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Preface to ”Advances in Cellulose-Based Hydrogels”

Cellulose is the most abundant natural biopolymer on Earth. With an estimated annual

production of 1.5 x 1012 tons globally, and the possibility of its extraction even from waste

sources, it is considered an almost inexhaustible source of raw material capable to make up

for the growing demand for environmentally friendly and biocompatible products. Within this

framework, cellulose-based hydrogels usually combine hydrophilicity, biodegradability, non-toxicity,

and biocompatibility together with low costs and massive availability, which make them extremely

attractive in both academic and industrial fields. Possible application fields include biomedical

engineering (e.g., tissue engineering and regenerative medicine, drug/cell delivery systems, and 3D

printing and bioprinting), progress in smart systems (e.g., sensors, actuators, and soft robotics) and

stimuli-responsive systems (e.g., pH- or thermo-responsive hydrogels), the agricultural sector (e.g.,

soil conditioning, nutrient carriers, and water reservoirs), and water purification.

This volume collects the recent progress in cellulose-based hydrogels, including gels prepared

from natural cellulose and its derivatives, cellulose graft co-polymers, and composite gels based on

cellulose, covering key aspects of cellulose-based hydrogels, including design, characterization, as

well as application-focused research.

We want to deeply thank all contributing authors whose expert contributions made the

publication of this Special Issue possible. We would also like to express our deepest appreciation to

the editorial team, especially Ms. Miranda Song at MDPI for her encouragement, technical guidance,

editing, and publication of this Special Issue.

Christian Demitri, Lorenzo Bonetti, and Laura Riva

Editors
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Editorial

Editorial on the Special Issue “Advances in Cellulose-Based
Hydrogels”
Lorenzo Bonetti 1,* , Christian Demitri 2 and Laura Riva 1

1 Department of Chemistry, Materials and Chemical Engineering “G. Natta”, Politecnico di Milano, Via Luigi
Mancinelli 7, 20131 Milan, Italy

2 Department of Engineering for Innovation, Campus University Ecotekne, Università del Salento, Via per
Monteroni, 73100 Lecce, Italy

* Correspondence: lorenzo.bonetti@polimi.it; Tel.: +39-02-2399-4741

Cellulose is one of the most ubiquitous and naturally abundant biopolymers found on
Earth and is primarily obtained from plants and other biomass sources. It is considered
to be a nearly limitless raw material supply that is able to meet the rising demand for eco-
logically friendly and biocompatible products, with a huge annual production worldwide
(~1.5 × 1012 tons) and a capacity for extraction even from waste sources. Cellulose-based
hydrogels are particularly appealing for both the academic and industrial fields, since
they often combine hydrophilicity, biodegradability, non-toxicity, and biocompatibility
with a low cost and wide availability. Biomedical engineering, advances in smart systems
(such as sensors, actuators, and soft robotics), stimuli-responsive systems (such as pH- or
thermo-responsive hydrogels), the agricultural industry (such as soil conditioning, nutrient
carriers, and water reservoirs), and water purification are just some of the potential areas
of application.

This field of research has continuously and exponentially grown over the past decade,
as demonstrated by the rising number of annual publications on cellulose-based hydrogels,
which amount to only 8 in the 2000s versus 497 in 2022 (Scopus database). This book
includes 15 papers and reviews covering a wide variety of cellulose-based hydrogel ap-
plications, ranging from drug delivery to heterogeneous catalysis. Together, these papers
provide a valuable overview of the fields engaged in research on cellulose-based hydro-
gels, offering a perspective on the challenges and opportunities for future development in
this area.

In recent years, cellulose-based hydrogels have attracted significant attention in the
biomedical field owing to both their outstanding intrinsic properties (e.g., biocompatibility
and degradability) and the possibility of obtaining designable functions through different
preparation methods and structure designs. In this regard, the review conducted by Zou
et al. [1] covers the recent advances in research on cellulose-based hydrogels, introduc-
ing their applications and future developments in the field. In the same vein, the paper
of Filip et al. describes self-assembled gels based on natural deep eutectic solvents and
hydroxypropyl cellulose, with strong antibacterial and antifungal activities [2]. These
systems were tested in vitro in the presence of S. aureus, E. coli, P. aeruginosa, and C. albicans,
confirming their antimicrobial activity and showing a good biocompatibility with primary
cells (human gingival fibroblasts). In their work, Blažic et al. synthesized and fully charac-
terized cellulose-g-poly (2-(dimethylamino)ethylmethacrylate) hydrogels [3]. The obtained
hydrogels showed a weak antibacterial activity in vitro against E. coli, P. aeruginosa, and
B. subtilis. However, cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were also performed, demonstrating that these systems, despite their weak antibacte-
rial performance, have good characteristics as supercapacitors. A novel hydrogel based on
polyvinyl alcohol (PVA), carboxymethyl cellulose (CMC), and polyethylene glycol (PEG)
was designed by Yang et al. for the growth of zeolitic imidazolate framework-L (ZIF-L)
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in situ [4]. The release of Zn2+ and imidazolyl groups elicited a synergistic antibacterial
activity against S. aureus in vitro. At the same time, the obtained hydrogel promoted cell
proliferation at an early stage, enhancing its coagulation efficiency. A rat liver injury model
was further employed to confirm the rapid hemostasis capacity of the developed hydrogel.

Cellulose-based hydrogels have successfully been employed as delivery systems
to improve the controlled release of particles and (bio)molecules, even as a function of
physiological and/or pathological stimuli (e.g., temperature and pH variations). In this
regard, Bonetti et al. [5] designed a novel methylcellulose (MC)-based hydrogel for the
controlled release of silver nanoparticles (AgNPs) in infected chronic wounds, characterized
by a local pH increase. The obtained MC hydrogels showed swelling and degradation
behaviors that were dependent on both the pH and temperature, and a noteworthy pH-
triggered release of AgNPs (release ~10 times higher at pH = 12 than pH = 4). In their
work, Liu et al. [6] fabricated innovative electrospun core–shell nanohybrids composed of
hydroxypropyl methylcellulose (HPMC) and acetaminophen (AAP) in the core sections and
composites of polyvinylpyrrolidone (PVP) and sucralose in the shell sections. Interestingly,
HMPC gelation ensured a faster release of AAP, which could be beneficial for potential
orodispersible drug delivery applications. Shaik et al. [7] reported an oleogel-based bigel
derived from a guar gum hydrogel and a sesame oil/candelilla wax, which they further
tailored using date palm-derived cellulose nanocrystals (dp-CNC). The addition of dp-
CNC as a novel reinforcing agent allowed these bigels to act as carriers of moxifloxacin
hydrochloride (MH).

The biomedical applications of cellulose-based hydrogels are not limited to the above-
mentioned studies but can also be extended to the field of conductive hydrogels. In this
regard, Kasaw Gebeyehu et al. [8] present a review of the current state of the art of con-
ductive hydrogel manufacturing based on cellulosic materials used for tissue engineering,
in addition to reporting the current scenario and the possible future developments in
the field. In this regard, Jin et al. [9] report on conductive hydrogel inks consisting of
CMC, tannic acid, and metal ions (HAuCL4) developed for on-skin direct printing. These
hydrogels showed self-healing properties and reversible conductivity under cyclic strain,
and they were successfully on-skin printed, achieving the continuous electrical flow of the
electronic circuit under the conditions of skin deformation. In their work, Park et al. [10]
present a soft stretchable conductive hydrogel composite consisting of alginate (Alg), CMC,
polyacrylamide (PAM), and silver flakes (AgF). The obtained hydrogel fully supported the
operation of a light-emitting diode under the conditions of mechanical deformation and
successfully enabled the measurement of electromyogram signals.

Another important area in which cellulose-based hydrogels have found application
is photo-catalysis, with a focus on water remediation. Photocatalytic systems hold great
promise as innovative alternatives to common environmental decontamination systems,
and the review conducted by Yang et al. [11] extensively describes the recent advances in
cellulose-based hydrogel photo-catalysts, first discussing the properties and preparation
methods and then classifying these systems according to the type of catalyst and the
research progress in different fields. In the context of sustainable technological development,
the work of Riva et al. [12] reports on hydrogel-derived nano-sponges that are capable of
capturing heavy metal ions from aqueous solutions. Based on their observations of this
interesting property, the authors describe the application of these materials in the field of
heterogeneous catalysis, successfully catalyzing the formation of aromatic acetals using
nanosponges loaded with Cu2+ and Zn2+ metals and achieving extremely high yields and
a very good selectivity for the desired products.

Cellulose-based hydrogels can also find application in other industrial fields, such
as food packaging and the agricultural sectors. In this regard, the work conducted by
Fujita et al. [13] investigates the production of a biodegradable alternative to polyacrylic-
acid-based superabsorbent spheres, producing spherical hydrogel particles from CMC
that could be useful in industrial and agricultural applications. Meanwhile, Jo et al. [14]
report on the preparation of cellulose pulp (CP), polyurethane (PU), and curcumin-based
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composite films using a cost-effective method based on the use of N-methylmorpholine
N-oxide (NMMO) as a solvent. The obtained composite films presented good antioxidant
activities and the absence of cytotoxic effects on a HaCat cell line in vitro, thus lending
themselves well to packaging and biomedical applications.

Lastly, Zitzmann et al. [15] propose a novel analytical tool for visualizing the cel-
lulose content in defibrillated cellulose derived from microalgae using Carbotrace 480.
Exploiting the distinctive fluorescent properties of the optotracer, this study provides a
means through which to correlate the cellulose content in the samples with the successful
hydrogel formation.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Biocompatible Self-Assembled Hydrogen-Bonded Gels Based
on Natural Deep Eutectic Solvents and Hydroxypropyl
Cellulose with Strong Antimicrobial Activity
Daniela Filip 1, Doina Macocinschi 1, Mihaela Balan-Porcarasu 2,* , Cristian-Dragos Varganici 3 ,
Raluca-Petronela Dumitriu 1 , Dragos Peptanariu 3 , Cristina Gabriela Tuchilus 4

and Mirela-Fernanda Zaltariov 5,*

1 Laboratory of Physical Chemistry of Polymers, “Petru Poni” Institute of Macromolecular Chemistry,
Aleea Gr. Ghica Voda 41 A, 700487 Iasi, Romania

2 Laboratory of Polycondensation and Thermostable Polymers, “Petru Poni” Institute of Macromolecular
Chemistry, Aleea Gr. Ghica Voda 41 A, 700487 Iasi, Romania

3 Centre of Advanced Research in Bionanoconjugates and Biopolymers, “Petru Poni” Institute of
Macromolecular Chemistry, Aleea Gr. Ghica Voda 41 A, 700487 Iasi, Romania

4 Microbiology Department, Faculty of Medicine, “Gr. T. Popa” University of Medicine and Pharmacy,
16 Universitatii Street, 700115 Iasi, Romania
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Abstract: Natural deep eutectic solvents (NADES)-hydroxypropyl cellulose (HPC) self-assembled
gels with potential for pharmaceutical applications are prepared. FT-IR, 1HNMR, DSC, TGA and
rheology measurements revealed that hydrogen bond acceptor–hydrogen bond donor interactions,
concentration of NADES and the water content influence significantly the physico-chemical character-
istics of the studied gel systems. HPC-NADES gel compositions have thermal stabilities lower than
HPC and higher than NADES components. Thermal transitions reveal multiple glass transitions char-
acteristic of phase separated systems. Flow curves evidence shear thinning (pseudoplastic) behavior.
The flow curve shear stress vs. shear rate were assessed by applying Bingham, Herschel–Bulkley,
Vocadlo and Casson rheological models. The proposed correlations are in good agreement with
experimental data. The studied gels evidence thermothickening behavior due to characteristic LCST
(lower critical solution temperature) behavior of HPC in aqueous systems and a good biocompatibility
with normal cells (human gingival fibroblasts). The order of antibacterial and antifungal activities
(S.aureus, E.coli, P. aeruginosa and C. albicans) is as follows: citric acid >lactic acid > urea > glycerol,
revealing the higher antibacterial and antifungal activities of acids.

Keywords: deep eutectic solvents; hydroxypropyl cellulose; rheology; antimicrobial gels; biocompatibility

1. Introduction

Natural deep eutectic solvents (NADES) belong to a new generation of solvents [1–3]
comprising mixtures of cheap and readily obtainable components which generate eutec-
tics with melting points significantly lower that of their individual components due to
ion–dipole interaction or hydrogen bonding. They are ionic green solvents which are not
volatile, not flammable and a low-cost alternative to room temperature ionic liquids. Their
use opens the possibility of replacing toxic imidazolium ionic liquids by more sustainable
compounds that can be applied in the development of biocompatible and biodegradable
drug delivery responsive systems [4].

Their unique properties recommend them in varied practical applications ranging from
extraction and biocatalysis to biomedical ones. In biomedical field NADES can be used as
biopolymer modifiers, acting as template delivery compounds also knows as “therapeutic
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deep eutectic solvents”, being able to solubilize and stabilize different pharmaceutical
products [5].

NADES are interesting liquid-like gels in which H-bonds mediate anion binding, and
are able to produce major changes in bulk material characteristics. The field of “eutectogels”
is less developed than that of ionogels based on classical ionic liquids. Thus, NADES
can be used as template for supramolecular gelators [6], being environmentally friendly
and providing low preparation costs, non-inflammability, increased thermal and chemical
stability, low toxicity and biodegradability. They are developed as a good alternative for
poor soluble drugs, being used as excipients in the pharmaceutical industry [7].

In NADES, choline chloride is the hydrogen bond acceptor (HBA) and the other natural
components such as alcohols, acids, amides, amines and sugars are hydrogenbond donors
(HBD). Choline chloride is a substituted quaternary ammonium salt, a human and animal
nutrient [8]. It is found in high quantities in eggs, liver, peanuts, meats and vegetables. This
advantage promises great possibilities for drug-delivery systems, bone-therapy scaffolds,
cosmetic, pharmaceutical and food-related applications [9]. It was suggested that NADES
represent the third liquid phase in organisms [2]. Their increased viscosities constitute a
disadvantage but adding water is employed to modulate physicochemical properties and
facilitate their applications [10].

Water-based NADES can be an alternative to DESs of high viscosities, poor conductiv-
ities and higher toxicities [11]. The organic solvents are not adequate for pharmaceutical
applications, therefore NADES are preferred to solubilize the hydrophobic drugs. Interest
in NADES for pharmaceutical applications is recent [12,13]. They possess intrinsic antimi-
crobial activity, can promote absorption and diminish phenomena like polymorphism or
degradation.

Hydroxypropyl cellulose (HPC) is a cellulose ether derivative which is obtained by
hydroxypropylation of hydroxyl groups of the cellulose backbone, i.e., by reacting alkali
cellulose with propylene oxide at elevated pressure and temperature. The hydroxyl groups
as well as the incorporated hydroxypropyl groups are able to donate hydrogen bonds to
active pharmaceutical ingredients with hydrogen accepting groups [14]. HPC serves well
as an excipient for pharmaceuticals. It is also used as emulsifier, stabilizer and thickener
in pharmaceutical applications, additives in cosmetics, formulation aid and texturizer
for foods.

In this study, we investigate the properties of hydrophilic polymer matrices comprising
HPC and four different NADES (NADES gels): choline chloride: urea 1:2 (ChCl-U), choline
chloride: citric acid 1:1 (ChCl-CA), choline chloride: lactic acid 1:1 (ChCl-LA), choline
chloride: glycerol 1:2 (ChCl-Gly) in aqueous systems. The rheological behavior of HPC
gels at various concentrations of NADES is investigated. The thermal transitions and
thermal stability of HPC-NADES compositions are investigated by DSC and TGA analyses,
respectively. The strength of hydrogen bonding in the HPC-NADES gels is investigated
by means of FT-IR and 1HNMR spectroscopy. The antimicrobial activities of pure NADES
and NADES-HPC gels were studied against Gram positive bacteria (Staphylococcus aureus
ATCC 25923), Gram negative bacteria (Escherichia coli ATCC 25922, Pseudomonas aeruginosa
ATCC 27853) and pathogenic yeasts (Candida albicans ATCC 90028). The biocompatibility of
NADES gels was evaluated on HGF (human gingival fibroblast) cell line.

2. Results and Discussion
2.1. FT-IR Spectroscopy

The HPC-NADES gels are prepared by physical interactions, mainly H-bonding
starting from original NADES containing two components: choline chloride (ChCl) as
hydrogen acceptor and four different hydrogen donors: urea, glycerol, lactic acid and
citric acid. Based on the IR and NMR data it was possible to establish the HPC spectral
changes by addition of various amounts of NADES: 17% and 29%, mainly in the O-H
spectral region by involving of O-H groups in the H-bonding with NADES components.
The IR comparative spectra of HPC solution 14%, original NADES in solution and two
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HPC-NADES mixtures with 17% and 29% NADES containing water as third component
can be seen in Figure 1.
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Figure 1. Comparative IR spectra in ATR (Attenuated Total Reflectance) mode of the HPC-ChCl-U (a),
HPC-ChCl-Gly (b), HPC-ChCl-LA (c) and HPC-ChCl-CA (d) at 17% and 29% NADES concentrations
compared with the starting components HPC solution 14% and original NADES in solution.

It is evident that the –OH stretching bands of the HPC-NADES aq. solutions are
blueshifted by 30 cm−1 as compared with HPC solution 14% and by 10 cm−1 as compared
with original NADES (ChCl-U) in solution (Figure 1a). In the HPC-ChCl-Gly, HPC-ChCl-
LA and HPC-ChCl-CA mixtures the O-H stretches are close to those found in HPC solution
14% (Figure 1b–d). These are redshifted by 20 cm−1 compared to the corresponding original
NADES in solution and confirm their involvement in the H-bonding interactions. The
C-H stretches are present at 2962–2886 cm−1, while the broad bands at 2540–2030 cm−1 are
characteristic for H-bonding O-H groups. In the 1800–1500 cm−1 spectral range specific
stretching vibrations for carboxylic C=O groups in HPC-ChCl-LA and HPC-ChCl-CA can
be seen at 1722 and 1715 cm−1, respectively (Figure 1c,d).

The C=O stretching band of aq. HPC 14% located at 1682 (sh) and 1644 cm−1 is
explained with deformative water molecules [15]. The C=O stretching band of HPC-
NADES aq. solutions are close to that of HPC solution 14% and influenced by C=O
stretching bands of studied NADES. The characteristic bands associated with ChCl located
at about 1480 cm−1 attributed to ρCH3 and the band at 955 cm−1 attributed to ammonium
structure identity of the NADES (Ch)+ are distinct from the bands of HPC aq. solution
and decrease their intensities with decreasing concentration of NADES [16]. The C-O-C
stretching bands of HPC-NADES aq. solutions located in the 1200–1000 cm−1 region are
close to those of HPC 14% w/v and influenced by the bands of NADES.
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NADES have similar bands to the starting HBD and HBA molecules [17,18]. For
ChCl-CA 17% and ChCl-Gly 17% samples the peaks at 955 cm−1 vanish (Figure 1b,d).
This result is explained by the strength of hydrogen bonding and less phase separation in
comparison with ChCl-LA and ChCl-U NADES. In general, ChCl-U, ChCl-Gly, ChCl-LA
and ChCl-CA are high viscosity liquid systems, with high hygroscopicity mainly due to
the ChCl component, so that these can be isolated with lower water (adsorbed moisture
from surrounding atmosphere) content in their composition. In binary mixtures of studied
NADES there is a clear contribution of HBD and HBA role in the system, while in the
ternary and quaternary systems, resulting from the addition of water and HPC, there is a
more complex hydrogen bonding network in the system.

We studied the effect of water addition in the original NADES (prepared in solid state
by simple plastering the components) by IR spectroscopy in order to highlight that water
can stabilize HBD components in the liquid phase and mediate the interaction with choline
chloride (HBA component). In Figure 2 the IR spectra of ChCl-U during the addition
of different amounts of water are shown. One can observe the redshift of the O-H and
N-H stretches by 33–58 cm−1 (Figure 2a), respectively, and of O-H and N-H deformations
(Figure 2b) at 1662 and 1610 cm−1 by adding water as a third component in the NADES
system. These spectral changes confirmed that the strong H-bond interactions between
ChCl and urea gradually decrease in the presence of water, also leading to the decrease
in the intensity of the characteristic vibrations at 1480 and 955 cm−1 (Figure 2c) and the
appearance of broad bands at 800–600 cm−1, specifically for different H-bonding water
molecules (Figure 2d).
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For all HPC-based NADES and water/NADES systems, there was a decrease in H-
bond energy by addition of both, water and HPC solution 14%, as compared with these
systems in dry state (Table 1). This process is accompanied by the reorganization of the H
bonding interactions between both components of NADES, as can be seen in a schematic
representation (Scheme 1), by involving water and HPC chains.

Table 1. The energy and the distance of hydrogen bonds in NADES and HPC-NADES samples.

Sample
HPC-NADES (Dry State) HPC-NADES (in Solution)

EH (kJ) R(Å) EH (kJ) R(Å)

HPC 27.832 2.753 15.318 2.792

HPC-ChCl-U 17%
20.401 (N-H) 2.717 (N-H) 14.885 (N-H) 2.851 (N-H)
22.151 (O-H) 2.769 (O-H) 20.281 (O-H) 2.776 (O-H)

HPC-ChCl-U 29%
20.552 (N-H) 2.714 (N-H) 15.860 (N-H) 2.827 (N-H)
22.366 (O-H) 2.770 (O-H) 20.568 (O-H) 2.775 (O-H)

HPC-ChCl-Gly 17% 21.863 2.771 20.065 2.777
HPC-ChCl-Gly 29% 20.281 2.776 20.136 2.776
HPC-ChCl-LA17% 19.633 2.778 19.921 2.777
HPC-ChCl-LA 29% 18.482 2.782 19.489 2.778
HPC-ChCl-CA 17% 18.770 2.781 18.627 2.782
HPC-ChCl-CA 29% 16.397 2.788 18.770 2.781

Original NADES in dry state in solution

ChCl-U
21.006 (N-H) 2.703 (N-H) 16.623 (N-H) 2.808 (N-H)
23.373 (O-H) 2.766 (O-H) 21.001 (O-H) 2.774 (O-H)

ChCl-Gly 24.092 2.764 22.150 2.770
ChCl-LA 22.798 2.768 20.424 2.775
ChCl-CA 21.575 2.772 18.771 2.781
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Scheme 1. Schematic representation of the reorganization of H-bonding (donor–acceptor) by addition
of HPC.

The H-bond distance also highlighted this aspect, by slightly increasing values of its
value, supporting the interconnectivity between NADES, HPC and/or water components.
Moreover, one can see from Table 1 that the H bonds distance of HPC-NADES gels differ
slightly in solution and in solid state as compared with original NADES. Higher differences
appear to initial HPC, the values of H-bond distance being larger than the HPC in solution.
This suggests that original H-bonding NADES co-exist with H-bonded HPC-NADES in
the gel mixture. Thus, it was found that the presence of HBD (hydrogen bond donor)
molecules favors the interaction with polymer and diminishes the interaction with water
molecules and therefore the solute–solvent interactions in the ternary solutions are similar
to those in binary solutions. The NADES complex separated into its precursors can be
treated as a pseudo-compound when the HBA (hydrogen bond acceptor): HBD molar ratio
is maintained and the system is pseudo-ternary. Stronger hydrogen bonding of NADES
determines favorable interactions and increased solvation capability of the carbohydrates.
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H-bonds energy (EH) and distance (R) of original NADES and HPC-NADES solutions
(Table 1) have been estimated by using Sederholm and Struszczyk methods by a previously
published procedure [19].

One can observe that in dry state in the original NADES there is a strong interaction
between both components, the higher energy of the H bonds being found for ChCl-Gly,
followed by ChCl-U, ChCl-LA and ChCl-CA, while in water these interactions considerably
decrease. For HPC-NADES mixture in dry state, the energy of the H bonds increases at
lower concentration (17%) of NADES. A strong interaction was observed for HPC-ChCl-U
29%, which is maintained inclusively in solution of 14% HPC. A lower interaction was
found for HPC-ChCl-CA both in dry state and in solution. The value of the distance of H
bonds is lower for HPC-ChCl-U and HPC-ChCl-Gly at both concentrations, also proving a
strong interaction within the ternary systems.

2.2. 1H NMR and ROESY Spectra

There are several NMR studies concerning the molecular interactions in NADES based
on ChCl and CA, LA, U and Gly, respectively, and their mixtures with water [20–24]. These
studies show that adding more than 10% water to the NADES leads to weakening of the
hydrogen bond network which is reflected in the ROESY spectra by the disappearance of
the intermolecular correlation peaks and in the 1H NMR spectra by the collapse of all the
peaks for labile protons and water into one peak, due to the fast exchange that takes place
in presence of water.

The same trend was observed in the case of our mixtures, where the ROESY spectra
(Figures S1–S8) recorded for mixtures of ChCl-U-H2O (1:2:6 molar ratio) (Figures S1 and S2),
ChCl-Gly-H2O (1:2:11 molar ratio) (Figures S3 and S4), ChCl-LA-H2O (1:1:7 molar ratio)
(Figures S5 and S6) and ChCl-CA-H2O (1:1:10 molar ratio) (Figures S7 and S8), and show
only intramolecular correlation peaks and no intermolecular interactions.

In the 1H NMR spectrum for ChCl-U 100% (Figure 3a) we can observe the following
peaks (δ, ppm): 6.08 (U-NH2), 5.35 (ChCl-OH), 4.42 (H2O), 3.94 (ChCl-CH2-OH), 3.49
(ChCl-CH2-N), 3.18 (ChCl-N-(CH3)3). This eutectic mixture also contains intrinsic water
(adsorbed water during the preparation) and the molar ratio between ChCl:U:H2O, as
calculated from the integral ratio, is 1:2:0.6. In the 1H NMR spectra of HPC-ChCl-U 29%
and HPC-ChCl-U 17% from Figure 3b,c, we can observe the peaks from HPC (1.1 ppm,
3–4.5 ppm, overlapped with the peaks from ChCl) and the peaks for U-NH2 and ChCl-OH
are still observed at 5.75–5.77 ppm and 5.32–5.36 ppm, respectively, but their intensity is
diminished due to the exchange with deuterium from the solvent. Urea is known to form
very strong hydrogen bonds which leads to a slower exchange rate, thus the peaks for the
labile protons are still observed in the 1H NMR spectra even at higher water contents. A
ROESY experiment (Figure S9) was performed for HPC-ChCl-U 17% in order to evaluate
if the supramolecular structure of ChCl-U is maintained after mixing it with HPC and
water. No intermolecular correlation peaks were observed between the three components,
meaning that the hydrogen bond network considerably weakened.
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Figure 3. 1H NMR spectra of ChCl-U 100% (a), HPC-ChCl-U 29% (b) and HPC-ChCl-U 17% (c). In
red color are marked the exchangeable protons.

In the 1H NMR spectrum of ChCl-Gly 100% (Figure 4a) we can observe the following
peaks (δ, ppm): 5.16 (ChCl-OH),4.89 (Gly-CH-OH), 4.80 (Gly-CH2-OH, partially overlapped
with external HOD), 4.33 (H2O), 3.87 (ChCl-CH2-OH), 3.55 (ChCl-CH2-N), 3.46–3.35 (Cly-
CH2- and Gly-CH-) and 3.11 (ChCl-N-(CH3)3). Although no water was added during the
preparation of ChCl-Gly, the 1H NMR spectrum shows the presence of a small content of
water. The molar ratio of the ChCl:Gly:H2O ternary mixture, calculated from the integral
values, is 1:2:2.5. Figure 4b,c shows the 1H NMR spectra for two mixtures of different
proportions of ChCl-Gly, HPC and D2O. We can observe the peak for the methyl group
from the 2-hydroxypropyl substituent of cellulose at 1.10 ppm but the rest of the peaks of
HPC, which resonate between 3 and 4.5 ppm, are overlapped with the peaks from ChCl
and Gly. The hydroxylic protons from ChCl and Gly appear with the HOD peak due to fast
exchange with the water protons.
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from 6.09 ppm to 4.8 ppm and the presence of the HPC peaks (1.10 ppm and 3–4.5 ppm, 

overlapped with the ChCl and LA peaks). 

Figure 4. 1H NMR spectra of ChCl-Gly (a), HPC-ChCl-Gly 29% (b) and HPC-ChCl-Gly 17% (c). In
red color are marked the exchangeable protons.

The assignments of the peaks from the 1H NMR spectrum of neat ChCl:LA (Figure 5a)
are as follows (δ, ppm): 6.09 (LA-OH, LA-COOH, ChCl-OH, H2O), 4.28 (LA-CH-), 3.96
(ChCl-CH2-OH), 3.58 (ChCl-CH2-N), 3.26 (ChCl-N-(CH3)3) and 1.31 (LA-CH3). Since car-
boxylic protons are more acidic than alcohols, a faster exchange occurs in the case of
ChCl-LA and a single, time-averaged signal for all the labile protons and intrinsic water is
observed in the 1H NMR spectrum. In Figure 5b,c the 1H NMR spectra for HPC-ChCl-U
17% and HPC-ChCl-U 29% are depicted. Since the addition of water increases the rate of
exchange, we can observe the displacement of the peak for the labile and water protons
from 6.09 ppm to 4.8 ppm and the presence of the HPC peaks (1.10 ppm and 3–4.5 ppm,
overlapped with the ChCl and LA peaks).
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Figure 5. 1H NMR spectra of ChCl-LA (a), HPC-ChCl-LA 29% (b) and HPC-ChCl-LA 17% (c). In red
color are marked the exchangeable protons.

ChCl-CA 100% could not be analyzed by NMR due to its high viscosity. We recorded
the 1H NMR spectrum (Figure 6a) for a less viscous mixture of 80% ChCl-CA and 20% D2O.
The assignments of the peaks are (δ, ppm): 6.16 (CA-COOH, CA-OH, ChCl-OH, HOD),
3.95 (CHCl-CH2-OH), 3.42 (CHCl-CH2-N), 3.09 (ChCl-N-(CH3)3), 2.94 (CA-CH2) and 2.79
(CA-CH2). Since D2O was used for the sample preparation, the intrinsic water content of
this mixture could not be calculated from NMR data. In the 1H NMR spectra for 14% HPC,
29% ChCl-CA and 57% D2O (w/w/w) and 16% HPC, 16% ChCl-CA and 66% D2O (w/w/w)
the peaks for HPC are observed at 1.10 ppm and 3–4.5 ppm (overlapped with ChCl and CA
peaks). The peak for HOD and for the labile protons shifts from 6.16 in ChCl-CA to 4.96 and
4.86 ppm in the two samples (Figure 6b,c) due to increasing rate of exchange determined
by increasing the amount of water from the system.
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2.3. Thermal Stability

The thermal stabilities and kinetic parameters of pure studied NADES and their gels
with HPC are investigated using thermogravimetry and derivative thermogravimetry
under dynamic conditions of temperature. The thermogravimetric curves of the studied
pure NADES and gel mixtures with HPC (17 and 29% w/w) are shown in Figure 7. The
thermal characteristics obtained from TG and DTG curves are summarized in Table 2.
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Table 2. The thermal characteristics from TG and DTG curves of HPC, NADES and HPC-NADES
gels (17% and 29% w/w).

Sample Stages, ◦C Tmax
a, ◦C ∆w b, %

ChCl-CA 100%

I 36.8–121.6 61.7 6.8
II 171.7–200.9 191.6 40.9
III 225.5–277.2 262.5 41.2
IV 307.8–419.0 364.3 3.2

ChCl-Gly 100% I 109.7–176.9 128.0 5.5
II 228.2–318.9 296.3 92.5

ChCl-LA 100%
I 74.5–143 89.1 4.87
II 171.3–232.9 206.1 14.5
III 232.9–315.0 284.6 78.1

ChCl-U 100%
I 127.9–223.2 179.0 10.9
II 223.2–269.3 237.0 24.8
III 269.3–320.8 280.7 62.4

HPC
I 26.7–122.7 72.6 6.7
II 306.3–399.7 374.0 85.1

ChCl-CA 17%

I 157.3–177.2 162.8 8.9
II 194.4–216.2 210.4 16.6
III 236.6–282.7 260.5 18.2
IV 328.2–391.6 369.5 51.8

ChCl-Gly 17%
I 43.5–120.4 90.8 17.2
II 249.3–301.5 277.3 47.8
III 334.7–398.6 382.2 31.9

ChCl-LA 17%
I 61.6–143.3 89.8 9.48
II 231.4–280.0 261.6 27.3
III 301.3–396.3 372.2 55.8

ChCl-U 17%

I 36.3–121.6 88.0 12.8
II 184.3–259.1 214.0 14.4
III 259.1–298.2 270.5 39.6
IV 298.2–404.3 380.1 25.7

ChCl-CA 29%

I 69.7–135.5 90.0 3.4
II 135.5–156.8 147.2 4.95
III 191.7–216.8 210.1 28.8
IV 238.5–285.3 266.1 23.0
V 320.7–391.6 368.9 35.3

ChCl-Gly 29%

I 55.5–126.9 95.8 15.9
II 249.7–287.0 278.2 31.1
III 287.0–303.5 295.0 26.7
IV 303.5–393.7 366.7 20.6
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Table 2. Cont.

Sample Stages, ◦C Tmax
a, ◦C ∆w b, %

ChCl-LA 29%
I 40.9–125.8 79.8 12.1
II 223.3–281.1 264.4 40.2
III 298.5–398.6 374.2 42.3

ChCl-U 29%

I 38.9–116.6 83.7 15.5
II 182.1–247.5 206.9 13.5
III 254.6–292.6 269.4 57.3
IV 334.9–402.9 377.6 8.4

a Temperature corresponding to maximum rate of decomposition. b Weight loss percentage corresponding to
degradation stage.

Generally, the values of initial decomposition temperatures for NADES are between
those of pure constituents, HBD and HBA. The thermal stability of HBDs determines the
thermal stabilities of the resulting NADES, i.e., the thermal stabilities of NADES increase
compared to pure HBDs and become worse compared to HBAs [25–27]. The thermal
stability of NADES is influenced by hydrogen bonding between HBA and HBD molecules.
The degradation stages below 150 ◦C are associated with evaporation of water. It is evident
from Figure 7 and Table 2 that the thermal stability of HPC is superior to those of pure
NADES and their mixtures with HPC because the onset degradation temperature of HPC
is higher. The thermal degradation is complex because the main degradation peaks are
comprised of several processes of thermal degradation.

The non-isothermal kinetic parameters of the thermal degradation for overlapped
processes following water evaporation were evaluated in terms of the Coats–Redfern [28],
Flynn–Wall [29] van Krevelen [29] and Urbanovici–Segal [30] integral methods (Table 3).
The activation energy of thermal degradation is regarded as a semi-quantitative factor of
thermal stability. It is evident from Table 3 that the values of activation energy and order of
reaction are found higher for NADES and their mixtures with HPC (the degradation stage
corresponding to HPC component) based on citric acid and glycerol. This result confirms
the importance of the hydrogen bonding network in dictating the thermal stability which
is in connection with the FT-IR, DSC results and rheology measurements.

Table 3. Kinetic parameters of thermal degradation of HPC, NADES and HPC-NADES gels (17 and
29% w/w).

Sample Activation Energy (kJ/mol)/ln A/Order of Reaction

Coats–Redfern Flynn–Wall Van Krevelen Urbanovici–
Segal

ChCl-CA 100%
II 367.1/92.13/1.7 356.2/90.35/1.7 382.2/96.0/1.7 354.9/88.8/1.5
III 211.2/43.69/1.3 209.0/43.26/1.3 233.0/48.72/1.4 214.2/44.43/1.3

ChCl-Gly 100% 163.98/30.17/1.1 164.5/30.32/1.1 182.8/34.2/1.1 165.67/30.6/1.1
ChCl-LA 100% 96.8/16.31/0.9 100.2/17.38/0.9 120.8/21.74/1.0 96.1/16.18/0.8
ChCl-U 100% 51.3/4.86/0.1 55.8/6.84/0.0 70.4/9.42/0.4 53.4/5.55/0.2

HPC 222.2/36.71/1.1 221.1/36.53/1.1 251.3/42.23/1.2 224.0/37.1/1.1
ChCl-CA 17% a 305.7/53.15/1.4 300.6/52.37/1.4 337.8/59.25/1.5 309.3/53.89/1.4
ChCl-Gly 17% a 235.8/39.55/1.4 234.3/39.3/1.4 263.7/44.84/1.5 239.9/40.37/1.4
ChCl-LA 17% a 160.4/25.64/1.3 156.8/24.96/1.2 178.6/29.09/1.3 157.2/25.0/1.2
ChCl-U 17% a 186.6/30.47/1.4 187.4/30.67/1.4 213.9/35.7/1.5 189.8/31.16/1.4

ChCl-CA 29% a 192.4/31.60/1.2 192.8/31.70/1.2 214.0/35.65/1.2 194.4/32.03/1.2
ChCl-Gly 29% a 108.1/15.57/1.1 112.6/16.78/1.1 122.6/18.36/1.1 111.2/16.26/1.1
ChCl-LA 29% a 150.8/23.79/1.3 153.2/24.36/1.3 168.9/27.22/1.3 153.3/24.35/1.3
ChCl-U 29% a 234.0/39.27/1.5 232.6/39.04/1.5 252.7/42.71/1.5 237.3/39.95/1.5

a The kinetic parameters were evaluated for thermal degradation stage corresponding to HPC component.
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2.4. DSC Analysis

In Figure 8 the DSC thermograms (second heating runs) of the HPC, NADES and
HPC-NADES gel mixtures (17% and 29% w/w) are shown. The thermal characteristics
resulting from DSC are summarized in Table 4.
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29% w/w).

Table 4. DSC results (second heating runs) of HPC, NADES and HPC-NADES gels (17% w/w).

Sample Tg, ◦C Tm, ◦C Sample Tg, ◦C Tm, ◦C

ChCl-CA 100% −34.1 - ChCl-LA 100% −64.7 - a

HPC-ChCl-CA
17% −28.7; 13.9 - HPC-ChCl-LA

17% −63.5;0.8; 28.2 - b

HPC-ChCl-CA
29% −27.6; 9.9 - HPC-ChCl-LA

29% −79.5; −14.5; 24.2 -

ChCl-Gly 100% −96.2 - ChCl-U 100% −73.7 -
HPC-ChCl-Gly

17% −93.3; −5.5 - HPC-ChCl-U
17% −44.8; −0.2; 28.1 -

HPC-ChCl-Gly
29% −93.9; 23.7 - HPC-ChCl-U

29% −45.7; 5.0; 23.5 -

HPC 4.8 197.2 - - -
a 80.0 ◦C attributed to solid-solid transition; b 79.5/83.1 ◦C attributed to solid-solid transition.

The pure NADES evidence mainly glass transitions, this variant being called low
transition temperature mixtures [3]. It is speculated that the low amounts of water deter-
mine the increased viscosity and decreased molecular mobility, promoting glass formation
instead of crystal [31]. Only ChCl-U reveals melting endotherm at 15 ◦C (first heating run).
Pure ChCl-LA reveals at around 80 ◦C a solid–solid transition found in case of choline
chloride-urea systems for choline chloride rich composition (χChCl =0.5–0.67) [31,32]. Mul-
tiple glass transitions are observed which is characteristic for phase separated systems.
Each phase has its own glass transition. For the ChCl-CA and ChCl-Gly mixtures two glass
transitions corresponding to the NADES and HPC component are observed. In the case
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of ChCl-LA and ChCl-U mixtures three glass transitions are observed. The Tg at highest
temperature is found around 28 ◦C for both mixtures and is attributed to a phase composed
mainly of HPC. The Tg of HPC (powder) is found at 21 ◦C (second heating run, 10 ◦C/min).
The three values of the glass transitions indicate higher degree of phase segregation for
ChCl-LA and ChCl-U mixtures due to less strength of the hydrogen bonding. The values
of Tgs in mixtures (for the phase rich in NADES) are higher than those of pure NADES
suggesting the formation of the hydrogen bonding network. Some polymer complexes
have higher Tg values because hydrogen bonds act as physical crosslinks [33]. It was
found in literature that the values of Tg of mixtures of biomaterials are in connection with
the number of hydroxyl groups per molecule [34] intermolecular hydrogen bonding and
molecular packing. The decrease of the Tg corresponding to HPC component indicates a
plasticization of HPC by NADES.

2.5. Rheological Properties

The study of rheological properties of pharmaceutical systems (simple liquids, oint-
ments, creams, pastes, suppositories, suspensions and colloidal dispersing, emulsifying and
suspending agents) are very important as a quality control instrument in order to assure
product quality and diminished batch-to-batch discrepancies. These studies contribute to
the characterization of manufacturing, storage and transport processes, or the behavior
during pharmaceutical products’ administration or therapeutic outcome [35–37].

2.5.1. Flow Curves

In Figure 9a,b the flow behavior of NADES-HPC gel solutions (17% and 29% w/w
NADES) is illustrated. The rheological plots (log-log scale) of NADES-HPC gel solutions
show (Figure 9a) non-Newtonian, shear thinning (pseudoplastic fluid) behavior. The
viscosities decrease by adding NADES in solutions in the following order: HPC 14% >
ChCl-CA 29% > ChCl-Gly 29% > ChCl-U 29% > ChCl-LA 29%. The rheological behavior
of these systems is governed by the formation of an extensive network of inter- and
intramolecular interactions such as hydrogen bonding, assuring high cohesive forces in
the bulk liquid. The strength of hydrogen bonding and viscosities of the starting NADES
influences the resulting viscosity values of the NADES-HPC aqueous solutions. The
hydrogen bond density of the NADES is determined by the number of hydrogen bonds
donated. The hydrogen bond donor count values for citric acid (4) (https://pubchem.ncbi.
nlm.nih.gov/compound/Citric-acid), glycerol (3) (https://pubchem.ncbi.nlm.nih.gov/
compound/Glycerol), urea (2) (https://pubchem.ncbi.nlm.nih.gov/compound/Urea) and
lactic acid (2) https://pubchem.ncbi.nlm.nih.gov/compound/Lactic-acid) are in agreement
with viscosity, thermal stability, DSC and FT-IR results.
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1. Bingham model [40]: 

Figure 9. The flow behavior of the HPC (solution 14%) and HPC-based NADES gels (17% and 29%):
viscosity (a) and shear stress (b).
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The addition of water or polymers changes the flow behavior and internal resistance
of the resulting systems. This result can be corroborated with IR, DSC and TGA results. In
case of NADES or ionic liquids shear thinning is associated with breaking of the hydrogen
bonds. Electrostatic interactions and the re-arrangement of the ions could contribute to
shear thinning as well. In case of polymers the disentanglement of the polymer coils
and alignment of the polymer chain into the flow direction are also associated with shear
thinning phenomenon.

From Figure 9b it is evident that the studied solutions exhibit yield stress (τ0) which
must be exceeded prior to deformation or flowing of the fluid [38]. The yield stress is
obtained through extrapolation of the flow curve at low shear rates to zero shear rate. For
shear stress values below the yield stress values the fluid behaves as a rigid solid. Usually,
the yield stress is considered as the transition stress between elastic solid-like behavior
and viscous liquid-like behavior and is connected to the characteristic network structure.
When external stress is greater than yield stress the flow curve does not pass through origin
and may be linear or non-linear. For a non-Newtonian fluid the shear stress vs. shear rate
curve is non-linear or does not pass through the origin. Shulman model [39] was chosen to
characterize the shear stress vs. shear rate curves:

τ =
[
τ1/n

0 + (µγ·)1/m
]n

where τ is shear stress, τ0 is the yield stress, µ is the plastic viscosity (Pa..s), K is consistency
index (Pa.sn), γ. is shear rate and m, n are power exponents related to material properties.
The following simpler rheological models derived by reducing the coefficients were applied
for the studied shear stress-shear rate curves:

1. Bingham model [40]:
τ = τ0 + µγ (1)

2. Herschel–Bulkley model [41]:

τ = τ0 + Kγ·n (2)

3. Vocadlo model [42]
τ =

(
τ1/n

0 + Kγ·
)n

(3)

4. Casson model [43]
τ0.5 = τ0.5

0 + (µγ·)0.5 (4)

When the flow index (dimensionless) n =1 the rheological models reduce to the
Bingham model. For n < 1 the system is non-Newtonian pseudoplastic (shear thinning)
whereas for n > 1 (unusual) [44] the system is shear thickening (dilatant). A lower value
of n indicates a more non-Newtonian shear thinning fluid (increased pseudoplasticity).
The behavior of NADES is mainly Newtonian and non-Newtonian when they are similar
to ionic liquids [45]. The rheology of HPC gels is well described by Herschel-Bulkley
model [46]. The values of n close to 1 (Herschel Bulkley model in the Table 5) indicate
that Bingham model is more appropriate. The values of K serve as the viscosity indices of
the systems.

The value of τ0 refers to the amount of minimum stress necessary for disrupting the
networked structure in order to initiate the flow. The yield stress gives information on chain
rigidity, hydrogen bonding and molecular weight being connected to viscosity values [47].
The calculated values of τ0 are in good agreement with the experimental ones. The values
of τ0 are in the same order as viscosity for the studied samples (Figure 9b).

By increasing the value of exponent >0.5 in the Casson equation approaching the
Bingham model the fitting results are closer to those experimentally found.
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Table 5. The shear stress-shear rate curves coefficients of HPC (solution 14%) and HPC-NADES 17%
and 29%.

Sample Bingham Herschel-Bulkley Vocadlo Casson τ0exp, Pa

HPC 14% τ0 = 14.78; µ = 5.11;
R = 0.999

τ0 = 13.90; µ = 4.93;
n = 0.97; R = 0.9997

τ0 = 13.89; µ = 6.40;
n = 0.96; R = 0.9999

τ0 = 14.00; µ = 3.70;
R = 0.9957 14.18

ChCl-Gly 29% τ0 = 18.18; µ = 6.44;
R = 0.99648

τ0 = 15.00; µ = 6.49;
n = 1.04; R = 0.98892

τ0 = 7.81; µ = 34.06;
n = 0.79; R = 0.99989

τ0 = 5.77; µ = 5.38;
R = 0.99964 10.62

ChCl-CA 29% τ0 = 23.92; µ = 14.22;
R = 0.99859

τ0 =24.40; µ = 11.35;
n = 1.09; R = 0.9902

τ0 =11.74; µ = 30.10;
n = 0.91; R = 0.99971

τ0 = 6.67; µ = 12.29;
R = 0.99974 13.70

ChCl-U 29% τ0 = 12.07; µ = 8.72;
R = 0.99848

τ0 = 3.40; µ = 14.30;
n = 0.88; R = 0.99998

τ0 = 3.63; µ = 21.76;
n = 0.88; R = 0.99998

τ0 = 2.21; µ = 7.96;
R = 0.99976 5.38

ChCl-LA 29% τ0 = 10.55; µ = 2.31;
R = 0.98363

τ0 = 1.10; µ = 9.96;
n = 0.66; R = 0.99994

τ0 = 1.53; µ = 38.74;
n = 0.65; R = 0.9999

τ0 = 2.88; µ = 2.02;
R = 0.9924 3.33

ChCl-CA 17% τ0 = 79.95;µ = 12.57;
R = 0.9961

τ0 = 62.70; µ = 17.92;
n = 0.97; R = 0.9912

τ0 = 59.01; µ = 208.06;
n = 0.71; R = 0.9996

τ0 = 80.00;
µ = 8.17;

R = 0.9989
64.53

ChCl-Gly 17% τ0 = 23.81;µ = 15.22;
R = 0.9984

τ0 = 11.50; µ = 17.18;
n = 1.02; R = 0.9926

τ0 = 8.87; µ = 39.49;
n = 0.88; R = 0.9999

τ0 = 23.00; µ = 13.59;
R = 0.9998 11.68

ChCl-U 17% τ0 = 28.67;µ = 12.17;
R = 0.9998

τ0 = 27.50; µ = 9.65; n
= 1.09; R = 0.9936

τ0 = 24.82; µ = 19.27;
n = 0.94; R = 0.9999

τ0 = 28.00;
µ = 9.15;

R = 0.9969
26.24

ChCl-LA 17% τ0 = 24.38;µ = 13.99;
R = 0.9998

τ0 = 22.60; µ = 11.43;
n = 1.09; R = 0.9944

τ0 = 20.45; µ = 19.78;
n = 0.95; R = 0.9999

τ0 = 24.00;
µ = 11.16;
R = 0.9978

22.56

2.5.2. Dynamic Oscillatory Measurements

Viscoelastic properties of HPC-NADES solutions were studied by oscillation. The
elastic modulus is linked with the energy stored in elastic deformation whereas the viscous
modulus is linked with viscous dissipation effects.

