concentration range of 0.024–50 µg/mL. C. acnes with turbidity
0.5 McFarland standard (100 µL) was added to the well. The culture was incubated at
37 ± 1 ◦C for 48 h in anaerobic conditions. The concentration of clindamycin and the
extract that inhibited C. acnes growth completely (the first clear well) were taken as the
MIC value.

3.11. Anti-Inflammatory Activity of B. flabellifer Male Flower Ethanolic Extract by the Albumin
Denaturation Method

B. flabellifer male flower ethanolic extract was diluted with deionized water to obtain
the concentrations of 0.25, 0.5, 1, 2, and 4 mg/mL. The extract solution (2 mL) was mixed
with 0.2 mL of egg albumin (from fresh hen’s egg) and 2.8 mL of phosphate-buffered
saline (PBS, pH 6.4). The reaction mixture was incubated at 37 ± 2 ◦C for 15 min and
then heated for 5 min at 70 ± 2 ◦C. After cooling, the absorbance was measured at 660 nm
using an UV–Vis spectrophotometer. Diclofenac sodium at the final concentration of
(0.25, 0.5, 1, 2, and 4 mg/mL) was used as a positive control and treated similarly to deter-
mine absorbance. The percentage inhibition of protein denaturation was calculated using
the following equation.

Inhibition (%) =
V1

V0 − V1
× 100% (4)

where V1 is the absorbance of a test sample and V0 is the absorbance of control.
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3.12. Formulation of Gel Containing B. flabellifer Male Flower Ethanolic Extract

The gel containing B. flabellifer male flower ethanolic extract was prepared by dispers-
ing Carbopol Ultrez-21® (0.7% w/w) in an aqueous medium containing propylene glycol
(1.5% w/w) and glycerin (2.5% w/w). Then, the flower extract (25, 31.25, and 62.5% w/w) and
phenoxyethanol (1% w/w) were added into the dispersion. Triethanolamine (0.8% w/w) was
added dropwise until the gel was formed. The concentration of B. flabellifer male flower
ethanolic extract used in this formulation was 1-, 1.25-, and 2.5-fold of MIC value against
C. acnes. The extract was diluted with deionized water and filtered through a 0.45 µm
syringe filter prior to use.

3.13. Characterization of Gel Containing B. flabellifer Male Flower Ethanolic Extract

The gel formulations containing B. flabellifer male flower ethanolic extract were in-
spected visually for appearance, color, odor, homogeneity, and consistency. The gel’s
viscosity and pH were determined using a viscometer (Yanhe, China) and pH meter (Eu-
tech Instruments, Singapore), respectively.

3.14. Rheological Measurement

The measurement of gel containing B. flabellifer male flower ethanolic extract rheology
was performed using a Thermo Scientific HAAKE RheoStress 1 rheometer equipped with a
plate and plate geometry (1.0 mm gap, 60 mm diameter). The temperature of the gel was
set at 25 ◦C. The range of shear rate was from 0.01 to 200 s−1 with the frequency of 1 Hz.

3.15. Accelerated Stability of Gel Containing B. flabellifer Male Flower Ethanolic Extract

The accelerated stability study of gel formulations containing the flower extract was
performed by heating–cooling cycles. The test was performed in 12 days with six cycles. In
each cycle, the freshly prepared gel containing extract was kept at 4 ◦C for 24 h and 45 ◦C
for another 24 h [48]. The pH and viscosity of the gel after each cycle were measured every
cycle. In addition, the stability of all gel formulations was determined by maintaining the
products at 4, 30, and 45 ◦C for 1 month. Then, the pH and viscosity of gels were measured.

3.16. Statistical Analysis

Data were presented as mean ± standard deviation (SD). The one-way analysis of
variance (ANOVA) and Tukey post hoc test were performed for statistical analysis. To
compare the significance of the difference between the means of two groups, a t-test was
performed. A p-value < 0.05 was considered statistically significant.

4. Conclusions

The B. flabellifer L. male mature flower extract contained high concentrations of total
phenolic and flavonoid contents. The bioactive compounds found in the extract were gallic
acid, coumarin, and quercetin. The phytoconstituent of B. flabellifer L. male flower extract
was shown to be correlated with the antioxidant activity of the extract. The B. flabellifer L.
male flower extract had antibacterial activity against C. acnes with the MIC value of
250 mg/mL. At 250 and 500 µg/mL, the extract demonstrated the anti-inflammatory
activity by preventing albumin denaturation. The anti-acne gel containing the B. flabellifer
male flower ethanolic extract was initially and successfully developed with acceptable
physicochemical properties and stability.
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Abstract: The challenges encountered with conventional microbicide gels has necessitated the quest
for alternative options. This study aimed to formulate and evaluate a bigel and thermosensitive gel,
designed to combat the challenges of leakage and short-residence time in the vagina. Ionic-gelation
technique was used to formulate maraviroc and tenofovir microspheres. The microspheres were
incorporated into a thermosensitive gel and bigel, then evaluated. Enzyme degradation assay was
used to assess the effect of the acid phosphatase enzyme on the release profile of maraviroc and
tenofovir microspheres. HIV efficacy and cytotoxicity of the microspheres were assessed using HIV-1-
BaL virus strain and HeLa cell lines, respectively. Maraviroc and tenofovir release kinetics followed
zero-order and Higuchi model kinetics. However, under the influence of the enzyme, maraviroc
release was governed by first-order model, while tenofovir followed a super case II transport-
mechanism. The altered mode of release and drug transport mechanism suggests a triggered release.
The assay of the microspheres suspension on the HeLa cells did not show signs of cytotoxicity. The
thermosensitive gel and bigel elicited a progressive decline in HIV infectivity, until at concentrations
of 1 µg/mL and 0.1 µg/mL, respectively. The candidate vaginal gels have the potential for a triggered
release by the acid phosphatase enzyme present in the seminal fluid, thus, serving as a strategic point
to prevent HIV transmission.

Keywords: HIV prevention; pre-exposure prophylaxis; HIV/AIDS; vaginal gels microbicides; acid
phosphatase; microparticles

1. Introduction

Preventing new human immunodeficiency virus (HIV) infections using microbicides
as a pre-exposure prophylactic measure has gained attention in recent times because of the
disproportionate prevalence among women globally. HIV microbicides are medicaments,
containing antiretroviral drugs that are administered via the vagina or rectum to prevent
HIV infection.

Male to female heterosexual intercourse is a major mode of HIV transmission, and this
has necessitated a focus on prevention strategies targeting viral infection at the point of
sexual intercourse [1,2].

Pre-exposure prophylaxis is the use of antiretroviral drugs among HIV negative
individuals to prevent HIV infection before possible contact with an infected individual.
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This is commonly offered to individuals at high risk of HIV infection, such as couples in a
serodiscordant relationship [3].

Microbicides are dosage forms used to administer pre-exposure prophylactic treatment.
They have been designed to target HIV at the point of sexual intercourse, using different
mechanisms; however, the early first-generation vaginal microbicide gels (SAVVY, PRO
2000, SLS, N-9) were non-specific in their mode of action on the HIV life cycle and were all
ineffective in clinical trials [4].

The CAPRISA trial employed an antiretroviral drug, which is specific in its mode of
action, formulated as a 1% tenofovir conventional microbicide gel. The trial reported a
reduction in the risk of HIV acquisition by 39% among the study participants.

However, challenges associated with the conventional microbicide gel tested in the
CAPRISA clinical trial, which include leakage, messiness, short vaginal residence time,
and coital dependent use, which affected adherence to its use, as well as its efficacy, have
necessitated the exploration of novel targeted and smart drug delivery techniques [5].

These novel drug delivery techniques are designed to target the active ingredients to
the point of drug action, and one of the several ways to achieve targeted drug delivery
is the use of microspheres (microparticles). They are free-flowing particles made from
polymer, which could be modified to have mucoadhesive properties, such that it becomes
adhesive to the vagina mucosa upon administration, thus increasing its residence time [6].

Stimuli sensitive systems, designed to trigger drug release in the presence of a stimulus,
such as a change in pH, temperature, or enzymes, are also novel approaches to achieve
smart drug delivery [7].

The stimulus of interest in this study is the enzyme acid phosphatase, which is a
component of the male seminal fluid. Acid phosphatase is a glycoprotein with a molecular
weight of 100,000 to 120,000, found in high concentrations in the male seminal fluid.

Seminal fluid is a rich source of enzymes, such as prostatic acid phosphatase and
hyaluronidase. Prostatic acid phosphatase is an enzyme constituent of the seminal fluid,
usually released from the prostate gland; it is also used as a tool in forensic examination to
determine the presence of semen in cases of rape or sexual abuse [8,9].

Acid phosphatases are known to hydrolyze phosphate groups, and they are synthe-
sized by epithelial cells that line the ductal elements within the prostrate. Therefore, its
presence in the semen has been utilized in this study as a stimulus for a drug polymer
microparticulate system that the enzyme can hydrolyze to give rise to polymer breakdown
and a resultant drug release.

The candidate antiretroviral drugs, maraviroc and tenofovir, employed in this study
are entry inhibitors and nucleotide reverse transcriptase inhibitors, respectively [10], which
are designed and formulated as microspheres to be incorporated into a thermosensitive
gel and bigel, which will serve as carriers for the microspheres. The polymer chitosan
is a natural mucoadhesive polymer [11], which has been selected for the formulation of
microspheres via a crosslinking process utilizing tripolyphosphate as a crosslinking agent.

These gels will be administered via the vaginal route to offer controlled and sustained
release, with the goal of serving as a prophylactic agent against HIV-1 infection in women.
Gels are of different types, the composition of the external liquid component, which could
be either water or organic solvents, determines its classification, either as a hydrogel or
organogel, respectively.

Thermosensitive gels are hydrogels that are designed to be liquid at room temperature
but becomes viscous upon administration at vaginal temperature to enhance its retention,
prevent leakage, and increase residence time [12].

Bigels are a hybrid of an organogel, and a hydrogel designed to allow for simultaneous
incorporation of drugs that differ in hydrophilicity, which allows for better spreadability
and retention [13,14].

This study seeks to explore the use of the polymer chitosan, crosslinked with tripolyphos-
phate, as a carrier for the antiretroviral drugs maraviroc and tenofovir, in the form of mu-
coadhesive microspheres. Furthermore, a stimulus-triggered release of the active ingredients
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is anticipated. This could occur because of the hydrolyzing effect of the acid phosphatase
enzyme on the phosphate group of tripolyphosphate, leading to hydrolysis and breakdown
of the microsphere, thus triggering the release of the drugs in the presence of semen during
heterosexual intercourse. The hypothesis that a triggered release of the active drugs from the
microspheres will occur in the presence of acid phosphatase enzyme was tested in this study.

This study, therefore, aims to formulate and evaluate vaginal microbicide gels contain-
ing maraviroc and tenofovir microspheres, designed for acid phosphatase-triggered release
for pre-exposure prophylaxis of HIV-1.

2. Results and Discussion
2.1. Enzyme Degradation Assay

The cumulative percentage of drug released from the microspheres, under the influ-
ence of acid phosphatase enzyme and without it, is portrayed in Table 1, with the coefficient
of correlation (R2) and drug transport mechanism (n) of the kinetic models shown in Table 2.
In the presence of the enzyme, the release of microspheres containing maraviroc started
after 12 h, but there was an observed increase in the percentage of drug released which
stopped at the end of 72 h. In contrast to the scenario without the enzymes, the percentage
of drug released was less, and drug release did not end at 72 h (Table 1).

Table 1. Cumulative percentage of drug released from microspheres, with and without acid phos-
phatase enzyme.

Time (h)
Maraviroc

(Without Enzymes)
Maraviroc

(With Enzymes)
Tenofovir

(Without Enzymes)
Tenofovir

(With Enzymes)

0 0 0 0 0

1 0 0 30.84 34.88

3 0 0 33.80 40.13

6 0 0 35.60 54.36

9 0 0 39.80 58.86

12 31.02 46.3 42.76 59.66

24 42.31 66.2 49.20 99.65

48 60.65 75.4 79.92 -

72 94.70 100 81.40 -

In the absence of the enzyme, maraviroc release from the microspheres followed a
zero-order (R2 = 0.9409) kinetic release via a super case II transport mechanism (n = 1.1329),
while under the influence of the enzyme it followed a first-order (R2 = 0.8922) kinetic release
model via a super case II transport mechanism (n = 1.239), as shown in Figure 1A,B and
Table 2. The amount of drug released for the microspheres containing tenofovir was higher,
and its rate of release increased from 1 h till 24 h, under the influence of acid phosphatase
enzyme, with a completion of drug release at 24 h.

In comparison to the amount released without the enzymes, the percentage drugs
released was less and drug release was not completed as at 72 h (Table 1). The release kinetic
model for tenofovir followed a Higuchi model kinetics of release with and without the
enzyme (Figure 2A,B); however, the release mechanism of transport was via a non-Fickian
transport system without the enzyme (n = 0.5973) and a super case II transport mechanism
(n = 0.8971) under the influence of the enzyme [15].
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Figure 1. (A) Zero-order kinetic release of maraviroc from microspheres. (B) First-order kinetic
release of maraviroc from microspheres facilitated with enzymes.

Table 2. Mathematical models for maraviroc and tenofovir release kinetic data.

Mathematical Models R2 Values without Enzyme * R2 Values with Enzyme *

Maraviroc

Zero-order 0.9409 0.8460

First-order 0.8966 0.8922

Higuchi model 0.8953 0.8687

Korsmeyer–Peppas model 0.7543
n = 1.1329 **

0.7292
n = 1.239 **

Tenofovir

Zero-order 0.8086 0.8475

First-order 0.8590 0.8470

Higuchi model 0.9034 0.9473

Korsmeyer–Peppas model 0.4907
n = 0.5973 **

0.5039
n = 0.8971 **

* R2 = coefficient of correlation and the highest value best describes a drug kinetic model of release. ** Depicts the
drug transport mechanism(n).
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Figure 2. (A) Korsmeyer-peppas model kinetic release of tenofovir from microspheres. (B) Korsmeyer-
peppas model kinetic release for tenofovir from microspheres facilitated with enzymes.
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2.2. Characterization of Thermosensitive Gel Containing Maraviroc and Tenofovir

The varying pluronic combinations had gelation temperatures varying from 33.4 ◦C to
42.6 ◦C, while combinations with pluronic F127 below 2g showed no gelation. The gelation
time ranged from 37 to 120 s. The pH of the various gel combinations was acidic, ranging
from 5.69 to 5.97 (Table 3). The optimal thermosensitive gel had a gelation temperature and
time of 36.4 ◦C and 36 s, respectively, with a pH of 5.83 (Figure 3). The viscosity of the gel
ranged from 24 cps and 88 cps to 62,887 cps at 4 ◦C, 25 ◦C, and 37 ◦C, respectively, with an
osmolality value of 991 mOsm/kg (Table 4).

Table 3. Composition of a 10 mL thermosensitive gel and characterization results.

Code PF127 (g) PF68 (g)
Gelation

Temperature* (◦C)
Gelation Time *

(secs)
pH

T1 2.0 0.08 37.6 ± 0.6 37 ± 1.4 5.69

T2 2.0 0.1 36.4 ± 0.8 36 ± 1.1 5.83

T3 1.8 0.1 No gelation - 5.97

T4 1.5 0.1 No gelation - 5.94

T5 2.0 0.2 39.4 ± 1.3 39 ± 1.6 5.84

T6 1.8 0.2 42.6 ± 2.2 54 ± 1.8 5.89

T7 1.5 0.2 No gelation - 5.97

T8 2.0 - 33.4 ± 0.9 96 ± 1.5 5.02

T9 1.8 - 39.8 ± 0.8 120 ± 2.2 5.89
* Each value is presented as mean ± SD, n = 3.

 

Figure 3. Thermosensitive gel, showing gelation at 36.4 ◦C.

Table 4. Characterization for thermosensitive gel containing maraviroc and tenofovir microspheres.

Parameter Values

pH 5.83

Osmolality 991 mOsm/kg.

Viscosity at 4 ◦C 24 cps

Viscosity at 25 ◦C 88 cps

Viscosity at 37 ◦C 62,887 cps

Release kinetic model of maraviroc from the gel Zero-order (R2 = 0.9051)

Release kinetic model of tenofovir from the gel Higuchi model (R2 = 0.9163)
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2.3. Characterization of the Organogel and Bigel

The minimum gelation concentration of Span 60 in the organogel was 10%. Organogels
were not formed at 2% or 5%. Furthermore, F3 was the optimal formulation selected for the
preparation of the bigel (Table 5). The organogel and hydrogel formulations were combined
at varying ratios to form a bigel mix, with a corresponding pH assessment (Table 6). The
ratio 1:1 of organogel to hydrogel was used for the bigel formulation (Figure 4). The pH of
the formed bigel was acidic, and its values ranged from 3.5–5.6. The optimal bigel had a pH
of 3.65, with viscosity and osmolality of 8840 cps and 628 mOsm/kg, respectively (Table 7).

Table 5. Formulation chart for varying organogel combinations and gelation characteristics.

Code Span 60% w/v Tween 80 v/v Soya Bean Oil % v/v Gel Characteristics

F1 2 1 97 No gelation

F2 5 1 94 No gelation

F3 10 1 89 Gelation

F4 15 1 84 Gelation

F5 18 1 81 Gelation

F6 20 1 79 Gelation

F7 25 1 74 Gelation

F8 2 2 96 No gelation

F9 5 2 93 No gelation

F10 10 2 88 Gelation

F11 15 2 83 Gelation

F12 18 2 80 Gelation

F13 20 2 78 Gelation

F14 25 2 73 Gelation

Table 6. Varying combinations of organogel–hydrogel mix for bigel formation.

Code Ratio (Organogel: Hydrogel) pH of Bigel Mix

T1 1:1 3.65

T2 2:1 4.43

T3 3:1 3.8

T4 4:1 4.8

Ratio (Hydrogel : Organogel)

T5 1:2 3.5

T6 1:3 3.7

T7 1:4 5.6

Table 7. Characterization parameters for the optimal bigel containing Maraviroc and Tenofovir microspheres.

Parameter Value

pH 3.65

Osmolality 628 mOsm/kg

Viscosity 8840 cps

Release kinetic model of maraviroc from the bigel Zero-order (R2= 0.9431)

Release kinetic model of tenofovir from the bigel Higuchi model(R2 = 0.9206)
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/ / /

Figure 4. Organogel, hydrogel, and bigel mix.

2.4. In-Vitro Cytotoxicity of Microspheres

Assuming a significance level (α) of 0.05 and 95% confidence interval, a two- sam-
ple t-test, comparing the means of absorbance between the test versus the controls, was
conducted to test for significance (Table 8). The percentage viability of the cells exposed
to the varying maraviroc/tenofovir concentrations ranged from 71.2% to 98.4%, which
is a measure of the live HeLa cells. The HeLa cell exposed to the positive control had a
percentage viability of 13.5%.

There was no statistically significant difference between the absorbance of the negative
control and the maraviroc/tenofovir concentrations of 10 µg/mL, 1 µg/mL, and 0.1 µg/mL
(p = 0.054, 0.069, and 0.098, respectively).

There was a statistically significant difference between the absorbance of the positive
control and all varying concentrations of the maraviroc/tenofovir concentrations (p < 0.001).

Furthermore, as shown in Figure 5, the percentage cytotoxicity of the various maravi-
roc and tenofovir concentrations were minimal (<8%) from concentrations of 10 µg/mL
and below, compared to higher concentrations and the positive control.
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Figure 5. Cytotoxic effect of the varying concentrations of maraviroc and tenofovir microspheres,
negative and positive control on the HeLa cell lines. Results are given as mean ± SD, n = 3.
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Table 8. Independent sample t-test, comparing the means of absorbance of the test agent and controls
to test for significance in cytotoxicity assay.

S/N Test Agent N
Viability **

(%)
Mean ± SD

(Absorbance)
p Value *

1 MVC/TFV (1000 µg/mL) 3 71.2 0.371 ± 0.014 0.001

Negative control 3 100 0.521 ± 0.01

2 MVC/TFV (100 µg/mL) 3 83.5 0.435 ± 0.02 0.006

Negative control 3 100 0.521 ± 0.01

3 MVC/TFV (10 µg/mL) 3 95.3 0.497 ± 0.011 0.054

Negative control 3 100 0.521 ± 0.01

4 MVC/TFV (1 µg/mL) 3 98.1 0.511 ± 0.001 0.069

Negative control 3 100 0.521 ± 0.01

5 MVC/TFV (0.1 µg/mL) 3 98.4 0.513 ± 0.002 0.098

Negative control 3 100 0.521 ± 0.01

6 MVC/TFV (1000 µg/mL) 3 71.2 0.371 ± 0.014 <0.001

Positive control 3 13.5 0.071 ± 0.01

7 MVC /TFV (100 µg/mL) 3 83.5 0.435 ± 0.02 <0.001

Positive control 3 13.5 0.071 ± 0.01

8 MVC/TFV (10 µg/mL) 3 95.3 0.497 ± 0.011 <0.001

Positive control 3 13.5 0.071 ± 0.01

9 MVC/TFV (1 µg/mL) 3 98.1 0.511 ± 0.001 <0.001

Positive control 3 13.5 0.071 ± 0.01

10 MVC/TFV (0.1 µg/mL) 3 98.4 0.513 ± 0.002 <0.001

Positive control 3 13.5 0.071 ± 0.01

11 Negative control 3 100 0.521 ± 0.01 <0.001

Positive control 3 13.5 0.071 ± 0.01
* Significance level = 0.05. ** 95% confidence interval. Maraviroc = MVC, Tenofovir = TFV.

2.5. HIV Efficacy and TZM-bl Assay

Results from the in-vitro concentration response curve of the thermosensitive gel and
bigel showed an initial threshold dose at a concentration of 0.0001g/mL. This indicates the
onset of action of a decline in HIV infectivity, after which there was a progressive decline
until at maximal concentration of 0.1 and 1.0 µg/mL, respectively.

There was a 10-fold difference between the maximal effective dose of the gels, with
the bigel showing better efficacy, due to its lower maximal effective dose, compared to the
thermosensitive gel.

Furthermore, there was an observed contrasting difference between the response of
the negative control (nonoxynol-9 gel), compared to the thermosensitive gel and bigel, as
shown in Figure 6.
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Figure 6. HIV infectivity dose-response curve for the optimal thermosensitive and bigel, containing
maraviroc and tenofovir microspheres and nonoxynol-9 gel, incubated with HIV-1 indicator TZM-
bl cells at different concentrations (n = 5 ± SD). No significant difference between the mean HIV
infectivity values of the thermosensitive and bigel (p > 0.05).

2.6. Enzyme Degradation Assay

Exploiting enzymes as a trigger in the arena of smart drug delivery is valuable be-
cause of enzyme specific selectivity for its substrate [16]. Acid phosphatase enzymes
are known to hydrolyze phosphate groups [17], and the optimal microspheres in this
study were formulated using ionic gelation technique via a crosslinking of chitosan with
tripolyphosphate.

The hypothesis that the crosslink formed by tripolyphosphate with chitosan might
be hydrolyzed using acid phosphatase enzyme to influence and trigger the release of
the drugs encapsulated in the microspheres was examined in this study. The rate and
duration of drug release from the microspheres was faster under the influence of acid
phosphatase enzyme. This is an indication that there was a breakdown of the polymer
matrix to release the drugs faster. The release kinetics for maraviroc transformed from
zero-order to first-order model kinetics. This implies that the release kinetics changed from
being constant to a concentration-dependent release. The rate of tenofovir release was
faster in the presence of the enzyme, resulting in a complete release at the end of 24 h,
compared to its gradual release pattern beyond 72 h without enzyme influence. The drug
transport mechanism for tenofovir changed from non-Fickian transport system to a super
case II transport mechanism. Acid phosphatase enzyme is one of the enzyme compositions
of the seminal fluid; therefore, these results suggest the possibility of a breakdown of the
microsphere polymer matrix when the seminal fluid encounters the microspheres during
sexual intercourse, thus triggering release of the drugs. Researchers have explored the
possibility of other enzymes present in the seminal fluid serving as a trigger to facilitate
the release of drugs by exploring polymers that can be hydrolyzed in the presence of these
enzymes, which has informed the concept of this study. Some researchers [18] demonstrated
the ability of hyaluronidase enzyme to hydrolyze the drug–polymer matrix, formulated
using hyaluronic acid; a polymer that is hydrolyzed by hyaluronidase.

107



Gels 2022, 8, 15

2.7. Evaluation of the Thermosensitive Gel and Bigel

A suitable vehicle to deliver the microspheres into the vagina is desirable and necessary.
The goal of developing a microbicide formulation, with prolonged residence time in the
vagina, has necessitated the use of gelling agents, such as poloxamers.

The combination of poloxamers 407 and 68, at different ratios, have been exploited for
ocular, transdermal, and vaginal drug delivery [19,20].

Micelle formation by poloxamers in aqueous solution is reversible, and this is enhanced
by the amphiphilic nature of the copolymers. The mechanism by which temperature
sensitive hydrogels achieve thermogelation is either by cooling below the upper critical
temperature (UCGT) or heating above the lower critical gelation temperature [21].

The poloxamer combination used in this study transitioned from solution to gel by heating
above the lower critical gelation temperature, falling within the range of 33 ◦C to 37 ◦C.

The different combinations of pluronics F127 and F68, used for the formulation of the
thermosensitive gel in this study, had varying effects on the gelation characteristics of the
thermosensitive gel. It was observed that concentrations of PF127 below 2 g did not become
viscous, even at high temperatures. The optimal thermosensitive gel showed varying
viscosity values at different temperatures. Viscosity increased with increasing temperatures,
with a quantum leap in viscosity values between 25 ◦C and 37 ◦C (88 to 62,887 cps). At
25 ◦C, the gel was still in liquid form, which is desired, as this is necessary to allow for
easy handling and administration. However, at 37 ◦C, which is the vaginal temperature,
the gel becomes viscous, which is equally desired because the goal is to prevent the gel
from leaking from the vagina and combat the challenges of leakage experienced with
conventional vaginal gels; this explains the high viscosity at this temperature.

Osmolality is an important parameter for an ideal microbicide gel [22]. Acceptable
values below 1000 mOsm/kg are recommended to prevent mucosal damage and epithelial
stripping of the vaginal tissues. The thermosensitive gel had an osmolality of 991mOsm/kg,
which is within acceptable range. One of the setbacks of the 1% tenofovir gel, used for the
CAPRISA 004 study, was the hyperosmolality (3111 mOsm/kg) of the gel [5].

A bigel is ideal for the simultaneous incorporation of hydrophilic and lipophilic drugs,
such as tenofovir and maraviroc. The optimal formulated bigel had a pH of 3.65, which
favors the protective acidic pH condition of a healthy vaginal environment.

Its viscosity value taken at room temperature was 8840 cps. Bigels are a blend of a
highly a viscous organogel and less viscous hydrogel, which results in a gel with good
spreadability and retention that should surmount the problems of messiness and leakage
associated with previous conventional gels [23].

Osmolality is an important parameter for an ideal microbicide gel. Acceptable values
below 1000 mOsm/kg are recommended to prevent mucosal damage and epithelial strip-
ping of the vaginal tissues. The bigel had an osmolality of 628 mOsm/kg, which is within
the acceptable range. One of the setbacks of the 1% tenofovir gel, used for the CAPRISA
004 study, was the hyperosmolality (3111 mOsm/kg) of the gel [5,22].

2.8. Comparative Biophysical Analysis of the Thermosensitive Gel and Bigel

The two smart gels formulated in this study belong to different category of gels;
however, the goal is to design vaginal gels that will combat the challenge of short residence
time in the vagina, leakage, and coital dependent administration. Both gels are suitable
candidates for vaginal delivery of microbicide but differ, with respect to various rheological
parameters and efficacy.

With respect to gel viscosity, which is a function of the residence time and leakage, both
gel types demonstrated improved viscosity, compared to regular conventional hydrogels;
however, thermosensitive gel has a higher viscosity, with a better tendency for retention in
the vagina.

The osmolality values of both gels were below 1000 mOsm/kg, with a lower osmolality
value recorded for the bigel, indicating a lower tendency for vaginal mucosa damage and
epithelial stripping, compared to the thermosensitive gel.
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The pH values of both gels were acidic, as is required for maintaining a conducive
vaginal environment, although the pH value of the bigel was lower, compared to the
thermosensitive gel. There was an adequate release of tenofovir and maraviroc from the
thermosensitive and bigels, with no significant difference in their release profile. Tenofovir
release followed Higuchi model kinetics from the thermosensitive and bigel and maraviroc,
followed a zero-order kinetics order release from both gels, thus eliciting a similar pattern
in the HIV infectivity decline rate.

The thermosensitive and bigel demonstrated suitable properties, which makes them
potential appropriate microbicide candidates.

The pre-exposure prophylactic ability of the combined optimal tenofovir and maravi-
roc microspheres were evaluated via an in-vitro concentration-response procedure, using
nonoxynol-9 as the control. Nonoxynol-9 is a spermicidal agent that was previously one of
the early nonspecific antiviral agents that were tested as microbicides but failed in clinical
trials [24,25].

The HIV infectivity of the thermosensitive gel and bigel, compared with nonoxynol-9,
showed a marked difference in the HIV infectivity rate against the CCR5 tropic HIV-1 BaL strain.

The observed continuous decline in HIV infectivity of the microspheres, indicates
adequate release of the drugs from the polymer and anti-HIV activity.

In comparing the efficacy of the bigel with the thermosensitive gel, the former appears
to have a better potency, as demonstrated in it achieving a lower maximum effective
dose than that of the thermosensitive gel. This might be attributed to the fact that bigel
accommodates both lipophilic drugs and hydrophilic simultaneously and might allow
better release, in comparison to the thermosensitive gel that will favor the release of
hydrophilic drugs better than lipophilic drugs. Tenofovir is a hydrophilic drug, while
maraviroc is lipophilic; therefore, a system that will favor the release of both drugs should
demonstrate better potency as observed.

Ibrahim et al. [26], in a study of drugs incorporated into a hydrogel, organogel,
and bigel, were able to demonstrate the potency of the formulation incorporated into the
hydrogel, attributing it to the hydrophilicity of the drug, which was favored in the hydrogel.

2.9. In-Vitro Cytotoxicity Assay

The safety of any microbicide formulation on vagina cells is an important aspect of
microbicide evaluation. A disruption or toxicity on vaginal cells will negatively impact
adherence to its use and microbicide acceptance, regardless, of its efficacy. Lackman-Smith
et al. [27], evaluated natural product-based microbicides containing lemon, lime, and
vinegar, and the study reported the cytotoxicity of this microbicide to HeLa cells. Although
this product demonstrated anti-HIV activity, its cytotoxicity did not fulfill the criteria for
an ideal microbicide.

Maraviroc and tenofovir microspheres were exposed to HeLa cells, in order to evaluate
cell viability and cytotoxicity in-vitro, to assess the effect on these cells over a 48-h period.

Maraviroc and tenofovir microspheres did not show significant signs of cytotoxicity
on the HeLa cells at a concentration of 10 µg/mL. The cells showed a percentage viability
of 95.3%, upon exposure at this concentration.

The absorbance values, which are a measure of the viable cells, did not have a sta-
tistically significant value at this concentration, when compared to the negative control
(p = 0.054).

Similarly, some studies [28,29] demonstrated the safety of a 1mg/mL tenofovir mi-
crosphere suspension on vaginal and epithelial cell lines, which showed no significant
reduction in cell viability.

3. Conclusions

Vaginal microbicide gels containing maraviroc and tenofovir microspheres were suc-
cessfully developed, with adequate in-vitro release profiles that suggest good formula-
tion properties.
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Maraviroc and tenofovir microspheres have potential for a triggered release by acid
phosphatase enzyme present in the seminal fluid, thus serving as a strategic point to
prevent HIV transmission, when used by women during heterosexual intercourse. Its
efficacy on the HIV-1 BaL virus strain and safety on vaginal lactic acid bacteria and HeLa
cells suggests further in vivo studies might pave the way for promising results.

4. Materials and Methods
4.1. Materials

Poloxamer 407 (Pluronic F127), poloxamer 188 (Pluronic F68), and chitosan were sup-
plied by Dideu Medichem Ltd. (China). Maraviroc was purchased from Shanghai Yudiao
Chemistry Technology Co Ltd. (Shanghai, China). Tenofovir was supplied by Macklin
Biochemical Co. Ltd. (Shanghai, China). Sodium tripolyphosphate, Span 60, and Hy-
droxy propyl methyl cellulose were procured from Shanghai Macklin Biochemical Co. Ltd.
(Shanghai, China). Soya bean oil was purchased from Sunola Foods Ltd. (Lagos, Nigeria).

Milli-Q water (Milli-Q water purification system, Merck, Germany) was used for all
the experiments. All other chemicals were of analytical grade and used as obtained from
the suppliers, without further modification.

Cell lines: HeLa cells and fetal bovine serum were purchased from Cell Lines Service
GmbH, Germany. HIV-1 BaL and TZM-bl cells were obtained from Fisher Bioservices
/NIH-ARP German town, MD, USA.

4.2. Methods

4.2.1. Microsphere Preparation and Characterization

Maraviroc and tenofovir microspheres were prepared using an ionic gelation tech-
nique, whereby chitosan was crosslinked with sodium tripolyphosphate to form microparti-
cle carriers for the drugs. Varying concentrations of chitosan (0.1 and 0.2 g) were dissolved
in 10 mL of acetic acid (4% v/v), with a subsequent addition of 10 mg of the individual
antiretroviral drugs. The resultant dispersion was added in droplets into a (2% w/v and 4%
w/v) solution of sodium tripolyphosphate, using a 23 G syringe nozzle.

The resultant wet microsphere beads were allowed a curing time of 10 to 15 min, then
dried at 45 ◦C for 12 h. The dried microspheres were further characterized for particle size,
encapsulation efficiency, drug excipient compatibility, mucoadhesion, and in-vitro release,
with details in [30].

4.2.2. Enzyme Degradation Assay

A phosphatase assay, using the enzyme recombinant human acid phosphatase, was
used to analyze the effect of the enzyme on the release of the drugs from the drug–polymer
matrix of the microspheres. A combination of seminal fluid simulant (SFS) and vaginal
fluid simulant (VFS) were mixed at a ratio of 1:4, and the pH adjusted to 7.1 using 0.1 N
HCl. The amount of acid phosphatase enzyme (200 U) present in an average volume of
seminal ejaculate was added to 3 mL of the SFS and VFS mixture.

The formulated maraviroc and tenofovir microspheres were each resuspended in 3 mL
of a mixture of seminal fluid simulant and vaginal fluid simulant (pH 7.1), and the dispersion
was transferred into a 10 mL capacity dialysis membrane (Spectra/Por, Float-A-Lyzer G2,
MWCO 3.5-5KD, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA).

The membrane was maintained in a 20 mL release medium (SFS and VFS, pH 7.1),
contained in the dialysis tube, and the whole system was placed in a conical flask, then put
in a shaking water bath (Julabo SW-21C, Germany) and maintained at a temperature of
37 ◦C. At periodic time intervals of 0, 1, 3, 6, 24, 48, and 72 h, a 1 mL sample was withdrawn
from the release medium in the dialysis tube for analysis. At each point of withdrawal an
equivalent volume of the release medium was replaced to maintain sink condition [31].
The amount of maraviroc and tenofovir released was determined using HPLC (Agilent
1200 series, Germany), under the same conditions as described above for encapsulation
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efficiency. The above procedure was repeated, without addition of the recombinant human
acid phosphatase enzyme, and this served as the control.

Mathematical models, which include the zero-order, first-order, Higuchi, and Korsmeyer–
Peppas models, were used to interpret the release kinetics of the drugs, and the model with
highest coefficient of correlation (R2) best describes the pattern of drug release.

A zero-order model describes a process of constant drug release, which is determined
by a plot of cumulative percentage drug released versus time (h). A first-order model
depicts a process in which drug release is dependent on the drug concentration; it is
represented graphically by a plot of the log of cumulative percentage drug remaining
against time (h).

Diffusion controlled release is the prime mechanism of drug release for a Higuchi
model, which is obtained from a plot of cumulative percentage drug released against square
root of time. Furthermore, the Korsmeyer–Peppas model helps to ascertain the type of
drug transport mechanism, which is characterized by the n value. The coefficient of X in
the straight-line equation of the graphs represents (n), which depicts the drug transport
mechanism, which is usually a range of values [32].

4.2.3. Preparation of Thermosensitive Gel

A citrate buffer of pH 4.5 was prepared by dissolving 42 mg of citric acid and 59 mg of
trisodium citrate dihydrate in 1000 mL of Mili Q water, and pH was adjusted to 4.5 using
0.1 N HCl. A combination of the optimal maraviroc and tenofovir microspheres was added
to 10 mL of this buffer, and then varying quantities of the polymers PF127 (Poloxamer 407)
and PF68 (Poloxamer 188) were added to the dispersion, in a sample bottle, to identify
the optimal combination that will give the desired gelation temperature. Methylparaben
sodium (0.1%) and propyl paraben sodium (0.01%) were added as preservatives. This
dispersion was kept in a refrigerator (Haier Thermocool, HRF350), overnight at 2–8 ◦C, to
dissolve the polymers [5,33]. The resultant solution was assessed for gelation temperature,
gelation time, and rheological properties.

4.2.4. Preparation of Bigel

The bigel was prepared from a hydrogel and organogel mix. The hydrogel was
prepared by weighing 15 g of hydroxypropyl methylcellulose into 150 mL of Milli-Q water,
then allowed to soak and dissolve overnight. The dispersion was stirred for 30 min with a
magnetic stirrer, and the pH was adjusted to a pH of 2.01, using 0.1 N HCl. In preparing the
organogel varying concentrations of Span 60 were prepared in soya bean oil ranging from
2%, 5%, 10%, 15%, 18%, 20%, and 25%. Tween 80 was added as surfactant. The combination
F3, was used for organogel preparation. To prepare 100 g of the organogel, 10 g of Span
60 was weighed into a beaker containing 96 mL of soya bean oil and 1.8 mL of Tween
80. This was placed in a water bath at 60 ◦C and stirred until there is a homogenous mix.
The dispersion was allowed to set at room temperature, after which it is stored at 2–8 ◦C
overnight. The bigel was then prepared by mixing at a ratio of 1:1, 1:2, 2:1, 1:3, and 3:1 of
the hydrogel and organogel to form a homogenous mix, with subsequent determination of
the optimal gel mix. The tenofovir and maraviroc microspheres were then incorporated
into the formulation for the optimal hydrogel and organogel (1:1), respectively, and then
combined to formulate the optimal bigel mix [34].

4.3. Characterization of the Thermosensitive Gel and Bigel

4.3.1. Gelation Temperature and Time

A 25 mL beaker containing 10 mL of the pluronics dispersion was placed in a water
bath, and the probe of a digital thermometer was inserted in the gel. The gel was heated
with continuous stirring and temperature monitoring. The temperature at which the
dispersion turned into a gel and did not flow upon inversion of the beaker was the gelation
temperature. The time interval between when heat was applied and the dispersion became
viscous is known as the gelation time [35].
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4.3.2. Rheological Study and pH Determination

The viscosity and osmolality of the optimal gel (T2) was evaluated. A viscometer was
used to determine the viscosity of T2 gel at varying temperatures. At a speed of 30 rpm,
and with a spindle of size of 63, the viscosity of the gel at 4 ◦C and 25 ◦C was determined.
While at a speed of 6 rpm, and with a spindle size of 64, the viscosity of the gel at 37 ◦C was
a determined. The osmolality of the gel was also analyzed using an osmometer. The pH of
the various sample combinations was determined using an Adwa pH/mV and temperature
bench top pH meter (AD1040 series, Hungary). After calibration, the probe of the pH meter
was inserted into the gel samples, and pH readings were recorded.

4.3.3. In-Vitro Release of Microspheres from the Thermosensitive Gel

The in-vitro release of the drugs from the gels were evaluated using a dialysis mem-
brane. The individual gels containing optimal microspheres of tenofovir and maraviroc
were introduced in the dialysis membrane, as well as the procedure described above (in
the methodology section) for enzyme degradation assay.

4.3.4. Rheological Study and pH Determination

The viscosity and osmolality of the optimal bigel mix was evaluated. A viscometer
(Brookfield viscometer, DV1) was used to determine the viscosity of the gel at a speed of
12 rpm and with a spindle of size of 64, the viscosity of the gel at room temperature was
determined. The osmolality of the gel was also analyzed using an osmometer.

The pH of the various bigel sample combinations was determined using an Adwa
pH/mV and temperature bench top pH meter (AD1040 series, Hungary). After calibration,
the probe of the pH meter was inserted into the gel samples, and pH readings were recorded.

4.3.5. In-Vitro Release of Microspheres from the Bigel

The in-vitro release of the drugs from the bigel were evaluated using a dialysis mem-
brane. The individual bigel containing optimal microspheres of tenofovir and maraviroc
were introduced in the dialysis membrane and procedure described in above (in the
methodology section) for enzyme degradation assay.

4.3.6. In-Vitro Cytotoxicity of the Microspheres on Vaginal HeLa Cells

The in-vitro cytotoxicity of the microspheres was evaluated using HeLa cells [18].
The cells, contained in a T25 flask, were allowed to grow until about 80% confluence was
achieved. The media from the plates was drained using a 10 mL serological pipette and
pipette gun (Dragon Med hero plus). A 100 µL solution of Trypsin EDTA (0.25%), at a pH of
7.21, was added to the flask to dislodge the cells. The flask containing the cells was placed
in an incubator at 37 ◦C for 5 min. A 20 mL solution of 5% Dulbecco’s modified Eagle
media (DMEM) was added to the cells in the flask, then the whole suspension of cells was
collected using a serological pipette into a falcon tube and centrifuged (MRC centrifuge) at
400 g for 10 min.

The sedimented cell suspension was collected after decanting the supernatant media.
A total of 50 µL of trypan blue was added to 50 µL of the cell suspension, and this was
transferred to a hemocytometer. The hemocytometer was viewed under the microscope,
and the number of cells in each quadrant of the hemocytometer was counted using a tally
counter, and an average of the cell count was determined. The viable cells were determined
by the following formula:

Viable cells/mL = Cell count × scaling factor × dilution factor (1)

(Where scaling factor = 104 and dilution factor = 2)

Using the formula C1V1 = C2V2, the volume of cell suspension (V1) needed to
achieve a cell suspension V2 of 30 mL (capacity of 96-well plates for the test and con-
trols) and 105 cells/mL concentration (C2) was calculated from the viable cell/mL of
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2.555 × 106 cells/mL (C1). V1 was calculated to be 1.17 mL. A volume of the cell sus-
pension of 1.17 mL was measured into a plastic trough and made up to 30 mL using
5% DMEM.

A multichannel pipette was used to transfer 100 µL of the cell suspension (at a density
of 105 cell/mL) into each well of the 96-well plates, and it was covered, sealed on all sides,
and incubated at 37 ◦C for 24 h.

After incubation, the media was drained from each well, serial dilutions of concentra-
tions of maraviroc and tenofovir microsphere at 1000 µg/mL to 0.1 µg/mL were added in
triplicates to the wells containing the cells.

Camptothecin, at a concentration of 1000 µg/mL, was used as the positive control,
while the media was used as the negative control. The 96-well plates were covered and
sealed, then incubated at 37 ◦C for 24 h.

After 24 h, the media was drained from each well and 10 µL of water-soluble tetra-
zolium salt (WST) was added to each well. A Biochrom EZ microplate reader was used to
determine the absorbance of the cells, at a wavelength of 450 nm.

The percentage viability was determined from the Equation:

Viability (%) =
Absorbance(test)

Absorbance (control)
× 100 (2)

4.3.7. Efficacy Testing

TZM-bl cells assay was described by [20]. TZM-bl cells were plated, and 100 µL of the
10-fold serial dilution of the thermosensitive and bigel-containing maraviroc and tenofovir
microspheres, in a 50:50 ratio, was applied. Nonoxynol 9 gel was used as the control. For
efficacy testing, 100 µL of medium containing HIV-1BaL, without and with 12% simulated
seminal fluid, was added to each well. After 48 h, 100 µL of medium was removed and
replaced with 100 µL of Bright-Glo, and the luminescence measured. Inhibition was
determined based on deviations from the HIV-1-only or HIV-1/semen controls.
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Abstract: Despite the availability of a wide range of commercial kits, protein quantification is often
unreliable, especially for tissue-derived samples, leading to uneven loading in subsequent experi-
ments. Here we show that the widely used Bicinchoninic Acid (BCA) assay tends to underestimate
protein concentrations of tissue samples. We present a Ponceau S staining-based dot-blot assay as an
alternative for protein quantification. This method is simple, rapid, more reliable than the BCA assay,
compatible with biological samples lysed in RIPA or 2x SDS gel-loading buffer, and also inexpensive.

Keywords: protein quantification; gel electrophoresis; Western blot; dot blot

1. Introduction

Many methods exist for quantifying total protein contents in cell or tissue lysates.
However, the conventional colorimetric methods, such as the Bicinchoninic Acid (BCA) [1],
Lowry [2] and Bradford [3] assays, have several drawbacks: (1) their requirement for
large volumes of samples ranging from 10 to 25 µL per replicate could be difficult to
meet for samples with low protein contents, such as mouse nerve or lymph node lysates;
(2) colorimetric assays tend to saturate if the protein concentration is too high; in this
case, the samples must be diluted for repetition, consuming more materials and time;
(3) the widely used SDS-based lysis buffers often contain bromophenol blue, a substance
that interferes with most colorimetric assays, making colorimetric assays unsuitable for
bromophenol blue-containing lysates [1,4]; and (4) some native components in biological
samples, such as high concentrations of lipids in nerve or brain lysates, may interfere
with the standard BCA assay [5]. Therefore, protein concentrations of biological samples
determined by the common assays are often imprecise, resulting in unequal sample loading
in subsequent experiments such as Western blots.

Here, we demonstrate a modified Ponceau S-based dot blot (PDB) assay that has
distinct advantages over similar methods described elsewhere [6–8] concerning its ability
to quantify proteins in cell or tissue lysates, its highly linear standard curve with a wide
range from 0.25 to 12 µg/µL, and its overall improved workflow. We further show that
protein loading based on the PDB assay was equal in Western blots, essentially eliminating
the need for error-prone normalization of immunoblot band intensities to those of a loading
control [9]. Therefore, the PDB assay is a reliable method for protein quantification, thereby
facilitating subsequent experiments. Our work, in tandem with several other publications,
demonstrates the versatility of dot blot in protein quantification and detection [10–12].
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2. Materials and Methods
2.1. Reagents

Coomassie Blue solution: 0.05% (w/v) CBB-R250 (Carl Roth GmbH + Co. KG, Karl-
sruhe, Germany, #6862), 40% (v/v) ethanol, 10% (v/v) acetic acid in water.

Direct Blue solution: 0.008% (w/v) Direct Blue 71 (Merck KGaA, Darmstadt, Germany,
#212407), 40% (v/v) ethanol and 10% (v/v) acetic acid in water.

Micro BCA Protein assay kit, Thermo Fisher Scientific Inc., Waltham, MA, USA, #23225.
Pierce Bovine Serum Albumin Standard (BSA) ampules, Thermo Fisher Scientific Inc.,

Waltham, MA, USA, #23209.
Ponceau S solution: 0.1% (w/v) Ponceau S (Merck KGaA, Darmstadt, Germany, #P3504-

10G) in 5% (v/v) acetic acid.
RIPA buffer: Pierce RIPA buffer (Thermo Fisher Scientific Inc., Waltham, MA,

USA) or self-made RIPA buffer (2.5% (v/v) 1 M Tris-HCl, 0.88% (w/v) NaCl, 1% (w/v)
NP-40, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS in water, adjusted to pH 7.6),
1 tablet/50 mL cOmplete protease inhibitor (Roche Diagnostics GmbH, Mannheim,
Germany), 1 tablet/10 mL RIPA phosSTOP phosphatase inhibitor (Roche Diagnostics
GmbH, Mannheim, Germany).

2x SDS Gel Loading buffer (2x SDS LB): 0.1 M Tris-HCl, 4% (v/v) SDS, 20% (v/v)
Glycerol, 0.2% (v/v) Bromophenol blue (Carl Roth GmbH + Co. KG, Karlsruhe, Germany,
#A512.1) in water, adjusted to pH 6.8.

2.2. Ethics Statement

The Thuringian State Office for Consumer Protection (TLV), Department of Health
and Technical Consumer Protection has examined and prospectively approved the animal
experiment application under the permit number 03-046/16. It is advised by the Thuringian
Animal Protection Commission.

2.3. Experimental Animals

Mice (C57BL/6J) were housed under a 12 h dark/light cycle and had free access to
food and water. All mice were handled in strict adherence to local governmental and
institutional animal care regulations and euthanized by trained personnel using CO2
inhalation. All efforts were made to minimize suffering.

2.4. Lysate Preparation

Cell lysates were prepared by adding 2x SDS LB to cell culture plates after washing
off cell debris and culture media and then collected with cell scrapers. Lysates were then
transferred to Eppendorf tubes and vortexed for 10 s.

Sciatic nerves, brains and spleens were harvested from euthanized mice and lysed
using ceramic beads in a Precellys 24 homogenizer (Bertin Instruments, Montigny-le-
Bretonneux, France) in either RIPA buffer or 2x SDS LB.

2.5. BCA Assay

The microscale BCA assay was performed according to the manufacturer’s instruction.
Protein concentrations were calculated using the linear equation based on the trend line of
the standard curve generated with Microsoft Excel.

2.6. Dot Blot, Ponceau S Staining, Direct Blue Staining and Coomassie Blue Staining

Lysates in 2x SDS LB were boiled for 8 min at 98 ◦C beforehand. Different volumes of
lysates and BSA solution were applied dot-wise to dry nitrocellulose membranes. Mem-
branes were then left to dry for 15 min. Membranes with samples lysed in 2x SDS LB were
then washed three times (5 min each) in deionized (DI) water on a shaker before staining
with Ponceau S solution for 1 min, and membranes with samples lysed in RIPA buffer
were stained directly with Ponceau S solution for 1 min. Membranes were then briefly
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washed with DI water to remove the Ponceau S solution. Membranes were then placed
into a plastic film and scanned with an Epson Perfection V750 Pro scanner.

For re-staining of membranes with Direct Blue solution, membranes previously stained
with Ponceau S were washed overnight with TBS-T, stained with Direct Blue staining
solution for 5 min, washed with a solution of 40% (v/v) ethanol and 10% (v/v) acetic acid
in DI water to remove non-specific background staining, and then imaged as described
above. For re-staining of membranes with Coomassie Blue, membranes previously stained
with Direct Blue were washed overnight with a solution of 50% (v/v) ethanol and 15%
(w/v) 1 M sodium bicarbonate in water. Membranes were then stained with Coomassie
Blue solution for 3 min and imaged as described above.

For experiments using diluted BSA solutions, a BSA solution was diluted 1:1 with
either 0.5 M NaCl, PBS, TBS-T or a 0.1% (v/v) SDS solution, resulting in BSA solutions with a
protein concentration of 1 µg/µL. BSA solutions were applied dot-wise onto a nitrocellulose
membrane with different volumes to create a standard curve for each solution based on
Ponceau S staining.

We included a movie demonstrating the experimental workflow and the analysis with
Fiji in the Supplementary Materials (Video S1).

2.7. Protein Quantification with Fiji and Microsoft Excel

After transforming a source image into an 8-bit greyscale image and inverting it in
ImageJ/Fiji, the rectangle tool and ROI manager were used to define a series of regions of
interest (ROIs), covering each dot with a single ROI of the same size, and the integrated
density of each ROI was measured. The integrated density values of technical replicates of
the samples and the standards were averaged and, if necessary, corrected for the baseline
signal by subtracting the trendlines’ y-axis intercept. A standard curve was generated based
on the mean integrated density values of the standards and the equation of a corresponding
linear trendline used to calculate protein concentrations. The goodness of fit/coefficient of
determination for each trendline was calculated in Microsoft Excel and displayed as R2 in
the corresponding figure.

2.8. Cost Calculations

We calculated the costs regarding the PDB assay and the micro BCA assay for measur-
ing 12 biological samples and standards. Both the commercial BCA assay and a self-made
variant were compared. The reagents for a self-made BCA assay were as follows:

Reagent A: 1% (w/v) sodium bicinchoninate, 2% (w/v) sodium carbonate, 0.16%
sodium tartrate (w/v), 0.4% (w/v) NaOH, 0.95% (w/v) sodium bicarbonate in water, pH
adjusted to 11.25.

Reagent B: 4% (w/v) cupric sulfate in water.
A range of total costs was calculated for each method to reflect the market price ranges

of the required materials.
We calculated the costs of RIPA buffer and SDS Gel loading buffer per ml and

compared the commercial and self-made RIPA buffers with the self-made SDS Gel load-
ing buffer.

We determined the prices of reagents on the websites of established distributors and
used the smallest available package size for our calculations. Basic laboratory chemicals
such as Tris-HCl or NaCl were not included in our calculations. We included the protease
and the phosphatase inhibitor prices in both cost calculations for the commercial and the
self-made RIPA buffers.

2.9. Immunoblotting

Immunoblotting was performed as previously described [13]. Antibodies are listed in
Table 1. Blots were developed with Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific Inc., Waltham, MA, USA).
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Table 1. List of antibodies.

Antibody Host Species Supplier Cat. No. Dilution

ERK 1/2 Mouse Cell Signaling 4696 1:2000

GAP-43 Rabbit Santa Cruz 10,786 1:500

GAPDH Mouse Santa Cruz 32,233 1:5000

Histone H1 Mouse Santa Cruz 8030 1:500

LC3A/B Rabbit Cell Signaling 4108 1:1000

MBP Rat Novus Biologicals NB600-717 1:1000

MEK 1/2 Rabbit Cell Signaling 8727 1:2000

Merlin Rabbit Cell Signaling 12,896 1:1000

NF-M Mouse Santa Cruz 16,143 1:500

P0 Chicken Abcam 39,375 1:2000

p-ERK 1/2 Rabbit Cell Signaling 4370 1:2000

p-MEK1/2 Mouse Abcam 91,545 1:2000

Anti-chicken HRP Goat Abcam 97,135 1:5000

Anti-Rabbit HRP Goat Agilent Dako P0448 1:2000

Anti-Mouse HRP Goat Agilent Dako P0447 1:2000

Anti-rat HRP Rabbit Invitrogen 61-9520 1:2000

Anti-Goat HRP Rabbit Agilent Dako P0449 1:1000

2.10. Statistical Procedures and Figure Preparation

The p-values were calculated by Student’s t-test with Graphpad Prism 7.0. Statistical
significance was accepted at p ≤ 0.05. All data are presented as mean +/− SEM (Standard
error of the mean). Missing error bars are due to technical reasons when the error bar would
be shorter than the height of a single datapoint. All figures were made with Graphpad
Prism 7.0 and assembled in Adobe Photoshop CS6 or Microsoft PowerPoint.

3. Results and Discussion

To assess the reliability of the PDB assay for protein quantification, we spotted different
volumes of a BSA solution (0.25–4 µg of BSA) on a nitrocellulose membrane. Ponceau
S staining was performed after air-drying the membrane (Figure 1A). The sizes of the
dots did not correlate with the total protein amounts (data not shown) and we therefore
measured the integrated density, which is the sum of grey values in the region of interest.
It should be noted that a gray value measured by ImageJ is opposite to the actual intensity,
so images should be inverted before measurement. The integrated density and protein
amount showed a linear trendline, indicated by a coefficient of determination R2 near
the optimal value of 1 (Figure 1B). For comparison, we performed a BCA assay, which
also showed a trendline with R2~1 (Figure 1C), indicating that both assays perform well
within their respective detection range. However, according to the manufacturer, beyond
the maximum concentration of 40 µg/mL, the BCA assay—like any other colorimetric
assay—is no longer reliable and further dilution of the sample is required. In contrast, the
PDB assay yielded a linear standard curve up to 12 µg of the protein per dot (Figure S1).
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Figure 1. Standard curves of the PDB and the BCA assays. (A) Ponceau S-stained dot blot. Variable
volumes of a BSA solution (2 µg/µL) containing indicated BSA amounts were spotted in triplicate
onto a nitrocellulose membrane. (B) Inverted standard curve based on Figure 1A. The experiment
was repeated with three batches of BSA solutions. (C) Standard curve of three BCA assays performed
with different BSA solutions. Error bars indicate SEM. R2 = Coefficient of determination.

Visible in Figure S1, the bottom range of the PDB assay standard curve may lose
fidelity if the total protein amount is below 1 µg and the respective BSA volumes are not
spotted perfectly, which can occur if the applied volume per drop is small. Therefore, the
BSA standards may be diluted if the samples are suspected of having low protein contents.
To identify suitable diluents, we diluted the BSA standards with TBS-T, 0.1% SDS, PBS and
0.5 M NaCl, and compared the corresponding PDB assay standard curves (Figure 2).

As indicated by higher R2 values and lower error deviations between technical repli-
cates, TBS-T and 0.1% SDS in water outperformed PBS and 0.5 M NaCl (Figure 2B–E). Using
diluted standards, samples with very low protein concentrations just above 0.125 µg/µL
can be analyzed.

As described above, fixing the protein concentration while varying the volume yielded
a linear standard curve in the PDB assay. Similarly, fixing the volume while varying the
protein concentration also yielded a linear standard curve (Figure S2), suggesting that the
integrated density (if not saturated) is determined by the protein amount and less affected
by the dot size.

To test whether the PDB assay can be used to quantify proteins in lysates of biological
tissues, spleens from four mice were lysed in 1 mL of RIPA buffer and a PDB assay was
performed (Figure 3A–C). For comparison, the same lysates were also measured with a
BCA assay (Figure 3C).
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Figure 2. Comparison of diluents for the PDB assay. (A) Ponceau S-stained dot blot. BSA was diluted
in different solutions to a final concentration of 1 µg/µL. Variable volumes of the solutions containing
indicated BSA amounts were spotted in triplicate onto a nitrocellulose membrane. (B–E) Inverted
standard curves based on Figure 2A. Error bars indicate SEM. R2 = Coefficient of determination.
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Figure 3. Underestimation of protein concentrations by the BCA assay. (A) Ponceau S-stained dot
blot. Variable volumes of a BSA solution (2 µg/µL) containing indicated BSA amounts were spotted
onto a nitrocellulose membrane. A cross indicates an incorrectly applied sample that was excluded
for the analysis. (B) Ponceau S-stained dot blot. A quantity of 2 µL of spleen lysates from four mice
was spotted in duplicates onto a nitrocellulose membrane. (C) Calculated protein concentrations of
the spleen samples based on either the PDB or the BCA assay. (D) Retest of the protein concentrations
of the spleen samples by different staining of the dot blot. Spleen samples containing 5 or 2.5 µg of
total proteins (calculation based on either the PDB or the BCA assay), in addition to the BSA standards
(2 µg/µL), were spotted in duplicate onto a nitrocellulose membrane. The blot was sequentially
stained with Ponceau S, Direct Blue 71 and Coomassie Blue R250, with destaining between stainings.
The integrated density values were then plotted: (E,H) for Ponceau S staining; (F,I) for Direct Blue
71 staining; (G,J) for Coomassie Blue R250 staining. Error bars indicate SEM. p-values were calculated
using Student’s t-test.

Both standard curves had to be extrapolated in order to calculate the protein concen-
trations of the spleen lysates because of high protein contents, which should generally be
avoided. The BCA assay showed sample concentrations above the range of the respective
standard curve. It would be necessary to repeat the measurement either with diluted
samples or with another serial of BSA standards. In contrast, the calculation of the protein
concentrations based on the PDB assay is less problematic because the standard curve for
the PDB assay shows a linear correlation until 12 µg total protein amount per dot (Figure
S1). It should be mentioned that, in routine experiments where the protein concentrations
are estimated to be low, such high standards might not be necessary.

Strikingly, the protein concentrations of the spleen lysates based on the PDB assay
were three to four times higher than those determined by the BCA assay (Figure 3C). To
validate the results, we performed a PDB assay spotted with 5 and 2.5 µg of total proteins,
which was based on the concentrations determined by either the BCA or the PDB assay
(Figure 3D, left panel). Comparison of the integrated densities revealed a higher variability
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of the dots based on the BCA assay (Figure 3E,H). Importantly, the integrated densities
of the dots based on the BCA assay were generally much higher than those of the BSA
standards. In contrast, the integrated densities of the dots based on the PDB assay were
similar to those of the BSA standard (Figure 3E,H). This retest suggests that the PDB assay
is more reliable than the BCA assay, whereas the latter may significantly underestimate the
total protein contents of unknown samples

Protein inputs on blots can also be stained with other dyes. Different dyes may have
different binding modes to proteins. Unequal binding to heterogenous proteins will lead
to a bias in total protein quantification. Ponceau S binds to positively charged amino
acids and nonpolar regions of proteins [14]; therefore, it stains heterogenous proteins
relatively equally. To compare Ponceau S staining with two other staining methods, we
destained the same blot and re-stained it with Direct Blue 71 [15] and Coomassie Blue
R250 sequentially. The overall staining profiles and integrated densities were comparable
between the three dyes, despite the fact that the BSA standards were less stained by Direct
Blue 71 or Coomassie Blue R250 (Figure 3D–J). It is unclear whether this difference was due
to each dye’s binding preference or loss of BSA from the blot during extensive destaining.
It is also apparent that Coomassie Blue R250 staining resulted in a high background. Due
to its properties of having a simple recipe, fast procedure, relatively equal staining of
heterogenous proteins, adequate sensitivity, and low background, Ponceau S staining is an
excellent choice for protein quantification.

We have shown that the PDB assay is compatible with biological tissues lysed in RIPA
buffer, but some researchers may prefer 2x SDS LB because some proteins are known to
be insoluble in RIPA buffer, leading to an overall loss of 10% to 30% of all proteins [9].
We therefore tested the compatibility of the PDB assay with samples lysed in 2x SDS LB.
Because an initial experiment with BSA diluted in 2x SDS LB did not yield a linear standard
curve (data not shown), we decided to add a washing step to wash out the SDS from the
dots, which we suspected interfered with the binding of Ponceau S to the proteins. Washing
the membrane three times with DI water (5 min each) after drying it for 15 min allowed us
to generate a standard curve similar to that based on undiluted BSA standards (Figure S3),
allowing the PDB assay to measure samples lysed in 2x SDS LB. RIPA buffer emerged to be
unsuitable to dilute BSA standards because it results in the formation of coffee rings on
blots (Figure S4).

To compare the protein extraction efficiency between 2x SDS LB and RIPA buffer, we
performed a PDB assay with tissues lysed in these two buffers and conducted a subsequent
Western blot. Two sciatic nerves and cerebral hemispheres, each from one mouse (two mice
in total), were pooled and lysed. Due to their high lipid content, both tissues were hard
to lyse. We measured the total protein contents of the lysates by the PDB assay, and then
loaded the lysates containing 50, 25, and 15 µg of total proteins for SDS-PAGE and Western
blot (Figure 4C).

Ponceau S staining of the membrane after protein transfer revealed equal loading
of the samples (Figure S5), indicating that the PDB assay performs similarly as lysates
in RIPA buffer or 2x SDS LB. Interestingly, we observed striking differences in the band
intensities between the nerve and the brain lysates. We hypothesize that this is due to a
high abundance of albumin (the strong band below 70 kDa) and the IgG heavy (the strong
band slightly above 55 kDa) and light chain (the strong band between 25 and 35 kDa) in the
peripheral nerves, which are absent in the brains because of the blood–brain barrier [16,17].
This circumstance will lead to an overestimation of the actual protein content of the sciatic
nerve and thus biased loading. This could be a major issue when comparing protein
expression between the peripheral and the central nervous systems.

Our Western blot results showed that the cytoskeleton-associated protein merlin, as
well as the nuclear protein Histone H1, the autophagic vesicle membrane proteins LC3A/B,
and the myelin basic protein MBP, were better extracted by 2x SDS LB than by RIPA buffer
(Figure 4C). In contrast, the cytoplasmic proteins MEK 1/2, ERK 1/2, GAPDH, and GAP-43
were indistinguishably extracted by the two buffers. These findings confirm the literature
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reports that 2x SDS lyses biological tissues more effectively than RIPA buffer, which can be
attributed to the insolubility of cytoskeleton-associated and extracellular matrix proteins in
RIPA [12].

Figure 4. Western blots based on protein quantification with the PDB assay. (A,B) Ponceau S-stained
dot blot. Undiluted BSA standards and BSA standards diluted 1:1 in 2x SDS lysis buffer were spotted
in duplicate onto a membrane (fixed concentration, variable volumes). A quantity of 1 µL of sciatic
nerve (SN) and brain samples lysed in 2x SDS LB or RIPA buffer was also applied onto the same
membrane for quantification with the PDB assay. (C) The nerve and brain lysates containing 50, 25 or
15 µg of total proteins (based on the PDB assay) were loaded for SDS-PAGE and Western blot. After
protein transfer to a nitrocellulose membrane, the membrane was also stained with Ponceau S.

To our surprise, p-ERK1/2 and p-MEK1/2 levels were higher in 2x SDS LB lysates
than in RIPA lysates. We could not exclude the possibility that p-ERK1/2 and p-MEK1/2
in the respective nerves were indeed different. If this is not the case, the result suggests
that RIPA buffer, which contains a designated phosphatase buffer, is inferior to 2x SDS
LB in terms of phosphatase inhibition, which may be explained by the strong denaturing
effect of SDS. This observation may be important for studying rapidly changing signaling
processes, such as degeneration and regeneration in the nervous system [18,19], where 2x
SDS LB may be a better choice for tissue lysis.
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In the course of our experiments, we found that the PDB assay, especially when using
2x SDS LB instead of RIPA buffer to lyse biological tissue, can be much cheaper than the
established workflow in our laboratory, which relies on the widely used BCA assay for
protein quantification. Therefore, we calculated the costs for quantification of 12 samples
with a commercial or a self-made BCA assay, or a PDB assay. In this study, we only used
the commercial BCA assay, and the reagents can be self-made. The self-made BCA kit
would cost between EUR 15.29 and 24.91, a commercial BCA kit was EUR 13.47, and
the PDB assay cost only EUR 2.05 for quantification of 12 samples. From our experience,
Ponceau S solution can be reused at least 20 times to stain transfer membranes or dot blots.
A laboratory quantifying 1000 samples with the PDB instead of the BCA assay would
save about EUR 950 (Figure S6). Because we have shown that direct lysis of biological
tissues in 2x SDS LB is compatible with protein quantification by PDB assay and superior to
RIPA buffer in terms of protein solubilization, we also checked the overall price difference
between RIPA and 2x SDS LB, which amounted to a difference of between EUR 1380 and
2310 for 1000 lysates (Figure S7). One laboratory could save over EUR 2300 per 1000 lysates
by switching from tissue lysis with RIPA buffer and protein quantification with the BCA
assay to 2x SDS LB and our PDB assay.

The time needed for a PDB assay or a BCA assay is comparable: both assays will take
around 45 min from sample preparation to measurement with a plate reader (BCA assay)
or to scanning (PDB assay); the subsequent analysis including standard curve preparation,
linear regression, and calculation of protein concentrations is almost the same.

Previously, Morcol et al. described a similar method to quantify purified proteins [8].
Here, we demonstrate an improved PDB assay that can be used to quantify tissue lysates
and is compatible with 2x SDS LB. The PDB assay has the following advantages: (1) it can
be easily adjusted to quantify samples with very high or low protein contents; (2) it requires
far fewer materials than the BCA assay, saving valuable samples; (3) it only needs a simple
laboratory equipment; and (4) it is significantly cheaper and more reliable than the BCA
assay, thereby facilitating downstream experiments relying on correct sample inputs.

4. Conclusions

The PDB assay is a cheap and reliable method for quantifying proteins in tissue lysates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/gels8010043/s1. Figure S1: Extended range for the PDB assay; Figure S2: The integrated
density is determined by the protein amount instead of the dot size; Figure S3: Standard curves
related to Figure 4A,B; Figure S4: BSA standards diluted with RIPA buffer forms “coffee rings” on
dot blots; Figure S5: Ponceau S staining of the membrane after SDS-PAGE and protein transfer,
uncropped, related to Figure 4C; Figure S6: Cost comparison between the PDB and the BCA assays;
Figure S7: Cost comparison between the PDB assay with samples lysed in 2x SDS LB and the BCA
assay with samples lysed in RIPA buffer; Video S1: Workflow of the PDB assay.
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Abstract: Alpha-crystallin protein performs structural and chaperone functions in the lens and com-
prises alphaA and alphaB subunits at a molar ratio of 3:1. The highly complex alpha-crystallin struc-
ture challenges structural biologists because of its large dynamic quaternary structure (300–1000 kDa).
Camel lens alpha-crystallin is a poorly characterized molecular chaperone, and the alphaB subunit
possesses a novel extension at the N-terminal domain. We purified camel lens alpha-crystallin using
size exclusion chromatography, and the purity was analyzed by gradient (4–12%) sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. Alpha-crystallin was equilibrated in the pH range of 1.0 to
7.5. Subsequently, thermal stress (20–94 ◦C) was applied to the alpha-crystallin samples, and changes
in the conformation and stability were recorded by dynamic multimode spectroscopy and intrinsic
and extrinsic fluorescence spectroscopic methods. Camel lens alpha-crystallin formed a random
coil-like structure without losing its native-like beta-sheeted structure under two conditions: >50 ◦C
at pH 7.5 and all temperatures at pH 2.0. The calculated enthalpy of denaturation, as determined
by dynamic multimode spectroscopy at pH 7.5, 4.0, 2.0, and 1.0 revealed that alpha-crystallin never
completely denatures under acidic conditions or thermal denaturation. Alpha-crystallin undergoes a
single, reversible thermal transition at pH 7.5. The thermodynamic data (unfolding enthalpy and
heat capacity change) and chaperone activities indicated that alpha-crystallin does not completely
unfold above the thermal transition. Camels adapted to live in hot desert climates naturally exhibit
the abovementioned unique features.

Keywords: alpha-crystallin; dynamic multimode spectroscopy; circular dichroism; fluorescence;
thermal stability

1. Introduction

Alpha-crystallin belongs to the small heat shock protein (sHsp) superfamily, is highly
expressed in the eye lens, and has at least two known functions. First, alpha-crystallin is
a structural protein that maintains an appropriate refractive index (ability to focus light
on the retina). Second, as a molecular chaperone, it maintains lens clarity throughout the
lifespan of an organism [1]. Eye lens proteins are frequently exposed to environmental
stress, including UV-radiation and high temperatures. The mature lens fibers lack a protein
folding machinery and all organelles to minimize light scattering. Consequently, no new
protein can be synthesized, and damaged proteins cannot be replaced. Therefore, the eye
lens in all organisms must maintain damaged proteins such as alpha-crystallin in a soluble
state throughout life. The camel has adapted to thrive in extreme desert climates, which
includes high temperatures, solar radiation, dryness, and low nutrition. High ambient
temperature and UV–Vis radiation may increase the lens temperature and induce protein
misfolding and aggregation [2]. Epidemiological studies have shown a positive association
between early-onset and a high grade of cataracts and prolonged sunlight exposure [3,4].
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Therefore, the role of the camel lens in maintaining lenticular alpha-crystallin in a soluble
state throughout its entire life presents challenges. Unfolding and aggregation of lenticular
proteins cause lens opacity, resulting in cataract formation.