In Figure 10 the dependences of complex viscosity and dynamic moduli, G’ and G” on
angular frequency for the studied solutions are illustrated.
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Oscillatory measurements are preferred instead of steady shear measurements in order
to avoid the disruption of the networks [48]. The departure from the Cox–Merz rule [49]

η(γ·) ∼= |η ∗ (ω)|ω = γ (5)

can be explained by the structural damage caused by the excessive shear during flow curves
measurements. The complex viscosity decreases at increased concentration of NADES.

The property of viscoelasticity is important in polymeric solutions because they show
both liquid and solid-like properties. The extent of intermolecular association/aggregation
and chain entanglement determine the relative contributions of the elastic and viscous
elements.

The viscoelastic response of the samples is influenced both by composition and con-
centration of NADES with visible differences in behavior between the two series of samples.
It can be noticed that HPC 14% has an elastic (solid-like) behavior (G′ > G′ ′) over the entire
frequency domain studied. The capability of the polymer network to store the imposed
energy increases and the behavior is more elastic (solid-like). A similar pattern of behavior
is observed for all the mixtures of 17% concentration, with high, but quite close values
measured for G′ and G′ ′.

In the case of 29% concentration series, the storage (G′) and loss (G′′) moduli reveal
a modified behavior and much lower values as compared with HPC and the 17-coded
samples series. All 29%-compositions show cross-over points when the elastic component
outweighs the viscous ones, which indicate transition from a predominantly liquid-like
behavior (G′′ > G′) at increased frequencies towards an elastic/solid-like response at lowω.
The cross-over point is located at characteristic frequency the reciprocal of which represents
a measure of the relaxation time of the polymer network. In case of polymeric systems
the relaxation time λ under dynamic shear can be determined by means of the following
equation [50,51]:

λ =
G′

η∗ω2 (6)

where G′ is the storage modulus, ω is the angular frequency and η* is complex viscosity.
The systems with high values of complex viscosity correspond to early relaxations of
polymer chains (short relaxation times).

Increasing trend ofω and G′ = G′′ values at crossover point:
ChCl-LA 29% − ω = 0.1668//0.02132 rad/s and G′ = G′′ = 4.036//2.186 Pa
ChCl-U 29% − ω = 0.3683 rad/s and G′ = G′′ = 12.20 Pa
ChCl-CA 29% − ω = 0.3706 rad/s and G′ = G′′ = 41.24 Pa
ChCl-Gly 29% − ω = 2.145 rad/s and G′ = G′′ = 54.88 Pa

2.5.3. Effect of Temperature

The influence of temperature was investigated by time-temperature sweep measure-
ments performed from 10 to 50 ◦C with a heating rate of 2 ◦C/min (Figure 11). The storage
modulus (G′), loss modulus (G′′) and complex viscosity (η*) were recorded at frequency of
1 Hz, applying a constant stress (τ) value corresponding for each sample in the regime of
linear viscoelasticity.

All samples show thermothickening properties. At low temperatures, generally be-
low 20 ◦C, the mixtures show fluid/viscous-like behavior with a weak elastic contri-
bution. Above 20 ◦C a sol-gel transition takes place, with increase of elasticity, mainly
between 20–50 ◦C. The transition is sharper for HPC 14%, HPC-ChCl-Gly 29% and HPC-
ChCl-U 29% and smoother for HPC-ChCl-CA29% and HPC-ChCl-LA29% depending on
the composition of the sample. Solutions behave as elastic gels above 40 ◦C, but a new
crossover point occurred around a dissolution temperature (Tdis) for HPC-ChCl-U 29% and
HPC-ChCl-Gly 29%.
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The following cross-over points are observed for the studied solutions:
HPC-Tgel = 28.6 ◦C; G′ = G′ ′ = 642.6 Pa
ChCl-CA 17% Tgel = 26.43 ◦C; G’ = G′ ′ = 304.87 Pa
ChCl-Gly 17% Tgel = 21.87 ◦C; G′ = G′ ′ = 384.00 Pa
ChCl-U 17% Tgel = 25.47 ◦C; G′ = G′ ′ = 575.71 Pa
ChCl-LA 17% Tgel = 31.19 ◦C; G′ = G′ ′ = 888.78 Pa
ChCl-CA 29% Tgel = 32.1 ◦C; G′ = G′ ′ = 186.9 Pa
ChCl-LA 29% Tgel = 27.3 ◦C; G′ = G′ ′ = 43.1 Pa
ChCl-Gly 29% Tgel = 26.2 ◦C: G′ = G′ ′ = 142.8 Pa; Tdis= 47.2 ◦C; G′ = G′ ′ = 2611.3 Pa
ChCl-U 29% Tgel = 28.3 ◦C; G′ = G′ ′ = 94.8 Pa; Tdis =45.4 ◦C; G′ = G′ ′ = 2059.8 Pa
It is well known that HPC exhibits a lower critical solution temperature (LCST) at

41–43 ◦C in aqueous media [52,53].
The phase separation from solution and solidification above a certain temperature,

LCST or “cloud point” when water becomes a poor solvent and the solution becomes
cloudy is characteristic for thermoresponsive hydrogels (negative temperature-sensitive
hydrogels). Below LCST the polymers are soluble and above LCST they become more and
more hydrophobic and insoluble with gel formation. Hydrogen bonding and hydrophobic
interactions are dependent on temperature and create phase separation. The increase of
moduli with increasing temperature is correlated with the structure formation as phase
separation and gelation occur nearly at the same time [54]. The LCST behavior is modi-
fied for NADES-HPC solutions. Moreover, Tdis is associated with upper critical solution
temperature behavior (UCST-positive temperature-sensitive hydrogels). Above UCST the
polymers are soluble.

2.6. Antibacterial and Antifungal Activities

It is crucial to characterize the biological properties of NADES prior to their industrial
applications especially in drug delivery systems, pharmaceutical and food-related appli-
cations. Recently there have been reported studies on the development of deep eutectic
solvents with antibacterial properties [55–57]. Depending on the NADES’s composition
different antibacterial and antifungal activities are found. The components of NADES give
the antibacterial properties to the complex and can manifest synergistic effects [55–61]. The
increased antibacterial effect of NADES with acids was reported [55,62]. Table 6 evidences
the antibacterial and antifungal activities of the tested NADES towards common pathogen
bacteria and yeast strain which were determined by means of disc diffusion method [63,64].
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The diameters of the inhibition zones (in mm) corresponding to the tested compounds
are shown in Table 6. Results are expressed as means ± SD. It is obvious from Table 6
that the order of antibacterial and antifungal activities is as follows: ChCl-CA > ChCl-LA
> ChCl-U > ChCl-Gly, evidencing the higher antibacterial and antifungal activities given
by acids. The antibacterial and antifungal activities in the mixtures with HPC give lower
values of the diameters of the inhibition zones.

Table 6. Antibacterial and Antifungal Activities of the Tested Compounds.

Compounds

Diameter of Inhibition Zones (mm)

S. aureus
ATCC 25923

E. coli ATCC
25922

Pseudomonas
aeruginosa ATCC

27853

C. albicans
ATCC 90028

ChCl-CA 29% 20.30 ± 0.57 19.00 ± 0.00 0.00 17.50 ± 0.50
ChCl-Gly 29% 0.00 0.00 0.00 0.00
ChCl-LA 29% 16.00 ± 0.00 15.10 ± 0.05 0.00 18.30 ± 0.57
ChCl-U 29% 10.10 ± 0.05 0.00 0.00 12.00 ± 0.00

ChCl-CA 100% 29.00 ± 0.00 26.00 ± 0.00 30.00 ± 0.00 28.00 ± 0.00
ChCl-Gly 100% 0.00 0.00 0.00 13.00 ± 0.00
ChCl-LA100% 20.00 ± 0.00 23.00 ± 0.00 15.00 ± 0.00 21.10 ± 0.05
ChCl-U 100% 12.00 ± 0.00 0.00 0.00 15.00 ± 0.00

Ciprofloxacin (5 µg/disc) 26.70 ± 0.06 30.00 ± 0.00 32.00 ± 0.00 * NT
Fluconazol (25 µg/disc) NT * NT * NT * 28.00 ± 0.00
Voriconazol (1 µg/disc) NT * NT * NT * 32.50 ± 0.50

* NT—not tested.

The inhibition zones of the studied samples against S. aureus, E. coli, Pseudomonas
aeruginosa and C. albicans are shown in Figure 12.
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Figure 12. Antimicrobial activity of tested compounds HPC-ChCl-CA 29% (1) and ChCl-CA 100%
(1′); HPC-ChCl-Gly 29% (2) and ChCl-Gly 100% (2′); HPC-ChCl-LA 29% (3) and ChCl-LA 100% (3′);
HPC-ChCl-U 29% (4) and ChCl-U 100% (4′) against Staphylococcus aureus ATCC 25923, E. coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853 and Candida albicans ATCC 90028.

2.7. Evaluation of Biocompatibility

Biocompatibility of NADES gels mixture depends on the structure of the mixture
components. In general, choline chloride showed a lower cytotoxicity than many other
ionic liquids, such as imidazolium or pyridinium [65]. Based on the principle of green
chemistry, two characteristics, biocompatibility and biodegradability, are necessary to be
investigated before that they can be named “green solvents” or co-solvents for pharma-
ceutical applications. NADES possess a high potential to improve drug development
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and release. For use as pharmaceutical excipients these systems must be investigated for
their toxicological effects by evaluation of cytotoxicity in human cell line [66]. In order to
evaluate the biocompatibility with normal cells (human gingival fibroblast) of the obtained
HPC-NADES gels, MTS assay was performed, which allows the estimation of the cell
viability and proliferation (Figure 13). The compounds were tested at three concentrations:
1 µg/mL, 10 µg/mL and 100 µg/mL. The results indicated a very good compatibility at
all studied concentrations, the cell viability being almost 100%, excepting the NADES gels
based on ChCl-CA with a cell viability of 90%. The MTS test is an indirect colorimetric
method for estimating cell viability and proliferation. The reagent contains a tetrazolium
compound that is transformed by the mitochondria of healthy cells into a colored formazan.
The more living cells there are, or the more intense the mitochondrial metabolism, the more
formazan will be obtained. Thus, in our case, a stronger signal than in the untreated sample
may mean a more intense proliferation or a stimulation of the mitochondrial metabolism.
Choline chloride component is mainly responsible for the higher viability, this being a part
of the vitamin B complex.
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Figure 13. MTS assay on human gingival fibroblast of the prepared HPC-NADES gels.

3. Conclusions

In this work NADES-HPC gels were prepared. FT-IR, 1HNMR, DSC, TGA and rhe-
ology data revealed that hydrogen bond acceptor–hydrogen bond donor interactions of
the studied NADES, their concentration and water content considerably influence the
physico-chemical characteristics of the studied systems. The peak at 955 cm−1 in the IR
spectra attributed to ammonium structure in NADES vanishes for lower content of NADES
in solutions for the systems with increased strength of hydrogen bonding. HPC-NADES
gel compositions have thermal stabilities lower than HPC and higher than NADES com-
ponents. The thermal stability was investigated by means of activation energy and order
of reaction. Thermal transitions reveal multiple glass transitions characteristic for phase
separated systems. Increased strength of hydrogen bonding network was obtained for
citric acid and glycerol-based systems compared to urea and lactic acid-based systems.
Flow curves evidence shear thinning behavior. Bingham, Herschel–Bulkley, Vocadlo and
Casson rheological models were employed to fit the rheological data. The studied solutions
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evidence thermothickening behavior because of specific LCST behavior of HPC in aqueous
solutions. All prepared NADES-HPC gels proved to have a very good biocompatibility
with HGF normal cell line. S. aureus, E. coli, P. aeruginosa and C. albicans were tested to
assess the antibacterial and antifungal activities of the investigated systems. The order of
antibacterial and antifungal activities is as follows: citric acid >lactic acid > urea > glycerol
content in NADES-HPC gels.

4. Experimental Part
4.1. Materials

Hydroxypropyl cellulose (Klucel LF Mw 95,000 Da) was purchased from Aqualon,
Hercules Inc., Wilmington, NC, USA and used as received. Choline chloride, ≥98%, was
purchased from (Sigma-Aldrich, Merck Romania SRL, Bucharest, Romania, an affiliate of
Merck KGaA, Darmstadt, Germany ), urea was purchased from (Sigma-Aldrich, Merck
Romania SRL, Bucharest, Romania, an affiliate of Merck KGaA, Darmstadt, Germany), citric
acid (99%)was purchased from (Sigma-Aldrich, Merck Romania SRL, Bucharest, Romania,
an affiliate of Merck KGaA, Darmstadt, Germany), DL-lactic acid (90%)was purchased from
(Sigma-Aldrich, Merck Romania SRL, Bucharest, Romania, an affiliate of Merck KGaA,
Darmstadt, Germany) and glycerol was purchased from Merck Romania SRL, Bucharest,
Romania, an affiliate of Merck KGaA, Darmstadt, Germany). Choline chloride and urea
were dried under vacuum for several days before use.

4.2. Preparation of Aqueous HPC-NADES Gel Solutions

HPC solutions (14% w/v) were prepared by solving HPC in distilled water. The
solutions were kept on a magnetic stirrer at room temperature and were stirred at mod-
erate speed for several hours. Original NADES were prepared by mixing the two initial
compounds (choline chloride with the corresponding HBD component: urea, glycerol,
lactic acid or citric acid) with added small amounts of water at 60–80◦C until homogeneous
liquid was obtained, then the mixtures were dried in oven at 25 ◦C. HPC-NADES aqueous
solutions 17% and 29% were obtained by gradual addition of NADES at RT to HPC solution
14%. The compositions (wt%) of the studied HPC-NADES aqueous solutions are shown in
Table 7.

Table 7. The composition of the studied NADES and HPC-NADES systems.

HPC-NADES
Components

HPC-NADES Systems

HPC-NADES 17% HPC-NADES 29%

HPC 1.36 g 1.12 g

ChCl-U 100% 0.73 g choline chloride + 0.63 g urea
(1:2 molar ratio)

1.25 g choline chloride + 1.07 g urea
(1:2 molar ratio)

ChCl-Gly 100% 0.58 g choline chloride + 0.77 g
glycerol (1:2 molar ratio)

1.00 g choline chloride + 1.32 g
glycerol (1:2 molar ratio)

ChCl-LA 100% 0.83 g choline chloride + 0.53 g
lactic acid (1:1 molar ratio)

1.41 g choline chloride + 0.91 g
lactic acid (1:1 molar ratio)

ChCl-CA 100% 0.57 g choline chloride + 0.78 g citric
acid (1:1 molar ratio)

0.98 g choline chloride + 1.34 g citric
acid (1:1 molar ratio)

water 5.28 g 4.56 g

4.3. Measurements

ATR (attenuated total reflection infrared)-IR (infrared) spectra were measured with
an equipment Bruker Vertex 70 having an ATR accessory module equipped with a ZnSe
crystal. The IR spectra were performed at room temperature with accumulation of 32 scans.
The resolution of the registered spectra was 4 cm−1.The O-H and N-H spectral regions
in the 3800–3000 cm−1 spectral range were deconvoluted with the curve-fitting function
accessible from OPUS 6.5 software (Bruker, Ettlingen, Germany). The maxima peak’s
position was determined by second derivative of the spectra and used to calculate the
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energy of the hydrogen bonding and the H-bond distance according to a procedure already
described [19].

NMR spectra were recorded on a Bruker Avance NEO 400 MHz Spectrometer equipped
with a 5-mm QNP direct detection probe and z-gradients, using standard parameter sets
provided by Bruker. The 1H NMR and ROESY spectra were recorded at room temperature
in presence of external D2O containing TSP (sodium salt of trimethylsilyl propionic acid)
and were calibrated on the TSP peak (0 ppm). NMR sample preparation: 0.6 mL of each
pure NADES mixture were transferred into NMR tubes and prior to recording the spectra, in
each tube a capillary containing D2O and TSP was added. For HPC-NADES 17% mixtures:
a HPC solution in D2O (14% w/w) was prepared by dissolving 0.68 g HPC in 3 mL D2O;
in 0.85 g of this HPC in D2O solution, 0.68 g of NADES were slowly added, stirred for
homogenization and transferred into NMR tubes. Prior to recording the spectra, in each
tube a capillary containing D2O and TSP was added. For each of the HPC-NADES 29%
mixtures: 0.43 g mixture was weighted and then dissolved in 0.52 mL D2O. The resulting
solutions were transferred into NMR tubes and prior to recording the spectra capillaries
containing D2O and TSP were added.

STA 449F1 Jupiter NETZSCH (NETZSCH Analysing and Testing, Netzsch, Germany)
equipment for investigation of thermal stability of the HPC/NADES blends was used.
The measurements were conducted in the 30–700 ◦C temperature range, in 50 mL min−1

nitrogen flow. The heating rate was 10 ◦C min−1.
DSC 200 F3 Maia equipment (Netzsch, Germany) operating under nitrogen 50 mL min−1

flow in heating/cooling rates of 10 ◦C min−1 was used to analyze the NADES/HPC blends.
About 10 mg of each sample were heated in aluminum crucibles with pierced and pressed
lids from −150 ◦C to 250 ◦C. Before TGA and DSC analyses, the HPC-NADES aqueous
solutions were dehydrated at room temperature for several days followed by drying under
vacuum for several days.

The rheological behavior study was accomplished by using an Anton PaarPhysica
MCR 301 Rheometer (Anton Paar, Austria), equipped with a 50 mm diameter cone-plate
geometry with a 1◦ angle. Steady shear flow and dynamic oscillatory measurements on
HPC-NADES aqueous solutions were carried out at 25 ± 0.1 ◦C. A Peltier heating system
was used for precise temperature control. Flow measurements were performed over the
shear rate range 0.05–200 1/s. For the oscillatory shear tests, the logarithmic frequency
sweeps were carried out over the angular frequency range 200–0.1/0.05 rad/s. Preliminary
strain sweep tests done at 10 rad/s over the strain range 0.01–200%confirmed that the
tests were in the linear viscoelastic regime (LVE). Temperature sweep measurements were
carried out at a constant shear rate of 20 1/s, over the temperature range between 10 to
50 ◦C at a heating rate of 2 ◦C/min. Prior each measurement, after loading, the sample
was held for certain time, as previously tested, to permit stress relaxation and temperature
equilibration.

4.3.1. Antimicrobial Susceptibility Tests

The antimicrobial activity was studied using Gram positive bacteria (Staphylococcus
aureus ATCC 25923), Gram negative bacteria (Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853) and a pathogenic yeast (Candida albicans ATCC 90028).

The antimicrobial activity was assessed by employing the disk diffusion methods [63,64].
Disc-diffusion method. Mueller–Hinton agar (Oxoid) and Mueller–Hinton agar Fungi

(Biolab) were inoculated with the suspensions of the tested microorganisms: Staphylococcus
aureus ATCC 25923, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and
Candida albicans ATCC 90028. Sterile stainless-steel cylinders (5 mm internal diameter;
10 mm height) were applied on the agar surface in Petri plates. Then, 100 µL of the tested
compounds were added into cylinders. The plates were left 10 min at room temperature to
ensure the equal diffusion of the compound in the medium and then incubated at 35 ◦C for
24 h. As reference antimicrobial drugs commercially available discs were used containing
Ciprofloxacin (5 µg/disk), Fluconazole (25 µg/disk) and Voriconazole (1 µg/disk). After
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incubation, the diameters of inhibition were measured. All assays were carried out in
triplicate.

4.3.2. MTS Assay

Human gingival fibroblast (HGF) cells were cultured in a complete medium containing
alpha-MEM, 10% FBS and 1% penicillin-streptomycin-amphotericin B mixture. For cell
culture the cells were maintained in a humidified environment with 5% CO2 at 37 ◦C. After
the cells were multiplied sufficiently, the culture medium was removed and the cells were
washed with phosphate buffer and then detached with Tryple.

For MTS assay, 25 × 105 cells/well were seeded into 24-well plates and incubated over
night. The next day, the HPC-NADES mixtures (30 mg) were diluted at three concentrations
and then placed on the top of each well previously seeded with cells. The thus prepared
plates were returned to the incubator.

After 48 h, plates were treated with MTS reagent according to manufacturer’s protocol
and the obtained formazan was quantified after 2 h by measuring the absorbance at 490 nm
with a plate reader (BMG LABTECH, Ortenberg, Germany). The cell viability was estimated
as the absorbance of the samples as a percentage of the absorbance of the untreated cells.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/gels8100666/s1, Figure S1. 1H NMR spectrum of ChCl-
U-H2O (1:2:6); Figure S2. 2D ROESY spectrum of ChCl-U-H2O (1:2:6 molar ratio); Figure S3. 1H
NMR spectrum of ChCl-Gly-H2O (1:2:11); Figure S4. 2D ROESY spectrum of ChCl-Gly-H2O (1:2:11
molar ratio); Figure S5. 1H NMR spectrum of ChCl-LA-H2O (1:1:7); Figure S6. 2D ROESY spec-
trum of ChCl-LA-H2O (1:1:7 molar ratio); Figure S7. 1H NMR spectrum of ChCl-CA-H2O (1:1:10);
Figure S8. 2D ROESY spectrum of ChCl-CA-H2O (1:1:10 molar ratio); Figure S9. 2D ROESY spectrum
of HPC-ChCl-U 17%.
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Abbreviation

NADES Natural Deep Eutectic Solvents HBD Hydrogen-Bond Donor
HPC Hydroxypropyl cellulose HBA Hydrogen-Bond Acceptor

LCST
Lower Critical Solution
Temperature

HGF Human Gingival Fibroblast

ChCl Choline chloride DSC Differential Scanning Calorimetry
U Urea TGA Thermogravimetric analysis

CA Citric acid DTG
Differential thermogravimetric
analysis

LA Lactic acid FT-IR Fourier-Transform Infrared
Gly Glycerol NMR Nuclear Magnetic Resonance
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Cellulose-g-poly(2-(dimethylamino)ethylmethacrylate)
Hydrogels: Synthesis, Characterization, Antibacterial Testing
and Polymer Electrolyte Application
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Abstract: Hydrogels have been investigated due to their unique properties. These include high
water content and biocompatibility. Here, hydrogels with different ratios of poly(2-(dimethylamino)
ethylmethacrylate) (PDMAEMA) were grafted onto cellulose (Cel-g-PDMAEMA) by the free radical
polymerization method and gamma-ray radiation was applied in order to increase crosslinking and
content of PDMAEMA. Gamma irradiation enabled an increase of PDMAEMA content in hydrogels
in case of higher ratio of 2-(dimethylamino)ethyl methacrylate in the initial reaction mixture. The
swelling of synthesized hydrogels was monitored in dependence of pH (3, 5.5 and 10) during up
to 60 days. The swelling increased from 270% to 900%. Testing of antimicrobial activity of selected
hydrogel films showed weak inhibitory activity against Escherichia coli, Pseudomonas aeruginosa, and
Bacillus subtilis. The results obtained by the cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) indicate that chemically synthesized hydrogels have good characteristics for the
supercapacitor application.

Keywords: antimicrobial activity; 2-(dimethylamino)ethyl methacrylate; gamma irradiation;
hydrogel; hydrogel electrolytes

1. Introduction

Hydrogels are three-dimensional polymer networks of natural or synthetic materials
capable of adsorbing and retaining significant amounts of water without being dissolved [1].
A number of naturally occurring materials exhibit a hydrogel structure. The fact that the
extracellular matrix (ECM) hydrogels are water-swollen fibrillary three-dimensional (3D)
networks speaks of the importance and prevalence of such a structure. Naturally-derived
hydrogels can be classified into three groups: protein-based materials, polysaccharide-
based materials and those derived from decellularized tissue [2]. These types of hydrogels
include ones derived from collagen, gelatin, elastin, fibrin and silk fibroin. Elastin and fibrin
are widely found proteins in the ECM structure, and collagen is the major component inside
ECM. They give ECM the required strength and elasticity to function properly, making
them very promising materials for tissue engineering and cell culture systems [2,3]. The
first applications of synthetic hydrogels after their synthesis were for medical reasons such
as optical lenses [4,5]. They were later used for wound dressings [6], implantable medical
devices, artificial blood vessels and heart valves [2,3], matrices for bone and cartilage tissue
engineering [7,8] as well as drug delivery systems [9–11]. Due to their properties, they
were also used widely in pharmacy [12–14], agriculture [15–17] and water retention [18,19].
Hydrogels are able to retain a large amount of water or biological fluids under physiological
conditions and are characterized by a high degree of flexibility. Their consistency is
similar to living tissues making them an ideal substance for a variety of applications.
The characteristic properties of hydrogels, such as desired functionality, biocompatibility
and in some cases reversibility or sterilizability meet important requirements to treat or
replace tissues and organs, or interact safely with the biological system [20,21]. Recently,
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their application for water treatments, i.e., as adsorbent for removing heavy metal ions
from wastewater has been particularly intensively researched [22–25]. In addition, the
preparation of hydrogels with antibacterial properties is often achieved by incorporating
silver particles, which are known to have good antimicrobial properties. In the preparation
of these hydrogel–silver particle composites, the free spaces between the polymer molecules
in the hydrogels act as nanoreactors, allowing control of the size and shape of the silver
nanoparticles [26,27].

Smart hydrogels or stimulus-responsive hydrogels, which can display, for example,
antibacterial properties, have dramatic volume changes in response to external environ-
ments, such as temperature, pH and certain stimuli, and are considered a special sub-
group of materials attracting research attention. The choice of materials for stimuli is
limited. One of the commonly chosen stimuli is poly(N-isopropylmethacrylamide [28] or
poly(2-(dimethylamino)ethylmethacrylate) (PDMAEMA). They are pH and temperature
double-responsive [29] and possess antibacterial activity [30,31]. More than two decades
ago, PDMAEMA and its copolymers were synthesized and evaluated as gene transfer
agents and carrier systems for DNA [32,33]. Often, they are combined with petrochemical
based polymers [34] or biobased polymers [35,36]. Water swelling tests on interpenetrating
network (IPN) hydrogels based on nanofibrillated cellulose (NFC) and PDMAEMA pre-
pared via crosslinking free radical polymerization showed that the IPN hydrogels were
both pH-sensitive and temperature-sensitive. The swelling of hydrogels was limited at
high temperature and in neutral medium. There was an increase in the swelling ratio as
the NFC content increased. The synthesized materials were tested for removal of Pb(II)
and Cu(II) ions. The achieved adsorption of both ions was better in comparison with
other literature data (more than 50% for Cu, and several times higher for Pb). The high
porosity and uniform pore structure, among other characteristics, presumably contributed
to removal of Pb(II) and Cu(II) ions [25].

In this study, we aimed at preparing hydrogels from PDMAEMA grafted onto cellulose
(Cel-g-PDMAEMA) by a free radical polymerization method, chemical synthesis, as well
as by applying gamma irradiation in an attempt to increase crosslinking and content of
PDMAEMA in hydrogels. Regarding the possible application of hydrogels the antimicrobial
activities of selected films that are additionally decorated with silver were also tested.
The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
used to test potential application of chemically synthesized hydrogels as sheets in the
assembled supercapacitor.

2. Results and Discussion
2.1. Polymerization Reaction

The polymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA) with N,N-
methylenebis (acrylamide) (MBA) in a cellulose solution is a complex process that can lead
to different products [37]: (a) polymer grafted onto cellulose, (b) a semi-interpenetrating
network formed by crosslinking the polymer, (c) homopolymer or copolymer (branched
structure), and (d) polymer microgel. A detailed study of the structure of the prepared
Cel-g-PDMAEMA hydrogels with different molar ratios of cellulose to DMAEMA (1:1, 1:3,
and 1:5), especially with respect to the content of PDMAEMA microgel, was undertaken
in other research [38]. The chemical reactions of grafting PDMAEMA onto cellulose
and crosslinking with MBA to form a network with(out) gamma irradiation are shown
in Figure 1.

In this work, the focus is on the swelling of Cel-g-PDMAEMA hydrogels over a
broader pH range. In addition, the effect of PDMAEMA on the antibacterial properties
of copolymer hydrogels as well as on the efficiency of hydrogel decoration with silver
was investigated, where improvement is expected due to the presence of nitrogen atoms.
The analysis of the electrochemical properties of the selected hydrogels indicates their
suitability for application as supercapacitors (Scheme 1). Therefore, the obtained results
indicate a possible application of the synthesized materials as separators, for example, in
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electrochemical devices (capacitors, etc.) or in the medical field (dressings, wraps, polymers
for controlled delivery of drugs, etc.).
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Cellulose grafted with PDMAEMA and crosslinked with MBA hydrogels are named Cel-
g-PDMAEMA. Samples are referred as series, generally x-y_KS or x-y_Z where x-y represents
the ratio n(cellulose)/n(DMAEMA):1-1, 1-3 or 1-5, KS represents hydrogels prepared via
chemical synthesis, while Z (10, 30 or 100) represents the irradiation dose in kGy.

2.2. Structural Characterization of Synthesized Cel-g-PDMAEMA Hydrogels
2.2.1. FTIR Spectroscopy Analysis

The FTIR spectrum of microcellulose is shown in Figure 2. In the wavenumber range
between 3000 and 3600 cm−1, there is a broad signal with a maximum at 3331 cm−1, which
is characteristic of the vibrational band of the hydroxyl group in the polysaccharide, which
is affected by intra- and intermolecular hydrogen bonding.
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Figure 2. FTIR spectra of microcellulose, N,N-methylenebis (acrylamide) (MBA), 2-
(dimethylamino)ethyl methacrylate (DMAEMA) and Cel-g-PDMAEMA network crosslinked with
MBA sample synthesized chemically.

The band at 2896 cm−1 belongs to the vibrations of the CH bonds. The band at
1634 cm−1 corresponds to the vibrations of the water molecules absorbed in the cellulose.
The bands at 1428 and 1030 cm−1 are characteristic of the cellulose and belong to the
vibrations of the groups CH2 and OH in the cellulose. The band at 897 cm−1 corresponds
to the vibration of the characteristic β-(1→ 4) glycosidic bond [39,40].

The FTIR spectrum of MBA presented in Figure 2 shows a band with maxima at
3304 cm−1 assigned to N-H stretching vibrations. Bands corresponding to the stretching
vibrations of CH2 appear at 3067 and 2956 cm−1. The strong band at 1656 cm−1 is assigned
to the C=O stretching mode (Amide I band), while the strong band at 1535 cm−1 is assigned
to the N-H deformation (Amide II band). The strong band around 1620 cm−1 indicates the
presence of a C=C double bond and its stretching mode. Moreover, the medium–strong
band at 1428 cm−1 is assigned to the in-plane scissoring or bending of CH2. The strong
band around 1380 cm−1 is assigned to the out-of-plane bending of CH2, while the band at
987 cm−1 is assigned to the vibration of CH2, respectively [41,42].

Figure 2 shows the FTIR spectrum of DMAEMA with the maxima at 2949 cm−1

corresponding to the sp3 vibration of the CH bond. The signals at 2822 and 2770 cm−1 also
correspond to sp3 vibrations of the CH bond, but within the N(CH3)2 group. The signal
at 1717 cm−1 corresponds to the vibration of the carbonyl group, while at 1638 cm−1 the
signal belonging to the vibration of the C=C bond is visible. In addition, an adsorption
band appeared at 1452 cm−1, which is characteristic of the bending of CH2. The adsorption
band with a maximum at 1150 cm−1 results from the C-N stretching vibrations [39,43].
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The infrared spectrum of the 1-5_KS sample with the highest amount of DMAEMA
in the reaction mixture is also shown in Figure 2. In this hydrogel apart from a broad
peak around 3330 cm−1, which is characteristic for cellulose, the signals characteristic for
PDMAEMA appear at 2940, 2828 and 2770 cm−1. There was a band from the stretching
vibrations of the C=O bond, with a maximum at 1724 cm−1, which was shifted to higher
wavenumbers by 7 units compared to the position of the same band in the FTIR of the
DMAEMA monomer (Figure 2). Additionally, the band from stretching vibrations of
the C-N and C-O groups with a maximum at 1148 cm−1 was shifted by 8 units to lower
wavenumbers compare to the position in the DMAEMA. The band at 1455 cm−1 from CH2
bending occurred at the same wavenumber. In the 1-5_KS hydrogel spectra, there were no
bands from the double C=C bond and from the vinyl group, indicating that the bonding
of the DMAEMA monomers and crosslinking with the MBA occurs by breaking the C=C
bonds.

Figure 3 shows FTIR spectra of hydrogel films prepared from synthesized Cel-g-
PDMAEMA after chemical reaction and additionally irradiated with 100 kGy. The band
characteristic of the stretching vibrations of the C=O bond was strong and appeared at
the same wavenumber, 1724 cm−1, in samples 1-3 and 1-5. In samples 1-1, the C=O signal
was weak and shifted to 1731 and 1737 cm−1, respectively, while the band of amide band I
appeared with similar intensity at 1648 cm−1. Intramolecular hydrogen bonds could be
formed via the C=O group of PDMAEMA and the N–H group of MBA. The shift of these
maxima to lower wavenumbers suggests that the N–H and C=O groups of PDMAEMA
and MBA are involved in the hydrogen bond formation. The results of the FTIR analysis
are in agreement with the literature data [40–44].

Gels 2022, 8, x FOR PEER REVIEW 6 of 26 
 

 

4000 3500 3000 2500 2000 1500 1000

C-N

amide I

Tr
an

sm
itt

an
ce

 (%
)

Wavenumber (cm-1)

 1-1_KS
 1-1_100
 1-3_KS
 1-3_100
 1-5_KS
 1-5_100 C=O C-O-COH

 

 

 

Figure 3. FTIR spectra of Cel-g-PDMAEMA hydrogel films (cellulose:DMAEMA = 1:1, 1:3, 1:5) pre-

pared after chemical reaction (KS) and additionally irradiated with 100 kGy. 

The ratio I1725/I895 increased from 0.5 in 1-1_KS up to 4.5 and 13.3 in 1-3_KS and 1-5_KS 

samples. The absorption of irradiation caused further increase of PDMAEMA in hydro-

gels of series 1-3_100 and 1-5_100 but did not influence sample 1-1_100, as its ratio I1725/I895 

reveals [45]. The primary radiation damage is the formation of carbon-centered radicals. 

In the case of cellulose, five different types of radicals produced by H atom elimination 

from a C-H bond are expected and all the final radiation chemical changes of cellulose are 

consequences of unimolecular or bimolecular reactions of the radicals. Subsequently, β 

cleavage of the radical can lead to the breaking of the glucoside bond or opening of the 

anhydroglucose ring. In both cases carbonyl groups are produced as a result of the cleav-

age. In case of series 1-1 there is no change in the ratio I1725/I895 (Table 1), which would 

imply that neither radiation damaged cellulose nor enhanced incorporation of 

PDMAEMA into the hydrogel. The applied dose at 100 kGy does not cause significant 

damage to cellulose, which is in accordance with the literature where it is mostly claimed 

that doses of more than 100 kGy cause destruction [46,47]. Irradiation did not increase the 

content of PDMAEMA, but its presence, even small, affects the structure, porosity and 

swelling ability of the material, as will be seen below. 

It was mentioned earlier that these kinds of reactions, which include chemical syn-

thesis and irradiation, are complex processes that can result in different products: (a) pol-

ymer grafted onto cellulose, (b) a semi-interpenetrating network formed through cross-

linking of the polymer, (c) homopolymer or copolymer (branched structure), and (d) pol-

ymer microgel. Here, as well as during the final design of spheres or films that includes 

freeze-extraction, numerous influences intertwine that causes phase separation, chain ori-

entation, and different crosslinking densities are possible, and all of this leads to differ-

ences in the composition and structure of the material. A detailed study of the influence 

of an irradiation dose on the structure of Cel-g-PDMAEMA hydrogels was conducted 

[38,43]. 

Furthermore, in the spectra in Figure 3, one can see that with the increasing ratio of 

PDMAEMA, the signals characteristic of the N(CH3)2 group at 2940, 2828 and 2770 cm−1 

become pronounced. Samples with a higher ratio of PDMAEMA display a strong signal 

at 1457 cm−1 characteristic for bending of CH2 in PDMAEMA. The intensity of the band 
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prepared after chemical reaction (KS) and additionally irradiated with 100 kGy.

By comparing the intensity ratio of the band characteristic of PDMAEMA (C=O) and
the band characteristic of the cellulose (β-(1→ 4) glycosidic bond occurring at 897 cm−1), it
was possible to follow the increase in PDMAEMA content in the hydrogel in agreement
with its increased content in the reaction mixture (Table 1).
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Table 1. Intensity of characteristic bands and intensity ratio of carbonyl group and glycosidic bond in
prepared hydrogels.

Sample 2940/cm−1

(2925/cm−1)
2850/cm−1

(2821/cm−1) 2770/cm−1 1724/cm−1 1156/cm−1 1019/cm−1 897/cm−1 851/cm−1 780/cm−1 749/cm−1 I1724/I897

1-1_KS 8.0 6.3 / 3.1 7.9 26.0 6.2 / / / 0.5
1-1_100 11.7 9.3 / 5.6 13.7 43.8 10.5 / / / 0.5
1-3_KS 11.3 8.7 5.7 16.8 19.5 34.6 3.8 1.9 1.6 2.1 4.5
1-3_100 6.6 4.9 5.5 17.9 19.7 22.7 1.7 2.5 2.5 3.3 10.5
1-5_KS 9.0 / 8.9 27.9 30.5 32.9 2.1 4.4 4.5 4.7 13.3
1-5_100 7.5 / 6.9 21.5 23.3 23.7 0.7 3.4 3.7 4.2 32.1

The ratio I1725/I895 increased from 0.5 in 1-1_KS up to 4.5 and 13.3 in 1-3_KS and
1-5_KS samples. The absorption of irradiation caused further increase of PDMAEMA in
hydrogels of series 1-3_100 and 1-5_100 but did not influence sample 1-1_100, as its ratio
I1725/I895 reveals [45]. The primary radiation damage is the formation of carbon-centered
radicals. In the case of cellulose, five different types of radicals produced by H atom
elimination from a C-H bond are expected and all the final radiation chemical changes
of cellulose are consequences of unimolecular or bimolecular reactions of the radicals.
Subsequently, β cleavage of the radical can lead to the breaking of the glucoside bond
or opening of the anhydroglucose ring. In both cases carbonyl groups are produced as a
result of the cleavage. In case of series 1-1 there is no change in the ratio I1725/I895 (Table 1),
which would imply that neither radiation damaged cellulose nor enhanced incorporation
of PDMAEMA into the hydrogel. The applied dose at 100 kGy does not cause significant
damage to cellulose, which is in accordance with the literature where it is mostly claimed
that doses of more than 100 kGy cause destruction [46,47]. Irradiation did not increase
the content of PDMAEMA, but its presence, even small, affects the structure, porosity and
swelling ability of the material, as will be seen below.

It was mentioned earlier that these kinds of reactions, which include chemical synthesis
and irradiation, are complex processes that can result in different products: (a) polymer
grafted onto cellulose, (b) a semi-interpenetrating network formed through crosslinking
of the polymer, (c) homopolymer or copolymer (branched structure), and (d) polymer
microgel. Here, as well as during the final design of spheres or films that includes freeze-
extraction, numerous influences intertwine that causes phase separation, chain orientation,
and different crosslinking densities are possible, and all of this leads to differences in
the composition and structure of the material. A detailed study of the influence of an
irradiation dose on the structure of Cel-g-PDMAEMA hydrogels was conducted [38,43].

Furthermore, in the spectra in Figure 3, one can see that with the increasing ratio of
PDMAEMA, the signals characteristic of the N(CH3)2 group at 2940, 2828 and 2770 cm−1

become pronounced. Samples with a higher ratio of PDMAEMA display a strong signal at
1457 cm−1 characteristic for bending of CH2 in PDMAEMA. The intensity of the band from
stretching vibrations of the CO group, νs(C–O), with a maximum at 1157 cm−1 relative to
the intensity of β-glycosidic linkages (897 cm−1) in sample 1-1 and cellulose, are similar.
With an increasing amount of PDMAEMA in samples 1-3 and 1-5 the relative increase
of the signal at 1157 cm−1 against the two signals characteristic of cellulose (897 and
1020 cm−1) was significant. It was more conspicuous in the case of irradiated hydrogels.
In addition, numerous small signals confirm the presence of methacrylate compounds in
the hydrogel. Weakly separated signals at 1235 cm−1 and 1265 cm−1, i.e., “shoulder” at
1296 cm−1, originate from the presence of MBA (1226 cm−1) and PDMAEMA (1296 cm−1),
respectively. Additionally, signals recorded in the fingerprint region (851 cm−1 and
780 cm−1) originate from MBA and PDMAEMA (Figure 3).

In hydrogels 1-1_KS and 1-1_100 instead of a strong band from the stretching vibra-
tions of the C=O bond, ν(C=O) with a maximum at 1724 cm−1 a weak band was recorded.
Simultaneously, a relatively stronger intensity amide band I appeared at 1648 cm−1. In-
tramolecular hydrogen bonds could be formed via the C=O group from PDMAEMA and
N–H group from MBA. The shifting of these maxima towards lower wavenumbers indi-
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cated that the N–H and C=O groups of PDMAEMA and MBA participated in the hydrogen
bond formation. Additionally, intensity of the band from stretching vibrations of the
CO group, νs(C–O), with a maximum at 1157 cm−1, displayed an intensity ratio to the
β-glycosidic linkages similar to that in pure cellulose (897 cm−1). With increasing amount
of PDMAEMA these signals both displayed a significant increase relative to the band at
897 cm−1, whereat it was more conspicuous in the case of irradiated hydrogels.

2.2.2. Scanning Electron Microscopy Analysis

To characterize the morphologies of the Cel-g-PDMAEMA hydrogel sample (both
spheres and films) swollen at equilibrium, the SEM micrograms were obtained. Figure 4
shows micrographs of the outer surface and cross-section of the sphere for samples 1-1_KS,
1-3_KS, and 1-5_KS. The surface of the spheres differs in roughness, although not signifi-
cantly. However, the porosity pattern on the cross-section differs significantly depending
on the composition. Drying material by the freeze-extraction method enables the prepa-
ration of porous materials because the pores are not crushed by capillary force, therefore
all samples prepared by the freeze-extraction method have a porous structure. The size
distribution of the pores changes from the outer layer (edge) of the sphere towards its center.
In the outer layer, near the edge of the sphere, there are smaller pores (<50 µm), while the
pores in the center of the sphere are larger. The smaller pores are the result of the formation
of smaller water crystals during the cooling/freezing of the spheres in the cryostat at
−40 ◦C. The slower cooling in the center of the sphere contributed to the formation of
larger water crystals and subsequently to the formation of larger pores. The pore size and
the distribution of the pores over the cross-section of the spherical samples clearly show
the influence of the composition and design protocol of the hydrogels.
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Figure 5 shows SEM micrographs of the Cel-g-PDMAEMA hydrogel samples shaped
into films. Again, a difference in bulk structure (in cross-section) can be seen depending
on the composition of the material. Individually, the three-dimensional structure of the
hydrogels looked like a semi-uniform cross-linked network, with a more or less thin layer
of different structure formed when the hydrogel films were made, as one side was in
contact with the glass surface and the other side was in contact with the air. If necessary,
this characteristic could be modified by applying a different film casting procedure. The
thickness of the swollen films was 0.15–1 mm. The cross-section shows differences between
hydrogels depending on their composition. Hydrogel 1-1_KS has a fairly uniform, dense
structure except for the thin porous edge layer. Hydrogel 1-3_KS has a very porous cross-
section in which two perpendicular layers with different pore sizes can be seen. A similar
structure is present in hydrogel 1-5_KS, which is characterized by high porosity. Here,
the difference between the porous layers is less pronounced. Similar to the spheres, this
structural organization especially in 1-3_KS and 1-5_KS hydrogels provided a lot of free
space within the cross-linked polymer network. Therefore, they appear to be suitable for
various applications where fluid sorption within the network is required, including carriers
for many active substances.

Gels 2022, 8, x FOR PEER REVIEW 9 of 26 
 

 

of 25–120 µm, 15–185 µm and 15–140 µm, respectively (Figure 5). Detailed pore size dis-

tribution for prepared films is presented in Figure S2. Based on the average pore size, the 

synthesized materials can be classified as macroporous hydrogel [42,48]. 

 

Figure 5. SEM micrographs of Cel-g-PDMAEMA hydrogel films swollen in the equilibrium state. 

Figure 6 shows micrographs of the outer surface of the sphere and the cross-section 

of the sphere for samples 1-1_KS, 1-3_KS, and 1-5_KS after 60 days of swelling in deion-

ized water. The spheres of 1-1_KS and 1-3_KS exhibited similar porosity accompanied by 

some shrinkage, while spheres 1-5_KS changed geometry from a spherical to an elliptical 

shape and porosity disappeared. Their surfaces became somewhat smoother, while the 

cross-section showed a large change from porous to dense form. This indicates that their 

behavior and persistence during swelling depend on composition.  

The pore size of samples 1-1_KS and 1-3_KS, which were swollen for 60 days, were 

in the range of 30–315 µm and 60–270 µm, respectively (Figure 6). Comparing the pores 

in the spheres at the beginning and after 60 days of swelling, it can be seen that their size, 

shape and distribution changed slightly in the samples with the lower PDMAEMA ratio 

(1-1_KS and 1-3_KS) (Figure S3). The spheres of the 1-5_KS samples, however, showed a 

complete change in structure. This can probably be correlated with the method of incor-

poration of PDMAEMA in high concentrations into the hydrogel and the change in its 

content during long-term swelling. 
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Comparing the pore size in samples with different geometries (spheres and films), it
can be seen that for spheres 1-1_KS, 1-3_KS and 1-5_KS, the pore size in the swollen state
was initially in the range of 40–455 µm, 60–355 µm and 60–180 µm, respectively (Figure 4).
The pore size in the layer near the sphere surface was <60 µm for samples 1-3_KS and
1-5_KS. Detailed pore size distribution for initial spheres is presented in Figure S1. At
the same time, the pore size of the prepared film samples in the swollen state was in the
range of 25–120 µm, 15–185 µm and 15–140 µm, respectively (Figure 5). Detailed pore size
distribution for prepared films is presented in Figure S2. Based on the average pore size,
the synthesized materials can be classified as macroporous hydrogel [42,48].

Figure 6 shows micrographs of the outer surface of the sphere and the cross-section of
the sphere for samples 1-1_KS, 1-3_KS, and 1-5_KS after 60 days of swelling in deionized
water. The spheres of 1-1_KS and 1-3_KS exhibited similar porosity accompanied by some
shrinkage, while spheres 1-5_KS changed geometry from a spherical to an elliptical shape
and porosity disappeared. Their surfaces became somewhat smoother, while the cross-
section showed a large change from porous to dense form. This indicates that their behavior
and persistence during swelling depend on composition.

The pore size of samples 1-1_KS and 1-3_KS, which were swollen for 60 days, were in
the range of 30–315 µm and 60–270 µm, respectively (Figure 6). Comparing the pores in the
spheres at the beginning and after 60 days of swelling, it can be seen that their size, shape
and distribution changed slightly in the samples with the lower PDMAEMA ratio (1-1_KS
and 1-3_KS) (Figure S3). The spheres of the 1-5_KS samples, however, showed a complete
change in structure. This can probably be correlated with the method of incorporation of
PDMAEMA in high concentrations into the hydrogel and the change in its content during
long-term swelling.

38



Gels 2022, 8, 636Gels 2022, 8, x FOR PEER REVIEW 10 of 26 
 

 

 

Figure 6. SEM micrographs of outer sphere surface and cross-section of sphere for samples 1-1_KS, 

1-3_KS and 1-5_KS after 60 days of swelling in deionized water. 

Samples 1-1_KS and 1-1_100 as well as 1-3_KS and 1-3_100 after swelling in acidic or 

alkaline media for 60 days were scanned and SEM micrographs are shown in Figures 7 

and 8. They displayed small, up to significant, structural differences. All observed sam-

ples prepared by chemical synthesis exhibited porous structure in both media. Samples 1-

1_KS and 1-3_KS, which were studied in acidic media, both exhibited a similar pore shape, 

while in alkaline media they had a significantly different pore structure. If we keep with 

the 1-1 series, the structure of sample 1-1_100 swollen in alkaline environment is the most 

different, being crumpled, rough and without the well-defined pore geometry. The sam-

ples of series 1-3 showed more pronounced structural differences, the largest being found 

in sample 1-3_100 swollen in acidic media. It is characterized by a rather compact, smooth 

structure in which cracks are visible, but no pores are visible. The observed major differ-

ences in the structure of the hydrogels do not show a cause-and-effect relationship with 

their degree of swelling. In particular, the hydrogels 1-3_100, which were swollen in acidic 

and alkaline media, show the same equilibrium degree of swelling after 60 days, as will 

be commented on later (see Section 2.3.1). 