Lens alpha-crystallin is a large, heterogeneous multimeric protein comprising two
subunits (alphaA and alphaB chains), each approximately 175 amino acids and exhibiting
60% homology. In the human eye lens, alpha-crystallin comprises 15–50 subunits of two
homologous forms, alphaA and alphaB, each approximately 20 kDa [5,6] and at a 3:1 molar
ratio [5]. Camels have evolved uniquely (anatomically, physiologically, and biochemically)
to adapt to the scorching climate where most other mammals cannot survive. To our best
knowledge, the camel eye lens has at least two novel features: the recruitment of high
levels of taxon-specific zeta-crystallin and the presence of an extended N-terminal domain
in the alphaB-crystallin protein. Camel alphaA-crystallin (XP_010998042.1) comprises
173 amino acid residues, identical to human alphaA-crystallin. However, camel alphaB-
crystallin (XP_010984284.1) contains an additional 44 residues compared with human
alphaB-crystallin (219 residues vs. 175 residues, respectively) [7].

The expression of alphaA-crystallin is primarily lens specific; in other tissues, it is
expressed in trace amounts. By contrast, alphaB-crystallin expression is stress-inducible
and widespread throughout the body, particularly in the heart, muscle, and brain [8,9].
AlphaB-crystallin overexpression is linked to several protein misfolding and neurodegener-
ative diseases, including myopathies [10,11], Parkinson’s disease [12,13], Alzheimer’s dis-
ease [14,15], Creutzfeldt–Jakob disease [16,17], multiple sclerosis [18,19], and cancer [20,21].

Alpha-crystallin acts as a “holdase” in an ATP-independent manner [1,22]. The
size of the hetero-oligomeric quaternary structure of alpha-crystallin is diverse with an
average molecular weight of 700 kDa, and its size ranges from 300 to 1000 kDa [5,23].
The size variation is caused by several factors (e.g., pH, ionic strength, temperature, and
metal ions). Temperature is a critical factor for alpha-crystallin oligomerization [23,24].
Recently, we reported that the chaperone activity of camel alpha-crystallin is activated
in a stepwise manner during heat stress [7]. Moreover, camel alpha-crystallin retains
a native beta-sheeted dominant secondary structure up to 50 ◦C. High thermal stress
(above 50 ◦C) leads to a structural transition in alpha-crystallin with a gain of a random-
coiled-like structure without losing beta-sheeted content [7]. In previous studies of alpha-
crystallin, temperature was associated with the single thermal transition and activation of
its chaperone activity [25,26].

Thermal transition was reported to occur above 50 ◦C with a transition mid-point
(Tm) of approximately 61–63 ◦C [7,27–29]. Interestingly, alpha-crystallin efficiently retained
its function during and above thermal transition [7,30,31]. Surprisingly, the calculated
enthalpy of denaturation (∆H) for alpha-crystallin at pH 7.5 using different techniques [Dif-
ferential scanning calorimetry (DSC), dynamic multimode spectroscopy (DMS), and Fourier
transform infrared spectroscopy (FTIR)] was significantly lower than the theoretically esti-
mated enthalpy of denaturation [7,32]. The experimentally calculated heat capacity change
of alpha-crystallin denaturation (∆Cp) was also less than half of the theoretical (∆Cp)
value [26,32,33]. Several reports have shown the structural integrity of alpha-crystallin
under thermal denaturation at pH 7.5. However, ambiguities exist regarding the folding
species of alpha-crystallin above the transition. Whether alpha-crystallin is fully unfolded,
partially unfolded, or retains a native-like structure remains unclear [28,29,34,35]. Alpha-
crystallin protein presents challenges for structural determination, and its crystal structure
is unavailable. In particular, camel lens alpha-crystallin comprises an extended N-terminal
domain and is poorly characterized. In the present study, we used multi-spectroscopic tech-
niques to characterize the folding and thermodynamic characteristics of alpha-crystallin
in the pH range of 1.0–7.5 and temperature range of 20–94 ◦C. Many proteins are un-
folded at low pH due to loos of electrostatic interactions. Several types of forces such
as ionic, hydrophobic, H-bond, and covalent interactions are responsible to maintain the
structure–function relationship of the proteins. The change in medium may perturb these
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interactions and result in protein unfolding. In this study, we have evaluated the role of pH
and temperature on the stability of alpha-crystallin.

2. Materials and Methods

Superdex 200 and Superdex 75 prepacked columns were obtained from GE Healthcare
Life Sciences, Chicago, USA. The 4–12% gradient SDS-PAGE gels were purchased from
Invitrogen and Bradford’s reagent was obtained from Pierce. All other chemicals were of
analytical grade.

2.1. Extraction and Purification of Alpha-Crystallin from Camel Lens

Fresh camel eye lenses were obtained from a local slaughterhouse and transported
under chilled conditions. Two lenses were gently stirred in 50 mL of extraction buffer
[20 mM sodium phosphate buffer (pH 7.8) containing 0.2 mM EDTA] for 30 min to extract
the soluble lens protein. The supernatant was collected after centrifugation at 13,000 rpm
for 15 min. Alpha-crystallin was purified using two different size exclusion chromatogra-
phy columns (Superdex 200 and Superdex 75 gel filtration columns). The Superdex 200
and Superdex 75 gel filtration columns were equilibrated with 20 mM sodium phosphate
buffer (pH 7.8) containing 0.2 mM EDTA. The clear soluble lens extract was passed through
a Superdex 200 column, and the purity of the eluted fractions was evaluated by 4–12% gra-
dient sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Subsequently, fractions
containing relatively pure alpha-crystallin were pooled and passed through a Superdex
75 gel filtration column. The fraction purity was re-analyzed by 4–12% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis [7]. The pure fractions were concentrated to
8 mg/mL and stored at −20 ◦C. The protein was quantified using the Bradford assay.

2.2. Equilibration of Alpha-Crystallin at Different pH Values

Camel lens alpha-crystallin (0.3 mg mL−1) was equilibrated overnight with a 20 mM
buffer (pH 1.0–7.5) at room temperature. To obtain the desired pH, the following buffers
were used: KCl-HCl (pH 1.0 and 1.5), Gly-HCl (pH 2.0–3.0), acetate buffer (pH 4.0–5.0),
and phosphate buffer (pH 6.0–7.5).

2.3. Far-UV CD Spectroscopy of Alpha-Crystallin at Different pH Values

Far-UV CD measurements of alpha-crystallin equilibrated at different pH values were
obtained using a ChirascanPlus spectropolarimeter (Applied Photophysics Ltd., London,
UK) and coupled with a Peltier temperature controller. The far-UV CD spectra of alpha-
crystallin were measured at a concentration of 0.3 mg/mL in a 1-mm-pathlength cuvette
at 22 ◦C. Three spectra for each sample were scanned from 200 to 250 nm with a 1-nm
bandwidth, and the data were collected at 0.5 s per point. The air baseline and buffer
background were subtracted from each spectrum of alpha-crystallin.

2.4. Intrinsic Fluorescence Spectroscopy of Alpha-Crystallin at Different pH Values

The tryptophan fluorescence emission spectra of alpha-crystallin at different pH values
were measured at room temperature using a Cary Eclipse Fluorescence Spectrophotome-
ter (Agilent Technologies, Santa Clara, CA, USA) coupled with a Peltier temperature
controller [36]. Alpha-crystallin (0.1 mg/mL) at different pH values (1.0 to 7.5) in a 10-mm-
pathlength cuvette was excited at 295 nm (bandwidth, 5 nm each) to record tryptophan
fluorescence emission spectra.

2.5. Dynamic Multimode Spectroscopy of Alpha-Crystallin at Different pH Values

DMS was performed using a ChirascanPlus spectrophotometer [37]. Based on the
observation of major secondary and tertiary structural transitions in camel lens alpha-
crystallin with respect to pH values, four different pH values (1.0, 2.0, 4.0, and 7.5) were
selected for detailed spectroscopic and thermodynamic studies. Camel lens alpha-crystallin
(0.2 mg/mL) was dissolved in 20 mM buffer at pH 1.0, 2.0, 4.0, and 7.5, and temperature-
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dependent conformational changes were measured in 1-mm-pathlength cuvettes using
internal temperature probes. Alpha-crystallin was gradually heated from 20 ◦C to 94 ◦C at
a rate of 1 ◦C/min, and far-UV CD spectra were recorded between 200 and 250 nm. The
thermal transition data were processed using Chirascan Global 3 software provided by
the manufacturer.

2.6. ANS (8-Anilino-1-naphthalene sulfonate) Fluorescence Measurements of Alpha-Crystallin at
Different Temperatures and pH Values

ANS fluorescence of alpha-crystallin (0.2 mg mL−1) at pH 1.0, 2.0, 4.0, and 7.5, respec-
tively, were recorded at different temperatures (5 ◦C increments at each step) from 20 ◦C
to 90 ◦C using a Peltier-controlled Cary Eclipse Fluorescence Spectrophotometer. ANS
(50 µM) was added to the alpha-crystallin samples at pH 1.0, 2.0, 4.0, and 7.5, respectively,
and the samples were equilibrated for 1 h at room temperature. The solution temperature
was monitored using an internal temperature probe. ANS-treated alpha-crystallin was
gradually heated and allowed to equilibrate for 5 min at each temperature step. The ANS
fluorescence emission spectra were recorded between 400 and 600 nm (5.0-nm slit) by
exciting the samples at 375 nm (2.5-nm slit).

3. Results
3.1. Effect of pH on the Secondary Structure of Camel Lens Alpha-Crystallin

Pure alpha-crystallin was obtained as previously described [7]. Far-UV CD (200–250 nm)
was used to characterize the effect of acidic pH on the secondary structure of alpha-
crystallin (0.3 mg mL−1) (Figure 1). The far-UV CD spectra of alpha-crystallin at pH 7.5
revealed a single negative minimum at 217, which is a characteristic feature of beta-sheeted
proteins. Changes in the negative minima of alpha-crystallin were insignificant, between
pH 4.0 and 7.5 (Figure 1, inset), but the ellipticity at 217 nm gradually decreased as the
pH was reduced from 7.5 to 5.0, indicating a loss of secondary structure (beta-sheeted
structure) (Supplementary Figure S1). The maximum loss of secondary structure was
observed at pH 5.0. The alpha-crystallin quickly regained a beta-sheeted structure below
pH 5.0, particularly at pH 4.5, 4.0, and 3.0, respectively, which was close to the native
secondary structure. Interestingly, at pH 3.0, 2.5, and 2.0, respectively, the alpha-crystallin
secondary structure transformed into a random coil structure without affecting its beta-
sheeted core structure (Figure 1). When alpha-crystallin was further incubated at pH 1.0
and 1.5, negative ellipticity was regained to that of native alpha-crystallin (Figure 1, inset).
The far-UV CD data indicated that the secondary structure of alpha-crystallin was unstable
with respect to pH changes. Figure 1 shows the different folding states of alpha-crystallin
in which the far-UV CD minima varied with pH: native state (pH 7.5), beginning of the
random-coil-like structure (pH 4.0), random-coiled structure (pH 2.0), and gain of the
native-like secondary structure (pH 1.0).
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Figure 1. Far-UV circular dichroism (CD) spectra of 0.3 mg mL−1 of alpha-crystallin at pH 1.0 to 7.5.
Changes in the ellipticity minima at different pH values are plotted in the inset figure. Below pH 3.5,
alpha-crystallin gained a random coil-like structure but was restored to a native-like structure at pH 1.0.

3.2. Effect of pH on the Tertiary Structure of Alpha-Crystallin

Intrinsic fluorescence spectroscopy was used to investigate changes in the alpha-
crystallin tertiary structure with respect to pH changes. Measurements of intrinsic flu-
orescence are useful readouts of the microenvironment surrounding aromatic residues
and provide information regarding even subtle changes in the tertiary structure of pro-
teins [38–40]. Figure 2 shows the tryptophan fluorescence spectra of alpha-crystallin at
pH 1.0 to 7.5, revealing that alpha-crystallin at pH 7.5 exhibited a maximum fluorescence in-
tensity at 336 nm. This finding confirmed that alpha-crystallin existed in a well-folded form.
As the pH was reduced, the fluorescence emission maximum (λmax) of alpha-crystallin was
unchanged up to pH 5.5. However, below pH 5.5 down to pH 2.0, a gradual redshift in the
λmax was observed, indicating exposure of tryptophan residues to the polar environment
(Figure 2, inset). The redshift in the wavelength maximum occurs when the microenvi-
ronment surrounding tryptophan residues becomes polar (aqueous), indicating protein
unfolding or a loss of protein tertiary structure. The maximum redshift of alpha-crystallin
was found at pH 2.0, indicating that the alpha-crystallin tertiary structure was maximally
lost. Interestingly, at pH values below 2.0, the λmax of the alpha-crystallin returned to
336 nm (i.e., the native-like structure), indicating that alpha-crystallin was again refolded
at pH 2.0. The λmax of alpha-crystallin was 352 nm; in the completely unfolded state (in
6 M GdnHCl), alpha-crystallin showed a λmax of 363 nm, indicating a partially unfolded
state of alpha-crystallin at pH 2.0.
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Figure 2. Tryptophan fluorescence spectra of camel lens alpha-crystallin at pH 1.0–7.5. Alpha-
crystallin (0.1 mg mL−1) equilibrated at different pH values was excited at 295 nm. Emission spectra
were collected from 300 to 400 nm at room temperature (bandwidth 5 nm each). Each spectrum
recorded at a different pH is color-coded. The inset figure shows the λmax plot with respect to pH.

3.3. Changes in Surface Hydrophobicity at Selected pH Values

The partially unfolded states or molten globule states of proteins are frequently charac-
terized by measuring changes in ANS fluorescence. ANS has a significantly lower binding
affinity with native and fully denatured proteins because the appropriate hydrophobic
patches are unavailable for ANS binding. However, the partially unfolded or molten glob-
ule state of the protein exposes hydrophobic patches and provides a suitable environment
for ANS binding and producing high ANS fluorescence intensity [41,42]. The exposure of
hydrophobicity of alpha-crystallin (0.2 mg mL−1) at four different pH values (1.0, 2.0, 4.0,
and 7.5, respectively) was measured at room temperature (Figure 3). Alpha-crystallin in the
native state (pH 7.5) exhibited a poor ANS binding signal, indicating that alpha-crystallin
in the native state has low surface hydrophobicity (Figure 3). This finding indicates that
alpha-crystallin is well-folded. However, at pH 4.0, 2.0, and 1.0, respectively, the fluores-
cence intensity of ANS increased in response to a change in pH, confirming that the surface
hydrophobicity of alpha-crystallin was increased with respect to the change in pH. The
increased surface hydrophobicity with respect to pH resulted from the formation of the
molten, globule-like state of alpha-crystallin.
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Figure 3. Surface hydrophobicity measurements of alpha-crystallin at four selected pH values. Alpha-
crystallins (0.2 mg mL−1) equilibrated at pH 1.0, 2.0, 4.0, and 7.5, respectively, were treated with
50 µM ANS. The samples were excited at 375 nm (2.5 nm slit) and the emission spectra were recorded
between 400 and 600 nm (5.0 nm slit).

3.4. Thermodynamic and Spectroscopic Properties of Alpha-Crystallin at Different pH Values as
Determined by Dynamic Multimode Spectroscopy

The spectroscopic and thermodynamic properties of alpha-crystallin at four different
pH values (1.0, 2.0, 4.0, and 7.5) were examined by DMS [43]. Alpha-crystallin revealed
distinct secondary and tertiary structures at pH 1.0, 2.0, 4.0, and 7.5, respectively. Therefore,
we selected these pH values to evaluate the thermodynamic and folding characteristics
of alpha-crystallin. Alpha-crystallin samples (0.2 mg mL−1) at pH 1.0, 2.0, 4.0, and 7.5,
respectively, were heat-stressed from 20 ◦C to 94 ◦C at a rate of 1 ◦C/min under iden-
tical conditions. The far-UV CD spectra (200 to 250 nm) were recorded as a function of
temperature. Figure 4A–D shows the changes in the secondary structure conformation of
alpha-crystallin at different temperatures and pH values. Alpha-crystallin in the native
state (pH 7.5 and room temperature) exhibited a single minimum at 217 nm, representing a
characteristic feature of a beta-sheeted rich protein (Figure 4A). The peaks at 217 nm were
unchanged during heat stress (20–94 ◦C), indicating that the alpha-crystallin beta-sheeted
core structure was preserved during heat stress. Moreover, the ellipticity at 217 nm was
unchanged between 20 ◦C and 50 ◦C, indicating that the secondary structure was intact
over this temperature range. Interestingly, above 50 ◦C, a sharp increase in the ellipticity
minima at 203 nm was observed without altering the 217 nm ellipticity, indicating the for-
mation of a random coil-like structure while maintaining the original beta-sheeted structure
(Figure 4A, inset).
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Figure 4. Far-UV circular dichroism (CD) spectra of camel lens alpha-crystallin at different tem-
peratures and pH values. Alpha-crystallin (0.2 mg mL−1) was heat-denatured at a constant rate
(1 ◦C min−1) at pH 7.5 (A), pH 4.0 (B), pH 2.0 (C), and pH 1.0 (D). Far-UV CD spectra were collected
from 200 to 250 nm at intervals of 1 ◦C from 20 ◦C to 94 ◦C. In the inset figure, the blue line shows the
changes at 203 nm and the pink dots at 217 nm, with respect to temperature.

Our results also demonstrated that far-UV CD ellipticity at 217 nm was unchanged
at pH 7.5 and 2.0 (Figure 4A,C). By contrast, a slight increase in the ellipticity minima at
217 nm at pH 4.0 and 1.0 (Figure 4B,D) was detected during thermal denaturation. These
results indicated that the core beta-sheeted structure of alpha-crystallin remained intact
during thermal denaturation (Figure 4). Moreover, the far-UV CD spectra of thermally
stressed (>80 ◦C) alpha-crystallin at pH 7.5 were similar to those of alpha-crystallin at pH
2.0 at all temperatures (20 ◦C–94 ◦C). These data showed the presence of random-coiled
and beta-sheeted structures under two conditions: alpha-crystallin above 50 ◦C at pH 7.5
and alpha-crystallin at all temperatures at pH 2.0 (Figure 4A,C). The far-UV CD spectra
of alpha-crystallin at pH 4.0 and 1.0 were similar to native-like alpha-crystallin, and these
conformations did not undergo any major structural transitions during heat stress, except a
slight gain of ellipticity minima at 217 nm (Figure 4B,D). Moreover, thermal stress at pH
1.0, 2.0, 4.0, and 7.5, respectively was reversible, and no aggregation was detected.

The thermal transition midpoints (Tm) and enthalpy of alpha-crystallin at pH 1.0,
2.0, 4.0, and 7.5, respectively, were determined (Table 1) using Global 3 analysis software
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provided by Applied Photophysics Ltd., UK. The three-dimensional model of the thermal
transitions in alpha-crystallin at pH 1.0, 2.0, 4.0, and 7.5, respectively, was generated using
Global 3 analysis software (Figure 5).

Table 1. Thermal transition midpoints ™ and enthalpies of alpha-crystallin at pH 1.0, 2.0, 4.0, and 7.5,
respectively.

pH Van’t Hoff Enthalpy (kJ/mol) Transition Temperature (◦C)

7.5 237.0 ± 1.9 60.9 ± 0.1
4.0 108.9 ± 4.7 48.1 ± 0.4
2.0 177.3 ± 9.2 59.1 ± 0.4
1.0 211.3 ± 10.2 43.5 ± 0.3
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Figure 5. Calculated temperature, wavelength, and far-UV CD signal of alpha-crystallin at different
pHs. The three-dimensional model of alpha-crystallin at pH 7.5 (A), 4.0 (B), 2.0 (C), and 1.0 (D),
respectively, was calculated using Global 3 software and the far-UV CD signal obtained during
temperature ramping (1 ◦C min−1).

3.5. Changes in the Surface Hydrophobicity of Alpha-Crystallin at Different Temperatures and
pH Values

Extrinsic fluorophore ANS was used to monitor the exposure of hydrophobic patches
in alpha-crystallin in response to thermal stress. ANS fluorescence of alpha-crystallin at
pH 1.0, 2.0, 4.0, and 7.5, respectively, was evaluated at different temperatures, from 20 ◦C
to 90 ◦C (Figure 6). When alpha-crystallin at pH 7.5 was heat stressed from 20 ◦C, a slight
redshift in the wavelength maxima was observed above 35 ◦C, and a sharp redshift was
observed above 55 ◦C (Figure 6A), indicating exposure of hydrophobic residues at the
surface of alpha-crystallin in response to heat stress. Alpha-crystallin at pH 7.5 exhibited
low ANS fluorescence intensity and displayed poor ANS binding with native state alpha-
crystallin at pH 7.5 (Figure 6A). Because ANS is a temperature-sensitive probe, a gradual
decrease in ANS fluorescence intensity was observed at all pH values. At acidic pH (4.0, 2.0,
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and 1.0), the ANS fluorescence of alpha-crystallin exhibited increased fluorescence intensity
resulting from the exposure of hydrophobic patches (Figure 6B–D). A slight redshift in
emission was observed only above 65 ◦C when alpha-crystallin was at pH 1.0, 2.0, and 4.0,
respectively (Figure 6E).
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Figure 6. Differential scanning fluorometry of alpha-crystallin using an extrinsic fluorophore at four
different pH values. ANS fluorescence was monitored by incubating alpha-crystallin at pH 7.5, 4.0,
2.0, and 1.0, respectively, from 20 ◦C to 90 ◦C by stepwise temperature increases of 5 ◦C. (A) pH 7.5,
(B) pH 4.0, (C) pH 2.0, and (D) pH 1.0. (E) Effect of temperature on the λmax of alpha-crystallin at
pH 7.5, 4.0, 2.0, and 1.0, respectively.

4. Discussion

Ocular proteins are exposed to environmental stress (solar radiation and ambient
temperature), making them susceptible to unfolding and aggregation. Alpha-crystallin
naturally maintains ocular proteins in a soluble state. The Arabian camel has evolved to
live in a stressful desert climate of intense heat, solar radiation, and dryness. The camel
possesses several unique anatomical, physiological, and biochemical features to survive
and thrive in the extreme desert climate [44–48]. The camel eye lens has two modifications
with respect to crystallin proteins: it contains levels of zeta-crystallin (a taxon-specific
crystallin) [49] and an extended N-terminal domain in the alphaB-crystallin protein [7].
Camel alphaA-crystallin (NCBI Reference Sequence: XP_010998042.1) is identical in length
and shares 93% homology with human alphaA-crystallin, whereas camel alphaB-crystallin
(NCBI Reference Sequence: XP_010984284.1) contains 44 additional residues at its N-
terminus and shows an overall 78% similarity with human alphaB-crystallin [7].

The alpha-crystallin architecture is highly complex, and its quaternary structure
changes (forms larger functional oligomers) as the temperature increases. Alpha-crystallin
presents challenges for structural biologists to study. Despite several attempts, the crystal
structure of the alpha-crystallin has not been solved. Its three-dimensional structure has
been reconstituted using multiple techniques, including cryo-electron microscopy, NMR,
dynamic light scattering, analytical ultracentrifugation, and structural modeling [50,51].
Because the hetero-oligomeric quaternary structure of alpha-crystallin changes in response
to temperature, interpreting the structural changes in alpha-crystallin using spectroscopic
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techniques precisely is challenging. We used multiple spectroscopic methods (DMS, in-
trinsic, and ANS fluorescence) to characterize the changes in the secondary and tertiary
structure and surface hydrophobicity of camel lens alpha-crystallin in response to changes
in pH and temperature.

At pH 7.5, camel lens alpha-crystallin exhibited a single minimum at 217 nm, indicating
the presence of a beta-sheeted dominant structure. Earlier studies reported a beta-sheeted
dominant structure in bovine alpha-crystallin at pH 7.5 [32,34]. The effect of pH from 1.0
to 7.5 on the secondary structure of camel lens alpha-crystallin revealed that the single
negative minimum remained at 217 nm between pH 7.5 and 4.0. During the pH scanning
experiment, multiple conformational changes were detected in the secondary structure
of alpha-crystallin. Initially, loss of the beta-sheeted structure occurred up to pH 5.0. A
further reduction of pH to 4.0 induced a beta-sheeted structure, resulting in the formation of
native-like alpha-crystallin. A subsequent reduction of pH resulted in major conformational
changes, as shown in Figure 1. Below pH 4.0, alpha-crystallin contained native-like beta-
sheeted and random-coiled structures. Interestingly, at pH 1.5 and 1.0, the far-UV CD
spectra nearly overlapped with alpha-crystallin at pH 7.5, indicating a restoration of the
native-like beta-sheeted structure and a loss of the random-coiled structure.

For a detailed investigation of the spectroscopic and thermodynamic properties of
alpha-crystallin, four different pH values were selected: pH 7.5, native alpha-crystallin;
pH 4.0, native-like alpha-crystallin; pH 2.0, alpha-crystallin with random coils; and pH 1.0,
native-like alpha-crystallin. DMS based on far-UV CD spectroscopy was used to obtain
thermodynamic and spectroscopic data. DMS is an information-rich technique that pre-
cisely determines changes in the secondary structure of proteins under different conditions
over the entire temperature range [43,52]. Figure 4A–D and Table 1 show the thermody-
namic and spectroscopic data obtained by DMS. Below 50 ◦C (pre-transition) and at pH
7.5, alpha-crystallin exists as a beta-sheeted dominant protein (Figure 4A). It retained a
native beta-sheeted secondary structure up to 50 ◦C at pH 7.5. However, above 50 ◦C, the
minima shifted toward 203 nm and maintained a shoulder at 217 nm. The ellipticity at
217 nm in the pre- and post-transition spectra remained the same. Chemical denaturants
(urea and single minimum) induce a decrease in ellipticity at 217 nm (loss of beta-sheeted
secondary structure) and subunit dissociation in the bovine alpha-crystallin [53]. Our study
and earlier studies showed that the core of the beta-sheeted structures in alpha-crystallin at
pH 7.5 remained intact under thermal denaturation temperatures up to 94 ◦C [28,32,34,35].
However, thermal stress above 50 ◦C induced a random-coil-like structure at pH 7.5.

Large conformational changes in alpha-crystallin occurred over the pH range of 1.0 to
7.5 (Figure 1). Initially, a loss of ellipticity at 217 nm occurred after shifting the pH from 7.5
to 5.0. Further reduction of the pH resulted in the formation of a beta-sheeted core structure
in alpha-crystallin. Interestingly, the temperature did not affect the beta-sheeted secondary
structure at all the pH values (7.5, 4.0, 2.0, and 1.0) tested; a slight gain of a beta-sheeted
structure occurred at pH 4.0 and 1.0 (Figure 4). The formation of a random-coiled structure
in alpha-crystallin occurred under two conditions: (i) >50 ◦C at pH 7.5 and (ii) 20 ◦C at
pH 2.0.

Camel lens alpha-crystallin at pH undergoes a single thermal transition between 50 ◦C
and 80 ◦C. After the thermal transition, whether alpha-crystallin was fully folded, partially
folded, or fully denatured was unclear. However, the folding species was reversible. In
the present study, the mid-point of the thermal transition (Tm) was 60.9 ± 0.1 ◦C, and
the enthalpy of denaturation was 237.0 ± 1.9 kJ/mol. In earlier studies, the thermal
stability and structural changes of eye lens alpha-crystallin from other sources were deter-
mined [28,35,54]. Alpha-crystallin underwent a single thermal transition (Tm) at approxi-
mately 61–64 ◦C [27–29]. The minor ambiguity in the Tm may be due to the difference in the
detection methods (far-UV CD, DSC, or FTIR), buffer pH, ionic strength, or experimental
conditions. The enthalpy of bovine lens alpha-crystallin was 235 kJ/mol by DSC [32].
Usually, the unfolding enthalpy of monomeric globular proteins of similar sizes is approxi-
mately 2.92 kJ/mol per residue [55]. Therefore, the calculated unfolding enthalpy of the

139



Gels 2022, 8, 273

alpha-crystallin subunits was more than 500 kJ/mol. Moreover, oligomerization increased
the unfolding enthalpy of the proteins [56,57]. Although the crystal or NMR structure
of alpha-crystallin is unavailable, data from multi-technique investigations have led to a
consensus that subunit assembly of alpha-crystallin is controlled by the hydrophobicity
of the N-terminal domains [50,51,58]. Therefore, dissociation of the oligomeric structure
would result in the exposure of the buried hydrophobic patches, leading to an endothermic
effect, which increases the overall unfolding enthalpy. Therefore, the calculated unfolding
enthalpy of oligomeric alpha-crystallin at pH 7.5 may be much higher than 500 kJ/mol.
Less than half of the enthalpic changes were determined in this study and earlier stud-
ies [32]. Accordingly, the DMS data presented in this work and an earlier study revealed
that alpha-crystallin retained a secondary structure above the thermal transition (Tm).
These data also indicate that the thermal transition of alpha-crystallin does not dissociate
its subunits. Denaturation without subunit dissociation was also observed in the Arc re-
pressor [59]. The presence of a secondary structure in the alpha-crystallin or Arc repressor
enabled a persistent interaction among subunits, maintaining the oligomeric structure
during thermal stress.

Alpha-crystallin retained a native-like beta-sheeted secondary structure under thermal
stress at pH 7.5, 4.0, 2.0, and 1.0, respectively. The unfolding enthalpies of alpha-crystallin
at acidic pH values (4.0, 2.0, and 1.0, respectively) were less marked compared with
those at pH 7.5 (Table 1). Thus, camel alpha-crystallin cannot be fully denatured at high
temperatures (94 ◦C) and low pH values (e.g., pH 1.0).

Camel lens alpha-crystallin loses tertiary structure below pH 4.0 at room temperature
(Figure 2). The tryptophan fluorescence spectra exhibited a 16 nm redshift at pH 2.0
and 20 ◦C. AlphaA-crystallin contains one tryptophan residue, whereas alphaB-crystallin
contains two tryptophan residues [7]. These tryptophan residues are partially buried
and located at the N-terminal domains (Supplementary Figure S2). Acid denaturation
at pH 2.0 leads to partial unfolding of the N-terminal domain of alpha-crystallin. The
complete unfolding of alpha-crystallin by chemical denaturants (6 M GdnHCl) resulted in
a 27 nm redshift in tryptophan fluorescence (Figure 2). The far-UV CD data showed that
camel alpha-crystallin retained a native-like beta-sheeted secondary structure at pH 2.0
but lost tertiary structure at this pH. Thus, alpha-crystallin forms a molten-like, globular
structure at pH 2.0. Changes in the tertiary structure below pH 4.0 caused an increase
in hydrophobicity (Figure 3). An increase in protonation below pH 2.0 caused charge–
charge repulsion and forced alpha-crystallin to attain native-like secondary and tertiary
structures (Figures 1 and 2). Moreover, the unfolding enthalpy at pH 1.0 was closer to that
of alpha-crystallin at pH 7.5 (Table 1).

Alpha-crystallin at pH 7.5 exhibited a slight increase in hydrophobicity above 35 ◦C
and a large exposure of hydrophobic patches above 55 ◦C. Alpha-crystallin at acidic pH
values (4.0, 2.0, and 1.0, respectively) resulted in little exposure of hydrophobic patches
above 65 ◦C (Figure 6). We recently reported that the chaperoning effect of alpha-crystallin
was activated in a stepwise manner and correlated with the biphasic changes in the tertiary
structure and surface hydrophobicity of alpha-crystallin during thermal stress [7]. Alpha-
crystallin even retained its chaperone activity above the post-transition temperature (89 ◦C)
at pH 7.5 [7]. These data suggest that above the thermal transition state (denatured state),
alpha-crystallin is not denatured. It retains a core beta-sheeted structure, maintains an
oligomeric state, and performs chaperone activity efficiently (~90% protection at 89 ◦C
when the alpha-crystallin to substrate w/w ratio was 0.87:1) [7]. This state is possible
only when each monomeric subunit of alpha-crystallin retains a substrate-binding site
(i.e., remains in the functional state). Therefore, a higher temperature does not denature
alpha-crystallin at pH 7.5 but results in conformational changes required to activate its
chaperone activities.
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5. Conclusions

In this study, the thermodynamic parameters obtained during the thermal transition
of camel lens alpha-crystallin and those determined in earlier studies for other alpha-
crystallins represent less than half of the theoretically calculated values for complete
protein denaturation. Even at acidic pH values, the enthalpies were much lower than those
at pH 7.5. This finding showed that alpha-crystallin was never completely denatured at an
extreme pH or temperature or both. Folding species formed post-transition were neither
dissociated nor aggregated and were reversible. Interestingly, the folding species formed
post-transition at pH 7.5 remained fully active (i.e., they retained almost a 1:1 substrate
binding site). Maintaining a functional state post-thermal transition is a feature that is
incongruent with the unfolded state. This phenomenon may be due to the natural selection
of alpha-crystallin to suppress aggregation in the lens under stress and maintain clarity
in the lens throughout life. These tasks may be more challenging to perform in the camel
eye lens, which is exposed to high temperatures, solar radiation, and dryness from the
desert climate. To overcome these larger tasks, camel lens alpha-crystallin has the natural
ability to retain secondary and oligomeric structures and maintain solubility and activity at
extreme temperatures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8050273/s1, Figure S1. Changes in far-UV CD signal at
217 nm at different pH values are plotted. With a de-crease in pH, the far-UV CD ellipticities initially
decreased between pH 7.5 and 5.0. The far-UV CD ellipticities at 217 nm rapidly increased to a native-
like structure below pH 5.0; Figure S2. Modeled 3D structure of camel lens alpha-crystallin. The
tryptophan residue in the A- and B-chain of alpha-crystallin is shown in blue: (A) alphaA-crystallin
and (B) alphaB-crystallin.
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Abstract: Dental mold gypsum materials require fine powder, appropriate liquidity, fast curing,
and easy-to-perform clinical operations. They require low linear expansion coefficient and high
strength, reflecting the master model and facilitating demolding. In this article, the suitable
accelerators and reinforcing agents were selected as additives to modify dental gypsum. The main
experimental methods used were to compare the trends of linear expansion coefficients of several
commercially available dental gypsum products over 72 h and to observe the cross-sectional
microstructure of cured bodies before and after dental gypsum modification using scanning
electron microscopy. By adjusting the application of additives, the linear expansion coefficient of
dental gypsum decreased from 0.26% to 0.06%, while the flexural strength increased from 6.7 MPa
to 7.4 MPa at 2 h. Formulated samples showed good stability and gelation properties with linear
expansion completed within 12 h. It is indicated that the performance of dental gypsum materials
can be improved by adding additives and nanomaterials, which provided a good reference for
clinical preparation of high-precision dental prosthesis.

Keywords: dental gypsum; linear expansion coefficient; 2 h flexural strength; stability; gelation properties

1. Introduction

Models of oral tissues are used in dentistry to assess, treat, and manufacture indirect
restorations [1]. As an essential auxiliary material, dental gypsum has been used for
simulating oral cavity models. Put a certain amount of dental gypsum powder and water
in a small rubber bowl to knead the gypsum slurry and then cast the slurry into the oral
mold to prepare dental restoration, such as an inlay, a crown, a bridge, a partial denture,
and a complete denture [2–4]. The manufacture of denture model is the basis of denture
processing, and the dimensional stability of gypsum is fundamental to achieving a precise
fit between dental structure and restorative material [5,6].

The main component of dental gypsum is α-hemihydrate gypsum dissolved and
recrystallized in saturated steam medium or liquid water solution. Doctors usually choose
the corresponding gypsum products to make prostheses by referring to various perfor-
mance parameters of gypsum materials. For example, an ordinary dental stone should be
used when making ordinary elastic dentures or movable dentures, and a dental stone with
high strength and low expansion should be chosen when making precision prostheses such
as fixed dentures and attachments [7,8]. According to the specification of the American
Dental Association (ADA) [9], and the International Organization for Standardization (ISO
6873), dental gypsum can be classified into five types [10]:
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Type I—Impression plaster. The linear expansion value is: ADA: 0–0.15%,
ISO: 0–0.15%; Type II—Model plaster. The linear expansion value is: ADA: 0–0.30%,
ISO: 0–0.30%; Type III—Dental stone. The linear expansion value is: ADA: 0–0.20%,
ISO: 0–0.20%; Type IV—Dental stone (low expansion, high strength). The linear expan-
sion value is: ADA: 0–0.10%, ISO: 0–0.15%; Type V—Dental stone (high expansion, high
strength). The linear expansion value is: ADA: 0.10–0.30%, ISO: 0.16–0.30%.

After dental impression filling, the dental gypsum material begins to solidify, and
the volume shrinkage of the gypsum material occurs at the early stage of solidification.
When the mixture of a model material is rigid, the expansion in all directions will affect
the size of the model [11,12]. On the one hand, the gypsum material will form calcium
sulfate dihydrate crystal during hydration with continuous growth and re-formation of
crystal, resulting in the expansion of gypsum volume; on the other hand, the dissolution of
calcium sulfate dihydrate requires excessive water, which will form stomata after evapora-
tion of water except for crystalline water, thereby significantly increasing the volume of
gypsum [13–15].

Clinical studies show that the resin denture made of plaster model material with low
expansion coefficient has the highest accuracy. To ensure the consistency between the
models and the oral cavity conditions as well as improving patient satisfaction, dental
gypsum requires an accuracy capable of reproducing details of an oral cavity, with excellent
strength and high stability, which prevents the reproduced details from being broken or
damaged [16,17]. Currently, modification methods of dental gypsum are divided into the
following three types, according to additive addition ways.

The first way is to coat some inorganic and organic solutions on the surface of the gyp-
sum model after solidification to solve problems of surface hardness and wear resistance
of the gypsum model [18,19]. The second way is adding some salts, alkalis, and organic
substances into water to form a new solution for mixing gypsum to help improve mechani-
cal properties of the model during the mixing process of gypsum materials. However, the
current application of this method is still limited, and the research hotspots focus on the
application of disinfection and antimicrobial additives [20,21]. The third way employs the
addition of some salt, alkali, or some organic substances grounded into a powder to the
natural gypsum powder for improving the rheological and gelation properties of gypsum
to produce a high-quality dental gypsum product [22,23]. This type of addition is currently
the most widely used and has the most significant impact.

However, the research methods for the expansion properties of dental gypsum at home
and abroad are still immature. In this study, the effects of additives on the linear expansion
properties of dental gypsum were discussed by looking for effective solid additives and
appropriate dosages. Since meeting the rheological properties and strength requirements
of gypsum materials in clinical operations, the linear expansion coefficient is significantly
reduced. It solves the problems of easy deformation, unstable size, and easy damage of
dental gypsum materials, and its comprehensive performance is obviously better than
existing dental gypsum products at home and abroad.

2. Results

In this study, single factor and orthogonal experiments were used to study the effects
of various additives on the gelation properties of dental gypsum. The water–powder ratio
was 23%, 0.1% BR was very beneficial to the adjustment of the weak-gel state, and the
fixed dosage was 0.1%. Under the action of BR (borax cross-linking agent), the polymer
network formed by the cross-linking of linear polymer additives enables the gypsum
gelling system to effectively prevent the gypsum gel from sticking in the blending stage
when it is regulated to the gel state; it also has a certain swelling-reducing effect, which
can greatly improve the comprehensive blending properties and mechanical properties of
dental gypsum.
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2.1. Effect of Accelerant on the Gelation Characteristics of Dental Gypsum

Commonly used accelerants were acids (HCl, HNO3, H2SO4) and their salts. A
systematic study on the accelerating effect of various anions and calcium indicated that
K+ and SO2+

4 constituted the best accelerating anion-calcium pair. The effects of calcium
sulfate dihydrate, potassium sulfate, and aluminum stearate on the gelation properties of
dental gypsum were studied with 23% water powder ratio, 0.30% CPS (Copolymer water
reducer), 0.03% SG (Sodium gluconate retarder), 0.10% BR (Borax cross-linker agent), and
2.00% Nano-SiO2 as experimental control group.

2.2. Linear Expansion Coefficient

Three kinds of accelerants were selected in this experiment, and their effects on linear
expansion coefficient of dental gypsum were shown in Figure 1.

1 
 

 

Figure 1. The effect of accelerant on the linear expansion coefficient of dental gypsum at different
dosages (ww−1).

When the dosage of calcium sulfate dihydrate exceeded 0.60%, the linear expansion
value increased significantly. A small amount of potassium sulfate and aluminum stearate
could significantly reduce the linear expansion coefficient of dental gypsum, among which
the inhibitory effect on linear expansion of aluminum stearate was most obvious. When
the dosage of aluminum stearate reached 0.90%, the 2 h linear expansion coefficient of
dental gypsum was as low as 0.06%, which obviously weakened the formation of setting
expansion. As the dosage of potassium sulfate and aluminum stearate continued to increase,
the linear expansion coefficient showed a trend of slowly rising or basically unchanged.

When the crystal of hemihydrate gypsum was covered with an adsorbed layer of
water molecules, the accelerant stabilized the layer and arranged the neighboring water
molecules, resulting in a multilayer water structure. As the area and depth of coverage of
the adsorbed water layer increased, the dissolution rate increased, thereby accelerating
the reaction rate and shortening the setting time [24]. Given the influence of aluminum
stearate on the setting time, when the final setting time was 6–12 min, the adjustable range
of aluminum stearate was 0.30–1.20%.

Figure 2a,b shows cross-sectional morphologies of a blank dental gypsum sample and
dental gypsum sample with 0.80% aluminum stearate observed under the electron scanning
microscope, respectively. The water–powder ratio was 27% of standard consistency water
demand. Compared with the blank group, after adding aluminum stearate, calcium sulfate
dihydrate showed a larger crystal size, fewer inter-crystalline bonds, and a looser structure.
According to the theory of expansion energy (crystal with unit mass, the expansion energy
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of crystal with coarse crystal is smaller), the 2 h linear expansion coefficient of dental
gypsum was significantly reduced, which was consistent with the experimental results.

–

μm) (Figure 2. SEM images of gypsum (multiple = 3.5 k, scale = 5.00 µm) (a) blank dental gypsum, (b) 0.80% aluminum stearate.

2.3. Mechanical Properties

Figure 3 shows that the effect of the accelerant on mechanical properties was mainly
reflected in the 2 h flexural strength. After adding 0.9% aluminum stearate and potassium
sulfate, 2 h flexural strength loss was 23.90% and 22.40%, respectively, and wet compressive
strength loss was 9.90% and 12.10%, respectively. The results indicated that potassium
sulfate was suitable for a shorter setting time, and aluminum stearate was suitable for a
small amount of use to prevent a sharp decrease in strength.

–

μm) (

Figure 3. The effect of accelerant on the mechanical strength of dental gypsum.

It is worth noting that, when the dosage of potassium sulfate is too large, on the
surface of the gypsum model appears a blooming phenomenon, which would affect the
appearance of the model and destroy the compactness of the internal structure, leading to
a sharp decrease in the strength and durability of the gypsum.

2.4. Effect of the Retarder on Linear Expansion Coefficient

In the application process of dental gypsum, a retarder was used as one of the neces-
sary admixtures to adjust the setting time and linear expansion coefficient of the gypsum
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slurry to meet the operating requirements. At present, the commonly used gypsum re-
tarders could be roughly divided into three categories: inorganic salts, organic acids, and
organic macromolecules.

The effects of JR (methionine retarder), SG (sodium gluconate retarder) and GR (bone
glue retarder) on the expansion properties of dental gypsum were studied with 23.00%
water–powder ratio, 0.30% CPS (copolymer water reducer), 0.10% BR (borax cross-linker
agent), and 2.00% Nano-SiO2 and 0.90% aluminum stearate as experimental control group.

Figure 4 shows that the retarding effect on dental gypsum of three kinds of retarders
was significant when the dosage was at a ratio of 10 thousandths, belonging to a high-
efficiency retarder. At the same dosage, the retardation effect of GR was the strongest,
followed by SG and JR.

–

−1

–

–

Figure 4. Effects of different kinds of retarders on the final setting time of dental gypsum at different
dosages (ww−1).

Figure 5 indicates that three retarders reduced the linear expansion coefficients of
gypsum in varying degrees. When the dosage was more than 0.09%, the linear expansion
coefficient tended to be 0.02–0.03%, which belonged to zero expansion. When the dosage
was 0.09%, the setting time was about 20 min, which was not suitable for clinical use.
Considering the strength loss and the actual cost of the solidified body, SG was selected
as the best retarder. The final setting time was about 8 min when the dosage was 0.03%,
and the expansion coefficient was 0.06%. According to the actual requirements of the final
setting time range (6–10 min), the dosage shall not be higher than 0.05%.

2.5. Effect of Water Reducer on Linear Expansion Coefficient

It is well known that a water reducer is a substance that facilitates the kneading of
powder and liquid to decrease the amount of water for kneading, thereby enhancing the
strength of the composition after setting; however, its effect on the thermal expansion of
gypsum has been rarely studied.

Concerning the experience of building gypsum, four representative water reducers
were selected to study the modification effect of the linear expansion coefficient of dental
gypsum. The control group was 23% water–powder ratio gypsum with 0.03% SG, 0.10%
BR, 0.90% aluminum stearate, and 2.00% Nano-SiO2.

Figure 6 shows that the expansion coefficient of gypsum increased first and then
decreased after adding PAC-HR-01 (polycarboxylate water reducing agent). When the
dosage reached 0.30%, the expansion coefficient was as low as 0.02%, belonging to zero
expansion, which proved that the increase in dosage of PAC-HR-01 could effectively inhibit
the formation of setting expansion. However, the slump flow at dosage of 0.30% was as
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high as 89 mm, and the slurry was easy to leak into the mold and increase the loss rate of
the mold. Considering the influence of PAC-HR-01 on fluidity and setting expansion of
dental gypsum, the dosage should not exceed 0.15%.

−1

–

−1

Figure 5. Effects of different kinds of retarders on the linear expansion coefficient of dental gypsum
at different dosages (ww−1).

−1

–

−1
Figure 6. The effect of PAC-HR-01 on the linear expansion coefficient of dental gypsum at different
dosages (ww−1).

It can be seen from Figure 7 that, with the increase in AF-JFL-1 (anthracene water
reducing agent), FDN-C (naphthalene water reducing agent), and SM-F10 (sulfonated
melamine water reducing agent) dosage, the linear expansion coefficient of dental gypsum
increased continuously. It can also be seen that the influence of CPS (copolymer water
reducer) on the linear expansion coefficient was optimum. The linear expansion coefficient
was minimized at a dosage of 0.30% CPS. Meanwhile, CPS reduced the viscosity while
improving the fluidity of the slurry, leading to minute independent bubbles being dispersed
on the solidified material, thereby providing better kneading performance and operability.

Analysis of the reasons for the different trends in the two stages after adding CPS:
When the dosage of CPS was less than 0.30%, the calcium sulfate hemihydrate was fully
hydrated; the number of crystals of calcium sulfate dihydrate increased while the length-
diameter ratio decreased, thereby optimizing the microstructure of the hardened body of the
gypsum. Therefore, an appropriate amount of water reducer could reduce the expansion
value of gypsum. With further increase in CPS, a large number of acidic molecules would
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be adsorbed on the crystal surface in the form of chemisorption, which reduced the free
energy of the crystal surface, leading to coarsening of the crystal. Therefore, the linear
expansion of gypsum became more obvious when the dosage of CPS exceeded 0.30%.

−1

Figure 7. The effect of AF-JFL-1, FDN-C, SM-F10, and CPS on the linear expansion coefficient of
dental gypsum at different dosages (ww−1).

2.6. Effect of Reinforcer on the Gelation Characteristics of Dental Gypsum

Due to the high solubility of hydrated products in the hardened gypsum paste, the
gypsum mold in the saturated water state would have a large degree of strength loss, and
the introduction of accelerants and retarders would also cause a certain degree of strength
loss. In order to reduce the solubility of the dental gypsum hydration product and to
increase the bonding force between the hydration products, an appropriate amount of
reinforcer should be added there to make up for this defect.

2.6.1. Linear Expansion Coefficient

In this experiment, MCC (Microcrystalline cellulose), NCC (Nanocellulose), GA (Gum
Arabic), and three inorganic nanomaterials were used to improve the strength of dental
gypsum, and the expansion performance of the mold gypsum sample was accordingly
improved. The control group was 23.00% water–powder ratio, 0.30% CPS, 0.03% SG, 0.10%
BR, and 0.90% aluminum stearate.

Figure 8 indicates that the linear expansion coefficient of dental gypsum increased
with Nano-CaCO3, Nano-TiO2, MCC, NCC, and GA. GA was the most conducive for the
formation of linear expansion, and the expansion coefficient increased slowly when the
dosage of GA exceeded 2.00%, followed by NCC. The effects of MCC, Nano-CaCO3, and
Nano-TiO2 were similar. When the dosage of Nano-SiO2 was less than 2.00%, the linear
expansion coefficient would not decrease, obviously, whereas the overall growth rate was
the smallest.

2.6.2. Mechanical Properties

Figure 9 shows that the flexural strength and wet compressive strength of the dental
gypsum increased first and then remained unchanged or decreased after adding inorganic
nanomaterials. The enhancement effect of Nano-SiO2 was most obvious, followed by
Nano-TiO2 and Nano-CaCO3.
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Figure 8. The effect of reinforcer on the linear expansion coefficient of α-hemihydrate gypsum at
different dosages (ww−1).

–

of α
−1

−1

Figure 9. The effect of inorganic nano-materials on the mechanical strength of dental gypsum at different dosages (ww−1)
(a) 2 h flexural strength, (b) wet compressive strength.

When the dosage of Nano-SiO2 was 2.00%, the 2 h flexural strength of dental gypsum
was 7.4 MPa, increasing by 25.40%. Moreover, the wet compressive strength was increased
to the maximum, up to 40.1 MPa, by 16.90%. At this time, the slump flow of slurry was
67 mm, whose operating state has met clinical requirement. With the increase in Nano-SiO2,
2 h flexural strength increased slightly and then decreased slowly, and wet compressive
strength decreased directly. This was because the fluidity of the slurry was damaged
after the increase in dosage, and small holes appeared in the cross section of the molded
specimen, resulting in a gradual decrease in mechanical strength.

MCC, NCC, and GA as reinforcers were also used to regulate the mechanical properties
of dental gypsum, and the influence results were shown in Figure 10.

The reinforcement effect of NCC was the best. With the increase in NCC, MCC, and
GA, 2 h flexural strength and wet compressive strength of gypsum model increased first
and then fluctuated or decreased. When the dosage of MCC was 1.50%, the mechanical
properties of gypsum were optimum, and 2 h flexural strength and compressive strength
were 6.9 MPa and 39.4 MPa, respectively. After adding 2.00% GA, 2 h flexural strength
and wet compressive strength were 7.1 MPa and 37.9 MPa, respectively, which rose to
the highest level. When the dosage of NCC was 1.50%, 2 h flexural strength increased
to 8.4 MPa, which was 42.40% higher than the contrast sample, and 42.4 MPa in wet
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compression. In particular, the improved 2 h flexural strength was obviously much better
than most of the commercial dental gypsum products.

 

−1

Figure 10. The effect of NCC, MCC, and GA on the mechanical strength of dental gypsum at different dosages (ww−1)
(a) 2 h flexural strength, (b) wet compressive strength.

Figure 11 shows the micro morphology of the cross section of dental gypsum after
hydration for 2 h with different reinforcement materials under the electron scanning
microscope. Without reinforcer, the calcium sulfate dihydrate crystal was a lamellar and
layered structure with loose crystal network and large pores between grains. When 1.00%
Nano-SiO2 was added, the structure became dense, and internal defects were reduced.
After adding 1.00% NCC, the array of crystal particles in the solidified body was more
regular, uniform, and orderly; the crystal spacing was further reduced, and the structure
was more complete, indicating that the reinforcement effect of NCC was more obvious,
which was consistent with the experimental results.

5.00 μm)

–

(0.02) 

(0.03) 

 

Figure 11. SEM images of gypsum (a) 0%, (b): 1% Nano-SiO2, (c): 1% NCC (multiple = 2.7 k, scale = 5.00 µm).

3. Discussion

Before designing any composite structure, three interdependent factors must be con-
sidered: (1) a selection of the suitable matrix and dispersed materials; (2) a choice of
appropriate fabrication and processing methods; and (3) both the internal and external
structural design of the device itself [25,26]. As an essential index to evaluate the internal
structure of dental gypsum, the linear expansion coefficient is a key element [27,28]. It
determines whether a certain gypsum material can be used as a high-precision dental
restoration material [29]. Taking the linear expansion coefficient of dental gypsum as an
index, the water–powder ratio was 23.00%, and the dosage of BR was 0.10%. SG, CPS,
Nano-SiO2, and aluminum stearate were selected as four influencing factors to carry out
the orthogonal experiment of four factors and three levels. The factors and horizontal
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distribution results of the experimental scheme were shown in Table 1. Take the average
value of the three experiments as the final result, accurate to 0.001%.

Table 1. Orthogonal scheme factor and horizontal distribution table.

Run A (SG) % B (CPS) % C (Nano-SiO2) % D (C54H105AlO6) % Expansion Value %

1 1 (0.01) 1 (0.2) 1 (1.0) 1 (0.3) 0.131
2 1 (0.01) 2 (0.3) 2 (1.5) 2 (0.6) 0.078
3 1 (0.01) 3 (0.4) 3 (2.0) 3 (0.9) 0.064
4 2 (0.02) 1 (0.2) 2 (1.5) 3 (0.9) 0.082
5 2 (0.02) 2 (0.3) 3 (2.0) 1 (0.3) 0.114
6 2 (0.02) 3 (0.4) 1 (1.0) 2(0.6) 0.102
7 3 (0.03) 1 (0.2) 3 (2.0) 2 (0.6) 0.076
8 3 (0.03) 2 (0.3) 1 (1.0) 3 (0.9) 0.058
9 3 (0.03) 3 (0.4) 2 (1.5) 1 (0.3) 0.125

K1 0.273 0.289 0.291 0.370
K2 0.298 0.250 0.285 0.256
K3 0.259 0.291 0.254 0.204
k1 0.091 0.096 0.097 0.123
k2 0.099 0.083 0.095 0.085
k3 0.086 0.097 0.085 0.068
∆R 0.013 0.014 0.012 0.055

It can be seen from the range of R in Table 2 that, among the factors affecting the setting
expansion, the addition amount of aluminum stearate was most significant, followed by
CPS, SG, and Nano-SiO2. It can be concluded from the value of k that the best process
solution for the low-expansion and high-strength dental gypsum was D3C3B2A3. It means
that the optimum ingredient ratio for the formula sample is 0.90% aluminum stearate,
0.30% CPS, 0.03% SG, 2.00% Nano-SiO2, and 0.10% BR. The test was repeated three times,
and the average linear expansion coefficient of the dental gypsum was 0.06%, which was
within the error tolerance range.

Table 2. Linear expansion coefficient within 72 h (%).

Sample CK Heraeus
Dentona

CAD/CAM
Bowin
KKK

Formula
Sample

Time
interval (h)

2 0.26 0.26 0.13 0.22 0.06
6 0.26 0.26 0.15 0.24 0.06
12 0.27 0.27 0.15 0.24 0.07
24 0.27 0.27 0.18 0.25 0.07
36 0.29 0.28 0.18 0.26 0.07
48 0.30 0.28 0.19 0.27 0.07
60 0.31 0.28 0.20 0.27 0.07
72 0.31 0.28 0.20 0.27 0.07

growth rate(%) 19.23 7.69 53.85 22.73 16.67

To further prove the advantages of the selected scheme, the linear expansion of each
sample was measured continuously for 72 h, and 8 time intervals were selected for analysis.
We compared the blank control group (CK) with three kinds of dental gypsum products
with good general performance in order to study the differences of setting expansion and
their stability. These three dental gypsum products with good performance and the best
commercial quality are Dentona, Heraeus, and Bowin. We purchased all three products,
formulated them into gypsum materials with a 23% water–powder ratio, and tested their
linear expansion coefficients. The results indicate that, among these three dental gypsum
products, Dentona has the best performance, and its expansion value is only reduced to
0.13–0.20% when it meets the high compressive strength of 39.2 MPa. The linear expansion
coefficients of Heraeus and Bowin are above 0.2% in 2 h, the size changes are greater, and
the retardation time is longer.

It can be seen from Table 2 that the linear expansion coefficients of the blank con-
trol group, Heraeus, and Bowin were more than 0.20%, which were not suitable for the
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production of high-precision dental models [1]. The linear expansion value of Dentona
increased from 0.13% to 0.20% within 72 h, which could not meet the occlusal requirements
of precision dental castings for clinical applications because it was entirely higher than the
0.06% expansion value required by the application level. The linear expansion of formula
sample was basically completed within 12 h, and its linear expansion coefficient is as low as
only 0.07%. In the subsequent time frame, the formula sample performance is very stable,
no expansion phenomenon occurs, and the linear expansion rate is only 16.70%, which can
be used as a high-precision clinical dental gypsum material.

Therefore, the dental gypsum prepared in this study with low linear expansion
coefficient, high strength, and stable performance, after being optimized by compound
admixtures, was obviously superior to most representatives of commercial dental
gypsum products.

4. Conclusions

The dental gypsum prepared in this study has the best comprehensive properties of
low expansion and high strength. The linear expansion coefficient was reduced from 0.26%
to 0.06%, inclined to zero expansion with a stable expansion property. Meanwhile, 2 h flex-
ural strength increased from 6.7 to 7.4 MPa, resulting in compression resistance, increased
to 40.1 MPa. It was suitable for the manufacture of high-precision dental prostheses. After
using Nano-SiO2, the linear expansion coefficient may be slightly reduced, but 2 h flexural
strength and wet compressive strength are increased significantly.

The dental gypsum material prepared in this study has excellent properties. It will
help many patients have a more comfortable treatment experience if it can be applied in
the dental field.

5. Materials and Methods
5.1. Materials

Dental gypsum was provided by Tangshan Xinghua Gypsum Co., Ltd. (Hebei, China),
technical grade. The physical properties of the gypsum powder are shown in Table 3. The
chemical composition and phase composition of dental gypsum were analyzed by X-ray
fluorescence spectrometry (XRF) and X-ray diffraction (XRD), as shown in Figure 12.

Table 3. Physical property of α-dental gypsum used in this paper.

Tested Parameters Properties

Standard consistency water demand (%) 27
Initial setting time (s) 634
Final setting time (s) 930

Linear expansion coefficient (%) 0.26
2 h flexural strength (MPa) 6.70

Wet compressive strength (MPa) 36.30

According to the XRD test results, the main phase component in the sample was
hemihydrate gypsum. It can be seen from the three strong peaks and the corresponding
normalized intensity values that the crystallinity of dental gypsum sample was good.

Polycarboxylate water reducing agent (PAC-HR-01) was purchased from Nantong
Runfeng Petrochemical Co., Ltd., Nantong, China, technical grade. Anthracene water
reducing agent (AF-JFL-1) was purchased from Tianjin Feilong Concrete Admixture Co.,
Ltd., Tianjin, China, technical grade. Sulfonated melamine water reducing agent (SM-F10)
was purchased from Shanghai Chenqi Chemical Co., Ltd., Shanghai, China, technical
grade. Naphthalene water reducing agent (FDN-C) and Borax cross-linker agent (BR)
were purchased from Yousuo Chemical Technology Co., Ltd., Beijing, China, technical
grade. Multi-component copolymer water reducer (CPS) was purchased from Shijiazhuang
Chenxiang Nonmetallic Mineral Research Institute.
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α

XRD experimental results of α −1 −1 −1Figure 12. (a) XRD experimental results of α-dental gypsum (35 kV (30 mA)−1, 8◦ min−1, 0.02◦ step−1), (b) main
chemical composition.

Bone glue retarder (GR) was purchased from Suzhou Rongguang Chemical Co., Ltd.,
Suzhou, China, technical grade. Sodium gluconate retarder (SG) was purchased from
Pudong Xingbang Chemical Development Co., Ltd., Shanghai, China, technical grade.
Methionine retarder (JR) was purchased from Shanghai Yanyu New Building Materials
Co., Ltd., Shanghai, China, technical grade.

Potassium sulfate and aluminum stearate were purchased from Sinopharm Chemical
Reagent Beijing Co., Ltd., Beijing, China, analytical reagent; calcium sulfate dihydrate was
purchased from Beihua Kaiyuan Chemical Co., Ltd., Beijing, China, analytical reagent.

Nano-TiO2, Nano-SiO2, and Nano-CaCO3 were purchased from Jinan Texing Chemical
Co., Ltd., Jinan, China, technical grade. Nanocellulose (NCC) was provided by National
Center for Nanoscience technology, analytical reagent. Microcrystalline cellulose (MCC)
was purchased from Beijing Coupling Technology Co., Ltd., Beijing, China, analytical
reagent. Gum Arabic (GA) was purchased from Tianjin Lichang Chemical Co., Tianjin,
China, Ltd., technical grade.

Dentona, Heraeus, and Bowin dental gypsum products were purchased from Beijing
Xin Kang Venture Trading Co., Ltd., Beijing, China, technical grade.

5.2. Instruments

Vicat apparatus, model SN09; high-strength gypsum deformer, model BX-100a. Both
were provided by Shanghai Rongjida Instrument Technology Co., Ltd., Shanghai, China.
Electric bending test machine was provided by Shanghai Shenrui Test Equipment Manufac-
turing Co., Ltd., Shanghai, China, model SD-75. Universal testing machine was provided
by Shimadzu Co., Ltd., Beijing, China, model AGS-10KNG. The X-ray diffractometer (XRD)
was provided by Rigaku Co., Ltd., Beijing, China, model D(max-rB). The X-ray fluorescence
spectrum analyzer (XRF) was provided by Rigaku Co., Ltd., Beijing, China, model ZSX
Primus II. The scanning electron microscope (SEM) was provided by JEOL Co., Ltd., Beijing,
China, model JSM-IT300.

5.3. Methods

5.3.1. Preparation of Low-Expansion Gypsum Powder for Dentistry

First, the water reducer, retarder, accelerant, and reinforcer were pulverized to a
100 mesh particle size in a tank pulverizer. The above additives were weighed according
to a specific ratio, mixed with 50 g dental gypsum in the mixer for 60 s, and the mixer
was then shut down for 5 min. An addition of 100 g α-dental gypsum powder was
added to the mixer followed by 60 s of mixing, and the mixer was shut down for
5 min. A 300 g dental gypsum powder was again added to the mixer followed by 60 s
of mixing and shut down for 5 min, then mixed up with 550 g of dental gypsum for
60 s, and shut down for 5 min once again; finally, the low-expansion and high-strength
gypsum powder for dental model was prepared.
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5.3.2. Mixing and Molding

An amount of distilled water was added appropriately to the mixing bowl according to
different water–powder ratio (23–27%), the low-expansion high-strength gypsum powder
was then slowly added into the mixing bowl to avoid large air retention. The powder was
first placed in water for 30–60 s to ensure that the solvent water, gypsum powder, and
additives have a penetration and surface pre-wetting effect of preventing agglomeration.
Through preliminary performance tests, we found that the difference in performance
between the 23–27% water–powder ratio gypsum materials was small, so we chose to use
the smallest water–powder ratio for the experiments in order to save cost and maximize
clinical application. The mixture was manually stirred and a homogeneous mixture with a
weak-gel state was obtained after 60–90 s. The prepared slurry was slowly poured into a
Vicat apparatus, high-strength gypsum deformer, and triple mortar mold coated by mineral
oil, subsequently removing the surface bubbles by shaking. After scraping off the overflow
slurry with a spatula, cover the surface of the test piece with a layer of PTFE film and place
it at room temperature (20 ± 5 ◦C) for airtight curing and start molding.
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Abstract: Collagen-based hydrogels are an attractive option in the field of cartilage regeneration with
features of high biocompatibility and low immunogenic response. Crosslinking treatments are often
employed to create stable 3D gels that can support and facilitate cell embodiment. In this study, we
explored the properties of JellaGel™, a novel jellyfish material extracted from Rhizostoma pulmo. In
particular, we analyzed the influence of genipin, a natural crosslinker, on the formation of 3D stable
JellaGel™ hydrogels embedding human chondrocytes. Three concentrations of genipin were used for
this purpose (1 mM, 2.5 mM, and 5 mM). Morphological, thermal, and mechanical properties were
investigated for the crosslinked materials. The metabolic activity of embedded chondrocytes was
also evaluated at different time points (3, 7, and 14 days). Non-crosslinked hydrogels resulted in an
unstable matrix, while genipin-crosslinked hydrogels resulted in a stable matrix, without significant
changes in their properties; their collagen network revealed characteristic dimensions in the order of
20 µm, while their denaturation temperature was 57 ◦C. After 7 and 14 days of culture, chondrocytes
showed a significantly higher metabolic activity within the hydrogels crosslinked with 1 mM genipin,
compared to those crosslinked with 5 mM genipin.

Keywords: jellyfish collagen; hydrogels; crosslinking; cell-laden biomaterials; chondrocytes

1. Introduction

Collagen is one of the main components of the connective tissue extracellular matrix;
it is a natural substrate for the support and growth of a variety of cells and tissues in
the body and acts as a structure in conjunction with other extracellular molecules, such
as glycosaminoglycans and fibronectin. Due to its properties (excellent biocompatibility,
low antigenicity, and biodegradability) it has been broadly explored in the field of tissue
engineering [1,2]. Collagen has been classified into two main categories, based on their
supramolecular structures: non-fibrillar collagens and fibrillar collagens. The non-fibrillar
collagens belong to a family of structurally related short-chain proteins that do not form
large fibril bundles. Instead, the fibrillar collagens form highly organized fibers and fibrils,
providing structural support for the body in the skeleton, skin, hollow organs, and capsules
from different organs. Fibrils are mainly organized into bundles or lamellae; the size
and higher-order arrangement of fibrils give rise to tissue-specific biomechanical and
other biological properties. The fibrillar collagens include type I, II, III, V, and XI. Type I
collagen is produced by fibroblasts and other cells, such as osteoblasts; as a key component
of the extracellular matrix, it is abundant in bone, tendon, skin, ligaments, and cornea,
and comprises between 80% and 99% of the total body collagen. Type II collagen is the
major collagen type in cartilaginous tissues, although it is also present in other connective
tissues, such as the nucleus pulposus of the intervertebral disk and the vitreous humor.
Type III collagen is a normal constituent of the skin (10–20% of the total collagen) and it
is found in many other connective tissues; it provides resistance to forces and stretching.
Type V collagen is abundant in vascular tissues [3], while type XI collagen is found in
cartilaginous tissue [3].
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Collagen as a biomaterial is typically extracted from mammalians (especially from
dermis, tendons, and bones that are rich in fibrillar collagen). Although purified collagen
can be isolated from human peripheral tissues or human placenta, animal species, such
as rats, bovines, pigs, and sheep are often the preferred source [4]. In particular, primary
sources of animal-derived collagen are bovine skin and tendons and porcine skin. However,
animal-derived collagen presents many disadvantages related to possible immunogenicity
and transmission of diseases, such as bovine spongiform encephalopathy [5]. Moreover,
some patients refuse to receive components derived from those animals, for ethical and
religious reasons [6].

Some marine organisms (e.g., the jellyfish) have a high content of fibrillar collagen
(more than 60% of their weight), representing an intriguing alternative for collagen ex-
traction. Jellyfish-derived collagen shows high biocompatibility and low immunogenic
response [7]. These properties, together with ease of handling [6] and large bioavailability,
make jellyfish collagen an excellent candidate for replacing mammalian one [8]. Jellyfish
collagen also shows promising features for cartilage regeneration; indeed, it has been
proven that chondrocytes preserve their phenotype when included in three-dimensional
(3D) matrices made of jellyfish collagen [6,9]. Collagen from different jellyfish species
shows similarities to the collagen of different vertebrates. In fact, it has been shown that
some jellyfish collagens are comparable to vertebrate collagen IV or V, while others resem-
ble vertebrate collagen I [10]. Collagen derived from Rhizostoma pulmo has shown a high
degree of similarity with mammalian type I collagen, but also showing collagen type II-
“like” properties.

In this paper, we focused on JellaGel™, a new type of jellyfish collagen, extracted
from Rhizostoma pulmo and belonging to the category of fibrillar collagen. JellaGel™
was recently marketed and specifically formulated to form three-dimensional gels, thus
seeming interesting for tissue engineering applications. Since JellaGel™ is a new and rather
unexplored material, almost no works on it are available in the literature, except from a
preliminary study reporting the expression of cellular filopodia within the hydrogel matrix,
although it was not crosslinked [11].

Crosslinking treatments are frequently used to create stable 3D scaffolds (including
collagen ones) supporting cell encapsulation. Indeed, crosslinking is an important aspect
that would turn otherwise weak gels into more robust materials, enhancing their stability
over time. Genipin is a hydrolytic product of geniposide isolated from the fruits of Gardenia
jasminoides and it is classified as a natural crosslinking agent [12]. It can spontaneously
react with the amine groups of amino acids (including those constituting collagen) to form
dark blue pigments [13]. The reaction between genipin and collagen induces the formation
of cyclic structures, which enable intramolecular and intermolecular crosslinks [14]. The cy-
totoxicity of genipin is considerably lower than that of other chemical crosslinking reagents,
such as glutaraldehyde (that is 5000–10,000 times more cytotoxic). Accordingly, the bio-
compatibility of materials crosslinked through genipin is superior to those crosslinked by
glutaraldehyde or epoxy compounds [13]. In the literature, genipin-crosslinked collagen
matrices (of animal origin) have shown good viability of chondrocytes or stem cells seeded
on them [12,15].