Figure 6. SEM micrographs of outer sphere surface and cross-section of sphere for samples 1-1_KS,
1-3_KS and 1-5_KS after 60 days of swelling in deionized water.

Samples 1-1_KS and 1-1_100 as well as 1-3_KS and 1-3_100 after swelling in acidic or al-
kaline media for 60 days were scanned and SEM micrographs are shown in
Figures 7 and 8. They displayed small, up to significant, structural differences. All observed
samples prepared by chemical synthesis exhibited porous structure in both media. Samples
1-1_KS and 1-3_KS, which were studied in acidic media, both exhibited a similar pore
shape, while in alkaline media they had a significantly different pore structure. If we keep
with the 1-1 series, the structure of sample 1-1_100 swollen in alkaline environment is the
most different, being crumpled, rough and without the well-defined pore geometry. The
samples of series 1-3 showed more pronounced structural differences, the largest being
found in sample 1-3_100 swollen in acidic media. It is characterized by a rather compact,
smooth structure in which cracks are visible, but no pores are visible. The observed major
differences in the structure of the hydrogels do not show a cause-and-effect relationship
with their degree of swelling. In particular, the hydrogels 1-3_100, which were swollen in
acidic and alkaline media, show the same equilibrium degree of swelling after 60 days, as
will be commented on later (see Section 2.3.1).

2.3. Swelling Study

The spheres were dried by a freeze-extraction method that enabled the design of
porous materials. The behavior of Cel-g-PDMAEMA hydrogels swollen in deionized water
(pH 5.5) was monitored at 20 ◦C. To investigate the influence of pH, the samples were
also swollen in acidic (pH = 3) and alkaline (pH = 10) media. The swelling ratio, α, was
calculated according to Equation (1).
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2.3.1. Equilibrium Hydrogel Swelling at 20 ◦C and pH 5.5

The swelling kinetics of the prepared spheres was studied in deionized water
(pH 5.5) at 20 ◦C for 14 days, and the results are shown in Figure 9. A study of the
hydrogels prepared by chemical synthesis showed their fairly extensive swelling. The more
porous samples 1-5_KS and especially 1-3_KS reached the maximum degree of swelling in
two days, while sample 1-1_KS, which contained predominantly larger elongated pores as
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Figure 4 SEM reveals, reached the maximum α in seven days. These results indicate that a
higher amount of PDMAEMA affects the structure and porosity of the materials and in this
way contributes to faster swelling. After reaching equilibrium samples 1-1_KS and 1-5_KS
displayed similar swelling degree of ca. 640% while the highest α of ca. 925% displayed
sample 1-3_KS. Perhaps the explanation of the achieved similar swelling is that the sample
1-1_KS, as already mentioned, shows mostly closed pores and the sample 1-5_KS a porous
outer zone (layer) but a compact non-porous central part of the sphere. Only the sample
1-3_KS shows a very porous structure throughout the cross-section of the sphere. It is worth
mentioning that sample 1-1_KS despite a negligible content of PDMAEMA (Figure 3, FTIR),
when compared with the sphere of pure cellulose displayed many times higher degree of
swelling. In our preliminary studies we found that the degree of swelling of the cellulose
sphere was 80% after 4 h, while the sample of 1-1_KS at the same time showed a degree
of swelling of ca. 300%. One can assume that the reason for the much lower swelling of
the cellulose sphere is that a porous structure is not obtained despite the same preparation
procedure (freeze-extraction method) as for copolymer spheres [43].
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(d) 

Figure 9. Comparison of swelling kinetic and equilibrium swelling degree for hydrogel samples with
different molar ratio of cellulose and DMAEMA. (a) Comparison of swelling kinetic and equilibrium
swelling degree for hydrogels after irradiation (b–d).

The highest degree of swelling of sample 1-1_100 among all samples in this series is
not likely to be attributed either to increased ratio of PDMAEMA based on FTIR analysis
or to increased cellulose degradation. Literature data related to the influence of radiation
on the degradation of cellulose differ with regard to the origin and type of cellulose
(microcrystalline cellulose, bacterial cellulose, pine wood cellulose, cotton-cellulose, etc.).
They generally agree that the weaker radiation does not cause significant changes in the
structure. Thus, it was determined that sterilization with gamma irradiation at 25 kGy
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caused no significant structural changes in the polymer [46] and that irradiation at 10 kGy
caused decrease of molecular weight of ca. 12% [47]. On the other hand, doses of 100 kGy
and above caused significant changes of cellulose properties such as molecular weight,
relative crystallinity, and surface area [49].

Irradiated materials with a higher content of PDMAEMA, series 1-3 and 1-5, displayed
a lower degree of swelling in comparison with hydrogel spheres prepared by chemical
synthesis (Figure 9). Although there are small differences, it can be said that the swelling
ability of these samples decreases with increasing irradiation dose. Due to the higher
ratio of DMAEMA in the reaction mixture, and because it seems to be more pliable to
irradiation compared to cellulose, its incorporation into hydrogel is enhanced, both by
grafting onto cellulose or in the form of microgels. The increased proportion of PDMAEMA
was confirmed by FTIR analysis. In this way, the number of possible networking sites
is increased. More frequently crosslinked networks swell less. Additionally, smaller
deviations from the trend are probably due to variation in porosity. Specifically, samples of
series 1-3 displayed swelling degree values in the range between 630% and 925%; with the
latter, the largest α was notified in the 1-3_KS after 7 days.

2.3.2. Comparison Equilibrium Hydrogel Swelling at 20 ◦C and pH = 3.0, pH 5.5 and pH 10

The influence of the pH of the medium on the swelling of Cel-g-PDMAEMA hydrogels
is shown in Figure 10. Hydrogels prepared by chemical synthesis and those subsequently
irradiated with 100 kGy are shown in parallel.

During the first week of swelling, the hydrogels mostly displayed the highest swelling
ratios in deionized water (pH 5.5). In the literature, similar hydrogels, i.e., interpenetrating
network (IPN) based on nanofibrillated cellulose (NFC) and PDMAEMA prepared via
crosslinking free radical polymerization were tested during 24 h, at pH in a range 3 to
11 [25]. They came to the conclusion that the swelling ratios under acidic and alkaline
condition are higher than those in a neutral environment, which is the opposite compared to
these samples in the initial period. They explained that the phenomenon may be attributed
to specific charge properties of PDMAEMA and NFC in aqueous solution. PDMAEMA is
a kind of tertiary amine with a pKa of about 7.5 and NFCs have carboxyl groups on the
surface with a pKa of about 4.6. Therefore, in acidic medium, the tertiary amine groups
can easily be protonated with a positive charge and the polymer chains become stretched
due to the electrostatic repulsion. Thus, higher swelling ratios can be achieved because of
low resistance of water entering the hydrogel. In alkaline environment, they explained,
carboxylic acid groups on NFC gradually shift to the carboxylate anion, which results with
weaker hydrogen bonds interaction and enhanced electrostatic repulsion in hydrogels.

Here, the hydrogels displayed higher swelling ratios under acidic and alkaline con-
ditions only after 7 and 14 days, respectively. We can assume that it takes longer due to
structural differences that slow the process and restrict stretching in spite of (de)protonation.
It is only subsequently that both the repulsive structure and ionization of hydrogels occur
and facilitate the diffusion of water molecules and increase the swelling ratios as Salama
et al. explained [50]. Furthermore, the swelling ratio of the IPN hydrogels is also associated
with the content of the NFCs. With an increase in the NFCs ratio, the swelling ratio of
the hydrogel gradually increases [25]. This is also true here, with the exception of the
1-1_KS series. In general, irradiated samples with higher PDMAEMA ratio (1-3_100 and
1-5_100) display a lower degree of swelling in comparison with hydrogels prepared only by
chemical reaction, which is in accordance with findings of FTIR. Unlike the latter, hydrogel
1-1_100 showed a higher α in comparison with 1-1_KS. As the previous study showed, the
microgelation is very common. The distribution of microgel affects the structure through
the density of the crosslinking and its subsequent migration from the loose network is
facilitated. It indicates, apart from reaction mixture composition, the influence of different
contributions during preparation procedure on materials properties [38]. Almost equal
swelling of 1-3 samples in alkaline and acidic medium studied over a longer period makes
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likely its use for specific applications such as medicine, pharmaceuticals for drug delivery,
sensor manufacturing, separators in electrochemical devices (batteries, capacitors and the
like), etc. [44].
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Figure 10. Comparison of swelling kinetic and equilibrium swelling degree for hydrogel samples at 

different pH for initial 1-1_KS, 1-3_KS and 1-5_KS samples (a,c,e) and irradiated samples 1-1_100, 

1-3_100, 1-5_100 (b,d,f). 
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Figure 10. Comparison of swelling kinetic and equilibrium swelling degree for hydrogel samples at
different pH for initial 1-1_KS, 1-3_KS and 1-5_KS samples (a,c,e) and irradiated samples 1-1_100,
1-3_100, 1-5_100 (b,d,f).

2.4. Decorating Hydrogel Films with Silver Particles

Synthesis of hydrogels with silver was carried out by swelling hydrogels in a silver
nitrate solution. Silver atoms are formed by the reduction of silver ions from the complex,
which then agglomerate and finally form stable silver particles. Silver is known for its
antibacterial activity and can also be used as a catalyst. The introduction of silver into
the structure of the hydrogel expands its potential applications, because by combining
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substances with different properties, new materials with prestigious properties can be
created for very different applications, from sensors to various supports and coatings to
catalysts, from pharmacy, medicine, water treatment industry and the like [51–54]. Figure 11
shows hydrogels 1-5_KS and 1-5_100 before and after incorporation of silver.
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Figure 11. Sample 1-5_KS before (a) and after (b) immersion and sample 1-5_100 before (c) and after
(d) immersion in 0.01 M AgNO3 during 24 h.

It is known that the formation of silver particles in samples is accompanied by a color
change, which can be considered a quick and preliminary indicator that a reduction of
silver has occurred but the formation of silver particles in solution by Ag+ reduction is
commonly and accurately monitored by UV-VIS spectroscopy. However, the formation of
silver particles on solid supports, e.g., hydrogels, makes in-situ monitoring of Ag particle
formation by UV-VIS spectroscopy impossible, except in rare cases when the media is
transparent. At the same time, it is well known from the literature that the presence of Ag0

particles can be confirmed by XRD analysis both in solution and in composites [55,56]. The
XRD pattern of samples 1-5_100 + AgNO3 is shown in Figure 12, where broad diffraction
lines characteristic of silver (ICDD PDF No. 4-783) can be seen. Moreover, additional
diffraction lines in the diffractogram indicate the presence of silver oxide, where the
obtained pattern most closely resembles Ag2O3 (ICDD PDF No. 77-607). Due to the large
surface area of nanoparticles, contact of silver nanoparticles with aqueous media can lead
to oxidation and formation of silver oxide. Silver oxide also shows good antimicrobial
properties as reported in the literature [57–59]. Gao et al. showed that silver oxide enhances
antibacterial properties of material over a long period of time because the presence of silver
oxide modulates the release of Ag+ ions [58].

2.5. Antimicrobial Testing

A series of samples for each Cel-g-PDMAEMA hydrogel: plain, silver decorated, and
those both irradiated and decorated were used to study antibacterial properties against
Bacillus subtilis, Escherichia coli, and Pseudomonas aeruginosa. The results of the antimicrobial
activity of the tested samples using the disk diffusion method are summarized in Table 2
and Figures S4–S6.

The data in Table 2 show that chemically synthesized hydrogels did not exhibit
antibacterial activity, except for sample 1-1_KS, which showed a weak response against
P. aeruginosa and B. subtilis. The samples of all series decorated with silver particles showed
weak inhibitory antibacterial activity.
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Table 2. Antimicrobial activity of tested samples using the agar disk diffusion method.

Sample d (Inhibition
Zone–E. coli)/cm

d (Inhibition Zone–
P. aeruginosa)/cm

d (Inhibition
Zone–B. subtilis)/cm

1-1 KS 0 0.05 0.1
1-1_KS + AgNO3 0.1 0.15 0.5
1-1_100 + AgNO3 0.2 0.25 0.7

1-3_KS 0 0 0
1-3_KS + AgNO3 0.7 0.4 0.5
1-3_100 + AgNO3 1 0.6 0.7

1-5_KS 0 0 0
1-5_KS + AgNO3 0.1 0.2 0.8
1-5_100 + AgNO3 0.6 0.4 1

Silver nanoparticles have been proven to have antibacterial properties and due to
these properties they are used in medical products as well as in consumer products such as
textiles with antibacterial properties, cleaning cloths, air filters, food containers, cosmetic
products, various coatings, etc. [54]. Their contribution to improving the efficacy of various
antibiotics is particularly important. Various studies have shown that they change the
activity of antibiotics. For example, the study of the activity of levofloxacin against E. coli,
B. subtilis, P. aeruginosa and S. aureus has shown a synergistic effect [51]. Such studies are
of great importance because of the worrying resistance of bacteria. They not only show a
synergistic effect with antibiotics, but also reduce the dose of antibiotic used in therapy.
Unlike antibiotics, silver nanoparticles act through a combination of mechanisms rather
than a single one. The obtained inhibition zones indicating a stronger antimicrobial effect
against all tested bacterial cultures in films decorated with AgNPs, can be explained by
their physical properties, where the effect of AgNPs strongly depends on their size, shape
and concentration [60]. The AgNPs displayed different activity against various bacteria.
They were more active against E. coli and B. subtilis than against P. aeruginosa [61–63]. Here,
the irradiated samples show moderately to several times larger zones of inhibition within a
single series. This is not surprising since the use of radiation for the purpose of sterilization
is well known, e.g., in medicine, food industry, etc., and it has enhanced the incorporation of
PDMAEMA into the hydrogel, as determined by FTIR analysis. Studies on the antimicrobial
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activity of PDMAEMA have shown that it is active against both gram-positive and gram-
negative bacteria [31,64]. Therefore, based on the obtained results, it can be concluded
that there is a synergistic effect, i.e., higher content of PDMAEMA contributes to higher
antibacterial activity, as well as the introduction of AgNPs and applied irradiation [31]. It
is important to emphasize that continuous exposure of microorganisms to nanoparticles
should be avoided, as a study on E. coli showed that bacteria can become resistant through
225 generations with constant exposure [65]. Unfortunately, silver nanoparticles have
certain toxic effects in addition to their antibacterial properties. Many toxic effects of AgNPs
have been demonstrated in in vitro studies. Research on the toxicity of AgNPs suggests that
size, shape, chemical composition, solubility, surface activity, binding ability, and biological
effects such as metabolism and excretion influence their toxicity [66]. The possibility of the
AgNPs fixing in order to avoid their aggregation and to prevent their spontaneous release,
especially in cases of medical application, seems to be a complementary advantage.

2.6. Electrochemical Testing

Aqueous-based polymer electrolytes are commonly used as both separators and
ionic conductors in solid-state devices. The advantage of polymer electrolytes over liquid
electrolytes is their compact structure, which prevents liquid leakage and electrode displace-
ment. This property is particularly important for flexible and free-standing supercapacitors,
which have received considerable attention in recent years [67,68]. Most aqueous-based
polymer electrolytes are prepared by blending polymer host materials with ionic conduc-
tors, water, and plasticizers [69]. Various fossil-based polymers: PET, aramid nonwovens
and PP or PP/PP polyolefin membranes [70] have been investigated as separators for high
power lithium ion batteries. In addition, poly(vinyl alcohol), which has excellent properties
as a polymer host due to its high hydrophilicity and good film-forming ability is widely
used as well as bio-based materials, among which cellulose is leading [71,72]. Recently,
separators for high-performance supercapacitors (SCs) have been fabricated from keratin, a
natural polymer with excellent wettability, which is an alternative sustainable material [73].

In this work, the polymer electrolytes prepared from 1-1_KS, 1-3_KS, and 1-5_KS
hydrogels swollen in 0.5 M Na2SO4 were used as separators in supercapacitors with
reduced graphene oxide/carbon nanotubes (rGO/CNT) as the active material.

Figures 13 and 14 show the CV responses of supercapacitors with different hydrogel
electrolytes. The nearly constant current value registered during supercapacitor charging
is related to the continuous electrochemical double layer charging by increasing the volt-
age [74–76]. In each case, a nearly rectangular response was obtained, indicating good
capacitive behavior. There was no significant difference between the responses of the
different hydrogels. The value of specific capacitance calculated according to Equation (2)
was 25.86 F g−1 for 1-1_KS, 24.61 F g−1 for 1-3_KS and 24.34 F g−1 for 1-5_KS. The good
capacitive behavior was confirmed by the EIS responses. In the high frequency region,
a semicircle with two characteristic resistances was registered. The first one is related to
the electrolyte resistance and the second one to the charge transfer resistance between the
current collector and the active material. The total resistance represents the equivalent
serial resistance (ESR) of the supercapacitor and determines the reversibility of the system
and the charge/discharge rate of the supercapacitor. To improve the properties of the
supercapacitor, it is of great importance to reduce the ESR. It is obvious that electrolyte
resistance values for 1-1_KS and 1-5_KS were 3.2 Ω, while the resistance for 1-3_KS was
5.14 Ω. These values are very similar to those previously reported for supercapacitors
assembled by using glass paper fibers wetted with 0.5 mol dm−3 Na2SO4 solution [74]. The
low frequency response is related to the capacitance value. From the obtained results, it
can be seen that the EIS response of each supercapacitor was similar, which is consistent
with the results of CV. From these results, it can be concluded that the prepared hydrogel
has good characteristics for supercapacitor application [77].
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Figure 13. Responses obtained by cyclic voltammetry for rGO/CNT supercapacitor with three
different hydrogels.
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Figure 14. Electrochemical impedance spectroscopy responses obtained for rGO/CNT supercapacitor
with three different hydrogels.

3. Conclusions

The methodology used enables the effective preparation of hydrogels based on cellu-
lose and various ratios of PDMAEMA in the form of porous spheres or films. All prepared
hydrogels displayed significant swelling ability. It reveals dependence on the composition
of hydrogel, applied irradiation and pH while the achieved porosity of the material has a
significant effect, as well. The materials showed steady swelling at acidic and base condi-
tions over a period of two months. The introduction of silver particles and the application
of gamma radiation have minimally increased the antibacterial activity of the prepared
materials, which opens space for new research such as increasing the silver content or
applying a higher dose of gamma radiation. The results from CV showed good capacitive
behavior. Therefore prepared hydrogels seem to be promising materials for supercapac-
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itors used as aqueous-based polymer electrolytes in separators in supercapacitors with
rGO/CNT as an active material.

4. Materials and Methods
4.1. Materials

Cellulose (Mv = 25,100 g mol−1) was dissolved in the solvent N,N-dimethylacetamide
(DMAc) (Fischer Chemical, analytical reagent grade) and lithium chloride (Fischer Chem-
ical, laboratory reagent grade). Before dissolution in DMAc/LiCl solvent, cellulose was
dried over phosphorus pentoxide (VWR, purity 99.5%) for 3 h at 90 ◦C under vacuum.
DMAEMA monomer (polymerization grade, Aldrich) was passed through a column of
activated basic aluminum oxide (Aldrich) and purged with high-purity nitrogen prior to
use. The crosslinking agent MBA (Sigma-Aldrich, St. Louis, MI, USA, purity 99%) was used
as received. The initiator of polymerization reaction tert-butylperoxy-2-ethylhexanoate
(Trigonox 21, 70 wt% solution, Akzo Chemie, Amsterdam, The Netherlands) was used
as received. Absolute ethanol (Gram-mol, p.a.) was used for freeze-extraction method as
received. Silver nitrate (Alkaloid, p.a.) was used for the synthesis of silver particles.

4.2. Method of Cellulose/Poly(dimethylaminoethyl methacrylate) Hydrogles
(Cel-g-PDMAEMA) Synthesis

The samples of cellulose grafted with PDMAEMA were synthesized via free radical
polymerization method using MBA as a cross-linker. The polymerization reaction was
initiated by adding peroxide initiator. Synthesis was performed in two steps. Initially,
cellulose was dispersed in DMAc in a round bottom flask and activated for 2 h at 120 ◦C.
After two hours, the temperature was lowered to 100 ◦C and LiCl (6.6 wt%) was added
to the flask and the mixture was stirred at 100 ◦C for another hour. The mixture was
then cooled to room temperature and a clear cellulose solution (5 wt%) was obtained.
Afterwards, the polymerization reaction of DMAEMA was carried out in a solution of
cellulose in DMAc/LiCl. The obtained cellulose solution was weighed into a round bottom
flask and heated to 90 ◦C. After 5 min, a solution of MBA and DMAEMA (50 wt%) in
DMAc/LiCl was added to the flask. The weighted amount of initiator Trigonox 21 in
DMAc/LiCl (1 wt% towards monomers) was added to the flask 5 min after the addition of
monomers. The reaction was carried out for 3 h. After cooling, the synthesized polymers
were precipitated in deionized water whereat the spheres were formed for the first phase
of research. Hydrogel samples (spheres) were kept in deionized water for 5 days and
the deionized water exchanged after 1 and 24 h, two and five days so as to remove all
unreacted compounds. Afterwards spheres (samples) in the equilibrium swelling state
were frozen and immersed in ethanol, dried in a freeze dryer, and used for further analysis.
Weighed spheres (1 g) were placed in a beaker and cooled to −40 ◦C in a cryostat. The
beaker containing the spheres was kept at −40 ◦C for 30 min and then cold ethanol (35 mL)
was poured into the beaker. The beaker was placed in the freezer and the spheres were kept
in ethanol at −18 ◦C for 48 h, with fresh ethanol added after 24 h. After 48 h, the ethanol
was decanted and the spheres were dried in vacuum at 50 ◦C until constant weight. Molar
ratio of reactants (monomer (DMAEMA), crosslinking agent (MBA) and cellulose (cel))
in Table 3.

4.2.1. Gamma-Ray Irradiation of Hydrogel

The Cel-g-PDMAEMA hydrogel sample, which was in a rather viscous state, was
subjected to a gamma-ray source, with gamma-ray absorbed doses of 10, 30 or 100 kGy [38].
The reaction mixture was placed in flasks, sealed and purged with N2 to achieve an oxygen-
free environment, and then subjected to gamma irradiation. Irradiation was performed at
the panoramic Co-60 gamma source of the Radiation Chemistry and Dosimetry Laboratory,
Rud̄er Bošković Institute. Gamma irradiation was used to further increase the conversion
of the polymerization reaction, to graft PDMAEMA onto the cellulose and possibly achieve
complete crosslinking of the hydrogel. The samples were irradiated for an appropriate
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duration with a dose rate of 19.8 kGy h−1. Dose mapping of the irradiation facility was
performed experimentally using ionizing chambers and ECB dosimetric system, and by
simulation calculations [78]. The resulting hydrogels were still in a liquid state, though
more viscous. Initially, the resultant irradiated (10, 30 or 100 kGy) liquid material from
Cel-g-PDMAEMA hydrogel was shaped into spheres, which were used for the study of
swelling as well as structure characterization by FTIR. Based on the study of swelling of
spheres the reaction mixture for preparation of hydrogel films was irradiated with the dose
of 100 kGy. Molar ratio of reactants (monomer (DMAEMA), crosslinking agent (MBA) and
cellulose (cel)) and irradiation dose for prepared samples are shown in Table 3.

Table 3. Molar ratio of reactants (monomer (DMAEMA), crosslinking agent (MBA) and cellulose
(cel)) and irradiation dose for prepared samples.

Sample n(cel)/n(DMAEMA) n(DMAEMA)/n(MBA) Irradiation Dose (kGy) AgNO3

1-1_KS

1:1 15:1

0 -
1-1_KS + AgNO3 0 +

1-1_10 10 -
1-1_30 30 -

1-1_100 100 -
1-1_100 + AgNO3 100 +

1-3_KS

1:3 15:1

0 -
1-3_KS + AgNO3 0 +

1-3_10 10 -
1-3_30 30 -

1-3_100 100 -
1-3_100 + AgNO3 100 +

1-5_KS

1:5 15:1

0 -
1-5_KS + AgNO3 0 +

1-5_10 10 -
1-5_30 30 -

1-5_100 100 -
1-5_100 + AgNO3 100 +

4.2.2. Preparation of Hydrogel Films

The liquid Cel-g-PDMAEMA hydrogels, originated from chemical synthesis as well as
those irradiated (100 kGy), were casted on the glass plate and submersed into a deionized
water bath. The deionized water was exchanged after 1 and 24 h, two and five days. The
prepared hydrogel films were stored in a refrigerator. Samples were freeze-extracted using
same procedure as for spheres.

4.2.3. Decorating Hydrogel Films with Silver Particles

Samples of 10 × 10 × 2 mm3 dimensions were cut from hydrogel films and used for
testing antibacterial properties. Additionally, samples of the same dimensions were deco-
rated with silver particles by immersing in 5 mL of silver nitrate solution
(c = 10−2 mol dm−3). After 24 h, the samples were removed from the silver nitrate solution
and rinsed with deionized water for 1 h to remove unreacted silver nitrate [79].

4.3. Structural Confirmation of Cel-g-PDMAEMA Hydrogels
4.3.1. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectra (FTIR) were recorded using Perkin-Elmer Spectrum
One equipped with ATR module at room temperature in frequency range 650–4000 cm−1.
The FTIR spectra were processed using the OriginLab software.

4.3.2. Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) was used to examine the morphology of the
synthesized Cel-g-PDMAEMA hydrogels. The lyophilized hydrogel samples were halved
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(spheres) or broken (films) and sputter coated by an alloy of gold and palladium (85%/15%)
in the argon plasma to enhance their electrical conductivity. Metalized Cel-g-PDMAEMA
hydrogel samples were scanned with a TESCAN VEGA 3 Scanning Electron Microscop,
with a detector of secondary electrons.

4.3.3. Swelling Study

A gravimetric method was used to measure the equilibrium swelling ratio of the
Cel-g-PDMAEMA hydrogels. For swelling degree at least five spheres were swollen and
the average result is presented. The swelling kinetic of freeze-extracted samples was
carried out for 60 days. Dried samples were reswelled in deionized water pH value 5.5 as
well as in acidic and basic solution, respectively, to determine the swelling degree. The
equilibrium swelling weights were measured at RT for the hydrogel samples in a solution
of an appropriate pH value (3.0, 5.5 and 10.0) after wiping excess water from the hydrogel
surface with moistened filter paper. The masses of the samples were measured before
starting and at defined intervals until equilibrium was reached, i.e., a constant sample
mass was achieved. The swelling ratio, α, (and the equilibrium swelling ratio, αe,) were
calculated according to Equation (1) [80]:

α =
mt −m0

m0
× 100% (1)

where m0 is mass of dry sample (xerogel) and mt mass of swollen sample at the time t.

4.4. X-ray Diffraction of Hydrogel Films Decorated with Silver Particles

Crystalline phase analysis was carried out using X-ray diffraction analysis (XRD) per-
formed on Shimadzu XRD-6000 diffractometer with Cu Kα (1.5406 Å) radiation, operating
at 40 kV, with a 2θ range of 30–90◦, at a step size of 0.02◦. The analyzed sample was ground
into fine powder prior to XRD analysis.

4.5. Antibacterial Properties

The antimicrobial activity of the prepared films was tested against Escherichia coli,
Pseudomonas aeruginosa and Bacillus subtilis by the agar disc diffusion test [81]. The speci-
mens were placed (square shaped with an area of 1 × 1 cm2) on Mueller–Hinton sterilized
agar (Mueller Hinton Agar, Biolife), and the agar plate was inoculated uniformly with
106 CFU mL−1; lastly, the plates were incubated at 37 ◦C for 24 h. The volume of the added
inoculum was 0.1 mL. The bacteria developed and enveloped the medium, except the
resulting sterile area named “inhibition zone”, generated by the antimicrobial materials.
After 24 h, the inhibition zone diameter was measured. Cellulose and 30 µL of sterile
deionized water pipetted on to blank disc were used as a negative control, and Gentamicin
(12 µg µL−1) as a positive control. All studies were performed in duplicate.

4.6. Electrochemical Testing

Two smooth nickel current collectors (1 × 1 cm2) spaced by polymer hydrogel sided
with two rGO/CNT sheets were used in order to assemble a supercapacitor. The geometric
area of the supercapacitor was 1 cm2. Three polymer hydrogels, 1-1_KS, 1-3_KS and 1-5_KS,
were swollen in 0.5 M Na2SO4 for 30 min prior to testing. To determine the performance
of the assembled supercapacitor, cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were used. CV measurements were carried out at a scan rate of 50 mV s−1

in the voltage range between 0 and 1.2 V. EIS was performed in the frequency range between
105 and 10−3 Hz using an AC voltage amplitude of ±5 mV at a DC voltage of 0 V. The
measurements were carried out by using PalmSens potentiostat/galvanostat/impedance
analyzer and PSTrace 5.8 Software. The resistance of polymer hydrogel electrolyte was
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calculated based on the EIS response of supercapacitor. Specific capacitance of the cells was
calculated by integration of the cyclic voltammogram according to Equation (2) [74]:

cs =

∫ U2
U1

I(U) · dU

2mv · (U2 −U1)
(2)

where cs is specific capacitance (F g−1), I current (A), U voltage (V), U1 starting voltage (V),
U2 switching voltage (V), m mass of active material of one electrode (g), ν scan rate (V s−1).
All tests were carried out under ambient conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8100636/s1, Figures S1–S3: Pore size distribution of pre-
pared Cel-g-PDMAEMA samples and Figures S4–S6: Testing of antibacterial activity for prepared
hydrogel samples.
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Abstract: Carbotrace 480 is a commercially available fluorescent optotracer that specifically binds to
cellulose’s glycosidic linkages. Herein, the use of Carbotrace 480 is reported as an analytical tool for
linking cellulose content to hydrogel formation capability in defibrillated celluloses obtained from
proprietary microalgae. Defibrillated celluloses obtained from acid-free hydrothermal microwave
processing at low temperature (160 ◦C) showed poor hydrogel formation attributed to a low cellulose
concentration as evidenced through the lack of Carbotrace fluorescence. High temperature (220 ◦C)
processing afforded reasonable gels commensurate with a higher cellulose loading and stronger
response to Carbotrace.

Keywords: Carbotrace 480; microalgae; defibrillated celluloses; hydrogels

1. Introduction

Microalgae are typically unicellular species that grow in aquatic environments using
sunlight and carbon dioxide as sources for photosynthesis to generate their energy [1–3].
They mainly consist of carbohydrates, lipids, proteins and, pigments, the exact split of
which varies from species to species [4]. Their photosynthetic ability, coupled with their
abundance across oceans, rivers, and lakes, allows microalgae to fix massive amounts of
carbon dioxide from the atmosphere with estimates of around 865 mg CO2 L−1 day−1 [2,5].

Microalgal cell walls comprise a complex three-dimensional structure that varies
heavily depending on the species. Generally, microalgal cell walls consist of carbohydrates,
lipids, and proteins, with carbohydrates being the most abundant cell-wall building block
and proteins only making up around 5–8% of the dry cell-wall mass [6]. There is, however,
a lack of scientific research into the exact structural composition, and only very well-known
species are well-documented.

Cellulose as a cell-wall component in microalgae plays a lesser role than in terrestrial
biomass. In addition to the lesser abundance, the microalgal cell wall is very thick and rigid,
making extractions without any pre-treatment very difficult [7–9]. Microwave-assisted
extraction (MAE) is a very efficient way to disrupt algal cell walls by creating localized
pressure waves formed from the dielectric heating of water within the samples and aiding
the production of defibrillated celluloses (D.C.) [10–13]. The microwave process induces
hydrolysis of carbohydrates and therefore aids in the weakening and disruption of the cell
wall, making extraction easier.

The MAE-derived D.C. can then be further processed to form cellulose-based hydro-
gels. Cellulose as a gelling agent in combination with water is well-studied [10,11,13]. The
abundant hydroxyl groups in cellulose possess the capability to capture and trap water
in the wider cellulosic structure through hydrogen bonding to form a three-dimensional
hydrogel [14–16]. These hydrogels derived from biomass are becoming increasingly sought
after in various fields of application, such as hygiene products, contact lenses, wound heal-
ing products, or lubricants [15]. Due to cellulose-based hydrogels being both biodegradable
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as well as low-cost and highly abundant, they pose a very promising and green candidate
for future innovations.

Carbotrace molecules are fluorescent optotracers which specifically bind to the glyco-
sidic linkages in cellulose and are therefore able to visually map cellulose content using
confocal laser microscopy [17–19]. They have previously been used to identify cellulose
in plant cells for mapping cellulosic nanofibrils in microfluidic devices and anatomical
mapping in plant cells [17–19]. However, this paper reports the first use of Carbotrace to
analyse defibrillated cellulose obtained from microalgae which were used for the formation
of hydrogels.

This paper aims to use Carbotrace 480 for the first time to explore the distribution of
cellulose in defibrillated cellulose samples obtained from microalgae prepared according to
the method detailed by Zitzmann et al. [10]. The findings of the analysis using Carbotrace
480 will be linked to the hydrogel formation capabilities of the samples. The D.C. samples
have been prepared using this acid-free and TEMPO-free green extraction process [10–12].
Carbotrace 480 acts as a non-destructive analytical tool for cellulose content in defibrillated
cellulosic matter obtained via acid-free microwave hydrothermal processing of microalgae
and their propensity to form hydrogels. The Carbotrace 480 (CT 480) was chosen, amongst
many trials, to be the ideal probe molecule as its emission maxima did not interfere with
the autofluorescence of the defibrillated celluloses. Therefore, the use of CT 480 allows for
a good resolution of the images and a clear designation of cellulose and the other parts of
the defibrillated celluloses that do not bind to Carbotrace 480.

2. Results and Discussion
2.1. Formation of Hydrogels from Defibrillated Cellulose Samples

Hydrogels have been formed from defibrillated cellulose samples prepared from both
native microalgae and spent microalgae (industrial processing of ethanol-based alkali
extraction of lipids leaving spent biomass) as detailed in Zitzmann et al. [10]. Defibrillated
cellulose samples have been prepared according to the method previously described [10].
Results of the hydrogel formation are summarized in Table 1.

Table 1. Hydrogel formation results of defibrillated cellulose samples with numbers corresponding
to the temperature in ◦C of the microwave process in the preparation step of the samples.

Sample Type Hydrogel Formation

Native 160 X
Native 180 X
Native 200 X
Native 220 Reasonably stable gel
Spent 160 X
Spent 180 X
Spent 200 X
Spent 220 Reasonably stable gel

It was only possible to form hydrogels for the defibrillated cellulose samples that have
been treated in the microwave at the highest temperature (Figure 1). All other samples
did not yield any stable gel, merely a thick viscous mixture which, upon inversion of the
vial, did not show any stability. The hydrogel formed from the Native 220 and Spent
220 samples formed a stable gel upon inversion but began to disintegrate within a couple
of minutes after preparation.

With conventional analytical methods such as XRD or solid-state NMR, no clear direct
correlation between the ability to form hydrogels and the cellulose content could be estab-
lished, contrary to other literature findings [11,12] due to the increasingly complex mixture
of cell-wall components in microalgae compared to plant cells. Therefore, Carbotrace has
been used as a probe to identify the cellulose content in the samples and establish a link to
the ability to form hydrogels.
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Figure 1. Hydrogels formed from defibrillated cellulose samples obtained from native algal biomass
and spent algal biomass. Numbers refer to the temperature in ◦C of the microwave process used for
production of the D.C.

2.2. Using Carbotrace 480 as a Probe to Image Cellulose Content

To generate reference spectra of both the pure cellulose channels and the autofluores-
cence of the samples to apply to all the later images for unmixing and clear assignment, as
well as to replicate the literature excitation and emission spectra of bound and unbound
CT480, CT480 was run on its own in phosphate-buffered saline (PBS) as well as bound to
pure cellulose immersed in PBS (see Figure 2).
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Figure 2. Confocal Laser Microscopy emission spectra of unbound CT480, bound CT480 to pure
cellulose, defibrillated cellulose autofluorescence, and their comparison to the reference spectra
provided by Ebba biotech—right side.

The obtained emission spectra correlate well with the spectra provided by Ebba Biotech
with the emission maxima in the region of 480 nm as well as the perceived shift to the
left upon Carbotrace binding to cellulose (approx. 20 nm). The intensity in emission also
increases by around a factor of two upon binding to cellulose indicating that the intense
fluorescence capabilities of the Carbotrace 480 are being switched on due to structural
changes in the optotracer backbone upon binding to cellulose.
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Also, with the autofluorescence peaking at around 670 nm and no emission appearing
in the region where Carbotrace emits, there is excellent spatial separation between the two
allowing for confident de-mixing of the channels of the subsequent defibrillated celluloses.

In order to confirm that the CT480 binds to cellulose only and not to other carbohydrate
structures that can be found in algae, for example, xylan, both cellulose and xylan were
mixed in their pure form with CT480. The images in Figure 3 show that, with the exact
instrument settings, the pure cellulose manifests a very bright response to the CT binding,
whereas xylan stays almost exclusively black (dark), confirming that the Carbotrace indeed
binds to cellulose only.
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Figure 3. Laser Confocal Microscopy images of CT480 mixed with pure cellulose (left) and pure
xylan (right) with the exact same instrument settings.

The morphology and aspect ratio of the D.C.s also clearly reveal themselves. In order
to further make sure that the emission reference giving rise to the green colour channel only
refers to the CT480 bound to cellulose, the native defibrillated cellulose 220 was run without
any Carbotrace (Figure 4) to confirm the autofluorescence as the only component detected.
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Figure 4. Laser Confocal Microscopy Image of unstained defibrillated cellulose 220 from native biomass.

The pure red colour channel obtained (Figure 4) was used to generate the autofluores-
cence emission spectrum used as a reference for all later defibrillated celluloses to de-mix
cellulose bound to Carbotrace and autofluorescence the rest of the sample.

To explore the initial untreated biomass and the differences in cellulose distribution
across the microalgae, Figure 5 shows both the initial native and spent biomass mixed
with CT480.
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Figure 5. Confocal Laser Microscopy image of initial native and spent biomass mixed with
Carbotrace 480.

The differences between the initial native and spent biomass can be seen very clearly
in these images, with the native biomass showing an array of single microalgal cells, each
with a ring of cellulose encapsulating the cells. This is in line with the basic structure
of microalgal cells which has a cell wall containing cellulose wrapped around the inner
cell. This is displayed more clearly in Figure 6, where only the cellulose channel is shown.
Furthermore, the Carbotrace binds well to the cells and shows the cell wall.
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Figure 6. Laser Confocal Microscopy Image of the cellulose-only channel with CT480 of initial
native biomass.

On the other hand, the spent biomass shows a much more disrupted profile with no
individual circular cells able to be made out anymore. Rather an array of smudged and
smashed cells with irregular shapes and a more even distribution of cellulose across the
whole cell are observed, indicating that the industrial process has indeed destroyed and
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ruptured the cells. This is in line with previous findings that suggest an easy extraction
from spent biomass precisely due to the factors that the image shows of a completely
disrupted cell [10].

In order to apply the Carbotrace technology to the defibrillated celluloses and to use a
visual tool that can directly identify and spatially show the distribution of the cellulose, all
eight defibrillated cellulose samples were mixed with the Carbotrace 480, with the results
displayed in Figure 7.
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Figure 7. Laser Confocal Microscopy Images of all native algal derived and spent derived
defibrillated celluloses.

The results show that both types of defibrillated celluloses form very small grains
which then lump together into larger aggregates. Both types of defibrillated celluloses
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clearly show the trend that, with increasing microwave temperature, an increasing amount
of cellulose can be observed in the samples, which is in line with previous findings from
Zitzmann et al. that suggested that the highest temperatures show the highest correlation
with pure cellulose [10].

However, it is interesting that, at the lowest temperature, there is still very little sign
of cellulose as the red autofluorescence is much more prominent than any green specks,
indicating the presence of cellulose. At the highest temperatures, this ratio is reversed with
mostly cellulose being present in the samples. It must be noted that this type of analysis
is suitable only for qualitative analysis and cannot be used to quantitatively calculate the
exact percentages of cellulose present in the samples. Nevertheless, it still confirms visually
what the previous analyses (XRD, NMR) hinted at, namely that cellulose content increases
with higher microwave temperatures [10].

Figure 8 shows the nucleus/grain formation of the defibrillated celluloses with the
native 200 defibrillated celluloses as a very clear example next to the initial native biomass.
The nucleus formation and aggregate formation can be seen very clearly, which bears
some resemblance to the initial microalgal cells; however, there is a size difference of
4–5 times that can be made out when comparing them to the initial spray-dried biomass on
the left. Also, the shape of the grains is less perfectly circular but rather slightly off-shape.
Interestingly, it can be seen that there is again encapsulation of the core by the cellulose
which is flagged as green by the Carbotrace. This might be due to the core of the grains
being so dense that the Carbotrace molecules are not able to penetrate and therefore form a
circular layer around it.
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200 from native biomass at 2× zoom.

3. Conclusions

The reported findings in this paper, which used Carbotrace 480 as an analytical tool to
visualize cellulose content in the defibrillated cellulose samples derived from two types of
microalgae, correlate very well with the observed capabilities in forming a hydrogel. The
unique fluorescent abilities of the Carbotrace 480 provide a clear link between the cellulose
content in the samples, which can be used as a proxy for successful hydrogel formation. It
has been shown that, for microalgal samples, a very high percentage of cellulose is required
to be able to form any kind of even lightly stable hydrogel.
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4. Materials and Methods
Source of Biomass

Microalgae were obtained from AlgaeCytes, Kent, England, who provided omega-3
enriched biomass from their proprietary microalgal Eustigmatophyceae strain, ALG01. The
ALG01 strain was upscaled from Petri dish to 100 L using AlgaeCytes in-house proprietary
upstream pyramid process and inoculated into the 1000 L Industrial Plankton seeding tank.
Once the culture reached the late exponential phase, it was transferred into AlgaeCytes
pilot-plant production module (VariconAqua 12,000 L Phyco-FlowTM). After reaching an
appropriate density, it underwent semi-continuous harvesting to provide material for spray
drying. On each harvesting day, 1000 L of algal culture was dewatered using an Alfa Laval
Clara 20 model disc-stack centrifuge to produce an algal slurry of ~15% ± 5% solids. The
algal slurry was subsequently dried using a Büchi mini spray dryer B-290 to produce a
dried algal powder of <1% moisture content.

The defibrillated cellulose samples were prepared according to the method detailed
by Zitzmann et al. [10] and using a Milestone Synthwave reactor (1500 W, 2.45 GHz).

Hydrogels were produced by mixing the defibrillated celluloses with deionized water
(3 wt%) and treating the mixture with a homogenizer for 3 min. The stability of the gel was
tested by inverting the vial and recording the time it stably stayed at the top of the vial
before descending.

Carbotrace 480 was obtained from Ebba Biotech (Stockholm, Sweden). It was mixed
with PBS at a ratio of 1:1000 (pH 7.4) and, subsequently, the defibrillated cellulose samples
(0.2 mg) were mixed with aliquots of this stock solution (50 µL) and left to incubate for
30 min at room temperature.

Carbotrace images were captured using a Zeiss LSM980 confocal microscope, AxioOb-
server Z1 using ZEN 3.4 (blue edition) software and either an EC Plan-Neofluar 10×/0.3 or
a Plan Apochromat 20×/0.8 objective. All samples were excited with a 405 nm laser using
a 405 nm main beam splitter, and emissions were collected from 411–694 nm in bins of
8.9 nm. The pixel size was 1.657 µm2 or 0.829 um2 for the 10× or 20× objectives, respec-
tively. The pinhole was 1 AU, and the images were taken in 16 bit.

Reference spectra of cellulose stained with Carbotrace 480 and autofluorescence values
from unstained sample spectra were collected independently to permit optimal spectral
unmixing. Samples were typically averaged ×8 to reduce noise and increase the precision
of the spectral unmixing. This process was performed using the in-built application within
the Carl Zeiss ZEN 3.4 software (Jena, Germany) on a pixel-to-pixel basis.

The images were unmixed as follows:
SY_temperature samples using SY160 unstained autofluorescence spectra and the

cellulose CT480 spectra.
ST_temperature samples using ST160 unstained autofluorescence spectra and the

cellulose CT480 spectra.
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Abstract: In recent years, hydrogel-based research in biomedical engineering has attracted more at-
tention. Cellulose-based hydrogels have become a research hotspot in the field of functional materials
because of their outstanding characteristics such as excellent flexibility, stimulus-response, biocompat-
ibility, and degradability. In addition, cellulose-based hydrogel materials exhibit excellent mechanical
properties and designable functions through different preparation methods and structure designs,
demonstrating huge development potential. In this review, we have systematically summarized
sources and types of cellulose and the formation mechanism of the hydrogel. We have reviewed and
discussed the recent progress in the development of cellulose-based hydrogels and introduced their
applications such as ionic conduction, thermal insulation, and drug delivery. Also, we analyzed and
highlighted the trends and opportunities for the further development of cellulose-based hydrogels as
emerging materials in the future.

Keywords: cellulose; hydrogels; biomedical engineering; application

1. Introduction

Growing concerns about environmental issues and the increasing demand for environ-
mentally friendly materials have forced researchers around the world to explore naturally
occurring biopolymer or biomimetic materials for their potential applications in various
fields [1,2]. Hydrogels are ductile and extremely porous polymers with a three-dimensional
network structure, which was first produced by Wicherle and Lim in 1960 [3]. Over time,
the research of hydrogels has developed for biomedical applications [4], including wound
dressings [5,6], anti-tumor immunotherapy [7,8], anti-central nervous system disorders [9],
tissue-engineering [10–14], smart drug-delivery systems [7,15,16], and contraception [15],
due to their good biocompatibility, excellent physical and mechanical properties, and
long-term implant stability.

So far, hydrogels are divided into physical hydrogels and chemical hydrogels accord-
ing to the different cross-linking modes [16]. Physical hydrogels are formed by physical
forces, such as hydrophobic aggregation, π-π stacking, hydrogen bonding, and electrostatic
interaction, which are non-permanent and converted into a solution by heating or other
external stimulation. On the contrary, chemical hydrogels formed by chemical cross-linking
are permanent and irreversible. In addition, hydrogels are also divided into traditional
hydrogels and functional/smart hydrogels according to their response to environmental
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stimuli [17]. Traditional hydrogels are not sensitive to environmental changes, while func-
tional/smart stimuli-responsive nanocomposite hydrogels [18] produce corresponding
changes in physical structure and chemical properties to small changes in the external
environment (such as temperature, pH, light, magnetism, etc.) [19,20]. The outstanding
feature of these hydrogels is that the swelling behavior changes significantly in response to
the environment. They are used as actuators [21], sensors [22], plantable and biodegradable
ion batteries [23], thermally insulating materials [24], for tissue transformation [25,26], in
controlled-release switches [27,28] or in precise topical administration regimens [29] and
programmable and bioinstructive materials systems [30], etc. Therefore, functional/smart
stimuli-responsive hydrogels have been one of the most interesting topics for scientific
researchers in recent years.

On the other hand, hydrogels can also be divided into synthetic polymer hydrogels
and natural polymer hydrogels according to the different synthetic raw materials [31].
The natural polymer has attracted more attention due to its biocompatibility, abundant
source, low price and good biomedical application prospects. For instance, cellulose,
alginate, chitosan, pectin, and starch are the most important biopolymers used for the
fabrication of biopolymer hydrogels. Amongst these natural polymers, research focusing
on cellulose-based hydrogels has gained significant attention because of their low cost,
strong processability, renewability, biocompatibility, biodegradability and environmental
friendliness [32]. However, the poor strength of these natural hydrogels has further limited
their application. To address this challenge, synthetic hydrogels and hybrid hydrogels are
favored by researchers because of their tunable physical and chemical properties, which
include super-adhesion [33], strong toughness, fatigue resistance, self-reinforcement [34],
and self-healing [35–38]. In addition, strategies for the design and functionality of aero-
gels [39,40] and nanofiber-based hydrogels [41] were also considered for intensive attention.

In the present review, the recent advances in cellulose hydrogels are highlighted
(Figure 1). Moreover, the sources and types of cellulose, the mechanism of hydrogel for-
mation, the research progress of hybrid cellulose hydrogels, and the different functional
types of cellulose hydrogels are mainly discussed. Finally, the application and poten-
tial challenges of cellulose-based hydrogels are outlined, and future research directions
are considered.
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2. Cellulose

As we know, cellulose was first isolated by French scientist Anselme Payen in 1838 [32].
Subsequently, the polymer form of cellulose was identified by German chemist Staudinger
in 1932. Up to now, cellulose has already been extracted from readily available natural
resources (such as bacteria, bamboo, jute, algae, biofilm, wood, cotton, hemp, and other
plant-based materials), and is the most abundant natural macromolecular compound in the
world. Five thousand to fifteen thousand glucose molecules with the molecular formula
(C6H10O5)n are covalently bonded together through C1 of the glucose ring and C4 of the
adjacent ring (Figure 2a) [10,42], covalently bonded together by the acetal oxygen to form
D-glucose with β-1,4 glycosidic bond [43,44]. The structure and size of natural cellulose
are different in various sources, and the structural form of cellulose nanomaterials depends
on processing technology. In all these multiscale materials, the structure of cellulose is
extremely important because it directly affects its mechanical properties [45]. In addition,
the polyhydroxy groups in cellulose can produce various forms and different functional
properties after specific physical or chemical modification [46]. Therefore, the development
of functional cellulose derivatives has great potential, as a means of improving the flexibility
and feasibility of cellulose.

2.1. Classification of Cellulose
2.1.1. Natural Cellulose

Cellulose is divided into native cellulose and synthetic cellulose according to its
source (Table 1) [47]. Natural cellulose is composed of plant and bacterial cellulose (BC)
(Figure 2b) [43,48]. Plant cellulose widely exists in cotton, wood, and other plants, such as
phloem fiber, seed fiber, and wood fiber, which is the most abundant organic substance
in nature [45]. Bacterial fiber refers to the cellulose synthesized by a specific species of
microorganisms under different conditions, and it is the finest nano-scale fiber in nature.
Multiple microorganisms can synthesize cellulose, such as Pseudomonas and Acetobacter [49].
Importantly, diverse bacteria produce cellulose with various morphology, structures, char-
acteristics, and functionalities. For example, cellulose was secreted by some fungi and
green algae (e.g., Valonia ventricular, Glaucocystis), and contained the outer cell membrane
of some marine ascidians.

A wide range of studies has been conducted on the potential advantages of bacterial
and plant cellulose as biomaterials [50]. Compared with plant cellulose, BC has high
crystallinity and purity, because it does not produce lignin, hemicellulose, and other
accompaniments [51]. It was demonstrated that the superior performance of BC satisfied
the essential requirements of indispensable and versatile biomedical materials for all the
practical and innovative applications [52], such as tissue engineering and wound repair [49].
The wide biomedical applications of BC are supported by the ease of production, lack of
contaminants, and the capability of modulating the material’s features during syntheses—
such as crystallinity index, aspect ratio, and morphology to perfectly fit the final application
requirements [52]. Significantly, natural cellulose-based hydrogels were prepared from
pure cellulose solutions by physical cross-linking due to the presence of numerous hydroxyl
groups, which can connect the polymer network via hydrogen bonding [28]. Moreover,
plant cellulose and bacterial cellulose differ in terms of macromolecular properties. Plant
cellulose has a medium water-holding capacity of 60%, and a moderate level of tensile
strength and crystallinity. At the same time, BC is chemically pure, hydrophilic, and it
has a high water-holding capacity (100%) [52]. However, natural cellulose has multiple
shortcomings such as poor solubility, low thermoplasticity, strong hydrophilicity, weak
adsorption capacity, and difficult processing, which limits its development and application
in the biomedical and pharmaceutical fields [53]. Fortunately, insolubility can be overcome
by obtaining cellulose derivatives through various chemical modification procedures, such
as esterification, etherification, or oxidation (Figure 2c) [54].
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Table 1. Summary of the cellulose classification, property and usage.

Classification Name Property Usage Ref.

Natural cellulose Plant cellulose

thermal and mechanical
degradation; major

components of plant cell
walls.

fabrics, ropes, tapes,
isolating materials. [47]

Bacterial cellulose BC ___

dura mater replacement,
diagnostic sensors, dental grafting,
artificial cornea, wound dressing,

drug delivery system, bone
tissue engineering.

[49,55]

Cellulose derivatives

Phosphate cellulose ___ enrichment agents, ion exchangers. [56]

Nitrocellulose flammability, bonding.
coatings, adhesives, cosmetics,

food packagings, centrifugation
tube materials.

[57]

Cellulose acetate (CA)
biodegradable, renewable,
non-corrosive, non-toxic,

biocompatible.

nanocomposites for biomedical
applications and equipment. [58]

Methylcellulose
(MC)

high water retention,
thermogelation,

macro-phase separation,
syneresis.

slow-release preparation. [59]

Ethylcellulose
(EC)

thermoplastic, water
insoluble, nonionic,

thermally stable,
hydrophobicity.

controlled release formulations,
coating agents. [28,60]

Carboxymethyl
cellulose (CMC)

hydrophilic, bioadhesive,
non-toxic, pH sensitive,

thermally stable.

hindering crystallization or
degradation of the drug;

enhancing the frequency of
drug release.

[28,61]

Hydroxyethyl cellulose
(HEC)

suspension, adhesion,
emulsification, dispersion,

moisture

food stabilizers, thickeners,
adhesives, pharmaceutical
excipients, stabilizers, film

coating agents.

[44]

Hydroxypropyl cellulose
(HPC)

biodegradable and
biocompatible,

self-repairing abilities,
shape memory, unique

hydrophilic/hydrophobic
change.

thermo-responsive hydrogels. [62]

Hydroxypropyl
Methylcellulose (HPMC)

viscous soluble fiber, high
viscosity, gelling.

thickener, emulsifier, stabilizer,
gelling agents, antioxidants,

hypoglycemics.
[63,64]

Hydroxyethyl
Methylcellulose

(HEMC)

water solubility, thermally
stable, gel properties.

hypoglycemics, antioxidant,
coatings, medical dressings. [64,65]

2.1.2. Cellulose Derivatives

Cellulose derivatives are mainly obtained by two methods including physical and
chemical modification (Table 2).

Table 2. Modification method and classification of cellulose derivatives.

Methods Classification

Physical modification

film cellulose;
microcrystalline cellulose;
spherical cellulose;
nano-cellulose;

Chemical modification

degradation reactions: acid-base, oxidative, biodegradation,
mechanical processing;
hydroxyl derivative reactions: nucleophilic substitution, graft
copolymerization, cross-linking reaction, esterification reaction,
etherification reaction.
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1. Physical modification

On the one hand, the physical modification is mainly used to obtain new properties and
functions by changing the structure and surface properties of cellulose. In short, the physical
modification mainly includes mechanical grinding, swelling, recombining, and surface
adsorption without changing the chemical composition of cellulose, such as regenerated
cellulose (the material obtained after cellulose is dissolved and precipitated) [66], membrane
cellulose, microcrystalline cellulose, spherical cellulose [67], and nanocellulose (NC) [68].

Specifically, NC is attracting more attention because it is easy to form a self-assembly
structure with stable mechanical energy. They are mainly classified into two categories:
cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) [69]. NC has high specific sur-
face area, easy modification, biodegradability, non-toxic biocompatibility, wound-healing
characteristics, and antibacterial effects, making it widely used in biomedical fields. For
example, Gonzalez reported polyvinyl alcohol (PVA)/CNC composite hydrogels prepared
by the freeze-thaw technique. Compared with pure PVA hydrogel, the obtained composite
hydrogel maintains transparency, improves thermal stability, and improves mechanical
properties [70].

On the other hand, the physical modification is also used to obtain new properties and
functions by using inorganic salt solutions such as CaCl2, ZnCl2 or MgCl2. Attributable to
the strong binding between metal ions and organic groups, hydrogels are endowed with
unique properties such as temperature sensitivity, pH sensitivity and optical properties [71].

2. Chemical modification

The chemical modification includes two types of reactions: degradation of cellu-
lose and derivatization of hydroxyl groups [72]. Among them, degradation reactions
include acid/base degradation [73], oxidative degradation [74], biodegradation [75], and
mechanical processing degradation. Derivatization, one of the most common methods for
modification of cellulose, was used to synthesize derivatives of cellulose. For example,
cellulose esters, such as cellulose nitrate, cellulose xanthate, cellulose acetate [58], cellulose
acetate phthalate (CAP), and hydroxypropylmethyl cellulose phthalate (HPMCP), are syn-
thesized by esterification of hydroxyl groups with various organic acids in the presence
of a strong acid as a catalyst [76]. Cellulose derivatives obtained by esterification have
good properties of film-forming, which are suitable for standard coatings. Moreover, it
was essential for drug-delivery applications that cellulose esters are not only non-toxic and
stable, but are not absorbed from the gastrointestinal tract [28].

Significantly, hydroxyl derivatization (including nucleophilic substitution, graft copoly-
merization, and cross-linking reactions) is beneficial to improve the water solubility of
cellulose. A classic example is cellulose ether, a class of polymer compound with an ether
structure—such as methyl cellulose (MC), hydroxypropyl methyl cellulose (HPMC), hy-
droxyethyl cellulose (HEC), and carboxymethyl cellulose (CMC), in which the hydrogen of
the cellulose hydroxyl group is replaced by the hydrocarbon group [46]. Compared with
cellulose, cellulose ether has excellent advantages of water-solubility and thermoplasticity,
which is significant for the preparation of hydrogels. Therefore, it is expected that the me-
chanical strength, hydrophobicity, heat resistance, and antibacterial activity of cellulose can
be improved by modification, and the application range of cellulose can be expanded [44].

In addition, graft copolymerization is also a hot topic in the research of cellulose modi-
fication. Ring-opening grafting of cyclic monomers (e.g., epoxides, lactones, cycloimines,
cyclic-thioethers) is one of the commonly used methods for graft modification of cellulose.
Different flexible groups can be introduced by grafting modification to plasticize the in-
ternal cellulose. This method retaining the inherent properties of cellulose endows it with
thermoplasticity [54].

2.2. Property of Cellulose Materials

Natural cellulose is neither soluble in water nor in common organic solvents such as
ether and acetone at room temperature. To dissolve cellulose, two methods are mainly used
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in industry: the derivatization method [77] and the direct method [78]. The derivatization
method generally swells cellulose in sodium hydroxide and activates it to produce cellulose
derivatives which are dissolved in alkali. A special solvent system is used to dissolve
cellulose directly without modifying the property of cellulose by the direct method [79]
In addition, the strong intramolecular and intermolecular hydrogen bonds of cellulose
endue cellulose with many special properties, such as crystallinity, water absorption, self-
assembly, and chemical activity, electrical conductivity, thermal conductivity, and optical
properties [80].

2.2.1. Mechanical Properties of Cellulose Materials

Some factors, such as crystal structure (Iα, Iβ, II), crystallinity percentage, anisotropy,
and performance measurement methods and techniques may affect the measured mechani-
cal properties. The mechanical properties, mainly the elastic properties of several cellulose
particles, have been reported previously [42,81]. Here, we have briefly summarized them.
In short, there are four basic parameter influenced properties of cellulose-based materials:
elastic modulus in the axial direction (EA), the elastic modulus in the transverse direction
(ET), tensile strength (σf, tensile testing), and strain to failure (εf, tensile testing). The elastic
properties have been measured using in situ tensile tests combined with XRD and inelastic
X-ray scattering (IXS) to measure strain [42].

2.2.2. Conductive Properties

Hydrogels are composed of polymer networks and more than 90% water, and therefore
can be used as ideal ionic conductors when mixed with electrolyte salts. However, the
polymerization process is time-consuming and energy-consuming, and the poor adaptabil-
ity to the extreme environment has seriously hindered its development in the emerging
green power field. Therefore, it is still a challenge to prepare ionic conductive hydrogels
with high mechanical properties, high electrical conductivity, and good freezing resistance
through a simple method.

For example, Wang directly generated ionic conductive cellulose hydrogels (CCHs)
with antifreeze properties through a simple one-step chemical cross-linking [82]. Cel-
lulose was dissolved in an aqueous solution of benzyl trimethyl ammonium hydroxide
(BzMe3NOH), and CCHs were directly obtained by chemical cross-linking without fur-
ther treatment. The conductive hydrogel is endowed with sensitivity, high transparency,
and elasticity by the solvent, and can still maintain a stable performance at low tempera-
tures. These advantages make the cellulose-based hydrogels show promising application
prospects in sensors, energy storage, and wearable devices at sub-zero temperatures.

2.2.3. Thermal Properties

Typically, thermochemical degradation of cellulose occurs between 200–300 ◦C, de-
pending on the heating rate, particle type, and surface modification type. Iα is composed
of single-chain triclinic monomer units, and Iβ is composed of double-chain monoclinic
monomer units. The former is mainly cellulose in green algae and bacteria, and the latter
is the main crystalline form of cellulose in wood and cotton. This also leads to a certain
anisotropy of the thermal conductivity of cellulose [24]. The thermal conductivity of cellu-
lose determines its important position in hydrogel-based thermal insulation materials. For
example, Zhang et al. integrated ionic compounds (ZnCl2/CaCl2) into cellulose hydrogel
networks to enhance frost resistance [83]. Their specially designed ZnCl2/CaCl2 system
has excellent freezing resistance and improved the solidification rate of cellulose by extra
water or glycerol.

In addition, MC is a typical temperature-responsive water-soluble polymer [84], which
can form gels in the presence of salt at 37 ◦C. Inspired by this criterion, MC has become
an attractive candidate for the preparation of thermosensitive physical hydrogels in the
field of drug delivery, tissue engineering, etc. [85,86]. For example, a thermo-responsive
MC hydrogel was prepared by crosslinking with citric acid for cell sheet engineering,
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allowing cell detachment from their surface by lowering the temperature below transition
temperature [87].

2.2.4. Optical Properties

Anisotropic structures have unique characteristics in many aspects, such as electricity,
mechanics and optics, and most biological soft tissues (muscle, skin and cartilage) have
multi-layered ordered structures ranging from nano scale to macro scale, which play a
crucial role in organisms [88]. As a kind of soft and wet material, hydrogels are widely used
in biomedical materials, flexible electrodes, brakes, sensors, etc. Compared with traditional
hydrogels, anisotropic hydrogels with oriented structures have greater potential in all
aspects [89]. However, the preparation of highly oriented hydrogels remains challenging
because the regulation of macromolecular chains is often limited by electrostatic, hydrogen
bonding and other interactions.

Based on the regenerated cellulose hydrogels prepared by ZnCl2/CaCl2 dissolution
system in the early stage [83], He Group conducted a series of studies on the preparation
of anisotropic cellulose hydrogels induced by Ca2+ ions. For example, a simple method
for the preparation of multiphase convertible cellulose hydrogels under Ca2+/Zn2+ ion
exchange was reported (Figure 3a) [71]. The introduction of Ca2+ can not only improve the
compressive strength of cellulose hydrogel, but also improve the orientation of the hydrogel
through compression setting. The ionic hydrogel has good pressure response performance
and can effectively monitor the slight bending of fingers and pressure changes. In addition,
a new method for producing cellulose hydrogels with high orientation (refraction index:
~6.4 × 10−3) and high-water content (~72%) was proposed (Figure 3b) [90]. This strategy
uses Ca2+ coordination cycles to break the hydrogen bonds between cellulose chains,
and flexibly switches between ion coordination/hydrogen bond dominance, achieving
continuous regulation of high-orientation structures. This principle may provide a new
way to construct highly oriented structures and prepare a variety of stimulus-response
anisotropic materials. Subsequently, they also prepared gradient anisotropic cellulose
hydrogels by the CaCl2 solution diffusion method [91]. The orientation of the cellulose
chain in the hydrogel shows a characteristic of decreasing along the direction of ionic
diffusion. They proved for the first time the concept of sensitive regions in the ordering-
disorder transition region of gradient hydrogels. On this basis, a readable strain response
colorimetric card that can be used to detect tiny strains was designed (Figure 3c). This
strategy has great potential in the fabrication of optical response devices, complex 3-D
structures, and bionic structures.
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Figure 3. A new method for the preparation of anisotropic cellulose hydrogels induced by calcium
ions. (a) Reversible multiphase transformation of Cellulose hydrogels based on Ca2+/Zn2+ exchange
and color change of the gel interference under orthogonal polarized light during ion exchange.
Adapted with permission from Ref. [71] Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) The schematic diagram of the preparation of a highly oriented cellulose hydrogel
by H2O/Ca2+ exchange shows that the flexible switch between ion coordination/hydrogen bond
dominance is achieved, thus achieving continuous regulation of a high-oriented structure. (i) The
initial gel cross-linked by Ca2+. (ii) The hydrophobic stacking of cellulose chains triggered by water
along the length direction to form an aligned structure. (iii) Ca2+ breaks the H-bonds between
the cellulose chains and is simultaneously cross-linked with cellulose molecules. (iv) Hydrophobic
stacking occurred again when the gel was soaked in water. With the repeated H2O and Ca2+ exchange
process, the cellulose molecular chains continued to adjust along the confined direction, resulting in a
high orientation structure. Adapted with permission from Ref. [90] Copyright 2020, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (c) Mechanism diagram and microstrain test diagram of
gradient anisotropic hydrogel prepared by directional diffusion of cellulose sol in CaCl2 solution.
Adapted with permission from Ref. [91] Copyright 2021, Elsevier Ltd.

In addition, under the action of external forces, the elastic chemical crosslinking net-
work can ensure the large deformation of hydrogels, while the fracture and rearrangement
of the physical crosslinking network can effectively dissipate energy, endowing cellulose
hydrogels with good strength, toughness and force-induced optical anisotropy. For ex-
ample, the Zhang Group prepared a novel cellulose hydrogel with a small amount of
epichlorohydrin (EPI) in LiOH/urea solution and subsequent treating with dilute acid
by using cellulose cotton short pulp to show sensitive force-induced optical anisotropy
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properties [92]. It was confirmed that the unique structure endows the hydrogel with
excellent mechanical properties and the force-induced optical anisotropy is derived from
the force-induced structural orientation. This kind of cellulose hydrogel can be designed
as an intelligent soft matter force sensor to sense external forces because of its sensitive
force-induced optical anisotropy behavior.

3. Preparation Methods of Cellulose Hydrogel

A cellulose-based hydrogel is prepared by physical or chemical cross-linking (Figure 4a,b) [28].
The hydroxyl groups of cellulose and various groups after modification are beneficial to
the cross-linking of cellulose to obtain cellulose-based hydrogels (Table 3). The preparation
of hydrogels is closely related to the formation of its interconnected network structure.
Interactions of physical properties include mechanical chain entanglements, van der Waals
interactions, hydrogen bondings, hydrophobic force aggregations or electronic associations.
Mastering the preparation principle and method of hydrogel will help us to better design
biomedical materials that could meet different needs. In this section, we will briefly intro-
duce the preparation methods of hydrogel, including physical, chemical cross-linking, and
interpenetrating networks.

3.1. Physical Cross-Linking

Physical hydrogels, also called pseudo hydrogels or thermally reversible hydrogels,
are formed through van der Waals forces, hydrogen bonds, ionic bonds, and hydrophobic
interactions. The interaction between physical cross-linked cellulose hydrogel molecules
is reversible, and the network structure is destroyed with the change in physical con-
ditions [93]. Physical gelation is the self-association of the cellulose chain. Cellulose
preferentially binds to cellulose rather than to cellulose solvent, which is often accompa-
nied by a microphase separation. Physical cross-linking methods have the following four
mechanisms: (1) interaction between ions: the physical cross-linking network based on PVA
and chitosan (CS) was mainly constructed by immersing the Na3Cit solution as the dynamic
bond, and the N-glucosamine unit of the CS chain in the tridentate coordination of the Cit3−

anion [94]; (2) crystal cross-linking: Koichi proposed a non-damage enhancement strategy
for hydrogels using strain-induced crystallization [34]. For the highly oriented slip-ring
hydrogels with polyethylene glycol chains exposed to each other under large deformation,
crystallization formed and melted with elongation and contraction, resulting in almost
100% rapid recovery of tensile energy and excellent toughness of 6.6 to 22 megajoules each
square meter; (3) hydrogen bond cross-linking: there is a new strategy to dynamically
adjust the hydrogen bond cross-linking between PVA and tannic acid (TA) by ethanol,
which can be simply coated on the surface of porous substrates by different methods [95];
and (4) hydrophobic association: Sun made the short alkyl side chain modified hydrogel
library into a model phase separation hydrogel [96]. With the increase of side chain length,
stronger hydrophobic interaction was generated. The longer side chain in the hydrogel
promoted a thicker and denser network. Therefore, the layering was faster compared with
the short side chain.

3.2. Chemical Cross-Linking

Different from physical hydrogels, chemical hydrogels are irreversible with three-
dimensional networks connected by covalent bonds. The starting material can be a
monomer, polymer or a mixture of monomer and polymer (Figure 4c) [97]. What’s more, the
preparation process is not spontaneous; on one hand, the reaction is triggered by radiation.
On the other hand, the polymer reacts with small molecule cross-linking agents. Chemical
cross-linking hydrogels are prepared by functional coupling agents or by cross-linking
more than two polymer chains under ultraviolet light. Hydrogels prepared by this method
will be more stable and have better swelling performance [98]. Various cross-linking
agents and catalysts are used for the chemical cross-linking of cellulose derivatives. The
most commonly used cross-linking agents are dialdehydes, acetals, polycarboxylic acids,
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epichlorohydrin and polyepichlorohydrin. The chemical cross-linking method disrupts the
self-association and packing of cellulose leading to swollen transparent coagulated cellulose
hydrogels with more uniform morphology and porous structure, lower crystallinity, higher
swelling and higher water vapor adsorption affinity [43]. Chemical cross-linking includes
radiation polymerization and free radical polymerization (Figure 4d) [99]. For instance, a
polyacrylamide/acidified single-walled carbon nanotube composite hydrogel was used to
assemble quasi-solid TEC by Chen [100]. The hydrogel was chlorinated with Sn (IV)/Sn (II)
chloride (Sn4+/Sn2+) as redox pairs, and a simple in-situ free radical polymerization route
was used to fabricate a hydrogel with high thermos electro chemical Seebeck Coefficient
and excellent thermos electro chemical stability against large mechanical tensile and defor-
mation [101]. In addition, a polyacrylamide-based hydrogel sensor was also designed by
Wen, where hydroxyl radicals are caused by the radiolysis of X-ray water molecules [100].

In addition to using the above two methods alone, physical and chemical cross-
linking can also be used together. For example, Zhao proposed a strategy using sequential
chemical cross-linking and physical cross-linking to form mechanically strong and tough
double-crosslinked (DC) cellulose hydrogels from cellulose/alkali hydroxide/urea aqueous
solutions [102]. The resulting DC cellulose hydrogels were transparent, foldable and were
elastic and featured quick recovery properties. Moreover, the nanostructured network of
DC cellulose hydrogels was achieved by covalent cross-linking, hydrogen bonding and
chain entanglement between cellulose chains and cellulose II microcrystalline hydrates
in DC cellulose hydrogels. The hydrogel effectively improved the mechanical properties
of DC cellulose hydrogel, which exceeded the single chemical cross-linking and physical
cross-linking cellulose hydrogel. The hydrogel developed in this work represents the
first example of a cellulose hydrogel with high strength and toughness, whose excellent
mechanical properties stem from the cross-linked structure resulting from a sequential
chemical and physical cross-linking strategy. DC cellulose hydrogels are a new class of
polysaccharide hydrogels with potential applications in artificial blood vessels and skin,
tissue engineering materials, and catalyst carriers.
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the crosslinking between celluloses in the presence of spacers. DVS: divinyl sulfone, cross-linked
molecules. (d) Synthesis route of hydrogel by radical polymerization. Adapted with permission from
Ref. [99] copyright 2007, Society of Chemical Industry. (e) Formation and structure of semi- and full
interpenetrating hydrogels. Adapted with permission from Ref. [103] Copyright 2008, Elsevier Ltd.

3.3. Interpenetrating Network

An interpenetrating network polymer (IPN) is an aggregation structure formed by
the penetration of two polymers in the form of a network (Figure 4e) [103,104]. One of the
polymers is chemically cross-linked and the other penetrates its network of it, so that there
is no covalent bond between the two polymers [105]. Cellulose-based hydrogel prepared
by the IPN method was a two-component network structure, which has the characteristics
of a large swelling ratio and good mechanical properties. It has good application prospects
in biomedical tissue engineering, adsorption, and separation [106].
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Table 3. Classification of hydrogel crosslinking methods.

Crosslinking
Types Crosslinking Mechanism Crosslinking Methods Reference

Physical
crosslinking

Ions interaction

Based on polyvinyl alcohol, a physical cross-linked
network was constructed by coordinating the

N-glucosamine unit of chitosan chain with the tridentate
ligand of Cit3− anion.

[94]

Crystalline crosslinking Crystallization formed in polyethylene glycol chain slip
ring gel and melted with elongation and contraction. [34]

Hydrogen bonding
crosslinking Between PVA and Tannic Acid (TA). [95]

Hydrophobic association
interaction

Increased side chain length leads to stronger
hydrophobic interactions and promotes thicker and

denser networks.
[96]

Chemical
crosslinking

Free radical polymerization
Composite hydrogel formed by in situ radical
polymerization of poly-acrylamide/acidified

single-walled carbon nanotubes.
[101]

Radiation polymerization Polymerization of monomers is initiated by
high-energy radiation. [100]

Interpenetrating polymer
network

PVA network with high crosslink density (a skeleton
restricting the saturated water content of gel) is

penetrated by polystyrene sulfonate (PSS) network.
[107]

The semi-interpenetrating network (Semi-IPN) hydrogel is synthesized by immersing
the monomer and initiator into the hydrogel solution, and the full-IPN hydrogel is formed
by adding cross-linking agent [103]. Compared with hydrogels prepared by other meth-
ods, hydrogels prepared by the interpenetrating network method have good mechanical
strength, better flexibility, controllable physical properties, and more effective drug loading.
Since the micropores are adjustable, the release behavior of drug conforms to controlled
release kinetics [108]. For example, a simple strategy to control the hydration of poly-
mer networks in hydrogels was reported by Zhao, in which highly skeletonized polymer
networks can be used to functionalize densely cross-linked polymers as skeletons [109].
The hydration of polymer chains will produce a large number of weakly bound water
molecules, thereby promoting water evaporation. A PVA network with a high cross-link
density (a skeleton restricting the saturated water content of hydrogel) is penetrated by a
polystyrene sulfonate (PSS) network which can be actively hydrated by water molecules
through electrostatic and hydrogen bonds. Hydrogels with this interpenetrating polymer
network can activate more than 50% of the water into an intermediate state.

4. Cellulose-Based Hydrogels

Cellulose-based hydrogels as biomaterials should be biocompatible. In the meantime,
it should perform special biochemical, mechanical, and physical properties in order to
simulate fundamental aspects in vivo. Biocompatibility signals the likelihood of a material
to coexist and interact without harm in the presence of a specific tissue or biological
function. Assessing the biocompatibility of a biomaterial requires examining the harm or
side effects it may cause to the host. The feature of the cellulose-based hydrogels, such as
biocompatibility, biodegradability, adjustable mechanical properties, sensitivity to various
stimuli, the ability to encapsulate different therapeutic agents and to control drug release
make it an important candidate for biomedical applications.

4.1. CNF-Based Hydrogels

CNF-based hydrogels, which have three-dimensional NF networks and unique phys-
ical properties, have great applications in elastic hydrogels, ionic conduction, and water
purification for emerging materials [41]. CNF is composed of a cellulose chain, which
is long and flexible and arranged in the structure controlled by hydrogen bonds. CNF
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is characterized by a recognized cytocompatibility and a high tolerogenic potential. For
example, Hong demonstrated the gelation of carboxylated cellulose nanofibers and the
formation of interconnected porous networks by adding divalent or trivalent cations (Ca2+,
Zn2+, Cu2+, Al3+, and Fe3+) to aqueous nanofiber dispersions. Dynamic viscoelastic mea-
surement showed that the hydrogel modulus can be adjusted by appropriate selection of
cations. Gelation was induced by screening for repulsive charges on the nanofibers, and
gel properties were controlled by ionic crosslinking. We can envision multiple potential
applications of CNF-Mn+ hydrogels in biomedicine and other fields, such as drug carriers
and the encapsulation of functional molecules.

4.2. Cellulose-Based Hybrid Smart Hydrogels

As we know, the poor mechanical properties of traditional biomolecular hydrogels
severely limit their application prospects. Traditional hydrogels have been increasingly
unable to meet the growing needs of biomedicine. Smart hydrogels (stimuli-responsive
hydrogels) have attracted extensive attention in academic and industrial fields due to their
high elasticity and adaptability, which can respond to environmental stimuli rapidly and
significantly [110]. Therefore, how to prepare smart biocompatible hydrogels with high
strength, high toughness and high-water content from biological macromolecules is a hot
research topic in hydrogel fields [111,112].

According to the response to external stimuli, intelligent polymer hydrogels can be
allocated to pH sensitive hydrogels, thermal sensitive hydrogels, salt sensitive hydrogels,
tiny force sensitive hydrogels, and so on [113].

4.2.1. pH Sensitive Hydrogels

pH sensitive hydrogels contain a large number of acid and base groups that are easily
hydrolyzed or protonated, such as carboxyl and amino groups. When the external pH value
changes, the degree of protonation or deprotonation of these groups changes accordingly,
resulting in changes in the electrostatic attraction or repulsion between functional groups,
and the swelling degree of hydrogels [114]. At the same time, with the change of pH
value, the difference in ion concentration inside and outside the hydrogel also changed,
resulting in the change of osmotic pressure inside and outside the hydrogel, and the change
in swelling degree of the hydrogel [115]. In addition, the dissociation of these groups will
also destroy the corresponding hydrogen bonds in the hydrogel, reduce the cross-linking
points of the hydrogel network, cause a change in the hydrogel network structure, and
cause hydrogel swelling [116]. For example, polyacrylic acid, polyacrylamide, and chitosan
are typical pH sensitive polymer hydrogels. Yin et al. prepared an intelligent pH sensitive
hydrogel based on the oxidation of hydroxyethyl cellulose from pineapple peel and the
residual carboxymethyl chitosan from Hericium Erinaceus. It was done mainly through
the oxidation and alkalization of cellulose hydrogels. Cellulose was modified to oxidized
dialdehyde cellulose, and chitin was modified to CMC, which was combined by a Schiff
base reaction to form a new hydrogel with excellent characteristics [117].

4.2.2. Thermal Sensitive Hydrogels

In 1978, Tanaka et al. first found the thermal sensitivity of hydrogels when they
studied polyacrylamide [118]. The thermal sensitivity of hydrogels refers to the volume
mutation that occurs with the change in ambient temperature. The hydrogel has a certain
proportion of hydrophobic and hydrophilic groups. The temperature change can affect
the hydrophobic effect of these groups and the hydrogen bond between macromolecular
chains so that the gel structure changes and the volume changes.

Inspired by this criterion, cellulose derivatives, such as MC, HPC, HPMC, and EHEC,
have become an attractive candidate for the preparation of thermosensitive physical hydro-
gels. For example, a thermoreversible hydrogel was prepared by combining high molecular
weight hyaluronic acid with rapidly oxidized nanocellulose, MC and polyethylene glycol to
prevent adhesion. Among them, MC ensured the thermal sensitivity of this hydrogel [119].
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As thermal responsive hydrogels, HPC-based hydrogels have also been studied in
depth. HPC hydrogels respond to temperature changes by volume phase transition. Below
the phase transition temperature (Tt = 41 ◦C), the hydrogel is hydrophilic, swelling in
water. The hydrogel becomes hydrophobic, and disintegrates into a small volume when the
temperature is above the Tt [120]. Also, HPMC is a polysaccharide derivative with water
solubility, pH stability, biodegradability and biocompatibility [121]. Due to the dehydration
of the hydrophobic substitution zone of the polymer chain, HPMC can undergo thermal
reversible sol-gel phase transition during heating. Although the gel temperature of HPMC
was 60 ◦C, much higher than 37 ◦C, Wang destroyed the polymer water sheath by adding
a high concentration of glycerol, promoting the formation of a hydrophobic region and
reducing Tt. Furthermore, EHEC has a low critical dissolution temperature, and phase
separation occurs above this temperature. With the increase in temperature, EHEC becomes
more hydrophobic and induces the formation of large aggregates separated from the water
phase. Specifically, ionic surfactant was added to EHEC, which significantly changed this
situation and formed low-toxic thermoresponsive hydrogels [122].

In addition, the thermal response of CNF-based hydrogels can also be triggered
intelligently. For example, Wei et al. prepared an ionic skin–water solvent network based
on high-performance organic hydrogels with superior mechanical response and thermal
sensing ability through one-step UV-initiated polymerization, which can be assembled into
capacitive sensors for motion monitoring in real life and thermal resistance for dynamic
temperature detection. In short, olyacrylamide (PAAm), CNFs, tannic acid (TA), electrolytes
(NaCl), and glycerol/water binary solvent are incorporated by UV-initiated free radical
polymerization [123]. In addition, based on the temperature-dependent self-association
of betaine methacrylate (SBMA), polymer chains and the incorporation of temperature
sensitive cellulose/polyaniline nanofibers (CPA NFs) in a glycerol-water binary solvent
system, Hao et al. successfully prepared an intelligent temperature-sensing amphoteric
hydrogel with superior low-temperature tolerance and conformal adhesion [124].

4.2.3. Salt Sensitive Hydrogels

The swelling rate/water absorption rate of salt sensitive hydrogels will vary with
the change of salt concentration outside because of its structure. The positive and nega-
tive charged groups of these hydrogels are bonded together by covalent bonds, and the
addition of small molecular salts can shield and destroy the association of them in the
macromolecular chain, resulting in the stretching of the molecular chain. The outstanding
advantage of such hydrogels is that the swelling behavior of hydrogels in salt solution
presents the anti-polyelectrolyte behavior. In another word, under certain conditions, the
swelling ratio of hydrogels in salt does not decrease but increases with the increase of the
applied salt concentration. For example, Hai et al. developed a novel fluorescent switch-
reporting ClO−/SCN− reversible responsive cellulose hydrogel. When ClO− was added,
the hydrogel network of NC hydrogel was destroyed, and the fluorescence was quenched.
Hydrogel changes in a completely reversible process by regulating ClO−/SCN− [102].

4.2.4. Tiny Force Sensitive Hydrogels

Strain sensors can sense external stimulus signals and convert them into recordable
electrical signals, which are widely used in human daily motion monitoring, skin percep-
tion, and other fields. Ouyang et al. prepared gradient anisotropic carboxymethyl cellulose
hydrogel (CMC-Al3+) CMC-Al3+ by directional diffusion of aluminum chloride solution.
The CMC-Al3+ was packaged with PVC flame retardant tape, and a strain sensor for de-
tecting micromotion of the human body was made. It can accurately and stably monitor
micromotion [125]. Ye et al. found that cellulose was reacted with a small amount of
epichlorohydrin (EPI) in LiOH/urea solution, and then treated with dilute acid to prepare
tough cellulose hydrogel with deformation-induced anisotropy. This cellulose hydrogel has
sensitive mechanical response characteristics and can be used as dynamic light switches
and soft sensors to accurately detect small external forces [92].
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5. Application

During the past decades, cellulose-based hybrid smart hydrogels/aerogels have been
developed in an increasing number of applications which significantly contribute to our
public healthcare systems [126]. Cellulose is known to be a naturally abundant, mechan-
ically excellent, sustainable technological, and inexpensive material [127]. Among them,
naturally derived nanocelluloses possesses unique physicochemical properties and great
potential as renewable smart nanomaterials, opening up a large number of new func-
tional materials for multi-sensing applications. Cellulose not only plays a huge role by
itself but synergizes with other materials to achieve the manufacture of more advanced
and multifunctional hybrid materials. In recent years, many advances have been made
in the design of functional materials with excellent mechanical properties using cellu-
lose [45,128]. In this section, we will focus on the advances of cellulose-based hydrogels in
biomedical applications.

5.1. Ionic Conduction/Battery

With the rapid development of the Internet of Things and the increasing demand for
human-machine interfaces, flexible ionic conductors have attracted extensive attention due
to their characteristics of high elasticity, transparency, adjustable mechanical properties,
and consistent electrical conductivity. Cellulose-based conductive hydrogels for tissue
engineering are constantly progressing [10]. Recently, conductive hydrogels showed great
prospects for extensive and important applications in the field of sustainable energy such as
sensors, batteries, and flexible electronic devices [129] because of their unique characteristics
of sufficient flexibility, durability, and versatility. Traditional hydrogels lose their original
properties due to freezing at low temperatures, which limits their application. For example,
a freeze-resistant ionic conductive cellulose hydrogel, which can be used as a tensile,
compression and temperature sensor was prepared [82]. Unlike traditional hydrogels,
its frost resistance allows it to work well in sub-zero temperatures. The sensor based on
antifreeze conductive hydrogel has stable mechanical property and thermal sensitivity, and
fast, reliable, stable and reversible response performance. It is suitable for low temperatures,
and is used for soft artificial intelligence devices in complex temperature environments.
In recent years, the use of renewable resources and green preparation technologies to
prepare smart hybrid materials has attracted the extensive attention of researchers. For
example, the most advanced nanocellulose-graphene composites [130] can be used for multi-
functional sensing platforms such as mechanical, environmental and human biological
signal detection, simulation and field monitoring. Moreover, a number of researchers have
also been involved in investigating the exploitation of CFs as load-bearing components for
composites. The use of these materials in composites has increased due to their relative
cheapness compared to conventional materials such as glass and aramid fibres, their
recyclability, and the fact that they compete well in terms of strength per unit weight of
material [47].

Recently, a new transparent ionic conductive hydrogel with excellent mechanical
properties, high conductivity, high transparency, and freezing resistance based on PVA and
CNFs was prepared by the sol-gel transformation method (Figure 5a) [131]. The multi-layer
porous structure of CNFs/PVA plays an important role in enhancing the ionic conductivity
of organic hydrogels (Figure 5b). Pressure sensors based on conductive hydrogels with
high-pressure sensitivity (Figure 5c) are used to detect complex human movements in real
time (Figure 5d). In short, this material design demonstrates the synergistic effect of CNFs
in improving mechanical properties and ionic conductivity, solving the long-standing
dilemma between the strength, toughness, and ionic conductivity of ionic conducting
hydrogels, which are widely used in wearable electronic devices.
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Figure 5. Cellulose-based ionic conductive hydrogel for multi-functional sensors. (a) Schematic
illustration of PVA-CNF organohydrogel. (b) Ashby plot of ionic conductivity and tensile stress with
other reported ionic conductive (organo) hydrogels. (c) Relative resistance changes and pressure sen-
sitivity of PVA-1%CNF organohydrogels-based sensor at varying pressure. (d) The relative resistance
changes of sensors versus time for real-time monitoring of various human motions. Adapted with
permission from Ref. [131], WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Zinc-air batteries are regarded as the ideal power source for the next generation. Lim-
ited by the zinc-air battery electrolyte, it has rarely been reported in the improvement
of flexibility and wearability. Although there have been many reports of stretchable su-
percapacitors and stretchable batteries, preparing ultra-long stretchable zinc-air batteries
remains a major challenge. Recently, a sodium polyacrylate/cellulose double network
hydrogel, which has ~1200% tensile properties in strong alkali as a result of the intro-
duction of cellulose into the sodium polyacrylate, was prepared [132]. Based on sodium
polyacrylate/cellulose network hydrogel, the planar electrode was prepared by using a
wavy zinc electrode, of which the air electrode has a maximum tensile strength of 800%
and the fiber electrode can be stretched up to 500%. The hydrogels with double network
structure prepared by them have good alkali resistance, which can also be used in other
alkaline electrolyte storage devices.

The transient device is a new electronic device whose main characteristic is that after
completing the task, it can completely or partially dissolve or decompose the constituent
material through a chemical or physical process, which is considered a new research di-
rection for an implantable device. However, the research on transient devices is still in
its infancy, and many challenges need to be overcome, especially since the development
of transient energy devices is relatively slow. Recently, a transient zinc ion battery (TZIB)
with excellent biocompatibility and complete degradation based on a carefully designed
cellulose aerogel-gelatin (CAG) solid electrolyte was reported [23]. The new fully degrad-
able CAG solid electrolyte enables TZIB to achieve controlled degradation and stable
electrochemical performance while maintaining excellent mechanical properties. More
importantly, TZIB has excellent electrochemical performance while meeting the require-
ments of controlled degradation. These results demonstrate the potential of TZIB for future
clinical applications and provide a new platform for transient electronics. This is the first
time that the perfect combination of high flexibility, high mechanical performance, and high
biocompatibility has been achieved while maintaining high battery performance. Thus,
this work offers new opportunities for future self-powered transient electronic devices or
traditional self-powered implantable medical devices, such as implantable cardioverter
defibrillators, implantable diagnostic sensors and the rapidly evolving implantable moni-
toring of diabetes. In addition, a soft stretchable conductive hydrogel composite consisting
of alginate, carboxymethyl cellulose, polyacrylamide, and silver flakes was reported [133].

5.2. Thermal Insulation

In the next five years, cellulosic polyporous materials with thermal insulation, light
weight, and excellent mechanical properties are expected to replace commercial thermal
insulation materials (expanded polystyrene, expanded polyurethane and glass wool). Since
the thermal conductivity of porous materials is mainly contributed to by the gas and
solid phases, the thermal conductivity can be reduced by increasing the Knudsen effect
and improving phonon scattering [134]. Cellulosic porous materials with light weight,
high mechanical strength, flame retardance, and heat insulation are expected to replace
commercial fossil energy materials for indoor insulation in the future. In the long run,
due to the large amount of insulation materials, it is necessary to design cellulose-based
thermally insulating materials that can be prepared with low energy consumption on a
large scale. The research progress of porous materials based on nanocellulose in heat
insulation in recent years has been reported previously in some reviews [24].

For example, a mixed aerogel with a high mechanical compression ratio (≈99%)
and superhydrophobicity (≈168◦) by using BC and methyltrimethoxysilane (MTMS) was
reported (Figure 6a) [132]. Improving moisture-proof performance to prevent water pene-
tration is the key premise to ensuring the thermal insulation quality of aerogel. The layered
porous structure ensures the ultra-light and thermal insulation properties of aerogel. The
aerogel has a strong superhydrophobicity to withstand high humidity due to its fibrous
nanostructures, hydrophobic surface parts and stable nanofiber framework. When the
relative humidity changed from 30% to 90% (Figure 6b), the thermal conductivity of aerogel
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remained almost constant. Under experimental conditions (−20 to 150 ◦C), the thermal
insulation performance of hybrid aerogel is comparable to that of down (Figure 6c). There-
fore, the aerogel may be a good choice for thermal protection under extreme temperature
and humidity. It can be formed in a variety of shapes by freeze-forming and can be scaled
up to any desired size for future industrial applications.
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of the BC–PMSQ hybrid aerogels. (b) Thermal conductivities λ of BC–PMSQ, down feathers, and
pure BC membranes. (c) Durable thermal insulation performance was evaluated by optical and
infrared images. Adapted with permission from Ref. [132], Copyright 2021, Wiley-VCH GmbH.

5.3. Optically Responsive Soft Etalon

Stimuli-responsive optical hydrogel provides a broad platform for the development of
smart materials and has been integrated into a variety of optical filters, sensors, indicators
and diodes. For example, hydrogels exhibit strong color changes when the periodicity of the
structure is stimulated externally. However, it is very difficult to prepare photonic crystals
of such high quality. A key advantage is that fine chemical modifications of hydrogel
precursors can control the mechanical strength and elasticity of the resultant film. In recent
years, since the cellulose itself does not absorb visible light and does not scatter light
significantly, cellulose-based optical hydrogels are attracting more attention.

Recently, an optically responsive soft etalon based on a double network cellulose
hydrogel was reported [135]. The refractive index and thickness of the hydrogel were
changed by the humidity because of optical interference within the metal–insulator–metal
(MIM) cavity. Further functionalization of these cellulose hydrogels will facilitate the
development of sensors that respond to a variety of external stimuli. In addition, the Zhang
group reported cellulose hydrogels with deformation-induced anisotropy that exhibited
high toughness by reacting with epichlorohydrin (EPI) in LiOH/urea solution [92]. Force-
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induced optical anisotropy is derived from force-induced structural orientation. This kind
of cellulose hydrogel can be designed as an intelligent soft matter force sensor to sense
external forces because of its sensitive force-induced optical anisotropy behavior.

5.4. Wound Healing Therapy

Ideal materials for wound healing should have non-cytotoxicity, good biocompatibility,
a high moisturizing effect, excellent breathability, and be easy to apply to different types
of wounds [136]. To promote wound healing, wound dressings are essential to repair
the skin and restore skin function. Cellulose-based hydrogels are an effective treatment
material to promote wound repair, and they have attracted significant attention in the field
of tissue regeneration because of their unique properties to meet the requirements of wound
healing materials [137]. For example, the injectable hydrogel is initially a liquid at room
temperature with pre-gelling fluidity which can be applied to any defect or cavity with
minimal invasion. After experiencing transformation or responding to pH/temperature
changes in a short period of time, the hydrogel will be formed in situ, and can quickly
cross-link with the tissues around the wound. He et al. developed a series of injectable pH-
responsive self-healing hydrogels based on acryloyl-6-aminohexanoic acid (AA) and AA-
N-hydroxysuccinimide (AA-NHS), and further proved its great potential as an endoscopic
sprayable bioadhesive material to effectively prevent bleeding and promote wound healing
in a pig stomach bleeding/wound model [138].

To further accelerate the wound healing of patients with diabetes, the construction of
conductive wound dressings in response to physiological electrical signals and external
electric field stimulation at the wound site will help to conduct and distribute electri-
cal signals to the damaged tissue more effectively. Given this, the Lu Group reported a
polydopamine-reduced-graphene oxide (PGO)-hybridized cellulose (PGC) bio-nanosheet,
and a PGC bio-nanosheet-assembled hydrogel (PGCNSH) with good flexibility, biological
stability, electrical conductivity and cell/tissue affinity (Figure 7a) [5]. The effects of hydro-
gels combined with electric stimulation on cell behavior showed that myoblasts (C2C12
cells) had higher proliferation activity (Figure 7b) and more adhesion spots (Figure 7c) on
the PGCNSH hydrogel surface than pure cellulose hydrogel in the absence of electrical
stimulation. In addition, the conductive PGCNSH hydrogel can also deliver electrical
stimulation in vivo, which can promote the repair of diabetic wounds under the coupling
effect of external electrical stimulation (Figure 7d). The results of this study provided an
effective synergistic treatment strategy for speeding up diabetic wound repair by coupling
electrically conductive cellular-based hydrogel dressings with electrical stimulation. It
indicated that conductive PGCNSH hydrogel as an “electronic skin” has the potential to
promote chronic wound repair under electrotherapy coupling.

Cook et al. studied a hydrogel dressing which was formed in situ through the reaction
between amine-terminated branched poly (ethyleneimine) (PEI) and a bifunctional NHS-
activated poly (ethylene glycol) (PEG) cross-linking agent, thiol-ester exchange in the
presence of methyl cysteine ( CME ) to leave crosslinking agent and dissolve dressings [139].
This study implements alternative dressings and simple methods for secondary burns.

Human skin is soft and sensitive to environmental changes. Many bionic skin ma-
terials have been developed via artificial intelligence, such as wearable sensors and soft
robots. These smart devices can convert external stimuli into visual data. However, the
complete imitation of human skin’s sensory and sensory characteristics will bring great
challenges [140]. The Zhao Group proposed a multifunctional electronic skin based on
a HPC, PACA and CNT composite conductive cellulose hydrogel which can not only
intuitively feedback external stimuli through color changes, but also through quantitative
changes in electrical resistance. The dual-signal sensing capability of conductive cellulose
nanocomposite hydrogels is expected to open a new chapter in the design and preparation
of multifunctional flexible electronic skin [12].
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Figure 7. Cellulose-based hydrogels for wound healing. (a) Design strategy for 2D conductive
cellulose nanosheets and their assembly into biostable and conductive 3D bulk hydrogels. (b) BCA
content of C2C12 cells on the hydrogels after three days of culturing. (c) Immunofluorescent staining
for focal adhesion formation of C2C12 cells on day three. Vinculin, a focal adhesion protein, was
stained with green, and cell nuclei were counterstained with blue. (d) Images of hydrogel-treated
wounds with and without electrotherapy. Adapted with permission from Ref. [5], Copyright 2021,
Wiley-VCH GmbH.
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Moreover, Zhang et al. used a sodium alginate/carboxymethyl cellulose blend hy-
drogel as biological ink for artificial skin, and confirmed that a SC 4:1 blend hydrogel was
most suitable for the 3D printing of artificial skin. This study is of great significance for
implantable tissue-engineered skin scaffolds and provides the possibility and basis for the
repair of large-area skin defects [137].