To the best of our knowledge, no works concerning genipin-based crosslinking of
JellaGel™ are available in the literature. The aim of this paper is to investigate the influence
of genipin in the formation of 3D crosslinked JellaGel™ hydrogels and on the embodiment
of human chondrocytes. Three genipin concentrations were tested and for each concentra-
tion material properties were assessed. In particular, Scanning Electron Microscope (SEM)
and Differential Scanning Calorimetry (DSC) were used to analyze the morphological and
thermal properties of the hydrogels, respectively. Rheometric measurements were used to
characterize the matrix mechanical properties. Finally, the influence of different genipin
concentrations on the metabolic activity of chondrocytes embedded within the JellaGel™
hydrogels was assessed at different time points (3, 7, and 14 days).
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2. Materials and Methods
2.1. Hydrogel Preparation

JellaGel™ solution was purchased by the company Jellagen Marine Biotechnologies
(Cardiff, UK) and prepared according to the manufacturer’s instructions, as reported in
the following. A solution of 10× Phosphate Buffered Saline (PBS, P4417, Sigma–Aldrich,
Darmstadt, Germany) was first prepared dissolving one tablet in 20 mL of deionized water.
Then, 25 mg/L of Phenol red (P3532, Sigma–Aldrich) were added. For each sample, 222 µL
of such solution were mixed to 2 mL of JellaGel™ solution in a glass vial, thus reaching
a ratio of 9:1 between JellaGel™ and PBS. The pH of the solution was adjusted until the
pH range was 7.5–8.5 using sodium hydroxide solution (S5881, Sigma–Aldrich) at 2M
and 0.2M.

To improve the stability of collagen hydrogels, genipin was used as a crosslinker at
different concentrations. First, 125 mg of genipin powder (G4796, Sigma–Aldrich) were
dissolved in 12.5 mL of Dulbecco’s Phosphate Buffered Saline modified without calcium
and magnesium chloride (DPBS, D8537, Sigma–Aldrich) to achieve a final genipin concen-
tration of 10 mg/mL. After adjusting the pH of the JellaGel™ solution as described above,
the genipin solution was added in an appropriate quantity to reach the final concentrations
of 1 mM, 2.5 mM, and 5 mM, under constant stirring for 3 min. The solution was left at
room temperature for 15 min and then incubated at 37 ◦C overnight to allow gel formation.
After the overnight incubation, the samples (without cells embedded) were used for SEM,
DSC, and rheometric analyses.

To investigate cell metabolic activity, chondrocytes were encapsulated in the 3D
crosslinked JellaGel™ hydrogels, as follows. Human Chondrocytes (HC), derived from
normal human articular cartilage, were purchased from Cell Applications (Cat. number
402-05a) and expanded in a human chondrocyte Growth Medium (Cell Applications, San
Diego, California, Cat. number 411-500) at 37 ◦C and 5% CO2 atmosphere. To obtain
cell-laden hydrogels, the pelleted cells were first resuspended in 50 µL of medium and
then added in 2 mL of JellaGel™ solution with a final density of 400,000 cells/mL. Before
starting the hydrogel preparation procedure described above, all the solutions were filtered
using a filter with a nominal pore diameter of 0.22 µm (16532-K, Sartorius) and the vials
and the stir bars were sterilized in the autoclave for 90 min at a temperature of 121 ◦C and a
pressure of 1 atm. The cells were evenly mixed in the solution through a magnetic stirrer at
a velocity of 400 rpm. After 3 min, the stirring was stopped and the solution containing the
cells was left at room temperature for 15 min. Then, the compound was gently transferred
(without shaking it) into an incubator (37 ◦C and 5% CO2). After 2 h, each sample was
provided with 4 mL of cell medium and then kept in the incubator overnight. The samples
were entirely immersed in the medium but the bottom side detached from the culture well,
allowing the scaffold to float just below the medium level. This guaranteed a supply of
oxygen and nutrients on all hydrogel sides. The medium was changed every two days.
The sample preparation procedure is depicted in Figure 1.

2.2. SEM Imaging

SEM imaging was used to analyze the morphology of one representative sample for
each genipin concentration. After the preparation described above, the sample (without
cells) was dried overnight and gold-sputtered before SEM acquisition. SEM scans were
carried out using an EVO MA10 SEM microscope (Zeiss), setting a beam voltage of 5 kV,
a current of 90 pA at a working distance of around 10 mm. The images were obtained
using a magnification of 1600x. A morphometric analysis was performed on SEM images
to evaluate the diameter of the formed collagen fibers. For the measurement of the fiber
diameters, we used the open source tool DiameterJ (https://imagej.net/plugins/diameterj,
accessed on 10 November 2021), already validated for this purpose [16]. DiameterJ follows
a two-step process: (i) first, several image segmentations in a binary image are provided
starting from the original image; (ii) then, the analysis of the segmented images is per-
formed. For each image, four segmented images were analyzed, and the final histogram
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was derived from the sum of frequencies of the four segmented images. A weighted mean
and weighted standard deviation were also calculated for each experimental condition.

 

−

Figure 1. Graphical representation of the hydrogel preparation procedure: the different phases needed for preparing the
hydrogels starting from JellaGel™ solution and the key parameters for each step are depicted.

2.3. DSC Analysis

DSC was used to investigate the effect of chemical crosslinking on the thermal charac-
teristics of jellyfish collagen. Three samples (without cells) for each genipin concentration
were used for this analysis. The samples were freeze-dried and analyzed through a DSC
system 1 STAR (Mettler Toledo), with a heating rate of 2 ◦C min−1 and a temperature range
from 25 ◦C to 75 ◦C. An empty melting pan was used as the reference sample.

2.4. Rheometric Measurements

Rheometric analyses were performed on three independent samples for each genipin
concentration, using a rheometer (Anton Paar MCR-302) at a temperature of 25 ◦C in a
plate–plate geometry, with a diameter of 25 mm and a gap between the two plates of 1 mm.
After the preparation, the samples (without cells) were gently transferred on the rheometer
plate to start the measurements.

The storage modulus (G’), the loss modulus (G”) and the shear stress (τ) were mea-
sured in oscillation mode from 0.01 to 1000% strain at a frequency of 1 Hz and the results
were plotted in a log-linear scale graph by using GraphPad 8.0.2.

2.5. Assessment of Chondrocyte Metabolic Activity

Cell metabolic activity was assessed after 3, 7, and 14 days on JellaGel™ samples
with embedded chondrocytes, by using the PrestoBlue™ Cell Viability Reagent (A13261,
Invitrogen). Three concentrations of genipin (1, 2.5 and 5 mM) and three samples for each
concentration were tested to investigate the effect of the crosslinking level on metabolic
activity. The same samples were analyzed at different time points (3, 7, and 14 days).
Before each metabolic analysis, the samples were moved to a 6-well plate to avoid any
possible contribution to the metabolic activity outcome due to cells not embedded in the
hydrogel, but rather attached at the bottom of the vial or in the supernatant. PrestoBlue™
is a resazurin-based solution that uses the reducing ability of live cells to quantitatively
evaluate metabolic activity. When cells are alive and healthy, they maintain a reduced
environment within their cytosol. Upon entering a living cell, the PrestoBlue™ reagent is
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reduced to resorufin, which is red in color and highly fluorescent. Metabolically active cells
continuously convert the PrestoBlue™ reagent and they can be monitored by measuring
the change in fluorescence. Non metabolically active cells cannot reduce the dye and thus
they do not generate a change in the signal [17].

At the desired time-points, PrestoBlue™ was first diluted with culture medium in a
ratio 1:10. Then, 2 mL of such solution were added to each sample. After incubation for 2 h
at 37 ◦C, the solution was split into 4 wells (300 µL for each sample), obtaining a total of
12 measurements (three independent samples and four measurements for each sample)
for each genipin concentration and each time-point. A VICTOR Multilabel plate reader
(PerkinElmer, Waltham, MA, USA) was used to read the fluorescence signal, setting an
excitation wavelength of 560 nm and an emission wavelength of 590 nm.

2.6. Statistical Analyses

For DSC, rheometric and metabolic tests, three independent samples for each genipin
concentration were prepared and characterized. A Kolmogorov–Smirnov test allowed
assessing the non-normality of data distribution. The statistical comparison between the
samples crosslinked with different genipin concentrations, at each time point, was per-
formed using a non-parametric Kruskal–Wallis test, whereas a post-hoc test was performed
using a non-parametric Mann–Whitney test for unpaired data. Statistical significance was
corrected for multiple comparisons according to the Bonferroni–Holm rule and a p-value
of 0.05 was set as the significance threshold.

3. Results

3.1. Preparation of JellaGelTM Hydrogels

Figure 2 shows representative images for the control (JellaGel™ without the addition
of genipin) and samples crosslinked with different genipin concentrations. The samples
featured by higher concentrations of genipin (2.5 mM and 5 mM) showed better-formed
collagen networks than the ones obtained with a genipin concentration of 1 mM. Samples
not provided with genipin (control) were not able to form a stable gel. For such a reason,
we excluded control samples from the subsequent analyses.

 

Figure 2. JellaGel™ hydrogels crosslinked with genipin at different concentrations. One representative sample for the
control (no genipin) and for each genipin concentration is shown. The dark structures visible in the images correspond to
the collagen gel networks, formed due to the bonds established between the collagen chains.

A schematic representation of the crosslinking mechanism between genipin and
collagen is depicted in Figure 3. The extraction of genipin and its chemical reaction with
natural biomaterials (such as collagen) has been extensively studied in the past, thanks to
the promising biosafety and specific crosslinking performances of genipin [18]. Genipin
is able to crosslink materials that contain primary amine groups (Figure 3a). Although
genipin is colorless, the release of dark blue pigments occurs when it reacts with the
primary amines. The crosslinking mechanism starts with a ring-opening reaction caused
by the amino group via a nucleophilic attack on the olefinic carbon atom of the genipin
(Figure 3b). Consequently, the genipin forms a covalent bond with the amino group of
the polymer (Figure 3b). An unstable intermediate aldehyde group is formed, and it is
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again attacked by another amine group from another polymer (Figure 3c), forming a new
covalent bond, which leads to the formation of the crosslink (Figure 3d) [19].

Figure 3. Schematic representation of the crosslinking mechanism of genipin. (a) genipin interaction with primary amine
groups; (b) ring-opening reaction in genipin and covalent bond with the amino group of collagen; (c) formation of an
unstable intermediate aldehyde group; (d) formation of a new covalent bond with another polimer, which leads to the
formation of the crosslink.

3.2. SEM Imaging

In Figure 4, representative SEM images are reported for the different sample types
crosslinked with genipin.

The diameters of the collagen fibers formed in 3D JellaGel™ hydrogels resulted
in the order of hundreds of nanometers. In particular, the weighted mean values of
the fiber diameters were 0.58 µm, 0.62 µm, and 0.66 µm for 1 mM, 2.5 mM and 5 mM
genipin concentrations, respectively. No considerable differences in the collagen fiber
microstructure were observed for the different genipin concentrations; the dimensions and
organization of the network of fibers were similar for all the experimental conditions, as
confirmed by the corresponding histograms.

3.3. DSC Analysis

The DSC analysis was performed on three dried samples for each genipin concentra-
tion. The results are shown in Figure 5.

The mean temperature peak was similar for all the genipin concentrations: 57.0 ◦C
for 1 mM, 57.7 ◦C for 2.5 mM, and 57.3 ◦C for 5 mM. No significant differences in the
temperature peak values were found, thus indicating no influence of the crosslinking degree
on the denaturation temperature. The enthalpy change was also calculated by integrating
the area under the thermogram, to determine the energy of the bonds keeping the protein
in the folded conformation. Also, enthalpy values did not show significant differences for
the different genipin concentrations. A relatively high variability of the enthalpy values
was observed, especially for the 5 mM genipin concentration (−47.7 ± 32 J/g).
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Figure 4. SEM images of JellaGel™ hydrogels crosslinked with genipin at different concentrations. The images are reported
at a magnification of 1600×. They show the internal gel microarchitecture with the domains created by the collagen network.
For each concentration, a histogram showing the diameter of the collagen fibers is also reported, highlighting the weighted
mean and standard deviation for each concentration. Scale bars = 20 µm.

Figure 5. Results of the DSC analysis on the JellaGel™ hydrogels crosslinked with genipin at different concentrations. Heat
flux vs. temperature curves are shown for one representative sample of each genipin concentration. The temperature peak
and enthalpy are also reported for all sample types.

3.4. Rheometric Measurements

In Figure 6, the results of rheometric measurements in terms of storage modulus (G’),
loss modulus (G”), and shear stress (τ) are shown. From the representative curves shown
for each sample type, it can be observed that the crossing point between G’ and G” occurs
at ~100% strain. More in detail, G’ was higher than G” at low strains, thus indicating a
more elastic behavior at strain values smaller than 100%, for all samples. On the other hand,
G’ was lower than G” at high strains, turning into a more viscous behavior at strains over
100%. The mean values of G’ and G” were comparable for all the genipin concentrations;
indeed, no significant differences were found among the three tested concentrations for
G’ and G”. However, the G’ and G” values resulted rather variable among independent
samples crosslinked with the same genipin concentration, especially in case of G’ for 1 mM
(23.97 ± 19 Pa).
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τ

τ γ
Figure 6. Results of rheometric measurements. Representative graphs of the trend of storage modulus (G’), loss modulus
(G”), and shear stress (τ) versus the shear strain (γ) are reported for each genipin concentration. Boxplots with G’ and G”
values, calculated in the linear region of the curves, are also reported for all samples at the three genipin concentrations.

3.5. Cell Metabolic Activity

Figure 7 shows the results obtained in terms of metabolic activity of chondrocytes em-
bedded within the JellaGel™ hydrogels crosslinked with the three genipin concentrations,
for different culture time-points (3, 7, and 14 days).

Figure 7. Metabolic activity of human chondrocytes embedded in JellaGel™ hydrogels crosslinked
with genipin at different concentrations, after 3, 7, and 14 days of culture. * = p < 0.05.
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After 3 days, no significant differences were found among the three concentrations.
The metabolic activity of the cells embedded within the hydrogels crosslinked with 1 mM
genipin was significantly (even if slightly) higher than the one observed in the hydrogels
crosslinked using 5 mM genipin both at day 7 (p = 0.02) and day 14 (p = 0.04).

4. Discussion

In this work, the influence of three different genipin concentrations (1, 2.5, and 5 mM)
on the formation of 3D crosslinked JellaGel™ hydrogels was explored for the first time.
One representative gel for each genipin concentration is shown in Figure 2. As mentioned
in the Results section, the gels prepared with higher concentrations of genipin (2.5 mM
and 5 mM) appeared thicker and better formed than those with a genipin concentration
of 1 mM. Genipin results were crucial for obtaining stable gels, which were instead
impossible to achieve without any crosslinking agent. This made it impossible to include a
non-crosslinked control in the subsequent characterization tests.

The SEM images shown in Figure 3. demonstrated that the different genipin con-
centrations did not affect the microstructure of collagen fibers within the hydrogels. This
finding is in agreement with the state-of-the-art: it has been demonstrated in fact that a
crosslinking procedure using different ratios of EDC/NHS did not significantly influence
the microstructure of jellyfish collagen samples [20]. Moreover, Figure 3 suggested that
the characteristic dimensions of the collagen network structure formed in the JellaGel™
hydrogels were in the order of ~0.6 µm. A direct comparison with previous works is
difficult to perform. Indeed, the different collagen sources and the different crosslinking
agent used can influence the dimension of the fibers. Moreover, previous similar studies
did not perform a quantitative analysis of the diameters of the collagen fibers [21,22].
However, collagen fibers generally present a cord or tape shape 1–20 µm wide. These fibers
consist of closely packed thin collagen fibrils (30–100 nm thick), which are organized to
form a three-dimensional network as a whole [23]. In our case, we found fiber diameters
of hundreds of nanometers, in agreement with the general fibers’ diameters reported in
previous literature [23,24]. The results of the DSC analysis are reported in Figure 4. They
suggest that the denaturation temperature was not influenced by the crosslinking degree.
The temperature peak was found at around 57 ◦C for all concentrations. The denaturation
temperature of pure collagen is about 37 ◦C [25]. Hence, the crosslinking process, for all
genipin concentrations, guaranteed achieving a higher denaturation temperature, allowing
gel stability at body temperature. Our findings are in agreement with results reported
in the literature. Hoyer et al. [10] found an increase of about 12 K in the denaturation
temperature of jellyfish collagen crosslinked with 1% EDC with respect to pure jellyfish
collagen. The enthalpy results suggest that the energy needed to keep the proteins in their
original state did not depend on the genipin concentration used to crosslink the gel. It is
worth mentioning that the enthalpy change depends on the percentage of native proteins
in the original solution. Hence, the great variability observed in the enthalpy values may
be associated with the variability in the gel formation.

In rheological analyses, the correct loading of the testing plate is an important aspect,
which influences the rheological results [26]. Probably, the procedure for sample prepa-
ration required for this test negatively influenced the results, increasing their variability;
indeed, it was difficult to properly place the samples on the rheometer testing plate without
almost destroying them. This aspect can explain the relatively high variability found in the
rheological results, presented in Figure 5. Besides rheometric analyses, the encountered
manipulability issues are an important aspect in view of possible future pre-clinical and
clinical translation of this material.

Finally, we evaluated the metabolic activity of chondrocytes embedded in JellaGel™
hydrogels, as shown in Figure 6. This test could assess the suitability of the JellaGel™
matrix as a possible 3D environment hosting chondrocytes. Results revealed that the
cell metabolic activity did not decrease over the culture time, until 14 days. This sug-
gests that the crosslinked matrices can safely host chondrocytes for several days, without
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hampering nutrient diffusion, not interfering with cell metabolic processes. Eun Song
et al. [20] demonstrated that the viability of human chondrocytes seeded on jellyfish col-
lagen scaffolds crosslinked with EDC was stable over time. In our work, we evaluated
for the first time the metabolic activity of chondrocytes embedded in JellaGel™ hydrogels
crosslinked with different genipin concentrations. Wang et al. [27] investigated cytotoxic
effects on chondrocytes incubated with a culture medium containing different genipin
concentrations. After 24 h of incubation, the death of chondrocytes exposed to 5 mM
genipin was ~ 65% higher than the control. Indeed, 5 mM was identified as the minimum
concentration of genipin that can induce toxicity when placed in direct contact with cells.
Zhou et al. [28] also demonstrated that the cytotoxicity on adipose stem cells (ASCs) em-
bedded in genipin-crosslinked hydrogels was affected by genipin concentration. In their
case, cytotoxicity and proliferation assays demonstrated that the best genipin concentration
was 0.02% w/v (0.2 mg/mL). In addition, cell proliferation decreased on day 7 and day
14. These results are in agreement with those found in our work: the cells embedded in
hydrogels crosslinked with 1 mM genipin (0.226 mg/mL) showed a slight better metabolic
activity compared to the other genipin concentrations (especially compared to 5 mM) at
7 (p = 0.02) and 14 days (p = 0.04).

In previous reports, the potential of jellyfish collagen has been demonstrated in the
field of cartilage regeneration [6,29]. JellaGel™ was formulated to create 3D hydrogels
providing and maintaining a realistic, near-native microenvironment for cells [11]. How-
ever, natural materials are often affected by some limitations related to their usability and
reproducibility. JellaGel™ being a natural material, it revealed a rather poor reproducibility
in the material preparation procedure. This issue typically affects natural materials that,
since they derive from animal sources, often imply a high batch-to-batch variability and
also challenging processability [30]. We demonstrated that genipin-based crosslinking
allows to obtain stable gels able to embed cells, although with a relatively high variability
of the hydrogel properties.

Overall, our results assessed a good biological activity, confirming JellaGel™ as a
biocompatible matrix for chondrocytes. On the other hand, results revealed some limi-
tations of this material concerning poor reproducibility in the material processing, high
variability, and manipulability issues. These issues should be solved to enable future
in vivo applications of this material.

In this work, the authors mainly focused on the physical characterization of crosslinked
JellaGel™ hydrogels without chondrocytes embedded, and investigated the influence of
the genipin crosslinker on the basic properties of JellaGel™. However, the authors are
aware that the inclusion of cells in a 3D hydrogel may alter its properties. Hence, future
tests will be needed to perform a more refined characterization of JellaGel™ with embed-
ded chondrocytes, to also evaluate how the cell production of extracellular matrix and
the formation of new cartilaginous tissue over time may affect the physical properties of
the material.

5. Conclusions

In this study, three different genipin concentrations (1 mM, 2.5 mM, and 5 mM)
were used to obtain 3D crosslinked JellaGel™ hydrogels. Scanning electron microscopy,
differential scanning calorimetry, and rheometry allowed for the analysis of the morpho-
logical, thermal, and mechanical properties of the materials, respectively. The hydrogels
treated with the highest concentrations (2.5 mM and 5 mM) of genipin appeared by visual
inspection thicker and more well-formed than the one crosslinked with 1 mM genipin.
Morphological results revealed no changes in the microstructure of the hydrogels increas-
ing the level of genipin concentration. The average diameters of the collagen fibers were
0.58 µm, 0.62 µm, and 0.66 µm for 1 mM, 2.5 mM, and 5 mM genipin concentrations, respec-
tively. Similarly, the denaturation temperature and the enthalpy change of the hydrogels
were not affected by the degree of crosslinking. The denaturation temperature result of
57 ◦C for all the genipin concentrations made genipin-crosslinked JellaGel™ hydrogels
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stable at body temperature. Rheometric analyses showed no significant differences in the
mechanical properties of gels crosslinked with different genipin concentrations, with a
crossing point between G’ and G” occurring at ~100% strain. Finally, genipin-crosslinked
JellaGel™ hydrogels proved to constitute a suitable matrix for human chondrocyte embod-
iment. The metabolic activity of the embedded cells did not decrease from day 3 until day
14 of culture. The cells encapsulated in samples crosslinked with 1 mM genipin showed
a slightly higher metabolic activity than the others. The material analyzed in this study
also revealed some negative aspects, such as a relatively high variability (typical of natural
materials), low reproducibility, and low manipulability. New material processing strate-
gies or different crosslinking methods should be devised in the future, to overcome the
mentioned limitations.
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Abstract: We investigated the mechanical and structural properties of composite hydrogels composed
of chitosan nanofiber (ChsNF), positively charged alumina-coated silica (ac-SiO2) nanoparticles, car-
boxylated poly (vinyl alcohol) (cPVA), and borax. ChsNF/cPVA/borax hydrogels without ac-SiO2 ex-
hibited high Young’s modulus but poor elongation, whereas cPVA/ac-SiO2/borax hydrogels without
ChsNF had moderate Young’s modulus but high elongation. ChsNF/ac-SiO2/cPVA/borax hydrogels
using both ChsNF and ac-SiO2 as reinforcement agents exhibited high extensibility (930%) and high
Young′s modulus beyond 1 MPa at a high ac-SiO2 concentration. The network was formed by multi-
ple crosslinking such as the complexation between borate and cPVA, the ionic complexation between
ac-SiO2 and cPVA, and the hydrogen bond between ChsNF and cPVA. Structural analysis by syn-
chrotron small-angle X-ray scattering revealed that the nanostructural inhomogeneity in ChsNF/ac-
SiO2/cPVA/borax hydrogel was suppressed compared to those of the ChsNF/cPVA/borax and
cPVA/ac-SiO2/borax hydrogels.

Keywords: chitosan nanofiber; composite hydrogel; nanoparticles; tough hydrogels; multiple crosslinking

1. Introduction

Hydrogels composed of biocompatible polymers have attracted numerous researchers
and engineers because of potential applications in the biomedical field. Chitosan (Chs),
which is known as one of the biocompatible polymers, is produced by alkali deacetylation
of chitin, the major component in the exoskeleton of crustaceans [1]. Chs is soluble in acidic
aqueous solutions, where it has positive charges due to the protonation of amine groups on
the backbone. Accordingly, Chs can form a polyelectrolyte complex with the oppositely
(negatively) charged polyelectrolyte such as κ-carrageenan or xanthan gum [2,3]. However,
generally, the mechanical strength of polyelectrolyte complex gels is comparatively weak.
As one of the methods to enhance the mechanical strength of polymer hydrogels or pro-
duce mechanically tough polymer hydrogels, the addition of reinforcing agents such as
inorganic nanoparticles [4,5] or clay nanoparticles [6–8] is effective. To acquire effective re-
inforcement effects, it is necessary to disperse the nanoparticles and to connect between the
nanoparticles and the polymer [9,10]. In these composite hydrogels, the nanoparticles act
as a multiple-crosslinker, i.e., a lot of polymer chains are attached to one nanoparticle, i.e.,
multiple crosslinking points are formed, so that mechanically tough hydrogels are formed.
Additionally, our previous studies clarified that the molecular mass of the constituent
polymer is a key factor in the enhancement of mechanical performance [11,12]. Besides,
we recently reported that composite hydrogels using two kinds of reinforcing agents such
as clay and silica nanoparticles were robust and highly stretchable [13,14]; two identically
charged nanoparticles formed multiple crosslinking and suppressed inhomogeneities in
the composite hydrogels [13,14]. Thus, the construction of the gel network by multiple
crosslinking was effective in fabricating tough polymer hydrogels.
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In the case of biocompatible polymer hydrogels, nanofibers have been used to enhance
the mechanical performance, e.g., mechanically tough composite hydrogels using cellulose
nanofiber have been developed [9,15,16]. Similarly, nanofibers of chitosan can reinforce
polymer hydrogels [17,18]. Nitta et al. used a chitosan nanofiber (ChsNF) to reinforce
the mechanical strength of polyethylene glycol (PEG) hydrogels so that the compressive
modulus and fracture stress of the ChsNF/PEG composite hydrogels attained the values of
~10 kPa and ~15 kPa, respectively [17]. Zhou and Wu showed that the compressive stress
of a ChsNF/poly (acrylamide) (PAM) composite hydrogel at 95% strain attained the value
of ~50 kPa, which was 7.7 times higher than that of PAM hydrogel without ChsNF [18].

In this study, we tried to enhance the mechanical performance of the hydrogels
composed of chitosan and carboxylated poly (vinyl alcohol) (cPVA). For this purpose,
we used ChsNF and positively charged alumina-coated silica nanoparticles (ac-SiO2) as
reinforcing agents. As a result, we found that the ChsNF/ac-SiO2/cPVA/borax composite
hydrogels were highly stretchable and robust.

2. Results and Discussion
2.1. Mechanical Properties of the Composite Hydrogels

First, we examined the effect of the addition of ChsNF on the mechanical properties
of cPVA/borax hydrogels. Figure 1 depicts representative tensile stress–strain curves
(a), the Young′s modulus E (b), the fracture stress σf (c), and the fracture strain εf (d)
for ChsNF/cPVA/borax hydrogels at different ChsNF concentrations. Both E and σf
largely increased with increasing ChsNF concentrations but εf dramatically decreased. This
behavior has often been seen for many composite hydrogels; although the increase in the
content of the reinforcing agent leads to enhancement of the mechanical strength, the degree
of elongation lowers because of the difficulty in the dispersion of the reinforcing agent.

′ σ ε
σ
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Figure 1. Tensile stress–strain curves (a), the Young′s modulus (b), fracture stress (c), and fracture
strain (d) for ChsNF/cPVA/borax hydrogels.

Next, we investigated the effect of the addition of ac-SiO2 nanoparticles on the me-
chanical properties of cPVA/borax hydrogels (Figure 2). Similarly, both E and σf, for the
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ac-SiO2/cPVA/borax hydrogels, significantly increased with the increase in ac-SiO2. The in-
crease in E was remarkably larger at higher ac-SiO2 concentrations. At high concentrations
of nanoparticles, the inter-particle distance became closer, so that many polymer chains
could be attached to one nanoparticle, i.e., the number of crosslinking points increased. εf
showed a gradual decrease with the increase in the ac-SiO2 concentration; the degree of
elongation exhibited a value of ~1000% even at high concentrations of ac-SiO2. Although
the tensile stress of ac-SiO2/cPVA/borax hydrogels increased with the addition of ac-SiO2,
the reinforcement effect was lower compared to ChsNF/cPVA/borax hydrogels.
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Figure 2. Tensile stress–strain curves (a), the Young′s modulus (b), fracture stress (c), and fracture
strain (d) for ac-SiO2/cPVA/borax hydrogels.

For further improvement of the mechanical performance, i.e., expecting the compos-
ite hydrogels with both high mechanical strength and high extensibility, we prepared
ChsNF/ac-SiO2/cPVA/borax hydrogels using both ChsNF and ac-SiO2 nanoparticles
as reinforcing agents. Figure 3 depicts the representative stress–strain curves (a), the
Young′s modulus (b), the fracture stress (c), and the fracture strain for 2 wt% ChsNF/ac-
SiO2/cPVA/borax hydrogels at different ac-SiO2 concentrations. The ChsNF/ac-SiO2/
cPVA/borax hydrogels exhibited excellent mechanical properties with high mechanical
strength and high elongation. Especially, the composite hydrogel at 15 wt% ac-SiO2 ob-
tained the Young’s modulus of 1.3 MPa and an elongation of 930%.

173



Gels 2022, 8, 6

 

 

′

−

−

−

−

−

−

−

− −

−

Figure 3. Tensile stress–strain curves (a), the Young′s modulus (b), fracture stress (c), and fracture
strain (d) for ChsNF/ac-SiO2/cPVA/borax hydrogels.

2.2. Fourier-Transform Infrared (FT-IR) Spectroscopy

We performed FT-IR measurements to examine the interactions between different
components. Figure 4a,b depict the FT-IR spectra for the cPVA/borax and ChsNF/borax
systems. A characteristic peak was observed at 1339 cm−1 for the cPVA/borax systems;
the intensity became larger as the borax content increased. This band was assigned to the
asymmetric stretching vibration of B-O-C, indicating the tetrahedral complexation between
PVA and borate [19–21]. For the ChsNF/borax system, the characteristic band was observed
at 1316 cm−1, which was at the same position as for pure borax. This result suggested
that tetrahedral complexation was, to a significant extent, not formed between ChsNF and
borate. Figure 4c,d show the FT-IR spectra for the cPVA/ac-SiO2 and ChsNF/cPVA systems.
The characteristic bands observed at 1077 and 791 cm−1 for pure ac-SiO2 were ascribed
to antisymmetric and symmetric Si-O-Si (or Si-O-Al) stretching vibrations [13,22–24]. The
characteristic band at 3314 cm−1 for pure cPVA was assigned to the stretching vibration
of hydrogen-bonded hydroxyl groups, whereas the band at 1586 cm−1 was assigned to
the COO– antisymmetric stretching vibration [25]. The characteristic band of the COO–

antisymmetric stretching vibration was shifted to a higher wavenumber (1590 cm−1) for
the cPVA/ac-SiO2 system, whereas it was observed at the same wavenumber for the
ChsNF/cPVA system. These results suggested that ion complexation between cPVA and
ac-SiO2 was formed, whereas it was not formed between cPVA and ChsNF. The band at
3314 cm−1 arising from the OH stretching vibration for pure cPVA was shifted to a higher
wavenumber (3331 cm−1) for ChsNF/cPVA. Besides, the band observed at 1089 cm−1 for
pure cPVA, which was assigned to the stretching vibration of C-O [26,27], was shifted
to a lower value (1079 cm−1) for ChsNF/cPVA. This result suggested hydrogen bonding
between ChsNF and cPVA.
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Figure 4. FT-IR spectra for cPVA/borax (a), ChsNF/borax (b), cPVA/ac-SiO2 (c), and ChsNF/cPVA (d).

2.3. Synchrotron Small-Angle X-ray Scattering and Wide-Angle X-ray Scattering

Synchrotron SAXS and WAXS measurements were performed to examine the struc-
tures of the composite hydrogels. Firstly, we conducted the XRD measurement for a
freeze-dried sample of ChsNF dispersion (Figure 5a). The XRD curve had sharp diffraction
peaks at 2θ ≈ 10.6◦ and 20.0◦, which were assigned to the (020) and (110) reflections, respec-
tively [28,29]. We estimated the crystallinity of ChsNF from the XRD curve and obtained a
value of 35%.

Figure 5b depicts the WAXS curves for the ac-SiO2/cPVA/borax hydrogels at different
ac-SiO2 concentrations. For comparison, the WAXS curve for water is appended in the
figure. The figure does not show any peak except for the amorphous peak of water,
suggesting that cPVA and ac-SiO2 were amorphous in the hydrogels. Figure 5c shows
the WAXS curves for the ChsNF/ac-SiO2/cPVA/borax hydrogels at different ac-SiO2
concentrations. All the curves were found to have a small peak at q = 1.4 Å−1, which
corresponded to the (110) reflection of the chitosan crystal. The peak intensity slightly
increased with the increase in the ac-SiO2 concentrations. This result suggests that the
addition of ac-SiO2 seemingly induced the crystallization of ChsNF. However, the situation
may have been unexpected; the pH values only showed a slight decrease with the addition
of ac-SiO2 (pH = 8.5 for 0 wt% ac-SiO2 and 8.2 for 8 wt% ac-SiO2). As another possibility, a
preferential orientation of ChsNF may have influenced the intensity of the Bragg reflection,
although we could not estimate the orientation from the 2D SAXS images of the ChsNF/ac-
SiO2/cPVA/borax hydrogels; this was because the X-ray pattern of the composite hydrogels
was dominated by the scattering intensity of ac-SiO2, as mentioned below.
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Figure 5. XRD curve for ChsNF powder (a), WAXS curves for ac-SiO2/cPVA/borax hydrogels (b),
and ChsNF/ac-SiO2/cPVA/borax (c) hydrogels.

Figure 6a depicts the SAXS profiles of the cPVA/borax and ChsNF/cPVA/borax
hydrogels. First, the analysis of the SAXS data for cPVA/borax hydrogel was conducted.
Shibayama et al. analyzed the small-angle neutron scattering data for PVA/borax hydrogels
using a generalized Zimm model for fractals with the fractal dimension of D [30]. According
to the model, the scattering function is described as follows:

I(q) =
I(0)

{

1 + (D+1)
3 ξ2q2

}D/2 (1)

where I(0) and q are the scattering intensity at q = 0 and the magnitude of the wavevector
defined by q = 4π sin (θ/2)/λ. Here, θ and λ are the scattering angle and the wavelength,
respectively. ξ is the correlation length, which represents the spatial length of concentration
fluctuations. We carried out the fitting analysis for the SAXS data of cPVA/borax hydrogel
using Equation (1); the fitted curve represented the scattering data well. As a result, the
values of D = 1.0 and ξ = 101 Å were obtained. The latter value was almost the same as
that of the PVA/borax gel [30]. The SAXS intensity for the ChsNF/cPVA/borax hydrogel
largely increased compared to that of the cPVA/borax hydrogel; in particular, the scattering
intensity at small q increased upward, reflecting the inhomogeneous distribution of ChsNF
in the gel. Accordingly, we analyzed the SAXS data with the Debye–Buche function that
had been used for the analysis of the inhomogeneous structure [31]

= 01 + + 13 /
π θ λ θ λ

ξ

ξ Å

 

= 1 +
ξ

Figure 6. SAXS curves for cPVA/borax and ChSNF/cPVA/borax hydrogels (a), and for ac-
SiO2/cPVA/borax hydrogels and ChsNF/ac-SiO2/cPVA/borax hydrogels (b).

IDB(q) =
I1

(

1 + ξDB
2q2

)2 (2)

where I1 is the prefactor of the scattering intensity and ξDB—denotes a parameter that char-
acterizes the spatial length of the inhomogeneous structure in the model. The fitting analysis
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using Equations (1) and (2) was conducted for the SAXS curve of the ChsNF/cPVA/borax
hydrogel, so that we obtained the values of D = 1.8, ξ = 47 Å and ξDB = 275 Å. Thus, the
SAXS analysis revealed that the inhomogeneous structure, with a size of tens of nanometers,
was formed in the composite gel, which have may have caused poor elongation for this
composite hydrogel; the lowering of elongation due to an inhomogeneous distribution of
reinforcing agents was also reported in previous studies [12,32]. The correlation length of
Equation (1) for the ChsNF/cPVA/borax hydrogel was smaller than that of the cPVA/borax
hydrogel. The hydrogen bond between ChsNF and cPVA shown by the FT-IR measure-
ments may have suppressed the concentration fluctuations in the gel network. Figure 6b
shows the scattering curves for the ac-SiO2/cPVA/borax and ChsNF/ac-SiO2/cPVA/borax
hydrogels. The scattering profiles for both hydrogels were similar except for the scattering
behavior at small q. This result suggests that their scattering curves were significantly
dominated by the scattering from ac-SiO2 nanoparticles constituted of heavy atoms; heavier
atoms have a larger scattering length in X-ray scattering [33].

The scattering function of spherical particles with a radius of R can be expressed by

I(q) = I1Psphere(q)S(q) (3)

with

Psphere(q) =

[

3{sin(qR)− qR cos(qR) }
(qR)3

]2

(4)

where I1 is a prefactor of the scattering intensity. Psphere(q) and S(q) are the form factor
and the structure factor of spherical particles; the former and the latter correspond to the
scattering from the intra-particle interference and the inter-particle interference, respectively.
We considered the size distribution of the spherical particles using a Gaussian distribution
with the mean radius of R0 and the standard deviation σ. Furthermore, we adopted the
Percus–Yevick (PY) hard-sphere model [34] to calculate the structure factor S(q). The
detailed representation of the function was described elsewhere [13,14]; in short, the
function can be expressed using parameters of an interaction radius RHS and the volume
fraction of spheres φ.

The scattering curve for the ac-SiO2/cPVA/borax hydrogel was analyzed with a
combination of the PY and DB models, i.e., Equations (2)–(4). The fitted curve is shown
in Figure 6b, and the obtained parameters are summarized in Table 1. The mean radius
of the ac-SiO2 nanoparticles obtained in the fitting analysis agreed well with the value
(12 nm) of the particle diameter shown in the product catalog. Subsequently, we analyzed
the scattering curve for the ChsNF/ac-SiO2/cPVA/borax hydrogel using Equations (2)–(4).
In the analysis, we fixed the parameters in Equations (3) and (4) using the values obtained
in the analysis of the ac-SiO2/cPVA/borax hydrogel, because the scattering curves for
both composite hydrogels were almost the same except for the scattering behavior at
small q arising from the inhomogeneous structure that could be expressed by the DB
model. Consequently, the spatial length of the inhomogeneous structure obtained in the
fitting analysis for the ChsNF/ac-SiO2/cPVA/borax hydrogel was much smaller, which
suggested that the addition of ChsNF to the ac-SiO2/cPVA/borax hydrogel suppressed
the inhomogeneity in the composite hydrogel. Thus, the ChsNF/ac-SiO2/cPVA/borax
hydrogel possessed excellent mechanical performance, having both robustness and a high
degree of elongation, as a result of the lowering of the inhomogeneity in the gel.

Table 1. The result of the fitting analysis.

Sample R0/Å σ/Å RHS/Å φ ξDB/Å

ac-SiO2/cPVA/borax 59 0.44 59 0.15 252

ChsNF/ac-SiO2/cPVA/borax 59 (fix) 0.44 (fix) 59 (fix) 0.15 (fix) 126
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3. Summary

We investigated the mechanical and structural properties of composite hydrogels
using chitosan nanofibers and alumina–coated silica nanoparticles as reinforcing agents
and borax as a crosslinker. The composite hydrogels exhibited mechanically robust and
highly stretchable properties. This study showed that the combined use of bio-nanofiber
and inorganic nanoparticles as reinforcing agents is effective in the fabrication of robust
and highly stretchable composite hydrogels. The composite hydrogels were constructed
by the multiple crosslinking composed of ion complexation between cPVA and ac-SiO2,
the hydrogen bond between ChsNF and cPVA, and the complexation between cPVA and
borate. Synchrotron SAXS analysis revealed that the inhomogeneity in the ChsNF/ac-
SiO2/cPVA/borax hydrogel was significantly suppressed so that the composite hydrogel
exhibited excellent mechanical performance with both high mechanical strength and high
degrees of elongation.

4. Experimental
4.1. Materials

In this study, we used chitosan nanofiber with a diameter of 20–50 nm (ChsNF)
purchased from Sugino Machine Ltd. Carboxylated poly (vinyl alcohol) (cPVA) with a
saponification value larger than 99% (Gohsenol T-330H) and alumina-coated silica nanopar-
ticles (ac-SiO2) with particle sizes of 12 nm (SNOWTEX ST-AK) were kindly supplied from
Mitsubishi Chemical Corp. and Nissan Chemical Corp., respectively. Sodium tetraborate
decahydrate (borax) was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan).

4.2. Gel Preparation

After a ChsNF suspension and an ac-SiO2 suspension were added into a vial, ChsNF
and ac-SiO2 nanoparticles were dispersed using an ultrasonic homogenizer (QSONICA
Model Q55) for 30 min. Afterward, cPVA was added to the ChsNF/ac-SiO2 suspension
and dissolved at 90 ◦C. After the suspension was condensed in a vacuum oven to reach
the desired concentration, borax was added. After the mixture was thoroughly mixed
using a glass rod, it was placed in a mold with 1 mm thickness and was pressed at
70 ◦C. The final concentrations of cPVA and borax were 10 wt% and 3 wt%, respectively.
The concentrations of ChsNF and ac-SiO2 are shown in the text. The pH values for the
ChsNF/ac-SiO2/cPVA/borax hydrogels were measured with a PH mater (F-71, Horiba,
Kyoto, Japan) and a pH electrode (ISFET 0040-10D, Horiba).

4.3. Tensile Tests

We performed tensile tests for the composite hydrogels using TENSILE TESTER STM-
20 (ORIENTEC). The measurements were conducted at a stretching speed of 10 mm/min
for the specimens with 1 mm thickness, 10 mm length, and 15 mm width. The tensile stress
σ and strain ε were calculated from the relations of σ = F/S0 and ε = ∆L/L0, where F and
∆L are the tensile force and the deformation, respectively. S0 and L0 denote the initial area
and initial length of the test specimen, respectively. The Young′s modulus E was estimated
from the slope of the stress–strain curve at small strains. The average values of E, σf, and εf
were obtained from three tests.

4.4. Fourier-Transform Infrared (FT-IR) Measurements

FT-IR spectroscopy (JASCO FT/IR 4700) was used to examine the interactions between
different components using the attenuated total reflection (ATR) method. The FT-IR spectra
were recorded in the wavenumber range of 500–4000 cm−1. Freeze-dried samples were
used for FT-IR measurements.

4.5. X-ray Diffraction Measurements

X-ray diffraction (XRD) measurement was conducted to explore the structure of ChsNF
using an X-ray diffractometer (RIGAKU, RINT2200VF) at the Center for Instrumental
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Analysis of Gunma University. CuK α radiation was used in this measurement, and
the diffracted intensity was detected at the diffraction angles of 5◦–60◦. The sample for
XRD measurement was prepared as follows: a ChsNF suspension was freeze-dried, and
the freeze-dried sample was filled in an aluminum spacer for XRD measurements. The
crystallinity of ChsNF was estimated from the ratio of the area of crystalline peaks to the
whole area.

4.6. Synchrotron Small-Angle X-ray Scattering/Wide-Angle X-ray Scattering

Synchrotron SAXS and WAXS measurements were performed to investigate the struc-
ture of the composite hydrogels. The experiments were conducted at the beamline 6A at the
photon factory of the High Energy Accelerator Research Organization (KEK) in Tsukuba,
Japan. An X-ray beam with a wavelength of 1.5 Å was used for the measurements, and
the scattered intensity was detected using two-dimensional detectors—PILATUS 1M for
SAXS and PILATUS 100K for WAXS. The detected X-ray images were circularly averaged
to obtain the scattering curves as a function of q [35]. Moreover, the scattering intensity
was corrected by the beam intensity, transmittance, and background scattering, and was
reduced to the absolute units [36].
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Abstract: A new strategy to synthesise carbon/TiO2 gel by a sol–gel method is proposed. Textural,
morphological, and chemical properties were characterised in detail and the synthesised material
was proven to be an active adsorbent, as well as a visible light photocatalyst. Homogenously
distributed TiO2 is mesoporous with high surface area and, hence, exhibited a high adsorption
capacity. The adsorption equilibrium experimental data were well explained by the Sips isotherm
model. Kinetic experiments demonstrated that experimental data fitted a pseudo second order
model. The modification in electronic structure of TiO2 resulted in a reduced bandgap compared to
commercial P25. The absorption edge studied through UV-Vis shifted to the visible region, hence,
daylight photocatalytic activity was efficient against degradation of MB dye, as an example pollutant
molecule. The material was easily removed post treatment, demonstrating potential for employment
in industrial water treatment processes.

Keywords: adsorption; carbon/TiO2 gels; resorcinol formaldehyde RF/TiO2 gels; photocatalysis;
adsorption kinetics; methylene blue dye degradation

1. Introduction

Adsorption of carbon is perhaps the most widely used water treatment technique.
However, there is an ongoing effort to develop efficient adsorbents with reduced regenera-
tion costs. Currently, the combination of carbon and titanium dioxide (TiO2) appears to
offer a promising route to obtain an adsorbent with self-regeneration properties. Addition-
ally, the synergistic effect of both carbon and TiO2 enhances the degradation process due to
respective adsorptive and photocatalytic properties. Literature reports several studies to
address the synergy of adsorption and photodegradation by experimental demonstration
of various carbon/TiO2 composite materials [1,2]. However, there is still a need to better
understand the phenomenon of pollutant-adsorbent interactions in order to have a good
knowledge to design an efficient water treatment process. Additionally, the improvement
in design involves the type of materials and synthesis process employed to attain maximum
efficiency of the system.

Previously, carbon has been combined with TiO2 through various approaches, in dif-
ferent forms, such as carbon nanotubes [3–5], graphene [6–8], and activated carbon [9,10].
Lately, focus has been shifted to highly porous carbon materials as support matrix for
industrial applications, due to the high surface area and tuneable porosity. Ideally, well-
developed mesoporous structures with large pore volumes and uniform pore size distri-
butions are preferred, due to enhanced accessible surface sites contributing to superior
adsorption capacity of pollutants from the aqueous phase. However, the preparation
process of these mesoporous carbons is costly and complicated, usually resulting in ma-
terials with moderate or low surface area. The efficiency of the material is also limited,
since most TiO2 nanoparticles incorporated in the pores of the carbon are unavailable for
photocatalysis [11].
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Amongst mesoporous carbon materials, carbon gels are a new type of nanocarbon
with potential applications in photocatalysis [2,12,13]. Carbon gels produced by polycon-
densation of resorcinol (R) with formaldehyde (F) are highly porous and have flexible
properties. A comprehensive review of sol–gel synthesis of RF gel reveals that the material
can be easily tailored to attain desired properties, mainly tuneable porosity, and acts as a
support for metals [14]. Hence, RF gels can be promising materials for water treatment
applications, mainly due to their stability, owing to aromatic resorcinol rings and their
overall interconnected mesoporous carbon structure. For industrial applications where
a continuous process system is often required, carbon derived from RF gels can be more
efficient and cost-effective than commercial adsorbents, which are in the form of granules
or powders and are unsuitable for use in continuous systems.

The aim of this study is to synthesize an adsorbent with visible light driven photocat-
alytic activity by incorporating TiO2 nanoparticles into RF gels. A typical synthesis route of
an RF gel [15] is modulated in this study to integrate TiO2 nanoparticles by formulating
a twostep synthesis scheme. In addition to enhancement in textural properties of this
newly synthesised adsorbent, improvement in photocatalytic properties is expected by
(i) modification in electronic structure of TiO2, due to the presence of RF gel as a carbon
source, shifting the absorption edge to the visible light region, hence, enabling TiO2 to
activate under visible light irradiation; (ii) the carbon phase can entrap the photogenerated
electron and hole pairs, which would otherwise recombine and dissipate heat energy; and
(iii) the porous RF gel helps facilitate dispersion of TiO2 and easy post treatment removal
of the adsorbent/photocatalyst.

Here, we report a study of the textural and optical characteristics of the adsor-
bent/photocatalyst. Detailed adsorption experiments were carried out to study the effect of
several parameters on adsorption capacity. Additionally, the interaction behaviour between
potential pollutants and the material were investigated, using methylene blue (MB) as a
model adsorptive. Equilibrium sorption data were modelled using Langmuir, Freundlich,
Sips, and Toth isotherm models. Kinetic analyses were carried out by comparing the
experimental data with pseudo first order and pseudo second order expressions, as well
as a diffusion model to better understand the transfer behaviour of the adsorbate species.
Further, photocatalytic application tests were performed under visible light irradiation and
the data were modelled to study the kinetics of photocatalysis.

2. Results and Discussion
2.1. Morphology

The morphology of sample, studied using FESEM, is shown in Figure 1. Figure 1a
shows a heterogenous nature of synthesised RF/TiO2 with homogenously distributed TiO2,
as represented in Figure 1b. The overall structure shows the nanospheres connected to form
a three-dimensional porous network, as represented in Figure 1c [14]. The heterogenous
surface is more evident in Figure 1d where organic and inorganic phases can be differ-
entiated. The diameter of microspheres ranged around 0.76–1.66 µm, indicating that the
size of the primary particles was slightly larger than pristine RF, which generally is in the
nanometre range [16]. Energy dispersive X-ray (EDX) spectra of the microspheres is shown
in Figure 1e, (EDX zone shown in supplementary information, Figure S1) which evidently
corresponds to the recorded spectra.

2.2. FTIR Analysis

The IR absorption bands of RF/TiO2 overall resembled those of the pristine RF gel,
as also observed through FESEM images with clear uniform spheres illustrating a porous
network and the retention of the gel structure even after addition of TiO2. Typical charac-
teristic peaks, such as the previously reported C=C stretching, CH2, and C-O-C of aromatic
rings, methylene bridges, and methylene ether bridges [17,18], were observed. The broad
peak at 3300 cm−1 is characteristic of stretching vibrations associated with phenolic OH
groups. Weak vibrations in the range of 2000–1700 cm−1 are attributed to CH bending of
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aromatic compounds. The absorption bands at 1605 and 1473 cm−1 correspond to aromatic
ether bridges, attributed to condensation of resorcinol to form the RF gel network. A
strong IR peak, expected in the range 1740–1700 cm−1, associated with C=O stretching of
aldehyde, was not observed, which confirms that the sol–gel reaction was complete. In
comparison to a spectrum of pristine RF, a few additional peaks were observed that verify
the chemical linkages between RF and TiO2, as marked in Figure 2. It has been established
that the oxygenated surface groups of carbon materials support the attachment of TiO2. [19].
Here, crosslinking of TiO2 with RF, via the hydroxyl groups, can be observed through the
peaks in the vicinity of 1400 cm−1, attributed to OH groups of RF, which appeared weak
in the spectrum of RF/TiO2, signifying the reaction of OH and TiO2. Meanwhile, new
signals observed at 1200 and 1084 cm−1 suggest formation of Ti-O-C functionalities. Similar
crosslinking has previously been reported in TiO2/phenol resol hybrid structures, where
chemical interactions between TiO2 and phenol resol form Ti-O-C complexes. This hetero-
junction is responsive to visible light due to formation of a charge complex between the
interface of TiO2 and mesoporous phenol resol producing new electronic interactions [20].
Hence, it can be concluded that the interactions between RF and TiO2 are chemical in nature.
Additional signals below 1000 cm−1, such as bands at 963 and 880 cm−1, are associated
with titanium ethoxide functional groups. Additionally, the broad band observed in the
range of 600 cm−1 corresponds to the vibration of Ti-O-Ti bonds [21].

2.3. Surface Area Analysis

A nitrogen sorption isotherm was measured to determine the specific surface area and
pore volume of RF/TiO2. Figure 3 shows N2 sorption isotherm and pore size distribution
(inset Figure 3). As can be seen, the isotherm of RF/TiO2 is of Type IV classification [22]
with a sharp capillary condensation at P/Po = 0.4–0.9 and a well-defined hysteresis loop
of Type H1, associated with open ended pores whilst suggesting a mesoporous struc-
ture [16]. Pore filling occurs at low relative pressure and the calculated mesoporosity in
the structure was ~94%. The SBET, corresponding pore size and total pore volume of as
prepared RF/TiO2 is 439 m2 g−1, 9.4 nm and 0.71 cm3 g−1, respectively. The SBET value
of pristine RF gel obtained in this study is 588 m2 g−1. The reason in reduced SBET value
for RF/TiO2 is attributed to blockage of pores of RF gel matrix with inclusion of TiO2
nanoparticles. Meanwhile, in comparison with pristine TiO2, the SBET value is significantly
higher for the synthesised RF/TiO2. Additionally, noteworthy SBET value for pristine TiO2
(i.e., 111 m2 g−1) is obtained in this study, contrary to commercial P25 with SBET value of
57 m2 g−1.

2.4. Effect of pH

The influence of MB sorption was studied by varying the solution pH from 2–12
(25 mL, 100 mg L−1, 0.01 g of adsorbent). The adsorption capacities at different pH values
are shown in Figure 4. The efficiency of uptake increases from 47.24 to 65.96 mg g−1 when
the pH increases from 2–5. Thereafter, a sharp increase in adsorption capacity is observed
at pH ≥ 6. The variation in adsorption behaviour of MB on RF/TiO2 can be explained by
considering the structure of MB and evaluated point of zero charge (pzc). The pHpzc value
for RF/TiO2 is determined to be 7.2 (Figure S2).

RF/TiO2 can be amphoteric having both positively and negatively charged surface
sites in aqueous solution due to the varying amount and nature of surface oxygen [23].
At pH lower than the pHpzc, the surface of RF/TiO2 is positively charged, which repels
the cationic dye (MB), and resultant interactions are hindered in acidic media due to
electrostatic repulsion between the competing H+ ions on the surface of adsorbent and MB
dye molecules. As the pH increases, the surface of RF/TiO2 becomes deprotonated and the
adsorption sites available for interaction with cationic species increase, therefore, increased
adsorption capacity is observed. This suggests that the electrostatic forces of attraction
between MB and the surface of RF/TiO2 increases due to increased ion density and positive
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charges on the surface. Further, the OH groups on the surface of RF/TiO2 can also attract
MB dye molecules under higher pH conditions.
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Figure 1. Morphology of RF/TiO2 sample (a) FESEM image of RF/TiO2, (b) TiO2 distribution deter-
mined by EDX on the sample, (c) distinct appearance of micro/nanospheres, (d) isolated microsphere
with differentiation between organic–inorganic phase, and (e) corresponding EDX spectra.
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Overall, a good adsorption capacity for MB is observed at pH higher than the pHpzc
due to an increased number of negative sites in the higher pH range. This is in good
agreement with the fact that, due to the presence of COO− and OH- functional groups,
MB dye adsorption is favoured at pH > pHpzc [24]. The same trend has been observed in
previous studies with activated carbon and TiO2 composites where reduced activity was
observed at acidic pH and maximum activity was observed in the pH range 6–10 [25–27].

2.5. Effect of Contact Time

Figure 5 shows the effect of contact time on the amount of MB molecules adsorbed
by RF/TiO2 gel under different initial MB concentrations. As shown, the adsorption
capacity increases with increase in initial concentration. The equilibrium adsorption ca-
pacity increases from 102 mg g−1 to 207 mg g−1 by increasing the initial concentration
of MB from 50 mg L−1 to 200 mg L−1. Initially, the adsorption capacity overall is rapid
for timeframes up to 30 min. This trend is expected, due to the greater driving force of
MB dye molecules and immediate availability of vacant adsorption sites, hence resulting
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in increased in frequency of collisions between MB dye molecules and the RF/TiO2 gel.
Additionally, mesoporosity throughout the RF/TiO2 gel structure provides a high surface
area for greater adsorption of MB molecules. It is noteworthy that at higher MB concen-
tration the adsorption rate is greater and adsorption capacity attains equilibrium faster
than at low concentration. The reason is attributed to immediate occupancy of available
active sites by a large amount of adsorbate molecules. This rapid occurrence of sorption
is due to the presence of mesoporosity within the RF/TiO2 gel, which corresponds to a
large portion of the adsorption sites. In this case, the mesoporous structure provides a
large surface area to solution volume within the porous network of the adsorbent gel.
Additionally, within the mesopores, MB dye molecules are confined to be in close proximity
to the surface. Such observations have been reported in previous research, particularly
for activated carbons [28]. Over time, saturation of active sites occurs, and adsorption
becomes difficult on the fewer available active sites due to repulsive forces between the
MB molecules and the RF/TiO2 gel surface. Additionally, the blockage of pores and charge
repulsion of MB dye species may decelerate the adsorption progress. Similar phenomena
have been explained for porous TiO2 and other carbon/TiO2 porous composite materials,
where it may have taken longer for the adsorbate to diffuse deeper in the fine pores [29].
Thereafter, the adsorption capacity increases gradually until 90 min, and equilibrium is
attained for the entire concentration range. Thus, equilibrium time was considered as
90 min which was considered sufficient for removal of MB ions by RF/TiO2 gel. Hence,
the contact time was set to 90 min in the remaining experiments to ensure equilibrium
was achieved.
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2.6. Effect of Sorbent Dose

The percentage removal of MB dye increased with increase in the adsorbent dose from
0.005 to 0.01 g but remained almost constant with further increase in the dose range 0.01 to
0.1 g, as represented in Figure 6. Percentage removal was calculated using Equation (2),
and showed an increase with increase in adsorbent dose, due to greater availability of
vacant active sites, a large surface area, and a greater number of adsorptive sites present on
the surface of RF/TiO2. With further increase in adsorbent dose (>0.01 g), the rate of MB
removal becomes low, as the concentrations at the surface and solution reach equilibrium.
The resultant reduction in adsorption rate is attributed to unoccupied adsorbent sites, as
well as overcrowding or aggregation of adsorbent particles [30]. Hence, the surface area
available for MB adsorption per unit mass of the adsorbent reduces, whereby percentage
removal was not significantly enhanced with further increase adsorbent dose.
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2.7. Adsorption Kinetics

The adsorption kinetics were studied using a contact time of 240 min in the concentra-
tion range 50–200 mg L−1. The experimental data obtained for MB dye adsorption capacity
vs. time (t) were fitted with PFO and PSO, as presented in Figure 7a–d. The parameters
determined, including measured equilibrium adsorption capacity qe (experimental), theo-
retical equilibrium adsorption capacity qe (calculated), first order rate constant K1, second
order rate constant K2, and regression coefficient R2, are presented in Table 1.

As observed from the data, the correlation factor R2 deviates significantly from 1 for
PFO and, therefore, pseudo first order model does not exhibit good compliance with the
experimental data for the entire concentration range. This implies that the adsorption
reaction is not inclined towards physisorption, and the MB dye molecules adsorb to specific
sites on the surface of RF/TiO2 gel. The argument regarding the failure of the pseudo
first order model suggests that several other interactions are responsible for the sorption
mechanism. Hence, the correlation coefficients R2 of the pseudo second order model were
compared with pseudo first order parameters. R2 values for pseudo second order behaviour
are approximately 0.99 for the entire concentration range, indicating that the system is
more appropriately described by the pseudo second order equation. The dependence on
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initial concentration of MB dye is verified by good compliance of the experimental data
with the pseudo second order equation, where the adsorption capacity is affected by the
initial MB dye concentration, subsequent surface-active sites, and adsorption rate (Other
error analyses are represented in Table S1).
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Figure 7. MB uptakes on RF/TiO2 gel at (a) 50 mg L−1, (b) 100 mg L−1, (c) 150 mg L−1,
(d) 200 mg L−1, and fitted data for pseudo first order and pseudo second order kinetic models.

Table 1. Kinetic parameters obtained by fitting kinetic data for MB adsorption to RF/TiO2.

Model 50 mg L−1 100 mg L−1 150 mg L−1 200 mg L−1

qe experimental (mg g−1) 112.75 175.98 201.46 212.56

Pseudo first order

qe, mg g−1 107.65 167.45 183.10 206.99
K1 (min−1) 0.08087 0.11886 0.1261 0.17078

R2 0.9758 0.9632 0.948 0.985

Pseudo second order

qe, mg g−1 116.97 178.54 203.58 217.59
K2 (×10−3 g mg−1 min−1) 1.01 1.10 1.06 1.48

R2 0.998 0.989 0.987 0.996

The equilibrium sorption capacity increased from 116.97 to 217.59 mg g−1 when
initial dye concentration was increased from 50 to 200 mg g−1 confirming that MB dye
removal is dependent on initial concentration, where the rate limiting step is determined
by both adsorbate (MB) and adsorbent (RF/TiO2) concentration. This signifies that the
sorption mechanism is chemisorption. Previous studies have explained theoretically that if
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diffusion is not the rate limiting factor, then higher adsorbate concentrations would give a
good pseudo first order fit whereas, for low concentrations, pseudo second order better
represents the kinetics of sorption, analogous to the observations made here [31]. Previously,
the adsorption processes of MB on TiO2/carbon composites have also exhibited strong
dependencies of pseudo second order fitting parameters on initial concentrations [27].

Figure 8 shows a plot of MB dye uptake (qe) on synthesised RF/TiO2 against (time)0.5.
The plots exhibit multi-linearity, rather than two straight lines, indicating that the adsorp-
tion process is influenced by several steps. The initial segment of the plots shows that
diffusion across the boundary of the adsorbent only lasts for a short time in comparison
to the whole adsorption process. This second section is attributed to diffusion into the
mesopores of the adsorbent, i.e., the MB dye molecules enter less accessible pore sites.
Resultantly, the diffusion resistance increases, and the diffusion rate decreases. This stage
is a slow and gradual stage of the adsorption process. The third segment represents the
final equilibrium stage where intra-particle diffusion slows down to an extremely low rate
due to the remaining concentration of the MB dye molecules in the solution. This implies a
slow transport rate of MB dye molecules from the solution (through the gel–dye solution
interface) to available sites. Here, the surface of the RF/TiO2 gel, and micropores, may be
responsible for the uptake of MB dye molecules.
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2.8. Adsorption Isotherms

The equilibrium data were analysed using Langmuir, Freundlich, Sips, and Toth
isotherm equations to obtain the best fit. The isotherm data plots, and fitting model
parameters are shown in Figure 9 and Table 2, respectively. Comparison of the correlation
factor R2 indicates that qe,exp fitted well to the Sips model with the lowest χ2 value. The
qe,cal value, calculated using the Sips model, is closest to qe,exp with R2 closest to 1.
The Sips model is a combination of the Langmuir and Freundlich adsorption isotherms,
hence, the model suggests both monolayer and multilayer adsorption. At low MB dye
concentrations, the model predicts Freundlich adsorption isotherms as a heterogenous
adsorption system and localised adsorption without adsorbate–adsorbate interactions,
whereas at high concentrations the model predicts monolayer adsorption as in Langmuir
isotherm [32,33]. In the present study, the value of constant ns from Equation (11), the
heterogeneity factor, is greater than 1 (i.e., ns = 1.91), hence, the adsorption system is
predicted to be heterogenous [33]. Further, the Toth isotherm model validates multilayer
and heterogeneous adsorption, where the factor nT determines heterogeneity. Here, again
the value of nT is greater than 1, and, therefore, the system confirms heterogeneity. It is
evident that the equilibrium uptakes follow the Sips model according to the correlation
factor R2 (other error analyses are represented in Table S2) and the isotherm models fit the
data in the order Sips > Toth > Langmuir > Freundlich.
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Figure 9. Adsorption data for RF/TiO2 onto MB dye corresponding fits to Langmuir, Freundlich,
Sips, and Toth equation.

Table 2. Isotherm parameters obtained by fitting MB adsorption data for RF/TiO2 to the Langmuir,
Freundlich, Sips, and Toth equations.

Langmuir
qm (mg g−1) 254.65
KL (L mg−1) 0.0732

R2 0.960

Freundlich
KF mg g−1 (L mg-1)1/n 54.85

nF 3.1993
R2 0.865

Sips

qs (mg g−1) 218.71
KS 0.010
ns 1.913
R2 0.994

Toth

qm (mg g−1) 558.47
KT 0.0295
nT 1.403
R2 0.991

2.9. Thermodynamic Study

Thermodynamic parameters for the adsorption system are recorded in Table 3. Nega-
tive values of free energy changes are evident from the data, which signifies the spontaneous
adsorption of MB dye molecules on the sample for the studied temperature range. Ad-
sorption capacity increases with an increase in temperature and a positive ∆H0 (Table 3)
suggests that the adsorption is endothermic in nature. Positive ∆S0 indicates some struc-
tural changes in the MB dye and RF/TiO2 gel causing an increase in the degree of freedom
of the MB dye species and consequently increased randomness at the adsorbent–adsorbate
interface. At high temperature, the release of high-energy desolvated water molecules from
the MB dye molecules and/or aggregates arise after adsorption on RF/TiO2 gel, which
relates to a positive ∆S0 [34]. Before sorption begins, the MB ions are surrounded by highly
ordered water clusters strongly bound via hydrogen bonding. Once MB ions come in close
contact with the surface of RF/TiO2, the interaction results in agitation of the ordered
water molecules, subsequently increasing the randomness of the system. Although, the
adsorption of MB dye onto RF/TiO2 gel may reduce the freedom of the system, the entropy
increase in water molecules is much higher than the entropy decrease in MB ions. There-
fore, the driving force for the adsorption of MB on RF/TiO2 is controlled by an entropic
effect rather than an enthalpic change. Similar phenomena have previously been reported
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in order to explain the fact that thermodynamic parameters are not only related to the
properties of the adsorbate but also to the properties of other solid particles [35,36].

Table 3. Thermodynamic data for MB adsorption onto RF/TiO2 at various temperatures.

T (K) lnk ∆G0 (KJ/mol) ∆S0 (J/mol) 112

281 1.29 −3.01 ∆H0 (KJ/mol) 28.2
296 2.20 −5.41
305 2.40 −6.09
313 2.50 −6.51

3. Photocatalytic Tests

Photocatalytic activity was determined by testing the efficiency of RF/TiO2 against
degradation of methylene blue (MB) under visible light irradiation. The maximum ab-
sorbance vs. wavelength spectra (in the range of 550–700 nm) were collected and subsequent
activity, after 30 min, intervals was recorded, as shown in Figure 10.
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Figure 10. UV-Vis spectra of MB dye degradation using RF/TiO2 gel.

Within the studied systems, no photodegradation activity (reduction in concentration
and decolourisation of MB dye) was observed in the absence of adsorbent/catalyst, as
well as in the presence of pristine RF, indicating that the properties of MB are more stable.
Additionally, RF solely may not be recommended for photocatalysis due to slow charge
transfer properties, which has also been proven by the study carried out by Zang, Ni, and
Liu, where the researchers employed pristine RF resins for visible light photocatalysis [37].
Slight photodegradation is observed in the presence of pristine TiO2, which may be at-
tributed to the potential absorbance of UV-Vis light from the surroundings confirming
that the process of MB degradation is light driven. Although the TiO2 obtained for use
in this study has a high surface area, which may possess good adsorption properties to
exhibit efficient adsorption of MB dye, since TiO2 only activates upon UV light irradiation
(~280 nm), it does not produce enough reactive oxide species (ROS) to be an effective
photodegradation system [38].

The dye degradation data obtained after treatment with RF/TiO2 showed ~73% MB
dye removal after 90 min. This is attributed to the synergy of RF and TiO2, enabling an
absorption shift to a higher wavelength, as λmax is detected at 410 nm (Figure 11). Further
analysis indicates modification in the electronic structure and a subsequent reduction in
bandgap occurs due to doping of TiO2 similar to when combined with carbon [39]. The
calculated band gap energy is 2.97 eV, as shown in Figure 11 (inset). The value achieved is
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significantly lower than pristine TiO2 (i.e., 3.2 eV [21]), indicating photodegradation of MB
dye under visible light irradiation. The RF matrix enables entrapment of a photogenerated
electron and hole pairs and, therefore, rapid generation of ROS is possible for efficient
degradation of the MB dye. These findings are comparable to other carbon/TiO2 systems
where synergistic effects have substantially enhanced the performance of the system due to
improved optical properties of the material [1,40,41].
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Figure 11. Absorption vs. wavelength spectrum of RF/TiO2 dispersed in ethanol measured through
UV-Vis spectrophotometer, inset shows calculated band gap of synthesised RF/TiO2.

The photodegradation of MB dye, that is, the reduction in concentration with time is
recorded in Figure 12 and the recorded data is modelled using pseudo first order kinetics,
shown in Figure 12a,b. The data are fitted to the first order kinetic equation (ln (Co/Ce) = kt)
to evaluate the value of the rate constant by slope of plot ln(Co/Ce) vs. time (t) in minutes,
where Co and Ce is the initial at t = 0 and final concentration at given time of MB concen-
tration, respectively. The value of k here is the measure of photocatalytic performance, as
it defines the concentration of reacting substances, that is, photogenerated reactive oxide
species, therefore, a higher value of k signifies higher photocatalytic efficiency. As compared
to no catalyst (k = 2.43 × 10−6 min−1) pristine TiO2 (k = 1.74 × 10−3 min−1) and pristine
RF (k = 6.89 × 10−4 min−1), the rate of RF/TiO2 was the highest (k = 1.27 × 10−2 min−1).
Clearly, the rate constant obtained for photodegradation of MB using RF/TiO2 was the high-
est. Mainly, improved optical property was the most important advancement in forming
RF/TiO2 gel which is photocatalytically active under visible light (410 nm) irradiation.

The RF/TiO2 material created in this study exhibits excellent photoactivity under
visible light, which can further be explained by the mechanism of MB photodegrada-
tion represented in Equations (1)–(8). The system activates when RF/TiO2 absorbs light
with photon energy (hν) and generates conduction band (CB) electron (e−) and valence
band (VB) hole (h+) pairs upon under visible light irradiation. The holes interact with
moisture on the surface of the adsorbent gel yielding hydroxy free radicals or reactive
oxide species (H+ or OH•), which are oxidation agents that can mineralise a wide range of
organic pollutants, ultimately producing CO2 and H2O as end products. The reaction se-
quence below represents the photodegradation of MB, showing a simplified mechanism of
photoactivation by a photocatalyst (Equations (1)–(4)) [19]. For the mechanism of photoin-
activation of MB in the presence of RF/TiO2, hydroxy free radicals or reactive oxide species
(H+ or OH•) attack the aromatic ring of the MB structure, degrading it into a single ring
structure product, which then finally degrades to CO2 and H2O (Equations (5)–(8)) [42,43].
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RF/TiO2 + hν = e−CB + h+
vB (1)

h−
CB + H2O = H+ + OH. (2)

e−CB + O2 = O.−
2 (3)

O.−
2 + H+ = HO.