5.5. Bacterial Infection Therapy

A more stringent requirement for biomedical skin wound dressings is to prevent
bacterial infection. Infection is a serious complication of chronic wounds. At present, the
treatment of chronic wounds depends on dressings. Such dressings often contain silver
as a broad-spectrum antibacterial agent, but inappropriate doses may lead to serious side
effects. The alkaline environment is related to chronic wound infection. Due to the release
of ammonia and polyamines, the bacterial metabolism may lead to the increase in the
local pH value, which may damage the healing of wound tissue and lead to necrosis.
Cellulose-based hybrid hydrogels seem to be an effective approach for bacterial infection.

For example, a novel MC—based hydrogel was proposed to release silver nanoparti-
cles (AgNPs) locally through an intelligent mechanism activated by pH changes in infected
wounds. By optimizing the physicochemical and rheological properties of MC hydrogel,
the optimum process conditions of crosslinker (citric acid) concentration, crosslinker time
and temperature can be determined. An 1H NMR analysis revealed the role of alkali
hydrolysis of ester bonds (i.e., cross-linking bonds) in controlling pH response behavior;
the swelling and degradation behavior of MC hydrogels depended on pH and temperature,
and it was worth noting that pH triggered the release of AgNPs, which was 10 times higher
at pH 12 than at pH 4. MC/AgNPs nanocomposite hydrogels were prepared by in-situ
synthesis using MC as a capping and reducing agent. TEM and UV–vis measurements
assessed the shape, size, and distribution of AgNPs. Finally, inductively coupled plasma
and UV Vis measurements supported the quantitative evaluation of the pH triggered re-
lease mechanism of AgNPs to develop systems with enhanced antibacterial activity under
alkaline conditions.

In addition, For example, Cai Group proposed a multi-modulus component strategy to
prepare a high-strength and high-water content double cross-linked cellulose-Go (DCCG)
composite hydrogel [141]. The chemically cross-linked DCCG nanosheet region forms a
non-covalent interaction and becomes more elastic and flexible. What’s more, the pho-
tothermal conversion performance of Go nanosheets leads to the excellent photothermal
antibacterial performance of composite hydrogels. This study is expected to provide new
ideas for the construction of high performance and multifunctional composites from natural
polymers. Also, Johnson et al. developed a drug-loaded hydrogel composed of CNF and κ-
carrageenan oligosaccharide nanoparticles [142]. They chose two antibiotics as therapeutic
agents and prepared hydrogels according to the increase in surfactant concentration. The
material has been proved to have antibacterial and anti-inflammatory properties and can
be used to treat periodontitis.

5.6. Drug Delivery

It is essential to control the release of drugs, as the pharmacological purpose cannot
be achieved with a rapid release. An “ideal” drug carrier system should deliver pre-
cise amounts of drugs at some pre-planned rates to provide the desired level of drugs
for treatment.

Hydrogels based on cellulose derivatives have important applications as drug delivery
systems (DDS) and function as external stimuli, such as body temperature and variable
pH ranges in different parts of the body, to improve the controlled release of drugs. The
double-layer hydrogels have great potential to develop into a novel functional sustained
drug delivery system [143]. Cellulose-based hydrogels prepared by physical or chemical
methods have different structures and swelling degrees. Compared with the hydrogels
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formed by physical self-association, chemical crosslinking hydrogels can be loaded with
greater amounts of drugs that they release faster.

In recent years, in the treatment of oral diseases, the treatment method of directly
releasing drugs into the mouth may be used. There is a large amount of saliva flowing
through the oral mucosa in the mouth. Due to the special environment of the mouth,
hydrogels with long-term adhesion ability are needed to achieve local medication. HPC
hydrogel can be used to prepare a bioadhesive hydrogel system by combining HPC with
a polyacrylic acid (PAA) lactose non-adhesive backing layer, which can be used to treat
aphthous ulcers by releasing triamcinolone acetonide [144]. Traditional insulin injection is
carried out by subcutaneous injection, and long-term repeated injections will lead to re-
duced patient acceptance. In order to avoid these disadvantages, pH-responsive hydrogels
prepared by acrylate grafting of CMC and PAA were developed for oral administration of
insulin to increase patient comfort [145]. Another example is that the dual functionalized
L-Histidine conjugated chitosan-cellulose nanohybrid hydrogel embedded green zinc oxide
nanoparticles were formulated as a sustained drug delivery carrier for the polyphenol
drugs–Naringenin, Quercetin, and Curcumin [146].

5.7. Anti-Tumor Immunotherapy

Thermosensitive hydrogels help to improve the local and remote effects of cancer
immunotherapy. Wang mixed surface-modified nanocellulose with hexadecyl amine as a
long chain to construct a cellulose hydrogel network. The hydrogel has been successfully
applied to the control and targeted delivery of paclitaxel and has achieved a remarkable anti-
tumor effect [147]. The hydrogel system is widely used in humans to block the continuous
release of cytotoxic T lymphocyte-associated protein-4 from immune checkpoints by nitric
oxide donors and antibodies to achieve efficient and durable anti-tumor immunotherapy.
Due to its unique hydrogel formation and degradation characteristics, it can maintain
the retention of drugs in tumor tissues, which are triggered and released by the tumor
microenvironment, and form in situ micelles suitable for lymphatic absorption.

5.8. Tissue Engineering

Cellulose-based hydrogels are immensely important for tissue engineering. When hy-
drogel is used as a scaffold, it can be used in many aspects of tissue engineering, arthroscopy,
vascular stents and skin stents. In tissue engineering, tissue function is affected by cell
adhesion, proliferation, differentiation and maturation. Therefore, biocompatibility, bioac-
tivity and biomechanics of materials are critical requirements. Biomaterials need the above
three points to support tissue regeneration without eliciting any adverse local or systemic
reactions in the eventual host.

For example, Guo et al. applied a small amount of epichlorohydrin to slightly pre-
crosslink the cellulose chain to form a permeability network to regulate the rheological prop-
erties and to form a loose crosslinking point to regulate the self-assembly of the cellulose
chain to obtain excellent mechanical properties. Printed cellulose hydrogel has biomimetic
NF topology and remarkable tensile and compressive strength (5.22 and 11.80 MPa), and
toughness (1.81 and 2.16 MJ/m3). The original cellulose hydrogel (ALCOGEL) was pre-
pared by Guo et al. using ethanol as an antisolvent. The mechanical properties of biopoly-
mer materials were improved and adjusted by controlling the fiber arrangement, and both
of them are expected to be used in tissue engineering [148].

At present, the main method for the treatment of coronary artery disease is to implant
vascular stents and shape memory alloys into the dilated artery. Shi et al. constructed a bi-
directional shape memory cellulose scaffold which can be adjusted a by mild solution (such
as water and alcohol), has excellent biocompatibility, and can support the left coronary
artery or left main coronary artery in an open state [149].
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6. Conclusions and Future Outlook

In the past few decades, the rapid development of biomedical engineering has brought
great opportunities and challenges to cellulose-based hydrogels. On the one hand, cellu-
lose is abundant, renewable, green biodegradable and an eco-friendly building block. On
the other hand, cellulose-based hydrogels have become a research hotspot in the field of
functional materials because of their outstanding characteristics such as excellent flexibility,
stimulus-response, biocompatibility, and degradability. With the increasing and deepening
of hydrogel research, cellulose-based hydrogel properties are constantly evolving in an
attempt to match the multifunctional polymer materials. For example, multi-functional cel-
lulose hydrogels combine self-healing, high strength, adhesion and conductivity. Therefore,
the design and construction of multi-functional cellulose-based hydrogel materials to meet
the application requirements of different fields is the focus of future research.

At present, most of the research is focused on functional cellulose-based hydrogels
as flexible wearable sensors, drug carriers, and wound dressings. However, some dis-
advantages need to be solved, such as the easy loss of the sensor signal, poor antifreeze
performance in low temperatures, the no-matching chemical force between the sensor and
the organization, foreign body reaction, and performance loss. At the same time, most
functional cellulose hydrogels are still in the experimental stage and have not been put
into industrial production because of technical immaturity. Therefore, a lot of research
work is needed to popularize functional cellulose-based hydrogels in daily life, realize
their commercialization, and give full play to their application potential. Cellulose-based
hydrogels have a long way to go in the future.
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Abstract: The gels of cellulose and its derivatives have a broad and deep application in pharmaceutics;
however, limited attention has been paid to the influences of other additives on the gelation processes
and their functional performances. In this study, a new type of electrospun core–shell nanohybrid
was fabricated using modified, coaxial electrospinning which contained composites of hydroxypropyl
methyl cellulose (HPMC) and acetaminophen (AAP) in the core sections and composites of PVP and
sucralose in the shell sections. A series of characterizations demonstrated that the core–shell hybrids
had linear morphology with clear core–shell nanostructures, and AAP and sucralose distributed in
the core and shell section in an amorphous state separately due to favorable secondary interactions
such as hydrogen bonding. Compared with the electrospun HPMC–AAP nanocomposites from
single-fluid electrospinning of the core fluid, the core–shell nanohybrids were able to promote the
water absorbance and HMPC gelation formation processes, which, in turn, ensured a faster release of
AAP for potential orodispersible drug delivery applications. The mechanisms of the drug released
from these nanofibers were demonstrated to be a combination of erosion and diffusion mechanisms.
The presented protocols pave a way to adjust the properties of electrospun, cellulose-based, fibrous
gels for better functional applications.

Keywords: HPMC; coaxial electrospinning; core–shell nanohybrids; orodispersible drug delivery;
fast dissolution; poorly water-soluble drug

1. Introduction

Cellulose, as one of the most abundant natural resources, has been exploited in the
field of drug delivery for many years [1–6]. Particularly, it has a wide variety of derivatives,
which have different chemical and physical properties for different drug controlled-release
performances [7–11]. For example, acetate cellulose, an insoluble derivative, is frequently
utilized to provide a sustained drug release profile [12–14]. In sharp contrast, HPMC, as
a water-soluble drug, is a popular drug carrier for ensuring the fast dissolution of poorly
water-soluble drugs [15–18]. Meanwhile, these derivatives can be combined with other
synthetic polymers to offer multiple-phase drug controlled-release profiles, such as the
typical double-phase release that includes an initial, immediate release for easing patient
symptoms and a later, sustained release for the sake of reduced administration time [19].

However, cellulose’s functional applications have not yet been fully expanded [20–26].
On the one hand, advanced techniques in science and engineering have been able to
improve the functional performances of cellulose and its derivatives [27–33]. On the other
hand, most cellulose derivatives are insert materials, where the active ingredients and other
additives need to be encapsulated into the cellulose matrices to gain advantages such as
biocompatibility, stability and ease of use [34,35].
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Electrospinning, as an electrohydrodynamic technique, is broadly exploited to treat
cellulose and its derivatives for biomedical and other applications [36–38]. There are
numerous research publications and many review articles about this topic [39,40]. The
popularity of this interdisciplinary field is due to the usefulness of cellulose derivatives
and the ease of the preparation of nanofibers using electrospinning [41–46]. A single-step
and straightforward operation of electrospinning on a co-dissolving solution of a cellulose
derivative and a drug can bring out medicated nanoproducts with unique properties for
targeted applications, which have been demonstrated in many investigations [47–51]. What
is more, the fast developments of electrospinning in the following three directions have
further produced more and more cellulose-based, medicated products in the forms of com-
posites or hybrids. These three directions are: (1) the double-fluid coaxial, side-by-side and
tri-fluid complex processes, by which core–shell, Janus and their combined nanostructures
of cellulose can be easily prepared directly and robustly [52–55]; (2) approaching nanofibers
on a large scale using the non-needle processes or multiple-needle processes [56,57]; (3) the
reasonable combinations of electrospinning and other traditional pharmaceutical methods
and, also, the combinations of cellulose derivatives and other excipients [58–61].

In this study, with a common cellulose derivative, i.e., hydroxypropyl methyl cellu-
lose (HPMC) as the filament-forming matrix and also the drug carrier, its homogeneous
electrospun nanocomposite (containing APP from a single-fluid blending process) and its
heterogeneous core–shell nanohybrids (having an additional PVP–sucralose shell from a
modified, coaxial process) were fabricated and characterized in parallel. A well-known
poorly water-soluble drug, acetaminophen (AAP), was explored as the model’s active
ingredient [62,63]. The results show that an additional PVP–sucralose shell effectively
promotes the fast gelation of HMPC and also the dissolution of AAP, as well as masking
the poor taste of AAP for potential oral administration.

2. Results and Discussion
2.1. The Two Different Working Processes from the Same Apparatus

In an electrospinning system, the spinneret is the most vital component [64–66]. This
is not only because the electrohydrodynamic process happens around the working fluids
and high voltage convergent here, but also because its macrostructures directly determine
the nanostructures of the final products and, often, the categories of the electrospinning
processes. Figure 1a is a diagram of the elements of a typical, coaxial electrospinning
apparatus. The power supply is utilized to provide the electrical energy, the two pumps are
exploited to drive the shell and core working fluids quantitatively, the collector is used to
collect nanofibers and the spinneret is used to guide the two working fluids in the electrical
field in an organized manner. For safety, all the elements must be grounded.
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In the traditional sense, the concentric spinneret is utilized to prepare the core–shell
nanofibers [67,68]. However, in the coaxial system, when the shell fluid flow rate (f s)
is adjusted to 0 mL/h, the process is degraded to a single-fluid blending process of the
core fluid, and the final products are, correspondingly, homogeneous nanocomposites. In
contrast, when f s is larger than 0 mL/h, the final products are core–shell nanohybrids
(Figure 1b). The real implementations of the electrospinning processes are presented in
Figure 2. Figure 2a is a whole view of the coaxial electrospinning apparatus which was
used for preparing the nanohybrids F2. The collected film showed a slightly pink color. In
contrast, the film in the upper-right corner showed a purplish red. Figure 2b shows that
the spinneret was easy to connect with two pumps, one by a syringe containing the shell
fluid and the other by a highly elastic silicon tubing. An alligator clip was used to transfer
the electrical energy to the working fluids. Figure 2c–f shows digital photos of the typical
working processes. Figure 2c,d shows the processes of single-fluid and coaxial blending,
respectively. The Taylor cone was observed using a camera under a magnification of 12×.
For the single-fluid electrospinning of the core fluid, the Taylor cone, which showed a
purplish red color, was as shown in Figure 2e. The typical compound Taylor cone when the
shell fluid was pumped was as shown in Figure 2f; the purplish core fluid was surrounded
by transparent shell fluid. Within the compound Taylor cone, the shell and core fluids
were clearly separated into their own colors. However, the collected films of core–shell
nanofibers still showed a pink color, as in Figure 2a. Although this color was significantly
paler than that of nanofibers F1 from the single-fluid of core liquid shown in the upper-right
inset of Figure 2a, it gives a hint that some basic fuchsin in the core solutions might escape
to the shell section during the fast drying processes of electrospinning. In the present
experiments, both the solutes in the core and shell layers dissolved in the other layers.
This means that very small interfacial tensions existed between the shell and core working
fluids, which benefit a stable and robust continuous preparation of core–shell nanofibers,
although a little diffusion may occur during the bending and whipping processes.
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Figure 2. Digital photos exhibiting the preparation processes: (a) a whole image of the electrospinning
apparatus, the upper-right inset showing the collected nanofibers films prepared by the single-fluid
blending process of the core fluid; (b) the connection of the spinneret with the two working fluids and
the power supply; (c) a typical process for creating HPMC-based nanocomposites solely from the core
fluid; (d) a typical process for producing the core–shell hybrids from the modified coaxial processes;
(e,f) Taylor cones for preparing monolithic composites and core–shell nanohybrids, respectively.

97



Gels 2022, 8, 357

2.2. The Morphologies and Inner Structure of the Nanofibers

The SEM images of the electrospun nanocomposites F1 and the core–shell nanohybrids
are included in Figure 3. Figure 3a,b shows the surface and cross-section morphology of
the nanocomposites F1 from the single-fluid electrospinning, respectively. It is obvious
that these nanofibers were linear without any discerned beads or spindles, suggesting the
fine electrospinnability of the core HPMC working fluid [69,70]. These nanofibers had an
average diameter of 680 ± 120 nm, which was estimated by calculating the mean values of
over 50 points in the SEM images. The upper-right inset of Figure 3b shows an enlarged
image of the cross-section of the homogeneous composites F1. No phase separations were
observed for either the cross-sections or the surfaces of the nanofibers, giving a hint that
the drug AAP presented in the composites F1 in a homogeneous manner with HPMC, most
probably on a molecular level.
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Figure 3. SEM images of the generated nanofibers: (a,b) the surface and cross-section morphology of
the nanocomposites from the single-fluid electrospinning, respectively, the upper-right inset showing
an enlarged image for the homogeneous composites; (c,d) the surface and cross-section morphology
of the core–shell nanohybrids from the coaxial electrospinning, respectively, the upper-right inset
showing an enlarged image for the heterogeneous hybrids.

Figure 3c,d are the SEM images of the surface and cross-section of the core–shell
nanohybrids F2 from the coaxial electrospinning, respectively. Although the shell fluid
PVP solution had no electrospinnability, straight linear nanofibers could still be robustly
prepared. They had an average diameter of 730 ± 80 nm by estimation. The upper-right
inset of the figure shows an enlarged image of the heterogeneous hybrids, in which a core–
shell structure was observed. This is closely related to the different mechanical properties
of the shell and core sections. There were no spindles or beads on the surface of the hybrids
or their cross-sections.

The inner structures of the nanocomposites F1 and the nanohybrids F2 were detected
using TEM. The images are exhibited in Figure 4. The nanocomposites F1 showed a
gradually reduced gray level from the center of the nanofiber to its boundaries (Figure 4a).
It was the thicknesses that made this difference, giving a hint that the different parts of
nanofibers F1 had no differences in their elements and density and also no solid phase
separation, demonstrating that it was a homogeneous nanocomposite. In sharp contrast,
the core–shell hybrids F2 had a significant difference between the core section and the
shell section, as shown by the two parallel nanofibers in Figure 4b. By estimation, the core
section had a diameter of 540 ± 110 nm and a shell thickness of about 90 nm.
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2.3. The Physical Forms of Components and Their Compatibility

The measured XRD patterns of the starting raw materials, HPMC, ATP, PVP and
sucralose, and their electrospun nanocomposites F1 and core–shell nanohybrids are shown
in Figure 5. Just as anticipated, the drug AAP and sucralose had many sharp peaks in their
patterns, suggesting that they were crystalline materials originally. HPMC and PVP had no
sharp peaks but halos, indicating that they were amorphous polymers. Both the nanocom-
posites F1 and core–shell nanohybrids had no sharp peaks of the AAP and sucralose,
demonstrating that they were converted into amorphous, polymer-based composites. The
nanofibers F1 were homogeneous composites containing HMPC and AAP. The core and
shell sections of the core–shell nanofibers F2 were composed of homogeneous core com-
posites of HMPC and AAP and a homogeneous shell composite of PVP and sucralose, in
general, a hybrid of the core section and shell section.
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Figure 5. XRD measured results of the starting raw materials (HPMC, ATP, PVP and sucralose) and
their different electrospun products.

The ATR-FTIR spectra of the starting raw materials (HPMC, ATP, PVP and sucralose)
and their different electrospun products are included in Figure 6. The comparisons of
sucralose and AAP spectra with their composites F1 and nanohybrids F2 showed that
almost all the sharp peaks in the spectra of the raw materials greatly decreased their
intensities or totally disappeared from the spectra of the electrospun products. For example,
the characteristic peaks at 1655 cm−1 for –C=O and at 1611, 1565 and 1507 cm−1 for the
benzene ring in the spectra of AAP could not be discerned in the spectra of either the
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nanocomposites F1 or nanohybrids F2. This showed the close relationship between the
secondary interactions of the host polymeric carrier and the guest active ingredient. As
shown by their molecular formulae, a sucralose molecule has five –OH groups, whereas, a
PVP molecule has many –C=O groups; thus, hydrogen bonding is easy between them and
favors the stability of the composites in the shell sections. Similarly, an HPMC molecule
has many –OH group, whereas an AAP molecule has a –C=O group, suggesting that the
possible hydrogen bonding between them could benefit the stability of nanocomposites F1
and the core section of the core–shell nanohybrids. However, the spectra of nanohybrids
F2 had sharp peaks of 1655 cm−1 and 957 cm−1, which are characteristic peaks of PVP
and HPMC. This phenomenon clearly suggests that PVP and HPMC were organized in
the core–shell nanofibers in a separate manner, with each having their own region, i.e., a
typical hybrid material.
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2.4. The Hydrophilic Properties

Both HPMC and PVP are water-soluble, polymeric excipients broadly utilized in the
pharmaceutical industry [71,72]. However, their dissolution behaviors have differences.
PVP is very hygroscopic and can be dissolved in water all at once and, thus, is reported
to promote the dissolution of nearly 200 poorly water-soluble drugs [73,74]. In contrast,
HPMC is a hydrophilic polysaccharide, which contains partly O-(2-hydroxypropylated)
and partly O-methylated cellulose. HPMC shows adjustable solubility based on the degree
of substitution [75,76]. In this study, the HPMC was able to dissolve in water by forming a
viscous, colloidal solution.

Shown in Figure 7 are the performances of nanocomposites F1 and core–shell nanofibers
F2. When a drop of water (3 µL) was placed on their surfaces, the recession processes
showed significant differences. In 1 s, the water contact angles for F1 (Figure 7a) and
F2 (Figure 7b) were 11 and 6 degrees, respectively. After 3 s, the water droplet totally
disappeared from the surface of F2, but the angle for the HPMC–AAP nanocomposites still
remained at 8 degrees. The PVP–sucralose shell layer increased the hydrophilicity of the
fibrous films.
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Figure 7. Water contact angle experimental results: (a) electrospun core–shell nanohybrids;
(b) electrospun nanocomposites.

A punch pin with an inner hole of 10 mm, as shown in the upper-right inset of Figure 2a,
was utilized to cut circles from the electrospun films. These films were placed on the
surface of wet paper (mimicking the tongue). The behaviors of the cut circles caused by the
electrospun nanocomposites F1 and core–shell nanohybrids F2 are shown in Figure 8. The
nanocomposites F1 showed typical water absorbance and gradual gelation processes. The
purplish color was deepened, but the circle showed no significant enlargement. Meanwhile,
the purplish color was always within the residues of circle, suggesting that the HPMC gels
were able to hold the basic fuchsin well.
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The core–shell nanohybrids F2 exhibited different behaviors to nanocomposites F1
in the following aspects: (1) the circle was slightly enlarged, but the pink color was light,
which was attributed to the diffusion of basic fuchsin dissolved from the PVP–sucralose
shell sections; (2) the colors at different regions were different—some showed a slightly pink
color and some showed a deep purplish color, which was closely related to the core–shell
nanostructures; (3) the deep purplish color section self-assembled into a strange shape,
which was attributed to the movement and aggregation of the core HPMC molecules
during the gelation processes and further indicated that the HMPC molecules had a strong
capability of holding the basic fuchsin.

2.5. The In Vitro Drug Release Profiles and the Mechanisms

The in vitro drug release profiles of the electrospun nanocomposites F1 and the core–
shell nanohybrids F2 are included in Figure 9. In general, the core–shell nanohybrids F2
were able to provide a faster release effect than the nanocomposites F1. This judgement
was made based on the following aspects: (1) after five minutes, nanofibers F1 and F2
released 28.3 ± 4.3% and 34.8 ± 3.5% of the loaded AAP, respectively; and (2) 35.6 and
23.9 min were needed to release 90% of the loaded AAP for nanocomposites F1 and
nanohybrids, respectively.
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HPMC is frequently utilized both in the pharmaceutical industry and in scientific
research as a film coating agent, thickening agent, drug release modifier, drug stabilizer,
table binder and suspending ingredient in some liquid dosage forms for oral adminis-
tration [77,78]. It is well known that the drug release mechanisms of HPMC-based drug
delivery systems are often complicated. Various dynamic processes are active during
the course of the gelation, diffusion and dissolution processes. These processes are often
closely related to the viscosity of HPMC. Higher HPMC often means less erosion and
corresponding, longer time period of sustained release. In this study, the drug release data
were treated using the famous Peppas equation (Equation (1)) [79]:

P = Qt/Q0 = k × tn (1)

in which Qt and Q0 represent the drug released into the dissolution media from its carriers
at time point (t), k and n are two constants and P represents accumulative drug release
percentage. The drug release mechanisms can be judged by the value of n. It is common
knowledge that an n value smaller than 0.45 indicates a diffusion mechanism, a value larger
than 0.90 indicates an erosion mechanism and a value between 0.45 and 0.90 represents a
complex mechanism involving both diffusion and erosion.
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The regressed equation for the electrospun nanofibers is included in Figure 10. For the
electrospun nanocomposites F1, the equation is:

log(P) = 1.23 + 0.48 log(t)or P = 16.98 t0.48(R = 0.9925) (2)
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electrospun core–shell nanohybrids F2.

For the electrospun core–shell nanohybrids F2, the equation is:

log(P) = 1.04 + 0.68 log(t)or P = 10.96 t0.68(R = 0.9655) (3)

Thus, it is clear that AAP from the electrospun nanocomposites F1 and the core–shell
nanohybrids are all a combination of erosion and diffusion mechanisms because of an n
value between 0.45 and 0.90.

2.6. The Mechanism of the Influence of Shell PVP on the Gelatin of Core-Medicated HPMC

Although the drug release behaviors from the two types of electrospun nanoproduct
involved both diffusion and erosion mechanisms, it is obvious that the core–shell nanohy-
brids F2 were more closed to the erosion mechanism due to a value of 0.68 compared
to 0.48 for the nanocomposites F1. A schematic showing the different behaviors of the
monolithic nanocomposites F1 and core–shell nanohybrids F2 is given in Figure 11. The
replacement of a surface PVP coating in the core–shell nanohybrids F2 adds the benefit of
faster initial absorbance of water than monolithic HPMC–AAP nanofibers because of the
highly solubility and strong hygroscopicity [73,74]. This case further highlights the easier
swelling, gelation and dissolution of HPMC molecules from the core sections. Certainly,
the relatively small diameter of the core section in the core–shell nanohybrids F2 compared
to the nanocomposites F1 played a role in promoting the faster release of AAP from the
nanofibers F2. For potential orodispersible drug delivery, the faster release of the drug,
the better it is for the patients. Thus, a shell coating of PVP and sucralose makes the
electrospun core–shell hybrids a more welcome product than the electrospun nanocom-
posites F1. Incidentally, HPMC and PVP are both tasteless and odorless excipients, and,
thus, they have broad applications in traditional compressed tablets and medicated films.
However, the drug AAP has a bitter taste, which reduces the patients’ compliance. The
addition of sucralose with PVP in the shell section endows the core–shell nanohybrids with
a favorable taste, and, in turn, could improve the patients’ compliance when exploited as
oral, disintegrating films. Using the concept demonstrated here, many new, medicated
materials can be further developed through the combination of cellulose-based gels and
other types of polymer, e.g., biodegradable PLGA [80]. Particularly, those soluble polymers
with a natural source will be able to play a more and more important role in developing
new orodispersible drug delivery systems. This is because these polymers often have fine
biocompatibility, are non-toxic and have easy processability, and some of them are currently
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popular in traditional orodispersible tablets [81,82]. Certainly, the coaxial electrospinning,
side-by-side electrospinning and also the single-fluid blending processes can be combined
with traditional methods (such as casting films) for treating cellulose-based gels to offer
sustained release and multiple-phase release profiles [83–85].
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3. Conclusions

With HPMC as a key filament-forming polymeric matrix, both single-fluid blending
electrospinning and modified, coaxial electrospinning were implemented to preparing
HPMC–AAP monolithic nanocomposites F1 and core (HPMC–AAP)–shell (PVP–sucralose)
heterogeneous nanohybrids F2. Both F1 and F2 had linear morphologies without any
discerned beads of spindles on them, as demonstrated by the SEM images. TEM images
verified that F1 were homogeneous nanocomposites, and F2 were core–shell nanohybrids
containing two layers of composites. XRD results suggested that AAP presented in F1 and
F2 in an amorphous state. This was attributed to the favorable interactions between APP
and HPMC, which were demonstrated by ATR-FTIR measurements. Water contact angle
experiments and tongue-mimicking tests clearly demonstrated the differences between
F1 and F2 in their hydrophilicity and gelation processes. In vitro dissolution tests demon-
strated that the core–shell hybrids F2 were able to offer a faster release of the loaded AAP.
The drug release was demonstrated to be controlled by a complex combination mechanism
involving both diffusion and erosion. The present study shows a new way of adjusting the
properties of electrospun, cellulose-based nanofibers for better drug delivery applications.

4. Materials and Methods
4.1. Materials

Acetaminophen AAP (white powders, purity 99.8%) was obtained from Hua-Shi Big
Pharmacy (Shanghai, China). Hydroxypropyl methyl cellulose (HPMC, white powders,
2910, 5 cps, Mn = 428,000 g/mol, methoxy content 28.0–30.0%, hydroxypropoxy content
7.5–12.0%) was purchased from Shandong Fine Chemical Co., Ltd. (Jinan, China). Sucralose,
polyvinylpyrrolidone (PVP K10, Mw = 8000) dichloromethane (DCM), anhydrous ethanol
and basic fuchsin were bought from Shanghai Chemical Regents Co., Ltd. (Shanghai, China).
All other chemicals were analytical reagents. Water was doubly distilled before usage.

4.2. Preparations

The electrospinning instrument was homemade and comprised four typical parts:
one power supply, two fluid drivers, one collector and one spinneret. After some pre-
experiments, the working fluids and experimental conditions were fixed as follows. The
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core fluid contained 8.0 g HPMC and 2.0 g AAP in a mixture of DCM and anhydrous
ethanol with a volume ratio of 1:1. A 10−3 mg/mL amount of basic fuchsin was added
into the core fluids for optimizing the working processes and also exhibiting the disin-
tegrating measurement. The shell fluid contained 10.0 g PVP K30 and 2.0 g sucralose in
anhydrous ethanol.

Two types of electrospun nanofiber were fabricated. One was the monolithic, fibrous
nanocomposite (denoted as F1) from single-fluid electrospinning of the core liquid; the
other was the core–shell fibrous nanohybrid (denoted as F2) from modified, coaxial elec-
trospinning. The applied voltages were adjusted to ensure continuous spinning and that,
meanwhile, no droplets were dropped during the working processes; the values were
between 11 and 14 kV. The core fluid flow rate (f c) was fixed at 2.0 mL/h. The sheath
fluid flow rate (f s) was 0.0 mL/h and 0.5 mL/h for generating F1 and F2, respectively. The
ambient conditions were a temperature of 21 ± 4 ◦C and a relatively humidity of 52 ± 5%.

4.3. Characterizations
4.3.1. Morphologies and Inner Structures

The morphologies of electrospun nanofibers were assessed using scanning electron
microscope (SEM, Quanta FEG450, FEI Corporation, Hillsboro, OR, USA). The cross-
sections of fibers were prepared by manually breaking the fibrous strip after immersion in
liquid nitrogen for about 20 min. The inner structures were evaluated using transmission
electron microscope (TEM, JEM2200F, JEOL, Tokyo, Japan) under an applied electron
voltage of 300 kV.

4.3.2. Physical Forms and Compatibility

All the raw materials (HPMC, PVP, sucralose and AAP) and their electrospun products
F1 and F2 experienced X-ray diffraction (XRD, Bruker-AXS, Karlsruhe, Germany) tests.
Attenuated total reflectance Fourier-transform infrared (ATR-FTIR, PerkinElmer, Billerica,
MA, USA) was exploited to investigate the compatibility between the polymeric carriers
and active ingredients.

4.3.3. Properties

Water contact angle measurements and a homemade experiment on wet paper were
conducted to evaluate the fast disintegrating properties of the electrospun nanocomposites
F1 and core–shell nanohybrids F2, and the gelation processes were recorded using a camera
(PowerShot SX50 HS, Canon, Tokyo, Japan).

4.3.4. Functional Performances

In vitro dissolution tests were carried out using paddle methods according to the
Chinese Pharmacopoeia (Ed. 2020). An RCZ-8A dissolution apparatus (Tianjin University
Radio Factory, Tianjin, China) was used. Samples equivalent to 20 mg AAP were placed into
the dissolution vessels in which 600 mL physiological saline (PS) was kept at a temperature
of 37 ± 1 ◦C. The paddle rotation rate was 50 rpm. A UV–vis spectrophotometer (UV-
2102PC, Unico Instrument Co., Ltd., Shanghai, China) was used to measure the AAP
concentration at a λmax = 243 nm. All the measurements were repeated 6 times.
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Abstract: Flexible and soft bioelectronics used on skin tissue have attracted attention for the monitor-
ing of human health. In addition to typical metal-based rigid electronics, soft polymeric materials,
particularly conductive hydrogels, have been actively developed to fabricate biocompatible electrical
circuits with a mechanical modulus similar to biological tissues. Although such conductive hydro-
gels can be wearable or implantable in vivo without any tissue damage, there are still challenges
to directly writing complex circuits on the skin due to its low tissue adhesion and heterogeneous
mechanical properties. Herein, we report cellulose-based conductive hydrogel inks exhibiting strong
tissue adhesion and injectability for further on-skin direct printing. The hydrogels consisting of
carboxymethyl cellulose, tannic acid, and metal ions (e.g., HAuCl4) were crosslinked via multiple hy-
drogen bonds between the cellulose backbone and tannic acid and metal-phenol coordinate network.
Owing to this reversible non-covalent crosslinking, the hydrogels showed self-healing properties and
reversible conductivity under cyclic strain from 0 to 400%, as well as printability on the skin tissue.
In particular, the on-skin electronic circuit printed using the hydrogel ink maintained a continuous
electrical flow under skin deformation, such as bending and twisting, and at high relative humidity
of 90%. These printable and conductive hydrogels are promising for implementing structurally
complicated bioelectronics and wearable textiles.

Keywords: carboxymethylcellulose; tannic acid; conductive hydrogel; injectable hydrogel; adhesive
hydrogel; 3D printing; direct printing

1. Introduction

Flexible and soft electronics, such as wearable monitoring devices [1–3], sensors [4–7],
electronic skin [8,9], and human–machine interfaces [10], have recently attracted atten-
tion in the biomedical field [11–13]. Owing to their deformable characteristics, flexible
electronics can be used as next-generation electronic devices that contact the human skin
instead of conventional hard electronic devices [14,15]. In recent studies, a strategy for
printing inexpensive and flexible electronic materials called electronic tattoos or epidermal
electronics to directly write on the skin was evaluated [16,17]. Printed electronics on the
skin can be used in various fields, such as light-emitting diodes (LEDs) [18], sensors [19,20],
and transistors [21]. To achieve a high conductivity efficiency in printed electronics, most
studies have focused on the low resistance, stable mechanical properties, and printability
of conductive ink [22–24]. However, few studies have been conducted on maintaining
its stability on elastic skin tissues, and synthetic polymers have been used to maintain
electronic circuits and variable physical properties.
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The application of direct writing to sensitive biological tissues requires high levels of
flexibility, repetitive deformation due to movement, and low toxicity [25,26]. Hydrogels
are useful for satisfying these conditions because of their tissue-like mechanical proper-
ties, conductivity, and biocompatibility [27–29]. In particular, cellulose, which is found
in many plants, has been used for flexible/transparent substrates, separators, electron
and ion conductors, electrolytes, and electrodes owing to its flexibility, ease of fabrication,
mechanical strength, and biodegradability [30–33]. Cellulose can also be used as an ink for
direct writing because of its stable mechanical properties for deformation, injectability, and
biocompatibility [34–36]. However, natural polymer-based hydrogels are unsuitable for
printing on tissue systems because of their low tissue adhesion strength and injectability
due to covalent crosslinking [37,38]. To resolve these issues, polyphenol is a good candi-
date for providing tissue adhesion capability and injectability to natural polymer-based
hydrogel inks. Polyphenols, which have a large number of phenol groups derived from
various plants, may exhibit self-healing and injectable properties through stable structure
maintenance of the hydrogel and reversible crosslinking through many hydrogen bonds
with the polymer backbone, as well as π–π stacking of the polyphenol itself [39,40]. In
addition, because polyphenols are known to have strong adhesion to tissues, they are often
used to manufacture adhesive ink [38,41]. In particular, tannic acid (TA) is used to produce
a conductive hydrogel with metal ions by forming a metal–phenolic network with variable
metal ions and may exhibit strong adhesion to a structure [42,43].

In this study, the fabrication of conductive and adhesive cellulose (CAC) hydrogel
ink was evaluated by mixing TA with three types of metal ions—gold chloride (HAuCl4),
silver nitrate (AgNO3), and ferric chloride (FeCl3)—and carboxymethyl cellulose (CMC)
(Figure 1a). The carboxylate group of CMC and the hydroxy group of TA form strong
hydrogen bonds. The adhesive cellulose (AC) hydrogel has tissue adhesive properties
owing to TA, self-healing properties, and injectability through non-covalent hydrogen
bonding (Figure 1b, top). In addition, in CAC hydrogels, metal–carboxyl coordination
and metal–phenolic networks are formed when metal ions of Au, Ag, and Fe are mixed
together in the AC hydrogel (Figure 1b, bottom) [43–45]. The CAC hydrogel prepared
as described above has injectability due to non-covalent crosslinking and can be used
as an ink for direct printing on tissues through tissue adhesion. It also has conductivity
because it contains metal ions (Figure 1c). To demonstrate and optimize the mechanical
and electrical properties of the CAC hydrogel, the rheological behavior, adhesiveness, and
resistance to various metal ions and concentrations in the hydrogel were evaluated. Based
on the investigated characteristics, we successfully demonstrated that the LED maintained
stable light emission without electrical malfunction even under various deformations of
the electronic circuit printed directly on the tissue.Gels 2022, 8, x FOR PEER REVIEW 3 of 14 
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2. Results and Discussion
2.1. Fabrication and Rheological Characterization of AC Hydrogels

A common approach for the fabrication of AC hydrogels is the mixing of CMC and TA.
High-viscosity hydrogels are manufactured because the carboxyl and hydroxyl groups of
CMC form strong hydrogen bonds with the phenol groups of TA. Therefore, the number of
functional groups capable of hydrogen bonding depends on the change in the concentration
of CMC and TA, and the mechanical properties of the hydrogel are determined. Therefore,
hydrogels were prepared with different concentrations of CMC and TA and named CMC0.5,
AC-1, AC-2, and AC-3 (Table 1).

Table 1. Precursor compositions of different AC hydrogels.

CMC (mg) TA (mg) DDW (mL)

CMC0.5 25 0 1
AC-1 25 500 1
AC-2 33.2 333 1
AC-3 37.5 250 1

The rheological properties of the AC hydrogels were evaluated in CMC and TA
solutions at different volume ratios (Figure 2a,b). As indicated by the graphs of the storage
(G′) and loss (G′ ′) moduli of CMC0.5 and AC-1 measured at frequencies ranging from
0 to 10 Hz, the storage modulus increased over all frequency ranges, in addition to TA,
indicating that the interaction between TA and CMC created a solid hydrogel (Figure 2a).
In addition, measuring the storage modulus and tan(δ) at different volume ratios (AC-1,
AC-2, and AC-3) of CMC and TA indicated that the storage modulus increased and tan(δ)
decreased as the CMC concentration increased. Therefore, the mechanical properties of
the AC hydrogel depended on the concentrations of CMC and TA, and the most stable
hydrogel was AC-3. Reversible crosslinking due to hydrogen bonding between TA and
CMC resulted in AC hydrogels with self-healing properties, which make them stable during
injection, printing, and deformation after printing. To demonstrate this, we investigated the
changes in the mechanical modulus of the AC hydrogels upon treatment with urea—which
has a role of disrupting multiple hydrogen bonds (Figure S1). If the hydrogen bonds
between CMC and TA are major driving forces for the gelation, the mechanical modulus
would decrease upon adding urea into the polymeric network. As expected, a decrease in
both the G′ and G′ ′ values of the hydrogels was monitored as urea concentration became
high, clearly indicating that the hydrogen bonds between CMC and TA are involved in
the gelation. In addition, to evaluate the self-healing properties of the AC hydrogels, the
storage and loss moduli were measured (Figure 2c). When AC-3 hydrogels were measured
at a frequency of 1 Hz with strains of 0.5% and 1000% at 3-min intervals, recovery of the
storage modulus to the 0.5% strain level after 1000% strain was observed.

Gels 2022, 8, x FOR PEER REVIEW 4 of 14 
 

 

investigated the changes in the mechanical modulus of the AC hydrogels upon treatment 

with urea—which has a role of disrupting multiple hydrogen bonds (Figure S1). If the 

hydrogen bonds between CMC and TA are major driving forces for the gelation, the me-

chanical modulus would decrease upon adding urea into the polymeric network. As ex-

pected, a decrease in both the G’ and G” values of the hydrogels was monitored as urea 

concentration became high, clearly indicating that the hydrogen bonds between CMC and 

TA are involved in the gelation. In addition, to evaluate the self-healing properties of the 

AC hydrogels, the storage and loss moduli were measured (Figure 2c). When AC-3 hy-

drogels were measured at a frequency of 1 Hz with strains of 0.5% and 1000% at 3-min 

intervals, recovery of the storage modulus to the 0.5% strain level after 1000% strain was 

observed. 

 

Figure 2. Rheological characterization of the AC hydrogel with different concentrations of CMC. (a) 

Oscillation frequency sweep measurements of CMC0.5 (black) and AC-1 (red) hydrogels. The filled 

circles represent the storage modulus (G’), and the empty circles represent the loss modulus (G’’). 

(b) Comparison of the storage modulus and tan(δ) values among CMC0.5, AC-1, AC-2, and AC-3. (c) 

Disruption and recovery of the storage (G’) and loss (G”) moduli of AC-3 hydrogels under alternat-

ing strains of 0.5% and 1000%. 

2.2. Fabrication and Rheological Characterization of CAC Hydrogel 

Various studies have been conducted to form metal–phenolic networks by reacting TA 

with metal ions to fabricate conductive hydrogels [44,46,47]. In this study, metal–carbox-

ylate coordination and metal–phenolic networks were constructed using Au, Ag, and Fe 

ions to fabricate conductive hydrogels. When 20 μL of metal ions was mixed with 0.3 mL of 

CMC, the metal ions and carboxylate of CMC changed to a weak gel through metal coordi-

nation bonding (Figure 3a, top). When 0.8 mL of TA was added to the metal ion and CMC 

mixture, the hydrogel became sticky (Figure 3a, bottom). The color and mechanical proper-

ties of the CAC hydrogel, along with the labeling of the samples, depended on the type of 

metal ion (Table 2). In addition, the rheological properties of the CAC hydrogel depended 

on the type of metal ion (Figure 3b). There were no significant differences in the storage 

modulus: 476.9 ± 10.5 Pa for CACAu, 319.1 ± 63.8 Pa for CACAg, and 242.2 ± 12.6 Pa for CACFe. 

However, differences were observed for tan(δ): CACAu (0.31 ± 0.03), CACAg (0.43 ± 0.05), and 

CACFe (0.63 ± 0.01); CACAu was the toughest, and CACFe was the softest. These results indi-

cate that the degree to which TA–TA interactions and CMC–TA interactions interfere de-

pends on the type of metal ion. 

Figure 2. Rheological characterization of the AC hydrogel with different concentrations of CMC.
(a) Oscillation frequency sweep measurements of CMC0.5 (black) and AC-1 (red) hydrogels. The
filled circles represent the storage modulus (G′), and the empty circles represent the loss modulus
(G′ ′). (b) Comparison of the storage modulus and tan(δ) values among CMC0.5, AC-1, AC-2, and
AC-3. (c) Disruption and recovery of the storage (G′) and loss (G′ ′) moduli of AC-3 hydrogels under
alternating strains of 0.5% and 1000%.
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2.2. Fabrication and Rheological Characterization of CAC Hydrogel

Various studies have been conducted to form metal–phenolic networks by reacting
TA with metal ions to fabricate conductive hydrogels [44,46,47]. In this study, metal–
carboxylate coordination and metal–phenolic networks were constructed using Au, Ag,
and Fe ions to fabricate conductive hydrogels. When 20 µL of metal ions was mixed
with 0.3 mL of CMC, the metal ions and carboxylate of CMC changed to a weak gel
through metal coordination bonding (Figure 3a, top). When 0.8 mL of TA was added to the
metal ion and CMC mixture, the hydrogel became sticky (Figure 3a, bottom). The color
and mechanical properties of the CAC hydrogel, along with the labeling of the samples,
depended on the type of metal ion (Table 2). In addition, the rheological properties of the
CAC hydrogel depended on the type of metal ion (Figure 3b). There were no significant
differences in the storage modulus: 476.9 ± 10.5 Pa for CACAu, 319.1 ± 63.8 Pa for CACAg,
and 242.2 ± 12.6 Pa for CACFe. However, differences were observed for tan(δ): CACAu
(0.31 ± 0.03), CACAg (0.43 ± 0.05), and CACFe (0.63 ± 0.01); CACAu was the toughest, and
CACFe was the softest. These results indicate that the degree to which TA–TA interactions
and CMC–TA interactions interfere depends on the type of metal ion.
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Figure 3. Fabrication and mechanical characterization of CAC hydrogels. (a) Digital images of (i) the
CMC and metal ion mixture and (ii) CACAu, CACAg, and CACFe. (b) Comparison of the storage
modulus (G′, blue) and tan(δ) (red) values among CACAu, CACAg, and CACFe. (c) Macroscopic
self-healing images of CACAu. (d–f) Evaluation of the disruption and recovery of the storage (G′)
and loss (G′ ′) moduli under alternating strains of 0.5% and 1000%: (d) CACAu; (e) CACAg; (f) CACFe.
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Table 2. Precursor compositions of different CAC hydrogels.

CMC (mg) TA (mg) Metal Ion (mg) DDW (mL)

CACAu 37.5 250 Au/5 1
CACAg 37.5 200 Ag/5 1
CACFe 37.5 250 Fe/1 1

CACAu@5 37.5 250 Au/1.25 1
CACAu@10 37.5 250 Au/2.5 1

The self-healing property of the CAC hydrogel, which is caused by metal ions and
phenol groups, suppresses the breakage of the crosslinking by shear stress during printing
and the damage to the printed electronics caused by surface deformation after printing.
Rheological property analysis, cutting, and contact experiments were conducted to demon-
strate the self-healing properties of the CAC hydrogel. When the bulk CACAu hydrogel
was cut in half and brought into contact again, CACAu was immediately reconstructed
(Figure 3c). In addition, in the rheological behavior analysis, the storage modulus, which
decreased from the 1000% strain, recovered from the 0.5% strain (Figure 3d). This rheo-
logical behavior was also observed for CACAg and CACFe hydrogels (Figure 3e,f). These
results indicate that CAC hydrogels can self-heal with the fast recombination of reversible
metal coordination bonds between CMC/TA, and metal ions and hydrogen bonds between
CMC and TA.

2.3. Tissue Adhesion Capability of CAC Hydrogel

In the direct printing of electronics on the skin, the tissue adhesion capability of ink
is important for the electronics to remain stable on the skin. The strong tissue adhesion
of TA in CAC hydrogels allows the direct printing of hydrogel ink. To evaluate the tissue
adhesion capability of the CAC hydrogel, shear adhesion tests were conducted on skin
tissues using a universal testing machine (UTM) (Figure 4a). The adhesion strength of
CMC0.5 was 2.3 ± 0.3 kPa, indicating that CMC0.5 has non-tissue adhesion properties
(Figure 4b). The adhesion strength of AC-1 was 14.1 ± 4.3 kPa, which was higher than that
of AC-3 (8.9 ± 3.8 kPa). This was caused by an increase in the tissue adhesion strength due
to the larger amount of TA. The adhesion strengths of CACAu and CACAg were 13.0 ± 0.8
and 12.2 ± 2.5 kPa, respectively (similar to that of AC-1), and CACFe exhibited the highest
adhesion strength among the samples (18.2 ± 1.8 kPa). In addition, the amount of gold
ions used in the gel formation was adjusted to 5, 10, and 20 µL, and the resulting adhesion
was evaluated (Figure 4c). The tissue adhesion strength increased with the amount of gold
ions (from 6.7 ± 0.7 kPa for CACAu@5 to 8.5 ± 1.7 kPa for CACAu@10). The results for the
tissue adhesion capability of the CAC hydrogel indicated that the addition of metal ions to
the AC hydrogel enhanced the stability of the hydrogel structure through the formation of
a metal–phenolic network, which increased the cohesive strength and thus the adhesive
strength. Furthermore, to demonstrate that the tissue adhesion capability of CAC hydrogels
supports the direct printing of electronics on tissue to maintain a stable contact, a qualitative
evaluation was conducted involving the deformation of skin tissue in various forms after
direct printing of a CAC hydrogel with a 23-gauge needle on pig skin (Figure 4d). At the
maximum tensile, bending, and twist deformations of the pig skin, CACAu remained stable,
without separation from the tissue. In addition, when the pig skin was immersed in a
1× phosphate-buffered saline (PBS) solution for 30 min, the initial form was maintained,
without excessive swelling.
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Figure 4. Tissue adhesion capabilities of CAC hydrogels. (a) Digital images and schematic of the shear
adhesion test method using a UTM. (b) Evaluation of the shear adhesion strength of CMC0.5, AC-1,
AC-3, CACAu, CACAg, CACFe. (c) Evaluation of the shear adhesion strength of CACAu depending
on the amount of gold ions. (d) Macroscopic images of tissue adhesion in direct writing of CACAu on
tissue with various deformations of pig skin (left) and the stability in PBS (right).

2.4. Electrical Properties of CAC Hydrogel

For long-term use, electronic devices printed on the skin must resist excessive increases
in electrical resistance due to the daily movement of the skin. To evaluate the change in
resistance per unit tensile strain of the CAC hydrogel, we followed the experimental
method used in a previous study (Figure 5a) [48]. Regardless of the type of metal ion, the
initial resistance of the CAC hydrogel was maintained at approximately 2 kΩ (Figure 5b–d).
According to the results of a tensile strain test, the resistances of CACAu (Figure 5b) and
CACAg (Figure 5c) at 300% strain increased to 8351 and 9155 Ω, respectively, while the
resistance of CACFe (Figure 5d) increased rapidly with 300% strain to 12,617 Ω. In addition,
in a 10-min cyclic stretching test (0–200% strain), CACAu maintained a resistance difference
of ≤3 kΩ for the initial resistance, and CACAg maintained a resistance difference of ≤4 kΩ
(Figure 5e,f). CACFe also maintained a constant change in resistance, but the resistance
increased to 10 kΩ (Figure 5g). Compared with the CAC hydrogels containing other metal
ions, a larger conductivity loss occurred during tensile deformation owing to the strong
interaction between TA and Fe ions. Therefore, CACAu is the best candidate for use in direct
tissue writing electronics, and these results provide an appropriate electrical demonstration
of the electrical properties of each of the different CAC hydrogels.
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Figure 5. Electrical characterization of CAC hydrogels. (a) Macroscopic images: (i) pristine; (ii) stretch-
ing; (iii) release. (b–d) Continuous tensile strain of the samples at a speed of 3 mm/min: (b) CACAu;
(c) CACAg; (d) CACFe. (e,f) Repetitive cyclic stretching test with strains ranging from 0% to 200% at a
speed of 1 mm/s for 10 min: (e) CACAu; (f) CACAg; (g) CACFe.

2.5. Electrical Properties of the Filaments Printed Using CAC Hydrogel Inks

These rheological, adhesive, and electrical properties of the CAC hydrogel inks enable
their direct writing on biological tissue. Considering the further biomedical potential of
the inks, we confirmed their cytocompatibility at 24 and 48 h after the treatment of the
CACAu ink (Figure S2). As a result, ~90% of the cells were alive upon treatment of the
sample below 1 mg/mL. Furthermore, the concentration of TA included in the CACAu ink
was 250 mg/mL, which is less than the TA concentration previously used in the fabrication
of tissue adhesive materials implantable in vivo [49,50]. That is, the inks might not cause
severe toxicity and skin irritation after direct on-tissue printing.

To evaluate the electrical properties and conductivity stability of CAC electronics
printed directly on skin tissues before and after tissue deformation, CACAu hydrogels were
printed on porcine skin using a three-dimensional (3D) printer (Figure 6a). In addition,
CACAu printed in the form of concentric circles, grids, and circuits on the skin tissue had a
space for wire and LEDs to contact. The printed electric circuit consisting of CACAu had a
high resolution and a uniform filament structure, and no slippage from the skin or breakage
of ink was observed during the printing process (Figure 6b). Furthermore, in the evaluation
of the circuit functionality using LEDs, light emission from both sides was observed when
zigzag and concentric circuits were directly printed and connected to LEDs (Figure 6c). In
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addition, despite deformations such as stretching, bending, and twisting of the skin tissue,
the conductivity was maintained, and light emission of the LEDs was observed (Figure 6d).
Moreover, when half of the skin tissue with printed electronics was immersed in PBS, the
LED was emitted without electrical malfunction. These results indicate that CAC hydrogels
are effective for the on-skin direct writing of electronics.
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Figure 6. Evaluation of electronics directly printed on tissue with the CAC hydrogel. (a) Schematic of
the direct-printing process. (b) Macroscopic images of concentric (left), grid (middle), and circuit-
shaped (right) electronics printed using the CACAu hydrogel. (c) Photographs of LED emission with
printed electronics. (d) LED light emission with a stable conductivity under stretching (left) and
bending (right) deformation.

2.6. Characterization of CAC Hydrogels under High Humidity Condition and Repeated
Tissue Deformation

The hydrogel inks for on-skin electronics should maintain their properties even under
continuous exposure to high relative humidity (e.g., sweat) and repeated mechanical defor-
mation by daily movement. Thus, we evaluated the stability of self-healing, adhesiveness,
and electrical resistance of the CACAu hydrogels in high relative humidity (80 or 90%)
(Figure 7a–d). They still showed self-healing behavior even after a 2 h incubation in a
humid chamber (~90%) (Figure 7a), and the G′ value recovered up to 70% of its initial
value (Figure 7b). Regarding their tissue adhesion, although the adhesive strength slightly
decreased down to ~5 kPa under humidified conditions when compared to 9.4 ± 1.2 kPa of
their initial status (e.g., before incubation in humid chamber), the value was retained for
8 h (Figure 7c). There was also no significant difference in their ionic conductivity (~6 kΩ)
before/after exposure to high relative humidity (80 and 90%) (Figure 7d). Moreover, such
electrical resistance was maintained even under daily deformation (e.g., repeated bending
and releasing every 12 h) (Figure 7e,f). During deformation of the skin substrates with
a bending–releasing cycle of 5 min every 12 h, the resistance value of the CACAu hydro-
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gel was at a level of 6–10 kΩ, and there was no significant increase even after 48 h. All
results indicate that the physical and electrical properties of the CAC hydrogels are stable
enough against high humidity and continuous mechanical stress to be directly printable on
the tissue.
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Figure 7. Stability of self-healing property, adhesiveness, and electrical resistance of CAC hydrogels.
(a) Photos to show self-healing behavior of CACAu hydrogels under humidified condition (90%), and
(b) their G′ and G′ ′ values recovered under alternating strains of 0.5% and 1000% after 2-h incubation
of the hydrogels in 90% humidity chamber. (c) Shear adhesion strength of the CACAu hydrogels as a
function of incubation time in 90% humidity chamber. ** p < 0.01, one-way ANOVA. (d) Electrical
resistance of the hydrogels under high relative humidity (80 or 90%). ns for not significant, one-way
ANOVA. (e) Experimental settings to measure electrical resistance of the CACAu filament directly
printed on porcine skin tissue during bending/releasing cycle. (f) Changes in the resistance of the
printed filament during the cyclic deformation every 12 h (total 48 h).

3. Conclusions

We synthesized and evaluated CAC hydrogel ink for the direct printing of electronics
on tissues using CMC, TA, and metal ions (to increase the conductivity). The CAC hydrogel
ink exhibited excellent self-healing properties, regardless of the type of metal ion. An
evaluation of the tissue adhesion of the CAC hydrogel using a UTM indicated that a
sufficient tissue adhesion strength for direct printing was achieved regardless of the type
of metal ion, and it was verified that the tissue adhesion was determined by the amount
of metal ions. In addition, an analysis of the resistance changes under deformation from
tensile strain and cyclic strain indicated that CACAu had the lowest resistance at 300%
strain (8 kΩ), and the difference in the resistance due to deformation was the smallest
(3 kΩ). In contrast, CACFe had a high resistance of ≥12 kΩ at 300% strain, and a change of
≥7 kΩ in the electrical resistance occurred in the 200% strain cycle. Owing to its mechanical
properties, adhesion, and electrical conductivity, the CACAu hydrogel was selected as the
most suitable for direct printing. Finally, the electrical performance of electronics printed
directly on tissue using the CAC hydrogel was evaluated. Electronics with various patterns

119



Gels 2022, 8, 336

printed directly on the skin tissue maintained a high resolution and uniform filament
thickness and stable conductive properties under deformation due to tension, bending, and
twisting. Owing to its various advantages, we expect that the CAC hydrogel will be used
reliably as an ink material for the direct printing of electronics on tissue.

4. Materials and Methods
4.1. Preparation of AC and CAC Hydrogels

Sodium carboxymethyl cellulose (CMC, 700 kDa), TA, ferric chloride (FeCl3), gold
trihydrate chloride (HAuCl4), and silver nitrate (AgNO3) were purchased from Sigma-
Aldrich (Burlington, MA, USA).

An AC hydrogel was fabricated by mixing CMC and TA. The CMC solution was
prepared by adding CMC to deionized distilled water (DDW) at a concentration of 5%,
followed by vortexing. The AC hydrogel was prepared by mixing a TA solution (1 g/mL)
with CMC solutions of different volume ratios. Each completed sample was labeled
according to the volume ratios of CMC and TA.

The CAC hydrogel was prepared by mixing CMC, metal ions, and TA. The metal
ion solution was prepared by dissolving HAuCl4 (10 wt.%), AgNO3 (10 wt.%), and FeCl3
(2.5 wt.%) in DDW. To synthesize the CAC hydrogel, 20 µL of the metal solution was added
to 0.3 mL of the CMC solution, followed by mixing. Then, 80 µL of the TA solution was
added, and the mixture was stirred vigorously for 5 min.

4.2. Rheological Characterization of AC and CAC Hydrogels

The oscillation frequency sweep test and self-healing measurements through the step
strain test of the rheological properties of the AC and CAC hydrogels were conducted using
a TA Instruments Discovery Hybrid Rheometer 2 (TA Instruments, (New Castle, DE, USA)).
All rheological measurements were conducted using a 20-mm parallel-plate geometry
with a gap size of 300 µm. The storage (G′) and loss (G′ ′) moduli were measured at room
temperature under oscillation frequency sweeps (0.1–10 Hz, at 1% strain). To demonstrate
the self-healing property, G′ and G′ ′ were measured under repeated application strains of
0.5% and 1000% for 180 s, respectively, at an osculation frequency of 1 Hz. In addition, the
rheological properties of the AC-3 hydrogels (0.4 mL) after addition of urea (1, 5, and 10 M,
0.1 mL) were investigated by same oscillation frequency sweep test.

4.3. Tissue Adhesion Capabilities of AC and CAC Hydrogels

To evaluate the stability of CAC printing on skin tissue, the adhesion of CAC to tissue
was investigated using a UTM (34SC-1, Instron, Norwood, MA, USA). First, pig skin was
cut into 2 × 1 cm2 pieces. The CMC solution, AC, and CAC were spread between the
skins, and the terminals of the substrates were pulled at a speed of 1 mm/s. The adhesion
strength (kPa) was calculated by dividing the maximum load (N) by the attached area (m2).

4.4. Resistance per Strain

First, the electrical wires were fixed on an automatic one-axis stretcher (SMC-100, Jaeil
Optical System (Incheon, Korea)) using double-sided tape after peeling off 0.5 cm of the
sheath at one end of the wires. The hydrogel was loaded on the stretcher by approximately
2 cm using a 3-mL syringe. Finally, electrical wires and a digital multimeter (Keithley
2450 source meter, Tektronics (Seoul, Korea) were connected to the samples to measure
their electrical resistances. The samples were measured in the stretched state at a rate of
3 mm/min, and for the cyclic test, the rate was 20 mm/min at strains of 0% and 200% for
100 cycles. In all cases, the initial length before the measurement was 3 mm. In addition,
liquid metal (eutectic gallium indium, Alfa Aesar (Haverhill, MA, USA)) was used to
maintain a stable connection between the wires and the hydrogel during measurement.
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4.5. Direct Writing of CAC on Skin Tissue

To confirm that direct writing of electronics using CAC hydrogel is possible, CAC
ink was printed on pig skin tissue using a 3D printer (Dr. INVIVO 4D, Rokit Healthcare
(Seoul, Korea)). For design and printing, the “New creator K v1.57.71” program was used.
The printing was conducted using a 0.6-mm nozzle and an output speed of 5 mm/s. The
availability of CAC hydrogels printed in various forms, such as circles, grids, and circuits,
on pig skin tissues was demonstrated using an LED test. The CAC hydrogel transformed
the printed skin tissue by stretching, bending, twisting, and wetting in PBS, and the LED
emission was confirmed.

4.6. In Vitro Cytotoxicity Test

To evaluate cytotoxicity of the CAC hydrogels, mouse fibroblast cells (L929) were
pre-cultured in Dulbecco Modified Eagle Medium (DMEM supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin). To collect the eluates of the CACAu inks,
40 mg of the inks was incubated in cell culture media (10 mL) for 24 h. The cells were
seeded in a 48-well plate (2 × 104 cells per well) and cultured in a 5% humidified CO2
incubator at 37 ◦C. After culturing overnight and washing with Dulbecco’s Phosphate-
Buffered Saline (DPBS), the media containing the sample eluates was supplemented in the
well. The cell viability at 24 and 48 h was evaluated using Live/Dead assay kit (Thermo
Fisher Sci. (Seoul, Korea)) The live cells were stained with Calcein AM solution (2 µM)
and dead cells were stained with Ethidium homodimer-1 solution (4 µM) (0.2 mL of total
working solution), and then incubated for 1 h at 37 ◦C. Finally, the live/dead cells were
observed using fluorescence microscopy (DMi8, Leica (Wetzlar, Germany)). The number of
either green dots for live cells or red dots for dead cells was counted using Image J software,
and cell viability (%) was calculated as the ratio of the number of live cells to the total
number of cells.

4.7. The Stability Characterization of CAC Hydrogel in High Relative Humidity Conditions

Self-healing property, tissue adhesiveness, and ionic conductivity of CAC hydrogels
were evaluated in high humidity condition (80–90%). The humid chamber equipped with a
hygrometer was manually prepared using acrylic plates. First, the self-healing property of
CACAu hydrogel was confirmed after cutting and 2-h incubation of the hydrogel pieces in
the chamber. In addition, G′ and G′ ′ values of the hydrogels after 24-h incubation in the
chamber were monitored using oscillatory rheometer (at 1 Hz, each step for 180 s under
alternating strain between 0.5% and 1000%). Second, tissue adhesiveness of the hydrogels
as a function of incubation time in the humid chamber was measured in a same manner
with Section 4.3. Finally, the ionic conductivity of the hydrogels was also measured without
strain in the same manner as in Section 4.4 as a function of incubation time under humidity
conditions of 80% and 90%.

4.8. The Long-Term Stability of Electrical Resistance of CAC Hydrogels

To evaluate the stability of electrical resistance of the CAC hydrogel against long-term
repeated tissue deformation, the single filament (length = 2 cm, 18-gauge needle) was
printed using CACAu hydrogel on the porcine skin. The substrate tissue was fixed on the
one-axis stretcher using double-sided tape. Electrical wires and a digital multimeter were
connected to the samples to measure their electrical resistance in between two terminals of
the printed filament. For the cyclic test, the sample was bent at a rate of 20 mm/min with
1 cm for 5 cycles and the measurement was conducted every 12 h.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8060336/s1, Figure S1. Evaluation and comparison of storage
modulus (G′) and loss modulus (G′ ′) due to hy-drogen bond collapse between CMC and TA due to
disruption of hydrogen bond by various con-centration of urea; Figure S2. In vitro cytocompatibility
of CACAu. (a) The fluorescent images of L929 cells at 24 and 48 hours after treatment of the CACAu
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relesates as a function of concentration (0, 0.5, 1, and 2 mg/mL). (b) Quantitative analysis of the cell
viability. All data are expressed as mean ± s.d. One-way ANOVA, **** p < 0.0001, and ns for not
significant; Movie S1. The stability of the on-tissue printed filaments upon soaking in PBS and against
physi-cal deformation of porcine skin.
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Abstract: Bigels are biphasic semisolid systems that have been explored as delivery vehicles in
the food and pharmaceutical industries. These formulations are highly stable and have a longer
shelf-life than emulsions. Similarly, cellulose-based hydrogels are considered to be ideal for these
formulations due to their biocompatibility and flexibility to mold into various shapes. Accordingly, in
the present study, the properties of an optimized guar gum hydrogel and sesame oil/candelilla wax
oleogel-based bigel were tailored using date palm-derived cellulose nanocrystals (dp-CNC). These
bigels were then explored as carriers for the bioactive molecule moxifloxacin hydrochloride (MH).
The preparation of the bigels was achieved by mixing guar gum hydrogel and sesame oil/candelilla
wax oleogel. Polarizing microscopy suggested the formation of the hydrogel-in-oleogel type of bigels.
An alteration in the dp-CNC content affected the size distribution of the hydrogel phase within the
oleogel phase. The colorimetry studies revealed the yellowish-white color of the samples. There were
no significant changes in the FTIR functional group positions even after the addition of dp-CNC. In
general, the incorporation of dp-CNC resulted in a decrease in the impedance values, except BG3
that had 15 mg dp-CNC in 20 g bigel. The BG3 formulation showed the highest firmness and fluidity.
The release of MH from the bigels was quasi-Fickian diffusion mediated. BG3 showed the highest
release of the drug. In summary, dp-CNC can be used as a novel reinforcing agent for bigels.

Keywords: date palm-derived cellulose nanocrystal; guar gum hydrogel; sesame oil; candelilla wax;
oleogel; drug delivery

1. Introduction

In recent years, bigel-based delivery systems have been proposed as novel biphasic
systems [1]. Such systems are developed by mixing two types of gelled systems of different
polarities, namely hydrogels and oleogels, under a controlled temperature [2]. Hydrogels
are gelled systems that are hydrophilic systems of aqueous solvent [3], while oleogels
are hydrophobic gelled systems of edible oils [4]. The mixing of the aforesaid gelled
systems leads to the formation of biphasic systems, which are structurally similar to
emulsions [5]. However, unlike emulsions, bigels are semisolid in nature [6]. Depending on
the distribution of the gelled systems, bigels are categorized either as oleogel-in-hydrogel
or hydrogel-in-oleogel [2]. Moreover, some authors have reported the formation of bi-
continuous bigel [2,6]. This type of bigel does not have either a clearly dispersed or
continuum phase. The main advantage of bigels is their improved stability and shelf-life [7].
The composition of the constituting oleogels and hydrogels alters the properties of the bigels.
Also, the proportion of the oleogel and the hydrogel can govern their properties [8,9]. Since
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the bigels consist of both hydrophobic (oleogels) and hydrophilic (hydrogels) components,
they are a good candidate for delivering both hydrophobic and hydrophilic bioactive
agents, either individually or simultaneously [10–12]. Due to the versatile properties of
bigels, they have been used for pharmaceutical, food, and cosmetic applications.

Oleogels are gel-based systems of lipids and oils [13,14]. These gels are hydrophobic,
unlike hydrophilic hydrogels. In recent times, the use of oleogels in food and pharmaceuti-
cal applications has received much attention as a solid fat replacer/alternative [15]. The
use of oleogels helps reduce the saturated fatty acid content and consequently increases the
unsaturated fatty acid content in food products [16–18]. The oleogels entrap oils within
a network structure of the gelators, which are hydrophobic. One of the common types
of gelators are vegetable waxes (e.g., mango butter, cocoa butter, sunflower wax, and
candelilla wax) [18–20]. Vegetable wax-based oleogels are prepared by the direct dispersion
method, which is one of the most common and easiest methods of oleogel preparation [21].
Since vegetable waxes are rich in fat molecules, fat crystals are formed within the gelator
network of oleogels during the synthesis process [19,20].

In the present study, candelilla wax (CW) and sesame oil (SO)-based oleogel will be
used as the model oleogel. CW is extracted from the leaves of candelilla shrubs (Euphorbia
cerifera and Euphorbia antisyphilitica; family: Euphorbiaceae) [22]. The shrub is mainly
found in the region of northern Mexico and the southwestern United States [23,24]. CW
is yellowish-brown in color and has a melting point of 62–70 ◦C [25]. Due to its vegan
origin, it has been proposed for food applications. Oleogels of CW have been explored in
recent times as saturated fat replacers [26]. SO is extracted from sesame seeds (Sesamum
indicum; family: Pedaliaceae) [27]. The oil has a high linoleic acid and oleic acid content,
which combined constitute nearly 80% of the total fatty acid content [28,29]. It is one of the
most widely used cooking oils across the globe and has also been used to develop various
food products.

Hydrogels are polymeric networks that entrap water molecules. In recent years, polysac-
charides have been explored for developing hydrogels. Polysaccharides are naturally-
occurring polymers and are inherently biocompatible. Among various polysaccharides
(e.g., guar gum, alginic acid, chitosan, gum tragacanth), guar gum (GG) is one of the most
widely used polysaccharides. GG is obtained from the seed of the guar plant (Cyamop-
sis tetragonolobus; family: Leguminosae) [30,31]. The polysaccharide is composed of D-
mannopyranose (M) monomer units [32,33]. This natural polymer has been used in the
food, pharmaceutical, and cosmetics industries for a long time. Researchers have proposed
altering the properties of GG-based polymeric architectures with cellulose nanocrystals
(CNCs) [34]. The inclusion of CNC into GG-based formulations help to tailor the properties
of the formulations.

Similarly, nanocellulose has a remarkable skeletal structure, due to its numerous hy-
drophilic functional groups and nano size effect, which allows it to maintain the hydrogel’s
three dimensional structure to a large extent while maintaining the moisture content [35].
Also, a high degree of polymerization and a large surface area to volume ratio result in
increased drug loading and binding capacity for drug release. However, a variety of factors,
such as cellulose source, isolation strategy, size, and shape determine the optimum perfor-
mance of nanocellulose [36]. Cellulose nanocrystals can be obtained from agricultural waste
and used in a range of applications. In earlier work, we isolated cellulose nanocrystals from
date palm (dp-CNC) tree residues. Furthermore, the reinforcing influence of the dp-CNCs
on the bigels has not been studied yet. Therefore, it is reasonable to investigate the potential
of this nanocellulose to tailor the properties of bigels.

Maharana, V. et al. [37] have proposed altering the properties of the filled hydrogels by
reinforcing the dispersed phase. In the study, the authors developed gelatin-tamarind gum-
filled hydrogels (also known as bigels), wherein the tamarind gum was reinforced with
carbon nanotubes. The authors demonstrated that the reinforcement of the dispersed phase
significantly affected the properties of the filled hydrogels. These carbon nanotubes were
found to improve associative interaction among hydrogel components and to maintain the

126



Gels 2022, 8, 330

architecture of the hydrogels. Accordingly, in this study, we developed a GG hydrogel-
in-CW/SO oleogel bigel. The GG hydrogel was reinforced with varying amounts of
date palm-derived CNC (dp-CNC). The synthesis of the bigels was performed by the
facile mixing approach. The properties of the bigels were then analyzed by microscopic,
FTIR spectroscopic, XRD, impedance spectroscopic, and texture analysis methods. The
developed bigels were also explored as carriers for Moxifloxacin (MH).

Moxifloxacin (MH) is categorized under the quinolone group of antibiotics. The drug
is a broad-spectrum antibiotic and is used to treat a wide variety of bacterial infections.
Accordingly, it has been used to treat several bacteria-induced diseases. Some of the diseases
where MH is used as a drug of choice include respiratory tract infections, conjunctivitis,
tuberculosis, endocarditis, and pneumonia. Though the drug’s elimination half-life is
~12 h, most of the drug is excreted through feces or urine. Accordingly, there is a need to
design controlled drug delivery systems that can prolong the release of the drug and hence
improve bioavailability. In this regard, bigels have been proposed as a novel drug delivery
system by many researchers. The knowledge gathered through this study could allow the
scientific community to understand how the reinforcement of the internal phase of bigels
with CNC affects the properties of the bigels.

2. Results and Discussion
2.1. Microscopic Evaluation

The analysis of the optical micrographs of bigels can provide information about the
dispersion of the dispersed phase (Figure 1). Observation of the micrographs suggest
the presence of globular phases within a continuum phase. As the proportion of the
hydrogel phase was only 25%, it can be expected that the dispersed phase would be the
hydrogel [38]. Consequently, the continuum phase would be the oleogel phase. It can be
seen that BG0 (Figure 1a) showed a wide distribution in the size of the globular phases.
A large number of bigger globular structures could be observed in BG0 (Figure 1a). As
dp-CNC was incorporated in BG1 (Figure 1b), there was a drastic reduction in the size of the
globular structures. However, some bigger size droplets could be seen. A corresponding
increase in the dp-CNC content in BG2 and BG3 (Figure 1c,d), resulted in smaller globular
structures, respectively. Apart from the formation of smaller globular structures, there
was increased homogeneity. It can be observed that the globular size distribution was
highly homogenous in BG3 (Figure 1c). A further increase in the dp-CNC content in BG4
(Figure 1e) caused a slight increase in the size of the globular structures and increased size
distribution. Additionally, it can also be observed that some of the globular structures in
BG0, BG1, and BG4 (Figure 1a,b,e) were apparently deformed. Nevertheless, the globular
structures in BG2 and BG3 (Figure 1c,d) were relatively non-deformed. The variation in the
mean droplet size (Figure 1f) suggested that the addition of dp-CNC reduced the droplet
size of the internal phase. The difference in the droplet size of the internal phase among
the dp-CNC-containing formulations was not significant. The droplet size was calculated
manually using ImageJ software.

The polarized light micrographs of the bigels are presented in Figure 2. It can be
observed from the micrographs that the dispersed phase was darker than the continuum
phase, samples BG0-BG4 (Figure 2a–e). It is well-established that fat crystals appear brighter
under polarizing conditions [39]. This has been attributed to the ability of fat crystals to
diffract light. The diffracted light can be captured by polarizing microscopy. On the other
hand, hydrogels are amorphous structures and appear as dark objects under polarizing
microscopy, i.e., samples BG4 (Figure 2e). Analyzing the microarchitecture confirms that
the dispersed phase was the hydrogel phase, while the continuum phase is composed of
the oleogels. Further, the polarizing micrographs also corroborated the observations from
the optical micrographs. Therefore, it can be concluded that the addition of dp-CNC within
the inner phase of the hydrogel-in-oleogel bigels can help to tailor the size and distribution
of the dispersed phase. It could be further seen that dp-CNC helped form an un-deformed
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dispersed phase of the hydrogels in bigels. The alteration in the properties of the dispersed
phase occurs in a concentration-dependent manner.

Figure 1. Bright-field micrographs of the bigels. (a) BG0, (b) BG1, (c) BG2, (d) BG3, and (e) BG4.
(f) Variation in the mean droplet size.

Figure 2. Polarized light micrographs of the bigels. (a) BG0, (b) BG1, (c) BG2, (d) BG3, and (e) BG4.

2.2. Colorimetry

The results of the colorimetric analysis have been compiled in Figure 3 and Table 1.
The color analysis was carried out in the CIELab color plane, wherein L *, a *, and b *
values are obtained [40]. The main advantage of this color model is that it encompasses the
entire range of human visual color perception [41]. The “L *” parameter is independent of
chromaticity information. It basically represents the perpetual lightness of the samples [42].
From the results, it can be observed that the average “L *” value was in the range of 97.76
and 99.07. However, the “L *” values were not statistically significant from each other. On
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the other hand, “a *” and “b *” values are chromic parameters, wherein “a *” and “b *”
parameters represent green-red and blue-yellow opponent colors, respectively [43,44]. The
negative values of “a *” and “b *” represent green and blue colors. The positive values
of “a *” and “b *” represent red and yellow colors. Analysis of the “a *” and “b *” values
suggest the presence of green and yellow hues within the system. The variation in the
values of the parameters was not statistically significant. Apart from the aforesaid primary
color parameters, derived parameters, namely whiteness index (WI) and yellowness index
(YI), were also obtained from the instrument [45]. The WI was in the range of 75% and 80%,
while the YI was in the range of 27% and 35%. There was no significant difference in the
WI and YI values of the formulations. In summary, the formulations were highly reflective
in nature with predominantly green and yellow hues. The addition of dp-CNC did not
alter the color of the formulations.

Figure 3. Colorimeter profile of bigels. (a) CIELab color parameters, (b) Whiteness index, (c) Yellowness index.

Table 1. Color parameters of bigels.

Sample L * a * b * WI YI

BG0 98.67 ± 0.96 −5.74 ± 1.16 19.06 ± 5.70 80.02 ± 5.77 27.60 ± 8.49

BG1 99.07 ± 0.19 −6.64 ± 1.40 19.80 ± 4.57 79.10 ± 4.78 28.55 ± 6.64

BG2 97.76 ± 2.03 −6.16 ± 2.67 23.92 ± 1.38 75.20 ± 1.09 34.95 ± 2.68

BG3 98.19 ± 1.17 −6.12 ± 1.45 22.13 ± 6.74 76.97 ± 6.82 32.20 ± 6.06

BG4 98.81 ± 0.37 −7.05 ± 0.44 21.97 ± 2.11 76.90 ± 2.12 31.77 ± 3.15

2.3. FTIR Spectroscopy

The FTIR spectrum provides useful information about the presence of potential func-
tional groups and interactions within them in bigel formulations. The FTIR spectra of the
bigels have been provided in Figure 4. The analysis of the functional groups is mainly done
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in the functional group region. The FTIR spectra of the bigels showed that there was a
sharp peak at 1740 cm−1. This peak is associated with the -C=O stretching vibrations of the
esters that are present in lipids and fatty acids [46].

Figure 4. FTIR spectra of the bigels.

The presence of dual peaks at 2854 cm−1 and 2920 cm−1 is due to the sp3 hybridized
carbon atom C-H stretching, which was in abundance in SO, CW, GG, and dp-CNC [47].
The broad peak at 3425 cm−1 was due to the O-H stretching vibrations due to hydrogen-
bonded hydroxyl groups [48]. Further, another peak was observed at 3743 cm−1 that can be
explained by the O-H stretching of the free hydroxyl groups [49]. The hydroxyl functional
groups were in abundance in SO, CW, GG, and dp-CNC. Apart from these major peaks
in the functional group region, a couple of minor peaks were also observed. The minor
peak at 1650 cm−1 was due to the N-H bending of primary amines that are present in
GG. Apart from the peaks mentioned in the functional group region, some additional
peaks at 1370.7 cm−1, 1234.6 cm−1, 1158.4 cm−1, and 1102.7 cm−1 were observed. These
peaks are considered to be in the fingerprint region. These peaks can be associated with
different vibration modes of methyl (-CH3) and methylene (-CH2) groups in SO, CW, GG,
and dp-CNC [50]. In summary, all the formulations (control and dp-CNC-containing bigels)
showed peaks precisely at the exact location. This indicates the presence of similar types
of interactions among all the formulations, including the control sample. However, there
were some variations in the intensity levels.

2.4. Analysis of Impedance

The impedance profiles of the bigels are provided in Figure 5. The impedance profiles
showed typical capacitive behavior; wherein there is a higher impedance in the low-
frequency range that reduces to a basal level in the high-frequency range [51]. The analysis
of the impedance profiles suggested that the control bigel (BG0) was relatively higher than
the dp-CNC-containing bigels, except BG3. This indicated that the addition of dp-CNC in
the bigels reduced the impedance of the bigels in general. Among the dp-CNC-containing
bigels, BG1 had the lowest impedance. In other words, the electrical conductivity of BG1
was the highest. The impedance value was correspondingly increased in BG2 and BG3,
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respectively, with increase in dp-CNC content. In fact, the impedance of BG3 was the
highest. Thereafter, a corresponding fall in the impedance value was observed in BG4,
which contained the highest amount of dp-CNC.

Figure 5. Impedance profiles of the bigels in 50 and 5000 Hz frequency range.

The observed impedance can be related to the microstructure of the bigels. From the
micrographs, it was observed that BG3 showed smaller and homogenous droplets. As the
amount of the hydrogel was the same in all the bigels, the smaller droplets resulted in the
presence of more droplets. These droplets acted as numerous capacitive elements, thereby
resulting in the highest impedance of BG3. The impedance of the other bigel formulations
can also be related to droplet size and homogeneity.

2.5. Stress Relaxation Studies

The stress relaxation (SR) profiles and their parameter values are presented in Figure 6
and Table 2. The F0 value, maximum force attained in the SR profile, of BG0 was signifi-
cantly lower than the dp-CNC containing formulations (p < 0.05). This could be associated
with the reinforcing properties of CNC. Among the dp-CNC containing formulations, there
was an increase in the F0 values from BG1 to BG3. Subsequently, an increase in the dp-CNC
content decreased the F0 value in BG4. However, the differences in the F0 values among
BG1 and BG2, BG2 and BG4, and BG3 and BG4 were statistically insignificant (p > 0.05).
The F60 values, the minimum force value at the end of the relaxation process, followed a
trend similar to F0 values.

The %SR value provides information about the fluidity (or elasticity) of formula-
tions [52,53]. A higher %SR value indicated higher fluidic nature of the formulations.
The analysis of the %SR values suggested that BG0 was highly fluidic in nature and had
the highest %SR value. However, the %SR value of BG0 was similarly valued with that
of BG3 and BG4 (p > 0.05). The %SR value of BG1 and BG2 was the lowest (p > 0.05).
This suggested that the elastic component of BG1 and BG2 was higher than all the other
formulations (p < 0.05). Interestingly, an increase in the dp-CNC content in BG3 and BG4
significantly increased the fluidic component within the bigels that were similarly to each
other to control (BG0) (p > 0.05). In brief, BG3 had the highest firmness and, at the same
time, improved fluidity.
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Figure 6. Stress relaxation study of the bigels. (a) SR profile, (b) F0 profile (average ± standard deviation),
(c) F60 profile (average ± standard deviation), and (d) % SR profiles (average ± standard deviation).

Table 2. Stress relaxation parameters of bigel formulations.

Formulations F0 F60 %SR

BG0 205.37 ± 26.95 78.85 ± 8.09 61.60 ± 2.43

BG1 1349.64 ± 133.67 739.42 ± 105.43 45.21 ± 3.00

BG2 1569.40 ± 219.49 877.00 ± 77.08 44.18 ± 2.94

BG3 2548.71 ± 106.68 1123.40 ± 25.01 55.92 ± 2.60

BG4 2186.90 ± 328.30 971.89 ± 79.98 55.55 ± 3.45

2.6. Drug Release Study

The Moxifloxacin HCI is a new fluoroquinolone antibacterial agent that works against
both gram-positive and gram-negative bacteria. It has better activity against anaerobes
and gram-positive bacteria (such as streptococci, staphylococci, and enterococci) than
ciprofloxacin [54]. Moxifloxacin HCI is used to treat bacterial infections of the respiratory
tract, including community-acquired pneumonia, sinusitis, and acute exacerbations of
chronic bronchitis [55]. The FDA authorized moxifloxacin HCI ophthalmic solution in
April 2003 for the treatment of bacterial conjunctivitis caused by susceptible species [56].
An improved antibacterial activity was reported from chitosan/β-glycerophosphate in situ-
forming thermo-sensitive hydrogel loaded with moxifloxacin HCI (0.25% w/v) compared
to moxifloxacin HCI solution (0.5% w/v) [57]. Accordingly, formulations of 0.25% of
moxifloxacin HCI were developed in this study.

The release profiles of the drug moxifloxacin HCl from the formulations are provided
in Figure 7. It can be seen from the drug release profiles that an increase in the dp-CNC
content correspondingly increased the CPDR (cumulative percent drug release) till BG3D.
However, there was a subsequent decrease in the CPDR values from BG4D. Among the
dp-CNC-containing formulations, the CPDR values were in the same order as that of
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the impedance values in the low-frequency region. Statistically, the CPDR values of the
dp-CNC containing formulations were significantly higher than the control (p < 0.05). This
is suggestive of the fact that the addition of dp-CNC promoted the release of the drug.
Further, the differences in the CPDR values at the end of the experiment of BG1D and BG2D,
BG2D and BG4D, and BG3D and BG4D were statistically similar to each other (p > 0.05).
Overall, the enhanced drug release, due to the addition of dp-CNC, could be explained by
faster diffusion of the drug molecules within the hydrogel matrices, which improved water
absorption capacity, due to dp-CNC, may have promoted.

Figure 7. Drug release profile of bigel formulations. (a) CPDR profile and (b) KP model of CPDR.

The CPDR profiles were then fitted to the Korsmeyer-Peppas (KP) model
(Equation (1)) [58]. The parameters of the KP model are formulated in Table 3. It can
be observed that the diffusion factor (K) of BG0D, with respect to BG1D and BG3D, was
statistically insignificant (p > 0.05). The incorporation of dp-CNC resulted in increase in
the ‘K’ value in a concentration-dependent manner. However, the ‘K’ values of BG1D and
BG3D, BG2D and BG3D, and BG3D-BG4D were statistically insignificant (p > 0.05). The
diffusion exponent (n) values were less than 0.45, suggesting quasi-Fickian diffusion of the
drug molecules during the drug release process:

CPDR = K × tn (1)

where CPDR is cumulative percent drug release, K is the diffusion factor, t is the time of
sampling, and n is the diffusion exponent.

Table 3. Korsmeyer-Peppas model drug release parameters.

Formulations
Model Parameters

K n R2

BG0D 2.294 ± 0.037 0.267 ± 0.016 0.995

BG1D 2.186 ± 0.188 0.308 ± 0.017 0.993

BG2D 3.045 ± 0.227 0.256 ± 0.007 0.988

BG3D 6.023 ± 1.726 0.193 ± 0.050 0.987

BG4D 4.362 ± 0.394 0.232 ± 0.020 0.992

3. Conclusions

GG hydrogel and SO/CW oleogel-containing bigels were developed using an easy
and facile method in the present study. Dp-CNC was then incorporated within the bigel in
varied amounts to alter the physical and biochemical properties of the bigel. It was found
that the developed bigels were smooth and stable. The bigels were yellowish-white in
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color. The formation of biphasic formulations was confirmed by bright field and polarizing
microscopy. The IR spectra suggested that there was no change in the interactions of the
bigel components after the addition of dp-CNC. The incorporation of dp-CNC improved
the firmness of the formulations in a composition-dependent manner. This was associated
with the reinforcing property exerted by CNCs. At lower dp-CNC content, the bigels
contained more elastic components, while the fluidic component was more predominant
when the dp-CNC content was on the higher side. The release of the drug MH was
diffusion-mediated and followed quasi-Fickian release kinetics. In closing, it was observed
that dp-CNC could be explored as a novel reinforcing and drug release agent, which could
be used to develop delivery systems for antimicrobial agents. Finally, the summary of the
key parameters is tabulated in Table 4.

Table 4. Summary of the key parameters.

Formulations Mean
Droplet Size %SR Diffusion Factor

(K)

B0 22.42 ± 0.42 61.60 ± 2.43 2.294 ± 0.037

B1 20.53 ± 0.16 45.21 ± 3.00 2.186 ± 0.188

B2 20.45 ± 0.53 44.18 ± 2.94 3.045 ± 0.227

B3 20.30 ± 0.14 55.92 ± 2.60 6.023 ± 1.726

B4 20.45 ± 0.41 55.55 ± 3.45 4.362 ± 0.394

4. Materials and Methods
4.1. Materials

Candelilla wax (CW, BiOrigins, Hampshire, UK), and Sesame oil (SO, Massy Cedex,
France) were procured from the local hypermarket. Guar gum was used from Scharlab,
Barcelona, Spain. Disodium hydrogen phosphate, and potassium dihydrogen phosphate
were procured from Merck, Darmstadt, Germany. Date palm-derived CNCs were synthe-
sized in our laboratory as per the method described earlier [36]. This has nanoparticles
with sizes ranging from 26 nm to 61 nm, a negative zeta potential of −35 mV, and 89%
crystallinity. Also, double distilled water was used throughout the study.

4.2. Preparation of the Formulations
4.2.1. Preparation of the Oleogel

The critical gelation concentration of CW for inducing gelation of SO was initially
determined. For this purpose, a specified amount of CW was added to SO. The mixture
was then heated at 65 ◦C for 30 min to induce the dissolution of CW in SO. Then, the
hot mixture was kept at 25 ◦C for 120 min to allow the gelation process to complete. The
amount of CW was varied to determine the CGC. The CGC of CW for SO was found to be
7%. The oleogel prepared at CGC was used for further studies.

4.2.2. Preparation of the GG Hydrogels

GG hydrogel was prepared by dispersing 1 g of GG in 99 g of water that was kept
stirring at 800 RPM. The dp-CNC loaded GG hydrogels were prepared by dispersing a
sufficient amount of dp-CNC in water, followed by the addition of GG in water. The
amount of dp-CNC was added so as to maintain the dp-CNC content in the formulations,
as mentioned in Table 5.
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Table 5. Composition of the bigels.

Code Hydrogel (g) dp-CNC (mg) Oleogel (g) Moxifloxacin
HCl (% w/w)

BG0 25 - 75 -

BG1 25 5 75 -

BG2 25 10 75 -

BG3 25 15 75 -

BG4 25 20 75 -

BG0D 25 - 75 0.25

BG1D 25 5 75 0.25

BG2D 25 10 75 0.25

BG3D 25 15 75 0.25

BG4D 25 20 75 0.25

4.2.3. Preparation of the Bigels

Specified amounts of GG hydrogels (60 ◦C) were slowly added to the oleogel (60 ◦C),
which was kept on homogenization at 800 RPM. The homogenization was further continued
for 20 min. Then, the mixture was kept at room temperature (25 ◦C) for 1 h. The reduction
of the temperature of the mixture induced gelation to form bigels. The drug-containing
bigels were prepared by incorporating the drug (moxifloxacin hydrochloride; moxifloxacin
HCl) within the GG hydrogel phase. The composition of the bigels is presented in Table 5.

4.3. Characterization

The microstructures of the bigels were initially visualized using an optical bright field
microscope. Subsequently, polarized microscopy was performed using the same micro-
scope, which was attached with an in-house built polarizer and an analyzer. The microscope
was fitted with an ICC50-HD camera for imaging. The prepared bigels were then subjected
to colorimetric analysis using a reflective colorimeter (X-Rite Ci7600 spectrophotometer,
Grand Rapids, MI, USA).

The functional group identification and their interactions were studied using an FTIR
(Fourier Transform infra-red spectroscope Nicolet iN10, Thermo Scientific, Winsford, UK)
working in the ATR (Attenuated total reflectance) mode. The analysis was performed in the
wavenumber range of 3500 cm−1 to 500 cm−1. An average of 32 scans was used for the final
spectra. The resolution of the instrument was 4 cm−1. The impedance analyses of the bigels
were carried out using an impedance analyzer (Digilant, Pullman, WA, USA). The analysis
was carried out through the parallel plate capacitive method. Briefly, the stainless electrode
system, consisting of two circular parallel plates (diameter: 1 cm, distance between plates:
1 cm), was inserted into the sample. Then, the impedance was measured in the frequency
range of 50 and 5000 Hz.

The viscoelastic properties of the bigels were analyzed by the stress relaxation (SR)
study. The SR study was carried out using a mechanical tester (TA HD-plus, Stable Micro
Systems, Haskmere, UK). The study was conducted using a 30 mm flat probe. The probe
was allowed to penetrate the sample by 1 mm after sensing a force of 5 g. The initial force
value at this position was regarded as F0. Thereafter, the probe remained at the same
location for 1 min. The force at the end of this time was regarded as F60. During this time,
the variation in the force profiles was recorded and consequently analyzed. The percentage
SR (%SR) was calculated using Equation (1):

%SR =
F0 − F60

F0
× 100 (2)
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where %SR stands for percentage stress relaxation, F0 stands for peak force at 1 mm distance,
and F60 stands for the force at the end of the 1 min relaxation process.

The drug release from the bigels was studied in a dissolution apparatus (DS-8000,
LabIndia analytical Instruments Pvt. Ltd., Mumbai, India). The dissolution apparatus
was connected with a basket type (Type-I) sample holder attachment. The dissolution
flask was filled with 400 mL of phosphate buffer (pH 6.8, 37 ◦C). The phosphate buffer
solution was prepared by dissolving 28.20 g of disodium hydrogen phosphate and 11.45 g
of potassium dihydrogen phosphate in 1000 mL double distilled water. Then, 1 g of the
bigels was inserted into the basket. The basket was then rotated at a speed of 100 RPM.
Next, at a specified time period (5, 15, 30, 45, 60, 90, 120, 150, and 180 min), 5 mL of
the dissolution media was withdrawn for further analysis. The withdrawn dissolution
media was replaced with fresh dissolution media. Thereafter, at the end of the study, the
withdrawn dissolution media was analyzed in a UV-visible spectrometer (Shimadzu 3600
UV-VIS-NIR, Kyoto, Japan). The analysis was conducted at a wavelength of 290 nm to
determine the concentration of the drug released into the dissolution media. The UV-vis
spectra of the standard moxifloxacin HCI solution is compiled in Figure 8.

Figure 8. UV-vis spectra of the moxifloxacin HCI standard solutions.
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Abstract: To synthesize a biodegradable alternative to spherical polyacrylic acid absorbent resin,
spherical hydrogel particles were prepared from carboxymethyl cellulose (CMC) dissolved in an
aqueous solution, using ethylene glycol diglycidyl ether (EGDE) as a crosslinking agent. The effect of
varying the initial CMC concentration and feed amount of EGDE on the shape, water absorbency,
water-holding capacity, and enzyme degradability of the resultant CMC hydrogels was determined.
The reaction solution was poured into fluid paraffin, and spherical hydrogel particles were obtained
via the shear force from stirring. The shape and diameter of the spherical hydrogel particles in the
swollen state depended on the CMC concentration. The spherical hydrogel particles obtained by
increasing the amount of EGDE resulted in a decrease in absorbency. Additionally, all the spherical
hydrogel particles were degraded by cellulase. Thus, spherical biodegradable hydrogel particles were
prepared from CMC, and the particle size and water absorption of the hydrogel could be controlled
in the range of 5–18 mm and 30–90 g·g−1 in the swollen state, respectively. As an alternative to
conventional superabsorbent polymers, the spherical CMC hydrogels are likely to be useful in
industrial and agricultural applications.

Keywords: carboxymethyl cellulose; superabsorbent gels; enzymatic biodegradability; spherical
control; molding processability

1. Introduction

Superabsorbent polymers (SAPs) can absorb and retain extremely large amounts of
water [1]. The most popular SAP is crosslinked sodium polyacrylate (SPA), which is in-
dustrially produced by copolymerizing acrylic acid and acrylic acid sodium salt [2]. SAPs
are widely used in various applications, such as baby diapers, feminine sanitary prod-
ucts, adult incontinence pads, carriers for air fresheners, and agricultural water retention
materials. One of the biggest drawbacks of industrial SAPs, including SPA, is that they
are non-biodegradable, despite their widespread use in disposable goods [3]. As society
moves toward more sustainable and fossil fuel-free commodities and processes, developing
biodegradable SAPs is imperative to prevent microplastic accumulation associated with
synthetic polymers that causes environmental pollution.

The primary candidates of raw materials for biodegradable SAPs are naturally oc-
curring and inedible polysaccharides, such as cellulose [4], chitin [5], chitosan [6], guar
gum [7], starch [8], and carrageenan [9]. These polysaccharides exhibit biocompatible and
biodegradable properties; thus, they are of considerable interest for the development of
environmentally friendly and biocompatible materials. Structurally, these polysaccharides
are polymers consisting of neutral and/or glycosidically bonded amino sugars; hence, they
exhibit no water-absorbing properties. Therefore, various methods have been reported
to impart the same water-absorbing performance as that of SAPs onto these polysaccha-
rides, while maintaining their biodegradability [4–9]. Most of these methods are based on
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the substitution of the hydroxyl and/or amino groups of the polysaccharide chain with
sodium carboxylate groups and intermolecular crosslinking between the polysaccharide
chains. For example, carboxymethyl cellulose sodium salt (CMC), a water-soluble cellulose
derivative, can be converted into a biodegradable superabsorbent polymer by intermolec-
ular crosslinking using diepoxy crosslinking agents, such as ethylene glycol diglycidyl
ether (EGDE). Here, the sodium carboxylate groups of the CMC and the intermolecular
crosslinking between the CMC chains are responsible for the absorption and retention of
water molecules inside the structure, respectively [10–12]. The same method was used to
develop water-absorbent polysaccharides. The biodegradability of these polysaccharide-
based water-absorbent polymers strongly depends on the crosslinking agent used for
their preparation and the crosslinking density of the resultant polymer; an increase in the
crosslinking density generally leads to a decrease in biodegradability. Therefore, when de-
signing a polysaccharide-based SAP, it is important to consider not only its water-absorbing
properties but also the crosslinking agent and crosslinking density.