2 (4)

MB + RF/TiO2 = MB.+ + e−CB(RF/TiO2) (5)

O2 + e− =O.−
2 (6)

MB.+ + OH− = MB+OH. (7)

MB.+ + OH. = H2O + CO2+ other products (8)

4. Conclusions

An RF/TiO2 gel was successfully synthesised using sol–gel techniques via a straightfor-
ward route. The synergy of RF and TiO2 exhibited excellent adsorption–photodegradation
activity due to the corresponding characteristics, mainly mesoporosity and photocatalysis.
The synergy of contributing materials allowed modification in the electronic structure of
TiO2 by formation of Ti-O-C chemical linkages, responsible for a reduction in the band
gap of TiO2 for photodegradation upon visible light irradiation. Kinetic studies revealed
a pseudo second order reaction, signifying chemisorption phenomenon is involved in
the adsorption mechanism. The adsorption isotherm study showed that the system was
heterogeneous following the Sips model equation. The spontaneity of the process was
validated via thermodynamic studies, which signified an entropically driven adsorption
mechanism. Effective photodegradation results were observed due to the high adsorption
capacity and improved optical properties of the material, enabling significant MB dye
degradation within 90 min. Overall, the material possesses properties that have potential
to effectively reduce/eliminate a wide range of pollutants and, therefore, can be employed
as a low-cost photocatalytic adsorbent for water treatment Especially in the industrial
applications where post treatment separation and recovery of the adsorbent is difficult,
employing this material can reduce the costs since in this case the adsorbent precipitates
and easy separation is possible just by filtration or even decantation.
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5. Material and Methods
5.1. Synthesis

Synthesis of RF and TiO2 precursors was carried out in two separate systems, which
were integrated and processed further in order to obtain the final gel.

System 1: Preparation of Titania Sol
For preparation of the titania sol, 1.78 g of titanium precursor: titanium isopropoxide

(TTIP) (98+%, ACROS Organics™, Geel, Belgium) was dissolved in ethanol and stirred for
30 min. A mixture of water and HCl was added dropwise to the titania/EtOH solution
under constant stirring, at room temperature, to begin hydrolysis. After 2 h, a homogenous
solution was obtained. The molar ratios for these parameters were 1 TTIP:10 EtOH:0.3
HCl:0.1 H2O.

System 2: Preparation of RF sol
In total, 7.74 g of resorcinol (SigmaAldrich, ReagentPlus, 99%, Poole, UK) was added to

50 mL of deionised water until completely dissolved. 0.0249 g of sodium carbonate (Na2CO3,
Sigma-Aldrich, anhydrous, ≥99.5%), as a catalyst, and 4.23 g of formaldehyde (37wt%) were
added to the dissolved resorcinol under continuous stirring, at room temperature.

Finally, the prepared titania sol (system 1) was gradually transferred to the RF sol
(from system 2) under constant stirring, at room temperature. The resulting sol was stirred
at room temperature for 2 h after which the sol mixture was aged at 85 ◦C for 72 h.

After aging, the process of solvent exchange and drying the RF/TiO2 gel, first involved
cutting the gel into smaller pieces. These pieces were then immersed in acetone for 72 h to
facilitate solvent exchange prior to drying, followed by vacuum drying at 110 ◦C for 48 h
to obtain the final RF/TiO2 adsorbent gel. In this way, the final gel corresponded to 10 wt%
TiO2 (theoretical percentage) incorporated in the RF gel matrix.

5.2. Adsorbent Characterisation

Morphology of the synthesised sample was studied by field emission electron scanning
microscope (FESEM) TESCAN-MIRA. The functional groups on the surface of synthesised
RF/TiO2, and the chemical linkages between the constituent RF and TiO2 components, were
verified using Fourier Transform Infrared Spectroscopy (FTIR) (MB3000 series, scan range
4000–400 nm). BET surface area measurements were carried out using a Micromeritics
ASAP 2420 to obtain N2 adsorption isotherm at 77 K and pore size was determined via BJH
theory [22]. A UV-Vis Spectrophotometer (Varian Cary 5000 UV-Vis NIR Spectrophotometer
Hellma Analytics) was used to collect absorption spectra and the data used to interpret the
change in electronic structure of RF/TiO2 [44]. The data were manipulated to calculate the
band gap energy values through the Tauc method described in previous studies [44].

6. Adsorption Experiments
6.1. Effect of pH

The effect of pH on the sorption of methylene blue (MB) dye was investigated with
0.01 g of sample by adjusting the pH of solution (25 mL, 100 mg L−1 MB) between
2 and 12, at 23 ◦C. The pH was adjusted using 0.01 M HCl and 0.01 M NaOH. After
2 h of agitation, the solution was centrifuged for 15 min and the supernatant solution was
collected via syringe. The initial and final concentrations were measured using a UV-Vis
spectrophotometer (Varian Cary 5000 UV-Vis NIR Spectrophotometer, Agilent, UK) and
onward calculations were performed.

6.2. Effect of Sorbent Dose

The amount of sorbent dose was gradually increased from 0.005 to 0.01 g to study the
effect of sorbent dose on the adsorption capacity. pH and temperature were maintained at
7.0 and 23 ◦C, respectively, against 25 mL of 100 mg L−1 MB concentrated solution. The
pH was adjusted using 0.01 M HCl and 0.01 M NaOH. After 2 h of agitation, the solution
was centrifuged for 15 min and the supernatant solution was collected via syringe. The
initial and final concentrations were measured using a UV-Vis spectrophotometer (Varian
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Cary 5000 UV-Vis NIR Spectrophotometer Hellma Analytics) and onward calculations
were performed.

6.3. Effect of Initial Concentration

All adsorption experiments were performed at 23 ◦C in 125 mL conical flasks, using
a shaker (VWR 3500 Analog orbital shaker) set to 125 rpm. The first experiment was
conducted to study the isothermal equilibrium and the effect of initial MB concentration.
Standard solutions of MB were prepared using distilled water, with initial concentrations
in the range of 20–200 mg L −1. Then, 25 mL aliquots were distributed into each flask,
and 0.01 g of the adsorbent gel was added individually to each flask. The pH values of all
solutions were recorded and adjusted to 7.0, if required, using 1 M HCl and 1 M NaOH.
After 2 h of agitation, the solution was centrifuged for 15 min and the supernatant solution
was collected via syringe. The initial and final concentrations were measured using UV-Vis
spectrophotometer (Varian Cary 5000 UV-Vis NIR Spectrophotometer Hellma Analytics).

The equilibrium adsorption capacity, qe (mg g−1), was calculated using:

qe =
(Co − Ce)× V(l)

W
(9)

while the respective percentage removal of MB was calculated as:

Removal % =
Co − Ce

Co
× 100% (10)

where Co and Ce are the initial MB and final concentration, respectively. W is the weight (g)
of the adsorbent and V is the volume (L) of MB solution.

6.4. Effect of Contact Time

The effect of contact time was studied by adding MB solution (pH 7.0, 25 mL,
100 mg L−1) and 0.01 g adsorbent gel into a flask, which was then agitated for a pre-
determined contact time between 5 min and 4 h. The samples were prepared and treated as
described in Section 2.5 and the amount of adsorption was calculated using Equation (11):

qt =
(Co − Ct)× V

W
(11)

where Ct is the equilibrium MB concentration at a given time, and Co, V, and W are as
previously defined. Equilibrium concentration was determined by plotting qt versus time
of aliquots collected at different time intervals. Adsorption-photodegradation (absorption)
changes of MB dye with time were also recorded via UV-Vis spectrophotometry.

6.5. Effect of Temperature

The effect of temperature on the removal of MB (pH 7.0, 25 mL, 20–200 mg L−1) was
investigated by adding a known concentration MB solution and 0.01 g adsorbent gel to a
flask. A hot plate with a stirrer (120 rpm) was used to maintain a constant temperature of 8,
23, 32, and 40 ◦C, under stirring, for 120 min after which the absorbance versus wavelength
spectra were recorded to measure the final concentration, and subsequent adsorption was
calculated using Equation (9).

6.6. Kinetic Models

The kinetic-based models: pseudo first order (PFO) and pseudo second order (PSO)
were applied to study the adsorption kinetics and to explain the mode of sorption of MB
onto the synthesised RF/TiO2. The PFO model [33] has been frequently used to describe
kinetic processes under non-equilibrium conditions. PFO is based on the assumption that
the rate of adsorption is proportional to the driving force, that is, the difference between
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the equilibrium concentration and solid phase concentration, presented as a differential
Equation (12):

dqt
dt

= k1(qe − qt) (12)

Integrating Equation (13) with the initial condition of qt = 0 at t = 0, the PFO model
can be rewritten, in a linear form, as:

qt=qe

(

1 − e−k1t
)

(13)

Several studies have also reported the use of PSO [45] to interpret data obtained for
the sorption of contaminants from water, including dyes, organic molecules, and metal
ions. The PSO model assumes that the overall adsorption rate is proportional to the square
of the driving force and can be expressed as Equation (14):

dqt
dt

= k1(qe − qt)
2 (14)

Integrating Equation (14) with the initial condition of qt = 0 at t = 0, and qt = t at t = t,
the PSO model can be rewritten as:

qt =
k2tq2

e
1 + k2tqe

(15)

In Equations (13)–(15), qt (mg g−1) and qe (mg g−1) are the adsorption capacities
of MB dye molecules at time t and at equilibrium, respectively. k1 (mg g−1 min−1) and
k2 (mg g−1 min−1) are the PFO and PSO rate constants, respectively.

6.7. Sorption Isotherm Models

The equilibrium data for the sorption of MB on RF/TiO2 adsorbent gel as a function
of equilibrium concentration (Ce mg L−1) was analysed in terms of Langmuir, Freundlich,
Sips, and Toth isotherm models [2]. The nonlinear form of Langmuir’s isotherm model is
represented as:

qe =
qmKLCe

1 + CeKL
(16)

where qe (mg g−1) is the MB uptake at equilibrium, Ce (mg L−1) is the equilibrium concen-
tration, qm (mg g−1) is the amount of adsorbate at complete monolayer coverage, and KL is
the Langmuir constant.

The Freundlich equation can be expressed as follows:

qe = KFC1/n
e (17)

where qe and Ce are as defined in the Langmuir equation, adsorption affinity is related to
the adsorption constant KF, and n indicates the magnitude of the adsorption driving force
and the distribution of energy sites on the adsorbent surface, if n < 1, then adsorption is a
chemical process, whereas if n > 1, then adsorption maybe dependent on distribution of
the surface sites. Generally, n values within 1–10 represents good adsorption [46].

The Sips isotherm model is a combination of the Langmuir and Freundlich isotherms
and is represented as:

qe =
qsKsCns

e

1 + KsCns
e

(18)

where qe and Ce are as defined for Equation (16), Ks is the Sips isotherm model constant
(L g−1), and ns; is the Sips isotherm exponent.
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The Toth model also describes heterogeneous systems, considering both low- and
high-end concentrations. The Toth expression is as follows:

qe =
qmKTCe

[1 + (KTCe) t]1/t (19)

where qe and Ce are as defined for Equation (16), qm is the maximum adsorption capacity,
t is the surface heterogeneity, and KT is the surface affinity.

6.8. Photodegradation Procedure

Photocatalytic performance of as prepared RF/TiO2 was investigated through MB
dye degradation, by recording the dye degradation spectra with time using UV-Vis Spec-
trophotometry. 0.01 g of the adsorbent dose were used against 25 mL of 100 mg L−1 dye
concentration at pH ~7 and a temperature of 23 ◦C and light intensity of 111 Wm−2. For
comparison, the measurements were also recorded in the absence of catalyst, as well as
pristine RF and TiO2. All suspensions were stirred in the dark for 60 min to establish
sorption equilibrium before exposure to visible light.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8040215/s1, Figure S1: Zone of Energy dispersive x-ray
(EDX) spectra; Figure S2: Point of zero charge (pHpzc) on the surface of RF/TiO2; Table S1: Kinetic
parameters obtained by fitting kinetic data for MB adsorption to RF/TiO2.; Table S2: Isotherm
parameters obtained by fitting MB adsorption data for RF/TiO2 to the Langmuir, Freundlich, SIPS
and Toth equations.
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Abstract: Metal nanoclusters (NCs) with excellent photoluminescence properties are an emerging
functional material that have rich physical and chemical properties and broad application prospects.
However, it is a challenging problem to construct such materials into complex ordered aggregates and
cause aggregation-induced emission (AIE). In this article, we use the supramolecular self-assembly
strategy to regulate a water-soluble, atomically precise Ag NCs (NH4)9[Ag9(C7H4SO2)9] (Ag9-NCs,
[Ag9(mba)9], H2mba = 2-mercaptobenzoic acid) and L-malic acid (L–MA) to form a phosphorescent
hydrogel with stable and bright luminescence, which is ascribed to AIE phenomenon. In this
process, the AIE of Ag9-NCs could be attributed to the non-covalent interactions between L–MA
and Ag9-NCs, which restrict the intramolecular vibration and rotation of ligands on the periphery of
Ag9-NCs, thus inhibiting the ligand-related, non-radiative excited state relaxation and promoting
radiation energy transfer. In addition, the fluorescent Ag9-NCs/L–MA xerogel was introduced into
polymethylmethacrylate (PMMA) to form an excellently fluorescent film for sensing of Fe3+. Ag9-
NCs/L–MA/PMMA film exhibits an excellent ability to recognize Fe3+ ion with high selectivity and
a low detection limit of 0.3 µM. This research enriches self-assembly system for enhancing the AIE of
metal NCs, and the prepared hybrid films will become good candidates for optical materials.

Keywords: silver nanoclusters; malic acid; self-assembly; AIE; sensor

1. Introduction

Metal nanoclusters (NCs), such as gold, silver, and copper NCs, represent a class of
multifunctional materials with attractive optoelectronic and photoluminescence proper-
ties [1–5]. It consists of a metal core, composed of several to hundreds of metal atoms
and a peripheral organic ligand, forming a unique core-shell structure [6–10]. Due to their
large Stokes shift, low toxicity, good biocompatibility, and other excellent characteristics,
metal NCs can be used as environmentally friendly and biocompatible color conversion
materials, fluorescent probes, and excellent biological probe for protein expression [11–19].

Recently, the aggregation-induced emission (AIE) strategy has been used to enhance
the photoluminescence of metal NCs, thereby enhancing its application in fluorescent sens-
ing, light-emitting diodes, and other optoelectronic devices [20–22]. At present, the com-
monly used methods for AIE are solvent and cation-induced aggregation. However, these
two methods cannot obtain ordered aggregates, resulting in instability and poor unifor-
mity of nanocluster aggregation [23–26]. Therefore, an effective strategy for manipulating
the spatial arrangement of nanostructured units to form a specific structure: self-assembly,
was introduced to solve this problem. By regulating the non-covalent forces between mul-
tiple molecules (van der Waals forces, hydrogen bonds, electrostatic interactions, and π-π
stacking), metal NCs, and other molecules form ordered aggregates with specific functions,
which further improves the photoluminescence performance of the metal NCs [27–29].
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For example, Shen et al. used the supramolecular self-assembly strategy to obtain stable
colloidal aggregates (nanospheres and nanovesicles) of Ag6-NCs/PEI, through multiple
electrostatic interactions between Ag6-NCs and polyethyleneimine (PEI) [30]. During
the formation of the order structure, the Ag6 NCs luminescence in the dilute aqueous
solution was turned on. Zhang et al. demonstrated the enhancement of the luminescence
of Cu NCs by forming compact and ordered self-assembly architectures by changing
the annealing temperature in the formation of Cu NCs [31]. Therefore, it can be seen that
the self-assembly of metal NCs is very attractive and worth studying.

Fluorescent film sensors are widely considered, due to their advantages, such as con-
venient portability, real-time detection, and no pollution to the system, for testing [32–37].
Compared with the solution and powder detection forms, the adjustable shape, size, and flex-
ibility of the fluorescent film makes it have wider application prospects. For example, Li
et al. optimized the concentration of octadecylamine with amino groups in n-hexane to make
the Tris-base modified silver NCs self-assemble into a single-layer silver nanocomposite film
at the n-hexane-water interface and use it as a surface enhancement Raman scattering (SERS)
active substrate for ultra-sensitive detection of Hg2+ ions [38]. The SERS sensing monolayer
film also has good reproducibility and recovery rate. Katowah et al. used an in-situ method
to prepare a ternary nanocomposite film containing copper oxide/polymethylmethacrylate
(PMMA)/various carbon-based nanofillers, as a selective Hg2+ ion sensor and the mixed
nanofiller significantly improved performance of PMMA film [39].

Herein, a water-soluble, atomically precise Ag NCs (NH4)9[Ag9(C7H4SO2)9] (Ag9-NCs,
[Ag9(mba)9], H2mba = 2-mercaptobenzoic acid, and the molecular structure of Ag9-NCs is
shown in Figure S1) were selected to self-assembled with L-malic acid (L–MA) to construct
phosphorescent hydrogels (Scheme 1). The Ag9-NCs/L–MA hydrogel has a hollow-tube
structure which is regulated by non-covalent interactions, based on hydrogen bonds, which
further promotes the AIE phenomenon. In order to further develop its application prospects
as fluorescent sensors, Ag9-NCs/L–MA xerogels are doped into PMMA films to construct
fluorescent film sensors for detecting Fe3+ ions. The value of the corresponding quenching
coefficient, KSV, is 5.2 × 104 M−1 in the low concentration range, and the detection limit of
Fe3+ is down to 0.3 µM.
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Scheme 1. Schematic illustration of the hollow-tube structure of Ag9-NCs/L–MA hydrogel and its composite film for highly
sensitive detection of Fe3+.
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2. Results and Discussion
2.1. Self-Assembly of Ag9-NCs/L–MA Hydrogels

The Ag9-NCs in an aqueous solution is in a nonfluorescent state. In order to regulate
the aggregation behavior and AIE of Ag9-NCs, though the non-covalent interaction force
dominated by hydrogen bonds, L–MA with hydroxyl and carboxyl functional groups is
selected as a hydrogen bond donors, and Ag9-NCs, with carboxylate on the periphery,
act as hydrogen bond acceptors. Firstly, phase behavior study on Ag9-NCs/L–MA mixed
system was performed. Based on our previous study [40,41], cAg9-NCs was fixed at 8 mM,
while cL–MA was changed. It can be seen that different phase behaviors of the samples were
obtained (Figure 1a). Compared with the solution without fluorescence (0~0.1 M L–MA)
and the sample in the two-phase with weaker fluorescence intensity (0.1~0.25 M L–MA),
the hydrogel with higher luminous intensity (0.25~0.5 M L–MA) was selected as the main
research object. Once the hydrogels formed, the UV absorption exhibits a broad peak from
200 to 550 nm (Figure 1d) and the electrons of the benzene ring system and C=O undergo
π-π* and n-π* transitions, resulting in ultraviolet absorption bands. Moreover, orange–red
fluorescence at 628 nm was excited by blue light at 470 nm (Figure 1d) and it can be
observed that as cL–MA increases, the fluorescence intensity of the hydrogel first increases
and then decreases (Figure 1e,f). This is attributed to the fact that when cAg9-NCs = 8 mM
and cL–MA = 0.3 M, Ag9-NCs and L–MA self-assemble to form highly ordered aggregates,
and L–MA sufficiently limits the ligands of Ag9-NCs, while when cL–MA is too high or too
low, the uniformity of the formed aggregates is poor, and the self-assembly strategy cannot
be effectively implemented, which leads to the weakening of fluorescence intensity. Thus,
8 mM Ag9-NCs/0.3 M L–MA hydrogel, which has the highest fluorescence intensity was
selected as the typical sample.

Then, the dynamic change of fluorescence intensity with the hydrogel formation
was also studied. Once Ag9-NCs and L–MA mixed, under the drive of non-covalent
interaction forces, the fluorescent intensity of 8 mM Ag9-NCs/0.3 M L–MA hydrogel
increased immediately within 30 min, achieving AIE effect. After about 1 h, the self-
assembly process is almost complete, the fluorescence intensity stabilized and no longer
changed (Figure 1g,h). Moreover, the peak position of the fluorescence spectrum has a slight
blue shift with time. It is speculated that Ag9-NCs, L–MA and water molecules gradually
formed the hydrogel through the hydrogen bonds, the vibration of the peripheral ligand
of Ag9-NCs is restricted, and ligand-to-metal charge transfer occurred, resulting in a blue
shift of the peak position. Thus, the AIE phenomenon of Ag9-NCs/L–MA hydrogel
can be attributed to the limited intramolecular vibration and rotation of the ligand of
Ag9-NCs, which inhibits the ligand-related non-radiative excited state relaxation and
promotes radiation energy transfer. Furthermore, the average of lifetime of Ag9-NCs
solution is 3.277 ns, while the average of the lifetime of 8 mM Ag9-NCs/0.3 M L–MA
hydrogel increased to 7.4383 µs (Figure 1i, Table S1), which is approximately 2270 times
that of Ag9-NCs solution. Therefore, the large Stokes shift (158 nm) and microsecond
lifetime (7.4383 µs) indicate that it is essentially phosphors. Besides, the quantum yield of
8 mM Ag9-NCs/0.3 M L–MA hydrogel, measured using the integrating sphere, is 11.20%,
which is higher than that of aggregates formed by the assembly of Ag9-NCs with other
substances [42]. Longer fluorescence lifetime and higher quantum yield of Ag9-NCs/L–MA
hydrogels make it excellent candidates for luminescent sensing materials.
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Figure 1. (a) Phase transition with different concentration of L–MA. (b) Photographs of the hydrogels with different L–MA
concentrations. (c) Fluorescence photographs of the hydrogels with different L–MA concentrations. (d) Photoexcitation
(red line, emission = 628 nm), photoemission (black line, excitation = 470 nm) spectra of Ag9-NCs hydrogels, and UV–vis
absorption (blue line). (e) Photoluminescence (PL) spectra of hydrogels with different concentration of L–MA for excitation
at 470 nm. (f) Comparison of the luminescence intensity of hydrogels with different concentration of L–MA at 628 nm. (g) PL
spectra of Ag9-NCs hydrogels with different incubation times for excitation at 470 nm. (h) Comparison of the luminescence
intensity of hydrogels with different incubation times. (i) PL decay profiles of Ag9-NCs hydrogel. Inset: the PL decay
profiles of the powder of lyophilized Ag9-NCs solution.

Scanning electron microscopy (SEM) and transmission electron microscope (TEM)
microscopic observations show that the hydrogel is composed of tangled hollow tubes
with a very high aspect ratio (20:1), and most of the tubes are between 1–2 µm in length
and about 50–100 nm in diameter (Figure 2a–f and Figure S2). The confocal laser scan
microscopy (CLSM) image shows that the tubes structure is accompanied by strong fluores-
cent properties. Further observation by TEM shows that these hollow tubes are composed
of a large number of smaller diameter fibers (10–20 nm) (Figure S3). Moreover, it can be
seen in SEM that a small amount of hollow tubes are entangled to form a spiral (Figure 2d).
It is speculated that the appearance of AIE can be attributed to the appearance of ordered
hollow tube structure. The detailed formation mechanism of the hollow-tube structure of
Ag9-NCs/L–MA hydrogel can be shown in Scheme 1.
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Figure 2. (a,e) TEM, (c) CLSM, and (b,d,f) SEM images of the hollow tubes of 8 mM Ag9-NCs/0.3 M L–MA hydrogel with
different magnifications (the inset of a is a photograph of the hydrogels).

2.2. Structural Analysis of the Hydrogel

In order to further analyze the mechanism of supramolecular self-assembly, a series
of characterizations were carried out. Thermogravimetric analyses (TGA) can be used to
measure the thermal stability of the studied substances (Figure 3a). The decomposition
temperature of L–MA is about 145 ◦C and the decomposition temperature of the H2mba
ligand of Ag9-NCs is about 200 ◦C. After assembly, the decomposition temperature of
the H2mba ligand of Ag9-NCs for Ag9-NCs/L–MA xerogel is about 260 ◦C, indicating that
the stability of Ag9-NCs is further improved by supramolecular self-assembly.

–

–
−1 – –

–
–

– – –
– – – –

astic modulus (G′) and viscous modulus (G″) as a function of frequency (τ = 10 Pa). (
– – – – –
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Figure 3. (a) TGA and (b) FT–IR spectra of lyophilized Ag9-NCs solution, L–MA and Ag9-NCs/L–MA xerogel. (c) SAXS
results of Ag9-NCs/L–MA xerogel. (d) XRD results of lyophilized Ag9–NCs solution, L–MA and Ag9-NCs/L–MA xerogel.
(e) Variation of elastic modulus (G′) and viscous modulus (G”) as a function of frequency (τ = 10 Pa). (f) CD spectra of
Ag9–NCs solution, L–MA, Ag9-NCs/L–MA hydrogels, D–MA and Ag9-NCs/D–MA hydrogels.
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Fourier transform infrared (FT-IR) is an effective tool for analyzing the supramolecular
forces (Figure 3b). The broad peak of Ag9-NCs/L–MA xerogel at 2500 cm−1 to 3200 cm−1

represents the stretching vibration of the hydroxyl group, which is stronger and wider than
that of Ag9-NCs, indicating the formation of hydrogen bonds in the system. The peak at
1700 cm−1 representing the stretching vibration of the C=O in the carboxyl group becomes
weaker than that of L–MA after the gel is formed, and slightly shifts to a lower wave number,
which represents the formation of hydrogen bonds and confirms that L–MA participates
in the construction of the hydrogel. The peak at 3540 cm−1 represents that the hydroxyl
groups in L–MA undergo intermolecular association through hydrogen bonds to form
L–MA dimers, which disappear after gelation, indicating that L–MA forms hydrogen
bonds with the peripheral ligands of Ag9-NCs. The peaks at 1537 cm−1 and 1377 cm−1

belong to the antisymmetric and symmetric stretching vibration of C=O in carboxylate from
ligand of Ag9-NCs. For Ag9-NCs/L–MA xerogel, the peak of C=O in carboxylate moves,
which further confirms the formation of hydrogen bonds between ligand of Ag9-NCs
and L–MA. Moreover, it can be seen that the absorption peak at 900 cm−1, representing
O–H in the carboxyl group of L–MA is strong and after the hydrogel is formed, this peak
becomes weaker and narrower, confirming that most of the carboxyl groups of L–MA are
involved in the formation of hydrogen bonds, limiting the bending vibration of the O–H
bonds in the carboxyl groups.

Small- angle X-ray spectroscopy (SAXS) and X-ray diffraction (XRD) can effectively
characterize the deposition pattern and spatial structure of the xerogels. SAXS shows that
Ag9-NCs/L–MA xerogel exhibits four scattering peaks, and the scattering factor q ratio
is 1 :

√
2 : 2 :

√
5, which is a tetragonal stack (Figure 3c). The smallest repeating unit of

the aggregate d = 1.36 nm (d = 2π/q), which is equivalent to the size of Ag9-NCs. From
the XRD results, it can be observed that L–MA is a triclinic crystal system, while the peak of
Ag9-NCs/L–MA xerogel at 2θ = 20–40◦ represents various possible regular arrangements
of atomic layers in assembled nanostructures, which is very different from L–MA and
Ag9-NCs (Figure 3d), indicating Ag9-NCs and L–MA formed a multi-complex during
the self-assembly. According to the Bragg equation, the interplanar distances of the atomic
layer are in the range of 2.37–3.81 Å. Diffraction peaks at 2θ = 30.72 correspond to Ag-Ag,
indicating that the d10-d10 argentophilic interaction may exist in the Ag9-NCs/L–MA
xerogel [40,41,43].

The rheological characteristics are of great significance for supramolecular hydro-
gels, and the mechanical strength of the Ag9-NCs/L–MA hydrogels can be evaluated by
the rheological measurement. In the stress scanning (Figure 3e), the storage modulus
(G′ = 16,900 Pa) is much larger than the loss modulus (G” = 614.6 Pa), indicating that
the hydrogels exhibit a solid-like nature. The Ag9-NCs/L–MA hydrogels exhibit good vis-
coelasticity, a wider linear viscoelastic region, and a higher yield stress (892.8 Pa), indicating
that the hydrogels constructed by the Ag9-NCs are more rigid and exhibit strong damage
resistance. In the frequency sweep test (Figure S4), G′ is larger than G” and the moduli of
the hydrogels are almost independent of the applied frequency. The above results indicate
that the Ag9-NCs/L–MA hydrogels have high mechanical strength.

The circular dichroism (CD) spectrum has further confirmed that the Ag9-NCs/L–
MA hydrogel possesses supramolecular chirality. L–MA has a positive Cotton effect at
212 nm and no obvious CD signal was detected in the Ag9-NCs aqueous solution. But
the Ag9-NCs/L–MA hydrogel has a positive Cotton effect at 230 nm, and the original CD
signal of L–MA disappears. Moreover, we also used D-MA to construct Ag9-NCs/D-MA
hydrogel and it is interesting to find that the CD spectrum of the Ag9-NCs/D-MA hydrogel
is exactly opposite of the Ag9-NCs/L–MA hydrogel. It can be concluded that through
supramolecular self-assembly, the molecular chirality of L–MA (or D-MA), was successfully
transferred to the supramolecular level, which induced the Ag9-NCs/L–MA hydrogel
(Ag9-NCs/D-MA hydrogel) has supramolecular chirality (Figure 3f).
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2.3. Ag9-NCs/L–MA Xerogel/PMMA Film for Sensing

The composite material obtained by doping the xerogel into the polymer matrix has
the advantages of easy processing and good flexibility and can enhance the practical appli-
cation of the gel [32,33]. PMMA has good UV resistance, chemical durability, and good
mechanical properties. Therefore, based on the excellent sensing performance of metal NCs
and the advantages of simple preparation of organic films as a matrix material, Ag9-NCs/L–
MA xerogel are introduced into the organic glass matrix to form a new type of organic
film. Herein, the 8 mM Ag9-NCs/0.3 M L–MA xerogel is introduced into the PMMA,
and through the solvent volatilization method to get a hybrid film. Firstly, several films
were prepared with different doping concentration of 8 mM Ag9-NCs/0.3 M L–MA xerogel
and it can be observed that as the doping concentration increases (from 0.1% to 0.4%),
the fluorescence intensity increases but the transmittance decreases (Figure 4a–c). Integrat-
ing transmittance and fluorescence spectra, a composite Ag9-NCs/L–MA/PMMA film
with a mass concentration of 0.3% xerogel was selected to study its sensing performance.
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Figure 4. (a) transmittance of films with different doping concentrations. (b) transmittance of films with different doping
concentrations (400–700 nm). (c) FL of films with different doping concentrations (from 0.1% to 0.4%).

Then, 0.3% Ag9-NCs/L–MA xerogel/PMMA films were placed into different metal
cation aqueous solutions for 10 min and then, the luminescence spectra of these films
were studied (Figures S5 and S6). It is obviously that the composite film shows an obvious
quenching effect only toward Fe3+ (Figure 5a,b). Furthermore, the 0.3% Ag9-NCs/L–MA xe-
rogel/PMMA films were placed into aqueous solutions containing different concentrations
of Fe3+ ions for 10 min to study the corresponding luminescence intensity (Figure 5c,d).
With the gradual increase of cFe3+, the luminescence intensities at 628 nm are significantly
weakened. In order to investigate the luminescence quenching efficiency, the Stern–Volmer
(S-V) equation was used to quantitatively analyze the quenching curve [32]:

I0/I = 1 + KSV [M] (1)

where I0 and I are the luminescence intensity at 640 nm when c = 0 and c = M, respectively,
KSV is the quenching coefficient of Fe3+ ions, and [M] is the molar concentration of Fe3+

ions. The quenching curve shows a well-fitted linear relationship at low cFe3+ (1–100 µM).
The KSV value was calculated to be 2.3 × 104 M−1. According to the detection limit
expression defined by IUPAC, the detection limit of the composite membrane is calculated
to be 0.3 µM, which indicates that the as-prepared 0.3% Ag9-NCs/L–MA xerogel/PMMA
film material exhibited good sensing performance. The limit of detection of the Ag9-NCs/L–
MA xerogel/PMMA film far less than the maximum concentration of Fe(III) in drinking
water of 5.36 µM (specified by the Minister of Health of the People’s Republic of China).
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Figure 5. (a) Luminescence emission spectra and (b) luminescence intensities at 640 nm for 0.3% Ag9-NCs/L–MA xero-
gel/PMMA film in different cations. (c) Luminescence emission spectra and (d) luminescence intensities at 640 nm for 0.3%
Ag9-NCs/L–MA xerogel/PMMA film in Fe3+ with different concentrations. The insert of d shows Stern–Volmer quenching
curve of the luminescence intensity of 0.3% Ag9-NCs/L–MA xerogel/PMMA film at 640 nm against Fe3+ concentration;
(e) luminescent emission spectra and (f) luminescence intensities at 640 nm for 0.3% Ag9-NCs/L–MA xerogel/PMMA film
in solutions of different cations with Fe3+.

High sensitivity and high selectivity are the basic requirements of fluorescence sensors.
Various mixed metal cation solutions containing Fe3+ (1.0 equivalent) and different com-
peting cations (1.0 equivalent) were prepared for competition experiments. By comparing
the fluorescence intensity of 0.3% Ag9-NCs/L–MA xerogel/PMMA film in different mixed
metal cation solutions (Figure 5e,f), it can be seen that the fluorescence is still quenched
in the presence of other competing metal cations, which indicates that the composite film
has satisfactory selectivity for Fe3+ detection. In addition, the used films were picked
out and washed with distilled water several times, and the corresponding luminescence
intensities cannot be recovered. Therefore, it would be used as a disposable test strip for
detection Fe3+ ions in drinking water in the future.

The possible sensing mechanism of Fe3+ ions quenching the fluorescence of 0.3%
Ag9-NCs/L–MA xerogel/PMMA film was further analyzed. It can be seen from UV-Vis
(Figure 6a) that the absorption peaks of Fe3+ and the Ag9-NCs/L–MA hydrogel overlap
in the absorption range, indicating that the competitive absorption of Fe3+ reduces the en-
ergy transfer efficiency [42]. Moreover, structural collapse or change maybe also cause
the luminescence to be quenched [32]. The XRD test was performed on the Ag9-NCs/L–
MA xerogel before and after immersion in Fe3+ ion aqueous solution (Figure 6b). The XRD
spectra of the samples were not consistent, which means that the structure of the Ag9-
NCs/L–MA xerogel was destroyed after treated by Fe3+ ion aqueous solution. Therefore,
the collapse of the crystal structure is also one of the reasons for the quenching of lumi-
nescence. Thus, it can be concluded that the fluorescence quenching of Ag9-NCs/L–MA
xerogel/PMMA film is caused by the competitive absorption of Fe3+ and the destruction
of the crystal structure. The fluorescence quenching phenomenon of the Ag9-NCs/L–MA
xerogel/PMMA film is shown in Scheme 1.
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Figure 6. (a) UV-Vis absorption of hydrogel and Fe3+. (b) XRD of xerogel and xerogel after Fe3+

soaking 24 h.

3. Conclusions

In summary, through self-assembly, Ag9-NCs, and L–MA formed a supramolecular hy-
drogel, with highly ordered aggregates, by regulating a variety of non-covalent interactions.
The nanostructure (tangled hollow tubes) in the hydrogel indicated that L–MA restricts
the intramolecular vibration and rotation of the ligand of the Ag9-NCs, so that it can emit
a stable and bright orange–red phosphorescent emission. The excellent photoluminescence
properties of Ag9-NCs/L–MA xerogel make it likely to be used as highly sensitive probes
for Fe3+. The Ag9-NCs/L–MA xerogel/PMMA composite film can selectively identify
Fe3+, the quenching coefficient KSV is 2.3 × 104 M−1, and the detection limit is 0.3 µM.
The composite film also possesses good recyclability and anti-interference ability, with
respect to another ions. The current research aims to achieve AIE, by precisely regulating
the formation of ordered aggregates of metal NCs, broadening the research field of metal
NCs, and enriching the practical applications of these luminescent materials.

4. Experiment Section
4.1. Materials

Ag9-NCs was synthesized and purified, according to our previous work, which have
a crystal structure [44]. L–MA and D-MA were purchased from Sinopharm Chemical
Reagent Co (Shanghai, China) and used without further purification. Ultrapure water
used in the experiments, with a resistivity of 18.25 MΩ cm−1, was obtained using a UPH-
IV ultrapure water purifier (Sichuan, China). Polymethylmethacrylate (PMMA, average
Mw: ~350,000) was purchased from Sigma-Aldrich (Shanghai, China). Dichloromethane
(CH2Cl2) were obtained from local supplier with the quality of analytical grade and used
without further purification.

4.2. Synthesis of Ag9-NCs/L–MA Hybrid Nanostructures

In this experiment, 0.5 mL of Ag9-NCs solution (15.87 mM) was added to 0.5 mL
L–MA solution (0.6 M) with stirring. The hydrogel was successfully prepared after 8 h of
constant temperature (20 ◦C) in a thermostat. The hydrogels was lyophilized in a vacuum
extractor at 60 ◦C for 5 day to collect the orange–yellow powder.

4.3. Fabrication of Ag9-NCs/L–MA/PMMA Composite Thin Film

The PMMA powder (200 mg) was dissolved in dichloromethane (8 mL), then followed
by addition of the corresponding required of orange–yellow Ag9-NCs/L–MA xerogels.
After being evenly dispersed, place it in a petri dish with a diameter of 6 cm at room
temperature for 5 h. Each set of data has been measured 3 times using different batches of
film to reduce the error.
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4.4. Characterization

A copper mesh was inserted into the gel to obtain a sample and, after drying under
an IR lamp for 45 min, TEM images were observed under a JCR-100CX II (JEOL) microscope.
The gel was placed on a silica wafer, dried for 45 min under an IR lamp, and observed by
field-emission SEM and AFM, respectively. UV−vis data were recorded on a Shimadzu
UV-2600 spectrophotometer. Fluorescence data were tested on an LS-55 spectrofluorometer
(PerkinElmer, Waltham, MA, USA) and an Edinburgh Instruments FLS920 luminescence
spectrometer (xenon lamp, 450 W), respectively. SAXS measurements were performed
using an Anton-Paar SAX Sess mc2 system with nickel-filtered Cu Kα radiation (1.54 Å)
operating at 50 kV and 40 mA. XRD patterns were taken on a D8 ADVANCE (Germany
Bruker) diffractometer, equipped with Cu Kα radiation and a graphite monochromator.
FT-IR spectra in KBr wafer were recorded on a VERTEX-70/70v spectrophotometer. CLSM
observations were performed using an inverted microscope (model IX81, Olympus, Tokyo,
Japan), equipped with a high-numerical-aperture 60 oil-immersed objective lens. The rheo-
logical measurements were carried out on an Anton-Paar Physica MCR302 rheometer with
a cone–plate system. Before the frequency sweep, an amplitude sweep at a fixed frequency
of 1 Hz was carried out to ensure that the selected stress was in the linear viscoelastic
region. The frequency sweep was carried out from 0.01 to 100 Hz at a fixed stress of 10 Pa.
TGA was performed under a nitrogen atmosphere at 25–700 ◦C, with a heating speed of
10 ◦C min−1 on a TA SDT Q600 thermal analyzer. CD spectra were obtained using a JASCO
J-810 spectropolarimeter, which was flushed with nitrogen during operation. The abso-
lute fluorescence quantum yields were measured with a spectrofluorometer (FLSP920,
Edinburgh Instruments Ltd., Livingston, UK), equipped with an integrating sphere.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/gels7040192/s1, Figure S1: The molecular structure of Ag9-NCs, Figure S2: AFM image
of fibers, Figure S3: (a–b) TEM image of the fibers. (c–d) SEM image of fibers, Figure S4: Elastic
modulus (G′) and viscous modulus (G”) as a function of the applied stress at a constant frequency
(1.0 Hz), Figure S5: Photographs of Ag9-NCs/L–MA xerogel/PMMA film under different conditions,
Figure S6: Luminescence emission spectra of 0.3% Ag9-NCs/L–MA xerogel/PMMA film in 100 µM
Fe3+ aqueous solution with different interaction time, Table S1: The average lifetime of Ag9-NCs
and hydrogel.
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Abstract: To control the dimension of the supramolecular system was of great significance. We
construct a two component self-assembly system, in which the gelator LHC18 and achiral azobenzene
carboxylic acid could co-assembly and form gels. By modulating the stoichiometric ratio of the two
components, not only the morphology could be transformed from 1D nanaotube to 0D nanospheres
but also the supramolecualr chirality could be tuned. This work could provide some insights to the
control of dimension and the supramolecular chirality in the two-component systems by simply
modulating the stoichiometric ratio.

Keywords: stoichiometric ratio; dimension transition; supramolecular chirality; two-component gel

1. Introduction

The control of dimension is crucial in nanomaterials and bioscience [1–3]. As the
dimension are varied, the properties and functions of the nanomaterials will dramatically
change [4–6]. For instance, in carbon nanomaterial aspects, 0D fullerenes, 1D nanotubes,
2D graphene, and 3D graphite had different dimensions and thus lead to distinct electronic
and photonic properties (in which 0D, 1D, 2D, 3D represents zero, one, two, and three di-
mension, respectively). Similarly, in biosciences, proteins form nanostructures including 1D
microtubules, 2D bacterial surface layers, and 3D virus capsids with distinct structure and
functions, i.e., the dimension information not only had tight relationships with the corre-
sponding functional expression but also had great influence on the pathological changes or
diseases in bioscience [7–9]. Supramolecular systems are formed by the weak non-covalent
interactions including hydrogen bond, pi-pi stacking and hydrophobic effect [10–15]. By the
synergy of one or multi-interactions, nanostructures such as 0D nanospheres, 1D nanotubes
and 2D nanoplates could form. Moreover, the dimension of the supramolecular assemblies
played a crucial role in the applications, such as the 1D gold nanorod had photothermal
effect and had been used in the tumor therapy fields, however the effect cannot be realized
by 0D gold nanoparticle [16]. Thus, it is significant to explore the relationships between the
dimension transition and functions in supramolecular assemblies.

Benefit by the dynamic properties of the supramolecular systems, many approaches
could be utilized to modulate the dimension of the assemblies. For examples, Zhao and
co-workers reported that by light irradiation, the morphology of the azobenzene derivative
assemblies transform from 2D nanosheet to 1D nanotube and 0D nanoparticles by the
Z-E isomerization of the azobenzene moiety [17]. Kawai and co-workers reported that
the dimension of the assemblies could be tuned by solvents, and the g factor of circularly
polarized luminescence can be promoted significantly [18]. Therefore it could be concluded
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that not only the supramolecular structures but also the dimension of the assembly could
affect the intensity of the chirality and even the direction of the helicity [19–26].

Two-component self-assembly systems referring to two kinds of materials were in-
volved in the assembly process, such as two types of organic molecule or organic molecule
with inorganic nanoparticles et al. [27–32]. In two-component self-assembly systems, new
properties or functions could appear, thus inducing many superiorities compared with
the traditional one-component systems. For examples, in cyclodextrin, calixarenes, and
chiral host-based host-guest systems, by the co-assembly process the chirality could be
transferred from the chiral host to the achiral guests [33–43]. In the light harvesting systems,
by doping the energy acceptor to the chiral donor assemblies, not only the fluorescent
emission wavelength could be changed but also the utilization effect of the light could be
promoted [44–46]. Moreover, by co-assembly strategy, the supramolecular chirality of the
systems could be modulated, such as enhancement and inversion of the chirality or the
helicity of the nanostructures [47–53].

In the two-component self-assembly systems, stoichiometric ratio of the components
could be used to tune the supramolecular chirality and the nanostructure of the assemblies.
For instance, Liu and co-workers control both the length and the diameter of the nanotubes
only by the ratio of the gelator and melamine [54]. Yin and co-workers realized the inversion
of the CPL signals by modulating the stoichiometric ratio of the chiral gelator and the
achiral AIEgen lumiphores [55]. However, by regulating the stoichiometric ratio of the
two-component in the co-assembly systems to realize both the dimension transition and
chirality intensity control was rarely reported.

Herein, we construct a two-component supramolecualr system including a chaper-
one gelator LHC18 and a bola-type azobenzene carboxylic acid. Gelator LHC18 is an
amphiphilic L-histidine derivative contains a long alkyl chain and a urea bond, LHC18 can
self-assemble to supramolecular nanotwist in the mixed solution of DMF and H2O by hy-
drogen bond and hydrophobic effect [56]. Moreover, LHC18 could form two-component gel
with azobenzene derivatives by the interaction between the imidazole and carboxylic acid
group and exhibit distinct morphology and chiroptical properties. By modulating the stoi-
chiometric ratio of the two components, we will explore that weather the two-component
assembly could show dimension transformation and chirality enhancement.

2. Results and Discussion

Carboxylic acid-terminated achiral azobenzene derivatives AZO as shown in Figure 1,
could form hetero-hydrogen bond with imidazole moiety of LHC18, while the ratio of AZO
was exceeded, AZO itself could form homo-hydrogen bond. Therefore, we suppose that
by modulating the stoichiometric ratio of the two components will change the stacking
mode thus affect the chirality transfer from LHC18 to AZO and induce the morphology
and even dimension transition. LHC18 itself can dissolve in DMF solution, to obtain the
supramolecular gel anti-solvent method was applied. 5 mg LHC18 was dissolved and
heat in 500 DMF µL, the the boiled Milli-Q water was injected, after about ten minutes
an opaque white supramolecular gel was formed proved by inverted tests (Figure S1)
and rheological data (Figure S2), and nanotwist structure can be measured as shown in
Figure 2a, the enlarged images is listed in Figure 2.

AZO were added into 300 μL DMF. The mixture was heated to form a transparent solution 
and then 600 μL boiled Milli

O = 500 μL/900 μL), and LHC18/AZO assem-
O = 300 μL/600 uL) at different molar ratios: (

O = 300 μL/600 uL). The inserted image was the TEM image of the assembly of 
1/4. Scale bar 1 μm.

Figure 1. Molecular structure of chiral gelator LHC18 and achiral AZO.
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AZO were added into 300 μL DMF. The mixture was heated to form a transparent solution 
and then 600 μL boiled Milli

 

O = 500 μL/900 μL), and LHC18/AZO assem-
O = 300 μL/600 uL) at different molar ratios: (

O = 300 μL/600 uL). The inserted image was the TEM image of the assembly of 
1/4. Scale bar 1 μm.

Figure 2. SEM images of (a) LHC18 assembly (DMF/H2O = 500 µL/900 µL), and LHC18/AZO
assemblies (DMF/H2O = 300 µL/600 µL) at different molar ratios: (b) 1/0.5, (c) 1/1, (d) 1/2, (e) 1/4.
(f) AZO precipitate (DMF/H2O = 300 µL/600 µL). The inserted image was the TEM image of the
assembly of 1/4. Scale bar 1 µm.

For the formation process of the co-assemblies, 5 mg LHC18 and various ratios of AZO
were added into 300 µL DMF. The mixture was heated to form a transparent solution and
then 600 µL boiled Milli-Q water was injected, after about 10 min supramolecular could be
obtained. AZO (3.45 mg) itself cannot form ordered nanostructures in the mixed solution,
it only forms some precipitates as showed in the SEM image (Figure 2f).

Next, we modulated the stoichiometric ratio of LHC18 and AZO to explore the mor-
phology change. When LHC18 co-assembled with AZO at a molar ratio of 1/0.5, i.e., the
molar ratio of the imidazole and the carboxylic acid group was 1/1, an opaque orange
gel can be obtained, which was confirmed by inverted test tube experiments (Figure S1)
and rheological data (Figure S3), nanotube can be observed by the SEM measurement and
further proved by TEM image (Figure S4).

When the proportion of AZO was increased, some new phenomena could be found,
at the molar ratio of LHC18/AZO was changed to 1/1 and 1/2, nanofibers and spheres can
be observed from the SEM images (Figure 2c,d). However, as the increasing of AZO to the
radio 1/4, only spheres can be found in the SEM images and the spheres are solid as proved
by the TEM image, Figure 2e top right corner. It should be noted that the nanotwist of
pure LHC18 is left-handed (M), after adding AZO to the ratio is 1/0.5, the supramolecular
chirality of nanostructure was inverted to right-handed (P). Moreover, by observing the
reagent bottle after co-assembly process, only the assembly of the ratio was 1/0.5 could
form gel, the assemblies of other ratios only had the sol phase, Figure S1. The above results
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indicated that by modulating the stoichiometric ratio of LHC18 and AZO, not only the
morphology but also the dimension could be altered.

For LHC18 was a chiral molecule, we also test the chirality transfer from LHC18 to
AZO at different molar ratio. As shown in Figure 3, for LHC18 had no obvious Uv-vis
absorption at 300–400 nm, the CD spectra had no signals. However, for the co-assembly
of LHC18/AZO at molar ratio was 1/0.5, evident CD signals could be observed. The CD
spectra showed a positive cotton effect with bisignated splitting. The positive and negative
cotton effect centered at 424 nm and 354 nm with a crossover at 401 nm. The trans-isomer
of AZO had absorption at 364 nm which could be ascribed to the π–π* absorption band,
so the excited couplings of the AZO chromophore were responsible for the CD signals.
Moreover, the CD spectra showed a positive cotton effect thus indicating that the AZO
moiety adopted a P-helicity stacking mode, i.e., the azobenzene chromophore stacked in a
clockwise direction [57,58].

–

isomer of AZO had absorption at 364 nm which could be ascribed to the π–π* absorption 

nm absorption band attributed to the π–π* of the 
gence of the peak at 310 nm and 440 nm corresponding to the π–π* and n–π* bands of the 

Figure 3. (a) CD and (b) UV-vis spectrum of LHC18/AZO at different molar radio, LHC18 was kept
constant at 5 mg in the co-assemblies.

However, as the molar ratio of the AZO increased, the CD signals was distinctly
decreased. As showed in Figure 3, only the co-assembly with molar ratio 1/1 had a weak
signal, the co-assemblies of 1/2 and 1/4 nearly kept silence in the CD spectra. The CD tests
suggested that only the stoichiometric ratio kept at a suitable value the chirality transfer
can be effectively realized. For azobenzene moiety was light responsive which can undergo
trans-cis isomerization, we also tested the chiroptical properties. As shown in Figure 4, the
Uv-vis spectra showed that after UV 365 nm irradiation for 1 h, all the co-assembly spectra
had obvious changes, after UV irradiation for one hours the assembly with molar ratio
1/0.5 had only intensity change indicating that the trans-cis isomerization was hampered,
one AZO molecule was fixed by two LHC18 molecule thus limiting the isomerization. As
the amount of AZO increased, AZO could have more flexibility thus the isomerizaiton
could proceed. For the assemblies with the molar ratio was 1/1, 1/2 and 1/4, the 364 nm
absorption band attributed to the π–π* of the trans-isomer decreased with the emergence of
the peak at 310 nm and 440 nm corresponding to the π–π* and n–π* bands of the cis-isomer,
respectively. After visible light irradiation for one hour, the 364 nm absorption band of
the trans-isomer appeared again accompanied with the vanishment of the 310 nm and
440 nm signals of the cis-isomer. The UV-Vis result demonstrated the azobenzene trans-cis
transition could be triggered by UV or visible light at the molar ratio was 1/1, 1/2, and 1/4.

In order to deeply understand the intermolecular interactions, we further investigated
the FT-IR spectra and XRD patterns. All the samples are prepared from either the xerogel or
the air-dried suspensions. The FT-IR spectra showed some common characteristics. Firstly,
there are wide vibration bands around 1950 cm−1 for all the LHC18/AZO samples, which
can be attributed to the formation of the hydrogen bond between imidazole and carboxylic
acid group. Secondly, all the FT-IR spectra showed strong vibrations at around 1620 cm−1,
which demonstrated a strong and ordered hydrogen bonding between the urea groups.
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Finally, all the samples of the asymmetric and symmetric stretching vibrations of CH2
appear at about 2920 cm−1 and 2850 cm−1, respectively, indicating that the alkyl chains are
in the existence of considerable gauche conformations [59–63]. The XRD patterns of all the
samples are also shown in Figure 5. Based on the Bragg’s equation, the d-spacing value
of the samples can be estimated to be 3.51 nm, 5.02 nm and 5.20 nm. Since the distance
3.51 nm is larger than one but much less than twice the molecular length of the LHC18,
we indicate that LHC18 forms an interdigitated bilayer structure. When the molar ratio of
LHC18/AZO is 1/0.5, 1/1, and 1/2, the distance 5.02 nm and 5.20 nm is larger than one
but slightly less than twice the molecular length of the LHC18, we suppose that it was the
d-value of bilayer LHC18 and one AZO molecule. For the XRD patterns of LHC18/AZO is
1/1, 1/2, 1/4 and 0/1 systems, scattering peak intensity at 2θ = 16.6 (0.53 nm) gradually
increased, indicating that the proportion of AZO which did not participate the co-assembly
was improved. Moreover, the intensity peaks at 2θ = 26.62 and 27.46 (0.33 nm and 0.32 nm)
also enhanced as the molar ratio of AZO increased, suggesting that the π–π stackings
among the azobenzene groups appeared and increased.

–

−1

−1

−1 −

–
patterns of all the samples are also shown in Figure 5. Based on the Bragg’s equation, the 

LHC18/AZO is 1/1,1/2, 1/4 and 0/1 systems, scattering peak intensity at 2θ

assembly was improved. Moreover, the intensity peaks at 2θ = 26.62 and 27.46 (0.33 

π–π stackings among the azobenzene groups appeared and increased.

Figure 4. Uv-vis spectra of LHC18/AZO assemblies after UV 365 nm irradiation for one hour at
different molar radio, (a) 1/0.5, (b) 1/1, (c) 1/2, and (d) 1/4.

ratio is higher than 1/0.5, AZO has tendency to form π–π stacking and hydrogen bond 

π–π
π–π

Figure 5. FT-IR spectra (a) and XRD patterns (b) of LHC18/AZO assemblies with different molar ratios.
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Based on the above mentioned results, a possible mechanism to explain the dimension
transition and chirality transfer is shown in Figure 6. Firstly, LHC18 itself formed bilayer
structure and self-assembled into nanotwists, the hydrophobic effect and the hydrogen
bonding between the urea groups is the main driving force to form bilayer structure.
When LHC18 co-assembly with AZO with the ratio is 1/0.5, nanotubes could be formed.
Hydrogen bond could be formed between imidazole groups of LHC18 and carboxylic
acid groups of the AZO, which is verified by the FT-IR spectra. When the molar ratio is
higher than 1/0.5, AZO has tendency to form π–π stacking and hydrogen bond among the
carboxylic acid groups, thus influence the stacking mode and leading to the nanostructure
change. When the ratio is 1/4, the π–π stacking at 0.33 nm and 0.32 nm dramatically
enhanced and form nanopheres. Therefore, the π–π stacking and hydrogen bond between
AZO synergistically induce the morphology and chirality change.

ratio is higher than 1/0.5, AZO has tendency to form π–π stacking and hydrogen bond 

π–π
π–π

Figure 6. Illustration of the LHC18 and AZO co-assembly process. As the molar ratio of AZO
increased, the chirality transfer was weakened, and the dimension transited from 1D nanotube to
0D nanosphere.

3. Conclusions

In conclusion, we construct the two-component self-assembly system. By modulating
the stoichiometric ratio of the components of chaperone gelator LHC18 and AZO deriva-
tives, both the dimension transition and chirality transfer could be modulated. It was
proved that the π–π stacking and hydrogen bond among AZO was the main reason for
the assembly dimension transition and chirality transfer altering. We believe our work
will provide some insights and approach into the dimension and chirality control in the
self-assembly systems.

4. Materials and Methods

All the starting materials and solvents were obtained from commercial suppliers and
used as received. The synthesis route and the characterization were in reference [60] A
typical procedure for the assembly formation in mixed solution was as follows: 5.0 mg of
LHC18 and 1.8 mg AZO were mixed in 300 µL DMF solution, heat to form a transparent
solution, and then injected 600 µL boiled Milli-Q water, the mix solution was cooled to
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room temperature naturally. UV−Vis spectra were recorded in quartz curvettes (light path
0.1 mm) on a JASCO UV-550 spectrometer.

Circular Dichroism spectra were recorded in quartz cuvettes (light path 0.1 mm)
on a JASCO J-810 spectrophotometer. The samples were prepared and cast on quartz
plates. FT-IR spectra were recorded on a Bruker Tensor 27 FTIR spectrometer at room
temperature. The KBr pellets made from the vacuum-dried samples were used for FT-IR
spectra measurements. Scanning Electron Microscopy were cast onto single-crystal silica
plates, the solvent was evaporated under the ambient conditions, and then vacuum-dried.
The sample surface was coated with a thin layer of Pt to increase the contrast. SEM images
were recorded on a Hitachi SU-8020 SEM instrument with an accelerating voltage of 11 kV.
Transmission electron microscopy images were obtained on a JEM-1011 electron microscope
at an accelerating voltage of 100 kV. The TEM samples were prepared by casting a small
amount of sample on carbon-coated copper grids (300 mesh) and dried under strong
vacuum. X-ray Diffraction (XRD) analysis was performed on a Rigaku D/Max-2500 X-ray
diffract meter (Japan) with Cu Kα radiation (λ = 1.5406 Å), which was operated at a voltage
of 40 kV and a current of 200 mA. Samples were cast on glass substrates and vacuum-dried
for XRD measurements. Rheology Study were measured on a strain-controlled rheometer
(MC-RhR 302, Anton Paar) using cone-plate geometry (25 mm diameter). The experiments
were performed at 25 ± 0.05 ◦C, and the temperature was controlled with an integrated
electrical heater.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/gels8050269/s1, Figure S1: Phase image of the LHC18/AZO assemblies with
different molar ratios. Figure S2: Rheological data for the LHC18 gel [64]. Figure S3: Rheological data
for the LHC18/AZO gel. Figure S4: TEM image of the assembly of LHC18/AZO. Figure S5: CD
spectra of the gel LHC18/AZO (molar ratio 1/0.5) with rotating the cuvette 90◦. Figure S6: The SEM
image of the LHC18/AZO assemblies under UV irradiation.
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Açba, M.; Çıtır, B.; Durmaz, S.;
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Abstract: Multifunctional polymer composite gels have attracted attention because of their high
thermal stability, conductivity, mechanical properties, and fast optical response. To enable the simul-
taneous incorporation of all these different functions into composite gels, the best doping material
alternatives are two-dimensional (2D) materials, especially transition metal dichalcogenides (TMD),
which have been used in so many applications recently, such as energy storage units, opto-electronic
devices and catalysis. They have the capacity to regulate optical, electronic and mechanical properties
of basic molecular hydrogels when incorporated into them. In this study, 2D materials (WS2, MoS2

and MoSe2)-doped polyacrylamide (PAAm) gels were prepared via the free radical crosslinking
copolymerization technique at room temperature. The gelation process and amount of the gels
were investigated depending on the optical properties and band gap energies. Band gap energies of
composite gels containing different amounts of TMD were calculated and found to be in the range of
2.48–2.84 eV, which is the characteristic band gap energy range of promising semiconductors. Our
results revealed that the microgel growth mechanism and gel point of PAAm composite incorporated
with 2D materials can be significantly tailored by the amount of 2D materials. Furthermore, tunable
band gap energies of these composite gels are crucial for many applications such as biosensors,
cartilage repair, drug delivery, tissue regeneration, wound dressing. Therefore, our study will con-
tribute to the understanding of the correlation between the optical and electronic properties of such
composite gels and will help to increase the usage areas so as to obtain multifunctional composite gels.

Keywords: TMDs; gelation; optical properties; polyacrylamide; multifunctional composite gels

1. Introduction

Multifunctional polymer composite gels have been developed to address a wide vari-
ety of applications, from absorption-dominated electromagnetic-interference shielding [1]
to tissue engineering [2], and even catalysts and water purification [3] due to the synergistic
effect between polymer and new generation additives. To achieve this multifunctional
effect, 2D materials are one of the best materials that can be integrated into polymer gels.

Among the family of 2D materials, graphene, and transition metal dichalcogenides
(disulphides and selenides of molybdenum and tungsten, etc.) have started to be used
in the production of opto-electronic devices and catalysis, and also, they have attracted
attention in the field of energy storage units as nano-filler materials [4,5]. Besides the
other transition metal dichalcogenide (TMD) materials, molybdenum disulphide (MoS2)
is the most important one because of its superior electronic behavior and mechanical
properties [6,7]. Another representative of this two-dimensional material group is Tungsten
disulphide (WS2), which can be used for advanced applications such as photovoltaic and
photocatalysis due to its size dependent tunable band gap energy. Both MoS2 and WS2
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are classified as semiconductor materials because they both have band gap energies of
about 1.2 eV. The indirect bandgap of MoSe2 in its bulk form has a value of 1.1 eV. A direct
band gap of 1.5 eV can be obtained by exfoliating MoSe2 into a few layers [8]. The band
gap energy of as-grown MoS2 flakes from chemical vapor deposition can be modulated
from 1.86 eV to 1.57 eV [9]. Furthermore, it is reported that the band gap energies of TMDs
are in the range of 1.5–1.8 eV [10–12]. However, the magnitude of this band gap energy
is insufficient for many electronic applications [13,14]. In fact, the minimum band gap
energy required for technological applications must be greater than 1.8 eV. The band gap
energy of 1.8 eV is the limit value that allows one to turn between on and off states through
the conduction of MoS2 [15]. Two-dimensional MoS2 possesses this intrinsic band gap
energy that makes it ideal for applications in electronics, optoelectronics and biosensors [16].
Therefore, it is necessary to prepare composites of different materials to provide the desired
band gap values of these 2D structures [17].

In addition, it has been thought that the molybdenum dichalcogenides (MoS2 and
MoSe2) have the capacity to increase and regulate mechanical properties when incorporated
into basic molecular hydrogels [18,19]. On the other hand, the most common hydrogel is
polyacrylamide (PAAm), which is affordable; it can be formed into desired shapes and
has the flexibility to match biological materials [20]. It has many realized and potential
applications including drug delivery systems and chemo-mechanical devices. PAAm appli-
cations have recently moved their focus to using them to create innovative polymer systems
with unique structure and functionalities, because PAAm can be chemically infused with
other elements or compounds to use in applications of wound dressing, biosensors, drug
delivery, tissue regeneration and cartilage repair [21]. The copolymerization process of
hydrogel composites made of PAAm and various reinforcing additives is also important
for its clinical uses in cell biology and drug delivery applications [22]. Encapsulation of
nanoparticles such as silicon, carbon nanotubes, gelatine, cellulose, and other materials
improves the strength, bonding, and self-healing properties of the polyacrylamide hy-
drogel [23–28]. PAAm as promising hosting organic matrix for composite materials not
only provides mechanical stability, but also new functionalities after the incorporation of
conducting materials with different structures.

Similarly, previous studies [29–32] have shown that different nano-filler materials
(carbon nanotube and graphene oxide)-doped polymers such as polyacrylamides (PAAm),
latex, polystyrene have also manifested better mechanical and electrical properties. In
this work, the amount of dependent electronic and optical properties of MoS2, MoSe2,
WS2-doped PAAm was investigated. It is normally accepted that the composite hydrogels
can effectively connect the unusual properties of the inorganic (TMD) and organic (PAAm)
components to get the desired properties for multifunctional materials.

2. Results and Discussion
2.1. Gelation Process and Drying of Composite Gels

The gelation process of PAAm takes place very quickly. For this reason, a part of the
solution (approximately 3 mL) in the beaker was poured into the quartz cuvette immedi-
ately after N,N,N′,N′-Tetramethylethylenediamine (TEMED), which is used as an essential
catalyst, was added to the solution and quickly placed in the spectrophotometer cabinet.
As a result, composite gels with different TMD amount have the form of a square prism
and disc shape as presented in Figure 1.
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MoSe2-doped PAAm. Below: Dry gels in quartz cuvette, and disk-shaped by drying inside the 
beaker. (c) Disk-shaped gels. PAAm at the top, PAAm + 7.5 mg WS2 in the middle, PAAm + 10 mg 
WS2 at the bottom. 

The AAm solution, which is white at first, loses its opacity and becomes transparent 
while it is drying. When the effect of drying on the optical clarity of the gels was examined, 
it was observed that all the gels subjected to the drying process became more transparent. 
This characteristic of the gel indicates that there are two different regions as polyacryla-
mide-rich and aqueous inside the gel. Thus, the gels scatter light vigorously as a result of 
the fluctuations in refractive index of these two regions. This leads to the decrease in trans-
mission of the gel. The gel is opaque. After drying, water content and in other words, the 
number of aqueous regions in the gel are decreasing. Therefore, the refractive indices of 
all regions are well matched. There are no significant fluctuations. As a result, gels become 
transparent. Figure 1a depicts the white AAm solution in the beaker (above right) and its 
dried gel (below right). One can see that the gel was opaque and white; after drying in air, 
it became hard, transparent, and shrunk in size. TMD-doped PAAm gels have a grey color 
and after drying, they have a dark grey color due to the decrease in the water content. 
Figure 1b shows MoS2, WS2, MoSe2-enhanced PAAm dried gels with different geometrical 
shapes, from left to right, respectively. For the added TMDs to be compared with each 
other, they were included in the solution with masses corresponding to the equimolar 
ratio (the masses are seen on the beakers in the upper figure). After the acrylamide was 
completely dissolved, TMD was added. A homogeneous solution could not be obtained, 
since TMDs were gathered and agglomerated in the middle of the gel. Before the insertion 
of TMD, Polyvinylpyrrolidone (PVP), which is an organic adhesive, was added to the so-
lution so that homogenous and evenly distributed TMD inside the gel was observed. 

Many experiments have been carried out in different studies on the interaction of 
different doping materials with PVP [33–36] and it has been observed that the polymer 
composites formed reach their most homogeneous state by adding PVP. This would be 
due to experimental evidence showing that the use of PVP can significantly speed up the 
exfoliation of TMDs in composite solutions. This results in a homogenous solution and 
limits the amount of surface imperfections [37,38]. Figure 1c shows PAAm composite gels 
containing different amounts of TMD additives. 

2.2. Optical and Electronic Properties 
To describe and understand the gelation process, one can use the following kinetic 
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Figure 1. (a) Above: MoSe2-doped PAAm and PAAm just after the gelation. Below: The same gels
after drying in air. (b) Above: Disc-shaped samples after drying in air. From left to right, MoS2,
WS2, MoSe2-doped PAAm. Below: Dry gels in quartz cuvette, and disk-shaped by drying inside the
beaker. (c) Disk-shaped gels. PAAm at the top, PAAm + 7.5 mg WS2 in the middle, PAAm + 10 mg
WS2 at the bottom.

The AAm solution, which is white at first, loses its opacity and becomes transparent
while it is drying. When the effect of drying on the optical clarity of the gels was examined,
it was observed that all the gels subjected to the drying process became more transparent.
This characteristic of the gel indicates that there are two different regions as polyacrylamide-
rich and aqueous inside the gel. Thus, the gels scatter light vigorously as a result of
the fluctuations in refractive index of these two regions. This leads to the decrease in
transmission of the gel. The gel is opaque. After drying, water content and in other words,
the number of aqueous regions in the gel are decreasing. Therefore, the refractive indices of
all regions are well matched. There are no significant fluctuations. As a result, gels become
transparent. Figure 1a depicts the white AAm solution in the beaker (above right) and its
dried gel (below right). One can see that the gel was opaque and white; after drying in
air, it became hard, transparent, and shrunk in size. TMD-doped PAAm gels have a grey
color and after drying, they have a dark grey color due to the decrease in the water content.
Figure 1b shows MoS2, WS2, MoSe2-enhanced PAAm dried gels with different geometrical
shapes, from left to right, respectively. For the added TMDs to be compared with each other,
they were included in the solution with masses corresponding to the equimolar ratio (the
masses are seen on the beakers in the upper figure). After the acrylamide was completely
dissolved, TMD was added. A homogeneous solution could not be obtained, since TMDs
were gathered and agglomerated in the middle of the gel. Before the insertion of TMD,
Polyvinylpyrrolidone (PVP), which is an organic adhesive, was added to the solution so
that homogenous and evenly distributed TMD inside the gel was observed.

Many experiments have been carried out in different studies on the interaction of
different doping materials with PVP [33–36] and it has been observed that the polymer
composites formed reach their most homogeneous state by adding PVP. This would be
due to experimental evidence showing that the use of PVP can significantly speed up the
exfoliation of TMDs in composite solutions. This results in a homogenous solution and
limits the amount of surface imperfections [37,38]. Figure 1c shows PAAm composite gels
containing different amounts of TMD additives.

2.2. Optical and Electronic Properties

To describe and understand the gelation process, one can use the following kinetic
equation showing the relationship between the rate of monomer consumption, which is

225



Gels 2022, 8, 465

the derivative of the concentration of monomer, [M] with respect to time, t, and the rate of
the polymerization [39].

d[M]/dt = −kr[M] (1)

Here, kr is the constant rate of gelation. If one needs to solve this equation, it yields

[M] = [M0] exp(−krt) (2)

where [M0] is the concentration of monomer at t = 0. During the gelation process, describing
the phenomena, Equation (2) is needed. According to Equation (2), the concentration of
monomer is decreasing exponentially with time, since the consumption of monomers
is creating the microgels that lead to the turbidity. On the other hand, spectroscopic
measurements of transmitted light through the gels also allow one to monitor the gelation
process. The turbidity in the medium is decreasing and causes a decrease exponentially in
the intensity of photon transmission, Itr.

Itr = I0 exp(−krt) (3)

where I0 is the intensity of the incident photon at t = 0 [40]. The ratio of Itr and I0 yields the
transmittance of gels.

A slight difference between the light transmission abilities of the PAAm gels doped
with different TMDs is observed in Figure 1b. Spectrophotometric measurements are
required to distinguish them in terms of light transmittance. After pouring the solution
into the quartz cuvette, the transmittance percentages of the solutions before, during, and
after gelation were measured with a uv-vis spectrophotometer.

The transmittance of the TMD-doped PAAm composites are presented in Figure 2.
It is seen that the intensity decreased dramatically above a certain time indicating that
opalescence occurs during gelation for each composite gels.
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The statistical models have been shown to approximate the results obtained by Tanaka
and new effects derived from the Flory–Stockmayer theory pointing to the solution of the
site–link correlated percolation problem [41–44]. According to the assumptions, before and
after the sol–gel phase transition points, the trends can be different. The curve resembles a
sigmoidal and it fits the Boltzmann Sigmoidal Function [45–48]. These curves were used
to determine gel points. According to the nature of them, the second derivative of the
transmittance with respect to time must be zero around the gel point. The second derivative
of the transmittance with time is shown in Figure 3. After 120 s, the curves change the
trend from negative to positive. Hence, the gel point of the composite gels around 120 s.
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This result is important for hydrogel studies accompanying all biological target materials,
since the delivery of hydrogels to the body must occur while they are in liquid form (just at
the right time). Afterwards, the hydrogel should turn into a gel inside the body.
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All composite gels were allowed to dry at room temperature. The relationship between
the amount of TMDs and the transmittance response of the composite gels to the incident
photon is shown in Figure 4. A decrease in transmittance due to WS2 content occurs. The
change in the color of the gel and its gradual darkening from clear to black are shown in
Figure 1c. This observation is in agreement with the change in transmittance in Figure 4.
Both MoS2 and MoSe2-enhanced PAAm composite gels have also the same trendline.
Transmittance of MoSe2–PAAm composites with various MoSe2 amounts measured using
a uv-vis spectrophotometer is inversely proportional to the MoSe2 amount as expected. For
MoS2-enhanced PAAm composite gels, when the light transmission behavior is examined,
a decrease in the form of exponential decay of transmittance is observed as the amount
of MoS2 increases. If these gels are to be used for a multifunctional application, it will
not be sufficient to have only transparent, only conductive, or only elastic property. In
order to obtain a composite gel that combines as many properties as possible, those with
an average transmittance value can be taken. Therefore, if the transmittance values of
these gels are 20% and below, they should be eliminated. The absorbance curves of the
composite gels prepared with the remaining TMD amounts were evaluated to calculate the
band gap energy.
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amount of TMD.
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After drying in air, the absorption response of composite gels was measured by a
uv-vis spectrophotometer. Figure 5 represents absorbance versus wavelength curves for all
TMDs (WS2, MoS2, MoSe2) with various TMD amounts. It was found that the absorption
edge shifts to a shorter wavelength with the decreasing TMD amount.
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Just like in this study, it is not known what kind of interband transition (direct, indirect,
allowed or forbidden) of electrons from the occupied state in the conductive state to the
empty state in the valence band of composite materials. In this case, it will be difficult to use
the Tauc model [49] when calculating the band gap energy values of composite materials.