Difficulty in molding processability is another challenge to overcome during the syn-
thesis of polysaccharide-based SAPs. SAPs with different shapes are utilized for different
purposes. The powder form of SAP is used for baby diapers and feminine sanitary prod-
ucts, while the spherical form is used as a carrier for air fresheners and horticultural water
retention materials. Most polysaccharide-based SAPs reported to date are obtained as solid
lumps, which are then crushed into a powder [13,14]. CMC-based SAPs are no exception.
The majority of the CMC-based SAPs are obtained in irregular shapes. This is because
polysaccharide-based SAPs, including CMC-based SAPs, are not suitable for injection mold-
ing or extrusion molding, which are both molding processes for resins, due to their poor
thermal plasticity and solubility in organic solvents. In the case of SPA, the spherical shape
of the resin can be controlled by emulsifying droplets of the starting material, consisting of
a mixture containing acrylic acid, acrylic acid sodium salt, crosslinking agent, etc., in a poor
solvent. In addition, the spherical resin size can be regulated by controlling the emulsified
micelle size through the selection of surfactants [15,16]. Therefore, spherical resin particles
of various sizes are available for application, while particles with a diameter of 5–15 mm
in the swollen state are mainly used for disposable applications. On the other hand, re-
search on the synthesis of polysaccharide-based spherical particles has primarily focused
on nanoscale particles for biological applications, such as drug delivery carriers [17,18].
This method forms micelles from a polysaccharide aqueous solution in a poor solvent
using a surfactant, followed by producing nanomicelles by ultrasound irradiation [19–21].
This makes it difficult to synthesize polysaccharide-based SAPs for general applications.
Therefore, to develop polysaccharide-based SAPs as alternatives to SPA, it is necessary to
develop synthesis technologies that allow for the precise control of their shape and size in
general and disposable applications.

In this study, a polysaccharide-based SAP with a water absorption capacity and
shape comparable to that of the existing spherical SAP was prepared using CMC and
EGDE as the crosslinking agent. An aqueous alkaline solution, comprising CMC and a
crosslinking agent, was added to liquid paraffin, and the shear force of stirring the liquid
paraffin and the surface tension of the water–oil interface produced spherical particles of
the alkaline solution (Figure 1). The initial CMC ratio and the feed amount of EGDE were
varied to determine their effects on the shape, water absorbency, water-holding capacity,
and cellulase degradability of the resultant CMC hydrogel (CMCG). Commercial SPA
particles were used as a comparative reference. This study addressed the challenge of
molding processability of polysaccharide-based SAPs and contributed to the development
of a sustainable society through the use of biodegradable carriers for air fresheners and
horticultural water retention materials.
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Figure 1. Preparation of the spherical carboxymethyl cellulose sodium salt hydrogel (CMCG) by the
formation of a water droplet in liquid paraffin.

2. Results and Discussion
2.1. Preparation and Characterization of the Spherical CMCG
2.1.1. Optimization of the Initial CMC Concentration

To obtain spherical CMCG particles, the reaction mixture containing CMC and EGDE
dissolved in the alkaline solution was dropped into liquid paraffin and stirred to facilitate
the crosslinking reaction (Figure 1). After being placed in the liquid paraffin, the CMC
mixture precipitated at the bottom of the beaker at a stirring speed of 200 rpm. Thus, these
samples were lumpy, with no spherical particles formed. Because the surfacing of the
reaction mixture prevented adhesion to the stirring blade and the bottom of the beaker,
spherical particles were obtained at stirring speeds exceeding 300 rpm. The particle size was
affected by the stirring speed, and the particle size dropped as the stirring speed increased
(Figure S1). The shear force increased as the stirring speed increased. The increased
stirring speed was expected to increase shear force and slice the CMC mixture into smaller
droplets [22,23], reducing the CMCG particle size. While maintaining a constant stirring
speed of 300 rpm, a series of seven CMCG samples were prepared by varying the CMC
concentration and EGDE feed amount (Table 1) to investigate their effects on the shape,
water absorption properties, and biodegradability of the CMCGs obtained.

Table 1. Initial feed amount of carboxymethyl cellulose sodium salt (CMC) and ethylene glycol digly-
cidyl ether (EGDE) and yields from the preparation of the spherical CMC hydrogel (CMCG) samples.

Sample a
Initial Feed Amount CMC

Concentration
(wt%) c

Feed Mass
Ratio of

EGDE/CMC
Yields dCMC

(AGU b) EGDE

CMCG2.5,0.4
1.0 g

(4.6 mmol)
0.4 g

(2.3 mmol) 2.5 0.4 -

CMCG5,0.4
2.0 g

(9.2 mmol)
0.8 g

(4.6 mmol) 5 0.4 -

CMCG7.5,0.4
3.0 g

(13.8 mmol)
1.2 g

(6.9 mmol) 7.5 0.4 2.5 g
(58%)

CMCG10,0.4
4.0 g

(18.3 mmol)
1.6 g

(9.2 mmol) 10 0.4 5.3 g
(90%)

CMCG15,0.4
6.0 g

(27.5 mmol)
2.4 g

(13.8 mmol) 15 0.4 5.6 g
(65%)

CMCG10,0.2
4.0 g

(18.3 mmol)
0.8 g

(4.6 mmol) 10 0.2 4.3 g
(86%)

CMCG10,0.6
4.0 g

(18.3 mmol)
2.4 g

(13.8 mmol) 10 0.6 4.0 g
(60%)

a X and Y in the abbreviation CMCGX,Y refer to the CMC concentration (wt%) and mass ratio of EGDE/CMC,
respectively. b AGU is the mole of anhydroglucose unit of CMC. c CMC dissolved in 40 mL of 0.5 M NaOH.
d Yields (%) were determined using the following equation: (mass of CMCG/g) × 100/(sum of mass of CMC
and EGDE/g).
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To investigate the effect of the CMC concentration on the formation of spherical shapes,
CMCG2.5,0.4, CMCG5,0.4, CMCG7.5,0.4, CMCG10,0.4, and CMCG15,0.4 were prepared by
setting the initial CMC concentrations to 2.5, 5.0, 7.5, 10, and 15 wt%, respectively (Table 1).
The feed mass ratio of EGDE to CMC (EGDE/CMC) was fixed at 0.4. The yields of the
spherical CMCG are summarized in Table 1. For CMCG2.5,0.4 and CMCG5,0.4, when the
reaction mixture was placed in the liquid paraffin, it immediately precipitated at the bottom
of the beaker. Thus, these samples were lumpy, and no spherical particles were formed. For
CMCG7.5,0.4, although spherical particles were formed by floating in paraffin, a portion
of the aqueous solution precipitated at the bottom, resulting in a relatively low yield
(58%). For CMCG10,0.4, most of the reaction mixture was converted into spherical particles
because of the increase in CMC concentration. Thus, the yield reached 90%, which was
almost in agreement with the yield of the CMCG samples (80–91%) prepared without
liquid paraffin [10]. However, when the CMC concentration was increased to 15 wt%
(CMCG15,0.4), the aqueous solution adhered to the surface of the stirring blade, owing to
its high viscosity. Furthermore, increasing the CMC concentration to 15 wt% decreased the
formation of spherical particles with a relatively low yield of 65%. The yield data suggest
that the concentration of CMC, which is related to the specific gravity and viscosity of the
reaction solution, was critical for the formation of the spherical particles and that 10 wt% of
the initial CMC concentration was optimal.

Then, the absorbency of CMCG7.5,0.4, CMCG5,0.4, and CMCG15,0.4 was investigated
using phosphate-buffered saline (PBS) as the absorbing solution. Figure 2 compares the
time-dependency of the PBS absorbency for the CMCG samples and SPA. The absorbency
increased with time and reached equilibrium after 24 h for CMCG10,0.4, CMCG15,0.4, and
SPA, and after 48 h for CMCG7.5,0.4. The maximum absorbency at equilibrium increased
with a decrease in the initial CMC concentration. This phenomenon can be attributed to
the molecular structure of CMCG, including its degree of crosslinking. It has been reported
that in a CMC hydrogel using epichlorohydrin, an epoxide crosslinking agent [24], the
low concentration of CMC in the reaction mixture led to a decrease in the crosslinking
density of the CMC chains. The Fourier transform infrared (FTIR) spectra of CMCGs
suggest that the degree of crosslinking decreases with decreasing initial CMC concentration
(Figure S2 and Table S1). The less crosslinked structure permits the expansion of the CMC
molecules in the hydrogels, resulting in higher absorption.
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Figure 2. Time-dependence of the absorbency of the CMCGs and sodium polyacrylate (SPA)
(a) toward phosphate-buffered saline (PBS) and (b) initial stage of the absorbency.

The photographs of CMCG7.5,0.4, CMCG5,0.4, and CMCG15,0.4 in the dried and swollen
states are shown in Figure 3, whereas Figure S4 shows photographs of SPA for comparison.
The dried CMCGs were white or yellowish-white particles, which changed to more yellow-
ish as the initial CMC concentration increased. Because EGDE is a slightly yellow-colored
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liquid and CMC is a white powder, this finding suggests that as the CMC concentration was
increased, the crosslinking degree of EGDE also increased; this supports the absorbency
results. The dried CMCG transformed into transparent spherical particles after swelling in
PBS (Figure 3b). Furthermore, none of the CMCG samples deformed under their weight
and retained their shape, except for CMCG7.5,0.4. This was because CMCG7.5,0.4 had a low
CMC concentration, which led to decreased crosslinking between the CMC chains. Because
some of the CMCG particles were flattened, the major and minor diameters were measured
from 50 random particles. Figure 4 shows the size distribution of the major and minor
diameters of CMCG swollen with PBS. The average values of the major diameters were
14.0 ± 2.1 (CMCG7.5,0.4), 10.7 ± 2.4 (CMCG10,0.4), and 8.8 ± 1.9 mm (CMCG15,0.4). The av-
erage values of the minor diameters were 12.6 ± 2.2 (CMCG7.5,0.4), 10.0 ± 1.8 (CMCG10,0.4),
and 6.7 ± 0.8 mm (CMCG15,0.4). The major and minor diameters decreased with increasing
CMC concentrations. When the CMC solution was poured into the liquid paraffin, the
CMC solution was separated, owing to the difference in surface tension between the water
and liquid paraffin. The CMC solution was sliced by the shear force of the propeller blade
and formed sphere droplets to reduce the surface area. However, the CMC solution was
not only divided into droplets by the shear force but also coalesced into bigger droplets.
As the reaction progressed, an intermolecular crosslinked structure was formed, and the
CMC droplets were stably dispersed in the liquid paraffin without coalescing. A high CMC
concentration is expected to increase the chance of contact between the unsubstituted hy-
droxy groups of CMC and EGDE, which results in the rapid formation of an intermolecular
crosslinked structure. Thus, it is likely that an intermolecular crosslinked structure was
formed in the early stages of the reaction, which stabilized the droplet shape. Furthermore,
the size of the CMCG decreased as coalescence was suppressed. In contrast, at low CMC
concentrations, the reaction progressed slower than at high CMC concentrations. Because it
takes time to stabilize the droplet shape by intermolecular crosslink formation, the CMCG
size increased, owing to the coalescing droplets. Furthermore, the high surface tension of
the CMC solution led to a decrease in the droplet size. The surface tension increased with
increasing solution viscosity, which increased with increasing CMC concentration. That is,
the surface tension increased with increasing CMC concentration, which caused a decrease
in the droplet size.
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Figure 4. Size distributions of the major and minor diameters of swollen in PBS.

A ratio of the major to minor diameters close to 1 (i.e., the smaller the difference
between the major and minor diameters) indicates that the particles are spherical. To pro-
vide a benchmark, the SPA had an average value of the major diameter of 10.6 ± 0.4 mm
and a minor diameter of 10.5 ± 0.3 mm, resulting in a ratio of 1.00, indicating that the
particles were spherical. CMCG, on the other hand, had ratios of 1.11 (CMCG7.5,0.4), 1.07
(CMCG10,0.4), and 1.31 (CMCG15,0.4). The ratio of CMCG10,0.4 was closest to 1, indicating
that the particles were almost spherical. CMCG15,0.4 was obtained as non-spherical par-
ticles; the oval particles are apparent in the photographs (Figure 3b). The high viscosity
of the CMC solution seems to have caused the miniaturization of the CMC solution while
stretching and forming oval droplets by shear force. These results confirm that a CMC
concentration of 10 wt% is appropriate for obtaining spherical CMCG and was used for the
subsequent experiments.

2.1.2. Effect of the Feed Amount of the Crosslinking Agent

The effect of the EGDE concentration (0.2, 0.4, and 0.6 g per 1 g of CMC; CMC
concentration was kept constant at the optimal 10 wt%) on the CMCGs (CMCG10,0.2,
CMCG10,0.4, and CMCG10,0.6) was determined. Figure 5 shows the time-dependency of
the PBS absorbency with the CMCGs and that with SPA as a reference (dotted line). The ab-
sorbency gradually increased over time and reached equilibrium at its maximum after 24 h
for CMCG10,0.4, CMCG10,0.6, and SPA, and after 48 h for CMCG10,0.2. The maximum ab-
sorbency of all the CMCGs at equilibrium was higher than that of SPA. These results suggest
that the maximum absorbency at equilibrium decreases with an increasing EGDE/CMC
ratio. In our previous study [10,25], the degree of crosslinking increased with an increase in
the feed ratio of the crosslinking agent to CMC, during hydrogel preparation. According to
the FTIR spectra of CMCGs, it is suggested that the degree of crosslinking of CMCG also
increases as the amount of EGDE increases (Figure S3 and Table S1). The highly crosslinked
structure suppressed the expansion of the CMC molecules in the hydrogels, resulting in
lower absorption.
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Figure 5. Time-dependence of the absorbency of the CMCGs and SPA (a) toward PBS and (b) initial
stage of the absorbency.

Figure 6 shows the absorbencies of CMCG in PBS and pure water after 48 h. Both
CMCG and SPA exhibited an absorbency toward pure water that was more than twice
as high as that of PBS. In general, the absorbency of ionic gels depends on the difference
in the cation concentration between the inner and outer liquids of the gels [26–28]. Ionic
gels have functional groups (e.g., sodium carboxylates) that dissociate in water. The
free cation, such as Na+, produced as a result, causes a concentration difference between
the inner and outer solutions, and water permeates the gel by osmotic pressure. The
difference in the ionic concentration between the inside of the gel and the outer solution
decreases in electrolyte solutions, such as PBS. Thus, the absorbency toward PBS decreased
because the water penetration was suppressed. The absorbency of SPA toward pure water
was 109 g g−1, whereas that for PBS was approximately 20% of the water absorbency. In
contrast, the absorbency of CMCG toward PBS was approximately 40–48% of that toward
pure water. These values were higher than those of SPA. The CMC backbone contains
several hydrophilic hydroxy groups. The unsubstituted hydroxy groups on the CMC
backbone increased the affinity for water as hydrophilic groups, resulting in a higher
absorbency toward PBS compared to SPA.
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The photographs of CMCG before and after absorption in PBS and pure water are
shown in Figure 7. The dried CMCG became a transparent spherical hydrogel after swelling
in PBS. None of the CMCGs deformed under their weight and were able to retain their
shape. Although some CMCG particles were flattened, nearly spherical particles were
observed, indicating that the amount of EGDE feed did not affect the shape of CMCG.
Following that, the major and minor diameters of each CMCG were measured, and the
average value was used as the CMCGs’ diameter. The size distribution histograms of
the CMCGs were obtained by measuring the diameters of 50 randomly selected CMCGs
(Figure 8). The mean value and standard deviation were obtained from the histograms
and are shown in Figure 9. The average diameter of the swollen CMCG decreased with
an increasing EGDE feed amount. Similarly, the absorbency decreased, indicating that the
increase in crosslinking density resulted in the construction of a strong network structure,
which suppressed the expansion of the network and decreased the size of the swollen
particles. The absorbency and size of the CMCG could be controlled by the feed amount of
EGDE. So far, the results reveal that the CMC concentration mostly determined the shape
of CMCG, whereas the feed amount of EGDE controlled its absorbency.
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Figure 7. Photographs showing the appearance of the CMCGs: (a) dried, swollen with (b) PBS, and
(c) pure water, after 48 h.
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Figure 9. Effect of the mass ratio of ethylene glycol diglycidyl ether (EGDE)/cellulose sodium salt
(CMC) on the dried CMCGs and on those swollen in PBS and pure water.

Because the absorbency of water was higher than that of PBS, the particle size of
CMCG that swelled toward pure water was larger than that of PBS. The intermolecular
network structure expanded because of the large amount of water absorbed, and the CMCG
was brittle and exhibited cracks. The higher the mass ratio of EGDE/CMC, the more cracks
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were observed in the CMCG. The degree of crosslinking increased with an increase in the
mass ratio of EGDE/CMC, and the flexibility between the molecular chains decreased. The
cracks were caused by the inclusion of a large amount of water between the molecular
chains with reduced flexibility, owing to the high degree of crosslinking.

The absorbency in PBS of the CMC hydrogel crosslinked with polyethylene gly-
col diglycidyl ether (PEGDE) as a crosslinking agent was 90–230 g·g−1 [25], which is
higher than that of CMCG (30–90 g·g−1). The absorbency of a CMC hydrogel crosslinked
with PEGDE is similarly affected by the PEGDE feed quantity, which is 0.04–0.23 equiv-
alents per CMC anhydroglucose unit. In contrast, CMCGs were prepared by adding
0.25–0.75 equivalents of EGDE per anhydroglucose unit of CMC, which was an excess of
PEGDE. By reducing the amount of EGDE added, it is envisaged that CMCG will be able
to reproduce the same level of absorption as the CMC hydrogel with PEGDE. However, as
observed in the images of CMCG swollen with pure water, the spherical shape may not be
maintained, due to cracks induced by the significant amount of absorption (Figure 7).

2.2. Water-Holding Capacity

After testing for absorbency, the water-holding capacity of the CMCG swollen with
PBS was determined by placing it in a chamber at a temperature of 298 K and a humidity
of 55%. The time-dependence of the water released from the CMCG is shown in Figure 10.
The water-holding capacity of the SPA is presented as a dotted line in the figure for
comparison. All the hydrogels, including SPA, released water over time. On day 1 of the
test, the water-holding capacity for all the hydrogels was almost the same. However, that
of SPA rapidly decreased after 3 days and was 14.8% after 14 days. The water-holding
capacities of the CMCGs also gradually decreased with time, but were 80% (CMCG10,0.2),
58% (CMCG10,0.4), and 30% (CMCG10,0.6) on day 14, which were higher than those of SPA.
In the CMCGs, the water release rate was inhibited, suggesting that the unsubstituted
hydroxy groups of cellulose increased its affinity toward water. However, the release rate of
water accelerated with an increase in the feed amount of EGDE to CMC. The water-holding
capacity was almost 0% after 21 days for CMCG10,0.6, and 28 days for CMCG10,0.4. In
contrast, CMCG10,0.2 showed a high water-holding capacity of 42% even after 49 days. This
was because the degree of crosslinking increased, potentially leading to a decrease in the
number of unsubstituted hydroxy groups as the mass ratio of EGDE/CMC increased. It is
suggested that a decrease in the number of hydroxy groups decreases the affinity toward
water and causes an increase in the rate of water release.
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2.3. Cellulase Degradability

CMCGs with different feed mass ratios of EGDE/CMC were enzymatically degraded
using cellulase in a nylon teabag. The degradation was conducted using cellulase derived
from Trichoderma, which is commonly found in soil [29]. The cellulase degraded the
CMCG into low molecular weight fractions, which were eluted from the nylon teabag.
Cellulase degradability was calculated from the difference between the weight of the
CMCG remaining in the teabag and its initial weight. The time-dependence of degradation
is shown in Figure 11. The dotted line in this figure represents the weight change in the
SPA, which is almost unchanged over time, indicating that SPA was not degraded by
cellulase because it is a polyacrylic acid. In contrast, the cellulase degradability of all the
CMCG samples was excellent and increased with time. After 7 days, all the CMCGs were
completely degraded. CMCG10,0.2, exhibited 89% degradation in 1 day, which confirmed
that CMCG was almost completely degraded after 2 days. CMCG10,0.6 showed degradation
of 40% in 1 day and required 5 days to be completely degraded. That is, the degradation rate
decreased with an increase in the mass ratio of EGDE/CMC. The degradation of cellulose-
based hydrogels is not dependent on the water absorbency and water-holding capacity,
but decreases because the interior or surface cellulose chains are not easily accessible to
cellulase with an increasing degree of crosslinking [10,25,30,31]. This suggests that the
contact between cellulase and the cellulose chains of CMCG was inhibited as the mass
ratio of EGDE/CMC increased, which caused a decrease in degradation in the initial stages.
However, as the degradation of CMCG progressed, cellulase was able to access the exposed
cellulose chains, leading to the complete degradation of CMCG. Furthermore, the cellulase
degradability of CMC hydrogels crosslinked with EGDE and PEGDE was a maximum of
70%/5 days and 62%/3 days, depending on the feed amount of crosslinking agent [10,25].
This degradability was calculated based on the amount of the reducing sugars released
by the cellulase degradation, indicating complete degradation of CMC to glucose. The
degradability of CMCG was determined in this study based on the change in mass of
the CMCG remaining in the teabag before and after cellulase degradation, and the low
molecular weight fractions eluted from the teabag are also included in the degradability.
Therefore, it is expected that CMCG will take longer to completely degrade to glucose
than the day it exhibited 100% degradability. Although more research into the microbial
degradation of CMCG in the natural environment, such as soil, is required, these findings
indicate that CMCG can be degraded by microorganisms.
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3. Conclusions

The crosslinking reaction of CMC with EGDE was conducted in an aqueous droplet
of liquid paraffin, formed by the shear force from stirring and the surface tension of the
water–oil interface, yielding spherical hydrogel particles. The particle size decreased as the
CMC concentration increased, and the shape turned non-spherical. A CMC concentration
of 10 wt% was optimal to obtain spherical CMCG. Furthermore, increasing the mass ratio
of EGDE/CMC suppressed the electrostatic repulsion between the CMC molecules in the
gel structure, decreasing the absorbency. These findings suggest that particle shape and
absorbency can be controlled by CMC concentration and EGDE feed quantity, respectively.
The spherical CMC hydrogel particles were completely degraded by cellulase. A strong
dependence of the degradation rate on the feed amount of EGDE was observed, where
the degradation rate increased with a decrease in the feed amount of EGDE. Our results
indicate that the spherical hydrogel particles prepared in this study have the potential for a
variety of uses, such as air fresheners and horticultural water-holding agents, as alternatives
to current synthetic SAPs. In addition, since the spherical CMCG has numerous carboxy
groups in its structure, further functionalization can be expected by utilizing them as
cross-linking points [32,33]. Nonetheless, the raw material cost of CMCG is higher than the
price of existing synthetic SAP, and further research, including cost reduction, is required
to establish its utility as an SAP alternative.

4. Materials and Methods
4.1. Materials

CMC (molecular weight = 8–10 × 104 as specified by manufacturer) with a 0.70 degree
of substitution was obtained from Daicel Co., (Osaka, Japan). EGDE was purchased
from Fujifilm Wako Pure Chemical Co., Ltd. (Osaka, Japan). Liquid paraffin (Moresco
white P-100, 19.04 mm2/s) was purchased from Moresco Co., (Kobe, Japan). Sodium
hydroxide was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Methanol was
purchased from Godo Co., Ltd. (Tokyo, Japan). The SPA was supplied by S. T. Co.,
(Tokyo, Japan). Trichoderma viride cellulase ONOZUKA R-10 was purchased from Yakult
Pharmaceutical Co., Ltd. (Tokyo, Japan). The PBS and sodium acetate buffer used were
analytical grade chemicals, i.e., sodium chloride, potassium chloride, sodium dihydrogen
phosphate, potassium dihydrogen phosphate, sodium acetate, and acetic acid, purchased
from Kanto Chemical Co., Inc. (Tokyo, Japan).

4.2. Preparation of CMCG

First, CMC (1.0 g) was completely dissolved in 0.5 mol L−1 aqueous NaOH (40 mL),
followed by adding EGDE (0.40 g) with stirring at 250 rpm for 20 min using a Teflon
impeller. Then, the reaction mixture was injected into 200 mL of liquid paraffin in a 300 mL
beaker while stirring at 300 rpm, using stainless steel propeller blades at 328 K for 3 h
to allow the crosslinking reaction of CMC to occur. Once the reaction was complete, the
CMCG was washed with deionized water containing 1 wt% natural detergent, until the
liquid paraffin on the surface of the CMCG was completely removed. Subsequently, the
CMCG was immersed in methanol until pH 7.0 was reached to remove any unreacted
materials and NaOH. Finally, it was dried at 318 K under reduced pressure (CMCG2.5,0.4).
The dried CMCG samples larger than 2 mm were collected using a sieve with a 2 mm mesh
opening, which were used in various tests. The CMCG samples with varying CMC and
EGDE concentrations were prepared using a similar method (Table 1).

4.3. Water Absorbency

The absorbency of CMCG in PBS was determined using the following method: dried
CMCG (250 mg) was immersed in a PBS solution at 298 K. After 1, 3, 6, 24, 48, and 120 h,
CMCG was removed from the PBS solution, and any excess solution was drained onto
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a mesh for 5 min. The weight of the hydrogels was measured and the absorbency was
calculated using Equation (1), which is as follows:

Absorbency =
Ws − Wd

Wd
, (1)

where Wd and Ws are the weights of the dried and swollen CMCG, respectively, at a certain
time. The absorbency measurements were performed three times. The absorbency of
CMCG in pure water instead of PBS was also similarly investigated. For comparison, the
same experiments were performed using the SPA instead of CMCG.

4.4. Determination of Particle Size

Photographs of the dried and swollen CMCG were taken, and the digitalized images
were analyzed using the Image J (version 1.53 m) image analysis program developed by the
U.S. National Institutes of Health. Because the particles were flattened shapes, as observed
in the photographs, the major and minor diameters were measured using dried and
swollen CMCG. The size distribution was determined with the diameters calculated using
50 randomly selected CMCG in the photographs. Using data obtained from 50 CMCGs, the
mean diameters and standard deviations were calculated.

4.5. Water-Holding Capacity

The CMCG (250 mg) immersed in PBS solution at 298 K for 5 days was placed in
a chamber maintained at a temperature and humidity of 298 K and 55%, respectively.
After 1, 3, 7, 14, 21, 28, 35, 42, and 49 days, the weight of the CMCG was measured. The
water-holding capacity was determined using Equation (2), which is as follows:

Water holding capacity =
Wp − Wd

Wi − Wd
× 100 (2)

where Wi is the weight of the swollen CMCG at its initial state and Wp is the weight of
the swollen hydrogel at a certain time. Wd is the initial weight of the dried CMCG. The
water-holding capacity was measured thrice. For comparison, the same experiments were
performed using SPA.

4.6. Cellulase Degradation

Cellulase degradability was determined based on the change in the CMCG weight
before and after the enzymatic reaction. A teabag (50 mm × 50 mm) was prepared from a
nylon sheet with a pore size of 255 mesh using a heat sealer. Then, CMCG (200 mg) was
placed in the teabag, which was immersed in 29 mL of 100 mM sodium acetate buffer
(pH 5.0) for 1 day. Cellulase dissolved in 1 mL of the same buffer solution was added to the
solution containing CMCG to give a cellulase concentration of 5 × 10−5 wt%. The teabag
immersed in the solution was incubated at 313 K with shaking at 100 rpm. After 3, 6 h,
and 1, 2, 3, 5 days, the teabag was removed from the solution and left in a boiling bath for
10 min to inactivate the cellulase. Thereafter, the teabag was dried in an oven at 378 K, and
the weight of the teabag (Wa) was measured. Cellulase degradability was calculated using
Equation (3), which is as follows:

Degradability =
Wd − (Wa − Wt)

Wd
× 100 (3)

where Wd is the initial weight of the dried CMCG and Wt is the weight of the empty teabag.
Cellulase degradation was performed in triplicate. For comparison, the same experiments
were performed using SPA.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1, Figure S1: Photographs showing the appearance of the CMCGs swollen
with PBS after 48 h. CMCG was prepared at stirring speeds of (a) 300 rpm and (b) 400 rpm; Figure S2:
FTIR spectra of CMCGs with different CMC concentrations and CMC as a reference. These spectra
were normalized by the peak intensity of the carboxylate groups at 1593 cm−1; Figure S3: FTIR spectra
of CMCGs with different feed ratios of EGDE/CMC and CMC as a reference. These spectra were
normalized by the peak intensity of the carboxylate groups at 1593 cm−1; Table S1: Peak area ratio of
methylene group to carboxylate group (ACH2/ACOONa) from FTIR spectra; Figure S4: Photographs
showing the appearance of SPA: (a) dried, swollen with (b) PBS and (c) pure water, after 48 h.
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Abstract: Infection is a severe complication in chronic wounds, often leading to morbidity or mortality.
Current treatments rely on dressings, which frequently contain silver as a broad-spectrum antibacte-
rial agent, although improper dosing can result in severe side effects. This work proposes a novel
methylcellulose (MC)-based hydrogel designed for the topical release of silver nanoparticles (AgNPs)
via an intelligent mechanism activated by the pH variations in infected wounds. A preliminary
optimization of the physicochemical and rheological properties of MC hydrogels allowed defining
the optimal processing conditions in terms of crosslinker (citric acid) concentration, crosslinking
time, and temperature. MC/AgNPs nanocomposite hydrogels were obtained via an in situ synthesis
process, exploiting MC both as a capping and reducing agent. AgNPs with a 12.2 ± 2.8 nm diameter
were obtained. MC hydrogels showed a dependence of the swelling and degradation behavior on
both pH and temperature and a noteworthy pH-triggered release of AgNPs (release ~10 times higher
at pH 12 than pH 4). 1H-NMR analysis revealed the role of alkaline hydrolysis of the ester bonds (i.e.,
crosslinks) in governing the pH-responsive behavior. Overall, MC/AgNPs hydrogels represent an
innovative platform for the pH-triggered release of AgNPs in an alkaline milieu.

Keywords: methylcellulose; citric acid; crosslinking; pH-responsive; silver nanoparticles (AgNPs)

1. Introduction

Chronic wounds represent a severe clinical problem affecting 1–2% of the population
in developed countries [1,2]. Being hard to heal, chronic wounds are challenging both
for patients and healthcare systems, and account for 2–3% of the healthcare budgets [3].
According to clinical literature, chronic wounds can be assigned to three main categories:
vascular ulcers, diabetic ulcers, and pressure ulcers [3]. Even if no single, widely accepted
definition of chronic wound exists, in most cases, a wound is defined as chronic if it has
not healed within a certain amount of time, ranging from 4 to 6 weeks for most authors,
or up to 3 months, as noted in standard surgical textbooks [3,4]. Regardless of the time,
chronic wounds share some standard features, e.g., persistent inflammation, recurrent
infections with possible formation of antibiotic-resistant biofilms, and deficiency of stem
cells. Combined, these pathophysiological phenomena result in the wound’s inability to
heal [3].

Infection is a critical complication in chronic wounds, often leading to persistent
nonhealing, significant morbidity, or even mortality. Alkalinity is associated with infection
in chronic wounds, even if its cause is still unclear [5]. Bacteria metabolism could be
responsible for the local increase of pH due to the release of ammonia and polyamines,
which can impair the oxygenation of wound tissue and promote necrosis [6,7]. In this
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regard, several studies have shown how the pH of infected chronic wounds sometimes
reaches values of 10 [5,6,8]. In addition, specific tissue-degrading enzymes (e.g., elastase,
plasmin, matrix-metalloproteinase-2) display higher turnover rates in alkaline conditions.
Consequently, an alkaline wound milieu may strongly contribute to tissue degradation and
infection [6].

Topical wound therapies and dressings are primarily applied to treat chronic wounds:
from standard cotton gauze dressings to highly absorbent and moisture-retaining foams,
hydrocolloids, and hydrogels [9]. In many cases, due to the broad-spectrum antibacterial
activity of silver, Ag-containing products provide an additional clinical option to manage
bacterial growth [3,10,11]. However, silver misuse (e.g., uncontrolled release, excessive
dosing) for a prolonged time can lead to potential toxicity to tissues and organs at the local
and systemic levels [3,12].

Given the pH variations occurring in the wound milieu, stimuli-responsive poly-
mers can take up the challenge of a smart (i.e., in response to pathophysiological phe-
nomena) release of silver in high enough concentrations to ensure antibacterial activ-
ity [13]. Due to local pH variations, pH-responsive polymers undergo structural and
property changes (e.g., dissolution/precipitation, degradation, swelling/collapsing, hy-
drophilic/hydrophobic change, change of shape, conformational change) [13,14]. The drop
in pH has been investigated for the controlled release of silver nanoparticles (AgNPs)
from different pH-responsive hydrogels (e.g., carboxymethyl chitosan/poly(vinyl alco-
hol), N-acryloyl-N′-ethyl piperazine/N-isopropylacrylamide) [15,16]. However, only a
few studies reported the possibility of exploiting the alkalinity of infected wounds to
trigger the release of AgNPs [12].

In this study, methylcellulose (MC) hydrogels were prepared and crosslinked with
citric acid (CA) at three different crosslinking degrees: low (MC-L), medium (MC-M),
and high (MC-H). Pristine hydrogel (MC) was used as a control. The thermo- and pH-
responsiveness of the samples were assessed by swelling/degradation and rheological
tests at different pH (4, 7, 12) and temperatures (25, 37, 50 ◦C). MC-H samples were further
investigated due to their remarkable pH-responsive behavior. 1H-NMR spectrometry was
exploited to disclose the mechanism of pH-responsiveness. Afterward, MC–H/AgNPs
nanocomposite hydrogels were prepared via AgNPs in situ synthesis using MC both
as a capping agent and reducing agent. TEM and UV–vis measurements assessed the
shape, size, and distribution of AgNPs. Lastly, ICP and UV–vis measurements supported a
quantitative evaluation of the pH-triggered AgNPs release mechanisms to develop systems
with enhanced antibacterial activity in alkaline conditions.

2. Results and Discussion
2.1. Swelling and Degradation Tests

Swelling tests were carried out in normal saline solution (NSS) adjusted to different
pH levels and at different temperatures to evaluate the pH-and thermo-responsiveness
of MC hydrogels. Due to the lack of buffering ability of NSS, the solution was refreshed
every 72 h to preserve the pH around the desired value. In this first part of the study, NSS
(0.15 M NaCl) was selected to minimize the influence of the salt on the Tt. A low NaCl
concentration (i.e., ~0.1 M) has been reported to affect MC gelation properties slightly.
Conversely, other salts (e.g., phosphates, sulfates), strongly acting on the interactions
between MC chains and water molecules, have been reported to affect the Tt of MC
significantly even at low concentrations (i.e., <0.2 M) [17,18].

Figure 1 reports the swelling curves for the MC specimens at 37 ◦C. For clarity, Figure 1
only reports the curves at pH = 4 and 12. (Refer to Supplementary Materials Figure S1 for
pH = 7.) At pH 4 (Figure 1A), a decrease in the SR (%) as a function of the crosslinking
degree (XLD, black arrow) can be observed. This trend agrees with previous data on the
same hydrogel formulation [19,20], even if lower SR values are observed, probably due
to the different swelling solutions (NSS vs. distilled water). At pH = 7 (Supplementary
Materials Figure S1), the curves retrace the ones at pH = 4. At pH = 12 (Figure 1B), all the
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specimens reach a swelling plateau between days 1 and 7, and display no significant
differences (p > 0.05) despite their different crosslinking degree.
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Figure 1. SR (%) vs. time of MC hydrogels in NSS at T = 37 ◦C. (A) pH = 4; (B) pH = 12. Gf (%) vs.
time curves of MC hydrogels samples in NSS at T = 37 ◦C. (C) pH = 4; (D) pH = 12. * = p < 0.05
compared to MC control (* = MC vs. MC-L, * = MC vs. MC-M, * = MC vs. MC-H).

Gel fraction tests were then performed to evaluate the dissolution of MC hydrogels as
a function of the pH of the NSS. At pH = 4 (Figure 1C), no differences (p > 0.05) among MC
samples can be observed. All the samples reach a plateau, with Gf = 80% within the first
week of the test. Such results are slightly discordant with previous outcomes on the same
hydrogel formulations where higher degradation was assessed on MC samples [19]. As
for swelling tests, the overall reduced degradation in this study can be attributed to the
different swelling media (NSS vs. distilled water). Cl- anions, destabilizing water–polymer
interactions, lead to the association of MC hydrophobic groups, increasing the Gf values [21].
At pH = 7 (Supplementary Materials Figure S1), the curves retrace the ones at pH = 4. At
pH = 12 (Figure 1D), it is possible to distinguish a trend in the Gf values as a function of
the XLD of the samples. A decrease in the Gf values is associated with higher crosslinking
rates (Gf = 80% vs. 55% at day 7 for MC and MC-H specimens, respectively).

These findings support what was obtained with the swelling tests (Figure 1B), where
in the same conditions (pH = 12, T = 37 ◦C), the highly crosslinked sample swelled more
than at lower pH. Thus, it is possible to suppose that the increased swelling (and reduced
Gf) is due to the occurrence of two concurrent phenomena: (i) the deprotonation of the free
-COOH groups in the MC-H samples, which leads to electrostatic repulsion that, in turn,
increases the pore size of the hydrogel network [12]; (ii) the alkaline hydrolysis of the ester
groups in the MC-H sample [19,22]. These phenomena lead to the disruption of the MC-H
hydrogel network, with a resultant increase in swelling and a loss of its physical stability.

To further investigate the thermo-responsive behavior of crosslinked MC specimens,
two additional swelling tests were conducted at T = 25 ◦C and T = 50 ◦C in NSS at different
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pHs. For clarity, Figure 2 only reports the curves at pH = 4 and 12 (refer to Supplementary
Materials Figure S2 for pH = 7). As it is possible to observe in Figure 2A,B, at T = 25 ◦C,
non-crosslinked and low-crosslinked specimens (MC, MC-L) underwent rapid swelling (up
to SR = 4000–6000%), then dissolved within 72 h regardless of the pH of the NSS solution.
In fact, at 25 ◦C (i.e., T < Tt), MC was in a sol state and underwent fast dissolution in the
water environment [19,20]. Conversely, more crosslinked specimens (MC-M and MC-H)
display different behaviors according to the pH of the NSS. At pH = 4, MC-H specimens are
stable until the end of the test (168 h). In contrast, at pH = 12, they undergo fast dissolution
(induced both by alkaline hydrolysis of the ester groups and low temperature, i.e., T < Tt)
within the first 6 h of the test.
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Figure 2. SR (%) vs. time of MC hydrogels in NSS at T = 25 ◦C and (A) pH = 4 or (B) pH = 12; at
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* = MC vs. MC-M, * = MC vs. MC-H).

Different behavior can be observed at T = 50 ◦C (Figure 2C,D). First, lower SR values
(SR = 100–400%) than those at T = 25 ◦C can be detected for both pH conditions, indicating
a reduction of the swelling extent of all MC specimens induced by high temperature.
This behavior occurs since, at 50 ◦C (i.e., T > Tt), MC is in a gel state governed by inter-
and intramolecular hydrophobic interactions between the methoxy groups present on its
backbone. In this state, hydrogen bonds between water and the hydroxyl groups of MC are
least favorable, leading to reduced swelling [19,21]. Interestingly, at pH = 4 (Figure 2C),
a trend in swelling can still be observed as a function of the crosslinking rate, with swelling
for pristine MC higher than for the high-crosslinked specimens (SR ~300% vs. ~100%
for MC and MC-H, respectively). Conversely, at pH = 12 (Figure 2D), all the specimens
behaved similarly, reaching SR values of ~300%.

For the first time, the possibility of recovering the thermo-responsive behavior of
crosslinked MC hydrogels after alkaline hydrolysis of the ester bonds was demonstrated.
Even though this is not further investigated in this work, the recovery of the thermo-
responsiveness of crosslinked MC samples would open the floodgates to the development
of dual-responsive (i.e., thermo- and pH-responsive) MC hydrogels, which can offer tremen-
dous opportunities in several fields [13].
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2.2. Rheological Characterization

The LVR region was identified qualitatively for all the hydrogels at γ < 0.1% via strain
sweep tests. For clarity, Figure 3 only reports the curves at pH = 4 and 12. (Supplementary
Materials Figure S3 reports the graphs at pH = 7.) Within the LVR (Figure 3A,B), the storage
modulus is higher than the loss modulus (G′ > G”, data not shown) for each pH condition
and each MC hydrogel type. This behavior suggests that the hydrogels are in a gel-like
state, governed by weak interactions (i.e., R1-CH3····H3C-R2) and covalent bonds (i.e., ester
bonds). Beyond the LVR, G′ linearity is lost, and the samples encounter a yielding phase,
even if G′ > G”. Once the flow point (G′ = G”) is reached, the viscous component becomes
preponderant, and the specimens start to flow [23,24]. The trend of the strain sweep curves
in an acidic environment (Figure 3A) is similar to the results obtained in a previous work
on the same hydrogel formulations [19]. As the crosslinking increases, the viscoelastic
parameters increase. However, the different values of G′ and G” here observed can be
attributable to differences in the swelling medium (dH2O vs. NSS), denoting an increase in
the mechanical properties accountable to a salting-out anion effect [21,25,26]. At pH = 7
(Supplementary Materials Figure S3) the curves retrace the ones at pH = 4. Conversely,
different behavior can be observed at pH = 12 (Figure 3B): while the pristine and low
crosslinked specimens (MC and MC-L) are unaffected by an external pH variation, an
increase in crosslinking (MC-M and MC-H) results in a significant decrease in G′ (from
8 kPa to 1 kPa and from 30 kPa to 600 Pa for MC-M and MC-H, respectively). This change,
most noticeable in the MC-H sample, is accountable for the alkaline hydrolysis of the
ester bonds in the MC hydrogels network, as previously explained (Section 2.1). Despite
the hydrolysis, all the hydrogel formulations maintained their gel-like state (G′ > G”) at
pH = 12, suggesting that all the samples were above their Tt at the test temperature.
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Temperature sweep tests were then conducted on all the hydrogel formulations
(Figure 3C,D). At pH = 4 (and pH = 7, Supplementary Materials Figure S3), it is pos-
sible to observe an increase in G′ with the increase of the crosslinking degree, as previously
reported [19]. A common trend was evident in all the temperature sweep curves (except
for MC-H): (i) for T < Tt, a slight decrease of G′ occurred due to the disentanglement of the
MC chains; (ii) for T > Tt, an abrupt increase of G′ occurred due to hydrophobic interaction
between the MC chains (i.e., sol–gel transition) [27,28]. The MC-H specimen exhibited
no sign of thermally triggering a sol–gel transition [19]. Conversely, at pH = 12, different
behavior was observed. While the non-crosslinked and low crosslinked specimens (MC
and MC-L) seem unaffected by the pH increase, the higher crosslinked specimens (MC-M
and MC-H) displayed a significant decrease in G′. Interestingly, the MC-H samples seem
to recover their temperature-induced sol–gel transition (Figure 3D), which was lost after
chemical crosslinking (Figure 3C).

Table 1 reports the Tt values calculated by applying a previously reported method
to the G′/T curves [28]. No significant difference (p > 0.05) was noticed between the Tt
values of samples at the same pH (except for MC-L at pH = 4). This result suggests that
the transition temperature was not affected by mild chemical crosslinking (MC-L and
MC-M). Again, the lower Tt obtained in this work compared with the literature [19] is
ascribable to the presence of salting-out anions in the NSS solution [21,25,26]. Interestingly,
at pH = 12, MC-H displayed a Tt~35 ◦C, which is in line with the other crosslinking
conditions, confirming that the thermo-responsive behavior of this sample was recovered
after hydrolysis (Section 2.1).

Table 1. Tt calculated from temperature sweep tests for each MC hydrogel formulation. * = p < 0.05
compared with MC control.

MC MC-L MC-M MC-H

pH = 4 36.5 ± 0.7 32.8 ± 0.4 * 34.0 ± 0.7 -

pH = 7 36.8 ± 0.4 33.5 ± 0.7 35.0 ± 1.4 -

pH = 12 33.5 ± 4.9 26.5 ± 0.7 30.5 ± 2.1 34.8 ± 2.5

The higher crosslinking formulation (MC-H) was considered the most promising
among the samples prepared for this work due to its remarkable pH responsiveness. Thus,
all the subsequent characterizations were carried out only on MC-H samples.

2.3. 1H-NMR Characterization

The 1H-NMR spectra of MC-H samples are mainly characterized by the typical signals
of MC [29]. The spectra also show -CH2- peaks in the spectral region between 2.5 and
3.0 ppm (Figure 4A, yellow), correlated with chemical crosslinking. Figure 4A reports
an inset of the 1H-NMR spectra obtained on the washed MC-H samples. The bottom
spectrum was obtained for MC-H at the swelling equilibrium (i.e., 24 h in D2O). A broad
double doublet (dd) signal can be detected at 2.74–2.98 ppm: this set of signals can be
attributed to the -CH2- hydrogens of CA covalently bonded to MC (ester bond). The top
spectra were then obtained after adding definite amounts of NaOD. In particular, after the
addition of 35 µL of NaOD, the previously detected broad signal shifts towards a higher
field (2.60–2.85 ppm) [30], and a well resolved dd signal centered on 2.59 ppm (attributable
to free CA) appears. These results suggest that the ester bonds between CA and MC can be
easily hydrolyzed in strongly alkaline conditions. An additional 35 µL of NaOD resulted
in a sensible increase in the intensity of the dd signals at 2.59 ppm and, at the same time,
an appreciable reduction of the broad shoulders attributed to the covalently bonded CA.
After 24 h, such broad shoulders are no longer detectable, confirming the hypothesis of the
hydrolysis of the ester bonds in increasing alkaline conditions.
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Figure 4. 1H-NMR spectrum of (A) washed MC-H sample swelled in D2O and then hydrolyzed and
(B) non-washed MC-H specimens swelled at different pH (4 vs. 12). All the spectra were acquired at
30 ◦C. The yellow area highlights the -CH2- peaks of CA.

Figure 4B reports the 1H-NMR spectrum of non-washed MC-H specimens in NSS at
different pH (i.e., same conditions of previous physical and rheological characterization).
For samples at pH = 4, the observed dd signals at 2.75 ppm were attributed to unbonded
(i.e., not washed off) CA. (Similar results have been obtained for pH = 7, Supplementary
Materials Figure S4). A pH increase (pH = 12) led to a remarkable increase in the signal
intensity accompanied by a shift to 2.59 ppm, confirming that ester bonds were completely
hydrolyzed at this pH. These observations agree with swelling tests. In particular, swelling
tests at pH = 12 (Figure 1B) revealed no significant differences (p > 0.05) between MC-H
and MC specimens for the considered time points, supporting the fact that the complete
hydrolysis of the ester bonds occurred at pH = 12 within 24 h.

In addition, by integrating the CA peaks before and after hydrolysis (pH = 4 vs. pH = 12),
it was also possible to estimate that the content of unbonded CA in MC-H samples was
about 10 mg g−1, and that the weight fraction of CA taking part in the ester linkage was
equal to ~70%, which is in good accordance with previous findings [19].

NMR spectra were then acquired as a function of temperature, and the overall signal
intensity was evaluated to assess the thermally induced transition of MC-H specimens.
Figure 5 reports the 1H-NMR spectrum of MC-H specimens as a function of temperature,
at a swelling pH = 4 and 12. At pH = 4 (Figure 5A), the overall 1H-NMR signal intensity
increased by increasing temperature. (Similar findings were obtained with samples at
pH = 7, Supplementary Materials Figure S5). On the contrary, at pH = 12, the 1H-NMR
signals decreased the intensity by increasing the temperature due to the restricted MC
chains mobility induced by the sol–gel transition [31]. The thermally induced transition
of MC to a more rigid and ordered structure caused a change in the spin–spin relaxation
time (T2), leading to a sensible signal broadening [31]. These results confirm that the
thermo-responsive behavior of the MC-H sample was retrieved after hydrolysis.

Overall, the results obtained for the MC-H samples open the floodgates to develop
responsive hydrogels capable of undergoing pH-triggered, tailorable hydrolysis [32]. To the
authors’ best knowledge, this is the first attempt at studying the pH-responsiveness of
MC hydrogels. Similar systems have already demonstrated their potential in numerous
biomedical applications [13,33], particularly for drug delivery (e.g., tumor-targeted drug
delivery [34], intracellular delivery of nucleic acids or proteins [35], and the treatment
of inflammatory diseases [36]). Considering this, the possibility of developing a novel
pH-responsive platform based on MC for the delivery of AgNPs was investigated.
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2.4. MC/AgNPs Composite Hydrogels

AgNPs were obtained by the chemical reduction of the metallic precursor (AgNO3)
in the polymer matrix. Several methods have been reported in the literature to obtain
AgNPs (e.g., citric acid reduction, electrochemical synthesis, photochemistry, and radiation
reduction) [37]. In this work, MC acted both as a capping and reducing agent, combining
the advantage of a one-step reaction with the possibility of a simple control over the reaction
parameters (i.e., nanoparticle size and distribution) [37,38].