Therefore, researchers have tried different methods. The most striking of these in
recent years is the dielectric loss method [50]. The band transition of electrons is related to
the electron–photon interaction. The imaginary part of the dielectric function which corre-
sponds to the dielectric loss describes the interband transition type. This new method can
be used to estimate the band gap energy of composites with high accuracy. However, this
requires a long and difficult calculation including the extinction coefficient and refractive
index [51,52]. On the other hand, the Tauc model is a reliable method to specify the type of
electronic transition.

In addition to this information, the band gap energy values at the absorbance edge
can be calculated in order to have at least an idea about the band gap energy values of the
new TMD-enhanced PAAm composite gels to determine the ones prepared with TMD in
a sufficient amount for multifunctional applications. Since the grain size of at least WS2
is roughly 1 micrometer, it would be accurate to discuss grains considerably larger than
nanometers when the polymer composite is obtained, and therefore, examining the shift
of the absorbance edge has to be taken into account. In this case, as the amount of TMD
increases, the extrapolated wavelength value of the composite, expressed as the absorbance
edge, shifts to larger wavelengths.

The extrapolation of the absorbance curve with respect to the wavelength (arrows
in Figure 5) gives the band gap energy at the absorption edge. These energy values are
given in Table 1, after calculating from the following formula using the wavelength values
at which it cuts the curve. The Planck–Einstein equation between photon energy, E, and
wavelength, λ, is:

E = hc/λ (4)

Table 1. The calculated band gap energies of all composites at the absorbance edge.

TMD Amount in
WS2/MoS2/MoSe2 +
PAAm Composite

Gel (mg)

Bandgap Energy of
WS2 + PAAm (eV,
from Absorbance

Edge)

Bandgap Energy of
MoS2 + PAAm (eV,
from Absorbance

Edge)

Bandgap Energy of
MoSe2 + PAAm (eV,

from Absorbance
Edge)

0.5 2.91 2.73 2.56
1 2.73 2.66 2.53

1.5 2.69 2.55 2.49
2 2.59 2.40 2.46

2.5 2.50 2.35 2.43

Here, h is the Planck constant, and c is the speed of light. The increase in TMD amount
occurs with a red shift in the absorbance spectrum of composite gels. The absorbance
intensities also become strong with an increment in the TMD amount inside the composite
gels. The band gap energy at the absorption edge decreases with an increase of the values
of TMD amount as expected.

The band gap energy detected from the absorption edge is usually found to be smaller
than the energy calculated from the Tauc plot [49]. Considering this, it would be appropriate
to prefer composites with a band gap of around 2.7 eV, which is close to the energy
value range required for biomedical applications [53]. On the other hand, for electronic
applications [54], those with a higher TMD content of around 2.4 eV should be chosen, or if
the composite is considered to be used as a transparent conductor material, the composite
with the highest transmittance and around 2.8 eV of band gap energy can be selected.
When one compares the values in Table 1, one can consider the 2 mg TMD added PAAm
composite gel, which has average optical and electronic properties, as the ideal gel after
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fine tuning. It can be subjected to further investigations regarding the calculation of band
gap energy. The absorption coefficients, α, can be calculated by the equation:

α(hν) = (loge10/t) A(hν) (5)

where t is the thickness of the discs, and A is the absorbance for each photon energy. Then,
the band gap energy was calculated from the Tauc’s plot by varying the absorbance values
with respect to the wavelength for each composite gel.

The band gap energy (Eg) between the maximum of the conduction band and the
minimum of the valence band of an amorphous semiconductor is determined by Tauc [49]
in 1966. The following can be written for direct transition:

(αhν)2 = C (hν − Eg) (6)

The value of the crossing photon energy is taken as the band gap energy. A character-
istic Tauc plot of the WS2/MoS2/MoSe2 + PAAm composite gel with 2 mg of TMD doping
is shown in Figure 6. The band gap energies were obtained by extrapolating the (αhν)2

linear fit. The linear fitting equations and their R2 values are given in Table 2. The reason
why composite gels were taken as direct band transition is that TMDs in the form of 2D
sheets are exfoliated as separate layers [8,9] in the PAAm gel matrix.
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Figure 6. Tauc plots of MoS2, WS2, MoSe2 enhanced PAAm composite gels. The linear fitting
equations given in Table 2 were used to calculate band gap energies of these composite gels.

Table 2. The calculated band gap energies of all composites from the Tauc plots.

Type of the Composite Gel Linear Fitting Equations with R2

Values
Bandgap Energy (eV,

from Tauc Plot)

MoS2 + PAAm y = (1.650 × 106)x − 4.087 × 106

R2 = 0.994
2.48

WS2 + PAAm y = (2.434 × 106)x − 6.923 × 106

R2 = 0.998
2.84

MoSe2 + PAAm y = (1.867 × 106)x − 5.028 × 106

R2 = 0.996
2.69
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Narrow or lower band gap energy is attributed to the high electrical conductivity
of the material [55]. Therefore, the increase in the TMD amount leads to the decrease
in band gap energy that corresponds to the increase in conductivity. Band gap energies
were calculated and found in the range 2.48–2.84 eV. Table 2 summarizes these results for
different composite gels.

The values of band gap energy have been found to be in the range of 4.70–5.10 eV for
PVP-reinforced PAAm composites [56]. On the other hand, the band gap values calculated
for MoS2/PVP/PAAm composites with different amounts of MoS2 were found in the range
of 3.10–3.81 eV [57]. The estimated band gap energies of WS2/PVP/PAAm composites
with various WS2 contents were between 3.35 and 4.57 eV [58]. It is observed that the band
gap energies of the composites are in good agreement with the previous results. Since the
amounts of Bis and PVP used to prepare composites in previous studies were different from
the current study, the band gap energy value ranges found were different. By changing the
amount of Bis and PVP, band gap energy can be regulated in accordance with the desired
optical and electronic properties for multifunctional applications. Using this information,
another group of researchers can easily obtain the composite gel by determining a special
TMD amount according to the desired band gap energy and transmittance combination for
the specific application.

3. Conclusions

Characteristics of polymer-based nanocomposites continue to be an attractive area of
interest for materials scientists. This study aims to reveal the relationship between tunable
band gap energy and optical properties of 2D materials-doped polyacrylamide composite
gels with the effect of the TMD amount. MoS2, MoSe2, WS2-doped PAAm composites
were prepared using free-radical polymerization. The optical properties of MoS2, MoSe2,
WS2-doped PAAm were investigated. An increment of the TMD amount caused a decrease
in the compactness of the composite’s macrogel structure.

The properties of gels can be controlled by changing TMD content. The results indicate
that an increase in the amount of TMD leads to a decrease in the gel points. The calculated
band gap energies of the composites are in harmony with the literature. The optical results
indicated that the absorption edge shifts to a shorter wavelength with the decreasing TMD
amount. The properties of the final gels are highly dependent on the amount of TMD, Bis,
and PVP present during the formation of gels. Composite gels with high TMD content
exhibit stronger absorption in the longer wavelength region compared to gels with low
TMD content, which consequently decreases the band gap values of the films. In this case, it
can be concluded that composite gels are better semiconductors regarding the conductivity
if the correlation between conductivity and band gap energy is considered. We have chosen
the 2 mg TMD-added PAAm composite gel, which has average optical and electronic
properties, as the ideal gel after fine tuning. The band gap energy of the films was found
to be in the range between 2.48 and 2.84 eV. This range fits the characteristic band gap
energy range of promising semiconductors. It is observed that the band gap energies of the
composites are in good agreement with the results of the previous studies on TMD-doped
PAAm. Consequently, the optical and electronic properties of these gels can be altered by
the change in the amount of TMD of the composite gels. Due to these characteristics, these
composites can be used in electronic and optical applications in addition to biomedical
applications. It has been determined by previous studies in the literature that according to
the mechanical properties of TMDs, enhanced PAAm gels have already been registered as
flexible materials. Optical and electronic properties of these new composite gels have been
studied so that they can be used in multifunctional applications. The approach used in this
study is promising in modulating the optical and electronic properties of other transition
metal dichalcogenide monolayers. This study reveals that the wide optical band gap of
composite gels can be significantly tuned by incorporating 2D structures. As future work,
the surface resistivity and the conductivity of these composite gels can be investigated
using AC current-voltage measurements that are crucial for the electronic applications.
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4. Materials and Methods
4.1. Preparation of WS2, MoS2, and MoSe-Doped PAAm Composite Gels

Solutions were prepared via free radical crosslinking copolymerization technique
at controlled room temperature (22.8–23.1 C) and ambient relative humidity (32–38%)
by solving Acrylamide (AAm, Merck, Rahway, NJ, USA), Polyvinylpyrrolidone (PVP,
Sigma-Aldrich, Saint Louis, MO, USA), N,N′-Methylenebisacrylamide (BIS, Sigma-Aldrich),
Ammonium persulfate (APS, Sigma-Aldrich), and N,N,N′,N′-Tetramethylethylenediamine
(TEMED, Sigma-Aldrich), respectively, in distilled water by stirring magnetically and
mechanically. This experimental technique is a similar procedure mentioned before in our
previous works with different BIS and PVP amounts [48]. Distilled water prepared by the
Chemistry Laboratory of KHU was used as the reaction solvent. In order to provide various
composite solutions and compare the characteristics of them, TMD content with the same
molar value for WS2, MoS2, and MoSe2 was added to the solution after Acrylamide and
PVP were completely dissolved in distilled water. The whole preparation process was
repeated by changing only the amount of TMD so that the amounts of the other chemical
contents were kept the same, and composite gels containing different amounts of TMD
were prepared.

4.2. Characterization

The gelation of Acrylamide with various amounts of TMD was measured using a
Labomed Spectro 22 uv-vis Spectrophotometer. The change in the photon transmission
during the gelation of Acrylamide with various amounts of WS2, MoS2, and MoSe2 was
measured at λ = 650 nm wavelength. The reason why all transmission measurements
were performed at a wavelength of 650 nm, is one of the maxima wavelengths of the
halogen lamp inside the spectrophotometer. Gelation process and transmittance of photon
were monitored in real-time by the camera system. Gel points of the polymer composites,
tgel, were obtained. Absorbance and transmittance measurements were taken for single
wavelength one by one. Absorbance and transmittance were noted after the calibration of
the spectrophotometer for each wavelength.
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Abstract: Hydrogel biomaterials mimic the natural extracellular matrix through their nanofibrous
ultrastructure and composition and provide an appropriate environment for cell–matrix and cell–cell
interactions within their polymeric network. Hydrogels can be modified with different proteins,
cytokines, or cell-adhesion motifs to control cell behavior and cell differentiation. Collagens are
desirable and versatile proteins for hydrogel modification due to their abundance in the vertebrate
extracellular matrix and their interactions with cell-surface receptors. Here, we report a quick,
inexpensive and effective protocol for incorporation of natural, synthetic and recombinant collagens
into Fmoc-based self-assembling peptide hydrogels. The hydrogels are modified through a diffusion
protocol in which collagen molecules of different molecular sizes are successfully incorporated and
retained over time. Characterization studies show that these collagens interact with the hydrogel
fibers without affecting the overall mechanical properties of the composite hydrogels. Furthermore,
the collagen molecules incorporated into the hydrogels are still biologically active and provide sites
for adhesion and spreading of human fibrosarcoma cells through interaction with the α2β1 integrin.
Our protocol can be used to incorporate different types of collagen molecules into peptide-based
hydrogels without any prior chemical modification. These modified hydrogels could be used in
studies where collagen-based substrates are required to differentiate and control the cell behavior.
Our protocol can be easily adapted to the incorporation of other bioactive proteins and peptides
into peptide-based hydrogels to modulate their characteristics and their interaction with different
cell types.

Keywords: peptide hydrogel; recombinant collagen; diffusion protocol; fibrosarcoma cell; integrin

1. Introduction

Hydrogels are three-dimensional (3D) networks made of hydrophilic polymers that
can entrap and hold water while forming self-supporting systems through chemical or
physical cross-linking of individual polymer chains [1]. Importantly, they can serve as
scaffolds for tissue engineering applications due to their structural and functional simi-
larity with the extracellular matrix (ECM). In fact, natural ECM is a complex meshwork
consisting of macromolecules and in some tissues minerals where resident cells interact
with their surroundings in a 3D network [2]. One of the challenges when developing
new hydrogel-based biomaterials is to design an ECM-mimicking nanofibrous network
while keeping the system simple, biocompatible and able to modulate cellular behaviour
with minimal chemical modification. Peptide-based hydrogels that self-assemble into
3D networks represent a valid approach to this problem [3]. However, the hydrogelator
peptides themselves may be non-interactive to cells or provide low cell adhesion. Therefore,
biologically active components can be attached by chemical modification of these peptides
without interfering with the self-assembly mechanism. The biologically active groups are
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then exposed on the surface of the hydrogels and hence are available for interaction with
cells [4,5]. It has been shown that incorporation of small functional groups such as amines
and phosphates can induce stem cell differentiation towards bone and adipose cells [6],
whereas addition of integrin-binding motifs, such as RGD, can improve cell adhesion and
viability [7,8]. Similarly, hydrogels can be modified with inorganic components, used
as “nanofillers”, to form peptide-nanocomposite hydrogels with enhanced mechanical
properties and improved cell differentiation activity [9–15].

Hydrogel modification through incorporation of collagen molecules has gained widespread
popularity in tissue engineering applications. Collagen is the most abundant protein in the
body, providing strength and structural stability to tissues as well as cell-binding motifs [16,17].
Moreover, its abundance in the ECM makes it an ideal candidate for hydrogel modifications.
For instance, it has been shown that hydrogels modified with collagen peptides showed en-
hanced cell-adhesion properties and control of stem cell differentiation [18,19]. Indeed, collagen
modification of hydrogels can be challenging due to heterogeneity of fabrication protocols used
by different research groups and, most importantly, potential undesirable properties of the
collagen source [20]. Animal-derived collagen, for example, is most commonly harvested from
bovine and porcine sources, which present significant risks of zoonotic disease transmission and
immunogenicity [21]. Extraction of collagen from animal connective tissues is also hampered
by the large proportion of material that is crosslinked and insoluble [22]. Thus, animal-derived
collagens often require use of enzymes such as pepsin, which may digest the collagen proteins
to some extent and decrease the mechanical properties of the final biomaterial. These inherent
limitations have fuelled the exploration of alternative sources to animal-derived collagen such as
the chemical synthesis of collagen-like peptides or the production of collagens or collagen-like
proteins using recombinant techniques [23,24]. In fact, the production of collagen via recombi-
nant technology represents a valuable, cost-effective and most importantly, safe alternative for
collagen production [25].

In this work we used a minimalistic approach to incorporate natural and recombi-
nant collagen proteins within 9-fluorenylmethoxycarbonyl (Fmoc)-based self-assembling
peptide hydrogels (SAPHs). It has been shown that short Fmoc-protected peptides are
effective low molecular weight gelators that form rigid nanotube structures that lead to
hydrogel formation without further need of crosslinking agents. Furthermore, by tailoring
the amount of peptide powder, the hydrogel’s resulting stiffness can be modulated accord-
ingly [26–28]. This makes Fmoc-based hydrogels potentially attractive for different tissue
engineering applications. Here, we used Fmoc-diphenylalanine/Fmoc-serine (Fmoc-FF/S)
peptide hydrogels to develop new customised peptide/collagen composite hydrogels. We
used our prior expertise on the successful incorporation of inorganic crystalline materials
into Fmoc-based hydrogels [13] to develop a quick and effective way of modifying these
hydrogels with natural, synthetic or recombinant peptides/proteins of a wide range of
molecular weights and sizes. We demonstrate here effective incorporation of collagen
proteins via diffusion within peptide hydrogels and report the mechanical characterization
of collagen-modified hydrogels via rheology and their biological characterisation through
cytocompatibility studies. Our data demonstrate that our protocol for protein incorporation
produces hybrid peptide/collagen hydrogels where the added proteins are well integrated
and retained within the host peptide-based scaffolds without the need of chemical mod-
ification. Furthermore, incorporated collagens do not interfere with the self-assembly
mechanism of the hydrogels or with the mechanical properties of the resulting biomaterial
but serve to provide extra integrin-binding sites that improve cell adhesion and spreading.
Furthermore, we believe that this protocol can be adapted to the incorporation of both small
and large proteins within Fmoc-based peptide hydrogels providing a simple, yet effective
way of creating peptide/protein composite hydrogels to be used in tissue engineering and
regeneration applications.
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2. Results and Discussion
2.1. Characterization of the Proteins Used in Hydrogel Modification

Three different collagen molecules were chosen for incorporation within the self-
assembling peptide hydrogels (Table 1): Rat Tail Collagen (RTC); a 42-amino acid collagen
peptide containing a GFOGER integrin-binding motif (GFOGER peptide); and an engi-
neered recombinant collagen-like mini protein produced in house (DCol1). In addition,
recombinant enhanced green fluorescent protein (eGFP) was used as a fluorescent reporter
to follow the protein incorporation and retention within the hydrogel during optimization
of the modification protocol [29]. RTC has been extensively used as a positive control to
study cell–matrix interaction within 3D hydrogels [30,31], and it has been chosen as the
largest protein (approximately 300 kDa molecular weight for the full-length trimer) to be
incorporated within our system. The GFOGER peptide is the shortest version of collagen
used here (11.24 kDa molecular weight for the trimer), containing a GFOGER motif (O is
4-hydroxyproline) that binds integrins α1β1 and α2β1 [32]. DCol1 is a designed recom-
binant collagen-like protein containing a GFPGER motif which is also able to bind α1β1
and α2β1 integrins. Proteins were characterized by SDS-PAGE and circular dichroism (CD)
(Figure 1). Purification of DCol1 via nickel-affinity chromatography showed high produc-
tion and purification yields (Figure 1A). The triple-helical conformation of the three collagen
molecules was studied by CD spectroscopy. The CD spectra of RTC, GFOGER and DCol1
at 4 ◦C in CD buffer (Figure 1B) showed the characteristic features of triple helical collagen:
a band of positive ellipticity (around +3000 to +5000 deg cm2 dmol−1) with a maximum at
around 220 nm and a deep band of negative ellipticity (around −35,000 deg cm2 dmol−1)
with a minimum around 198 nm [33–35]. Both these features are associated with the
polyproline II conformation [36], and they are characteristic of the collagen triple helix.

Table 1. Proteins and peptides used for hydrogel formation and modification. Sequences are shown
with standard single amino acid symbols, plus O for 4-hydroxyproline. Capping groups: Fmoc,
fluorenylmethoxycarbonyl protecting group; Ac, N-terminal acetylation; NH2, C-terminal amidation.

Molecule Sequence/Access IDs (Integrin Binding Sites in Bold Type) Amino Acids
(aa)

Mw

(kDa)
Isoelectric
Point (pI)

Fmoc-FF/S hydrogel
Fmoc-FF peptide
Fmoc-S peptide

Fmoc-FF
Fmoc-S

2
1

0.53
0.33

7.81
7.81

Rat tail collagen 1

α1 (I) chain
α2 (I) chain

P02454, NP_445756
P02466, NP_445808

1056 3

1040 3 300 2 9.52

GFOGER peptide Ac-GPCGPPGPPGPPGPPGPPGFOGERGPPGPPGPPGPPGPPGPC-NH2 42 11.2 2 6.96

DCol1 recombinant
protein

MGSHHHHHHSGLVPRGSGPPGPPGPQGPAGPRGEPGPAGPKGEPGPAG
PPGFPGERGPPGPQGPAGPIGPKGEPGPIGPQGPKGDPGETQIRFRLGPASII
ETNSHGWFPGTDGALITGLTFLAPKDATRVQVFFQHLQVRFGDGPWQDV

KGLDEVGSDTGRTGE

165 50.0 2 6.97

eGFP recombinant
protein

MGSSHHHHHHSSGLVPRGSHMVSKGEELFTGVVPILVELDGDVNGHKFS
VSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMK
QHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDF
KEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLA
DHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAG

ITLGMDELYK

259 29.1 6.61

1 Rat tail collagen is predominantly type I collagen, a heterotrimer made of two α1 (I) chains and one α2 (I) chain.
2 Molecular weights of the trimeric collagen molecules. 3 The amino acid number counts correspond to the
processed, mature chains, of type I collagen.

2.2. Protein Incorporation into Self-Assembly Peptide Hydrogels

Proteins with a wide range of molecular weights and sizes were successfully incor-
porated into Fmoc-FF/S hydrogels by simple diffusion, without need for any chemical
modifications (Figure 2A), as demonstrated by SDS-PAGE analysis (Figure 2B) (full SDS-
PAGE blot is available in Figure S1). Protein incorporation was comparable to the control
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bands (Figure 2B). We believe that, although samples obtained from hydrogel sections
(Figure 2B, lane 2) showed a darker band than the controls (Figure 2B, lane 1), the stronger
intensity of the band is caused by the hydrogels acting as a “concentrator” of protein in a
constrained space. Indeed, the protein in the stock solution passed from a liquid form to be-
ing concentrated within a spheroid due to a volume shrinkage. A similar phenomenon was
also shown by Kim and co-workers as they demonstrated that the fluorescence intensity
of graphene oxide was much greater in a limited space as the cell pellet [37]. Importantly,
hydrogels incorporating the collagen protein showed a significantly stronger band than
the remaining protein solutions in the well (Figure 2B, lane 3), suggesting a clear protein
uptake. The resulting spheroids were stable and formed a self-supporting hydrogel struc-
ture, as shown in Figure 2C. Interestingly, hydrogels incorporating eGFP and fluorescently
labelled GFOGER showed a bright, green color when exposed to UV light (Figure 2C(II))
indicating that the proteins were diffused throughout the whole scaffold without affecting
their chromophore fluorescence. Finally, we analyzed the protein retention over time.
As shown in Figure 2D, SDS-PAGE showed consistent dark bands for all of the tested
constructs, suggesting that all the proteins were successfully retained for at least the first
72 h. Different co-assembled peptide hydrogels systems of using alternative mechanisms
have been explored [5,38]. In particular Stupp and co-workers have described a similar
phenomenon when self-assembling peptide amphiphiles are mixed with high molecular
weight polysaccharide hyaluronic acid. Liquid–liquid interaction results in the formation
of hierarchically orientated sacs and membranes due a mixture of both osmotic pressure of
ions and strong electrostatic interactions [38]. However, in this case, electrostatic interac-
tions are not expected to play a significant role in the incorporation of the proteins into the
Fmoc-FF/S peptide hydrogels, at least for the three collagen molecules (see Table 1 for their
predicted values of pI). Thus, we believe that the incorporation of collagen proteins within
our system is mostly driven by diffusion of the proteins into the hydrogel mesh, with the
two components (i.e., Fmoc-FF/S and collagens) co-assembling upon contact.

 

θ −

Figure 1. Protein characterization. (A) SDS-PAGE analysis of the purification of DCol1 by nickel-
affinity chromatography. Lanes: M, molecular weight markers; FT, flow through; 1–2, wash fractions
with 60 mM imidazole; 3–4, elution fractions with 250 mM imidazole; 5–8 elution fractions with
1 M imidazole. (B) CD spectra at 4 ◦C of RTC (grey), DCol1 (blue) and GFOGER peptide (red). The
vertical axis measures mean residue ellipticity θ in degrees cm2 dmol−1. CD data were collected
between 190 and 260 nm.

Moreover, interactions of a hydrophobic nature may also be involved when forming
the hydrogels. As shown by the fluorescence spectroscopy analysis, each protein shows a
fluorescence emission peak in the 320–380 nm region, where the fluorescence of tyrosine
and tryptophan side groups is observed (Figure 3) [39]. The intensity of this peak is
significantly lower when the proteins are mixed 1:1 v/v with the Fmoc-FF/S pre-gel
solution. The dramatic reduction of fluorescence intensity reveals the existence of a strong
interaction between the fluorescent groups in these collagen proteins and the Fmoc-FF/S
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pre-gel solution. We believe that as the self-assembly mechanism occurs, the hydrogels
act as a “sink”, where the proteins passively diffuse through the hydrogels’ mesh until an
equilibrium is reached after 24 h (Figure 2B) as previously demonstrated by Sassi et al. [40].

 

Figure 2. Hydrogel modification. (A) Schematic representation of the optimised protocol used to
incorporate proteins within hydrogels. (B) SDS-PAGE analysis of the proteins incorporated into the
Fmoc-FF/S hydrogels. Lanes: M, molecular weight markers; 1, protein stock solution; 2, protein
incorporated into the hydrogel; 3, remaining protein into the well. Arrows (right) indicates protein bands
at their corresponding molecular weights. (C) Photograph of spheroid-like hydrogels incorporating
proteins under visible (I) and UV (II) light. (D) SDS-PAGE analysis of protein retention inside the
hydrogels over time. Lanes: M, molecular weight markers; 1, 2, 3 show protein retention after 24, 48,
72 h, respectively. Arrows (right) indicates protein bands at their corresponding molecular weights.

 

Figure 3. Fluorescence spectroscopy spectra of Fmoc-FF/S peptide (grey), collagen (red
Figure 3. Fluorescence spectroscopy spectra of Fmoc-FF/S peptide (grey), collagen (red) and Fmoc-
FF/S-collagen solutions (blue) prepared in PBS (pH = 7.4). Excitation wavelength 280 nm; emission
wavelength recorded within the 300–450 nm range.
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2.3. Hydrogels Microstrusture

Hydrogel microstructures were also assessed using scanning electron microscopy
(SEM). In addition to imaging the outer hydrogel surface, the gels were sliced to expose
and allow imaging of the inner surface (Figure 4). Unmodified Fmoc-FF/S hydrogel
shows the typical nanofibrous structure consisting of bundles of supramolecular stacks [27].
Additionally, by exposing its inner surface, we observed concentric lamellae as typically
shown for the Fmoc-FF/S system where diffusion is involved [41]. The incorporation
of different collagen proteins changed the hydrogels’ surface features and morphologies
according to protein size. The incorporation of the biggest protein, RTC, showed differences
with Fmoc-FF/S only on the inner surface of the scaffold where this appeared to be much
more disorganised than the rest of the hydrogel. In contrast, the outer surface of the
Fmoc-FF/S/RTC showed morphological similarity with the microstructures observed
on the outer surface of Fmoc-FF/S. We speculate that smaller collagen peptides such as
GFOGER and DCol1 may diffuse more efficiently into the co-assembled systems, as the
final structures of the hybrid hydrogels appeared more compact and less disorganised. For
this reason, we envisage that the size and shape of the diffusing proteins will dictate a more
or less efficient incorporation.

 

′
′

″

Figure 4. Scanning electron microscopy images showing the outer (left) surface morphology of
Fmoc-FF/S and the collagen-modified hydrogels and a cross section showing the inner (right) surface
morphology at lower and higher magnification, respectively. Low magnification scale bar is 50 µm;
high magnification scale bar is 5 µm.
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2.4. Mechanical Characterization of the Hydrogels

In order to assess the effect of protein incorporation on the final hydrogels’ mechanical
properties, we analyzed the viscoelastic properties of the protein-modified hydrogels via
rheology using unmodified Fmoc-FF/S hydrogel as control. Fmoc-FF/S with and without
RTC, GFOGER, eGFP and DCol1 at different concentrations (1, 50 and 100 µg/mL) were
subjected to an amplitude sweep experiment (strain range 0 to 100%, frequency 1 Hz, gap
size 500 µm) at 37 ◦C. As can be seen from Figure 5A, no significant difference in the storage
modulus G′ (used here as a measure of stiffness) was reported when hybrid hydrogels were
formed. Moreover, the G′ was consistently higher than the loss modulus (G”) for all the
formulation tested (Figure S2). This indicates that Fmoc-FF/S was able to incorporate all the
proteins of interest while still self-assembling and forming self-supporting spheroid shaped
hydrogels (Figure 5B). The incorporation of the different proteins did not affect the “bulk”
properties of the final peptide/protein hybrid hydrogels, as the stiffness values showed
neither a positive nor a detrimental effect to the final mechanical properties, compared to
the unmodified Fmoc-FF/S peptide hydrogel.

 

α β

Figure 5. Analysis of the mechanical properties of the hydrogels studied. (A) Storage and loss moduli
(0.02% strain, 1 Hz) of Fmoc-FF/S hydrogels with and without collagen at different concentrations
(1, 50, 100 µg/mL). (B) Photographs of spheroids of Fmoc-FF/S with different collagen construct at
different concentrations.

2.5. Collagen-Modified Hydrogels as Platform for Cell Culture

To assess the biological activity of the collagen-modified hydrogels, HT1080 cells
were used. They are a human fibrosarcoma cell line that is often used for collagen
adhesion experiments, and they are known to express high levels of α2β1 integrin on
their surface, which is a major cellular receptor for collagen [42,43]. Hydrogels modi-
fied with RTC, GFOGER peptide and DCol1 were tested. eGFP was not used for this
experiment as it does not provide any cell binding site [44]. Two major parameters
were evaluated to assess the properties of the hybrid hydrogels: cell adhesion and cell
spreading. One representative protein concentration (100 µg/mL) was used through-
out this experiment. Compared to the unmodified Fmoc-FF/S hydrogels, hybrid hydro-
gels incorporating collagen provided a significantly higher cell adhesion, as can be seen
from Figure 6A. As expected, RTC-modified hydrogel provided the maximum cell ad-
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hesion (51 ± 1% vs. 14 ± 6.7%, p < 0.05). Similarly, Fmoc-FF/S + GFOGER provided
greater cell attachment than unmodified peptide systems (47 ± 3.7% vs. 14 ± 6.7%,
p < 0.05). Among all the collagen mimics incorporated, DCol1, provided the lowest cell
adhesion properties (36 ± 5.9%), although still significantly higher than the unmodified
Fmoc-FF/S hydrogel (14 ± 6.7%, p < 0.05) (Figure 6B, blue bars). We believe that two
main factors may be affecting this: firstly, the effect is measured after 24 h, and it could be
mitigated due the physiological adaptation of the cells into a new microenvironment [45];
secondly, we hypothesize that, due to small size of DCol1 (17 kDa), easy access to integrin
binding sites could be hindered within the hydrogel mesh.

 

β

β
β

Figure 6. HT1080 cell adhesion and cell spreading. (A) F-actin staining of HT1080 cells after 24 h culture
on the different collagen hydrogels (green: F-actin, Alexa Fluor 488 phalloidin; scale bars 100 µm, inset
50 µm) with and without pre-incubation with mAb13 (anti β1) antibody. (B) Analysis of cell adhesion on
the different collagen-modified hydrogels without (blue bars) and with (grey bars) pre-incubation with
mAb13 antibody. (C) Spread HT1080 cells show a mean aspect ratio above 1 while rounded shaped cells
are reflected by an aspect ratio 1. Data shown as mean ± SD, n = 43, */# p < 0.05, ns (not significant).
Significance for each group is relative to Fmoc-FF/S (*), with the exception of groups shown in the grey
columns which are in comparison to their respective blue columns (#).
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Secondly, we analyzed the capability of HT1080 cells to spread on the modified hydro-
gels. Analysis of the aspect-ratio (Figure 6C) showed that RTC and GFOGER-modified hy-
drogels were able to support cell-spreading, as also shown in the upper panel of Figure 6A.
However, HT1080 cells showed no spreading and a rounded morphology when they were
cultured on the DCol1-modified hydrogels. This effect was already seen in previous ex-
periments on TCP (data not shown) and the reasons for this are still unknown and will
require further investigation. We hypothesize that it could be due to an intrinsic toxic
component within the DCol1 structure, whose effect becomes more pronounced when
the protein is more concentrated [46]. This aspect is currently under investigation and
would be the subject of a future work. Finally, to determine whether the cells were di-
rectly binding to the collagen decorated on the hydrogel via their β1-integrin, a blocking
antibody was used. Optimal concentration of anti-β1 antibody was previously optimized
as illustrated in Figure S3. As can be seen from the lower panels in Figure 6A, when
cells were pre-incubated with mAb13 antibody, they showed less or no cell spreading,
maintaining a well-rounded morphology compared to the Fmoc-FF/S hydrogel. Addition-
ally, cell adhesion was significantly lower than that of the untreated cells. In fact, shown
in Figure 6B (grey bars), a significant reduction of ~30% of cell adhesion was observed
for RTC-modified hydrogel (51 ± 1% vs. 15 ± 4% p < 0.05) as well as a ~50% decrease for
Fmoc-FF/S/GFOGER hydrogels (47 ± 3.7% vs. 23 ± 4.2%, p < 0.05) compared to the
untreated cells. Similarly, DCol1-modified hydrogels showed a ~27% decrease in cell ad-
hesion (36 ± 5.9% vs. 10 ± 3%, p < 0.05). Nevertheless, they did not show any significant
difference with the unmodified Fmoc-FF/S peptide hydrogel. It has been demonstrated
that the integrin α2β1 is one of the major receptors for collagens protein [47,48]. Our
findings are consistent with these studies suggesting that the β1-integrin subunit acted as a
mediator, linking cells to the collagen modified hydrogels for cell-biomaterial interactions.

3. Conclusions

In this study, we have demonstrated a new and efficient diffusion-based approach
to incorporate natural, synthetic and recombinant collagen proteins within Fmoc-based
self-assembling peptide hydrogels. Our protocol of incorporation is effective in creating
new collagen-containing hydrogels without the need for a prior chemical modification.
We believe that a passive diffusion occurs when the collagen protein of interest makes
contact with the pre-gel peptide solution creating a co-assembled system, with the protein
becoming entrapped in the hydrogel nanofibrillar mesh as the self-assembly mechanism
occurs. Moreover, hydrophobic interactions may be involved between the two counterparts,
stabilizing the overall networks of peptide/collagen hydrogels. Furthermore, the size of
the incorporated collagen impacts the nanostructure of the composite hydrogel. As shown
by our EM images, the larger molecules of type I collagen generate more disorganized
co-assembled systems than the smaller recombinant collagen or synthetic peptide. Never-
theless, our material characterization indicates that the incorporation of collagen does not
affect the mechanical properties of the resulting hydrogels at any chosen concentration (the
difference in G′ is not significant). We consider this a positive result as we did not want to
alter the original stiffness of the hydrogels, as such alteration could have had consequences
for cellular mechanotransduction signaling and cell behavior. [49,50].

Furthermore, the addition of collagen to the Fmoc-FF/S introduces additional biologi-
cal features that are missing in the unmodified hydrogels. Firstly, our collagen-modified
hydrogels show enhanced cell adhesion with a significantly higher number of adhered
cells compared to the unmodified hydrogels. This confirms that the protocol developed
here is able to successfully incorporate collagen protein molecules that remain biologi-
cally active. Secondly, HT1080 cells appear to spread on the collagen-modified hydrogels,
apart from Fmoc-FF/S/DCol1. This is something already expected and in line with our
preliminary data on 2D plastic. Finally, we have demonstrated that the cell adhesion is
mediated via the β1-integrin subunit as mab13 pre-treated cells lose their ability to attach
to the hydrogels and do not spread. Numerous methods can be used to modify hydrogels
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in order to incorporate bioactive adhesion molecules [51]. We believe that our protocol
of incorporation can be exploited to incorporate collagen-like proteins, as well as other
functional peptides containing the RGD cell-binding motif, and bioactive components such
as anabolic growth factors, without modifying the chemical structure of the hydrogels and
without using toxic cross linkers. As such, we have demonstrated a cost-effective way of
creating peptide/protein co-assembled, composite hydrogels for use in tissue engineering
and cell culture applications.

4. Materials and Methods
4.1. Materials

Table 1 summarises the different peptides and proteins used in this work for hydrogel
preparation and modification. Fmoc-FF/S (a mixture of Fmoc-diphenylalanine and Fmoc-
serine peptides, 1:1 ratio) was obtained from Biogelx Ltd., Motherwell, UK (batch number
FFS052RM). Peptide quality (97% purity) was assessed at Biogelx via High Performance
Liquid Chromatography (HPLC). Rat Tail Collagen (RTC, C3867, Sigma-Aldrich, Welwyn
Garden City, UK) was obtained as an aqueous solution in 20 mM acetic acid, at a stock
concentration of 3 mg/mL and 95% purity. The 42-amino acid integrin-binding GFOGER
peptide [52] (Table 1) was obtained from Cambcol Laboratories Ltd., Cambridge, UK as
lyophilized powder and dissolved to a final concentration of 1 mg/mL in Dulbecco’s Phos-
phate Buffered Saline (PBS, Sigma-Aldrich). For simplicity we will include the GFOGER
peptide in the general category of “proteins” used here for hydrogel modification. Recom-
binant eGFP (Table 1) was already available in purified form, previously produced from an
in house pET15b-eGFP expression vector [53].

4.2. Recombinant Collagen Design and Purification

A 165-amino acid recombinant collagen was designed in house by fusing a short
collagen sequence (72 amino acids) with a trimerization domain from a collagen-like protein
from E. coli [46]. The amino acid sequence of designed collagen DCol1 is shown in Table 1.
Gene synthesis, subcloning and expression tests with different E. coli strains was carried out
by ProteoGenix, Schiltigheim, France [54]. Best expression conditions were obtained with
the protein expression vector pET28b using T7 Express cells. Bacterial pellets containing
expressed DCol1 were re-suspended in 20 mL lysis buffer (PBS, lysozyme, 5 mM Imidazole,
pH 7.5) with a protease inhibitor tablet (cOmplete Mini EDTA-free protease inhibitor,
Roche, Basel, Switzerland). Cells were homogenized using a French cell press (Thermo
IEC, FA-078A, Waltham, MA, USA) with a miniature pressure cell (FA-003) working at
20,000 psi. Disrupted cells were collected on ice before centrifugation for 2 h at 12,500 rpm
and 4 ◦C. The pellets of cell debris were discarded, and the supernatant containing soluble
protein was mixed with 2 mL of Nickel-nitrilotriacetic resin (HisPur™ Ni-NTA Thermo
Scientific, Waltham, MA, USA) previously equilibrated with 10 mL binding buffer (PBS,
5 mM Imidazole, pH 7.5). The resin-protein suspension was incubated on a roller unit
overnight at 4 ◦C, with continuous mixing to maximise binding. The following day gravity
columns were prepared with the resin-protein suspension. The unbound fraction was
collected. The column was then washed twice with 20 mL of washing buffer (PBS, 60 mM
Imidazole, pH 7.5) to remove contaminants. The column was further washed with 250 mM
Imidazole in PBS and the protein finally was eluted using 1 M Imidazole in PBS. All
fractions were analysed by SDS-PAGE to determine which of them contained the purified
protein. Dialysis tubing (Biodesign™ D100, 8000 MWCO, Thermo Scientific, Waltham, MA,
USA) was used to remove the unwanted imidazole from the desired fractions by dialysing
them against fresh PBS.

4.3. SDS-PAGE

Pre-cast NuPAGE™ 4–12% Bis-Tris mini protein gels (ThermoFisher Scientific), 1.0 mm
gel thickness and 10 wells, were used with Invitrogen™ mini gel tanks. Samples were
prepared by diluting 15 µL of analyte in 10 µL NuPAGE™ 4X LDS loading buffer (Ther-
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moFisher Scientific) before heating at 95 ◦C for 5 min on a heating block (HB120-S, Scilogex,
Rocky Hill, CT, USA). Hydrogels samples were mixed with loading buffer up to a final
volume of 100 µL to help dissolving the gel. After heating, 10 µL of each sample was loaded
alongside 5 µL of prestained protein ladder, 10 to 250 kDa (PageRuler™ Plus, ThermoFisher
Scientific). All gels were run for 1 h at a constant voltage (120 V) using NuPAGE™ MES SDS
running buffer (ThermoFisher Scientific). Gels were stained overnight using Coomassie
blue (InstantBlue™, Expedeon, Heidelberg, Germany) and imaged using a compact scanner
(CanoScan LiDE 220, Tokyo, Japan).

4.4. Circular Dichroism Spectroscopy

Secondary structures of the RTC and DCol1 proteins and the GFOGER peptide were analysed
by circular dichroism (CD) spectroscopy using a Jasco® J-810 spectropolarimeter equipped with a
Peltier temperature controller. Samples were diluted to a concentration of ~0.5 mg/mL in CD
phosphate buffer (10 mM K2HPO4, 10 mM KH2PO4, 150 mM KF, pH 7.4) [55]. CD spectra were
measured between 190 nm and 260 nm at 4 ◦C using a 1 mm pathlength CD-matched quartz
cuvette (Starna Scientific, Ilford, UK). Data were collected every 0.2 nm with a 1 nm bandwidth.
Spectral baselines were corrected by subtracting the spectrum of CD phosphate buffer (blank)
collected under the same conditions.

4.5. Hydrogel Modification Protocol

Fmoc-FF/S peptide powder (13 mg) was dissolved in 1 mL of sterile deionized H2O
to a concentration of 15 mM, hereafter referred as pre-gel solution. Collagen proteins were
incorporated within the hydrogels by diffusion. In order to follow the incorporation of
GFOGER, the peptide was prior labelled with 10 µM NHS-Fluorescein (Sigma-Aldrich)
for 30 min at room temperature. Briefly, the proteins of interest were diluted up to the
desired concentration in PBS; 1.5 mL of this solution was then placed into a 24-well plate
(Corning, New York, NY, USA). A 1.5 mL solution of PBS was used as a protein-free control
well. Approximately 300 µL of pre-gel solution were pipetted into the same well forming
a spheroid-shape hydrogel which encapsulated the protein as the crosslinking process
took place. After 24 h, the resulting spheroids were scooped out of the well, and protein
incorporation/retention was analysed by cutting a slice of each hydrogel and by loading
them into an SDS-PAGE as described in Section 4.3.

4.6. Fluorescence Spectroscopy

Fluorescence spectroscopy measurements were performed on RTC, eGFP and DCol1
on PBS (100 µg/mL, pH 7.4), on Fmoc-FF/S pre-gel solutions (15 mM, 13.2 mg/mL) and
on 1:1 v/v mixtures of each protein in PBS and Fmoc-FF/S pre-gel solutions. Measures
were carried out at room temperature using a FluoroMax-4 spectrofluorometer (HORIBA,
Northampton, UK). Samples were loaded into 0.2 cm path length quartz cuvettes. Fluores-
cence spectra were acquired using a 280 nm excitation wavelength and emission recorded
in the 300–450 nm range.

4.7. Scanning Electron Microscopy (SEM)

The morphologies of Fmoc-FF/S hydrogels with and without incorporated collagens
were analysed by Scanning Electron Microscopy (SEM, Thermo Fisher Scientific, Loughbor-
ough, UK). Briefly, hydrogels were prepared by pipetting ~300 µL of the pre-gel solutions
into Thin-Cert well inserts (0.4 µm pore size Greiner Bio-One Ltd., Stonehouse, UK). The
inserts were then placed into 24-well plates and incubated at 37 ◦C with a total volume of
1.3 mL PBS containing the protein of interest to fully crosslink the hydrogels. After 24 h,
hydrogels were fixed in 2.5% (w/v) glutaraldehyde (Sigma-Aldrich, Welwyn Garden City,
UK) and 4% (w/v) paraformaldehyde (Sigma-Aldrich, Welwyn Garden City, UK) in 0.1 M
HEPES buffer (Sigma-Aldrich, Welwyn Garden City, UK). After rinsing the samples in
PBS, all samples were dehydrated in a graded ethanol (EtOH) series (25, 50, 75, 95, and
100% v/v EtOH/water). Samples were maintained at 100% EtOH and dried in a K850 Criti-
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cal Point Drier (CPD, Quorum Technologies, Lewes, UK). After the CPD step, samples were
transferred into metallic pins and coated with gold palladium alloy using an SC7620 Mini
Sputter Coater (Quorum, Lewes, UK). Samples were then imaged on a Quanta 250 FEG
SEM (Thermo Fisher Scientific, Loughborough, UK) at 20 kV.

4.8. Mechanical Properties of the Hydrogels

The rheological properties of Fmoc-FF/S hydrogels with and without incorporated
proteins (RTC, GFOGER, DCol1 or eGFP) were analysed via a rheological amplitude sweep
test on a Discovery HR-2 rheometer (TA instruments, New Castle, DE, USA). Each hydrogel
sample was tested in the 0–100% shear strain range with a frequency of 1 Hz, gap size of
500 µm, temperature of 37 ◦C, and rheometer’s plate diameter of 20 mm. The rheometer
upper head was lowered to the desired gap size and a soak time of 180 sec was used for
equilibration. A solvent trap was employed to minimise sample evaporation. Once the
rheological spectra were collected, representative storage and loss moduli at 0.02% and
frequency of 1 Hz were selected for the summary rheology plots.

4.9. Hydrogel Cell Adhesion and Spreading

Human Fibrosarcoma HT1080 cells (ATCC CCL-121) were maintained in tissue culture
polystyrene (TCPS) using Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Lough-
borough, UK) containing 10% (v/v) foetal bovine serum (FBS) and 5% (v/v) Penicillin-
Streptomycin-Amphotericin antibiotic mixture (PSA, 100 units/mL penicillin, 100 µg/mL
streptomycin, 0.25 µg/mL amphotericin) (Sigma-Aldrich, Welwyn Garden City, UK). When
reaching confluency, cells were gently detached from the tissue culture flask by adding
4 mL of Trypsin-EDTA (Sigma-Aldrich Welwyn Garden City, UK) and pelleted by centrifu-
gation (400× g for 5 min). After cell counting, fresh culture medium was added to obtain
the desired cell density. Collagen-modified hydrogels were prepared 24 h in advance as
described in Section 4.5. However, when used for cell culture, ~250 µL of pre-gel solution
was pipetted into the inner well of a 35 mm glass bottom dish for confocal microscopy
(VWR, Leicestershire, UK, 734–2905), followed by the addition of 2 mL of the protein of
interest in PBS to allow crosslinking and collagen incorporation. Cell adhesion and cell
spreading analysis were evaluated as described by Humphries et al. [56]. Briefly, non-
specific bindings were blocked by adding 1 mL of heat-denatured high grade Bovine Serum
Albumin (BSA, Sigma-Aldrich, Welwyn Garden City, UK), at 10 mg/mL concentration
for 1 h. Then, 2 mL of cell suspension (4 × 105 cell/mL) was pipetted onto each hydrogel
and incubated for 24 h at 37 ◦C and 5% CO2. The following day, the cells were fixed in
4% (w/v) paraformaldehyde (Sigma-Aldrich, Welwyn Garden City, UK) for 30 min and
permeabilised in 0.5% (v/v) Triton X-100 solution (Sigma-Aldrich, Welwyn Garden City,
UK) in PBS for 15 min. Cell morphology and cytoskeleton arrangement was assessed using
Alexa Fluor™ 488 Phalloidin (Invitrogen™, A12379, Loughborough UK) as previously
described [13]. RGB images were split in their channels and green channel images were
used for morphological analysis by using ImageJ, version 1.51 [57]. In particular, images
were threshold using the Huang’s algorithm, and touching cells were separated through a
watershed algorithm. Cell adhesion and spreading were evaluated in terms of number of
spread cells (%) and aspect ratio (major cell axis/minor cell axis).

4.10. Integrin-Dependent Cell Adhesion Assay

Cell adhesion on different modified hydrogels was also assessed in the presence of
10 µg/mL of the function-blocking monoclonal antibody mAb13 (Sigma-Aldrich, Welwyn
Garden City, UK, MABT821) which inhibits the interaction between collagen and the
β1-integrin subunit. Following the procedure described by Tuckwell [47], the antibody was
diluted 10-fold in warm serum-free DMEM, and the cells were incubated for 30 min in the
presence of antibody, before seeding. The effect of the inhibition on the cell spreading assay
was evaluated as described in Section 4.9.
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4.11. Statistical Analysis

All quantitative values are presented as mean ± standard deviation. All experiments
were performed using at least three replicates. Data were plotted using Origin® 2019b [58]
and compared using an unpaired t test, unless stated otherwise. One level of significance
was used: p < 0.05 (* or #, where appropriate).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/gels8050254/s1, Figure S1: SDS-PAGE analysis of the proteins incorporated
into the Fmoc-FF/S hydrogels, Figure S2: Rheological amplitude sweep test of Fmoc-FF/S (shear
strain range of 0–100% 1 Hz) combined with different proteins, Figure S3: Optimisation of the
concentration for mab13 anti-β1 subunit antibody.
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Abstract: In todays’ world, there is an increasing number of mature oil fields every year, a phe-
nomenon that is leading to the development of more elegant enhanced oil recovery (EOR) technolo-
gies that are potentially effective for reservoir profile modification. The technology of conformance
control using crosslinked microgels is one the newest trends that is gaining momentum every year.
This is due to the simplicity of the treatment process and its management, as well as the guaranteed
effect in the case of the correct well candidate selection. We identified the following varieties of
microgels: microspheres, thermo- and pH-responsible microgels, thin fracture of preformed particle
gels, colloidal dispersed gels. In this publication, we try to combine the available chemical aspects
of microgel production with the practical features of their application at oil production facilities.
The purpose of this publication is to gather available information about microgels (synthesis method,
monomers) and to explore world experience in microgel application for enhanced oil recovery. This
article will be of great benefit to specialists engaged in polymer technologies at the initial stage of
microgel development.

Keywords: microgels; preformed particle gels; enhanced oil recovery; reservoir conformance control;
pH-sensitive microgels; temperature sensitive microgels

1. Introduction

It has been estimated that an average of 210 million barrels of water and 75 million
barrels of oil are produced worldwide every day. An excessive amount of water leads to
undesirable consequences, including corrosion, scale formation, and a decrease in well
efficiency [1]. The promising method for reducing the water cut of production oil well and
decreasing residual oil saturation is the application of polyacrylamide gels.

Polymer gels are widely used in mature reservoirs due to their excellent profile control
ability, easy preparation, and disproportionate permeability reduction property [2]. A new
trend in gel preparation for EOR is the synthesis of preformed particle gels (PPG) having
significant potential for conformance control [3]. PPGs do not have the disadvantages of
other in-situ gels such as gelation time, insufficient strength in the presence of formation
water [4], gel structure deformation due to shear degradation and changing of gelant
composition induced by contact with reservoir minerals and fluids [5].

PPG is a macrogel with a particle size of more than 200 microns in dry form. These gels
swell several times in water, and are injected directly into the well. Due to its viscoelastic
properties, the gel’s particles are able to penetrate the high permeable layers [6]. However,
the effectiveness of PPG macrogel use is limited by the high permeability of the reservoir,
they are mainly effective at operational facilities with a permeability of 500 mD or more.
To increase the applicability of PPG-based technologies in the oil industry, it is relevant to
search for ways to use particles of a smaller granulometric composition. In this regard, a
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promising scientific field involves the development of reagents based on pre-cross-linked
microgels having a particle size of up to 100 microns. From international experience,
microgel application is effective in oil fields with a permeability starting from 10 mD. In this
review article, we gather the available information on microgels developed and applied
for EOR.

2. Methodology

In today’s world, due to machine learning [7] and other modern data processing tech-
nologies, multiple methods for search and systematization of relevant information for re-
view research [8–10] now exist. One prospective approach is the PICO model. This method
is used most commonly in health sciences, nursing, and medicine, but can also be adapted
for application in other areas. The PICO recognition model consists of the following
elements: P—problem, I—intervention, C—comparison, O—outcome [7,11]. It allows
researchers to organize their work, break the topic into its key components, and make the
article more precise. In our case, we will use the PICO model for research.

This article was organized based on the PICO technique. The first part of the article
describes the problem of reservoirs that have been in operation for a long time. We consider
this issue in connection with the problems experienced in Perm Krai, the territory of our
research interest. The second part of the article is dedicated to microgels used for oil
reservoir conformance control. We gather information on developed and in-development
microgels. In the third part, we summarize the chemical approaches to microgel synthesis
The article may be interesting for researchers at the initial stage of development of microgels
for reservoir conformance control.

A search using the keywords “microgels for enhanced oil recovery” gives 942 articles
published on the Science Direct website between 1998 and 2021. In the past year, the
number of published articles has increased by more than 1.5 times, with 91 articles for
2020 and 154 for 2021. The graph in Figure 1 shows a constant increase in the number
of articles, especially for the past year, which speaks to increasing interest in the topic of
microgel application for EOR. The quality of work is guaranteed by the research data taken
from the databases of Science Direct, ACS Publications, One Petro, etc. The main keywords
used are “microgels”, “microgels for enhanced oil recovery”, and “preformed particle gels”.

 

Figure 1. Increase in the number of publications since 2008 on the topic of microgels for enhanced
oil recovery.

2.1. Problem Description

The number of mature oil fields is constantly increasing [12,13]. One effective instru-
ment for maintaining the production levels of these oil fields is by applying oil recovery
enhancement methods, particularly reservoir conformance control methods [14,15]. One of
the cheapest and environmentally friendly [16] reagents that is used for this is polyacry-
lamide (PAM), which costs about USD 2.00–4.00 per kg [17]. There are several approaches
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for PAM application in mature reservoirs: polymer flooding [18–20], bulk gels [21,22],
preformed particle gels [17,23], and their combinations. The following comprehensive
reviews are dedicated to polymer gels systems, including preformed particle gels and its
application for enhanced oil recovery [17,24–26].

Preformed particle gels (PPG) were developed in 1996 by PetroChina [15,24]. PPGs are
hydrogels synthesized by free-radical polymerization of acrylamide, cross-linker (usually
N,N′-methylenebisacrylamide (BIS)), and other additives [27]. A PPG suspension prepared
using any available water is injected into the reservoir. PPGs are able to swell up to
200 times in water [17]. The swelling particles of the hydrogel penetrate to the highly
permeable fractured zones and block them. This helps redistribute injected water flows
to the lowly-permeable oil-saturated interlayers of the reservoir. PPG technology allows
reducing the water cut of the produced wells and increase the oil-well exploitation period.

PPG technology has been intensively developed in the last two decades. There are
now more than 10,000 successful cases of its application [28]. It has allowed to overcome
many difficulties and drawbacks of other PAM-application-based methods [25]. Experts
developing this technology admit the following advantages:

• high selectivity: particles preferentially enter fractures and fracture-like channels and
are unable to penetrate to low permeable oil saturated zones;

• simplicity of treatment: the suspension is usually prepared using only water (any
available water with a wide salt concentration range is acceptable) and PPG; particles
are easily dispersed in water;

• PPG properties: particles can be assigned their strength and size during synthesis
on the surface; PPG particles have predictable properties in reservoir conditions
due to their three-dimensional structure, while hydrogel particles are stable up to
120 ◦C [15,18,28,29].

Depending on size, PPGs can be divided into macrogels (more than 100 µm to mm)
and microgels (less than 100 µm) [17]. The different approaches to microgel and macrogel
synthesis are presented in Figure 2. Macrogels and microgels have different application
conditions due to their difference in size. Macrogels are used for reservoir conformance
control in the formation near the wellbore, while microgels are designed for the highly-
permeable zones deep in the reservoir (see Figure 3).

′

 

 

 

 

Figure 2. Types of preformed particle gels (macrogels and microgels) and principal schemes of
their synthesis.
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Figure 3. Zones of preferential reservoir conformance control by macrogels (left) and
microgels (right).

It is known that the effectiveness of PPG macrogels is limited by the high permeability
of the reservoir. As laboratory studies and pilot projects show, macrogels are predominantly
effective at production facilities with a permeability of 500 mD or more [17,30]. To increase
the applicability of PPG technologies in local oil fields, it is important to search for ways to
use particles with a smaller particle size distribution. In this regard, a promising scientific
area involves the development of microgels with a particle size of up to 100 microns.
International experience shows that microgel application is effective in oil fields with a
permeability starting from 10 mD [31].

The authors of this article are engaged in extensive research on PPG technology, par-
ticularly for application in the Volgo-Ural province. Oilfields have been under continuous
development in the area for more than 50 years now. Extended oilfield exploitation leads
to an increase in the water content in well production. We obtained a PPG adapted to the
reservoir conditions of the Volga-Ural oil-and-gas province characterized by a low oil reser-
voir temperature (T < 30 ◦C) and a high mineralization of formation water (200–230 g/cm3).
The PPG was synthesized in a concentrated solution of polyacrylamide with the addition
of acrylic acid. During polymerization, the polymer chains cross-linked by imidization
reactions between –COOH and –NH2 groups. PPG obtained using this method has a
salt-water absorption capacity of 35–45 g depending on the salt concentration [32].

Analysis of the characteristics of 600 fields in the Perm Region, which can be considered
a sample area for the Volga-Ural region, shows that only about 10% of production facilities
have a permeability of more than 500 mD. With a decrease in permeability to 50 mD, the
number of facilities sharply increases to 70% of the total fund. Therefore, the development
of microgel compositions multiplies the number of potential facilities for the application.
In this regard, a promising scientific field is the development of reagents based on pre-
crosslinked microgels with a swollen particle size of less than 100 µm.

In this publication, we tried to combine the available chemical aspects of micro-
gel production with the practical features of their application at oil production facilities.
The purpose of this publication is to study the trends in microgel development (synthesis
method, monomers) and explore world experience in microgel application for enhanced oil
recovery. This article will be of great benefit to experts engaged in polymer technologies at
the initial stage of PPG development.

2.2. Microgels for Reservoir Conformance Control

Microgels are particles of cross-linked polymers (gels) 0.1–100 µm in size (according
to the IUPAC Gold book) having a three-dimensional structure and capable of swelling in a
solvent [33]. The swelling process is caused by conformational changes of the cross-linked
polymer network [34]. The interest in microgels is due to their unique properties, as they
combine the properties of three groups of compounds: colloidal substances, polymers,
and surfactants (see Figure 4) by compiling the unique properties of each class, including
structural integrity, functionalization, softness, deformability, permeability, and others [35].
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Figure 4. Schematic representation of microgels as systems with combined properties of three
fundamental classes of colloids: flexible macromolecules, surfactants, and rigid colloids [35].

The most important characteristic of microgels is their average crosslink density
that determines parameters such as the swelling ability (absorption capacity). Microgel
swelling in an aqueous medium is determined by the balance between the solvent’s entropy,
the energy of its interaction with the polymer chain, and the rigidity of the polymer
chain [36]. The swelling capacity can also be improved by incorporating different functional
groups into the microgel structure [37]. However, there are many factors affecting microgel
absorption capacity, particularly temperature, ionic strength of the continuous phase, and
pH. These factors can be used to control microgel size and depth of penetration into the
reservoir. Several microgels with different properties are applied for EOR. In this part of
the article, we will consider each of them.

2.2.1. Colloidal Dispersed Gels (CDG)

CDG are microgels formed in-situ. Gel aggregates form in a lowly-concentrated
solution of partially hydrolyzed PAM with a high molecular weight (more than 22 million
Da) and a cross-linker (usually aluminum citrate of chrome citrate) [17,27]. The PAM
concentration must be below the critical overlap concentration of the polymer, usually
100–1200 ppm. At this concentration, the polymer chains undergo intramolecular cross-
linking, forming polymer coils. The ratio of the polymer to crosslinker concentrations
vary from 20:1 to 80:1 [35]. The CDG globules formed may reach 1–150 nm in size [38].
The end of the CDG globules formation process is identified by a decrease in the solution’s
viscosity [39]. CDG gels have been tested successfully in the fields of Argentina, China, and
the United States [40–42]. An analysis of 31 cases of pilot tests is presented in the paper [43],
the authors of which summarize the main parameters for implementing the technology on
the well. The temperature of reservoirs where CDG was applied was 25–100 ◦C, reservoir
permeability varied from 10 to 4200 µm2, and the oil viscosity of the treated deposits was
5–30 cPs.

During CDG injection, it is important to avoid any sudden pressure surges that could
lead to gel transfer into the production well. The injection pressure can be controlled using
the following parameters: injection rate, gel concentration, and polymer-to-crosslinker
concentration ratio. In cases where the reservoir has the pronounced heterogeneity, CDG
treatment is carried out after preliminary in-situ gel injection [44]. Depending on the
injection pressure, CDG treatment can be changed in stages. In cases where the initial
permeability of the formation is high, a high-concentration gel slurry is injected; after
increasing the injection pressure, the PAM concentration is reduced [44].

CDGs are in-situ gels, i.e., microgel globule formation takes place inside the reser-
voir. The CDG technology requires low concentrations of polymer and crosslinker having
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inherent drawbacks of poor water production control. Moreover, factors such as shear
degradation during injection, dilution by reservoir water, and interaction with minerals
leads to a decrease in effective polymer concentration [45]. All these factors in a case of CDG
application could lead to weak reservoir conformance control. The microgels considered
further in this article have a significant difference in that they are synthesized before being
injected into the dedicated equipment.

2.2.2. Dispersed Particle Gel (DPG)

DPGs are uniform spherical particles with the size adjusted from nm to mm (see
Figure 5). The DPG receiving process occurs in two stages. The first is bulk gel formation.
Here, gel strength and thermostability can be adjusted using the PAM with the suitable
degree of hydrolyzation and a suitable cross-linker. The second stage is gel cutting by
imposing high-speed shearing forces for several minutes [46]. A peristaltic pump [47] or
colloid mill [46] can be used for the shearing. In the paper [46], research on DPG made
of PAM and phenolic resin is described. The preparation procedure conditions are as
follows: the first stage involves the formation of bulk gel at a temperature 75 ◦C. Thereafter,
the gel is mixed with water (in similar proportions) and grinded using a colloid mill
(3000 rpm, 3 min) to produce uniform particles 2.5 µm in size. In the article [38], the
author used chromium acetate as a cross-linker. The results of experiments showed that
Cr-DPG demonstrates good salinity resistance at 30 ◦C. The experiment for determining
the thermostability showed that DPG size distribution dramatically changes after 15 days
at 90 ◦C. The size of the lowest particles was halved (from 186.6 nm to 400 nm), and that of
the highest particles increased by more than 5 times (from 796.2 nm to 4450 nm). Lab sand
pack core flooding experiments on samples with a permeability ranging from 0.47 µm2

to 8.89 µm2 showed that DPG has good injectivity, which makes it an effective in-depth
plugging agent.

 

 

Figure 5. SEM images of dispersed particle gels (DPG) [48]. (a) spherical DPG particle, the size of
particles may vary from 1.5 to 4 µm; (b) SEM photo demonstrate that DPG particles are able to form
aggre-gates. The authors attributed that with the high surface energy of the particles.

In the article [49], a novel strengthened dispersed particle gel (SDPG) is presented.
Silica nanoparticles (SiO2) were used as reinforced material to improve resistance to the
high temperatures and high-salt content in the reservoir water. A non-ionic PAM of
molecular weight 9,650,000 g/mol and a phenolic resin crosslinker were used. The SDPG
obtained demonstrated their stability at 110 ◦C and a total salinity of about 213 g/L [50].
Several research describe the effective combination of DPG with surfactants [45,49,50]. The
synergetic effect of the combination was confirmed during core flooding tests. The current
research of the team of scientists who developed DPG focuses on self-growing hydrogel
particles capable of growing after migration to deep fractures [51].
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2.2.3. Preformed Micro-Size Particle Gel

As mentioned above, PPG is a particle gel obtained from drying and grinding of the
bulk gel [52]. These gels have a three-dimensional structure that forms during synthesis by
cross-linking polymer chains with covalent polar bonds [30]. Preformed particle gels are
polyacrylamide-based gels that absorb water and become soft and elastic. Their properties
allow particles to penetrate into highly-permeable intervals of the formation. PPGs can
be applied both on the fracture and on sandpack reservoirs [52–54]. Depending on their
structures, PPGs have different mechanical properties that determine particle penetration
into the permeable interlayers of rock. Weak PPGs have a better penetration capability
and form a permeable crust on the surface of the lowly-permeable interlayer [55]. PPGs
block the fractures partially because they are able to form channels for water passage.
It is known that weak PPGs create internal channels more easily than strong gels [56].
Under harsh conditions (high salinity and temperature), ordinary PPGs shrink as a result
of amide group hydrolysis and crosslinking by polyvalent metal from the water [57,58].
Nanocomposite PPGs with a superior stability and improved mechanical properties are
presented in the paper [57]. The modified PPGs contained an equimolar ratio of the
acrylamide, vinylpyrrolidone, 2-acrylamido-2-methylpropane sulfonic sodium salt; BIS
as a crosslinker. The mechanical properties of the PPGs were enhanced by adding a
dispersion of modified bentonite (MB) to the formulation. The nanocomposite PPS obtained
demonstrated stability over 3 months at 130 ◦C. The swelling capacity in 25% total dissolved
solids (TDS) solution was 9.53 g/g and that in fresh water 53.43 g/g [57].

The authors of the article [59] studied the matching factor of PPG in coreflooding
experiments. Matching factor is the ratio of the PPG’s average diameter to the average
pore-throat diameter. PPGs with a swelling particle average size of 9.1 µm were used in
the experiments. Several cemented quartz cores were used with different permeability
characteristics. The plugging behaviors of the PPG particles were summarized as three
basic patterns: complete plugging (core permeability 26.26 mD); plugging-passing through
in a deformation or broken state–deep migration (strong plugging in test on core with
permeability 46.63 mD; general plugging in cores with 180.34 mD and 240.77 mD, weak
plugging in core with 327.74 mD); inefficient plugging—smoothly passing through—stable
flow (core permeability of 430.93, 633.29, and 857.86 mD).

Field trials of micro-sized PPG particles are represented in the paper [60]. Microgel
size is described as, for example, 28 pm, which means the particles size is less than 28 µm.
Particles were obtained from the grinding of bulk gel pieces. Microgel absorption capability
at 125 ◦C in fresh water is about 23, and decreases to 6.5–7.0 when the brine TDS is more that
5%. Microgels are stable during at least one year at a temperature of 125 ◦C. For the trial
treatment, a mature oil field in Northwestern China was chosen. The basic reservoir charac-
teristics include a severe vertical and lateral heterogeneity and an average permeability of
230 md (max permeability was about 1500 md, water-cut of production wells was 95%).
Treatment lasted 10 months, 169 tonnes of microgel were injected. The post-treatment
effect lasted 18 months, and the quantity of additional oil was about 29.6 thousand tonnes,
i.e., 175 tonnes of oil per 1 tonne microgel particles.

2.2.4. SMG Microgels (Small Microgels)

SMG Microgels (Small Microgels) are a great example of acrylamide-based covalent
cross-linked polymeric gels [31,61–63]. SMG are nontoxic [62]. Particle size varies between
0.3 and 2 µm. Their rigidity depends on the chemical composition, particularly of the
cross-linker concentration. The three-dimensional structure gives the particles mechanical,
thermal, and chemical stability. High shear-rate treatment (15,000 s−1) experiments have
demonstrated stable viscosity for 16 min. SMGs are almost two times stable in brine
containing H2S than in an ordinary PAM solution of a similar concentration. Thermal
stability tests at 120 ◦C have demonstrated stable viscosity over three months. First, SMGs
were considered for water shut off [64]; however, lab experiments on the SiC granular pack
and natural sandstones demonstrated that SMGs have a great in-depth propagation. It has
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also been established that due to capillary forces, SMGs may be absorbed on pore walls
forming thick layers, leading to water permeability reduction. The authors note that in
these conditions, oil permeability remains unaffected. As conventional polymers, SMGs
behave in the same way as relative permeability modifiers (RPM) [61]. The thickness of
the absorbed layer can be regulated by varying the injected flow rate, microgel size, and
concentration [31]. The paper [62] presents studies on how the high salinity of water affect
SMG properties. These experiments showed satisfactory dissolution of microgels in brine
with a salinity 215 g/L of TDS (sodium and calcium chloride). Layers adsorbing microgels
tend to swell in low-salinity solutions and shrink when the salinity increases due to a charge
screen on the gel particles surface. During coreflooding tests, the permeability reduction
was fixed for a wide range of SMG suspension brine concentrations (20–108 g/L of TDS).
When testing a suspension with a high salinity (200 g/L of sodium chloride and 15 g/L of
calcium chloride), the post-treatment core permeability was found to be less. However, post-
flush experiments allowed observing the hysteresis effect of microgel swelling behavior [62].
The first industrial case of successful SMG application was in 2005 for the treatment of
an underground gas-reservoir storage [61,62]. In the paper [62], the authors present the
first conformance control treatment using SMG. The chosen test well was an injection
well surrounded by 7 producers. The basic reservoir had the following characteristic:
permeability varying from 10–1000 mD (average around 200 mD), reservoir temperature
48 ◦C and reservoir water salinity 8000 ppm of TDS. A microgel suspension having a
concentration of 500 ppm (1500 ppm of commercial solution) was injected over three
months for a total volume of 9000 m3 (0.1 pore volume). Although the treatment pressure
increased, it remained below the maximum authorized pressure. One year after treatment,
the amount of additional oil was 1570 m3, and water production had been reduced by
23,830 m3 [31]. Two years later, the volume of additional oil was still increasing, reaching
5440 m3 after 26 months. 2.5 kg of microgel was injected for each tonne of additional
oil [63].

2.2.5. Microspheres

The authors of the paper [65] synthesized microgels by free-radical polymerization
in inverse emulsion using diesel oil in a continuous phase. The chemical structure of the
microspheres is formed by polyacrylamide cross-linked by BIS; a mixture of Tween-60
(polyethylene glycol sorbitan monostearate) and Span-80 (sorbitan monooleate) was used as
an emulsifier. The absorption capability was determined by changing the particle diameter:
the average diameter of the original macrogels was 50 nm, and after swelling, it reached
several µm. The authors discovered that the emulsifiers used during the synthesis in
combination with an additional surfactant or NaOH sharply reduce the oil/water interfacial
tension during microsphere injection, leading to increasing residual and remaining oil
saturation. Core flooding test on sandpacks models showed that microgel injection gives
about 20% of additional oil. It was proved that microspheres have a great potential in EOR,
particularly in reservoir profile control.

Other examples of microspheres based on polyacrylamide and synthesized using
the invers emulsion method are represented by different groups of researchers in the
papers [66–69]. The BIS crosslinked elastic microspheres described in [66] swell in 3 days.
The average microsphere diameter is 12.05 µm, the size of the swelling particle may
increase to 25 µm depending on the temperature. In the salt solution (15–20 g/L), the size
of particles is about 16–17 µm. Core flooding experiments on a sand pack demonstrated
that the ideal matching factor (microsphere diameter/pore size ratio) is 1.35–1.55. At this
ratio of microsphere diameter to pore size, gel particles are able to move while embedded
deep in the sand pack. Authors of the article [68] presented a visualization of the process of
pore filling by microspheres. A micro-visual model with a pore-throat size of 200–1000 µm
was created. After microsphere dispersion pumping, some microspheres were accumulated
and squeezed in the pore throat of the model, being used for plugging (see Figure 6). This

258



Gels 2022, 8, 112

observation proves that microgels are capable of changing the direction of the injected
water to a reservoir’s oil-bearing interval [67].

Figure 6. Distribution of microspheres in the micro-visual model [68].

Authors of the article [67] describe microsphere synthesis using the invers emulsion
method; however, the difference is in the absence of any cross-linker in the co-monomers
mixture (only acrylamide and acrylic acid). The average diameter of the microspheres
obtained was 5 µm (Figure 5). After swelling, the particle size increased 5 times, which
is more than with BIS cross-linked microgels described in the article [66]. Core flooding
tests on the sand pack also proved the ability to redistribute injected water flows in the low
permeable zones of the reservoir.

To adapt microsphere properties to the reservoir conditions, different types of mi-
crospheres with different viscoelastic properties were developed. The teams of authors
of the papers [70–72] presented low elastic polymer microspheres given names such as
L-EPM (i.e.) also synthesized using the invers emulsion method. The co-monomers of mi-
crospheres are acrylamide, acrylic acid, 2-acrylamido-2-metilpropansulfonic acid (AMPS),
and BIS. Aviation kerosene was used as the continuous medium. The emulsifier was made
from a mixture of Span-80 and Tween-60. The authors consider one important characteristic
of microgels responsible for particle deformability and injection ability as storage modulus.
The storage modulus G’ of L-EPM is 23.6 Pa. Experiments for determining microsphere
behavior in the core pore space are presented in the paper [73]. For the test, sandstone
cores with different porosities and pore sizes were taken. Depending on the microsphere-
diameter-to-pore-size ratio, the following mechanisms of L-EPM penetration in the core
were identified: (1) direct passing through the pore throat; (2) microsphere adhesion in the
pores; (3) dehydration, stretching, extrusion, and retention to original form; (4) squeezing
and breakage into pieces under pressure and its forward migration; (5) microspheres stack
at the injection end of the sand pack, forming an external filter cake [48]. The coreflooding
experiments showed that L-EPMs have a high selective profile control performance in
remote heterogeneous reservoir zones [71].

Microsphere modifications are micron-size silica-reinforced polymer microspheres
synthesized using the above-mentioned inverse suspension polymerization with the addi-
tion of 3-(methacrylyloxy)-propyl-trimethoxysilane (MPS) and silicon dioxide (nano sized)
(authors call these microspheres such as PNSCMs) [74–76]. By adjusting the content of
MPS-modified SiO2, the microsphere swelling ratio can be regulated well and the sensitivity
of the swelling behavior to the environment is weakened. With increasing SiO2 loading, the
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microsphere mechanical stability, thermal stability, viscoelasticity, and dispersion stability
were correspondingly improved [74]. PNSCM particle sizes vary between 10 and 100 µm.
The swelling capability of SO2-modified microspheres was 35.5 g/g (for comparing the
swelling capability of conventional microspheres was 47 g/g). Temperature has less ef-
fect on the swelling capability of silica-reinforced microspheres than that of conventional
ones. This can be attributed to the introduction of modified SiO2. The maximum degra-
dation temperature of silica-reinforced polymer microspheres was 430 ◦C (11 ◦C better
than conventional microgels). In the article [76], the results of sand pack core flooding
tests are represented. The main parameters of the experiment are as follows: the initial
permeability of the core was 2.17 µm2, porosity about 30%, the resulting permeability
decreases to 0.35 µm2. SO2-modified microspheres demonstrated excellent plugging prop-
erties in the micron-size pore throat, and the authors recommend it for deep conformance
control application.

To detect microspheres in the reservoir-produced fluid, a new type of microspheres
that fluoresce under ultraviolet irradiation was synthesized using an inverse suspension
polymerization method [77–80]. The following fluorescent co-monomers were used for
microgel synthesis: acryloyloxy coumarin [77,80], allyl-rhodamine B (RhB) [77,78], oxyfluo-
rescein [77] (see Figure 7, Table 1). Since the concentration of fluorescent monomers was
quite small, there were no significant changes in the initial particle size and the swelling
property of the polymer microspheres.

 

 

 

 f

 

Figure 7. Morphology of fluorescent polymer microspheres (A) (co-monomer—cryloyloxy coumarin),
(B) (co-monomer—allyl-rhodamine B), (C) (co-monomer—oxyfluorescein): under the uv light;
(A1–C1): under the ordinary light) [77].

Table 1. Comparison of PPG and DPG synthesis.

Comparison Point PPG DPG

Synthesis feature
(1) synthesis from the monomers and crosslinker mixture;
(2) initiation of free radical reaction of polymerization;
(3) drying and cutting;

(1) gel formation from solution of partially
hydrolyzed PAM and crosslinker;

(2) heating (temperature depends on type
of crosslinker);

(3) mechanical cutting;

Commercial product Dry powder Suspension in water

Particle size 30 µm and higher 0.4–2.5 µm

Swelling process Particles swell during suspension preparation of the oil field Particles swell in the product
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2.2.6. Thermal-Activated Microgels. Brightwater™ System (or “Popping” Microgel)

These microgels were developed by a consortium of BP, Chevron, Texaco, Mobil and
Nalco Exxon Energy Services representatives. The idea of thermal-activated microgels is
based on the fact that water injected into an oil reservoir is often cooler than the reservoir
rock, which leads to formation of a temperature front somewhere between injection and
the production wells [81]. Brightwater microgels are synthesized using the invers emulsion
method in light mineral oil. The commercial form is 30% wt concentrate in light mineral
oil. The chemical structure is based on highly cross-linked sulfonate-containing polyacry-
lamide. The three-dimensional structure is formed by two types of cross-linkers: stable
and unstable. If the temperature rises the unstable cross-linker dissevers, particles absorb
more surrounding water and expand. The author calls it the “popcorn effect”. Correct
selection of cross-linkers provides particles with a sensitivity to the required temperature.
Microgel particle sizes may vary from 0.1 to 3 µm. After popping, the particle size increases
to 15–20 µm. Core fluid experiments on kernel particles have demonstrated that swelled
microgels are able to penetrate the core with a permeability higher than 124 mD. The resis-
tance factor and residual resistance factor values depend on the microgel concentration and
core porosity [81]. Brightwater has been applied since 2001 starting from the Minas Field
(Indonesia) [82]. There have also been trials in Brazil (Salema Field, Campos Basin) [83],
and Alaska [84]. The main criteria for choosing the test oil-well for treatment include
available movable oil reserves, early water breakthrough to high water-cut, porosity of
highest permeable zones more that 17%, permeability in thief zones more than 100 mD,
minimal reservoir fracturing, reservoir temperature 50–150 ◦C, and salinity of injection
water not higher than 70,000 ppm [82]. The paper [84] presents tests of the Brightwater
product in Alaska, Mylne Point field. The reservoir was generally homogeneous, with
several macro-fractures mapped over the area. The tests were carried out on the area with
three wells: one injection and two production wells. The production wells had a water cut
of about 90%, the recovery factor was 20%. For processing, a microgel with a dry particle
size of 0.1 to 1 µm was used, in swollen form—5 µm. Laboratory tests of the microgel
demonstrated its stability for 2 years at elevated temperatures and a water salinity of
120 g/L. The reagent injection was divided into three sequential stages: (1) rapid injection
of particles to pass the particles across the near wellbore formation zone; (2) filling the
most permeable intervals with particles, heating to the formation temperature, destruc-
tion of temporary crosslinking; (3) popping and swelling of particles at a temperature of
50–75 ◦C. The temperature of the suspension when it acquires the perforation zone in the
injection well was about 45 ◦C. The formation temperature at the production well in the
same interval reached 80 ◦C. The treatment was carried out within 21 days. 60.8 tonnes
of microgel suspension with a concentration of 3300 ppm were injected and 30.4 tonnes
of surfactant were additionally pumped together. No change in injectivity was observed
during the pumping. The first decrease in injectivity occurred 9 months after treatment.
During the same period, recovery of additional oil was started for one oil production well.
For another well, the production response was 11 months after treatment. The effect lasted
2 years. The total incremental oil volume was about 8000 m3 [84]. Experiments conducted
on the test oil field demonstrated that Brigthwater is a thermally reactive particulate system
that functions as an in-depth reservoir conformance control agent.

2.2.7. pH-Activated Microgels

This type of microgel is highly sensitive to pH changes: the microgel suspension
has low viscosity at low pH, with the viscosity increasing with an increase in the pH
value. This gel is used for conformance control in remote formation zones: a microgel
suspension is injected into a low-pH environment, small particles penetrate and move
across the near-wellbore zone. During this process, acid from the microgel suspension
reacts with rock minerals, leading to an increase in pH, microgels swell and block the
highly-permeable zones deep in the reservoir. The pH-responsivity is provided by incor-
poration of co-monomers possessing carboxyl functional groups (e.g., acrylic acid) [85].
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With increasing pH, the carboxylic groups of polyacrylate networks are hydrolyzed, and
the charged groups repel each other. As a result, polymers chains are stretched and mi-
crogels swell [86]. To guarantee microgel penetration into the deep reservoir zone on the
first stage of the reservoir treatment, pre-flush of formation by acids is recommended [86].
The experiments showed that acetic acid is better as a pre-flush agent [86,87]. The second
stage is microgel injection, and the last stage of treatment is post water flooding. The higher
water mineralization, the lower the pH value of weak acids, and the less swelling capability
of microgels [87]. The most widely used pH-sensitive microgel is Carbopol® (Lubrizol,
Calvert, KY, USA). There have been several studies on the efficiency of microgels made
using sandstone and carbonate cores [86–91]. The average size of Carbopol dry microgel
particles is 2–7 µm. The permeability of cores used in the experiment was about 2.3 µm2 [87].
All experiments showed that at a pH of 2 (pH of microgel suspension), microgels block
the injection end of the core. pH correction using NaOH helps overcome this problem [88].
During the flooding experiments, it was shown that these microgels efficiently plug the
fractures and high permeable zones and redistribute filtration flows of water into the rock
matrix. [86,87].

2.3. Microgel Synthesis Approaches

Several review articles have been published outlining different microgel production
methods [89–91]. For microgels applied for EOR, the following basic approaches are used:
balk gels synthesis and its mechanical grinding, precipitation polymerization, inverse
emulsion polymerization.

The simplest microgel preparation method is mechanical grinding of bulk gel. Table 1
below describes two approaches. The resulting particle size differs at least 10 times.
Therefore, the obtained product is aimed at different properties of the reservoir.

Another microgel synthesis method is precipitation polymerization. Three compo-
nents are involved in the synthesis: monomer, crosslinker, and initiator [92]. The process
is followed by a radical mechanism. At the polymerization temperature (50–70 ◦C), the
water-soluble initiator (a compound based on peroxide or persulfates) decomposes on free
radicals. In the case of persulfate, decomposition of the initiator leads to the formation
of sulfate radicals that attack water-soluble monomers with subsequent propagation of
radicals and chain growth [92]. When the microgel particles reach a critical size, they are
stabilized by electrostatic stabilization mechanism. When microgel particles are formed,
electrostatic repulsion prevents particles coagulation [93].

The precipitation method of monomer synthesis does not appear in publications
on microgels for reservoir conformance control application. However, intra- and inter-
molecular crosslinking of partially-hydrolyzed PAM polymer chains may be considered
a special case of this method. An example of chemical crosslinking of polymer chains is
CDG formation. Chemical cross linkers of partially-hydrolyzed PAM may be inorganic
and organic in nature [94]. For CDG, aluminum citrate is the most common crosslinker.
Chromium triacetate is used in fields with a high salinity of reservoir water. The polymer-
to-crosslinker ratio may vary from 20:1 to 80:1 [95].

Crosslinking of PAM polymer chains may be achieved using not only chemical meth-
ods, but also a physical approach, particularly irradiation treatment. An example of
crosslinking by radiation is a PPG-resembling technology used on Russian oil fields (West-
ern Siberia and Tatarstan), and named similar to the polymer-gel system (PGS) Tempo-
screen [96]. This product is actually a macrogel, however, the approach could be considered
for microgels synthesis in future. The three-dimensional structure of the polymer gel
particles is formed by ionizing radiation at a dose of 10 kGy of PAM with a molecular
weight of 20 × 106 Da and a degree of hydrolysis of 30% [97]. The powder particle size
distribution is 0.5–2 mm; in water, the particle can expand up to 1–10 mm in diameter.
Depending on the size of the residual reserves and the geological structure of the reservoir,
use of the Temposcreen PGM can yield 2–8 additional tonnes of oil. The technology was
applied in high-temperature fields (85–95 ◦C) [97].
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The widespread microgel synthesis method for EOR application is inverse emulsion
polymerization that has a different modification and allows obtaining different-sized parti-
cles (see Figure 8). Depending on the conditions (emulsifier concentration, stirring speed,
initiator and dispersant concentrations), inverse emulsion-based polymerization may occur
as suspension polymerization, microemulsion and nanoemulsion, giving microgels of dif-
ferent particle sizes. Although all types of emulsion are prepared using the same reagents
(hydrocarbon solvent, water, and surfactant), the difference between these methods is the
thermodynamic stability of both types of emulsions, which may influence the sizes of
the microspheres obtained [90]. The inverse suspension method has many advantages:
reaction heating control, granular product can be obtained without the grinding process;
the product is easy to dry, and the resulting microgels have an excellent water absorption
capability [80].

Figure 8. Microgel synthesis in water-in-oil emulsion [33].

The main steps of the synthesis are: choosing the continuous phase (organic solvent,
usually mineral oil or refined kerosene); selecting emulsifier systems; selecting a mixture of
co-monomer and cross-linkers that will form physical and chemical properties of microgels;
selecting an initiator system (for example, chemical initiation, then free radical are produced
after chemical interaction, e.g., ammonium persulfate and sodium sulfite) [65,70,98,99].
The most important stage of inverse emulsion preparation is selection of the emulsifier
mixture. The hydrophilic-lipophilic balance (HLB) of the emulsifier mixture must match
the organic solvent HLB. Combinations of the following emulsifiers are usually used for
inverse emulsion synthesis: Tween 60, Tween 80, Span 80, and other, [66,71,99]. As already
mentioned above, such microgels such as microspheres and temperature- and pH-sensitive
microgels have been synthesized using this method. The commercial products of microgels
obtained using this approach is an organic solvent suspension (usually 30% mass). Figure 9
presents a diagram of the laboratory synthesis unit [66]. Table 1 lists compounds that are
usually used for microgel synthesis using the invers emulsion approach. Examples of the
synthesis of microspheres for reservoir conformance control are represented by the authors
of the publications [66–68].

The microgel structure consists of the following fragments: polymer chains network,
cross-linkers, and functionalized fragments embedded in the polymer backbone. Table 2
lists some compounds that are used for microgel synthesis and functionalization.

Table 2. Compounds used for microgels synthesis using the inverse emulsion method.

Compound Formula Function

Acrylamide Sca

′

Scaffolding monomer

Acrylic acid
 

′

Scaffolding monomer, improving of
hydrophilic properties
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Table 2. Cont.

Compound Formula Function

2-acrylamido-2-metilpropansulfonic acid
 

′

Scaffolding monomer,
resistance to the high temperatures

N,N′-methylene-bis(acrylamide) BIS
′

 
Cross-linking

3-(methacrylyloxy) propyl
trimethoxysilane

′

 

Reinforcing co-monomer for
SiO2 encapsulation

Acryloyloxy coumarin

′

Fluorescent violet color

Allyl-Rhodamine B

′

 

Fluorescent red color

Oxyfluorescein Fluorescent green color

′

Figure 9. Diagram of laboratory unit for microgel synthesis using the invers emulsion method [78].
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3. Conclusions

Several types of microgels have currently been developed. Table 3 summarizes the
data about reservoir conditions where each type of microgel could be applied. Many
laboratory and trial tests have demonstrated and proved the high efficiency of microgels
for in-deep reservoir conformance control that is important today as the number of mature
oil fields grows every year.

Table 3. Microgels for EOR.

Type of Microgel Synthesis Method Particle Size
Target Reservoir Characteristics

Permeability
Water Salinity

Limitation
Reservoir

Temperature

Colloidal dispersed
gels (CDG)

Precipitation
polymerization 1–150 nm 10 to 4200 µm2 Depend on

crosslinker type 25–100 ◦C

Dispersed particle
gel (DPG)

Balk gels formation
and its

mechanical grinding
0.4–2.5 µm 0.47 µm2 to 8.89 µm2 213 g/L stable under

110 ◦C

Preformed particle
gel of micro size

Balk gels synthesis
and its

mechanical grinding
30 µm and higher 230–1500 md (average

230 µm2 wide range stable under
125 ◦C

SMG Microgels
(Small Microgels)

Inverse emulsion
polymerization 0.3–2 µm 10–1000 µm2 (average

around 200 µm2)
215 g/L stable under

120 ◦C

Microspheres

Inverse suspension
polymerization,

inverse emulsion
polymerization

About 12 µm and
higher by inverse

suspension
polymerization
and 0.3–2 µm by
inverse emulsion
polymerization

Wide range wide range stable under
120 ◦C

BrightwaterTM
thermal-activated

microgels

Inverse emulsion
polymerization 0.1 to 3 µm higher than 124 µm2 120 g/L 50–150 ◦C

pH-activated
microgels

Inverse emulsion
polymerization 2–7 µm more than 10 µm2 Low salinity

is preferable -

Incorporation of additional monomers into the microgels’ structure make it possible
to obtain new unique characteristics: high strength [80–82], fluorescent [93,94,100], etc.
Additional characteristics expand the microgels’ application ways. For example, fluorescent
microgels can be used as markers to determine the formation lateral permeability.

Microgels have several advantages over other technologies for profile control with
PAM application. These include high treatment selectivity, possibility of technology adapta-
tion to reservoir conditions, easy treatment control, and guaranteed effect if the processing
conditions are correctly followed. The current progress in microgel development demon-
strates many possibilities for improving the technology relating to changing the mechanical
properties (i.e., low elastic microspheres and SiO2-reinforced microgels) and incorporation
of fluorescent monomers, which could improve lateral reservoir conformance control. Mi-
crogels can be considered the only component of injected suspension and in synergetic
combination with surfactants and polymers solution that has a complex effect on the
formation in terms of reducing residual and remaining oil saturation.

Based on the conducted review, the authors believe that technology of conformance
control using microgels is a promising one having great prospects, especially in the devel-
opment of mature oil fields.
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Abstract: The present research demonstrates the facile fabrication of xanthan gum-cl-poly(acrylamide-
co-alginic acid) (XG-cl-poly(AAm-co-AA)) hydrogel by employing microwave-assisted copolymer-
ization. Simultaneous copolymerization of acrylamide (AAm) and alginic acid (AA) onto xanthan
gum (XG) was carried out. Different samples were fabricated by changing the concentrations of
AAm and AA. A sample with maximum swelling percentage was chosen for adsorption experi-
ments. The structural and functional characteristics of synthesized hydrogel were elucidated using
diverse characterization tools. Adsorption performance of XG-cl-poly(AAm-co-AA) hydrogel was
investigated for the removal of noxious cadmium (Cd(II)) ions using batch adsorption from the
aqueous system, various reaction parameters optimized include pH, contact time, temperature, and
concentration of Cd(II) ions and temperature. The maximum adsorption was achieved at optimal
pH 7, contact time 180 min, temperature 35 ◦C and cadmium ion centration of 10 mg·L−1. The
XG-cl-poly(AAm-co-AA) hydrogel unveiled a very high adsorption potential, and its adsorption
capacities considered based on the Langmuir isotherm for Cd(II) ions was 125 mg·g−1 at 35 ◦C. The
Cd(II) ions adsorption data fitted nicely to the Freundlich isotherm and pseudo-first-order model.
The reusability investigation demonstrated that hydrogel retained its adsorption capacity even after
several uses without significant loss.

Keywords: xanthum gum; polyacrylamide; cadmium ions; adsorption; Langmuir; Freundlich

1. Introduction

Wastewater remediation is attaining importance in the present era due to the severe
scarcity of water in various countries. Various types of contaminants are added to the water
bodies without any pretreatments such as dyes, heavy metal ions, pigments, pesticides,
pharmaceutical effluents, personal care products, and radioactive wastes, etc. Among
these, heavy metals are very common pollutants added from diverse sources such as
electroplating, batteries manufacturing, metal treating in processing plants, sweltering of
coal in power plants, incineration of petroleum, nuclear power stations, plastics, textiles,
microelectronics, paper processing plants, and wood preservation, etc. [1–3].
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Heavy metals are also known as trace elements as they are present in very less quantity
few heavy metals such as iron, copper, chromium, zinc, magnesium, selenium, manganese
and molybdenum, etc. are important and essential for several physiological and biochem-
ical functions [4]. Whereas other heavy metals as arsenic, aluminum, lead, antinomy,
mercury, barium, indium, beryllium, nickel, bismuth, cadmium, gold, gallium, germanium,
lithium, platinum, tin, silver, titanium, strontium, tellurium, vanadium, thallium, and
uranium do not have any such recognized physiological or biological functions and thus
are non-essential [5–8]. Out of these heavy metals, cadmium is recorded as a very com-
mon contaminant added to groundwater and soil. Cadmium is extremely lethal and may
threaten the aquatic ecosystem and humans. Acquaintance with cadmium for long periods
of time can severely affect health and may result in diseases such as osteoporosis, cardiac
failure, cancer and itai-itai disease, etc. [9,10]. The presence of cadmium in the environment
has become a topic of concern, as it cannot be decayed by microorganisms, thus it unceas-
ingly accumulates, transforms, and migrates in food chains. The cadmium bioavailability
and migration in the ecosystem are influenced by its magnitude of adsorption with solid
segments. The adsorption extent of cadmium ions depends upon its interaction between
aqueous and solid phases and is entirely controlled by properties such as temperature, pH,
surface area, ionic strength, and surface charge, etc. [11–13].

Numerous methods were implemented for remediation of noxious cadmium ions
from wastewater these include phytoremediation, ion exchange, chemical precipitation,
solvent extraction, coagulation, filtration, adsorption and membrane techniques, etc. [14,15].
As adsorption is a most effective and easy to handle technique it has been extensively used
for heavy metals remediation. Numerous researchers are working on designing and fabri-
cating highly efficient adsorbents which include modified activated carbon, zeolites, metal-
organic frameworks, carbon nanotubes, biochar, MXenes, carbon nitride, and hydrogels,
etc. [16–19]. Hydrogels are very efficient adsorbents as they possess greater functionalities,
better swelling, good surface area and biocompatibility, etc. Diverse synthetic and natural
polymer or gums have been used for the fabrication of superabsorbent hydrogel, these in-
clude chitosan, pectin, carrageenan, starch, gelatin, cellulose, chitin, sodium alginate, guar
gum, gum arabica, tragacanth gum, xanthan gum, polyacrylamide (PAM), polyalginic acid,
polyacrylic acid(PAA), poly(hydroxyethyl methacrylate) (PHEMA), Poly(glyceryl methacry-
late) (PGMA), 1,1,1-trimethylolpropane trimethacrylate (TMPTMA), polyvinyl pyrrolidone
(PVP), poly(ethylene glycol) dimethacrylate (PEGDMA), polymethacrylamide (PMAM),
triethylene glycol dimethacrylate (TEGDMA), polyethylene glycol (PEG), polyvinyl alco-
hol (PVA), Poly(hydroxypropyl methacrylate) (PHPMA), and poly(ε-caprolactone) (PCL),
etc. [20–24]. The high swelling ability of hydrogels helps in enriching the structure with
high absorption and adsorption characteristics. When present in the aqueous solution, the
polymer chains loosen up so as to swell more and more solvent inside it. Being eco-friendly
in nature, hydrogels are now utilized for diverse applications ranging from water purifica-
tion to biomedical. The crosslinking of monomers and polymer chains helps in enriching
the structure with high swelling capacity, enhanced adsorption or absorption ability, and
mechanical strength.

So, herein, an efficient adsorbent was synthesized using xantham gum, acrylamide,
and acrylic acid by a green method in which microwave radiations were used for the
synthesis. The synthesized adsorbent hydrogel was used positively for the adsorption of
Cd(II) ions from an aqueous solution. It is worth mentioning that the hydrogel swelling
shoot up the adsorption process and lessened the needed time to reach 90% of optimum
adsorption from 240 to 180 min. The adsorption process followed linear forms of the
PSO and Freundlich model. The free energy of Cd(II) ions after adsorption disclosed the
physical nature of adsorption, while PSO anticipated chemical interactions. Consequently,
it can be established that the interactions are physiochemical in nature.
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2. Results and Discussion

The three different samples of XG-cl-poly(AAm-co-AA) hydrogel were prepared by
varying the concentration of acrylamide and alginic acid, i.e., 1XG:1AAm:1 AA, 1XG:1AAm:0.5
AA, 1XG:1AAm:0.5 AA. The swelling experiments were performed for 36 hrs and swelling
percentages were found to be 84%, 79%, and 96%, respectively. Thus sample with reactant
ratio1XG:1AAm:0.5 AA was chosen for adsorption studies as it possesses the maximum
swelling. The swelling test is the characteristic of any hydrogel, thus, the higher the
swelling ability, the better the sorption activity will be.

The results of FTIR spectra of XG-cl-poly(AAm-co-AA) hydrogel before and after
Cd(II) ion adsorption are presented in Figure 1. The FTIR spectrum in Figure 1a represents
the peaks obtained for XG-cl-poly(AAm-co-AA) hydrogel. It exhibits a prominent broad
band at 3420 cm−1 signifying the stretching vibrations for the -OH groups of acrylic acid
and xanthan gum [25]. The peak for the C-H stretching vibrations for the aliphatic units
present in the hydrogel is detected at 2923 cm−1. The peaks at 1796 cm−1 and 1676 cm−1

are owing to the stretching of carbonyl groups and reveal symmetrical stretching for the
carboxylate group [26]. Thus, these peaks are indicative of the C=O groups present in
poly(acrylic acid), NMBA, and XG [27]. Another band at 1440 cm−1 can be ascertained to
the −CH symmetric bending vibrations due to the existence of −CHOH− groups in the
hydrogel [28]. The peak at 1385 cm−1 is due to the bending vibration of C-H of the isopropyl
group, 1188 cm−1 is due to C-N stretching, 1124 cm−1 is owing to the -CO stretching, and
876 cm−1 and 714 cm−1 peaks can be consigned to N-H bending vibrations [29]. The
band at 1036 cm−1 may possibly be owing to the stretching of the C-O bond of glycosidic
bonds. Alike bands are present in the XG-cl-poly(AAm-co-AA) hydrogel after adsorption
of Cd(II) ions with variation in peaks intensities and some additional shifts in the peaks.
For example, the broad band observed at 3420 cm−1 in hydrogel was shifted to higher
wavenumber 3492 cm−1, which could probably be due to the possible intermolecular
interactions between the hydrogel and Cd(II) ions [30]. Furthermore, the characteristic
peak of C=O at 1676 cm−1 was shifted to 1735 cm−1 suggesting the probable complexation
of carbonyl units and Cd(II) ions. Thus, it can be concluded that the changes in the FTIR
spectrum of hydrogel after Cd(II) ion adsorption is due to the physicochemical interactions.
Considering the FTIR results, it can be concluded that the major groups that participated in
the complex formation (Cd(II) adsorbed XG-cl-poly(AAm-co-AA) hydrogel), were –COOH,
–C=O, and –OH groups. Thus, a probable scheme is presented (Scheme 1) that shows the
expected structure of the complex formed.
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Figure 1. FTIR of spectra of xanthan gum-cl-poly(acrylamide-co-alginic acid) hydrogel (a) before
adsorption and (b) after adsorption.
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Scheme 1. Probable scheme for the complex formation by the adsorption of Cd(II) ions onto XG-cl-
poly(AAm-co-AA) hydrogel.

The X-ray diffractogram of XG-cl-poly(AAm-co-AA) hydrogel is shown in Figure 2.
X-ray diffractometer PAN analytical X′Pert PRO was used during the study. The X-ray
diffractometric examination was performed to disclose the phase (crystallinity or amor-
phous) of the XG-cl-poly(AAm-co-AA) hydrogel. Figure 2 depicts that the diffractogram of
hydrogel was found to be semi-crystalline in nature. The previous studies of crude xanthan
gum diffractogram show XRD peaks at a 2θ value of 20◦ [31]. The XG-cl-poly(AAm-co-AA)
hydrogel diffractogram shows a peak at a 2θ value of 20.72◦ for xanthan gum. It was
observed that in hydrogel formation crystallinity of the native xanthan gum increases. It
was observed that XG-cl-poly(AAm-co-AA) hydrogel displayed eighteen observable and
discrete diffraction peaks at 2θ values of 19.23◦, 20.72◦, 23.13◦, 25.18◦, 27.22◦, 28.02◦, 29.27◦,
30.24◦, 31.58◦, 33.71◦, 40.49◦, 44.22◦, 45.29◦, 56.42◦, 57.84◦, 60.15◦, 66.20◦, 75.10◦. These
peaks displayed the grafted acrylamide and alginic acid onto crude xanthan gum. This
outcome confirms that the optimized grafting happened when acrylamide and alginic acid
reacted with xanthan gum and the obtained end product was established to be a highly
crosslinked hydrogel. Thus intensification in crystallinity of xanthan gum could be ascribed
to the impact made by acrylamide and alginic acid. As the synthesis was carried out with
microwave irradiation which further significantly improved the crystallinity of xanthan
gum-based hydrogel. A similar upsurge in crystallinity with the subsequent microwave
treatment of xanthan gum was also observed by Sharma et.al., (2011) Singh et al. (2009)
and Anjum et al. (2015) [32–34].
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Figure 2. XRD of xanthan gum-cl-poly(acrylamide-co-alginic acid) hydrogel.

The SEM images of that XG-cl-poly(AAm-co-AA) hydrogel were displayed in Figure 3.
Figure 3a,b depicts the smooth surface of hydrogel whereas Figure 3c displays the highly
folded surface with pores at higher magnification. Figure 3d represents the SEM image of
XG-cl-poly(AAm-co-AA) hydrogel after adsorption of Cd(II) ions depicting rough surface
which may be due to the addition of Cd(II) ions to the surface.
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Figure 3. SEM micrographs of xanthan gum-cl-poly(acrylamide-co-alginic acid) hydrogel (a–c) before
adsorption and (d) after adsorption.
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2.1. Adsorption of Cadmium Ions by XG-cl-Poly(AAm-co-AA) Hydrogel

2.1.1. Effect of Various Factors

Figure 4 shows the effect of various parameters such as contact interval, solution
pH, temperature, and concentration of adsorbate on the adsorption of Cd(II) ions onto
XG-cl-poly(AAm-co-AA) hydrogel. Figure 4a displays the outcome of contact time on the
adsorption rate as an escalation in time duration enhances the probability of interactions
between the adsorbate and adsorbent surface. The result shows the initial increase in
adsorption rate up to 180 min which is probably due to the high accessibility of free or
active adsorbent sites. However, afterward, a nearly constant rate was obtained due to the
partial saturation of accessible active sites.

Figure 4. Effect of influential parameters on the adsorption of cadmium ions (a) Contact time,
(b) solution pH, (c) temperature, and (d) concentration of adsorbate.

The effect of solution pH on the adsorption rate is presented in Figure 4b and was
studied at different pH values such as 2, 4, 5, 6, 7, and 8. Results show that the rate first
increased up to 7 and then decreased to 8, thus, working pH was found to be 7. The %
adsorption of the XG-cl-poly(AAm-co-AA) hydrogel first improved with the initial upsurge
in pH value because of the ionization of the hydrophilic polymer network. Major functional
units existing in the structure of hydrogel are, -NH2, COOH, and –OH. The adsorption
rate enhanced with the rise in pH because of the ionization of –NH2 and –COOH groups
at pH greater than the pka value. This favored the intermolecular interactions among the
cadmium (II) ions and hydrophilic XG-cl-poly(AAm-co-AA) hydrogel networks.

The influence of temperature on the adsorption rate was also analyzed and considered
at four altered temperatures; 25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C. The temperature influence
generalizes the chemical or physical nature of the adsorption process. Results presented
in Figure 4c show the maximum adsorption rate of 84% was obtained at 35 ◦C suggesting
the inclination of Cd(II) ion adsorption towards chemical behavior. Further increase in
temperature resulted in a constant adsorption rate indicating the saturation at 35 ◦C. This
study indicated that the temperature played a critical part in the undertaken Cd(II) ions
adsorption.
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The significance of Cd(II) ion concentration on the adsorption rate was analyzed in the
range of 10–100 mg·L−1. The results presented in Figure 4d show the fall in % adsorption
with the upsurge in Cd(II) concentration and the maximum rate was obtained at 10 mg·L−1.
The increase in concentration overloaded the solution with Cd(II) ions which made it
difficult for the hydrogel to adsorb the ions, as a result of which the adsorption decreased.
Maximum adsorption of 92% was obtained at 10 mg·L−1 Cd(II) concentration.

2.1.2. Adsorption Kinetics

Adsorption kinetics includes the variation in the adsorption characteristics of the
system w.r.t. time, where the amount of surface covered delivers significant insight on the
rate of the process. The rating mechanism of Cd(II) ion adsorption onto XG-cl-poly(AAm-
co-AA) hydrogel was considered using two kinetic models, pseudo-first-order (PFO) and
pseudo-second-order (PSO). These models were applied to the kinetic data obtained for a
time at an interval of 5–180 min. The linear form of the models was used and the equations
representing them were [35]:

Log
(

qe − qt
)

= Log qe − K1t Pseudo − first − order (1)

t
qt

=
1

k2qe
2 +

t
qe

Pseudo − second − order (2)

where qe and qt (mg·g−1) denote the Cd (II) ion amount at equilibrium (e) and at time t.
k1 (min−1) and k2 (g·mg−1·min−1) are the pseudo-first-order and pseudo-second-order
rate constant. The calculated parameter values of the two models are presented in Table 1.
Assessment of the R2 values disclosed that the pseudo-first-order model better fitted the
kinetic data than that of the pseudo-second-order model. Additionally, the experimental
qe value (91.26 mg·g−1) was found to best correlate with the calculated qe value from
pseudo-first-order (95.9 mg·g−1). In addition, the best fit was attained at a higher initial
concentration of 60 mg·L−1 signifying the reason for its better fit [36]. Undertaken ad-
sorption process signifies that the Cd(II) ions adsorption was quite a tedious process of
synchronized action of several reactions, and might encompass various interactions among
adsorbent and adsorbate.

Table 1. Adsorption kinetic parameters.

Kinetic Models Parameters 10 mg·L−1 20 mg·L−1 60 mg·L−1

Pseudo-first-
order

qe (mg·g−1) 34.8 68.5 95.9
k1 (min−1) 1.70 × 10−2 1.68 × 10−2 1.65 × 10−2

R2 0.990 0.986 0.992

Pseudo-second-
order

qe (mg·g−1) 39.8 76.9 111.1
k2 (g·mg−1·min−1) 13.4 × 10−3 5.6 × 10−4 4.2 × 10−4

R2 0.929 0.923 0.904

2.1.3. Adsorption Isotherms

Figure 5c,d shows the linear Langmuir, and Freundlich isotherm models for the
adsorption of Cd(II) ions onto hydrogel at two temperatures, viz., 25 ◦C and 35 ◦C. The
equations used for the linear isotherm models are [37]:

1
qe

=
1

(qmKL)Ce
+

1
qm

Langmuir (3)

Log qe = Log KF +
1
n

Log Ce Freundlich (4)
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Figure 5. Adsorption kinetic models (a) Pseudo-first-order, (b) Pseudo-second-order, and Adsorption
isotherm models (c) Langmuir isotherm, (d) Freundlich isotherm and (e) BET isotherm.

In addition, the multilayer adsorption isotherm model, BET, was also applied to the
isotherm data. BET isotherm was first established in 1938 by Brunauer and his coworkers
and it is considered as one of the most proficient models for expressing the adsorption
phenomena. It helps in determining various parameters of the undertaken adsorption such
as heat of adsorption, adsorption capacity, and multilayer adsorption behavior. The linear
equation used for the analysis is [38]:

Ce

qe(Cs − Ce)
=

1
qsCBET

+
(CBET − 1)

qsCBET

(

Ce

Cs

)

BET (5)

Here Ce and Cs denote the equilibrium concentration (mg·L−1) and monolayer satura-
tion concentration (mg·L−1). CBET and qs represent the BET adsorption isotherm constant
(L·mg−1) and isotherm saturation capacity (mg·g−1), respectively.

The values obtained for different parameters of the three isotherm models are dis-
played in Table 2. The comparison of three fitted isotherm models by correlation coefficient
(R2) showed that the Freundlich isotherm fitted the best to the undertaken adsorption
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experiment at 35 ◦C. This suggested the Cd(II) ions followed multilayer adsorption onto
the XG-cl-poly(AAm-co-AA) hydrogel. Isotherm analysis also suggested that the Cd(II)
ions were physically adsorbed onto the surface. Maximum adsorption capacity achieved
was 114.94 and 125.00 mg·g−1 at 25 ◦C, and 35 ◦C, respectively, which was found to be
quite high as compared to other adsorbents used for Cd(II) ion adsorption testified in
the literature such as 27.3 mg·g−1 by commercial activated carbon [39], 2.9 mg·g−1 for
Fe3O4/AC [40], 7.4 mg·g−1 by magnetic oak bark biochar [41], 17.54 mg·g−1 by CuFe2O4
nano-particles [42], and 63 mg·g−1 by EDTA@Fe3O4/SC nanocomposite [43]. The factor
representing the binding affinity (KL) was found to be quite favorable suggesting that the
adsorption process relied on high binding affinity among the hydrogel and Cd(II) ions. The
value of separation factor (RL) obtained is less than 1 indicate the favorable shape of the
isotherm. The BET model showed temperature-dependent activity in which better fit was
obtained at higher temperatures. Furthermore, it can be generalized that the adsorption
of Cd(II) ions onto the XG-cl-poly(AAm-co-AA) hydrogel did not follow the monolayer
adsorption.

Table 2. Adsorption isotherm parameters.

Equilibrium Model Parameters 25 ◦C 35 ◦C

Langmuir isotherm

qm (mg·g−1) 114.9 125
b (L·mg−1) 8.3 × 10−2 9.1 × 10−2

RL 0.37 0.35
R2 0.981 0.990

Freundlich isotherm
KF (L·mg−1) 12.21 17.14

n 1.69 1.72
R2 0.990 0.995

BET Qs (mg·g−1) 75.75 84.74
CBET (L·mg−1) 13.225 14.755

R2 0.963 0.988

Comparison data are also given in Table 3 that highlighted the superiority of the
synthesized XG-cl-poly(AAm-co-AA) hydrogel as adsorbent for Cd(II) ions. Although, the
comparison of adsorption capacity of any adsorbent is not possible since it is governed by
various influential factors such as composition, reaction conditions, temperature, solution
pH, and functionality extent, etc. So, in the present case, we gave a generalized comparison
of various hydrogel-based adsorbents used for Cd(II) adsorption.

Table 3. Comparison of monolayer adsorption capacity of XG-cl-poly(AAm-co-AA) hydrogel with
other adsorbents reported in the literature for Cd(II) adsorption.

Adsorbent
Adsorption Capacity

(qm, mg·g−1)
References

S(H)-PAA hydrogel 109.8 [44]
SCHBs 95.6 [45]

NNCA hydrogel 9.54 [46]
Bentonite/alginate composite beads 53.2 [47]

Thiol-functionalized mesoporous silica 78 [48]
sodium

alginate-meso-2,3-dimercaptosuccinic acid
hybrid aerogel

91.2 [49]

β-cyclodextrin-based hydrogel 98.8 [50]
HMO-P(HMAm/HEA) hydrogel 93.86 [51]

XG-cl-poly(AAm-co-AA) hydrogel 125 Present work

279



Gels 2022, 8, 23

2.1.4. Thermodynamic Analysis

Thermodynamic studies were examined at different temperatures, viz., 298 K, 303 K,
308 K and 313 K. Equations employed for determining Gibb’s energy, enthalpy, and entropy
change of the undertaken adsorption process were:

∆G0 = −RTlnkC (6)

lnkC = −∆H0

RT
+

∆S0

R
(7)

where ∆G0 was determined from Equation (6) and ∆H0 and ∆S0 were determined from
Equation (7) by the linear plot of ln kC versus 1/T(K).

The calculated values are depicted in Table 4. Results indicated that Gibb’s free energy
became more negative with the increase in temperature and maximum was obtained at
318 K. This generalized the spontaneous nature of the Cd(II) ion adsorption onto XG-cl-
poly(AAm-co-AA) hydrogel. Additionally, enthalpy change was found to be +24.5 J·mol−1

suggesting the endothermic nature of the adsorption process. This is also in accordance
with the isotherm results in which the better fit was obtained at higher temperatures. The
entropy change showed a positive variation too.

Table 4. Thermodynamic parameters for the adsorption of Cd(II) onto XG-cl-poly(AAm-co-AA)
hydrogel.

Co
(mg·L−1)

∆H0

(J·mol−1)
∆S0

(J·mol−1·K−1)

−∆G0 (J·mol−1)

298 K 303 K 308 K 313 K

20 24.5 0.09 2.32 2.77 3.22 3.67

2.1.5. Reusability of Hydrogel

The commercial-scale applicability of any adsorbent is crucially reliant on its reusable
ability. During this study, the adsorbed ions are desorbed from the adsorbent surface
to reactivate the adsorption active sites, so that they may possibly be utilized for the
next adsorption cycle. The desorption studies of Cd(II) ions were performed in 0.2 M HCl
solution. The high concentration of competitive H+ ions compete with the Cd(II) ions for the
active sites on the XG-cl-poly(AAm-co-AA) hydrogel and will thus, help in the desorption
of the adsorbed Cd(II) ions. The results presented in Figure 6 show that a high desorption
rate of 91% was obtained during the initial cycle. However, consecutively, the desorption
rate decreased to 84% after five cycles. This decrease can possibly be due to the blockage
of active sites. Furthermore, the reusability of the synthesized XG-cl-poly(AAm-co-AA)
hydrogel was also tested for consecutive five cycles and the rate obtained is depicted in
Figure 6. Results showed a decline in adsorption rate from 92% (first cycle) to 86% (after 5th
cycle). A likely decline in adsorption rate can be linked to the coverage of some of the active
sites by the Cd(II) ions which were difficult to remove from the XG-cl-poly(AAm-co-AA)
hydrogel surface.
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Figure 6. Desorption of Cd(II) ions and reusability of XG-cl-poly(AAm-co-AA) hydrogel for the
adsorption.

3. Conclusions

XG-cl-poly(AAm-co-AA) hydrogel is an effective adsorbent for the confiscation of
cadmium ions. The FTIR characterization specified the existence of carboxyl, amides, and
hydroxyl groups which are recognized as the active sites on the XG-cl-poly(AAm-co-AA)
hydrogel for the uptake of cadmium ions from the aqueous system. The kinetic outcomes
established that bulk diffusion is the primary mechanism of cadmium ions adsorption.
Comparison of the R2 values disclosed that the pseudo-first-order model better fitted the
kinetic data than that of the pseudo-second-order model. Additionally, the experimental
qe value (91.26 mg·g−1) was found to best correlate with the calculated qe value from the
pseudo-first-order (95.9 mg·g−1). The hydrated cadmium ions can merely be adsorbed onto
the surface of the XG-cl-poly(AAm-co-AA) hydrogel through physicochemical interactions.
Furthermore, the reusability studies demonstrated the usefulness of hydrogel. Fortuitously,
all reactants are in the adsorbent are biocompatible, biodegradable, and harmless.

4. Materials and Methods
4.1. Materials

Xanthan gum, acrylamide and alginic acid were acquired from Sigma-Aldrich, In-
dia. Crosslinker N, N-methylene-bis-acrylamide, initiator ammonium persulphate and
cadmium nitrate were purchased from Loba Chemie India.

4.2. Synthesis of Xanthan Gum-cl-Poly(Acrylamide-co-Alginic Acid)

The 250 mg xanthan gum was dissolved in 100 mL double distilled water. The
preparation of XG-cl-poly(AAm-co-AA) hydrogel was carried out with small amendment
in procedure stated in our former works. To the above solution of xanthan gum, ammonium
persulphate and N,N-bismethyleneacrylamide were added with uninterrupted stirring at
room temperature, the resultant mixture was stirred for 20 min to achieve a homogeneous
phase and the accomplished gel was then positioned in microwave oven at 60 W for 1 min.
Then, varying amounts of acrylamide and alginic acid (in ratio of 1:1:1; 1:0.5:1; 1:1:0.5) were
engrossed into the above gel and stirred for 10 min. This mixture was yet once more placed
in microwave oven operated in cyclic mode (on/off) at 60 W, till hydrogel was achieved.
The obtained hydrogel was filtered and washed several times to confiscate impurities using
distilled water. Finally, hydrogel was freeze-dried. The investigate swelling behavior XG-cl-
poly(AAm-co-AA) hydrogel was submerged into distilled water for 24 h to attain maximum
swelling. The XG-cl-poly(AAm-co-AA) hydrogel sample with maximum swelling ability
was chosen for further investigation. The % swelling was measured by applying the
formula discussed in earlier studies [33].

281



Gels 2022, 8, 23

4.3. Characterization

FTIR spectrum of XG-cl-poly(AAm-co-AA) hydrogel was recorded using Fourier
Transform Infrared Spectrophotometer (Shimadzu IR AFFINITY-I, Japan). The spectrum
XG-cl-poly(AAm-co-AA) was measured in the wave number region 4000–400 cm−1 by
preparing the KBr pellet. The hydrogel samples were prepared using 1.0% KBr pellets
and all spectra were recorded with 20 runs per minute at a resolution of 4.0 cm−1. The
normalization of the peaks was performed by vector normalization method. X-ray pattern
of powdered XG-cl-poly(AAm-co-AA) hydrogel was analyzed by X-ray diffractometer
with Cu K-α radiation (λ = 1.54 Å) at 45 kV (PAN analytical X′Pert PRO). The surface
morphology analysis of dry hydrogel and cadmium ion adsorbed hydrogel were perceived
using a model HITACHI S-4800 scanning electron microscope at an accelerating voltage of
25 kV.

4.4. Adsorption Experiments

Cadmium nitrate was acquired from Loba Chemie India. Cadmium nitrate was
solubilized in deionized water. The cadmium ions adsorption tests were accomplished on a
temperature-controlled shaker at 120 rpm. After every test, the suspension was centrifuged
to isolate the hydrogel from the aqueous medium. The cadmium ion concentrations of the
adsorbate solution were determined using ICP-OES. All the subsequent experiments were
comprehended using dosage of 0.5 g·L−1 of the XG-cl-poly(AAm-co-AA) hydrogel. First,
the pH influence was examined for diverse initial pH values (2, 3, 4, 5, 6, 7 and 8), adjusted
with NaOH or HCL. For this, the XG-cl-poly(AAm-co-AA) hydrogel was added to 50 mL
of cadmium ions solution (10 mg·L−1) and shaken for 180 min at room temperature. Next,
effect of time was investigated for the adsorption assays at the time intervals of 20,40, 80,
120, 180 and 240 min with initial cadmium ions concentrations of 10 mg L−1, all the flasks
were agitated at constant rpm of 120. Similarly influence of four different temperatures,
i.e., 25 ◦C, 30 ◦C, 35 ◦C and 40 ◦C for 180 min, to confirm that the adsorbent/adsorbate
system attain the equilibrium. Lastly, kinetic studies were executed, using initial cadmium
ions concentrations of 10, 20, and 60 mg·L−1 at 298 K, aliquots were withdrawn at diverse
times intervals ranging from 0–90 min. Langmuir and Freundlich, models were chosen
to analyze the adsorption mechanism. A method suggested in previous studies was used
to determine the thermodynamic parameters [52–55]. To disclose the effectiveness of
XG-cl-poly(AAm-co-AA) hydrogel, the reusability was tested by performing numerous
adsorption–desorption cycles.
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Abstract: We investigated the gelation of a hydrophilic polymer with metal-coordination units
(HPMC) and metal ions (PdII or AuIII). Gelation proceeded by addition of an HPMC solution in
N-methyl-2-pyrrolidone (NMP) to a metal ion aqueous solution. An increase in the composition ratio
of the metal-coordination units from 10 mol% to 34 mol% (HPMC-34) increased the cross-linking rate
with AuIII. Cross-linking immediately occurred after dropwise addition of an HPMC-34 solution
to the AuIII solution, generating the separation between the phases of HPMC-34 and AuIII. The
cross-linking of AuIII proceeded from the surface to the inside of the HPMC-34 droplets, affording
spherical gels. In contrast, a decrease in the ratio of metal-coordination units from 10 mol% to
4 mol% (HPMC-4) decreased the PdII cross-linking rate. The cross-linking occurred gradually and
the gels extended to the bottom of the vessel, forming fibrous gels. On the basis of the mechanism
for the formation of gels with different morphologies, the gelation of HPMC-34 and AuIII provided
nanosheets via gelation at the interface between the AuIII solution and the HPMC-34 solution. The
gelation of HPMC-4 and PdII afforded nanofibers by a facile method, i.e., dropwise addition of the
HPMC-4 solution to the PdII solution. These results demonstrated that changing the composition
ratio of the metal-coordination units in HPMC can control the gelation behavior, resulting in different
types of nanomaterials.

Keywords: gelation; polymer; palladium; gold; coordination; nanosheet; nanofiber

1. Introduction

Organic–inorganic hybrid materials, which consist of organic polymers containing
inorganic metals dispersed at the nanometer scale, have generated a great deal of interest
due to their unique properties such as flexibility, high transparency, high reactivity, and
mechanical and thermal stabilities [1–5]. For example, nanofibers containing metal ions or
nanoparticles are promising candidates for various applications including tissue engineer-
ing, blood vessels, drug delivery, protective clothing, filtration, catalysis, and sensors [6–10].
The most common method of fabricating such nanofiber is an electrospinning method
using a polymer solution containing metal ions or nanoparticles. However, electrospinning
requires expensive instruments, cumbersome operations, and high voltage, and thus it
runs the risk of electrical shock. Dispersing metal nanoparticles in the polymer solution
is also difficult [11–13]. Therefore, the development of a facile method for fabricating
nanofibers is greatly desired. Nanosheet materials also have unique physical and chemical
properties, which are derived from their two-dimensional nature [14–18]. Nanosheets can
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be synthesized with a bottom-up method [19–23], which occurs at the interface between an
organic polydentate ligand and an aqueous layer containing metal ions. This approach has
advantages compared to the top-down approach, which produces nanosheets by exfoliation
of bulk layered materials such as graphene. First, the composition, structure, and other
properties can be adjusted by selection of the ligand molecules and metal ions. Second, the
produced nanosheets are not limited to layers of bulk materials. Therefore, a bottom-up
synthesis broadens the diversity and utility of nanosheets.

We previously investigated the gelation behavior of a hydrophilic polymer bearing
metal-coordination units (denoted as HPMC) with metal ions (PdII or AuIII) upon addition
of a dispersed aqueous solution of HPMC-8 to an aqueous solution of metal ions [24,25].
HPMC-8 consists of thiocarbonyl groups (8 mol%) for metal coordination and hydroxyl
groups (92%) for hydrophilicity (Figure 1a). The gelation of HPMC-8 with PdII or AuIII

afforded spherical and fibrous gels, respectively (Figure 1b,c). Consequently, gels with dif-
ferent morphologies were found to be formed depending on the metal ions. The formation
of different morphologies can be explained by the cross-linking rate. The cross-linking
with PdII occurred immediately after dropwise addition of the dispersed aqueous solution
of HPMC-8 to the PdII solution, generating the separation between aqueous phases of
HPMC-8 and PdII (Figure 1b). The cross-linking of PdII proceeded from the surface to the
inside of the droplets of HPMC, resulting in the formation of spherical gels. In contrast, the
cross-linking with AuIII occurred gradually and the gels extended to the bottom due to the
slower cross-linking rate, forming fibrous gels (Figure 1c). On the basis of this mechanism
for the formation of gels with different morphologies, the gelation of HPMC-8 with AuIII

provided nanofiber containing uniformly dispersed Au nanoparticles by a facile method,
i.e., dropwise addition of a dispersed aqueous solution of HPMC-8 to an aqueous solution
of AuIII ions [24]. In contrast, the faster gelation of HPMC-8 with PdII provided nanosheets
containing uniformly dispersed PdII ions via gelation at the interface between the aqueous
phases of PdII and HPMC-8 [25].

 

―
― ―

Figure 1. (a) Mechanism for gelation of HPMC—8 with metal ions. (b) Gelation behavior of HPMC—8
and PdII ions. (c) Gelation behavior of HPMC—8 and AuIII ions.
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Encouraged by these results, we attempted to control the gelation behavior and
synthesize different types of nanomaterials by changing the composition ratio of the
metal-coordination units in HPMC. An increase in the composition ratio increased the
cross-linking rate with AuIII, resulting in the formation of spherical gels and Au nanosheets
instead of nanofibers. A decrease in the ratio decreased the cross-linking rate with PdII,
affording fibrous gels and Pd nanofiber instead of nanosheets. Thus, changing the com-
position ratio of the metal-coordination units can provide contrasting gelation behavior
and nanomaterials. We expect that this procedure will become a controlled manufacturing
method for various types of nanomaterials containing various metals.

2. Results and Discussion
2.1. Synthesis of HPMC and Its Gelation Behavior with Metal Ions

HPMC containing thiocarbonyl and hydroxyl groups was synthesized according to
our previous report [24]. HPMC with metal-coordination unit content of 10% (denoted
as HPMC-10) was synthesized by reacting poly(vinyl alcohol) and methyl isothiocyanate
in dimethyl sulfoxide at 40 ◦C for 20 h (Scheme 1). HPMC with metal-coordination unit
content of 34% (HPMC-34) and HPMC with metal-coordination unit content of 4% (HPMC-
4) were synthesized by the above similar method.

 

Scheme 1. Synthesis of HPMCs by reactions of poly(vinyl alcohol) with methyl isothiocyanate.

The gelation behavior of HPMC-34 and AuIII was compared to that of HPMC-10 and
AuIII to examine the effect of the increase in the composition ratio of the metal-coordination
unit. N-Methyl-2-pyrrolidone (NMP) solutions of HPMC-10 or HPMC-34 (13 wt%, 0.2 mL)
were added to 4.0 mM NaAuCl4 aqueous solutions (5 mL). In the gelation of HPMC-10,
AuIII ions gradually cross-linked from the surface to the inside phase of HPMC-10 and
the gels extended to the bottom of the container, forming fibrous gels (Figure 2a). In
contrast, gelation of HPMC-34 with AuIII generated instant separation between the phases
of HPMC-34 and AuIII (Figure 2b). The separation originated from the immediate cross-
linking reaction at the interface and the higher hydrophobicity of the HPMC-34 phase
than that of the AuIII phase. The cross-linking with AuIII ions proceeded from the surface
to the inside of the HPMC-34 droplets, resulting in the formation of spherical gels. To
observe a microscopic region of the resulting gels, scanning electron microscope (SEM)
observations were conducted. Similar to the gel shapes in the photographs (Figure 2a,b),
SEM analysis showed fibrous shapes from HPMC-10-Au and a rough surface from HPMC-
34-Au (Figure 2c,d). To determine the coordination sites, the IR measurements of HPMC-34
and HPMC-34-Au were carried out (Figure 2e). The absorption peak around 1535 cm−1

assigned to the C=S stretching vibration shifted to 1555 cm−1, and the peak intensity became
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smaller after the gelation. Therefore, it was found that different gelation behaviors and gel
shapes were obtained depending on the composition ratio of the metal-coordination units.

− −

― ―
― ― ― ― ― ― ―

― ―

−  

−

− − − −

Figure 2. Gelation behavior of AuIII with (a) HPMC—10 and (b) HPMC—34. SEM images of
(c) HPMC—10—Au and (d) HPMC—34—Au. (e) IR spectra of HPMC—34 and HPMC—34—Au.
(f) Cross-linking rates of HPMC—10 and HPMC—34.

A kinetic study and the gel fraction were examined to explain the mechanism for
the formation of the different shaped gels. Cross-linking rates of HPMC-34 and HPMC-
10 with AuIII ions were compared. Figure 2f shows the time course of the cross-linking
amount determined by the method in the literature [24]. As shown in Figure 2f, the
cross-linking rate of HPMC-34 was faster than that of HPMC-10 due to the increase in the
metal-coordination units. The experimental kinetic data were fitted with a pseudo-first-
order kinetic equation [26,27]:

log(qe − qt) = kt/2.303 (1)

where qe and qt are the amounts of metal ion cross-linked (gmetal/gpoly, metal amount
adsorbed per gram of polymer) at equilibrium and at t, and k is the pseudo-first-order
rate constant (min−1). In the case of cross-linking reaction of HPMC-34, k was esti-
mated to be 10.8 × 10−2 min−1 (R2 = 0.9712), which was faster than that for HPMC-10
(7.02 × 10−2 min−1, R2 = 0.9821). The gel fraction indicates the cross-linking density of the
gels determined by removing soluble parts using Soxhlet extraction. Gel fractions of the
gels from HPMC-34 and HPMC-10 were 0.76 and 0.14, respectively, indicating that the
cross-linking density of HPMC-34-Au was higher than that of HPMC-10-Au.
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On the basis of the results, a mechanism for the formation of the different morphologies
was proposed. The cross-linking rate of HPMC-34 and AuIII was faster than that of HPMC-
10. In the cross-linking of HPMC-34, gelation with AuIII occurred immediately at the
surface of the droplets after the dropwise addition of the HPMC solution to the AuIII

solution. Gelation proceeded by immersing AuIII inside of the droplets, forming the higher
cross-linking density and spherical gels. Contrastingly, due to the slower cross-linking
rate of HPMC-10, the cross-linking occurred gradually with the diffusion of AuIII from
the surface to the inside of the HPMC-10 phase, resulting in the formation of the lower
cross-linking density and fibrous gels.

Next, to examine the effect of the decrease in the ratio of metal-coordination units on
the gelation, the gelation behavior of HPMC-4 and PdII was compared to that of HPMC-10
with PdII. NMP solutions of HPMC-10 or HPMC-4 (13 wt%, 0.2 mL) were added to 4.0 mM
Na2PdCl4 aqueous solutions (5 mL). In the gelation of HPMC-10, immediate separation
occurred between the HPMC-10 and PdII phases (Figure 3a), whose separation originated
from the fast cross-linking at the interface. The cross-linking with PdII proceeded from the
surface to the inside of the HPMC-10 droplets, affording the spherical gels. In contrast,
gelation of HPMC-4 and PdII occurred gradually from the surface to the inside of HPMC-4
phase, and the gels were extended to the bottom of the container, forming the fibrous gels.
To observe a microscopic region, SEM analysis of the obtained gels was conducted. Similar
to the gel shapes (Figure 3a,b), the SEM analysis revealed a rough surface from HPMC-
10-Pd and fibrous shapes from HPMC-4-Pd (Figure 3c,d). To determine the coordination
site, IR measurements of HPMC-4 and HPMC-4-Pd were conducted (Figure 3e). The
absorption peak at 1550 cm−1 attributable to the C=S stretching vibration became smaller
after cross-linking, indicating that the sulfur of the thiocarbonyl group was coordinated
to PdII.

−

 

― ―
― ― ― ― ― ― ―

― ―

Figure 3. Gelation behavior of PdII with (a) HPMC—10 and (b) HPMC—4. SEM images of
(c) HPMC—10—Pd and (d) HPMC—4—Pd. (e) IR spectra of HPMC—4 and HPMC—4—Au. (f) Cross-
linking rates of HPMC—4 and HPMC—10.
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As shown in Figure 3f, the cross-linking rate of HPMC-4 was slower than that of
HPMC-10 due to the decrease in the metal-coordination units. The pseudo-first-order
kinetic rate constants, ks of HPMC-4 and HPMC-10 were estimated to be 6.38 × 10−2 min−1

(R2 = 0.9821) and 8.62 × 10−2 min−1 (R2 = 0.9712), respectively. The gel fractions of the
gels from HPMC-4 and HPMC-10 were 0.01 and 0.17, respectively, indicating that the
cross-linking density of HPMC-4 was lower than that of HPMC-10. Consequently, the cross-
linking reaction of HPMC-4 gradually proceeded with the diffusion of PdII from the surface
to the inside of the HPMC phase due to the slower cross-linking rate, providing lower cross-
linking density and fibrous gels as opposed to the gelation of HPMC-10 (spherical gels).

2.2. Synthesis of Nanosheets

As described above, the dropwise addition of the NMP solution of HPMC-34 to
the AuIII aqueous solution allowed instant separation of the HPMC-34 and AuIII phases
(Figure 2b). The liquid/liquid separation originated from the fast cross-linking at the
interface and the higher hydrophobicity of the HPMC-34 phase than the AuIII phase. The
AuIII ions cross-linked from the surface to the inside of the HPMC-34 droplets, affording
spherical gels. This feature prompted us to utilize the cross-linking at the liquid–liquid
interface between the HPMC-34 and AuIII phases for the synthesis of nanosheets.

The synthesis of nanosheets was attempted by the generation of the interface using so-
lutions with different specific gravities and fast cross-linking between thiocarbonyl groups
of HPMC-34 and AuIII ions (i.e., dropwise addition of an aqueous solution of AuIII ions with
a lower specific gravity (1.02 g/cm3) to an NMP solution of HPMC-34 with a higher specific
gravity (1.63 g/cm3)). When the AuIII aqueous solutions (16 mmol/L, 0.4 mL) were gently
added to the NMP solutions of HPMC-34 with different concentrations (13, 23, and 27 wt%),
the upper AuIII solution was miscible with the lower HPMC-34 concentration due to the
slow cross-linking rate. In contrast, the increase in the concentration of HPMC-34 to 31, 35,
and 37 wt% allowed instant cross-linking leading to the liquid/liquid separation, resulting
in the formation of film-shaped gels at the interface (Figure 4a). Next, to examine the effect
of AuIII concentration, aqueous solutions of AuIII with different concentrations (12, 16, and
20 mmol) were added to the HPMC-34 solutions (35 wt%). In every case, liquid/liquid
separations were observed (Figure 4b). The thin film that formed at the interface between
the AuIII (20 mmol) and HPMC (35 wt%) phases was transferred onto a Petri dish using
tweezers, followed by washing with NMP and drying under reduced pressure. SEM and
transmission electron microscope (TEM) images revealed the formation of a sheet structure
(Figure 4c,d). Atomic force microscopy (AFM) showed a thickness of approximately 203 nm
(Figure 4e). These results demonstrate the successful formation of the nanosheets at the
interface between the AuIII and HPMC phases. The obtained nanosheet was characterized
structurally. As shown in Figure 2c, the coordination site of Au was through the thio-
carbonyl groups. The XPS wide-scan spectrum showed a peak of Au 4f around 84.0 eV
and no peak of Cl 2p around 200 eV (see Supplementary Materials Figure S1a). The XPS
narrow-scan spectrum showed Au 4f7/2 and Au 4f5/2 peaks at 83.9 and 87.6 eV, respectively,
which are typical of Au0 species [28–30]. (see Supplementary Materials Figure S1b). These
results indicate that the AuIII was reduced to Au0 during gelation, similar to our previously
proposed mechanism [24].
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Figure 4. Photographs of (a) bottom-up synthesis of nanosheets by the addition of AuIII aqueous
solutions (16 mM) to NMP solutions of HPMC—34 (13—37 wt%) and (b) bottom-up synthesis of
nanosheets by the addition of AuIII aqueous solutions (12—20 mM) to NMP solutions of HPMC—34
(35 wt%). (c) SEM image of HPMC—34—Au nanosheet. (d) TEM image of HPMC—34—Au nanosheet.
(e) AFM image of HPMC—34—Au nanosheet on a Si substrate.

2.3. Synthesis of Nanofiber

As mentioned above, the gelation of HPMC-4 with PdII ions provided fibrous gels
with a lower cross-linking rate and the stretching force to the bottom of the container
induced by the gel weight. Nanofibers containing metal ions are generally synthesized
by the electrospinning method using a polymer solution containing metals. However,
electrospinning has various problems, as described in Section 1. Thus, the synthesis of
nanofibers was attempted by a facile method, i.e., dropwise addition of an NMP solution
of HPMC-4 to an aqueous solution of PdII ions. HPMC-4 solutions (6, 8, and 11 wt%) were
added to a NaAuCl4 aqueous solution (4 mM) in a test tube. In all cases, elongated gels were
obtained (Figure 5a–c). Elongation of gels increased with decreasing polymer concentration.
The TEM observation of the gels obtained at 6 wt% of polymer concentration revealed
the formation of fibrous gels of 100~200 nm diameter. The XPS narrow-scan spectrum of
the nanofiber showed Pd 3d5/2 and Pd 3d3/2 peaks at 336.8 eV and 342.1 eV, respectively,
which are typical of PdII species (Figure S2a) [28,31]. EDX/SEM measurement showed
the presence of Pd and Cl species (Figure S2b). The Cl species was ascribed to Na2PdCl4;
therefore, PdIICl2 was contained in the nanofibers. Thus, nanofibers cross-linked with PdII

ions were successfully synthesized by this dropwise addition method.

291



Gels 2022, 8, 435

 

―

δ

−

Figure 5. Photographs of gels produced upon addition of NMP solutions of (a) 11 wt%, (b) 8 wt%,
and (c) 6 wt% of HPMC—4 (0.2 mL) to 4 mM aqueous solutions of PdII ions (20 mL). (d) TEM images
of HPMC-4-Pd nanofiber.

3. Conclusions

In conclusion, we demonstrated the control of gelation behavior for the synthesis of dif-
ferent types of nanomaterials by changing the composition ratio of the metal-coordination
unit in HPMC. An increase in the composition ratio of the metal-coordination unit from
10 mol% to 34 mol% increased the cross-linking rate with AuIII, resulting in the formation
of spherical gels and Au nanosheets. A decrease in the ratio of the metal-coordination
unit from 10 mol% to 4 mol% decreased the cross-linking rate with PdII, affording fibrous
gels and Pd nanofibers. Changing the composition ratio of the metal-coordination unit al-
lowed the contrasting gelation behavior to form various types of nanomaterials with metal
ions. This procedure will enable the controlled synthesis of various types of nanomaterials
containing various metals, which is now under investigation.

4. Materials and Methods
4.1. Materials

Polyvinyl alcohol (PVA, average polymerization degree = 1200) (Wako Pure Chemical,)
was used as received. Methyl isothiocyanate (Tokyo Kasei Kogyo, >98.0%) was distilled
prior to use. Sodium tetrachloropalladate (II) (Na2PdCl4, Tokyo Kasei Kogyo, >98.0%) and
sodium tetrachloroaurate (III) dehydrate (NaAuCl4, Wako Pure Chemical, >95.0%) were
commercially available and used as received. Dimethylsulfoxide (Wako Pure Chemical,
>99.0%) was distilled under CaH2. N-Methylpyrrolidone (NMP, Wako Pure Chemical,
>99.0%) was used as received.

4.2. Instruments
1H NMR spectra were measured with a JEOL JNM ECA-500 using tetramethylsilane

(TMS) as an internal standard; δ values are given in parts per million (ppm). IR spectra were
measured with a SHIMADZU FTIR IRPrestige-21 spectrometer, and the values are provided
in cm−1. Flame atomic absorption spectrometry was conducted with a Hitachi Z-2310
polarized Zeeman atomic absorption spectrometer (AAS). X-ray photoelectron spectroscopy
(XPS) was performed with a Kratos AXIS-NOVA instrument. Scanning electron microscopy
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(SEM) was performed using a HITACHI S-2500 instrument at an acceleration voltage of
1.5 kV. Energy-dispersive X-ray analysis (EDX/SEM) was conducted using a HITACHI
S-3400N/BRUKER Quantax 200 System. Transmission electron microscopy (TEM) was
conducted using a HITACHI HT-7700 instrument at an acceleration voltage of 20 kV.
Samples for TEM analysis were deposited onto a Cu grid. Atomic force microscopy (AFM)
was conducted with a KEYENCE VN-8010 instrument using a silicon substrate in the high
amplitude mode (tapping mode) under an ambient condition.

4.3. Gelation of HPMC and Metal Ions

NMP solutions of HPMC (0.200 mL, 13 wt%) were added to 4.00 mM aqueous solutions
of Na2PdCl4 (10.0 mL) or NaAuCl4 (10.0 mL). Gelation was conducted at room temperature
for 2 min, and the obtained gel was dried to constant weight at 60 ◦C in vacuo.

The gel fraction of the cross-linked HPMC was determined gravimetrically. The dry
gels were washed with refluxed distilled water in a Soxhlet extraction to remove the soluble
parts. The washed gels were dried to constant weight at 80 ◦C in vacuo. The gel fraction
was calculated from the following equation:

Gel fraction = Wwash—dry/Wdry

where Wdry is the weight of the dried gel before Soxhlet extraction and Wwash—dry is the
weight of the dried gel after Soxhlet extraction.

4.4. Synthesis of Au Nanosheets

An aqueous solution of AuIII ions (20.0 mM, 0.800 mL) was carefully added to an
NMP solution of HPMC-34 (31.0 wt%, 0.800 mL) in a vial bottle. After 3 s, the obtained
nanosheets were transferred from the interface between the AuIII ion layer and HPMC-
34 layer onto a Petri dish. The nanosheets were washed with NMP, followed by drying
under vacuum.

4.5. Synthesis of Pd Nanofibers

An NMP solution of HPMC-4 (0.200 mL, 6.00 wt%) was added to a 25.0 mL test tube
containing 4.00 mM Na2PdCl4 aqueous solution (20.0 mL), and the mixture was allowed to
stand at room temperature for 4 min. The resulting gels were handled using tweezers and
placed in a Petri dish. The gels were washed with NMP, followed by drying to obtain the
fibrous gels.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8070435/s1, Figure S1: Stability of HPMC-10-Au; Figure S2:
Stability of HPMC-34-Au; Figure S3: TEM images of HPMC-34-Au nanosheet; Figure S4: XPS spectra
of Auo nanosheet: (a) wide-scan spectrum and (b) narrow-scan spectrum; Figure S5: (a) EDX spectrum
of PdII nanofiber. (b) XPS narrow-scan spectrum of PdII nanofiber.
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Abstract: In the current study, flexible films of polyvinyl alcohol (PVA): chitosan (CS) solid polymer
blend electrolytes (PBEs) with high ion transport property close enough to gel based electrolytes were
prepared with the aid of casting methodology. Glycerol (GL) as a plasticizer and sodium bromide
(NaBr) as an ionic source provider are added to PBEs. The flexible films have been examined for
their structural and electrical properties. The GL content changed the brittle and solid behavior of
the films to a soft manner. X-ray diffraction (XRD) and Fourier transform infrared (FTIR) methods
were used to examine the structural behavior of the electrolyte films. X-ray diffraction investigation
revealed that the crystalline character of PVA:CS:NaBr declined with increasing GL concentration.
The FTIR investigation hypothesized the interaction between polymer mix salt systems and added
plasticizer. Infrared (FTIR) band shifts and fluctuations in intensity have been found. The ion
transport characteristics such as mobility, carrier density, and diffusion were successfully calculated
using the experimental impedance data that had been fitted with EEC components and dielectric
parameters. CS:PVA at ambient temperature has the highest ionic conductivity of 3.8 × 10 S/cm for
35 wt.% of NaBr loaded with 55 wt.% of GL. The high ionic conductivity and improved transport
properties revealed the suitableness of the films for energy storage device applications. The dielectric
constant and dielectric loss were higher at lower frequencies. The relaxation nature of the samples
was investigated using loss tangent and electric modulus plots. The peak detected in the spectra of
tanδ and M” plots and the distribution of data points are asymmetric besides the peak positions. The
movements of ions are not free from the polymer chain dynamics due to viscoelastic relaxation being
dominant. The distorted arcs in the Argand plot have confirmed the viscoelastic relaxation in all the
prepared films.

Keywords: polymer blend electrolytes; NaBr salt; glycerol plasticizer; XRD and FTIR methods; circuit
design; ion transport parameters; dielectric properties

1. Introduction

Renewable energy sources are those derived from naturally replenishing sources,
including the sun, wind, storms, seas, seeds, algae, geothermal, and biodegradable polymer
materials, and they have attracted great interest due to the growing oil crisis and envi-
ronmental concerns [1,2]. Polymer electrolyte (PE) science encompasses a wide range of
disciplines such as polymer science, organic chemistry, electrochemistry, and inorganic
chemistry [3]. Polymers are a prominent issue in material science lately, particularly solid
state solutions, which are an example of ion conducting polymers [4]. Because they are
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important in energy storage devices, including fuel cells, hybrid power sources, superca-
pacitors, and batteries, solid PEs (SPEs) have been attracting a lot of recent support [5–8].
Polar polymers can coordinate with the cations in the salt, causing it to dissolve. This is
due to the presence of functional groups with high electronegativity [9]. To keep pace with
rapid technological change, a new generation of highly efficient energy sources must be de-
veloped. Because of its use as an electrolyte, polymer-based ion conducting materials have
sparked large interest in lithium batteries. Super-ionic conductors are solid substances in
which charged atoms, known as ions, carry electric current [10]. These materials’ electrical
conductivity is vastly different from that of conventional semiconductors. This is because
the conductivity of semiconductors is determined by the mobility of light electrons. The
conductivity of super-ionic conductors, on the other hand, is the result of ion mobility. Ions
have a significant amount of mass and volume [11]. As a result, electric charge transport is
linked to mass transfer in super-ionic conductors [10,11].

Chitin is the world’s second most abundant biopolymer, derived from fungus and
insect cell walls, as well as crustacean exoskeletons [12]. Chitosan (CS), a biopolymer
derived from chitin and used in a variety of medicinal and electrochemical devices, is
safe, nontoxic, and biodegradable [13]. The backbone structure of CS differs from other
biopolymers because it contains amino and hydroxyl functional groups [14]. Poly (vinyl
alcohol) (PVA), on the other hand, is a water-soluble polymeric substance with high
dielectric strength, strong charge storage capacity, and fascinating optical features [15].
In fact, the PVA molecule has a hydrophobic chain and a hydrophilic end group, the
hydrophobic chains occupy space at the solid-liquid interface, while the hydrophilic end
groups are extended in the outer aqueous phase. Thus, the steric hindrance and increase in
the energy barrier would prevent the aggregation of the crystallinity [16]. The existence of
polar groups with a high electron affinity in polar polymers is adequate to form coordination
with the cation or surface groups of the fillers, resulting in a uniform nanocomposite [9,17].
PVA has a carbon chain backbone with hydroxyl groups attached, which can help build
polymer composites by facilitating hydrogen bonding. Because of its high transparency
and ability to form an oxygen barrier, this polymer is a suitable option for use in multilayer
coatings for organic solar cells [18].

Ionic conductivity, dimensional stability, and mechanical stability are some of the
latest economic and commercialization challenges in membrane technology research. Crys-
tallinity and low ionic conductivity are two of the most significant drawbacks of SPEs [19].
Chemists and engineers are interested in the ionic conductivity of PEs since it is used in
commercial electrochemical devices [20]. Both crystalline and amorphous phases exist in
PEs. Polymers utilized as host materials in PEs are commonly semi-crystalline, despite
the fact that ion transport occurs more frequently in amorphous rather than crystalline
phases, as has long been recognized [21]. To overcome the drawbacks of SPEs and enhance
conductivity, polymer blending and plasticizer addition are employed to improve ambient
ionic conductivity. PVA and CS-based polymer blend complexes are simple to manufacture
because of their well-controlled chemical and physical characteristics, such as toughness,
homogeneity, and heat stability [22]. Blending CS and PVA is possible since they are both
miscible [22]. A result of this interaction is that hydroxyl and amine groups in PVA and
CS combine to form an ionic compound. For example, there are many previous works
which enhance ionic conductivity by blending CS and PVA [22–25]. An XRD diffractogram
revealed that the most amorphous blend host was a 50/50 mix of PVA and CS. Plasticiz-
ers may increase SPE’s DC electrical conductivity by dissociating PE ion aggregates and
boosting the PE’s amorphous content [26].

GL, a colorless and odorless liquid, is widely available as an unavoidable by-product
of the transesterification of vegetable oils used to make biodiesel, and it can also be obtained
from more sustainable sources such as microalgae or cellulose. Because of its inexpensive
cost, low toxicity, and unique physicochemical features, such as water solubility and
hygroscopicity, it is commonly utilized in pharmaceutical formulations [27]. Increased
biopolymer electrical conductivity may be achieved with the use of GL, a plasticizer rich in
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hydroxyl groups, which reduces the number of internal hydrogen connections between
polymer chains. This opens up new applications, such as solid PE films. Electrochemical
applications such as humidity sensors, rechargeable batteries, and fuel cells might benefit
from this feature’s potential [28,29].

It is widespread to use dielectric relaxation spectroscopy to learn relaxation processes
in complex systems from a basic perspective. Studying the dielectric characteristics of ion
conducting polymers may help researchers understand more about ionic and molecular
interactions. The nature of additives and temperature have a huge effect on the dielectric
characteristics of ion conducting polymers [30]. The nature of charge transport in poly-
mers has been investigated in order to better understand how these materials conduct
electricity [31]. AC impedance spectroscopy is a method to look at the electrical and di-
electric properties of materials. The goal of this research is to create a novel type of PE
system based on a 50 percent PVA and 50 percent CS (1:1) blend that will act as a good
polymer host. This study will look at the structural (XRD and FTIR), conductivity, and
relaxation processes that make ions move. Particular attention is given to the exploration
of the ion’s relaxation and movement in the PVA:CS-based ion conducting mix electrolyte
membranes. Polymer films with high content of plasticizer will offer DC conductivities
close sufficient to gel-like electrolytes. Because most polymer membranes with ions that
are used in devices have a high conductivity, the system made in this study could be used
as an electrolyte and separator for electrochemical device applications.

2. Results and Discussion
2.1. FTIR Study

The FTIR spectroscopy is used to investigate the chemical structure of the composite
films and probable interactions between the functional groups of PVA and CS in PVA:CS
polymer bleed films. Additionally, in this technique, the interaction of NaBr salt with the
blended PVA:CS host polymer by modifying the location, intensity, and shape of the IR
transmittance bands in the wavenumber range from 500 to 4000 cm−1 is explored. The
vibrational peaks of OH, C–O, C–H, CH2, and C=O are used to identify the distinctive
bands of PVA and CS polymers [32]. Blend polymer compatibility is shown by changes
in the vibrational frequency of the peaks and improved amorphous phase in the PVA:CS
system. Figure 1 shows the FTIR spectra of pure CS, PVA, and their blends. In Table 1, the
FTIR peaks and their assignments are listed for pure polymers. Figure 1 shows that the
OH bands in the PVA:CS system grow in size with decreased intensity, which indicates a
reduction in PVA crystallinity. This is evident for the occurrence of complexation between
the functional groups of the two polymers, which is clearly related to the OH band of the
blend system [33]. The results of the XRD investigation are consistent with this discovery.
By shifting the O–H peak position and intensity, the PVA hydrogen atoms and the CS
oxygen atom are shown to establish hydrogen bonds with one other. Blending CS with PVA
results in an expansion of the crystalline peak that corresponds to the C–O stretching mode
and a decrease in its intensity [34]. It has been shown that adding CS to a mix diminishes
the absorption band intensity at 834 cm−1, which corresponds to PVA’s C–C stretching.

Figure 2 illustrates the FTIR spectra of various PVA : CS : NaBr : Gl in the wavenum-
ber range 500–4000 cm−1. [35] All samples show the key characteristic absorption peaks
of CS, for instance the vibration of the amino group (NH2), O=C–NHR, and amine NH
symmetric. The PVA structure has been connected to C–O plane bending, which com-
monly occurs at 1015–1031 cm−1. Furthermore, the peak at 1600–1700 cm−1 is due to C=O
stretching of PVA’s acetate group, which is pushed to a lower wavenumber in doped
samples [35].

There is motionless a noteworthy wide band at 3300–3500 cm−1, despite the possibility
of overlap between the N–H and O–H stretching vibrations. Figure 2 shows that as the
plasticizer is increased, the bands become more intense and the wavenumber decreases. In
the bands of amine (NH2) and (O–H) groups, there is a trend towards lower wavenumbers,
as seen in Table 2. This strongly suggests that complexation is happened between the
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electrolyte’s constituents [23,36]. The shift and reduction in relative strength of these bands
is due to the electrostatic interaction between the ions and the functional groups of the
CS:PVA polymer blend [37]. Furthermore, the N–H stretching vibration’s shift to lower
wavenumbers shows that CS’s intermolecular and intramolecular hydrogen bonds have
decreased [38]. Recent research has shown that the carboxyl (–C=O), hydroxyl (–OH),
and amine (–NH) groups all have a role in salt interaction [39]. This band’s shifting and
changing strength specify a superior interaction between the electrolyte’s blended host
polymer, salt, and plasticizer. The vibrational and stretching modes in the FTIR spectra
vary as a consequence of the interaction between the electrolyte components (shown in
the table below) [22,40]. This enhanced interaction promotes ion dissociation, which is
beneficial to the electrolytes’ ionic conductivity [40,41]. The rise in ionic conductivity is
corroborated by this increase in intensity (see Figure 2).

Figure 1. FTIR spectra for (a) pure PVA, (b) PVA:CS (0.5:0.5) blend, (c) pure CS.

Table 1. Purified (PVA), pure (CS) and blended pure (PVA:CS) FTIR data are shown.

Vibrational Modes Pure PVA Vibrational Modes PVA:CS Vibrational Modes Pure CS

O–H stretching 3259.34 O–H stretching 3261.67 O–H stretching 3261.42
C–H stretching 2937.98 C–H stretching 2906.38 C–H stretching 2872.47

C = O 1710 C = O 1646.29 C = O 1636.33
(C–H)–CH2 1653.51 N–H 1557.41 N–H 1540.59
OH–C–OH 1417.33 CH·OH 1405.89 CH·OH 1403.24
−C–O–C 1324.90 CH2–OH 1376.61 CH2–OH 1375.46

(C–O)–C–OH 1084.88 (C–O)–C–OH 1027.48 (C–O)–C–OH 1022.98
C–C 834.16 C–C 834.08 C–C −

2.2. XRD Study

Figure 3 shows XRD results for room-temperature PVA, CS, and CS:PVA (a–c). In con-
trast to the semi-crystalline character of pure PVA (Figure 3a), the CS exhibits crystallinity
maxima at some 2θdegree values (Figure 3b) [42]. Since OH groups are present everywhere
throughout PVA and CS’s main chain, it is able to form strong inter- and intramolecular
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hydrogen bonds. Amorphous phases in PVA are responsible for the large peak at 2θ = 40.7◦

which is due to existing high water content [43]. The XRD pattern of CS: PVA (Figure 3c)
revealed two hallows and smaller crystalline peaks in the current study. It is worth noting
that, as the vast hallows demonstrate, CS: PVA is less crystalline than pure PVA or CS
alone, and its structure is practically amorphous [44,45]. According to previous research,
the amorphous structure of PEs is linked to large diffraction peaks [46].

Figure 2. FTIR spectra of (a)CSPVNG0, (b) CSPVNG11, (c) CSPVNG22, (d) CSPVNG33,
(e) CSPVNG44 and (f) CSPVNG55.

Table 2. Assignments of FTIR bands for PVA:CS: NaBr:GL solid PEs.

Samples
Wavenumbers (cm−1)

C–O Band NH2 C–H Band O–H Band

CSPVNG0 1015.61 1545.66 - -
CSPVNG11 1020.04 1558.79 - 3374.36
CSPVNG22 1039.06 1559.40 2938.77 3374.69
CSPVNG33 1032.10 1559.33 2938.70 3317.19
CSPVNG44 1031.21 1559.41 2937.25 3316.19
CSPVNG55 1031.29 1559.47 2936.4 3312.77

Meanwhile, when GL was added to these samples, the strength of the CS : PVA : NaBr
peaks decreased, and the wide nature of the peaks improved, as seen in Figure 4a–f. These
findings support the hypothesis that the PE has an amorphous structure that improves
conductivity by increasing ionic diffusivity. Furthermore, the NaBr salt dissociates com-
pletely in the PE, leaving no peak associated with pure NaBr, as illustrated in Figure 5.
The absence of hydrogen bonds between polymer chains is a likely cause for the intensity
drop and broadening, indicating the presence of the amorphous phase in the samples [47].
Plasticized PEs are a type of PE made by adding low molecular weight chemicals to the
polymer host, such as ethylene carbonate, propylene carbonate, and poly ethylene glycol
(PEG) [48]. It is possible for plasticizers to reduce the number of active centers in polymer
chains, hence decreasing the interactions between and within molecules [49]. Consequently,
the three-dimensional structure generated during drying loses stiffness and the mechanical
and thermomechanical characteristics of the films it produces are affected [49,50]. To facili-
tate charge carrier transfer, low molecular weight plasticizers have been added, resulting in
a reduction in crystallinity, an increase in salt dissociation capacity and producing a jelly
thin film, as seen in Figure 6a,b.
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Figure 3. XRD pattern of (a) pure PVA film, (b) pure CS and (c) PVA: CS blend (50:50) films.

Figure 4. XRD Pattern of (a) CSPVNG0, (b) CSPVNG11, (c) CSPVNG22, (d) CSPVNG33,
(e) CSPVNG44 and (f) CSPVNG55.
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Figure 5. XRD pattern of pure NaBr.

Figure 6. Role of plasticizer on (a) the ion dissociation and increase of flexibility and amorphous
phase, and (b) the film with high content of plasticizer can easily be bending without deformation or
tear. The last photograph shows the ability of the film to bending.

2.3. Complex Impedance Spectroscopy (CIS) and Ion Transport Study

It is required to conduct non-destructive testing in order to distinguish a wide range of
materials. As a tool for studying heterogeneous systems, dielectric impedance spectroscopy,
which measures conductivity and permittivity as a function of frequency at different
temperatures, may reveal their structure [51]. The CIS response is seen in the Nyquist
plot of all the samples, as shown in Figure 7a–e. In the high frequency and low frequency
regions, the responses take the shape of a semicircle and a tail (spike), respectively. On
the one hand, at high frequencies, the incomplete semicircle is primarily associated with
bulk resistance (a bulk property). The development of a spike, on the other hand, denotes
the establishment of double layer capacitance at the electrode/sample interface at low
frequencies [52].
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Figure 7. EIS plots for (a) CSPVNG11, (b) CSPVNG22, (c) CSPVNG33, (d) CSPVNG44 and
(e) CSPVNG55 electrolyte films.

The facility to recognize the relaxation frequency and to separate electrode (low
frequency spike) and bulk (high frequency semicircular region) affects are two of the
benefits of the CIS technique. Real (Z′) and imaginary (Z′ ′) components of impedance can
be obtained using the CIS approach across a large frequency range. This technique has
been effectively utilized to assess DC ionic conductivity and ionic conductor activation
energy in recent years [44,53]. An electrochemical sample holder must be exposed to an
alternating voltage across a wide frequency range for CIS measurements [54]. The direct
correlation between the system’s response and the proposed equivalent circuit, which
represents the system’s electrical behavior, is a key element of CIS [55,56]. In physics,
a dielectric material’s dissipative response is characterized by a resistance (R), whereas
its storing response is characterized by a capacitance (C) [56,57]. One of the outputs of
electrical impedance spectroscopy is a graph of the imaginary component of the impedance
vs. the real component, CIS. This graph can be used to derive information about the
expected equivalent circuit. The impedance charts should have a straight line parallel to
the imaginary axis at low frequencies; instead, the blocking electrode polarization effect
(double layer capacitance) produces the curvature [58–60].

It will be simple to specify the mechanism of the system after fitting experimen-
tal spectra and analyzing using the electrical equivalent circuit (EEC) technique [59].
Figures 7 and 8 show the experimental impedance spectra, as well as the related EEC
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models for all of the electrolyte samples. In the Nyquist plots displayed in the insets of the
bulk resistance (Rb) for charge carriers in electrolyte systems, as well as two constant phase
elements (CPEs); CPE1 and CPE2, can be seen Figure 8. The EEC is made up of a succession
of Rb and CPE1 in parallel with a second CPE2 (from the tilted spike). The impedance’s
ZCPE component is written as follows [55,61,62]:

ZCPE =
1

Cωp

[

cos
(πp

2

)

− i sin
(πp

2

)]

(1)

where CPE capacitance and the angular frequency are symbolized as C and ω, and repre-
sents the departure of the plot from the vertical axis in complex impedance spectra. It is
important to point out that CPE and capacitor are commonly used interchangeably in the
context of an EEC modeling.

Figure 8. The equivalent electrical circuit (EEC).

The overall mathematical expression of the equivalent circuit, and the real (Zr) and
imaginary (Zi) complex impedance (Z*) values may be written as follows [55,61,62]:

Zr =
N + Rb
M + T

+
cos(πp2

2 )

C2ω
p2 (2)
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+
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2 )
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where N = R2
bC1ω

p1 cos
(

πp1
2

)

, M = 2RbC1ω
p cos

(

πp
2
)

, L = R2
bC1ω

p1 sin
(

πp1
2

)

and

T = R2
bC2

1ω
2p + 1.

The real and imaginary sections of semicircles are attributed to the first half of Equa-
tions (8) and (9), while spike lines are attributed to the second part. Where C1 indicates
CPE1’s bulk capacitance and C2 denotes CPE2’s capacitance at the electrode-electrolyte
interface. In Table 3, the EEC fitting parameters are listed. In the high frequency region, the
semicircle size drops significantly as the amount of GL increases, as seen in the impedance
spectra. Figure 7a,b show how to model an incomplete semicircle in which the value of Rb
is in series with one CPE element and parallel with another CPE element (at low frequency
tail). Figure 7c–e illustrate the complete elimination of the incomplete semicircle. Given
the Rb values and the film thickness, calculation of the DC conductivity can be performed
using Equation (4) [63].

σdc =

(

1
Rb

)

×
(

t
A

)

(4)

Table 3. Circuit elements of the plasticized PBE systems.

Sample p1 (rad) p2 (rad) CPE1 (F) CPE2 (F)

CSPVNG11 0.71 0.52 6.67 × 10−9 1.54 × 10−6

CSPVNG22 0.60 0.60 1.43 × 10−7 3.33 × 10−6

CSPVNG33 0.73 0.68 2.22 × 10−8 1.35 × 10−5

CSPVNG44 0.71 0.68 5.00 × 10−8 2.38 × 10−5

CSPVNG55 0.64 0.67 1.00 × 10−7 2.94 × 10−5
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Table 4 shows the computed DC conductivity and bulk resistance (Rb) values, as well
as all the transport parameters of the plasticized PBE systems, including diffusion (D),
mobility (µ) and charge carrier density (n). The quantity and sort of plasticizer have a big
impact on the PEs’ characteristics. GL is the mainly often used and least expensive plasti-
cizer [64]. After water, it is one of the most well-known polar compounds. It is completely
water soluble, has a low toxicity compared to other organic solvents, and is completely
biodegradable [27]. Furthermore, renewable resources are abundant on the earth and have
a low market price. The relatively high conductivity can be explained by the massive ion
movement, as demonstrated by the semicircle disappearing in the high frequency area of
the spectra. As a result, GL is an effective plasticizer for reducing crystallinity and increas-
ing ion mobility, which increases overall DC conductivity. According to Kaori Kobayashi
et al., the addition of GL plasticizer reduced the glass transition temperature and increased
the dc conductivity (σdc) of poly (ethylene carbonate) (PEC): LiPF6Telectrolyte [65].

Table 4. Transport parameters of the plasticized PBE systems.

Sample Rb (Ω) σ (S cm−1) D (cm2s−1) µ (cm2V−1s) n (cm−3)

CSPVNG11 62,600 2.46 × 10−7 3.48 × 10−5 1.35 × 10−3 1.14 × 1015

CSPVNG22 2815 5.48 × 10−6 1.52 × 10−5 5.90 × 10−4 5.79 × 1016

CSPVNG33 369 4.18 × 10−5 8.60 × 10−7 3.35 × 10−5 7.79 × 1018

CSPVNG44 73 2.11 × 10−4 4.06 × 10−7 1.58 × 10−5 8.34 × 1019

CSPVNG55 40 3.86 × 10−4 1.46 × 10−7 5.67 × 10−6 4.24 × 1020

The heart of electrochemical devices is PEs. The majority of solid-state electrochem-
istry research is focused on the development of high ion-conducting materials for energy
conversion and storage [66]. Massive research efforts over the past two decades have
resulted in systems with enhanced conductivity and transport characteristics, and PEs
fall into this category [66–68]. Transport parameters are crucial properties that should be
considered in device applications. PEs with performance transport properties are the focus
of many research groups.

Ion number density (n), diffusion coefficient (D), and mobility (µ) may be calculated
from the impedance data of all systems by utilizing the following relations [69–71]:

D =

{

(K2ε0εrA)2

τ2

}

(5)

where εr and ε0 signify the dielectric constant and the permittivity of the space, respectively.
The reciprocal of ω is represented by τ2, which is matching to the smallest value in Zi.
From Equation (5), it is noticeable that three parameters influence the value of D, which are
K2, εr and τ2. Thus, it is difficult to obtain D and µ values follow the trend of n value.

µ =

{

eD
KbT

}

(6)

where kb and T refer to the Boltzmann constant and absolute temperature, respec-
tively. DC conductivity (σdc) and Ion number density (n) are presented by the following
equations, respectively:

σdc = neµ (7)

n =

{

σdcKbTετ2

(eK2ε0εrA)2

}

(8)

From Table 4, is clear that the number density improved from 1.14 × 1015 cm−3 to
4.24 × 1020 cm−3. A large network of ion conduction may be formed by the incorporation
of plasticizer molecules into the host polymer, as shown in Figure 6a [72]. According to
recent research, the conductivity of thin films may be improved by increasing the amount
of existing hydroxyl groups [73]. To lower intermolecular tensions, increase the mobility
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of its polymeric chains and enhance mechanical properties such as the extensibility of the
resultant film, GL was essential [28,74].

2.4. Dielectric Properties

For determining the electrical characteristics of many materials, including glasses,
semiconductors, polymers, and transition metal oxides, impedance spectroscopy may be a
valuable instrument [9,40]. CIS relies on a number of other measured or calculated parame-
ters. The measurement, analysis, and charting of some or all of the four impedance-related
functions (Z*, Y*, M*, and ε*) in the complex plane is referred to as impedance spec-
troscopy [75]. Dielectric measurements (ε*), such as dielectric constant (ε′) and dielectric
loss (ε′ ′), disclose a lot about polymer chemical and structural behavior. Using Equations
(9) and (10), the real and imaginary parts of dielectric function were evaluated [76]. Because
of the electrode polarization (EP) effect [77], both of them (ε′ and ε′ ′) are quite high at low
frequencies, as seen in Figures 9 and 10. The inclusion of another polymer or a dopant in
the polymer has a significant impact on these properties (ε′ and ε′ ′) [56]. In polymer elec-
trolyte systems the polarization can be resulted from both permanent dipole of host matrix
functional groups and space charge polarization at the electrode/electrolyte interface. As
can be seen in Figure 10, the dielectric loss has recorded high value at low frequency region
due to the plenty of time that is provided by the applied field for re-orientation. In addition,
the increasing plasticizer has improved the rotation freedom of the site groups to response
quickly to the applied field. These two factors have caused an enhancement in dielectric
loss value. However, at high frequency regions such a high value is not observed due to
the fast switching of the applied field.

ε′ =
Zi

ωC0

(

Z2
r + Z2

i

) (9)

ε′′ =
Zr

ωC0

(

Z2
r + Z2

i

) (10)

Figure 9. Dielectric constant versus log(f) for the electrolyte samples.

The vacuum capacitance, Co, is provided by the formula εoA/t, where εo is the free
space permittivity, which is to 8.85 × 10−12 F/m. If f is the applied field frequency, the
angular frequency (ω) is equal to 2π f .
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Figure 10. Dielectric loss versus log(f) for the electrolyte samples.

At low frequencies, ion migration and polarization have a significant impact on
dielectric properties. For polymer/filler composites, this phenomenon is not possible. Due
to the delayed dielectric relaxation of various polarizations in polymer composites, the
permittivity falls gradually with increasing frequency. Permittivity has a low frequency
dependency, which is advantageous across a large frequency range [78].

The migration of ions from one site to another in solid PEs will cause the electric
potential of the environment to be perturbed. The perturb potential will have an impact
on the movement of the other ions in this location. Non-exponential decay, or conduction
processes with a dispersion of relaxation time, will occur as a result of such cooperative
ion motion [79]. The behavior of bulk dielectric constant and bulk DC conductivity is
essentially identical with GL content, as can be seen. This finding demonstrates that DC
conductivity is greatly influenced by the dielectric constant. It is important to note that as
the plasticizer concentration rises, the dielectric dispersion switches to the high frequency
region. Both DC conductivity and ε′ are clearly lower for Gl content of 10 to 20 Gl. When
crystallites cover a significant percentage of the polymer, the conductivity and dielectric
constant are dramatically reduced, which is an undesirable circumstance [80]. Most of
the dielectric constant is reduced by structural densification (i.e., the rise in crystallinity
between the provided lamellae). Charge carrier mobility is hindered during the remainder
of the amorphous phase as a consequence. The conduction channel may become unstable
even if the amorphous phase composition changes slightly in such a compact arrangement.
There is also the possibility that electrode contact loss and sample stiffness are to blame for
such a large conductivity decline or resistivity rise [81]. Usually, the dominance of the EP
effect can be attributed to significant charge carrier buildup at high GL concentration or
at high temperature at the electrode/electrolyte interface because at these situations the
semicircle disappears in CIS plots [82].

When an electric field is given to a solid substance, it causes ion conduction between fa-
vorable binding sites. The tail at low frequencies may be owing to the electrode/electrolyte
interfaces blocking mobile ions and/or equipment constraints in viewing the low-frequency
electrode polarization region [83]. The magnitude of ionic conductivity is described in
theory as

σ = ∑ qiniµi (11)

where ni denotes the number of carriers, and qi and µi denote the carriers’ charge and
mobility, respectively. To achieve good ionic conductivity, you will need a lot of ion carriers
with a large mobility. As a result, it is critical to discover materials that match these require-
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ments [84]. The concentration of charge carriers’ growths when the dielectric constant rises
(

ni = no exp
(

− U
ε
′ KBT

))

, where U denotes the dissociation energy, resulting in anincrease
in DC conductivity (σ = ∑ qiniµi).

2.5. Tanδ Study

Broadband dielectric spectroscopy has been revealed to be a very efficient method
for studying polymeric system relaxation processes. The complex dielectric utility, ε*,
which consists of the dielectric constant and loss, is a material parameter that is affected
by frequency, temperature, and structure, and so the tan, which is the ratio of ε′ ′ to
ε′, is likewise frequency dependent. The plot of tanδ dielectric relaxation peaks as a
function of frequency at room temperature for all samples is explored in this section.
The aim of this study is to learn more about the relaxation processes and structure of
polymeric-based materials. The study of dielectric relaxation can be a useful technique
for understanding dipole relaxation in PEs. The dielectric relaxation processes are usually
linked to one or more of the material’s polarization processes. The dipolar polarization and
polarization owing to migrating charges are the two major components of polymer dielectric
response. In frequencies less than 109 Hz, dipolar and migrating charge polarizations can
be identified [85]. To our understanding, there is no literature that discusses the use of
loss tangent (Tanδ) relaxation peaks in determining polymeric structural attributes. The
mechanism of ion transport is presently under debate among scientists. As a result, the
study’s primary contribution is to provide the first experimental data and insights into
the tan relaxation peaks and structure identification. The dielectric loss peak has been
recognized as useful in investigating relaxations such as, α, β and γ, which are connected
to dipole rotation in the crystalline phase, dipole orientation in amorphous areas, and side
group or end-group movement in the amorphous phase, respectively [86]. α relaxation
occurs at low frequencies most of the time, but β relaxation can be seen at intermediate
to higher frequencies, and it transitions to higher frequencies as the amorphous phases
increases [55]. The height of the peak associated with the amorphous phase at high
frequency is clearly increased as the GL content increases. The results of the morphological
and impedance analyses are exactly in line with these conclusions. As a result, the loss
tangent peak can be used to determine structural features of materials in a sensitive
manner. PEs are known to be heterogeneous materials, as both amorphous and crystalline
phases exist. At high GL concentrations, the single peak disappears, implying system
homogeneity [87]. The findings in this work suggest that tanδ relaxation peaks can be
used to distinguish between crystalline and amorphous polymer phases. Furthermore,
one peak formed at 10 wt.% of GL, while two loss peaks appeared at 20 wt.% of GL, as
shown in Figure 11a. In both crystalline and amorphous regions, the peaks are connected
to dipole orientation. The α -relaxation loss peak was discovered to be narrower and
asymmetrical than the β -relaxation peak. The α -relaxation is partially filtered at low
frequencies due to ionic conductivity [55,88]. While Figure 11b shows that α -relaxation
loss peak has been disappeared, and β -relaxation peak has dominated due to the transfer
of these systems from crystalline phase to fully amorphous phase, which is supported by
XRD results (Figure 4).

2.6. Electric Modulus and Relaxation Study

The material is exposed to an alternating electric field, which is generated by applying
a sinusoidal voltage, in dielectric measurements; this process causes dipoles in the material
to align, resulting in polarization. Dipoles on the side chain of the polymer backbone can
cause dipolar polarization in polymeric materials, as well as the presence of ion translational
diffusion [89]. Because of the huge conductivity effects, dielectric parameters should be
expressed in terms of the complex electric modulus (M* = 1/ε*) [90]. It can be deduced
from the electric modulus study that ion transport happens either by polymer segmental
relaxation or conductivity relaxation [91]. Electrical relaxation phenomena in PE are known
to be caused by phase transitions, interfacial effects, and polarization or conductivity
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mechanisms [92]. Macedo et al. devised the electric modulus formalism to limit the effect
of electrode polarization. Equations (12) and (13) were used to compute the real and
imaginary components of electric modulus [93]. The peak maximum in the imaginary part
of the electric modulus indicates that the sample is an ion conductor. Figure 12 depicts the
frequency dependence of M′ for various GL plasticizer concentrations. Figure 13 shows
that a distinct relaxation peak can be detected in the imaginary part of modulus (M′ ′)
spectra, which is associated with conductivity processes, however no peak can be found
in the dielectric loss spectra. This indicates that ionic and polymer segmental movements
are highly connected, as evidenced by a single peak in the M′ ′ spectra and no equivalent
characteristic in dielectric loss spectra (Figure 13) [94]. As a result, charge migration of ions
between coordinated sites of the polymer and segmental relaxation of the polymer are both
involved in conduction in PEs.

M′ = ωC0Zi (12)

M′′ = ωC0Zr (13)

Figure 11. Loss tangent versus log (f) for (a) CSPVNG11 and CSPVNG12, and
(b) CSPVNG33, CSPVNG44 and CSPVNG55 the electrolyte samples.
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Figure 12. The real part of the electric modulus versus log (f) for the electrolyte samples.

Figure 13. The imaginary part of the electric modulus versus log (f) for all electrolyte samples.

The use of Argand (M′ ′ vs. M′) plots to decide whether a relaxation dynamic fits
in to viscoelastic or conductivity relaxation is a well-known approach. The type of re-
laxation processes in the current PEs can be revealed. The Argand curves for all of the
samples are shown in Figure 14 at room temperature. According to [95], if the Argand
plot between the imaginary component (M′ ′) and the real part (M′) of the electric modulus
displays semicircular behavior, the relaxation is due to conductivity relaxation; otherwise,
viscoelastic relaxation (or polymer molecular relaxation) is responsible [96]. The circle
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diameters do not line up with the real axis. This means that ion transport happens in all
samples via viscoelastic relaxation. The conductivity relaxation differs significantly from
the viscoelastic relaxations found in polymers. The conductivity relaxation corresponds to
a single-relaxation-time Debye model process, whereas viscoelastic relaxations are known
to have a dispersion of relaxation times [97].

Figure 14. M′ ′-M′ plot for all plasticized SPE films.

2.7. AC Conductivity Analysis (σac)

Even though experiments have been carried out on a broad range of semiconducting
and insulating materials, the literature on AC conductivity in disorder solids and its
characteristics with composition is valuable. In general, frequency-dependent conductivity
follows a power-law behavior (σ~ωs) [98]. The properties of crystalline semiconductors
and insulators have been determined by several solid state theories, but when these theories
are applied to data on polymers, the predictions they produce are not sufficiently unique,
making it surprisingly difficult to determine all the important characteristics of electrical
conduction in polymers even today [99]. The σac were evaluated from the real (Zr) and
imaginary (Zi) parts of complex impedance (Z*) using Equation (14).

σ′
ac =

[

Zr

Z2
r + Z2

i

]

×
(

t
A

)

(14)

Figure 15 shows the AC conductivity spectra of plasticized PVA : CS : NaBr sheets
at ambient temperatures. At high frequencies, ac conductivity in disordered solids is
highly dispersed, making it one of the most distinctive properties of electrical conduc-
tion in these materials. AC methods are widely used to study electrical properties of
ionically conducting materials, which would need the construction of non-blocking elec-
trodes for DC research [100]. Frequency dependent data may be used to highlight the
contributions of bulk materials (high frequency semicircle area), grain boundaries, and
electrode-electrolyte effects (low frequency spike region) [101]. In the GL range of 11 to
33 wt.%, the ac conductivity spectra (see Figure 15) may be separated into three discrete
regions. The electrode-electrolyte interfacial phenomenon known as electrode polarization
(EP) effect caused the low frequency area (region I) to appear as a spike [102]. It is worth
noting that a linear relation between the spike region and GL content can be observed.
A plateau of ac conductivity is identified in the intermediate frequency band (region II),
which correlates to DC conductivity. As a result of increased electrode polarization (EP)
and a shift to the higher frequency side, this region (plateau region) grows dramatically
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with increasing GL content. At high GL concentrations, the disappearance of the high
frequency semicircle in the impedance plot (Zi-Zr) is closely related to the lowering of
dispersion region (Figure 7a–e). These dispersion areas are critical for determining the ion
conduction type in solid PEs.

Figure 15. AC conductivity spectra.

The Jonscher’s relation is a good way to describe the link between ac conductivity and
charge carrier motion [103]:

σdc(ω) = σdc + Aωs (0 < s < 1) (15)

where σdc denotes the frequency-independent dc conductivity, A denotes a temperature-
dependent constant, and s denotes the charge carrier interactions during hopping pro-
cesses [104]. The second component is caused by accumulated interfacial charges and
permanent/induced polarization (restricted mobility) of the dipoles. As frequency rises,
the total conductivity of the second component due to polarization increases, according to
Equation (15) [105]. σ’ac(ω) represents the charge transport mechanism and many-body
interactions among charge carriers [104,106].

3. Conclusions

Finally, the casting approach was employed to make plasticized PBEs based on
polyvinyl alcohol (PVA): chitosan (CS) polymers. The samples structural and electri-
cal properties were investigated using a variety of techniques including XRD, FTIR and
EIS. There is interaction at the molecular level, as shown by shifting peaks and changes in
the intensity of FTIR bands. PVA and CS polymers behave semicrystallinly, as shown by
the XRD data. It was determined that the samples inserted with high content of GL were
amorphous due to the XRD pattern exhibiting a wide hum. The GL plasticizer fastened the
dissociation of NaBr salt and reduced the crystallinity of polymers. For a sample containing
55 wt% GL, the CIS approach revealed a maximum ionic conductivity of 3.8 × 10−4 S/cm.
Each electrolyte’s CIS data were fitted with EECs to have a comprehensive understanding
of the ion-conducting systems’ full electrical properties. The DC conductivity and carrier
density increased with increasing GL ratio. With the help of EEC modeling, the transport
parameters associated with dissociated ions are calculated. The conductivity measurement
was connected to the dielectric characteristics. High dielectric constant and dielectric loss
were recorded at low frequencies. The relaxation behaviors of the samples are examined
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using loss tangent and electric modulus graphs. The peak detected in the spectra of tanδ
and M” plots and the distribution of data points are asymmetric beside the peaks. This
confirms that the movement of ions and their contribution to conductivity belongs to the
viscoelastic relaxation type. The high ionic conductivity and improved transport properties
(n, µ and D) revealed the suitableness of the films for energy storage device applications.

4. Materials and Methods
4.1. Material Components

PVA (MW 89,000–98,000 g/mol, 99+% hydrolyzed) and chitosan (CS) (MW
310,000–375,000 g/mol, Sigma-Aldrich, St. Louis, MO, USA) are the polymeric materi-
als. Other raw materials employed included sodium bromide (NaBr) (MW 102.89 g/mol,
Sigma-Aldrich) salt as a dopant, acetic acid (CH3COOH) solution and distill water as a
solvent, and GL (C3H8O3) (MW 92.09 g/mol, Sigma-Aldrich) as a plasticizer. No additional
purification was necessary.

4.2. Electrolyte Preparation Using Polymer Blends

Acetic acid solvents were prepared by adding 1 mL of glacial acetic acid into 99 mL
of distilled water. 0.5 g of CS was dissolved in 70 mL of the prepared (1%) acetic acid at
ambient temperature and 0.5 g of PVA was dissolved in 30 mL distilled water at 90 ◦C
under stirring. After cooling to room temperature, the PVA solution was mixed with
dissolved CS. Using a magnetic stirrer, the solution was continuously stirred for 24 h to
obtain an identical PVA:CS solution. To make ion-conducting PEs, sodium salt was used.
For this purpose, 35 wt.% NaBr salt was added to the PVA:CS solutions under stirring and
then addition of varying concentrations (11, 22, 33, 44, and 55 wt.%) of GL as plasticizers
into the PVA:CS:NaBr solution were carried out. In order to obtain a dry film free of solvent
at room temperature, the solutions were deposited in numerous plastic Petri dishes (8 cm
in diameter). This procedure is seen in the Figure 16. The 0.023 mm-thick flexible films
were then created.

Figure 16. Schematic processes for the fabrication of the plasticized PE samples.

It was determined that CSPVNG0, CSPVNG11, CSPVNG22, CSPVNG33, CSPVNG44,
and CSPVNG55 were the appropriate coding for the PVA:CS:NaBr mix systems doped
with varied concentrations of GL. Table 5 depicts the film’s chemical composition.

Table 5. Solid PE based on PVA:CS:NaBr:GL.

Designation CS : PVA : NaBr (g) Glycerol Wt.% Glycerol (g)

CSPVNG0 (0.5 : 0.5 : 0.538) 0 0
CSPVNG11 (0.5 : 0.5 : 0.538) 11 0.190
CSPVNG22 (0.5 : 0.5 : 0.538) 11 0.4339
CSPVNG33 (0.5 : 0.5 : 0.538) 22 0.758
CSPVNG44 (0.5 : 0.5 : 0.538) 33 1.209
CSPVNG55 (0.5 : 0.5 : 0.538) 44 1.880
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4.3. XRD and FTIR Spectra Analysis

Bruker D8 ADVANCE X-ray powder diffractometer (Bruker, Berlin, Germany) with
CuKa radiation sources (k = 1.54 A◦) is used to record XRD patterns of pure and composition
polymer films in the region of 10–80◦ in order to provide information about their crystal
structure. The interaction between the composite components was studied using a Perkin
Elmer FTIR spectrometer with a range of 500 to 4000 cm−1 and a resolution of 2 cm−1.

4.4. Electrical Impedance Spectroscopy (EIS)

Complex impedance spectroscopy may be used to determine the electrical properties
of materials and their interaction with electrically conducting electrodes. SPE films were
cut into 2 cm diameter compact discs and placed between two stainless steel electrodes
under spring pressure as shown in Figure 17.

Figure 17. Schematic the stainless-steel electrodes.

HIOKI 3531 Z Hi-tester, linked to a computer, was used to measure the impedance
of the films throughout a frequency range of 100 Hz to 2 MHz. Zr and Zi are calculated
by the software and controlled by it throughout the measuring process. An intersection
of the plot and real impedance axis yielded bulk resistance (Rb), and the Zr and Zi val-
ues were presented as a Nyquist plot. The equation below may be used to determine
conductivity [107,108].

In Equation (1), there are three parameters to consider: film thickness (t), bulk re-
sistance (Rb), and active area (A). It is also possible to determine the real and imaginary
components of dielectric and electric modulus using Zr and Zi by the Equations (9) and
(10), (12) and (13), which are based on complex impedance (Z*) [107,108].
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11. Wiśniewski, Z.; Górski, L.; Zasada, D. Investigation of structure and conductivity of superionic conducting materials obtained on
the basis of silver iodide. Acta Phys. Pol. A 2008, 113, 1231–1236. [CrossRef]

12. Mourya, V.K.; Inamdar, N.N. Chitosan-modifications and applications: Opportunities galore. React. Funct. Polym. 2008, 68,
1013–1051. [CrossRef]

13. Aziz, S.B.; Rasheed, M.A.; Abidin, Z.H.Z. Optical and Electrical Characteristics of Silver Ion Conducting Nanocomposite Solid
Polymer Electrolytes Based on Chitosan. J. Electron. Mater. 2017, 46, 6119–6130. [CrossRef]

14. Aguirre-chagala, Y.E.; Pavón-pérez, L.B.; Altuzar, V.; Domínguez-chávez, J.G.; Muñoz-aguirre, S. Comparative Study of One-Step
Cross-Linked Electrospun Chitosan-Based Membranes. J. Nanomater. 2017, 2017, 1980714. [CrossRef]

15. Fernandes, D.M.; Andrade, J.L.; Lima, M.K.; Silva, M.F.; Andrade, L.H.C.; Lima, S.M.; Hechenleitner, A.A.W.; Pineda, E.A.G.
Thermal and photochemical effects on the structure, morphology, thermal and optical properties of PVA/Ni0.04Zn0.96O and
PVA/Fe 0.03Zn0.97O nanocomposite films. Polym. Degrad. Stab. 2013, 98, 1862–1868. [CrossRef]

16. Li, X.; Chen, K.; Ji, X.; Yuan, X.; Lei, Z.; Ullah, M.W.; Xiao, J.; Yang, G. Microencapsulation of poorly water-soluble finasteride in
polyvinyl alcohol/chitosan microspheres as a long-term sustained release system for potential embolization applications. Eng.

Sci. 2021, 13, 105–120. [CrossRef]
17. Rao, C.V.S.; Ravi, M.; Raja, V.; Bhargav, P.B.; Sharma, A.K.; Rao, V.V.R.N. Preparation and characterization of PVP-based polymer

electrolytes for solid-state battery applications. Iran. Polym. J. 2012, 21, 531–536. [CrossRef]
18. Nofal, M.M.; Aziz, S.B.; Hadi, J.M.; Karim, W.O.; Dannoun, E.M.A.; Hussein, A.M.; Hussen, S.A. Polymer composites with

0.98 transparencies and small optical energy band gap using a promising green methodology: Structural and optical properties.
Polymers 2021, 13, 1648. [CrossRef] [PubMed]

19. Borgohain, M.M.; Joykumar, T.; Bhat, S.V. Studies on a nanocomposite solid polymer electrolyte with hydrotalcite as a filler. Solid

State Ion. 2010, 181, 964–970. [CrossRef]
20. Kumar, J.; Rodrigues, S.J.; Kumar, B. Interface-mediated electrochemical effects in lithium/polymer-ceramic cells. J. Power Sources

2010, 195, 327–334. [CrossRef]
21. Aziz, S.B.; Abidin, Z.H.Z. Electrical Conduction Mechanism in Solid Polymer Electrolytes: New Concepts to Arrhenius Equation.

J. Soft Matter 2013, 2013, 323868. [CrossRef]
22. Yusof, Y.M.; Illias, H.A.; Kadir, M.F.Z. Incorporation of NH4Br in PVA-chitosan blend-based polymer electrolyte and its effect on

the conductivity and other electrical properties. Ionics 2014, 20, 1235–1245. [CrossRef]
23. Buraidah, M.H.; Arof, A.K. Characterization of chitosan/PVA blended electrolyte doped with NH 4I. J. Non. Cryst. Solids 2011,

357, 3261–3266. [CrossRef]
24. Kadir, M.F.Z.; Majid, S.R.; Arof, A.K. Plasticized chitosan-PVA blend polymer electrolyte based proton battery. Electrochim. Acta

2010, 55, 1475–1482. [CrossRef]
25. Kadir, M.F.Z.; Arof, A.K. Application of PVA-chitosan blend polymer electrolyte membrane in electrical double layer capacitor.

Mater. Res. Innov. 2011, 15 (Suppl. 2), s217–s220. [CrossRef]
26. Hadi, J.M.; Aziz, S.B.; Nofal, M.M.; Hussen, S.A.; Hamsan, M.H.; Brza, M.A.; Abdulwahid, R.T.; Kadir, M.F.Z.; Woo, H.J.

Electrical, dielectric property and electrochemical performances of plasticized silver ion-conducting chitosan-based polymer
nanocomposites. Membranes 2020, 10, 151. [CrossRef]

27. Jung, H.-E.; Shin, M. Surface-Roughness-Limited Mean Free Path in Si Nanowire FETs. 2013. Available online: http://arxiv.org/
abs/1304.5597 (accessed on 11 May 2015).

316



Gels 2022, 8, 153

28. Ayala, G.; Agudelo, A.; Vargas, R. Effect of glycerol on the electrical properties and phase behavior of cassava starch biopolymers.
Dyna 2012, 79, 138–147.

29. Seoane, N.; Martinez, A.; Brown, A.R.; Asenov, A. Study of surface roughness in extremely small Si nanowire MOSFETs using
fully-3D NEGFs. In Proceedings of the 2009 Spanish Conference Electron Devices, Santiago de Compostela, Spain, 11–13 February
2009; pp. 180–183. [CrossRef]

30. Bhargav, P.B.; Sarada, B.A.; Sharma, A.K.; Rao, V.V.R.N. Electrical conduction and dielectric relaxation phenomena of PVA based
polymer electrolyte films. J. Macromol. Sci. Part A Pure Appl. Chem. 2010, 47, 131–137. [CrossRef]

31. Mohan, V.M.; Bhargav, P.B.; Raja, V.; Sharma, A.K.; Rao, V.V.R.N. Optical and electrical properties of pure and doped PEO polymer
electrolyte films. Soft Mater. 2007, 5, 33–46. [CrossRef]

32. Olewnik-Kruszkowska, E.; Gierszewska, M.; Jakubowska, E.; Tarach, I.; Sedlarik, V.; Pummerova, M. Antibacterial films based on
PVA and PVA-chitosan modified with poly(hexamethylene guanidine). Polymers 2019, 11, 2093. [CrossRef] [PubMed]

33. Sharma, P.; Mathur, G.; Goswami, N.; Sharma, S.K.; Dhakate, S.R.; Chand, S.; Mathur, A. Evaluating the potential of chi-
tosan/poly(vinyl alcohol) membranes as alternative carrier material for proliferation of Vero cells. E-Polymers 2015, 15, 237–243.
[CrossRef]

34. Tretinnikov, O.N.; Zagorskaya, S.A. Determination of the degree of crystallinity of poly(Vinyl alcohol) by ftir spectroscopy.
J. Appl. Spectrosc. 2012, 79, 521–526. [CrossRef]

35. Aziz, S.B.; Nofal, M.M.; Ghareeb, H.O.; Dannoun, E.M.A.; Hussen, S.A.; Hadi, J.M.; Ahmed, K.K.; Hussein, A.M. Characteristics
of poly(Vinyl alcohol) (PVA) based composites integrated with green synthesized Al3+-metal complex: Structural, optical, and
localized density of state analysis. Polymers 2021, 13, 1316. [CrossRef] [PubMed]

36. Kadir, M.F.Z.; Aspanut, Z.; Majid, S.R.; Arof, A.K. FTIR studies of plasticized poly(vinyl alcohol)-chitosan blend doped with
NH4NO3 polymer electrolyte membrane. Spectrochim. Acta—Part A Mol. Biomol. Spectrosc. 2011, 78, 1068–1074. [CrossRef]

37. Wei, D.; Sun, W.; Qian, W.; Ye, Y.; Ma, X. The synthesis of chitosan-based silver nanoparticles and their antibacterial activity.
Carbohydr. Res. 2009, 344, 2375–2382. [CrossRef] [PubMed]

38. Abdullah, O.G.; Aziz, S.B.; Omer, K.M.; Salih, Y.M. Reducing the optical band gap of polyvinyl alcohol (PVA) based nanocomposite.
J. Mater. Sci. Mater. Electron. 2015, 26, 5303–5309. [CrossRef]

39. Krithiga, N.; Rajalakshmi, A.; Jayachitra, A. Green Synthesis of Silver Nanoparticles Using Leaf Extracts of Clitoria ternatea and
Solanum nigrum and Study of Its Antibacterial Effect against Common Nosocomial Pathogens. J. Nanosci. 2015, 2015, 928204.
[CrossRef]

40. Salleh, N.S.; Aziz, S.B.; Aspanut, Z.; Kadir, M.F.Z. Electrical impedance and conduction mechanism analysis of biopolymer
electrolytes based on methyl cellulose doped with ammonium iodide. Ionics 2016, 22, 2157–2167. [CrossRef]

41. Amran, N.N.A.; Manan, N.S.A.; Kadir, M.F.Z. The effect of LiCF3SO3 on the complexation with potato starch-chitosan blend
polymer electrolytes. Ionics 2016, 22, 1647–1658. [CrossRef]

42. Aziz, S.B. Modifying Poly(Vinyl Alcohol) (PVA) from Insulator to Small-Bandgap Polymer: A Novel Approach for Organic Solar
Cells and Optoelectronic Devices. J. Electron. Mater. 2016, 45, 736–745. [CrossRef]

43. Ricciardi, R.; Auriemma, F.; De Rosa, C.; Lauprêtre, F. X-ray Diffraction Analysis of Poly(vinyl alcohol) Hydrogels, Obtained by
Freezing and Thawing Techniques. Macromolecules 2004, 37, 1921–1927. [CrossRef]

44. Aziz, S.B.; Abidin, Z.H.Z.; Arof, A.K. Effect of silver nanoparticles on the DC conductivity in chitosansilver triflate polymer
electrolyte. Phys. B Condens. Matter 2010, 405, 4429–4433. [CrossRef]

45. Yusuf, S.N.F.; Azzahari, A.D.; Yahya, R.; Majid, S.R.; Careem, M.A.; Arof, A.K. From crab shell to solar cell: A gel polymer
electrolyte based on N-phthaloylchitosan and its application in dye-sensitized solar cells. RSC Adv. 2016, 6, 27714–27724.
[CrossRef]

46. Malathi, J.; Kumaravadivel, M.; Brahmanandhan, G.M.; Hema, M.; Baskaran, R.; Selvasekarapandian, S. Structural, thermal and
electrical properties of PVA-LiCF3SO3 polymer electrolyte. J. Non. Cryst. Solids 2010, 356, 2277–2281. [CrossRef]

47. Gasperini, A.; Wang, G.J.N.; Molina-Lopez, F.; Wu, H.C.; Lopez, J.; Xu, J.; Luo, S.; Zhou, D.; Xue, G.; Tok, J.B.H.; et al. Characteri-
zation of Hydrogen Bonding Formation and Breaking in Semiconducting Polymers under Mechanical Strain. Macromolecules

2019, 52, 2476–2486. [CrossRef]
48. Stephan, A.M.; Kumar, T.P.; Kulandainathan, M.A.; Lakshmi, N.A. Chitin-incorporated poly(ethylene oxide)-based nanocomposite

electrolytes for lithium batteries. J. Phys. Chem. B 2009, 113, 1963–1971. [CrossRef]
49. Honary, S.; Orafai, H. The effect of different plasticizer molecular weights and concentrations on mechanical and thermomechani-

cal properties of free films. Drug Dev. Ind. Pharm. 2002, 28, 711–715. [CrossRef] [PubMed]
50. Honary, S.; Golkar, M. Effect of Polymer Grade and Plasticizer Molecular Weights on Viscoelastic Behavior of Coating Solutions.

Iran. J. Pharm. Res. 2003, 2, 125–127. [CrossRef]
51. Asami, K. Characterization of heterogeneous systems by dielectric spectroscopy. Prog. Polym. Sci. 2002, 27, 1617–1659. [CrossRef]
52. Polu, A.R.; Kumar, R. Impedance spectroscopy and FTIR studies of PEG—Based polymer electrolytes. E-J. Chem. 2011, 8, 347–353.

[CrossRef]
53. Mahato, D.K.; Dutta, A.; Sinha, T.P. Impedance spectroscopy analysis of double perovskite Ho2NiTiO6. J. Mater. Sci. 2010, 45,

6757–6762. [CrossRef]
54. Fortunato, R.; Branco, L.C.; Afonso, C.A.M.; Benavente, J.; Crespo, J.G. Electrical impedance spectroscopy characterisation of

supported ionic liquid membranes. J. Memb. Sci. 2006, 270, 42–49. [CrossRef]

317



Gels 2022, 8, 153

55. Aziz, S.B.; Abdullah, R.M. Crystalline and amorphous phase identification from the tanδ relaxation peaks and impedance plots in
polymer blend electrolytes based on [CS:AgNt]x:PEO(x-1) (10 ≤ x ≤ 50). Electrochim. Acta 2018, 285, 30–46. [CrossRef]

56. Benavente, J.; García, J.M.; Riley, R.; Lozano, A.E.; De Abajo, J. Sulfonated poly(ether ether sulfones): Characterization and study
of dielectrical properties by impedance spectroscopy. J. Memb. Sci. 2000, 175, 43–52. [CrossRef]

57. Benavente, J.; Zhang, X.; Valls, R.G. Modification of polysulfone membranes with polyethylene glycol and lignosulfate: Electrical
characterization by impedance spectroscopy measurements. J. Colloid Interface Sci. 2005, 285, 273–280. [CrossRef] [PubMed]

58. Aziz, S.B.; Abdullah, R.M.; Rasheed, M.A.; Ahmed, H.M. Role of Ion Dissociation on DC Conductivity and Silver Nanoparticle
Formation in PVA:AgNt Based Polymer Electrolytes: Deep Insights to Ion Transport Mechanism. Polymers 2017, 9, 338. [CrossRef]
[PubMed]

59. Jacob, M.M.E.; Prabaharan, S.R.S.; Radhakrishna, S. Effect of PEO addition on the electrolytic and thermal properties of PVDF-
LiClO4 polymer electrolytes. Solid State Ion. 1997, 4, 267–276. [CrossRef]

60. Qian, H.; Wang, Y.; Fang, Y.; Gu, L.; Lu, R.; Sha, J. High-performance ZnO nanowire field-effect transistor with forming gas
treated SiO2 gate dielectrics. J. Appl. Phys. 2015, 117, 164308. [CrossRef]

61. Shukur, M.F.; Ithnin, R.; Kadir, M.F.Z. Electrical characterization of corn starch-LiOAc electrolytes and application in electrochem-
ical double layer capacitor. Electrochim. Acta 2014, 136, 204–216. [CrossRef]

62. Teo, L.P.; Buraidah, M.H.; Nor, A.F.M.; Majid, S.R. Conductivity and dielectric studies of Li2SnO3. Ionics 2012, 18, 655–665.
[CrossRef]

63. Asnawi, A.S.F.M.; Aziz, S.B.; Brevik, I.; Brza, M.A.; Yusof, Y.M.; Alshehri, S.M.; Ahamad, T.; Kadir, M.F.Z. The Study of
Plasticized Sodium Ion Conducting Polymer Blend Electrolyte Membranes Based on Chitosan/Dextran Biopolymers: Ion
Transport, Structural, Morphological and Potential Stability. Polymers 2021, 13, 383. [CrossRef]
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77. Okutan, M.; Şentürk, E. β Dielectric relaxation mode in side-chain liquid crystalline polymer film. J. Non. Cryst. Solids 2008, 354,

1526–1530. [CrossRef]
78. Sun, L.; Liang, L.; Shi, Z.; Wang, H.; Xie, P.; Dastan, D.; Sun, K.; Fan, R. Optimizing strategy for the dielectric performance of

topological-structured polymer nanocomposites by rationally tailoring the spatial distribution of nanofillers. Eng. Sci. 2020, 12,
95–105. [CrossRef]

79. Pradhan, D.K.; Choudhary, R.N.P.; Samantaray, B.K. Studies of dielectric relaxation and AC conductivity behavior of plasticized
polymer nanocomposite electrolytes. Int. J. Electrochem. Sci. 2008, 3, 597–608.
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Abstract: Rechargeable zinc-air batteries are promising for energy storage and portable electronic
applications because of their good safety, high energy density, material abundance, low cost, and
environmental friendliness. A series of alkaline gel polymer electrolytes formed from polyvinyl
alcohol (PVA) and different amounts of terpolymer composed of butyl acrylate, vinyl acetate, and
vinyl neodecanoate (VAVTD) was synthesized applying a solution casting technique. The thin
films were doped with KOH 12 M, providing a higher amount of water and free ions inside the
electrolyte matrix. The inclusion of VAVTD together with the PVA polymer improved several of
the electrical properties of the PVA-based gel polymer electrolytes (GPEs). X-ray diffraction (XRD),
thermogravimetric analysis (TGA), and attenuated total reflectance- Fourier-transform infrared
spectroscopy (ATR-FTIR) tests, confirming that PVA chains rearrange depending on the VAVTD
content and improving the amorphous region. The most conducting electrolyte film was the test
specimen 1:4 (PVA-VAVTD) soaked in KOH solution, reaching a conductivity of 0.019 S/cm at room
temperature. The temperature dependence of the conductivity agrees with the Arrhenius equation
and activation energy of ~0.077 eV resulted, depending on the electrolyte composition. In addition,
the cyclic voltammetry study showed a current intensity increase at higher VAVTD content, reaching
values of 310 mA. Finally, these gel polymer electrolytes were tested in Zn–air batteries, obtaining
capacities of 165 mAh and 195 mAh for PVA-T4 and PVA-T5 sunk in KOH, respectively, at a discharge
current of −5 mA.

Keywords: gel polymer electrolyte; PVA blend; potassium hydroxide; XRD and ATR-FTIR;
TGA-DTG; ionic conductivity; cyclic voltammetry study; Zn–air battery

1. Introduction

Polymer electrolytes have been considered as a possible ionically active material since
Fenton and coworkers discovered the poly(ethylene oxide) (PEO) complexes with alkali
metal ions [1] and their potential application in batteries was discovered by Armand [2].
Polymer electrolytes (PEs) have been drawing attention because they are a safer choice than
liquid electrolytes [3]. In recent decades, numerous electrolytes containing different cations
such as Zn(II) [4,5], Cd(II) [6], Cu(II) [7], or Co(II) [8] have been investigated as samples of
thin-film polymeric electrolytes. Nevertheless, the main drawback of PE materials is their
relatively low ionic conductivity at room temperature [9,10]. Ionic conductivity increases
in inverse proportion to the degree of crystallinity and the viscosity of the polymeric
matrix [11]. Therefore, many efforts have been implemented to improve the ionic motion
of PEs.

Thus, gel polymer electrolytes (GPEs) were proposed to improve the limited ionic
conductivity of common solid PEs. GPEs are also known as plasticized PEs, and they are
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neither liquid nor solid. Therefore, they have properties of both, conserving the cohesive
characteristics of solids together with the ion diffusive properties of liquids [12]. Usually,
a polymer containing heteroatoms such as oxygen, nitrogen, or sulfur [2,12,13] acts as a
hosting matrix of inorganic salts of Li+ or Zn2+ to obtain the gel polymer electrolyte.

On the other hand, the GPEs applied in energy storage devices need to have high
ionic conductivities, good mechanical properties, and excellent electrochemical stability at
room temperature. Metal-air batteries consist of a metal as a negative electrode coupled to
an air-breathing positive one, and are considered as alternatives to the conventional Li-ion
batteries used nowadays [14,15] because metal-air batteries provide higher energy density
thanks to the oxygen involved in the reaction being directly drawn from the surrounding
air—it is not stored in the battery in advance [15,16]. Notably, alkaline zinc-air batteries,
among metal-air batteries, hold enough merit to be highlighted. These devices use relatively
inexpensive and environmentally friendly raw materials and provide high specific energy
values (1084 Wh/kg) [17]. In addition, their low-cost, high natural abundance, low toxicity,
nonflammability, and large stable potential window make them very attractive as energy
storage applications [17–19].

According to the literature, polyvinyl alcohol (PVA) has been widely used due to its
good film-forming ability, good mechanical strength, optical properties, biocompatibility,
biodegradability, and non-toxicity [20,21]. PVA is a semicrystalline, hydrophilic, synthetic
polymer material at room temperature, which has been extensively used as a host material
in various PEs systems due to its polar nature, easy processability, non-corrosive nature,
and low production cost [22]. Some researchers have highlighted the electrochemical and
mechanical behavior of PVA upon the addition of differently concentrated salt solutions
and blending with other materials to prepare GPEs. Saeed et al. [23] reported the effect of a
high ammonium salt concentration on electrolytes-based PVA, and they reached an ionic
conductivity of 5.17 × 10−5 S/cm at room temperature. Tiong et al. [24] reported that the
highest ionic conductivity reached by the PEO/PVA blend-based gel polymer electrolytes
was 5.5 × 10−3 S/cm. In addition, Merle et al. [25] improved the ionic conductivity values
until 2.2 × 10−1 S/cm by crosslinking the PVA-KOH polymer with poly(ethylene glycol)
diglycidyl ether.

Moreover, vinyl acrylic emulsions are important classes of polymer dispersions usually
applied in architectural coating [26]. One of the most important industrial latexes is
the emulsion copolymerization of vinyl acetate (VA)/butyl acrylate (BA). According to
their properties, VA and BA present glass transition temperatures at Tg(VA) = 32 ◦C and
Tg(BA) = −54 ◦C, which give a stable thermal range to provide a suitable temperature for
electrochemical applications [24,25].

In addition, the KOH incorporation inside GPE membranes provides free ions, which
interact with the polar groups of PVA, modifying their structural arrangement and improv-
ing the motions of the ions inside the electrolyte matrix. Lewandowski et al. [27] and Santos
et al. [4] reported ionic conductivity in the order of 10−3–10−1 S/cm for PVA-KOH-H2O
alkaline polymer electrolytes, respectively. In this work, different GPEs are prepared from
PVA blended with VAVTD as the host matrix and doped with a concentrated KOH solution
used as a source of ions to improve the system’s ionic conductivity. The structural, electrical,
and transport properties of the synthesized membranes have been analyzed as a function
of polymer blend proportions and the results point to a good material to be applied as GPE
in Zn batteries.

2. Results and Discussion
2.1. Structural Characterization

2.1.1. Swelling Ratio

PVA-VAVTD membranes synthesized in this article were soaked in a 12 M KOH
solution to provoke the entrance of KOH and water inside the polymeric matrix and thus
improve their electrical properties. The swelling ratio (SR) was determined for all GPEs
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following Equation (2). It was observed that the progressive increase in VAVTD in the PVA
matrix improved the swelling ratio of the resulting matrix as shown in Figure 1.

VAVTD KOH PVA-T5 KOH PVA-T4 KOH PVA-T3 KOH PVA-T2 KOH PVA-T1 KOH PVA KOH30
40
50
60
70
80

Swellin
g Ratio

 (%)

Membranes

θ

Figure 1. Swelling ratio of the PVA-VAVTD KOH matrix as a function of the VAVTD increase
in membrane.

Compared with the KOH-doped PVA matrix, it was possible to observe that a minimum
swelling ratio was established for the PVA KOH system. In addition, pure VAVTD reached
the highest SR value—75%—which means that it retained three times its electrolyte weight.
The progressive incorporation of VAVTD elevated the overall swelling ratio of the matrix
due to the growth of internal sites. Although VAVTD absorbed a large quantity of KOH, its
mechanical resistance was significantly affected and the resulting membrane did not keep
good properties for being used as a GPE. It was thus necessary to add another polymer,
namely PVA, to improve the mechanical resistance. However, VAVTD was used to increase
the KOH absorption resulting in an excellent blend.

2.1.2. XRD Analysis

The XRD spectra were analyzed in order to determine the VAVTD influence on the
crystalline structure of the PVA matrix. The XRD profile of pure PVA, VAVTD, PVA-VAVTD,
and PVA-VAVTD KOH samples are depicted in Figure 2, where VAVTD was introduced to
decrease the PVA crystallinity due to the disruption of internal hydrogen bonds generated
by (OH)– arrangement. The XRD pattern of the pure PVA membranes revealed a crystalline
peak at 2θ = 19.8◦ and a shoulder at 23.01◦, representing reflections from (101) and (200)
from a monoclinic unit cell [28]. Similar studies have considered polymer blending as an
effective technique to reduce PVA crystallinity [27–29].

On the other hand, the XRD profile of VAVTD was presented with the deconvolu-
tion method in Figure 3a. This showed the peak at 2θ = 20◦, but with a high level of
amorphousness compared with pure PVA. This peak was related to the presence of VA
segments [30] long enough to form nanocrystals due to the highest participation of VA in
the VAVTD synthesis.
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Figure 2. XRD patterns of PVA-VAVTD and PVA-VAVTD KOH systems at different VAVTD contents.
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Figure 3. Comparison of the deconvoluted XRD patterns of (a) PVA-VAVTD and (b) PVA-VAVTD KOH systems at different
VAVTD contents.

Moreover, the deconvoluted XRD spectra of PVA KOH, VAVTD KOH, and PVA-blend
KOH systems are shown in Figure 3b. It is notable the modification of the PVA peaks, such
as the reduction of the principal crystalline peak at 2θ = 20◦ and the wideness of peak at
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2θ = 40◦ [31], when the VAVTD content increases. This crystalline reduction was caused
by the breaking of hydrogen bonds formed between –OH groups, provoking the intensity
reduction seen in the comparison spectra of Figure 2. Thus, these wider and lower intensity
peaks confirm the amorphousness of the PVA blends’ structure [32].

As can be seen, pure PVA deconvolution presents a crystalline peak at 20◦, which is
consistent with previously reported results [31,32]. This peak was observed again when
VAVTD was included in the membrane, but in this case, another crystalline peak was
observed due to the presence of VAVTD (Figure 3a). Similar behavior has previously been
observed for PVA-based composites [31,32]. The inclusion of KOH and water inside the
polymeric matrix provokes important structural changes providing very different XRD
patterns and, thus, new deconvolution peaks (Figure 3b). However, the intensity of these
peaks is very low, as can be seen in Figure 2.

From the deconvolution method, the Xc of each PVA blend system was obtained
using Equation (3), and all data are summarized in Table 1, where it can be seen that
Xc decreases with the amount of VAVTD and the inclusion of KOH and water. Thus,
the electrolyte with the most amorphous region corresponds to PVA-T5 when KOH is
inserted, with Xc = 5.06%. These results confirm the favored amorphous nature of the
polymer electrolytes. In addition, it is notable that, in PVA-VAVTD GPEs, the area of
the crystalline peak (1 0 1) decreases as the VAVTD content increases, and this peak
entirely disappears when the membranes are immersed in KOH (Figure 3b). Moreover,
the degree of crystallinity of PVA and PVA KOH matches with the values reported in
the literature [31,33].

Table 1. The Xc for each electrolyte calculated by the deconvoluted method.

Electrolyte Xc (%)

Dried Soaked in KOH

PVA 41.97 17.81
VAVTD 9.773 1.612
PVA-T1 25.48 11.90
PVA-T3 19.01 7.16
PVA-T5 15.95 5.06

2.1.3. ATR-FTIR Analysis

The ATR-FTIR spectra (Figure 4A) show the characteristic bands of PVA and VAVTD
polymers, as well as of PVA-VAVTD blends. Regarding the PVA structure, bands associated
with the C–O, C–O–C and C=O vibrational motions of acetate groups were identified
at 945–1086, 1241 and 1722 cm−1, respectively. The VAVTD spectrum shows the same
characteristic bands, but they are shifted to 1020, 1225 and 1734 cm−1, respectively. In
addition, there is no C=C band at 1600–1680 cm−1, which corroborates both polymers’
complete polymerization [29]. All of the spectra show an intense band between 3100 and
3500 cm−1, which corresponds to the (OH)– stretching vibration. The bands at 2925 and
2884 cm−1 arise from the stretching of CH3–and–CH2–groups [34].

With regard to PVA-VAVTD systems (PVA-T), the spectra display similar vibrational
frequencies for all of them, although differences in their intensities were found. Further-
more, the combination of the PVA and VAVTD terpolymer can be appreciated because the
characteristic absorption bands of both polymers are preserved. In addition, the interaction
between the two polymeric chains is confirmed by the shift in the main bands. PVA-T1
presents a similar ATR-FTIR spectrum to that of PVA, but the increase in the VAVTD
amount inside the polymer provides spectra close to that of VAVTD terpolymer.
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Figure 4. Comparison of the ATR-FTIR spectra of (A) PVA, VAVTD, PVA-VAVTD; and (B) PVA-
VAVTD KOH membranes at different VAVTD proportions.

On the other hand, the incorporation of KOH and H2O molecules inside the PVA-
VAVTD polymeric matrix broke its semicrystalline structure and induced several changes
in the ATR-FTIR spectra (Figure 4B). The band at υ 1645 cm−1 confirms the bending mode
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frequency of water [35]. In addition, υ 1733, 945 and 1241–1225 cm−1 related to carboxylate,
C–O and C–O–C vibrational motions, disappeared at all spectra, which may confirm the
hydrolysis of acetyl groups by (OH)– groups of the KOH [4]. On the other hand, a new
band is observed at 1569 cm−1, which may be assigned to the asymmetrical stretching
vibration absorption of –C=O–(–O–K), as it has already been reported [4,31]. In fact, the
oxygen atoms of –OH and the carbonyl groups have lone pairs available to coordinate with
K+ ions and form C=O–K+/C–O–K+ complexes [4].

Furthermore, the intensity of this band increased with the amount of VAVTD in the
blend due to the higher number of carboxylate groups included in the polymeric matrix.
Finally, the peak at 1143 cm−1 associated with the C–O stretching mode is mostly attributed
to the remaining crystallinity of the PVA because it is able to form some domains [32]. This
band depends on the new intermolecular hydrogen bondings that the samples can build,
which were lost for PVA-T3 KOH, PVA-T4 KOH and PVA-T5 KOH membranes showing
the dominance of the amorphous region as the VAVTD content increases.

The fundamental –OH absorption region presents a broader peak between 3100 and
3500 cm−1 associated with hydrogen interactions. Additionally, the PVA-VAVTD KOH
blend has wider and more intense bands than PVA-VAVTD, indicating a higher amount
and stronger hydrogen bonds inside the polymeric matrix. Furthermore, the introduction
of KOH and water molecules produces changes in the chain network, breaking some
H-bonds and forming new H-interactions between the hydroxyl anions, water, and acetate
groups of the polymer chains.

In this section, it is worth noting that the synthesis of the polymer blend, casting,
and its immersion in KOH solution was performed under ambient conditions without
any atmosphere control. Thus, CO2 from the air could always be in contact with the
blend. However, it is known that the KOH solution is used to capture CO2 from the air,
generating K2CO3 [36]. Furthermore, PVA-KOH GEPS previously synthesized by our
group had to be prepared in a controlled atmosphere to prevent carbon dioxide forming
during the casting and when the membrane was immersed in KOH 12 M, preventing the
formation of carbonates inside the polymer [4]. The presence of carbonate in the electrolyte
is a concern for Zn/air batteries because it can form K2CO3, which may be deposited on
the air electrode, blocking the oxygen transfer and resulting in the earlier performance
decline of the Zn/air battery [37]. Additionally, the Zn electrode may also be passivated by
precipitating insoluble ZnCO3 on the electrode surface [38].

Figure 5 shows the ATR-FTIR spectra of PVA-KOH and PVA-KOH immersed in 12 M
KOH solution, synthesized in the presence and in the absence of carbon dioxide. As
can be seen, when CO2 is present, an intense peak assigned to K2CO3 was observed at
υ 1370 cm−1 [39]. This band appeared in the spectra of both PVA-KOH and that soaked
in KOH 12 M membranes. However, this band disappeared for membranes synthesized
when the atmosphere was controlled, avoiding the absorption of CO2.

Contrarily, PVA-VAVTD and PVA-VAVTD soaked in KOH 12 M solution were syn-
thesized in the presence of atmospheric CO2, but the ATR-FTIR spectra do not show the
1370 cm−1 peak. Furthermore, this is a clear advantage of the PVA-VAVTD-KOH blend
with respect to the PVA-KOH ones.

2.1.4. Thermal Analysis

Figure 6 compares the TGA analysis obtained from pure VAVTD, PVA-VAVTD, and
PVA-VAVTD soaked in the KOH solution [4,40,41]. The VAVTD terpolymer (black line)
presents three degradation steps. The first one occurs in the water region due to the slow
loss of internal water, which suppose a 10% of weight loss. The second degradation step
starts at ~300 ◦C until ~380 ◦C, where 60% of the mass is lost. The last degradation step
occurs at ~420 ◦C and is associated with the breaking backbone. Finally, at ~480 ◦C, a
stable behavior is observed, with a remaining residue of ~5% wt. Similar behavior has been
reported for PVA [4,36] and PVA with BA/VAc [42] or PMMA blends [43].
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PVA-VAVTD blends show TGA curves very close to those of VAVTD and PVA poly-
mers, and they do not show changes with the VAVTD amount included in the polymeric
matrix. However, PVA-VAVTD KOH displays very different TGA curves indicating strong
structural changes. This behavior is very similar to the results obtained for PVA-KOH
soaked in 12 M KOH solution [4]. The first mass loss occurs between 30 ◦C and 150 ◦C,
which is associated with the elimination of water. Then, it reaches a loss of 20 wt%, 10%
higher than those of VAVTD and VAVTD-KOH films, indicating the presence of more
water inside the polymer due to the swelling of the membrane which occurred during its
immersion in KOH solution.

A second weight loss occurs with an onset at 150 ◦C. It is worth noting that this
temperature onset is much lower than that observed for VAVTD-PVA membranes, at
~300 ◦C, confirming the lower thermal stability of the membranes due to KOH solution
uptake. This fact is clearly shown in the dm/dT vs. T graph included in the inset of
Figure 6, where the peaks corresponding to the second step are found at 342 ◦C for PVA-
VAVTD and at 170 ◦C for PVA-VAVTD KOH membranes. It should be noted that the TGA
curves of PVA-VAVTD KOH are independent of the VAVTD quantity included in the GPEs.
This fact points to the fact that the shift to lower temperatures may be associated with
the high entrance of KOH and water [44], which interacts with (OH)– and C=O groups
which are mainly present in PVA chains. Furthermore, these interactions can explain the
reduction in thermal stability observed for membranes soaked in KOH solution, agreeing
with the higher amorphous behavior observed in XRD.

The entrance of water molecules during the swelling process was confirmed by the
increasing weight loss at a temperature lower than 150 ◦C. Additionally, the entrance of
KOH inside the polymer was demonstrated with the residue obtained at 700 ◦C. As can
be seen, the GPEs preserve 40% of their original mass, which can be associated with the
formation of K2O by the decomposition of KOH [45] according to Equation (1):

2KOH(s) → K2O(s) + H2O(g) (1)

Once again, it has to be noted that the percentage of weight remaining at 700 ◦C is the
same for all PVA-VAVTD KOH GPEs, independently of the amount of VAVTD inside the
polymer. Thus, KOH should mainly be included in the PVA portion of the polymer.

As a result, the TGA analysis confirms how incorporating KOH and H2O molecules
inside the GPEs contributes to the weakening of the thermal resistance due to their inter-
actions with the pendant groups of the membranes. This result supports the ATR-FTIR
and XRD analyses. When the KOH-H2O penetrates the hydrophilic GPEs matrix due to
PVA segments, it increases the amorphous behavior and the distance between the polymer
chains, providing more free volume for molecular movement [44], decreasing its melting
temperature, and allowing a more accessible ionic motion and transport.

2.2. Electrochemical Characterization

2.2.1. The Influence of VAVTD Content on Ionic Conductivity

Ionic conductivity is an important factor in determining the applicability of a mem-
brane as a polymer electrolyte in batteries. The gel polymer electrolytes used in this study
are composed of a host polymer, VAVTD or PVA-VAVTD, soaked in 12 KOH solution to
incorporate (OH)–, K+, and water molecules inside the polymeric matrix. Furthermore, the
amount of KOH and water inside the polymer host will determine the number of ionic
carriers, and thus, the ionic conductivity values.

Figure 7 shows the dependence of ionic conductivity with the temperature for GPEs
based on PVA at different concentrations of VAVTD and soaked in KOH solution. The
ionic conductivity values were obtained from Equation (4). The plots follow a linear fitting,
confirming the Arrhenius behavior, as can be deduced from Equation (5), proving that the
conductivity is thermally assisted [46].
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Figure 7. Ionic conductivity of PVA-based electrolytes at different temperatures.

From the slope of the linear fitting, the Activation Energy (Ea) values for the GPEs
studied can be calculated, which are shown in the inset of Figure 8. As can be seen, Ea
values are higher for GPEs with a low amount of VAVTD, but this reaches a constant value
of ~0.033 eV for the membrane with a higher VAVTD quantity.
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Table 2 and Figure 1 demonstrate that PVA-VAVTD polymers have a higher swelling
ratio, i.e., they absorb a larger amount of KOH and water, with the increase in VAVTD
quantity added to the PVA homopolymer. In addition, conductivity values follow the same
tendency of increasing their value with the amount of VAVTD. This fact indicates that more
KOH and water molecules are stabilized inside the polymer matrix due to the interaction
with a higher number of acetate groups of the VAVTD, as was deduced from ATR-FTIR
results. Thus, the ionic conductivity values increase as a consequence of the higher ionic
concentration inside the polymer as well as the greater amorphousness and the higher
chains separation, as previously deduced. Figure 8 shows the increase in the swelling ratio
and conductivity values with the amount of VAVTD inside the blend.

Table 2. Swelling ratio (SR), activation energy (Ea), and the conductivity (σ) values of PVA-VAVTD
KOH electrolytes. σ values were obtained at T = 20 ◦C.

Electrolyte SR (%) Ea (eV) σ (S/cm)

VAVTD KOH 75.2 0.164 0.001
PVA-T1 KOH 52.5 0.111 0.004
PVA-T2 KOH 56.8 0.078 0.008
PVA-T3 KOH 58.6 0.077 0.011
PVA-T4 KOH 59.3 0.079 0.019
PVA-T5 KOH 62.7 - 0.019

As confirmed by XRD analysis, the crystallization of the PVA-VAVTD GPE membrane
was broken by doping with the KOH solution. In addition, this effect improves when
the temperature increases, generating a more structural relaxation of the polymer chains
(amorphous phase) and expanding the free volume. As a result, this decrease the energy
barrier to ionic transport and promotes the fast ion migration [47]. The maximum ionic
conductivity, 1.93 × 10−2 S/cm, was found when the VAVTD content was 80 wt%, and it
reduced to 4.0 × 10−3 S/cm when the VAVTD content was 50 wt%. Table 2 summarizes
the ionic conductivity and Ea values for VAVTD and the PVA-VAVTD KOH analyzed.

The conductivity of PVA-VAVTD systems could be explained by the mechanism of
ions transferring through polymer molecular chains, implying an association–dissociation
process between the ions and polar groups of the PVA [47,48] and acrylic groups of the
VAVTD matrix, presumably following a Grotthuss mechanism, as has been described
before for PVA-KOH GPEs [4]. This phenomenon can be attributed to the increase in the
swelling ratio when the VAVTD content increases, as shown in Table 2. This means that
a higher amount of KOH and H2O molecules penetrates the polymer, favoring the ionic
conductivity. In addition, the increase in ion mobility inside the electrolyte is related to the
segmental motion of the chains that creates a large free volume and improves the pathway
of ionic species. In addition, all blends of PVA-VAVTD KOH have lower Ea values than
the VAVTD KOH membrane, which decrease with the amount of VAVTD included in the
GPE, until reach a minimum value of ~0.077 eV. This fact indicates that membranes with
a lower amount of VAVTD restrict ion mobility, whereas in GPEs with higher VAVTD
contents, the energy necessary for providing the ionic movement decreases. The spatial
arrangement changes of the electrolytes were demonstrated by the XRD and ATR-FTIR
techniques, removing the crystalline domains and favoring the amorphous region.

It was also observed that the membranes of VAVTD pure have lower ionic conductivity
and the highest activation energy. However, they present a higher KOH absorption than
the other membranes shown in Table 2. This apparent contradictory result is explained by
the poor mechanical resistance of pure VAVTD film. This result proves that the VAVTD
terpolymer is a poor electrolyte, and it cannot work alone, making necessary the inclusion
of PVA to form a sufficiently mechanically resistant blend.

2.2.2. Cyclic Voltammetry

Cyclic voltammetry analysis was performed using a Zn/GPE/Zn cell to confirm the
ionic transport in the GPEs. Voltammograms of PVA-VAVTD (inset) and PVA-VAVTD-KOH
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GPEs with different contents of VAVTD are shown in Figure 9. The cyclic voltammograms
of PVA-VAVTD membranes without immersion in KOH salt show capacitive curves which
are due to the absence of mobile ions inside the membrane, hindering the ionic transport to
the electrode to balance the charge changes during the redox reactions. Thus, these films
behave as an inadequate electrolyte.
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Contrarily, when PVA-VAVTD KOH GPEs (Figure 9) were used in the cell, a quasi-
reversible behavior of the Zn2+/Zn oxidation/reduction processes was obtained. As can be
seen in Figures 9 and 10, two peaks (a1 and a2) are observed at the anodic branch. Similar
peaks have been previously reported by Cai et al. [49] in an electrochemical study of the
Zn-electrode in alkaline solution. They assigned the a1 peak to the oxidation of Zn to
Zn(OH)4

2−, whereas the peak a2 was associated with the oxidation of Zn to Zn(OH)3
–,

which is due to the depletion of (OH)– anions in the proximity of the electrode surface,
forming a prepassive layer at a more positive potential than that of peak a1. These authors
only observed the double peak in the anodic branch because they used a usual three-
electrode cell. However, we found the peak split in both anodic (a1 and a2) and cathodic
(c1 and c2) branches because we used an Zn/PVA-VAVTD KOH/Zn cell.

Moreover, Figure 9 shows the voltammograms obtained using PVA-VAVTD KOH
GPEs synthesized with different amounts of VAVTD, where the peak charges and intensities
increase with the concentration of VAVTD inside the gel. This behavior agrees with
increase in the swelling of the KOH solution with the amount of VAVTD, which reduces
the crystallinity of the GPEs and facilitates the ion transport, as was mentioned previously.
In addition, the inset in Figure 10 presents 30 consecutive cycles using a PVA-T4 KOH film,
which demonstrates the GPE stability.

On the other hand, the inverse peak b’ appearing in the cathodic branch is due to
the oxidation of Zn after the dissolution the passive film deposited on the Zn-electrode
surface, which come off during the cathodic scan. The same happens for the peak b” in the
anodic scan [4,49].
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Figure 10. Cyclic voltammograms of the PVA-T4 KOH and PVA-KOH 30 swollen membranes [4].
Inset: 30 consecutive cycles of the PVA-T4 KOH film.

A comparison between PVA-KOH soaked in KOH solution and PVA-VAVTD KOH
GPEs is shown in Figure 10. The current intensity of the PVA-KOH system presents a
maximum close to 150 mA/cm2 when immersed in KOH 12 M [4]. However, this value
corresponds to half of that obtained when VAVTD was added, 321 mA/cm2. As the
intensity values result depends on the number of electrons transferred between the redox
species and the electrode, which depends on the ions’ movement, the current increase
may be related to the improvement of the fast-ionic motion across the electrolyte matrix.
Furthermore, PVA-VAVTD KOH electrolytes are presented as an alternative to be applied
in energy storage devices.

2.3. Zn/PVA-VAVTD KOH/Air Battery

The electrochemical performances of PVA-T4 KOH and PVA-T5 KOH GPEs were
examined as electrolytes in Zn–air batteries. Zn powder and a commercial Air E4B electrode
were used as negative and positive electrodes. PVA-VAVTD-based membranes were used
as electrolyte, placing them between Zn and air electrodes. The discharge current density
was −5 mA/cm2 and the cut-off voltage was 0 V (Figure 11).

Zn–air batteries using PVA-VAVTD GPEs present a capacity of 135 mAh/g and 150 mAh/g
for PVA-T4 KOH and PVA-T5 KOH, respectively, with a cut-off voltage of 0.9 V. However,
when the discharge is carried out until a cut off of 0 V, the maximum capacity reached
was 165 mAh/g and 195 mAh/g for PVA-T4 KOH and PVA-T5 KOH, respectively During
the discharge process, a stable potential between 1.1 and 1.2 V until reaching 95 mAh/g
was maintained when using PVA-T4 KOH GPE, whereas with PVA-T5, KOH maintains a
potential of 1.2–1.3 V until reaching 150 mAh/g, confirming the positive effect of VAVTD on
the discharge performance, in agreement with the cyclic voltammetry results. It is normally
accepted that Zn oxidation needs enough (OH)– anions to form soluble species such as
Zn(OH)4

2– or Zn(OH)3
–, previously to be deposited as a passive film of ZnO. Furthermore,
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the increase in KOH and water swelling during the immersion of the membranes in 12 M
KOH solution is essential to enable the battery to function properly. Thus, these results
agree with the values obtained in the CV and conductivity measurements, where high
carrier charges are transported through PVA-VAVTD KOH membranes.
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Figure 11. Discharge curves of Zn/PVA-T4 KOH/Air, Zn/PVA-T5 KOH/Air.

In addition, the best and more stable battery performance was found when the PVA-T5
KOH GPE was used. This result is in accordance with the structural characterization results,
which confirmed a larger amorphous phase and higher amount of KOH solution uptake
in the GPE, with the amount of VAVTD incorporated to the blend. Thus, once again, the
battery results agree with the CV and conductivity measurements.

3. Conclusions

In this article, we proved the good electrical properties of the PVA-VAVTD blends
as a consequence of the synergetic interactions of PVA and VAVTD polymers, separately
improving the individual properties of each polymer. The VAVTD terpolymer has a high
swelling ratio when it is soaked in 12 M KOH solution. However, their poor mechanical
properties provoke its failure as a gel polymer electrolyte. This fact makes it necessary that
it is blended with another polymer with better mechanical properties. For this aim, PVA
was chosen due to the well-known high performance of this polymer when used as host of
a GPE.

All PVA-VAVTD blends prepared present higher swelling ratios, as values of ~50–60%
are obtained, than PVA-KOH polymers, which arise with maximum values of 36%, when
they are soaked in KOH solution. This behavior provides a higher quantity of KOH
and H2O molecules inside the polymeric matrix of PVA-VAVTD blends. In addition, the
swelling ratio increased with the amount of VAVTD included in the membrane.

On the other hand, the structural characterization carried out by TGA, ATR-FTIR, and
XRD techniques revealed the decrease in the crystallinity inside the polymer blend when
VAVTD was mixed with PVA. In addition, the amorphousness of the blend raised when it
was soaked in KOH solution.

Regarding the electrochemical characterization, both the conductivity and voltametric
intensity values increased with the amount of VAVTD incorporated into the GPE. Ionic
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conductivity values demonstrate an Arrhenius behavior with the temperature and a max-
imum value of 0.019 S/cm at 20 ◦C was found, which is somewhat less than the value
obtained for PVA-KOH. However, it must be noted that the Activation Energy values,
~0.077 eV, are one magnitude order lower than those measured for PVA-KOH GEPs. In
addition, a quasi-reversible voltametric behavior was observed for all PVA-VAVTD blends,
whose intensity peaks increase with the amount of VAVTD into the polymer and reaching
intensity values approximately three times higher than those found for PVA-KOH gels,
thus confirming the high ionic transfer through the gel polymer to favor the Zn/Zn2+ redox
processes. Finally, PVA-VAVTD KOH GPEs were tested in Zn/PVA-VAVTD-KOH/air
batteries, showing remarkable capacity values.

As concluding remarks, the blend of PVA and VAVTD polymers and its immersion in
KOH solution provide high-performance gel polymer electrolytes, with high mechanical
and electrical properties, as a consequence of the extended amorphous regions and the free
volume existent inside the polymeric matrix, caused by the interaction between the VAVTD
and PVA chain, as well as the high KOH and water molecules uptake. Furthermore, this
GPE is a good candidate to be used in all-solid energy storage devices.

4. Materials and Methods

Poly (vinyl alcohol) (PVA), MOWIOL 18-88 (MW 130,000), and potassium hydroxide
(KOH), Mw = 56.12 g/mol, 85% of purity were purchased from Sigma-Aldrich. Distilled
water was used as a solvent in the polymers blending.

For the electrochemical characterization, zinc (Zn) powder, 98.7% purity, and Pt foils,
99.95%, were provided by Goodfellow (Hamburg, Germany), air E4B by Electric Fuel
Ltd. (Beit Shemesh, Israel), and Al2O3 Polishing Suspension, (1 and 0.05) micron, Buehler
(Lake Bluff, IL, USA).

4.1. VAVTD Synthesis

Poly (vinyl acetate)-co-poly (butyl acrylate)-co-poly (vinyl tert-decanoato) (VAVTD),
of a particle size in the range of 150–300 nm [50], was synthetized with the same chemicals
and procedure previously reported [29]. Vinyl acetate (Tg = 35 ◦C and water solubility of
2.5 g/100g at 20 ◦C), butyl acrylate (Tg = −53 ◦C and water solubility of 0.16 g/100g at
20 ◦C), and vinyl tert-decanoate (Tg = −3 ◦C and water solubility of 0.001 g/100g at 20 ◦C)
with an initial concentration of 70/15/15 w/w, respectively, were the starting monomers of
the emulsion polymerization. Ammonium persulfate and tert-butyl hydroperoxide were
the radical initiators. The reaction was carried out at 353 K for 5 h.

4.2. Preparation of PVA-VAVTD GPEs

The polymer electrolyte was prepared by a solution casting method. One gram of
PVA was dissolved in 15 mL of deionized water at 90 ◦C under continuous stirring for
2 h until PVA was completely dissolved. When the solution reached room temperature,
different amounts of VAVTD (1,2,3,4,5) g were added under continuous stirring. Table 3
list the sample code used in the article. The mix was placed in a Petri dish and allowed to
cast at ambient room temperature for 1 week. When the water was completely removed,
0.15 ± 0.05 cm-thick membranes were obtained. These films were immersed in a 12 M KOH
solution for 1 day. To name the last blends, ‘KOH’ was added to the sample codes of Table 3.

Table 3. Sample code of polymer electrolytes used in this article.

Electrolyte Sample Code

Poly (vinyl alcohol) PVA
PVA + VAVTD (1:1) PVA-T1
PVA + VAVTD (1:2) PVA-T2
PVA + VAVTD (1:3) PVA-T3
PVA + VAVTD (1:4) PVA-T4
PVA + VAVTD (1:5) PVA-T5
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4.3. Swelling Behavior of GPEs

For swelling ratio calculations, the samples were weighed before and after 24 h of
being immersed in KOH. After that, the KOH absorbed was determined using Equation (2):

SR =
Wt − W0

W0
(2)

where Wt and W0 are the swollen gel weights and the initial sample, respectively.

4.4. Structural, Thermal, and Electrochemical Characterization Techniques

4.4.1. ATR-FTIR and XRD Methods

Attenuated total reflectance Fourier transformed infrared spectroscopy (ATR-FTIR)
measurements were obtained using a Thermo Nicolet 5700 Infrared Spectrometer (Waltham,
MA, USA) in the wavenumber range of 4000–400 cm−1, with a resolution < 0.5 cm−1. X-ray
diffraction patterns were collected using a Bruker D8 Advance laboratory diffractometer
(Billerica, MA, USA), operated in the reflection Bragg–Brentano geometry and configured
in the θ/θ mode to always maintain a horizontal sample position. The data were collected
at room temperature, using Cu-Kα (λ = 1.5418 Å). The degree of crystallinity was calculated
by applying Equation (3):

Xc =
Ac

AT
× 100% (3)

where Ac is the total crystallinity area and AT represents the total area of the XRD deconvo-
luted plot (the sum of the amorphous and crystalline area) using OriginPro software. The
Gaussian function mode was employed to fit the XRD spectra.

4.4.2. Thermal Analysis

Thermogravimetric analysis was performed on samples of 5–10 mg using a Mettler-
Toledo TGA/DSC 1HT (Columbus, OH, USA), from room temperature up to 700 ◦C at a
heating rate of 10 ◦C/min and under N2 atmosphere.

4.4.3. Conductivity and Voltammetry Studies

Symmetric Zn/GPE/Zn cells were used to carried out the cyclic voltammetry measure-
ments by a Biologic VSP Modular 5 channels potentiostat/galvanostat (Seyssinet-Pariset,
France). The zinc electrodes’ area was 1 cm2. The scan rate was 50 mV/s, in a potential
window between −2 V and +2 V. Ionic conductivity was determined by AC impedance
technique using the same potentiostat/galvanostat in the frequency range from 1 kHz to
10 mHz. The sample thickness was measured with a micrometer. The temperature was
set by a Julabo (Seelbach, Germany) F25-D cryothermostat in the range from 5 ◦C to 70 ◦C
with a variation of ±1 ◦C. Two blocking platinum electrodes of 1 cm2 area were used in a
Pt/GPE/Pt cell. Ionic conductivity, σ, was calculated using Equation (4):

σ =
l

A ∗ Rb
(4)

where l, A, and Rb represent the film thickness, the Pt electrodes area, and the bulk resis-
tance, respectively, obtained from the intersections of impedance curves with the X axis, as
shown in Figure 12. Three impedance measurements were carried out for each membrane.

To determine the activation energy (Ea) of each electrolyte, the Arrhenius Equation (5),
was used with a linear fitting by plotting a logarithmic relationship between log(σT) and
1000/T:

σ = σ0 exp
(

− Ea
Kb(T)

)

(5)

where Kb is the Boltzmann’s constant, T is the absolute temperature, and σ0 is a pre-
exponential factor [51].
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Figure 12. Nyquist plots obtained to calculate the bulk resistance values of the PVA-T4 KOH
membrane at different temperatures.

4.5. Electrode Preparation and Battery Setup

4.5.1. Zn Electrode Preparation

The electrodes were prepared with 1 g of zinc powder, which were pressed at a
pressure of 10-ton cm−2. After that, 1 µm and 0.05 µm polishing suspensions were used to
eliminate irregularities on the electrode surface. Finally, the electrodes were washed with
distilled water to remove any polish trace.

4.5.2. Zn/PVA-VAVTD/Air Battery Fabrication

To prepare the Zn–air batteries, the GPE was placed between 1 g of Zn powder placed
in a steel capsule and the air E4B cathode. Nickel meshes were utilized as electrode
collectors. Finally, the battery was placed on Teflon support to maintain constant contact
during the test. Two screws located at each end of the bracket provided stability.
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Abstract: Hydrogels have been widely used in many fields including biomedicine and water treat-
ment. Significant achievements have been made in these fields due to the extraordinary properties of
hydrogels, such as facile processability and tissue similarity. However, based on the in-depth study of
the microstructures of hydrogels, as a result of the enhancement of biomedical requirements in drug
delivery, cell encapsulation, cartilage regeneration, and other aspects, it is challenge for conventional
homogeneous hydrogels to simultaneously meet different needs. Fortunately, heterogeneous multi-
layer hydrogels have emerged and become an important branch of hydrogels research. In this review,
their main preparation processes and mechanisms as well as their composites from different resources
and methods, are introduced. Moreover, the more recent achievements and potential applications are
also highlighted, and their future development prospects are clarified and briefly discussed.

Keywords: multilayer hydrogels; composites; fabrication process; mechanisms; application

1. Introduction

Hydrogel is a kind of hydrophilic material with a three-dimensional crosslinked net-
work structure, which is infiltrated with water [1]. It can absorb water quickly and retain
water for a certain period without dissolving in water. The properties of hydrogels are sim-
ilar to those of biological tissues and their excellent biocompatibility makes them extremely
suitable for biomedical research [2–4]. According to different formation mechanisms and
molecular structures, hydrogels can be generally divided into chemically crosslinked hy-
drogels and physically crosslinked hydrogels [5]. Chemically crosslinked hydrogels are
formed through crosslinking with chemical bonds, which is an irreversible permanent
crosslinking, and show extraordinary chemical stability with good properties such as good
solvent resistance. Physically crosslinked hydrogels are noncovalently crosslinked and usu-
ally exhibit excellent properties such as reversibility, repairability, and high responsiveness
to external stimuli, which can be modified further to endow them with other properties as
“intelligent” materials [6,7]. It has been noted that hydrogels are widely used in different
fields of drug delivery, tissue engineering, medical implants, wound dressings, and various
mechanical and electronic devices due to their extreme mechanical properties, such as high
degrees of toughness, robustness, elasticity, stickiness, and fatigue resistance [8–14].

The research and design of polymer-based hydrogels are mainly based on the overall
consideration of their properties, and the resultant hydrogels are usually homogeneous
materials [15]. However, it is challenging for these homogeneous hydrogels to simul-
taneously meet the needs of further microstructure control and different applications,
including precise drug delivery and release of different drugs, bone repair and regen-
eration, and carriers of different cells. As a kind of heterogeneous hydrogel, multilayer
hydrogels have emerged and become an important and novel branch of hydrogels. Multi-
layer hydrogels exhibit many excellent properties such as high ductility, unique complex
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internal structure, and excellent response to stimuli [16–18]. Moreover, multilayer hy-
drogels exhibit a variety of different shapes, such as spherical, cylindrical, spindle-like,
and multilayer tubular, to satisfy different applications [19–22]. The internal structure of
multilayer hydrogels is complex, which could exhibit cavities between each layer (namely
inter-layer space) for the storage of drugs, microorganisms, and cells. Different layers
can be prepared from different substances or methods to independently exhibit different
physical and chemical properties [23].

In this review, we summarize the recent progress of the multilayer hydrogels and
their composites. Particularly, we review the preparation processes and mechanisms of
multilayer hydrogels and their innovative applications in different fields, especially in the
biomedical field, including drug delivery, cell carrier or encapsulation, wound dressings
(coatings), and bone repair. Finally, we provide a brief perspective on the future develop-
ment of multilayer hydrogels, hoping to provide some theoretical guidance on broadening
hydrogels’ application.

2. Preparation Methods and Mechanisms of the Multilayer Hydrogels

Many different preparation methods for multilayer hydrogels have been developed
in recent years according to different raw materials, crosslinking structures (chemical or
physical), and potential applications. These methods can be generally divided into two
pathways according to the formation direction of hydrogel layers: from the inside to the
outside and from the outside to the inside.

More recently, the preparation of multilayer hydrogels from inside to outside has been
widely studied, and its main preparation technology is as follows: First, suitable materials
are selected to prepare inner gel cores (generally agarose) with special shapes according
to application requirements. Then, a first gel layer is formed on the gel core by different
crosslinking or coagulation methods through pretreating the gel core with subsequent
soaking in certain solutions. Finally, the fabrication process is repeated several times to
generate multilayer hydrogels with the desired number of layers. The volume of multilayer
hydrogels continues to grow until the preparation process of the multilayer structure is
completed by gradually wrapping or covering the gel cores with gel layers.

Compared with the pathway from inside to outside, the preparation of multilayer
hydrogels from outside to inside has been studied much less, although this form appeared
earlier. The main preparation process is as follows: First, suitable raw materials are selected
to prepare the hydrogel shells, which can wrap the solutions corresponding to the following
gel layers. Second, a first gel layer is formed on the inner wall of the shell by different
coagulation or crosslinking methods. Finally, the above fabrication process is repeated
several times to generate multilayer hydrogels with the desired number of layers. The total
volume of multilayer hydrogels prepared from outside to inside cannot increase after the
formation of the shells. All the gelation processes occur inside the shells and move from
the shell to the center of the gel with a gradual layer-by-layer (LBL) formation.

Detailed preparation methods are commonly used for the above two pathways,
which can be roughly divided into the lLBL method and non-LBL method, as follows.

2.1. LBL Assembling Methods for Multilayer Hydrogels

At present, LBL assembly is the most widely used method for the preparation of
multilayer hydrogels from different polymers such as polysaccharides. LBL assembly can
be used to prepare multilayer structures by different driving forces or crosslinking types.
Different LBL assembly methods are suitable for the preparation of multilayer hydrogels
with different performances and application requirements. In the following discussion, sev-
eral commonly used LBL methods are analyzed from the aspects of preparation principle,
advantages, and application prospects.
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2.1.1. LBL by Chemical Crosslinking

Chemical crosslinking is a common method of preparing homogenous hydrogels via
the use of crosslinking agents. Interestingly, multilayer hydrogels with arbitrary shapes,
including onion-like, tubular, and star-like, can be readily prepared using the chemical
crosslinking method (Figure 1a–d) through the LBL process. As an example, the prepara-
tion process of a chitosan multilayer hydrogel from Xiong’s group is roughly shown in
Figure 1e [24]. First, suitable raw materials (e.g., agarose) were selected to prepare a gel core,
which was immersed in the crosslinker solutions (such as glutaraldehyde, terephthalalde-
hyde, and epoxy chloropropane) for an appropriate time to load the crosslinker. Second,
the agarose gel core loaded with the crosslinker was soaked in the chitosan solution for a
required time to crosslink the neighboring chitosan chains for the formation of the first chi-
tosan gel layer. Third, the obtained gel core with the first chitosan gel layer was immersed
in the crosslinker solution again for the desired time to ripen the chitosan gel layer and
load the crosslinker for the formation of the second chitosan gel layer, followed by soaking
in the chitosan solution. Onion-like CS multilayer (multi-membrane) hydrogels with the
desired layers can be prepared by repeating the above-mentioned process. The chitosan
layers were covalently crosslinked with chemical crosslinkers to endow them with good
solvent resistance and pH sensitivity.

Figure 1. Chitosan multilayer hydrogels with various shapes: column (a), star (b), and tubular (c,d), and scheme of the
preparation process of chitosan multilayer (multi-membrane) hydrogels by the LBL assembly method (e). (Reproduced
with permission from [24]. Royal Society of Chemistry, 2013).
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For chemically crosslinked multilayer hydrogels by the LBL process, reasonable and
rapid crosslinking is essential for successful preparation. The formation and growth of
each gel layer are related to the diffusion of the crosslinker. The inter-layer space canbe
adjusted by changing the crosslinking degree of gel layers. Moreover, the chemically cross-
linked chitosan multilayer hydrogels have a unique sub-layer structure [24]. The chitosan
multilayer hydrogels have pH sensitivity and can disintegrate layer by layer, thus showing
promise for applications in different fields, including drug delivery and tissue engineering,
due to their unique structure.

2.1.2. LBL by Ion Crosslinking

In addition to common crosslinking agents, such as organic dibasic acids and poly-
ols, metal ions can also be used as special crosslinking agents to promote the gelation of
polymer solutions. Moreover, the introduction of different metal ions has different effects
on the hydrogel structure [25–27]. For example, the preparation process and mechanism
of an alginate multilayer hydrogel from Xu’s group [25] is roughly shown in Figure 2.
First, an egg-box structure gel core of sodium alginate crosslinked by Ca2+ was prepared
by diffusing Ca2+ into the sodium alginate solution to crosslink alginate molecule chains.
Second, the above gel core was immersed in the sodium alginate solution for a given
time to prepare a hydrogel layer, which was further cured in the Ca2+ solution. Finally,
alginate-based multilayer hydrogels with the desired layers could be prepared by repeating
the above-mentioned process. In addition, carboxymethyl cellulose and other polyanions
can be crosslinked by Ca2+, Al3+, and other polyvalent inorganic cations to form hydro-
gels [27]. This LBL assembly method can also be used to prepare carboxymethyl cellulose
multilayer hydrogels using AlCl3 aqueous solution as a crosslinking agent, showing good
versatility [24].

Figure 2. Schematic illustration of the preparation of alginate multilayer hydrogels. The partly crosslinked layer (membrane)
formed with the egg-box structure in the sodium alginate solution (a). The completely or incompletely crosslinked hydrogels
(b). The second layer formed at the periphery of either completely or incompletely crosslinked hydrogel (c). The finally
obtained double-membrane hydrogel with or without inter-membrane space (d). Photographs of the multi-membrane
alginate hydrogels without (e) and with (f) inter-layer space. (Reproduced with permission from [24]. Royal Society of
Chemistry, 2009).
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For multilayer hydrogels from the ion crosslinking method, complete or incomplete
crosslinking is essential for the successful preparation of inter-layer spaces. Complete or
incomplete membrane crosslinking can be readily controlled by adjusting the crosslink-
ing time (Figure 2). A hydrogel with an inter-membrane space can be obtained by
fully crosslinking incompletely crosslinked alginate hydrogel layers in CaCl2 solution
(Figure 2d). Every ion-crosslinked layer is independent of other layers in the hydrogels.
Therefore, these multilayer hydrogels produced using the ion crosslinking method are ex-
pected to be used in investigating the co-culture of multiple cells, drug delivery, and tissue
engineering due to their unique structure.

2.1.3. LBL by Electrostatic Interaction

In addition to the introduction of crosslinking agents to prepare multilayer hydro-
gels, polyelectrolyte-based multilayer hydrogels can also be facilely prepared through
simple electrostatic interactions [28,29]. Figure 3 shows the scheme for the formation
of a multilayer hydrogel by electrostatic interaction. Positively and negatively charged
polyelectrolytes can form hydrogel layers alternately on the substrate through electrostatic
interaction. The key to electrostatic interaction is the mutual adsorption and surface charge
reversal of positive and negative polyelectrolyte-based hydrogels. The concentration, pH,
and temperature of polyelectrolytes are the most important factors affecting the formation
and stability of multilayer hydrogels [28]. As the most commonly used LBL deposition
strategy, electrostatic interaction has been widely studied and applied. Because electrostatic
LBL assembly can be carried out in aqueous solutions, it is convenient to prepare LBL
multilayers automatically using a LBL deposition machine [29]. These multilayer hydrogels
produced using the electrostatic interaction method are widely used in different fields,
including surface modification.

Figure 3. The scheme for formation of multilayer hydrogel from electrostatic LBL. (Reproduced with permission from [28].
John Wiley & Sons, 2020).

2.1.4. LBL through Acid-Base Neutralization

Neutralization is an effective pathway to fabricate hydrogels, especially for acid-
dissolved chitosan, by converting NH3

+ in low pH solution to NH2 with the addition of a
base solution. This can weaken the ionic repulsions between chitosan chains, resulting in
physical cross-links through hydrogen bonding, hydrophobic interactions, and crystallite
formation [30]. As early as in 2008, Alain Domard’s group reported a chitosan multilayer
hydrogel using the interrupted neutralization process (Figure 4a). A chitosan physical
alcohol gel was prepared by adding 1,2-propanediol aqueous solution to chitosan/HCl
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solution and the subsequent evaporation process. Then, NaOH aqueous solution was
used to neutralize acid in the chitosan alcohol gel and form the first chitosan layer and
inter-layer space for a given time. Finally, onion-like chitosan multilayer hydrogels with
the desired layers (Figure 4b) were prepared by repeating the above-mentioned process
(namely LBL).

In contrast to the above chitosan multilayer hydrogel, Shi’s group fabricated algi-
nate/chitosan composite multilayer hydrogels via the interrupted neutralization of the
as-prepared fluid-filled capsules with a polyelectrolyte shell layer [31]. First, a single drop
of a chitosan solution was added to an alginate solution, which was further incubated to
form a fluid-filled capsule with a chitosan/alginate layer through electrostatic attraction
effect. Then, the capsule was neutralized with alkaline solution for some time to form a
chitosan layer through the gelation of chitosan solution in the capsule. The correspond-
ing multilayer hydrogels could be fabricated layer by layer through the repeating of the
intermittent neutralization.

Figure 4. Process diagram of the preparation of chitosan multilayer hydrogel by LBL process through neutralization (a) and
the photograph of the corresponding chitosan multilayer hydrogel (b). Schematic illustrating the iron oxide templating
procedure (c) and photographs revealing the internal structure of iron oxide particles generated from the multilayer template)
(d). (Reproduced with permission from [30,31]. Nature publishing group, 2008 and American Chemical Society, 2014).

From the microscopic perspective, the semi-permeable polyelectrolyte complex shell
layer from chitosan and alginate can retain chitosan solution inside the capsule, and the
chitosan hydrogel layers cannot block the movement of OH- in the alkaline aqueous so-
lution to the inner chitosan solution. The OH- group can convert NH3

+ in the chitosan
solution into NH2, resulting in the further formation of the chitosan hydrogel layer [32].
The quantity, thickness, and microstructure of multilayer hydrogels can be controlled by the
concentration of alkali and contact time [30–32]. Interestingly, the prepared multilayer hy-
drogels can be used as templates to create hard particles with a complex internal structure,
such as iron oxide particles (Figure 4c,d), and composite multilayer hydrogels consisting of
organic-inorganic substances can be formed accordingly. Moreover, multilayer hydrogels
prepared using the neutralization method have the advantages of uniform drug bearing,
controllable inter-layer space, and good biocompatibility, showing potential application in
the fields of cell culture and drug delivery.

As shown above, the general method to manufacture multilayer hydrogels from
outside to inside was to utilize an interrupted chain condensation and contraction of an as-
prepared hydrogel to form gel layers (namely LBL). However, this method is usually time-
consuming and cannot readily load drugs [33]. To solve the above problems, the acid-base
neutralization interaction can also be generalized to form hydrogel layers from the inside
to the outside using gel-cores and other raw materials. As an example, the preparation
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process of a cellulose multilayer hydrogel from our previous work [34] is roughly shown in
Figure 5. First, the as-prepared agarose gel rod was immersed into an acetic acid solution
to load acetic acid as a coagulant. Subsequently, the gel rod loaded with acetic acid was
immersed in a NaOH/urea dissolved cellulose solution to prepare the first cellulose layer.
The gel rod with the first layer was immersed again in the acetic acid solution, so the new
gel rod loaded with acetic acid again could be used to form the second cellulose layer.
Finally, the cellulose multilayer hydrogels were fabricated by repeating this process (LBL).

Figure 5. Preparation process of a cellulose multilayer hydrogel by a multi-step interrupted gelation (a) and the correspond-
ing schematic model to describe the formation process (b). (Reproduced with permission from [34]. American Chemical
Society, 2014).

Interestingly, a water-soluble inclusion complex (IC) associated with cellulose, NaOH,
urea, and water occurs in the NaOH/urea solvent system at low temperature, which leads
to cellulose dissolution [35]. When the cellulose IC was destroyed with acetic acid through
the contact of acetic acid in the gel core and the cellulose solution, the strong inter-chain
interactions of the exposed cellulose chains led to the rapid self-aggregation of cellulose and
the formation of the first cellulose layer along the gel core (namely gelation or coagulation).
Subsequently, the first cellulose layer was cured by re-immersion in acetic acid solution to
load acetic acid, which could be used for the regeneration of the next cellulose hydrogel
layer. Moreover, the inter-layer space was formed with the progress of the curing process.
The fabrication process is facile and rapid, and the thickness and inter-layer spacing of the
hydrogel can be controlled by adjusting the cellulose concentration, the diameter of the
gel core, and the contact time. Multilayer cellulose hydrogels showed high compressive
strength due to the dense packing of cellulose chains. The multilayer hydrogels prepared
by the LBL process through acid-base neutralization have the advantages of stable gel
structure, controllable shape, size, and thickness, and good biocompatibility, which are
expected to be applied in cell culture and tissue engineering scaffolds [34].
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Moreover, the electrochemical method can also be used to fabricate multilayer hydro-
gel through broadly defined acid-base neutralization interaction. Briefly, electrochemical
synthesis is based on the use of electrochemical workstations to generate multilayer hy-
drogels through programming input electrical signals. The chitosan-based multilayer
hydrogel from Shi’s group is used as an example [36] and its preparation process is shown
in Figure 6a. First, a chitosan solution was prepared with the pH of 5 [37]. Secondly, a
stainless-steel wire was adopted as the working electrode to immerse in the above chitosan
solution, and a platinum wire was adopted as the counter electrode to connect the elec-
trochemical workstation. Finally, chitosan multilayer hydrogels with different layers and
thicknesses could be fabricated layer by layer using a pulsed electrical signal under the
On–Off model.

Figure 6. Chitosan multilayers generated by input sequences of “on-steps” (0.5 mA) and “off-steps” (0 mA). Schematic
illustrating how electrical input controls the output multilayer structure (a). Off-steps (interruptions) code for interfaces
(b). The left images of b show one layer and its enlarged photo on the wire by biasing a 30 s electrical input; the right
images of b show a three-layered gel on a wire by three successive on–off sequences. The duration of on-steps controls the
layer thickness (c). Images show eight layers with different thicknesses controlled by 30 s and 60 s on-steps, respectively.
(Reproduced with permission from [36]. Royal Society of Chemistry, 2013).

This method enabled the assembly of the chitosan hydrogel in the cathode by a
neutralization mechanism through the input of electrical signals [38,39]. Electrolysis can
control the local pH [40], and the generation of OH- at the cathode is believed to neutralize
acidic chitosan solution and induce its localized sol–gel transition [41]. Physical crosslinks
of the deposited chitosan hydrogels occurred in the crystalline regions [42]. Obviously,
each interruption (off-step) generates an interface and a multilayer structure can be
generated by an input sequence with multiple interrupts (Figure 6b). The duration of the
on-step can control the thickness of the individual layers (Figure 6c). The above images
demonstrate that the controllable multilayer hydrogels can be created using electronic input
signals. Moreover, the simple inputs of the electrical signal do not change the solution
compositions, making it more convenient to control and adjust [43]. Thus, this work
provides an initial proof of principle that electronic codes and can be used to guide the
assembly and control the hydrogel structure. Multilayer hydrogels prepared by this method
provided new possibilities for tissue regeneration, multifunctional coating, and controlled
drug delivery.
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2.1.5. LBL by Compound Methods

It is well known that the blood vessel is a tri-layered substance with different com-
ponents for each layer [44]. Layers from different raw materials are expected to have
different properties for varied requirements; thus, mimicking blood-vessel like multilayer
hydrogels is important and attractive. However, the fabrication of multilayer hydrogels
with different layer components is difficult using a single method, as mentioned above,
and the combination of several methods can be used during the LBL process to solve this
problem. As an example, in one of our previous studies, alternate layered chitosan/alginate
composite hydrogels (CACH) were fabricated successfully using the LBL process with the
combination of acid-base neutralization for the formation of the chitosan layer and ion
crosslinking for the alginate layer (Figure 7a) [45]. The CACH was constructed by repeating
the alternate formation of chitosan and alginate gel layers. All the tubular CACH exhibited
good appearance and controllable layers (Figure 7b–d). The layer thickness increased with
the increase in chitosan or alginate concentrations and soaking time. Moreover, the CACH
exhibited good architectural stability and biocompatibility towards endothelial cells, thus
showing significant potential as a cell culture carrier and a matrix for the controlled release
of molecules.

Figure 7. The preparation process of spherical alternate layered chitosan/alginate composite hydrogels (CACH) through
acid-base neutralization and ion crosslinking (a), and photographs of the tubular CACH fabricated from different chi-
tosan/alginate concentrations and soaking time (b–d). (Reproduced with permission from [45]. Elsevier, 2017).

2.2. Non-LBL Methods for Multilayer Hydrogels

As mentioned above, LBL has been predominantly used to prepare multilayer hydro-
gels in recent years. Non-LBL methods (traditionally) have also been developed to prepare
multilayer hydrogels. Two non-LBL assembling methods are described in the following.

2.2.1. New Concept Welding

New concept welding is a method used to prepare anisotropic multilayer hydrogels
by an ion-induced interfacial reconfiguration. Taking anisotropic cellulose multilayer hy-
drogels by Jeon’s group as an example [46], the design principle is shown in Figure 8a.
First, cellulose was dissolved in a lithium chloride/N,N’-dimethylacetamide (LiCl/DMAc)
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mixed solution to obtain a cellulose solution, which was then cast on a mold to form an
organogel layer through intermolecular hydrogen bonds (H-bonds). The resulting cellulose
organogel was transformed into an isotropic cellulose hydrogel by immersion in water.
The anisotropic cellulose hydrogel film was formed using axial force on the above isotropic
hydrogel sheet, where the highly aligned polymer chains were fixed by H-bonds. Ion-
induced welding by adding a LiCl/DMAc mixture was then used between the adjacent
hydrogel layers through the realization of the intermolecular H-bond exchange at the inter-
face. Finally, anisotropic cellulose multilayer hydrogels with different morphologies were
prepared accordingly. Four different forms of anisotropic multilayer hydrogels (parallel
laminated (PL), orthogonally laminated (OL), axially rolled (AR), and concentrically rolled
(CR) multilayered hydrogels) were prepared through the hierarchical programming of
cellulose chain orientation in hydrogels (Figure 8b,c), indicating the versatility of new
concept welding.

Figure 8. Design of weldable anisotropic cellulose multilayer hydrogels (a), POM images (taken in cross-polarized mode; A:
analyzer; P: polarizer) (b) and SEM images (c) of the cross-section of 6PL, 6OL, AR, and CR multilayer hydrogels, and AFM
images of the cross-section of 6PL hydrogel (d). (Reproduced with permission from [46]. Royal Society of Chemistry, 2019).

In this method, a thin layer of cellulose/LiCl/DMAc solution was trapped at the
interface of the two thin layers, and the interfacial LiCl gradually diffused into the hydrogel
layer over time due to the concentration gradient, and reassembled the cellulose interface
through the exchange of H-bonds. Highly aligned microfibers appeared in the bulk of a
layer from 6PL gel, and the fibers in the interfacial regions of two layers were randomly
distributed (Figure 8d). The hydrogel layers were completely integrated by an isotropic
interfacial region with the possible occurrence of a full reconfiguration of the polymer
chains. This facile method achieved the interface reconfiguration of hydrogels through
ion-induced welding without an adverse effect on the highly aligned polymer orientation
and the common adoption of covalent crosslinking, shedding light on the design of novel
hydrogels used in the engineering and biomedical fields.
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2.2.2. Metal Ions Modulation

Many polymers such as chitosan (CS) have functional groups including -NH2, which
can coordinate with numerous metal ions through the chelation effect. Metal ions modu-
lation can be used to prepare multilayer hydrogels through strong chelation interaction.
A copper-chitosan composite multilayer hydrogel using Cu2+ modulation was fabricated
by Wang’s group (Figure 9a) [47]. In this work, a Cu2+-CS solution was prepared first
by adding CuCl2 powder to pure CS solution. Then, the above solution was filled in a
single opening mold and immersed in an alkaline coagulation bath to complete the gelation
process (Figure 9a). Finally, the resultant copper-CS multilayer hydrogel was formed and
unloaded from the mold, which was repeatedly washed with deionized water to be neutral.

Figure 9. Schematic illustration of the formation of CS hydrogel (a), photograph of a CS multilayer
hydrogel (b), and schematic illustration of the typical morphology of the copper-CS multilayer
hydrogel (c). (Reproduced with permission from [47]. Nature publishing group, 2016).

Pure CS could form a multilayer hydrogel through the addition of OH− to the CS so-
lution (Figure 9a,b) as mentioned above [48]. By comparison, the mechanism for copper-CS
multilayer hydrogel formation with the structural transition differs and is summarized in
the following. CS chain entanglement existed on the gel-sol interface (Figure 9c). Cu2+and
CS can form a strong complex due to their strong affinity, resulting in the increased tendency
of the volume of polymer zones to shrink. The gelation rate depends on the proximity
of the gelation front to the system–coagulation interface. The introduction of Cu2+ ions
increases the volume shrinkage of the CS bands, which causes a contraction at the gel–sol
interface and enhances the disentanglement of macromolecules, resulting in the formation
of a “clear space”. Two layers can be created with the gelation process by further diffusion
of OH− (Figure 9c). Thus, the copper-CS multilayer hydrogel can be fabricated accord-
ingly, which had potential value in applications including copper-based fungicides, redox
catalysts, and urea uptake.

3. Achievements and Practical Applications of Multilayer Hydrogels

Multilayer hydrogels with internal cavities and a complex internal structure have been
widely applied in biomedical fields, including drug delivery, cell carrier or encapsulation,
bacteria delivery, wound dressings (coatings), and bone repair. The achievements and
practical applications of multilayer hydrogels have mainly focused on the biomedical field.
Moreover, multilayer hydrogels have also been used in other fields, such as tuning ice
nucleation and propagation, dye adsorptions, and forward-osmosis (FO) desalination,
due to their unique structure, modifiable properties, and higher surface area.
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3.1. Drug and Bioactive Substances Delivery

Natural polymer-based multilayer hydrogels usually have excellent biocompatibility,
and multilayer hydrogels in the forms of microspheres or capsules can effectively encapsu-
late and release drugs and bioactive substances. Inspired by biologic lipid bilayers [49],
the development of multilayer hydrogels further deepened the study of drug delivery
through the homogenization of the drug release in different layers, and by restricting the
migration and diffusion of different drugs. The outer layer without drugs can effectively
isolate the external environment and prevent the drug precipitating from the hydrogel
surface, or the burst release of the drugs, which can prolong the drug release [50–52].
After arriving at the targeted sites, multilayer hydrogels can be induced to degrade by
different stimuli-response pathways to achieve the precise drug release. Table 1 shows
several kinds of multilayer hydrogels from different resources for the precise delivery and
release of drugs by different pathways.

Table 1. Precise delivery and release of drugs by different multilayer hydrogels.

Drug Carriers Drug Species Release Pathways Advantages Reference

Poly(methacrylic
acid)/poly(N-

vinylpyrrolidone) multilayer
hydrogel capsules

Nucleic acids
Ultrasound-

triggered
release

Higher effective loading capacity
and controlled delivery of

sensitive biomolecules
[53]

Poly(N-vinylcaprolactam)
multilayer hydrogels Sodium diclofenac Increase in

temperature Multiple drug delivery [54]

Chitosan multilayer
hydrogel capsules Doxorubicin Adjustment of pH

Significant inhibition of the burst
release and good
biocompatibility,

[55]

Polycarboxymethyl-β-
cyclodextrin
(polyCM-β-

CD)/polyetherimide (PEI)
multilayer

Ofloxacin Adjustment of pH Controllable release in different
media [56]

Poly(methacrylic acid)
(PMAA) multilayer hydrogel

cubes

7-(benzylamino)-3,4-
dihydro-pyrrolo[4,3,2-
de]quinolin-8(1H)-one

Redox-triggered
release

Long-term storage, combination
of well-regulated drug release

and shape-modulated drug
delivery

[57]

Wound healing is a dynamic and complex process that comprises several sequential
phases, for which a number of drugs are effective. However, most of the current drug
delivery systems were designed to treat only one phase of wound repair, ignoring the
fact that every stage plays a critical role in the wound healing process. In an inspiring
study, Maet al. reported that an injectable sodium alginate/bioglass (SA/BG) composite
hydrogel can be used to carry SA microparticles containing a conditioned medium (CM)
of cells (SACM) [58]. Inside the SACM microparticles, poly(lactic-co-glycolic acid) (PLGA)
microspheres containing pirfenidone (PFD) were encapsulated (PLGAPFD). This multilayer
injectable hydrogel system (SA/BG-SACM-PLGAPFD) was designed to sequentially deliver
bioactive molecules for satisfying the bioactivity requirement and timeline of each wound-
healing stage (Figure 10).
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Figure 10. Scheme of a multilayer injectable hydrogel system that sequentially delivers bioactive substances for each
wound-healing stage. (Reproduced with permission from [58]. American Chemical Society, 2020).

3.2. Cell Encapsulation (Carrier or Bioreactors) and Bacteria Delivery

The formation of multilayer hydrogels can sequentially and heterogeneously control
the organization of cells, and the cavities between the layers can serve as good cell carriers
or bioreactors [59]. The fast diffusion-induced gelation method was used by Sun’s group
to fabricate multilayer hydrogels with controllable layer thickness for the encapsulation
of viable cells [60]. Five layers of cells marked with alternate green/red fluorescence
were assembled in a LBL fashion into a tubular structure by immersing the core gel
into alternating solutions of each labeled cell (Figure 11A). The cells in each layer were
separated by distinct boundaries, indicating limited mixing of the gel components at each
step. Heterogeneous cell-laden multilayer hydrogel tubes were fabricated with HUVECs,
SMCs, and fibroblasts, which were distributed from the inside to the outside of tubes
to mimic native blood vessels (Figure 11B). Moreover, all the layers from the multilayer
hydrogels exhibited high cell viability (>90%) according to the live–dead staining result
(Figure 11C).

It is well known that the strong acid environment of the stomach is harmful to probi-
otics, and oral delivery of probiotics is a significant challenge. To address this challenge,
Chen’s group prepared multilayer alginate hydrogel beads (MAHBs) by an emulsion
method via ionic crosslinking between calcium ions and the carboxylic group of alginates,
which can be used as an encapsulating material for oral delivery of a model probiotic
bacterium B. breve [61]. MAHBs can be widely used as a carrier for probiotics oral delivery
because they can significantly promote the viability of a variety of bacteria (including B.
breve, S. aureus, and E. coli) at a low pH environment similar to that stomach, thus retaining
the activity of the probiotics in the stomach. MAHBs can be utilized in the fermentation
process, which is needed to release metabolite continuously and to avoid the burst release,
and have been shown to be an excellent encapsulating material for oral administration.
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Figure 11. Cell encapsulation with multilayer hydrogels. (A) Images of a five-layer multilayer hydrogel tube embedded
with fluorescence-tracked C2C12 cells of alternating color. (B) Cross-sectional (top) and longitudinal section (bottom)
images of a three-layer tube embedded with HUVECs (red), SMCs (green), and fibroblasts (blue) in different layers. (C) 3D
reconstruction (left) and cross-sectional (right) images of C2C12 cell-laden multilayer hydrogel walls stained for live (green)
and dead (red) cells. Scale bar: (A–C) 500 µm. (Reproduced with permission from [60]. American Chemical Society, 2018).

3.3. Cartilage Repair

The need for bone repair materials has increased due to the complications associated
with population aging. Hydrogels are often used as temporary fracture internal fixation
materials due to their good mechanical properties, biocompatibility, and biodegradabil-
ity [62]. Moreover, hydrogels are expected to treat cartilage diseases by mimicking the
structural and functional characteristics of the natural extracellular matrix (ECM). It has
been noted that multilayer hydrogels exhibit more advantages than ordinary single-layer
hydrogels due to their unique structure, and layers with different and modifiable proper-
ties. Multilayer hydrogels can not only simulate the overall structure of cartilage, but also
allow chondrocytes to migrate in the best form of tissue [63,64]. The internal structure of
multilayer hydrogels can provide an appropriate microenvironment for the proliferation
and differentiation of cells and microorganisms [65].

Recently, Nasr-Esfahani’s group successfully constructed a chitosan/polycaprolactone
multilayer hydrogel as a sustained Kartogenin (KGN) delivery system for cartilage en-
gineering [66]. KGN was released from the hydrogels by three different mechanisms
consisting of diffusion, swelling and erosion, or degradation (Figure 12a). KGN-conjugated
multilayer materials (MLS + K) showed lower swelling ability and higher compressive
modulus with gradual release of KGN in a longer retention time, which not only facilitated
the effective treatment, but also provided a suitable mechanical structure for cartilage
engineering and osteoarthritis treatment. Multilayer systems capable of simultaneous
dual tissue formation were crucial for the regeneration of the osteochondral (OC) unit.
Pereira et al. developed bi-layered hydrogel composites (BHCs) via the combination of
two structurally stratified layers from nature-derived gellan-gum (GG) and hydroxyapatite
(HAp) [67]. Either low acyl GG (LAGG) alone or in combination with high acyl GG (HAGG)
were used for the fabrication of cartilage-like layers, and LAGG incorporating different
ratios of HAp were used to prepare bone-like layers. GG-based layers and HAp rein-
forcement created a resilient bilayered structure with an interfacial region, which was not
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only able to integrate dissimilar zones, but also provided good stability during the degra-
dation process. The BHC had good integration with surrounding tissues, and provided
support for cartilage and bone-like tissue formation (Figure 12b), showing its feasibility as
a osteochondral substitute with unique features for osteochondral regeneration.

Figure 12. Schematic illustration of conjugation and mechanisms of KGN release from a MLS + K sample, showing three
possible mechanisms (diffusion, swelling, and erosion or degradation) that are responsible for KGN release (a). Macroscopic
images of the explants after implantation of (LAGG/LAGG-HAp 20%) hydrogels (H) in the dorsum of the mice for 2 weeks
and 4 weeks (b). (Reproduced with permission from [66,67]. Elsevier, 2021, 2018).

3.4. Medical Dressings or Coatings

As mentioned above, wound healing remains a challenge in the biomedical field,
which can be primarily be addressed by adopting appropriate wound care management.
Wound dressings cannot only protect the wound from external damage, but also pro-
vide a suitable microenvironment for tissue regeneration. Hydrogels are suitable for the
fabrication of medical dressing due to their excellent physical and chemical properties.
Compared with monolayer or homogenous hydrogel wound dressings, multilayer hydro-
gel wound dressings can better promote wound healing because different layers can exhibit
varied properties, which can satisfy different requirements of the top layer (barrier for
bacterial transition and control of moist environment), middle layer (supply of controlled
drug release for a long time and mass transfer limitations for drug molecules), and lower
layer (absorption of the excess exudate, adhesion onto the wound surface, and support for
new tissue formation) [68–71].

Recently, Tamahkar and others fabricated a new type of four-layered hydrogel (ML)
antibacterial wound dressing using carboxylated polyvinyl alcohol (PVA-C), gelatin (G),
hyaluronic acid (HA), and G (Figure 13a,b) [72]. The PVA-C and G upper layers provided
the most control and a physical barrier for microorganisms. The HA-based middle layer
served as an antibiotic-loaded layer. The G lower layer was able to be used to release
antibiotics and provide the removal of excess exudate from the wound site. ML hydro-
gels showed unique antibacterial performance against S. aureus and E. coli (Figure 13c,d).
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Moreover, the ML hydrogels showed antibacterial activity against oxacillin sensitivity,
indicating that the novel wound dressings were an effective option for selective treat-
ment of bacterial infections. Shokrollahi et al. prepared biocompatible electrospun multi-
layer nanofibrous dressings using PCL nanofibers as the first layer, hybrid nanofibers of
chamomile/CECS/PVA and PCL as the second layer, and chamomile-loaded CECS/PVA as
the third layer [73]. This multilayer dressing exhibited sufficient mechanical and swelling
properties, and had excellent antibacterial efficiency due to the loading of chamomile,
and could potentially be used for wound healing.

Figure 13. Photograph of a multilayer hydrogel as a wound healing dressing (a); the correspond-
ing cross-sectional morphology (b); antimicrobial activities of ampicillin disc, ampicillin-loaded
multilayer hydrogels (ML-D), and ML against oxacillin sensitive S. aureus (c); and antimicrobial
activities of ampicillin disc, ML-D, and ML against E. coli (d). (Reproduced with permission from [72].
Elsevier, 2020).

Türkŏglu et al. fabricated a wheat germ oil (WGO)-loaded multilayer hydrogel
dressing by cross-linking sodium alginate (SA) with poly(ethylene glycol) diglycidyl ether
(PEGDGE) on textile nonwovens [74]. This multilayer hydrogel showed rapid and positive
swelling properties with an interconnected network of pores, and the resultant product was
able to support the treatment of burns and wounds with medium to high exudate, and thus
may be a promising alternative to conventional products in the wound healing field.

In addition to dressings, coatings from organic and inorganic materials can also be
considered an excellent strategy to prevent bacterial adhesion, bacterial infection, and sub-
sequent biofilm formation [75]. Multilayer hydrogels are able to extend the application of
multifunctional biomedical coatings with a long use time due to their unique structure.
Zhao et al. prepared an antibacterial and biocompatible multilayer biomedical coating
by alternate deposition of chitosan (CS) and sodium carboxymethyl cellulose (CMC),
which can be used to heal damage [76]. This multilayer coating exhibited high antibacte-
rial properties by adsorbing the negative charge on the surface of bacteria, and fast and
efficient self-healing properties through H-bonds and electrostatic attraction under specific
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stimuli. These features enabled the CS/CMC multilayer polyelectrolyte coating to have an
extended lifespan, showing potential as a novel functional biomedical material.

Shi’s group fabricated a chitosan/silver nanoparticle (AgNP) multilayer hydrogel
coating via the combination of in situ synthesis of AgNPs on a pre-deposited chitosan mul-
tilayer hydrogel [77]. The coating conferred antibacterial properties by embedding AgNPs
into the chitosan hydrogel network, using the ability of chitosan to adsorb and stabilize
metal salts and sterilization by silver ion diffusion. The nanocomposite multilayer hydrogel
coating exhibited a staged release behavior of AgNPs based on acidic triggered dissolu-
tion of chitosan hydrogel layer by layer due to its unique layered structure (Figure 14a).
The obtained AgNPs with a narrow size of ~15 nm were evenly distributed throughout the
hydrogel matrix to confer the multilayer hydrogel with excellent antibacterial properties
(Figure 14b). This antibacterial multilayer hydrogel showed significant potential either
to be used as a new coating material for the interfacial improvement of implants or as a
wound dressing.

Figure 14. Schematic illustration of the staged release processes of AgNPs from a chitosan multilayer
hydrogel based on acidic triggered dissolution of the hybrid coating layer by layer (a). Antibacterial
activities of chitosan hydrogels with distinct compositions (b). i, bare 1-layer chitosan; ii, 1-layer
chitosan loaded with AgNPs; iii, 3-layer chitosan loaded with AgNPs. (Reproduced with permission
from [77]. Elsevier, 2021).
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3.5. Other Fields

In addition to the large number of achievements and applications in the biomedi-
cal field, multilayer hydrogels can also be used in other fields. Three selected different
application fields are introduced in the following.

The tuning of both ice nucleation and ice propagation via a simple anti-icing coating
method is an important research topic, and was first investigated by Guo et al. using multi-
layer hydrogels [78]. Figure 15a shows the fabrication of poly(methacrylic acid) (PMAA)n
multilayer hydrogels (n is the bilayer number). They first prepared a hydrogen-bonded
multilayer of PMAA/poly(N-vinylpyrrolidone) (PVPON) at pH = 2.5 based on a LBL
deposition approach. The neighboring PMAA layers were crosslinked with ethylenedi-
amine (EDA), followed by the removal of the sacrificial template layers of PVPON at
pH = 8.0. The ice nucleation and subsequent ice propagation on PMAA hydrogels with
different counterions were investigated accordingly. The removal of dyes from effluents
is also an important and urgent area of research, and hydrogels are important adsorp-
tion materials due to their advantages of low cost, high efficiency, and easy handling.
Multilayer structures can increase the adsorption area for dyes such as methylene blue.
In previous work, Chen et al. fabricated a novel multilayer composite hydrogel bead using
alginate, acrylamide, and attapulgite for dye adsorption (Figure 15b) [79]. The multilayer
hydrogels effectively adsorbed methylene blue and the maximum adsorption capacity
reached 155.7 mg/g. (Figure 15c). These hydrogels are a promising adsorption material
for dye-contaminated water treatment. Moreover, multilayer hydrogel capsules were also
reported to load and release solutes including dyes via controlling temperature [80].

Figure 15. Schematic illustration of the fabrication of (PMAA)n-R multilayer hydrogels with different counterions (“R”
denotes the type of counterion) and illustration of ice nucleation and ice propagation on (PMAA)n hydrogel surfaces (a);
a photograph of the cross-section for the SAA2 multilayer hydrogel bead in methylene blue solution after adsorption of
72 h (b); and the corresponding effect of initial concentration of methylene blue on its adsorption capacity (c). Multilayer
hydrogels with different configurations of layers along the direction of water transport; the inserted figures represent the
ML-1 sample at t = 0 (top left) and t = 900 min (bottom right), respectively (d), and multilayer design with gradual reduction
of SA concentration along the water transport pathway (e). (Reproduced with permission from [78,79,81]. American
Chemical Society 2018, Tech Science Press 2019, Elsevier 2019).

To solve the bottleneck of the lack of suitable draw agents in the development of
FO desalination, Zeng et al. developed a multilayer temperature-responsive hydrogel on
the basis of poly(N-isopropylacrylamide-co-sodium acrylate) (P(NIPAAm-co-SA)) [81].
The multilayer hydrogel was completely dry and white before the test (t = 0), which then
swelled and became transparent (Figure 15d, inserts). The corresponding swelling curves
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were delineated into the initial fast swelling stage and the subsequent steady stages after
150 min (Figure 15d), indicating that the multilayer configuration did not affect the intrinsic
swelling property of the P(NIPAAm-co-SA). The multilayer hydrogels showed a favorable
performance for water storage with a reasonable mass transfer rate. The multilayer hydro-
gels consisted of a drawing layer with a high SA concentration for high osmotic pressure
in the FO process, a releasing P-NIPAAm layer for fast water release, and intermediate
layers for the reduction of the mass transfer resistance (Figure 15e). After dewatering
and then cooling below the LCST, the P-NIPAAm releasing layer was expected to draw
the water molecules from the intermediate layer more easily when compared with the
bi-layer hydrogels. The multilayer hydrogel yielded a high capacity of water absorption
and high permeable flux, which was very important for the development of hydrogel-based
energy-efficient FO desalination.

4. Conclusions and Prospects

As a result of the continuous improvement in people’s living standards and the deep-
ening of research in various fields, hydrogels have been widely developed and studied.
Although many homogenous hydrogels with different excellent properties have been de-
veloped and improved continuously in recent decades, significant room remains for further
development of hydrogels, because it is a challenge for these homogeneous hydrogels to
simultaneously meet different needs due to the restrictions of their structure. Fortunately,
novel multilayer hydrogels from different resources have emerged as required and become
a new branch of hydrogels. Multilayer hydrogels have attracted significant attention and
been studied and utilized in various fields due to their unique structure and excellent
properties, as outlined above. Most preparation techniques (roughly classified as LBL
and non-LBL) and related mechanisms of different multilayer hydrogels were cited and
systematically discussed in this review. These impressive works will not only have a
significant impact on the construction of multilayer hydrogels in the future, but also shed
light on industrial processing for exploiting multilayer hydrogels in daily life.

However, in general, recent research and applications of multilayer hydrogels remain
insufficient and lack maturity. Moreover, commercial products have not yet emerged
because the existing methods for the production of multilayer hydrogels are relatively
complex and difficult to apply in industrial settings. In addition, it is a challenge to
implement the main biomedical applications, particularly in the clinical phase, because
caution is needed in the evaluation of biomedical materials. Thus, further effort is required
to develop novel methods and accelerate the evaluation of the long-term biocompatibility of
multilayer hydrogels as implants. As a result of the continuous development of science and
technology, prolific creativity, and effective cooperation, we believe that the preparation
process of multilayer hydrogels will be optimized, and their properties will be continuously
improved. Therefore, the issues relating to industrialization and biomedical applications of
multilayer hydrogels may be solved based on the in-depth study of abundant resources,
modifiable layers, and advanced technologies, and multilayer hydrogels can be eventually
applied to every aspect of our lives.
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