TEM observations provided insight into the shape and dimensions distribution of
AgNPs (Figure 6A). The in situ synthesis approach allowed for obtaining spherical nanopar-
ticles with 12.2 ± 2.8 nm diameter and a D90 of 15 nm (dimension distribution analysis
in Figure 6B). The AgNPs here showed a slightly smaller size than those previously re-
ported by Maity et al. [38] (mean diameter: 12.2 vs. 22 nm), which is likely due to the
higher concentration of MC. Indeed, the concentration of capping and reducing agents
plays an essential role in the size of silver nanoparticles [39,40]. Nevertheless, the obtained
dimensions aligned with other works in which MC [41] or other polymers [37,42,43] have
been reported for the in situ synthesis of metal nanoparticles. Moreover, the obtainment of
AgNPs with smaller sizes (in the nanometric range) can show a non-trivial effect on their
antibacterial activity efficiency due to their easy binding to important functional sites on
pathogens [44–46].
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2.5. MC-H/AgNPs Characterization: UV–Vis and ICP Analyses

UV–vis analyses have been extensively reported in the literature to assess the formation
and presence of AgNPs in suspension [44–47]. In this work, the as-prepared MC/AgNPs
solutions (Figure 7A) displayed a well-defined absorption peak at 410 nm, which is typical
of a colloidal suspension of spherical silver nanoparticles [47]. Such results are in accordance
with previously reported works exploiting the dual role of MC as stabilizing and reducing
agent for the in situ synthesis of AgNPs [38,41,48].
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UV–vis measurements were then performed on MC-H/AgNPs specimens (in dry con-
ditions, Figure 7B) to confirm the presence of AgNPs before and after crosslinking (190 ◦C,
15 min). For the non-crosslinked samples, a red shift (from 410 to 430 nm) occurs. This
variation in the surface plasmon absorption peak position can be attributed to the different
refractive index of the surrounding environment (i.e., dry film) [38,49]. After crosslinking,
the characteristic resonance peak undergoes a visible sharpening, displaying a blue shift
(from 430 to 410 nm) compared with the non-crosslinked conditions. Even in this case,
such behavior can be ascribed to the change in the surrounding environment due to the
formation of ester bonds (during the crosslinking phase) and the consequent decrease in
the pH of the films [50,51].

The MC-H/AgNPs samples were immersed in two distinct buffers (pH = 4 and 12) at
37 ◦C to investigate the possibility of a pH-triggered release of the nanoparticles. After 1 h,
UV–vis measurements (Figure 7C) reveal silver colloids’ characteristic plasmon resonance
peak at 410 nm at pH = 12. Conversely, no peak is detected at pH 4, suggesting no (or
not detectable) release of AgNPs. A selective Ag release (Figure 7D), ~10 times higher at
pH 12 (4.8 ± 0.6 mgAg/gMC) than at pH 4 (0.5 ± 0.3 mgAg/gMC), was quantified via ICP
analyses. To better elucidate the mechanism underlying the pH-triggered AgNPs release,
the theoretical physical parameters describing MC-H hydrogels microstructure (at the

165



Gels 2022, 8, 298

different pH values) were calculated by applying a simplified version of the Flory–Rehner
model [19,20]. The average molecular weight between crosslinks (MC), the crosslinking
density (ρc), and the mesh size (ξ) were calculated (Supplementary Materials Table S1). In
particular, the obtained ξ values were 4.09± 0.06, 4.33± 0.14, and 19.05± 3.07 nm for pH =
4, 7, and 12, respectively. Interestingly, the specimens’ mesh size at pH = 4 and 7 is smaller
than the NPs’ diameter (12.2 ± 2.8 nm), while it is larger than the NPs diameter at pH = 12.
These calculations shed new light on the selective (i.e., pH-triggered) NPs released from
MC-H hydrogels. The AgNPs are physically entrapped in MC-H hydrogel mesh at low
pHs, resulting in limited AgNPs release. At pH = 12, alkaline hydrolysis of ester bonds
leads to hydrogel network expansion and release of AgNPs.

These results proved the possibility of controlling the release of AgNPs through an
alkaline pH trigger. No studies evaluating the pH-triggered release of AgNPs from MC
hydrogels were previously reported. Similar results have been obtained by Haidari H. et al.,
who showed the potential of selective release of AgNPs, at alkaline pH, from pH-responsive
poly(mAA-co-AAm) hydrogels [12]. However, Haidari and co-workers achieved AgNPs
loading by swelling the dry hydrogels in an AgNPs suspension after hydrogel synthesis
and purification (necessary to remove toxic residual acrylamide monomers). Conversely,
MC/AgNPs hydrogels were obtained via a one-step in situ synthesis process.

Overall, these outcomes are promising in light of the increasing concern about the
possible impact of AgNPs misuse on human health [3,12]. Cytotoxic effects of AgNPs have
been documented in various cell lines in vitro and are dependent on different factors (e.g.,
size, shape, dose, cell type), among which dosage is considered a significant parameter to be
controlled by [52]. Additionally, it has been evidenced that there is a significant transdermal
penetration of AgNPs into capillaries after dressings, textiles, and cosmetics [52]. In this
regard, in vivo biodistribution studies have revealed how, following the dermal route, Ag
translocation, accumulation, and toxicity can occur to various organs (e.g., spleen and
liver) [52].

MC-H/AgNPs hydrogels prepared in this work can open the floodgates to the de-
velopment of responsive systems capable of releasing AgNPs only at the occurrence of
a pathological trigger (i.e., alkaline pH) in the wound milieu, avoiding the drawbacks
associated with the misuse of AgNPs and thus representing a significant advantage com-
pared to the current treatments. Further characterizations are undoubtedly needed to
corroborate the claim of producing a pH-responsive platform for treating infections in
chronic wounds. In particular, in vitro, antibacterial, and cytotoxicity tests could represent
the first step in this direction. On this topic, Maity et al. [38] reported how MC/AgNPs
nanocomposites exhibited strong antibacterial activity against several bacterial strains (i.e.,
B. subtilis, B. cereus, P. aeruginosa, S. aureus, and E. coli). Since the same AgNO3 concentration
was used to obtain MC-H/AgNPs hydrogels in the present study, an antibacterial efficacy
comparable to the one obtained by Maity et al. [38] can be expected. Regarding the in vitro
cytotoxicity assessment, the non-cytotoxic nature of MC-H specimens has already been
demonstrated on L929 fibroblast cells [20], also corroborating the finding of the non-toxicity
of CA for amounts up to 20% w/w (wCA/wpolymer) [53,54]. However, the cytotoxicity of
MC-H/AgNPs specimens remains to be assessed. In this regard, tuning the AgNPs con-
centration could be necessary to achieve a trade-off between cytotoxicity and antibacterial
activity [55].

3. Conclusions

In this work, citric acid crosslinked methylcellulose films were prepared and com-
prehensively characterized to develop pH-responsive systems helpful in treating infected
chronic wounds. Highly crosslinked hydrogels (MC-H) showed a remarkable pH-responsive
behavior based on selective hydrolysis in an alkaline environment. MC-H hydrogels were
then disclosed as promising for the in situ synthesis of AgNPs and their subsequent pH-
triggered delivery. Such a platform lends itself to the selective control of the proliferation
of pathogens in infected chronic wounds characterized by an alkaline environment. Given
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that further characterizations are needed, such systems could be potentially exploited to
reduce the adverse effects on host cells and tissues due to the uncontrolled AgNPs release.

4. Materials and Methods
4.1. Chemicals and Instruments

All chemicals were purchased from Sigma-Aldrich (Milan, Italy) and were used as
received without further purification unless stated.

4.2. MC Hydrogels Preparation

Methylcellulose hydrogels were obtained according the method discussed in a pre-
vious work [19]. Citric acid (CA) was added to an MC solution (8% w/v MC in 50 mM
Na2SO4) in different amounts ([CA] = 1, 3, or 5% wCA/wMC): 15 mL of solution were cast
into Petri dishes (Ø = 90 mm) and oven-dried (T = 50 ◦C, t = 24 h). Dry films were peeled
off from the Petri dishes and crosslinked by tuning the crosslinker concentration ([CA]),
the crosslinking time (tXL) and temperature (TXL) [19]. Three differently crosslinked MC
hydrogels were hence obtained: MC-L ([CA] = 1%, TXL = 165 ◦C, tXL = 1 min), MC-M
([CA] = 3%, TXL = 178 ◦C, tXL = 8 min), and MC-H ([CA] = 5%, TXL = 190 ◦C, tXL = 15 min),
meaning low, medium, and high crosslinking degree (XLD). Non-crosslinked MC was used
as a control.

4.3. Synthesis of MC/AgNPs Composites

The synthesis of MC/AgNPs composites was achieved by adapting a previously
reported method [38]. An MC solution (0.5% w/v) was prepared by dispersing MC powder
in hot (55 ◦C) distilled water. The obtained solution was cooled to room temperature under
stirring, then stored at 4 ◦C for 24 h. The pH of the solution was adjusted to 10 using a
NaOH (1 M) solution. Cold aqueous AgNO3 (10−2 M) solution was added dropwise to the
MC solution in a conical flask under mild (200 rpm) stirring, achieving a final concentration
of 1.11 × 10−4 molAgNO3/gMC [38]. The flask was kept in the dark, under stirring, for 24 h.
The pH of the solution was then adjusted to the initial value (6.2–6.4) using an H2SO4
(0.1 M) solution. Afterward, the final SO4

2− concentration of 50 mM (i.e., the same as
MC-H samples) was achieved by adding Na2SO4. CA (5% wCA/wMC) was added as a
crosslinker. Lastly, 15 mL of the obtained solution were cast into Petri dishes (Ø = 90 mm)
and oven-dried (T = 50 ◦C, t = 24 h). Dry films were first peeled off the Petri dish and then
crosslinked (15 min, 190 ◦C). The obtained samples will be referred to as MC-H/AgNPs.

4.4. Swelling and Degradation Tests

The water absorption of CA-crosslinked MC hydrogels was evaluated by swelling
tests in Normal Saline Solution (NSS, 9 g L−1 NaCl) at different pHs (4, 7, 12) and different
temperatures (25, 37, 50 ◦C) up to 28 days. The swelling solutions’ pH was adjusted by
adding a few drops of 1 M HCl or 1 M NaOH solutions. A fixed immersion ratio (MC:
NSS = 20 mg: 12.5 mL) was chosen to keep the pH stable up to 72 h (the NSS solution
was refreshed every 72 h). MC dry specimens were first weighted (wo), then incubated at
the test temperature (25, 37, or 50 ◦C) in NSS at different pH. At selected time points, the
specimens were weighted (wt,s: swollen weight at time t), and the swelling ratio (SW) was
calculated as in equation (Equation (1)):

SW(%) =
wt,s − wo

w0
∗ 100 (1)

The stability of CA-crosslinked MC hydrogels was evaluated through degradation
tests. MC dry specimens (w0) were incubated at the test temperature (25, 37, or 50 ◦C) in NSS
at different pH (4, 7, 12) containing 0.02% (w/v) NaN3 to prevent microbial contamination.
The specimens were retrieved from the solution at selected time points, dried (50 ◦C,
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24 h), and weighted (wt,d: dry weight at time t). The solid gel fraction (G f ) was then
calculated [20] according to equation (Equation (2)):

G f (%) =
wt,d

w0
∗ 100 (2)

4.5. MC-H Gels Microstructure: Theoretical Physical Parameters

The theoretical physical parameters describing MC-H gels microstructure were calcu-
lated according to a simplified version of the Flory–Rehner model [19,20,56–58]. Average
molecular weight between crosslinking points (MC), crosslinking density (ρC), and mesh
size (ξ) were calculated at different pH values (4, 7, and 12) at 37 ◦C.

The average molecular weight between crosslinking points (MC) was calculated using
the following equations (Equations (3)–(5)) [19,57–59]:

Q5/3
v
∼= vMC

vl

(
1
2
− χ

)
(3)

Qv = 1 +
(

ρp

ρs
(Qw − 1)

)
(4)

Qw =
ws

wd
(5)

where ws and wd are the weights of the MC-H samples in swollen (t = 24 h) and dry
conditions (t = 0), respectively. Qw and Qv represent the equilibrium weight swelling ratio
and the volumetric swelling ratio, respectively.

The crosslinking density (ρC) was calculated according to the following equation
(Equation (6)) [19,57,58]:

ρC =
1

vMC
(6)

The mesh size (ξ) of the hydrogel at the swelling equilibrium was calculated using the
following equation (Equation (7)) [19,57,58,60]:

ξ = 0.217
√

MCQ1/3
v (7)

The constant terms used in the equations (Equations (3)–(7)) are [19,20,58]:

ρp = 0.276 g cm−3 (density of dry polymer)
ρs = 1 g cm−3 (density of the solvent)
v = 1

ρp
= 3.623 cm3 g−1 (specific volume of dry polymer)

vl = 18 mol cm−3 (molar volume of the solvent)
χ = 0.473 (Flory polymer-solvent interaction parameter)

4.6. Rheological Characterization

The rheological properties of CA-crosslinked MC hydrogels at the swelling equilibrium
(24 h in NSS solutions at 37 ◦C) were tested using a rotational rheometer (MCR 302, Anton
Paar) equipped with a parallel plate geometry (Ø = 25 mm, working gap = 1 mm). Strain
sweep tests were preliminarily performed on each MC hydrogel formulation to identify
the linear viscoelastic region (LVR) by applying an oscillatory strain in the 0.01–10% strain
range (γ) at 37 ◦C and 1 Hz frequency (ν). Then, to determine the transition temperature
(Tt) of each specimen, temperature sweep tests were performed in the 10–60 ◦C range,
applying a temperature ramp of 2 ◦C min−1, γ = 0.1% (i.e., LVR obtained by strain sweep
tests), ν = 1 Hz frequency. For each hydrogel composition, the Tt was identified from
storage modulus (G′) and complex viscosity (η*) curves. Briefly, from each curve, the Tt
was determined as the intersection between the interpolant of the initial T range (T < Tt)
and the interpolant of the following T range (T > Tt) [27,28].
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4.7. 1H-NMR Characterization

The MC-H formulation was considered the most promising for this work due to
its remarkable pH-responsiveness. The pH responsivity of MC-H samples was further
investigated using 1H-NMR spectrometry. 1H-NMR spectra were collected using a Bruker
ARX 400 spectrometer (400 MHz 1H resonance frequency). All spectra were recorded in
D2O containing 0.05% (w/w) of 3-(trimethylsilyl)propionic 2,2,3,3,-d4 acid sodium salt as
internal standard. Chemical shifts (d, ppm) are reported relative to the internal standard.

Explorative analyses were carried out on washed MC-H samples. Removal of unre-
acted CA from the MC-H specimens was achieved by rinsing MC-H samples several times
in distilled water until reaching neutral pH [19]. The 1H-NMR spectra of washed MC-H
samples were then collected in the following conditions: (i) at the swelling equilibrium
(20 mg MC-H in 0.7 mL D2O for 24 h), (ii) after the addition of 35 µL NaOD (30 wt.% in
D2O), (iii) after the addition of further 35 µL NaOD, and (iv) 24 h after the addition of 70 µL
NaOD. All measurements were carried out at 30 ◦C.

Then, the 1H-NMR spectra of non-washed MC-H specimens were collected to retrace
the swelling and degradation tests. Briefly, MC-H were swollen in NSS at different pH
(4, 7 and 12) for 24 h (i.e., swelling equilibrium), keeping fixed the immersion ratio (MC-H:
NSS = 20 mg: 12.5 mL). Then, the samples were freeze-dried. After lyophilization, each
specimen was swollen in 1 mL of D2O for 24 h before 1H-NMR spectra collection. For each
pH condition, 1H-NMR spectra were collected at 30, 37, and 50 ◦C.

4.8. TEM Characterization

The shape, size, and distribution of silver nanoparticles in the MC/AgNPs solutions
were assessed by transmission electron microscopy (TEM, Philips CM200-FEG) at an accel-
erating voltage of 200 kV. A drop of the sample (after 1:10 dilution in dH2O) was withdrawn,
deposited on a carbon-coated copper net (mesh size 200), and air-dried overnight at room
temperature. To estimate the shape and size of silver nanoparticles, 50 images were ana-
lyzed by ImageJ software (ImageJ, v. 1.53, NIH). Prism 8 (GraphPad Software, La Jolla, CA,
USA) was then used for the particle size distribution analysis.

4.9. UV–Vis Characterization

UV–vis spectroscopy (Synergy H1 spectrophotometer, BioTek) was used to monitor
the intensity of the Localized Surface Plasmon Resonance (LSPR) absorption band of silver
nanoparticles in the MC samples. UV–vis studies were performed (i) on MC/AgNPs
solutions, (ii) on MC-H/AgNPs dry films, and (iii) on the swelling solutions of MC-
H/AgNPs specimens. In the latter case, UV–vis measurements were carried out to assess
the pH-triggered AgNPs release from MC-H/AgNPs specimens. To do this, MC-H/AgNPs
specimens were first briefly rinsed with dH2O to remove AgNPs not embedded in the film.
Then, the specimens were immersed in 10 mM acetate (pH = 4) or phosphate (pH = 12)
buffers, incubated at 37 ◦C for 1 h, and the swelling media were analyzed. Spectra were
acquired in the wavelength range 250–700 nm, with a resolution of 1 nm. The solutions
were read using a Take3 Micro-Volume Plate support (BioTek), while dry films used a Slide
adapter (BioTek, 1220548).

4.10. ICP Analysis

To quantify the amount of Ag released by MC-H/AgNPs specimens as a function of
the pH, the samples were first briefly rinsed with dH2O to remove superficial AgNPs. Then,
the specimens were immersed in 10 mM acetate (pH = 4) or phosphate (pH = 12) buffers and
incubated at 37 ◦C (pH 7 was not investigated based on the outcomes of physicochemical
and rheological characterization). After 1 h, the eluates were withdrawn and analyzed by
inductively coupled plasma optical emission spectrometry (ICP-OES).
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4.11. Data Analysis

Unless stated, the tests were run in triplicate (n = 3), and data are expressed as mean ±
standard deviation (SD). Statistical analysis was performed by Prism 8 (GraphPad Software,
La Jolla, CA, USA). Comparisons among the groups were performed by ANOVA (one-way
or two-way), and results of p < 0.05 were considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8050298/s1, Supplementary Materials S1: Swelling and gel
fraction; Supplementary Materials S2: Flory–Rehner model; Supplementary Materials S3: Rheology;
Supplementary Materials S4: 1H-NMR.
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Abstract: Although many advances have been made in medicine, traumatic bleeding and wound
infection are two of the most serious threats to human health. To achieve rapid hemostasis and prevent
infection by pathogenic microbes, the development of new hemostatic and antibacterial materials
has recently gained significant attention. In this paper, safe, non-toxic, and biocompatible polyvinyl
alcohol (PVA); carboxymethyl cellulose (CMC), which contains several carboxyl and hydroxyl groups;
and polyethylene glycol (PEG), which functions as a pore-forming agent, were used to prepare a novel
PVA/CMC/PEG-based composite hydrogel with a macroporous structure by the freeze-thaw method
and the phase separation technique. In addition, a PVA/CMC/PEG@ZIF-L composite hydrogel was
prepared by the in situ growth of zeolitic imidazolate framework-L (ZIF-L). ZIF-L grown in situ
on hydrogels released Zn2+ and imidazolyl groups. They elicited a synergistic antibacterial effect
in hemostasis with PVA and CMC, rendering the PVA/CMC/PEG@ZIF-L hydrogel with a good
antibacterial effect against Staphylococcus aureus. At the same time, the macroporous structure enabled
the rapid release of Zn2+ and imidazolyl groups in ZIF-L and promoted cell proliferation at an early
stage, enhancing the coagulation efficiency. A rat liver injury model was used to confirm its rapid
hemostasis capacity.

Keywords: in situ growth; macroporous structure; synergistic antibacterial; rapid hemostatic;
carboxymethyl cellulose; wound dressing; hydrogel; ZIF-L; polyvinyl alcohol; phase separation technique

1. Introduction

Traumatic bleeding is one of the main causes of civilian and military deaths [1].
According to a previous report, more than 5.8 million deaths each year are caused by
excessive bloodshed worldwide [2]. As such, the rapid control of bleeding is the key to
reducing mortality. However, secondary tissue damage caused by bacterial infections is
a major problem associated with the rapid control of bleeding [3–5]. Although cotton
gauzes, zeolite-based Quik Clot, and other hemostatic products are commercially available,
they show hemostatic effects and possess different shortcomings in that they do not meet
the requirements for antibacterial control, which limits their wide clinical application [6].
Therefore, it is of great significance to develop safe and rapid hemostatic agents or wound
dressings with an excellent antibacterial ability to treat severe bleeding and subsequent
trauma [7].

Many investigators continue to conduct important research on hemostatic and antibac-
terial hydrogel wound dressings. According to the hydrogel mechanism of action and the
antibacterial mechanism of action, the currently available antibacterial hydrogels can be di-
vided into three categories; namely, hydrogels with antibacterial activity, hydrogels loaded
with antibacterial agents, and stimulus-responsive hydrogels [8–11]. Chitosan, gelatin, cel-
lulose, polyols, and alginates are the main representatives of their own antibacterial active
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substances. There are single hydrogels that use the antibacterial substance as the matrix
as well as composite hydrogels such as alginate-based hydrogels [12,13], chitosan-based
hydrogels [14], and PVA/chitosan-based hydrogels [15]. Amongst them, polyvinyl alcohol
(PVA) hydrogels can be formed by physical cross-linking through safe, non-toxic, and sim-
ple freeze-thaw means; it is biodegradable, non-toxic, biocompatible, and hydrophilic [16].
These characteristics are favored by researchers. Hydrogels loaded with antibacterial agents
have recently received much attention. Antibiotics (e.g., vancomycin hydrochloride [17] and
gentamicin [18]) have successfully been loaded onto hydrogels [12,13,19]; the antibacterial
agents generally are metal ions (e.g., Ag+, Zn2+, and Cu2+ [20]), metal–organic framework
(MOF) materials [21], antibacterial polypeptides [22–24], and biological extracts [25,26].
A variety of antibacterial hydrogels with a controlled release of metal ions can be prepared
through metal coordination bonds between metal ions and polymer matrices such as Zn2+

and Sr2+ double-ion cross-linked hydrogel membranes [27] and Ag+-loaded hydrogels [28].
At the same time, the introduction of metal coordination bonds can enhance the mechanical
strength of hydrogels [29]. Other studies have reported that zeolite-like imidazole ester
framework materials (ZIFs) have excellent antibacterial properties. For example, air filters
that are combined with ZIF-8 particles exhibit an excellent inactivation efficiency against
airborne bacteria [30]. ZIFs can not only slowly release Zn2+ during wound healing and
effectively kill bacteria by destroying microbial cell membranes, but also accelerate wound
healing by promoting cell migration, angiogenesis, and collagen deposition [31]. There are
many studies on final stimulus-responsive antibacterial hydrogels in the field of wound
healing [32–36]. Although several hemostatic and antibacterial hydrogels have been de-
veloped, many hydrogels are not applicable to the rapid control of bleeding and further
research is needed.

According to the ideal state of wound dressing [37] and the theory of wet wound
healing [38], this paper selected safe, non-toxic, and biocompatible PVA as well as car-
boxymethyl cellulose (CMC) with several carboxyl and hydroxyl groups as the hydrogel
matrices. Both PVA and CMC not only have certain antibacterial properties, but the car-
boxyl and hydroxyl groups in CMC can also chelate with zinc ions. A zeolitic imidazolate
framework-L(ZIF-L) was then formed in situ in the hydrogel by combining Zn2+ with the
imidazolyl groups. ZIF-L has antibacterial properties and provides rapid hemostasis in
hydrogels [39,40]. Polyethylene glycol (PEG) was used as the pore-former of the gel. The
hydrogel was prepared by phase separation using PEG to create its macroporous structure.
In the prepared PVA/CMC/PEG@ZIF-L composite hydrogel, the Zn2+ and imidazolyl
groups released by ZIF-L, PVA, and CMC exhibited synergistic antibacterial effects in
hemostasis, indicating that the PVA/CMC/PEG@ZIF-L composite hydrogel had a good
antibacterial effect. At the same time, the macroporous structure of the hydrogel not only
provided the hydrogel with a good gas exchange capacity and the rapid absorption of blood
to allow platelets and blood cells to aggregate to cause blood coagulation, but also allowed
the Zn2+ and imidazolyl groups in ZIF-L to be rapidly released, allowing the hydrogel to
quickly control bleeding.

2. Results and Discussion
2.1. Structure Analysis

The cross-sectional SEM images of the PVA/CMC/PEG@ZIF-L composite hydrogel
are shown in Figure 1a–d. The hydrogel had a three-dimensional, network-like, and porous
structure, and the average pore size of the PVA/CMC/PEG@ZIF-L composite hydrogel was
1.76 µm, which was close to 2 µm. The standard deviation was 0.6436 µm. It indicated that
PEG fully exerted its role as a pore-forming agent. A macroporous structure was prepared
by phase separation. The pore wall of the pure PVA/CMC/PEG composite hydrogel
without ZIF-L was relatively smooth whereas the surface of the PVA/CMC/PEG@ZIF-L
composite hydrogel was rough, with leaf-like crystals observed on the gel network. The
leaf-like crystals were ZIF-L [41,42]. There were many ZIF-L nanosheets in the pore wall of
the hydrogel, indicating that ZIF-L was successfully formed in situ in the PVA/CMC/PEG
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hydrogel. The in situ growth process of ZIF-L on the hydrogel network is illustrated
in Figure 2. When the PVA/CMC/PEG hydrogel was immersed in the Zn (NO3)2·6H2O
aqueous solution, a large amount of Zn2+ was adsorbed by the carboxymethyl and hydroxyl
groups in the hydrogel and attached to the surface and pore walls of the hydrogel. It was
soaked in a 2-methylimidazole aqueous solution; the imidazole group and Zn2+ were
combined and ZIF-L grew in situ on the hydrogel network.
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(d) magnified 30,000 times, scale bar is 1 µm.
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Figure 3a is the infrared spectrum of the PVA/CMC/PEG hydrogel. The absorption
peaks at 848 cm−1 and 1090 cm−1 corresponded with the characteristic peaks of the ether
bond (-O-) in PEG [43], and the corresponding characteristic peaks were also clearly ob-
served in the PVA/CMC/PEG composite hydrogel. This indicated that PEG was entangled
with the PVA molecular chain during the freezing-thawing process and not completely
precipitated, which was subsequently condensed into water. The mechanical properties
of the glue played a certain enhancement role. In addition, 1631 cm−1 in the CMC spec-
trum corresponded with the stretching vibration peak of COO- in the carboxymethyl
group of CMC [44] and 3460 cm−1 corresponded with the stretching vibration peak of
-OH of CMC. In the PVA/CMC/PEG hydrogel spectrum, the stretching vibration peaks
of COO- and -OH corresponded with 1709 cm−1 and 3278 cm−1, respectively. In the
PVA/CMC/PEG hydrogel spectrum, the stretching vibration peak of -OH at 3278 cm−1

broadened, indicating hydrogen bonding between the hydroxyl group of PVA and the
carboxymethyl group of CMC [45]. Therefore, physical cross-links were formed between
PVA and CMC during the freezing-thawing process, confirming the successful preparation
of the PVA/CMC/PEG hydrogels. COO- of CMC was a broad peak; it was possible that
COO- also formed intermolecular hydrogen bonds. Furthermore, COO- shifted in the
PVA/CMC/PEG hydrogel spectrum, which might be the result of the interaction between
PVA and CMC [45]. Although the stretching vibration peaks of COO- and -OH shifted
in the PVA/CMC/PEG hydrogel spectrum, these findings indicated that COO- and -OH
existed in the PVA/CMC/PEG hydrogel, providing a basis for the chelation of carboxyl,
hydroxyl, and Zn2+.
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The infrared spectrum of the PCZ4 hydrogel is shown in Figure 3b. The peak at
2910 cm−1 corresponded with the stretching vibration peak of methylene (-CH2-) of PCZ4
and the new peak at 2851 cm−1 was the water peak caused by the residual water. The
peaks at 1585, 1140, 997, 747, and 423 cm−1 in the PCZ4 spectrum corresponded with the
characteristic peaks of the ZIF-L crystal [46].

The XRD spectrum of ZIF-L and PCZ with different amounts of ZIF-L is shown in
Figure 3c. The PVA/CMC/PEG hydrogel (PCZ0, which was without ZIF-L) had a strong
diffraction peak at 2θ = 19.5◦, which was similar to the (101) crystal in PVA. The diffraction
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peaks of ZIF-L at the (110), (200), (211), (220), (310), and (222) planes were observed at
2θ values of 7.30◦, 10.95◦, 12.71◦, 15.11◦, 17.2◦, and 17.99◦, respectively. This was similar
to previous research [47–50]. Therefore, this confirmed that ZIF-L had been successfully
synthesized. The sample containing ZIF-L (PCZ1, PCZ2, PCZ3, PCZ4) had a few new
peaks, similar to the characteristic peaks of the ZIF-L crystal plane. These findings indicated
that ZIF-L successfully grew in situ in the PVA/CMC/PEG hydrogel. In addition, the
peak intensity in the PCZ sample increased with the increase in the ZIF-L crystal content.
However, it might have been due to the influence of the PVA crystal planes on the ZIF-L
crystal planes, resulting in a significant increase in the peak intensity only at 2θ ∼= 11◦.
Additionally, the lower the content of ZIF-L, the greater the influence of other substances
(in this research, it was mainly reflected in the effect of PVA on ZIF-L) on its peak [51,52].
Hence, the characteristic peaks of ZIF-L in PCZ1 and PCZ2 were not significantly obvious
and there was an apparent shift from 2θ ∼= 10◦ to 2θ ∼= 11◦ between PCZ2 and PCZ3.

2.2. Zinc Ion Release

The fitted curve of the first-order kinetic model of the Zn2+ release of the PCZ4
hydrogel at different pH values is shown in Figure 3d. During the first hour, the release rate
of Zn2+ was fast, which was beneficial to the rapid hemostasis of the wound. Afterwards,
the release rate of Zn2+ was relatively slow and stable, allowing it to act on the wound. The
PVA, CMC, and imidazolyl groups produced by the hydrolysis of ZIF-L in the hydrogel
also had certain antibacterial effects [11–13]. Zn2+ cooperated with other substances in
the hydrogel for a synergistic antibacterial effect. Furthermore, the Zn2+ release of the
PCZ4 hydrogel increased with the decrease in pH. ZIF-L in the PCZ4 hydrogel rapidly
degraded under acidic conditions (pH 5.0) whereas the degradation was relatively slow
under physiological conditions (pH 7.4) [34,53,54]. These results showed that the Zn2+

release from the PVA/CMC/PEG@ZIF-L composite hydrogel was pH-responsive and
Zn2+ was easily released under acidic conditions. Human skin is finely acidic [55]; the
pH responsiveness of the hydrogel was beneficial to hemostasis and antibacterial control.
In addition, a first-order kinetic equation was fitted to the zinc ion release. Although the
release of Zn2+ could be up to four-fold higher depending on the pH, the mechanism of the
Zn2+ release was not affected as suggested by the model. The kinetic behavior of zinc ion
release at different pH levels requires further research.

2.3. Biocompatibility Analysis

An ideal wound dressing requires a good compatibility with the vasculature and
should not lyse red blood cells when it encounters blood. The blood compatibility of
the dressing was evaluated by the hemolysis rate. The lower the hemolysis rate, the
better the blood compatibility. The hemolysis rate of the PCZ hydrogel with different
amounts of ZIF-L is shown in Figure 4a. The hemolysis rate of the PCZ hydrogel was less
than 5%; as the amount of ZIF-L continued to increase, the hemolysis rate continued to
decrease because ZIF-L generated in situ in the PVA/CMC/PEG composite hydrogel was
superhydrophobic [56–59]. ZIF-L in the pores reduced the surface energy of the material,
thereby reducing damage to the red blood cells [60]. Thus, the hemolysis rate was low.
These results showed that the PVA/CMC/PEG@ZIF-L composite hydrogel had excellent
blood compatibility and it met the criteria of wound dressings.

Cytotoxicity is another indicator of biocompatibility. After adding PCZ hydrogels
with different amounts of ZIF-L to an NIH-3T3 cell suspension, the relative cell viability
of the NIH-3T3 cells incubated for 24 h, 72 h, and 120 h was calculated and is shown in
Figure 4b–d. In the hydrogels with different amounts of ZIF-L incubated for 24 h, we found
that the relative cell viability of the NIH-3T3 cells was close to 100%. This showed that
the PCZ hydrogels had excellent blood compatibility. In addition, PCZ1 and PCZ2 both
promoted cell proliferation to varying degrees, which is conducive to wound healing. After
72 h of incubation, the relative cell viability in the hydrogel decreased and the relative
cell viability of PCZ3 and PCZ4 was less than 80% because ZIF-L released Zn2+ and free

177



Gels 2022, 8, 279

2-methylimidazole during hydrolysis. When Zn2+ in the leaching solution is too high, there
is excessive generation of reactive oxygen species, which damages DNA. Furthermore,
2-methylimidazole is not conducive to cell survival. There was no difference in relative
activity after 72 h and 120 h of incubation. The hydrolysis of ZIF-L slowed after 72 h, which
was suggestive of complete hydrolysis. This had no effect on the cell survival. According
to the biological evaluation standard of medical devices, the PVA/CMC/PEG@ZIF-L
composite hydrogel met this standard and could be used as a wound dressing.
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2.4. Hemostatic Analysis

The hemostatic efficiency of a wound dressing is related to its blood-clotting ability.
A PVA/CMC/PEG@ZIF-L composite hydrogel can promote blood clotting based on two
factors. On the one hand, because of its interconnected porous structure that can quickly
absorb a large amount of blood, platelets and blood cells can aggregate to cause blood
clotting. On the other hand, when a PVA/CMC/PEG@ZIF-L composite hydrogel contacts
blood, ZIF-L gradually decomposes into Zn2+ and imidazolyl. Zn2+ can activate coagulation
factors XII and VII to trigger the coagulation cascade and accelerate the production of
thrombin and fibrin, thereby promoting coagulation [31]. ZIF-L may also slowly release
Zn2+ through an exchange with Na+, activating the coagulation cascade. In addition, ZIF-L
has a high porosity and large surface area, which can accelerate blood absorption and
red blood cell/platelet coagulation. These two processes have a synergistic effect in the
promotion of blood clotting.

Theoretically, the blood coagulation ability is inversely proportional to the coagulation
index (BCI value). The coagulation index of the PVA/CMC/PEG@ZIF-L composite hydro-
gel with different amounts of ZIF-L is shown in Figure 5. The PVA/CMC/PEG hydrogel
had a certain coagulation effect whereas the BCI value of the PVA/CMC/PEG@ZIF-L
composite hydrogel was lower than that of the PVA/CMC/PEG hydrogel. PCZ1, PCZ2,
PCZ3, and PCZ4 displayed coagulation effects with BCI values of 39.7 ± 2.5%, 42 ± 2.1%,
24.2 ± 2.9%, and 40.1 ± 3.1%, respectively. These findings indicated that ZIF-L played a
role in promoting blood coagulation. In addition, as shown in Figure 5, it could be seen
that the BCI value of PCZ3 was lower than PCZ4, indicating that the hemostasis efficiency
of PCZ3 was higher than PCZ4. An excessive zinc ion concentration can produce too
many reactive oxygen species (ROS) [30,31]. ROS not only cause oxidative damage to
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nucleic acid, but also damage proteins and biological cell membranes [61]. In the pro-
cess of hemostasis, excess ROS might destroy blood cells, thrombin, and blood fibrin,
which affect coagulation. Therefore, it was possible that the ZIF-L content of PCZ4 was
too high, which produced too many reactive oxygen species and affected the hemostasis
efficiency. In general, the PVA/CMC/PEG@ZIF-L composite hydrogel could promote
blood coagulation.
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The coagulation properties of the samples were further assessed using a rat liver
injury model by recording the time to hemostasis and the amount of blood loss leading
to hemostasis (Figure 6). As shown in Figure 6b, the amount of blood loss (67 mg) caused
by PCZ3 was compared with a medical gauze and PCZ0 without ZIF-L. The hemostatic
time followed the same trend in the overall loss of blood. In Figure 6c, it can be seen that
the hemostasis time of the medical gauze, PCZ0, and PCZ3 was 204 s, 202 s, and 120 s,
respectively. PCZ3 had the shortest hemostatic time. The coagulation ratio was consistent
with the image after a hemorrhag (Figure 6c). The results showed that the PVA/CMC/PEG
@ZIF-L hydrogel had a fast hemostatic ability.
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2.5. In Vitro Antibacterial Assays

The in vitro antibacterial effects of the PCZ hydrogel with different amounts of ZIF-L
are shown in Figure 7. As the content of ZIF-L increased, the content of released zinc ions
also increased and the antibacterial effect of the hydrogel gradually improved, especially for
Staphylococcus aureus. ZIF-L has inherent antibacterial properties [39,40] due to the release
of Zn2+ and imidazole groups. The imidazole groups can destroy the liposome structure of
bacteria. In addition, Zn2+ can interact with the cell membrane of bacteria and penetrate
the cell wall to destroy its protein and DNA, leading to cell death [31,39,40]. Compared
with Escherichia coli, the hydrogel had a better antibacterial effect against Staphylococcus
aureus. This might be because the main component of the cell wall of Gram-positive bacteria
is peptidoglycan; peptidoglycan is located in the surface layer [62], so the antibacterial
components in the hydrogel could act on it more quickly. As Gram-negative bacteria contain
less peptidoglycan and are located in the inner layer [62], the antibacterial ingredients killed
less E. coli than Staphylococcus aureus in the same time duration.
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PVA and CMC also have certain antibacterial properties and they synergistically kill
bacteria through the release of Zn2+ and imidazole groups by the hydrolysis of ZIF-L,
thus giving PCZ excellent antibacterial effects against Staphylococcus aureus. Although
the PVA/CMC/PEG@ZIF-L composite hydrogel had poor antibacterial effects against E.
coli, requiring further research and improvement, its excellent antibacterial effects against
Staphylococcus aureus could make the PVA/CMC/PEG@ZIF-L composite hydrogel a good
wound dressing, exceeding many hemostatic products on the market.

3. Conclusions

Although several advancements have been made in medicine, traumatic bleeding
and bacterial wound infections still pose a serious threat to human health. To solve this
problem, many investigators have performed important research and developed new
hemostatic and antibacterial materials, but most of these hydrogels still have shortcomings
with respect to the rapid control of bleeding. In this paper, a PVA/CMC/PEG composite
hydrogel was prepared using PVA and CMC as the raw materials and PEG as the pore-
forming agent. The PVA/CMC/PEG@ZIF-L composite hydrogel was prepared by the in
situ growth of ZIF-L on the hydrogel network. The morphologies and microstructures of
the prepared hydrogels were characterized by SEM, FTIR, and XRD. The results showed
that the PVA/CMC/PEG composite hydrogel and the PVA/CMC/PEG@ZIF-L composite
hydrogel with a macroporous structure were successfully prepared by the freeze-thaw
method and phase separation technology. In addition, to explore the biocompatibility of the
PVA/CMC/PEG@ZIF-L composite hydrogel and the hemostatic and antibacterial mecha-
nisms, a Zn2+ release test, blood compatibility test, cytotoxicity test, in vitro coagulation test,
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in vivo hemostasis test, and in vitro antibacterial test were carried out. The experimental
results showed that the PVA/CMC/PEG@ZIF-L composite hydrogel was in line with the
index of wound dressing and the various components in the PVA/CMC/PEG@ZIF-L com-
posite hydrogel had synergistic antibacterial effects. As such, the gel had good antibacterial
effects against Staphylococcus aureus. At the same time, the macroporous structure enabled
the rapid release of Zn2+ and imidazolyl groups in ZIF-L and promoted cell proliferation at
an early stage, thereby enhancing the coagulation efficiency.

4. Experimental Section
4.1. Materials

Polyvinyl alcohol (PVA1799, 99% degree of hydrolysis, 44.05 Mw, AR), carboxymethyl
cellulose (CMC, USP), 2-methylimidazole (reagent purity: 98%), and methanol (AR) were
purchased from the Aladdin Reagent Co., Ltd. (Shanghai, China). Polyethylene glycol
(PEG2000, AR) and tert–butanol (AR) were purchased from the McLean Biochemical
Technology Co., Ltd. (Shanghai, China). Zn (NO3)2·6H2O (AR) was purchased from the
Comeo Chemical Reagent Co., Ltd. (Tianjin, China).

4.2. Preparation of PVA/CMC/PEG Composite Hydrogel

In brief, 2 g of PVA and 20 mL of deionized water were added to a blue cap reagent
bottle. The PVA was dissolved in the deionized water and heated at 90 ◦C for 1 h. Thereafter,
0.2 g of CMC was added and stirred, followed by 1.5 g of PEG2000 with stirring and heating
at 75 ◦C. After cooling to room temperature, the turbid liquid was poured into a mold
(cylindrical PTFE, 3 cm diameter, about 2 cm height poured) and stored at −20 ◦C for
12 h. The frozen sample was carefully demolded and melted at room temperature to form
the hydrogel. This was frozen and thawed once. The hydrogel was soaked in deionized
water to remove PEG precipitated by the phase change to generate the PVA/CMC/PEG
composite hydrogel.

4.3. In Situ Growth of ZIF-L on PVA/CMC/PEG Composite Hydrogel

The PVA/CMC/PEG hydrogel was soaked in 0.119 g of Zn (NO3)2·6H2O in 30 mL of
an aqueous solution for 24 h and then soaked in 0.263 g of 2-methylimidazole in 30 mL of
an aqueous solution for 24 h to realize the in situ generation of ZIF-L in the hydrogel, which
was denoted as PCZ1. The above experimental steps were repeated to achieve the soaking
of the PVA/CMC/PEG composite hydrogel according to a two-fold concentration gradient
of PCZ1, which was denoted as PCZ2. Likewise, PCZ3 followed a two-fold concentration
gradient of PCZ2. The above steps were repeated for PCZ4. The resulting hydrogel
was solvent-exchanged in a tert–butanol solution. To avoid the excessive shrinkage of
the hydrogel, the content of tert–butanol in the solvent exchange process was gradually
increased, followed by soaking in 50%, 75%, and 100% tert–butanol aqueous solutions
for 1 h. The resulting hydrogel was then freeze-dried (vacuum degree 15 Pa, condensing
temperature −50 ◦C, drying for 48 h) to obtain the product.

4.4. Testing and Characterization
4.4.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM; SU8010, HITACHI Corporation, Tokyo, Japan)
was used to observe the morphology of the PVA/CMC/PEG@ZIF-L composite hydrogel.
The gel samples were freeze-dried and made brittle with liquid nitrogen; their microstruc-
tures were then observed by SEM. All samples had to be sprayed with gold before being
tested. In the SEM images, 200 holes were selected for the pore size measurement. After
the measurement and calculation, the average pore size was obtained.

4.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR; NEXUS6700, Thermo Company, Waltham,
MA, USA) was used for the group characterization of the sample powder. KBr was added to
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1–2 mg of sample solids and the samples were pressed and tested. The scanning beam range
was 500–4000 cm−1. The gel samples were lyophilized and directly tested by ATR-FTIR.

4.4.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD; Empyrean PANalytical, Netherlands) was used to analyze
the state of in situ growth of ZIF-L on the hydrogels with different ZIF-L contents. The
characterization of hydrogels was undertaken after freeze-drying. The scanning speed was
0.2 s/step and the scanning angle range was 5~80◦.

4.4.4. Zinc Ion Release

Inductively coupled plasma spectrometry was used to determine the release of Zn2+

from the PVA/CMC/PEG@ZIF-L composite hydrogel. A total of 0.2 g of PCZ4 hydrogel
was dipped into 30 mL of PBS at a pH of 5.0 and a pH of 7.4 and the stirring speed was
adjusted to 100 rpm. According to the crystallization output method, the solubility of ZIF-L
in PBS with a pH of 5 and with a pH of 7.4 was 30 mg/100 g and 6 mg/100 g, respectively.
After 10 and 30 min as well as 1, 3, 5, 12, and 24 h, a 2 mL aliquot was used to determine
the Zn2+ release. After removing each 2 mL aliquot, 2 mL of PBS was added to ensure that
the hydrogel soaking solution was always 30 mL.

4.4.5. Biocompatibility Test

The biocompatibility test was divided into the blood compatibility test and the cyto-
toxicity test. For the blood compatibility test, 4.0 mL of peripheral blood was drawn from a
healthy volunteer using a vacuum blood collection tube for a total of two tubes with 3.2%
sodium citrate anticoagulation. After a tube of anticoagulated whole blood was centrifuged
for 10 min, 0.4 mL of a red blood cell pellet was drawn into a 1.5 mL centrifuge tube. A total
of 1.0 mL of normal saline was then added to the centrifuge tube and mixed with the
red blood cells, centrifuged for 10 min, and the supernatant was aspirated. Subsequently,
0.5 mL of physiological saline was added to the centrifuge tube to dilute the red blood cells
to obtain a red blood cell suspension. After obtaining the red blood cell suspension, 10 mg
of the sample was placed in a 1.5 mL centrifuge tube, 1 mL of physiological saline was
added, and then 20 µL of the red blood cell suspension was added, followed by shaking at
37 ◦C for 4 h, centrifugation for 5 min, and the aspiration of the supernatant. A microplate
reader was used to measure the absorbance at 545 nm. Thereafter, 20 mL of the erythrocyte
suspension was added to 1 mL of physiological saline as a negative control and 20 mL of
the erythrocyte suspension was added to 1 mL of tri-distilled water as a positive control.
The centrifuge tubes were imaged. The relative hemolysis rate of the sample was calculated
according to the following formula:

Hemolysis Rate (%) =
Dt − Dnc

Dpc − Dnc
× 100% (1)

where Dt, Dnc, and Dpc are the adsorptions, negative control, and positive control of sam-
ples, respectively. A relative hemolysis rate > 5% was regarded as a hemolysis phenomenon.

The in vitro cytotoxicity test used the MTT method. The ratio of calf serum:sodium
pyruvate:glutamine:non-essential amino acid was 87:10:1:1 and a DMCM high-glucose
medium was prepared. The NIH-3T3 cells were cultured at 4 × 103/well in 96-well plates
for 24 h at 37 ◦C. The samples were cut into small pieces after sterilization by UV light for
30 min; 100 mg of the samples was added to 1 mL of a DMEM high-glucose medium and
placed in a 37 ◦C, 5% CO2 incubator for 24 h. After centrifugation, the supernatant was
taken and filtered with a 0.22 µm membrane to obtain a sample extract with a concentration
of 100 mg/mL. The leaching solution was diluted to 10%, 20%, 50%, 80%, and 100% and
added to a 96-well plate at 100 µL/well, respectively. The control group was the DMEM
medium of the NIH-3T3 cells without an extracting solution. Three replicate wells were
made for each treatment and cultured for 24 h, 72 h, and 120 h, respectively. The medium
containing the samples was then removed, each well was washed 3 times with PBS, and
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100 µL of an MTT medium containing 0.5 mg/mL was added to each well. This was
incubated in a 5% CO2, 37 ◦C constant temperature incubator for 4 h and 100 µL of DMSO
was added to each well of the supernatant. Finally, it was shaken for 10 min to completely
dissolve the crystal and the absorbance at 570 nm was detected. The absorbances of the
experimental group and the control group at 570 nm were recorded as ODE and ODC,
respectively. The following is the formula used to calculate the relative viability of cells:

Relative Viability (%) =
ODE − Background values

∑ ODc/n − Background values
× 100% (2)

The experimental group used a hydrogel extract (100 mg/mL) with different amounts
of ZIF-L and the control group did not contain a hydrogel extract.

4.4.6. In Vitro Coagulation Test

The coagulation index BCI (blood-clotting index) was used for the in vitro coagulation
test. PCZ0, PCZ1, PCZ2, PCZ3, and PCZ4 were cut and 10 mg was placed in a 1.5 mL
centrifuge tube and kept at 37 ◦C for 5 min. A total of 5 µL of recalcified anticoagulated
whole blood was pipetted and dropped onto the surface of the sample and incubated at
37 ◦C for 20 min. A total of 1 mL of deionized water was then added to the centrifuge
tube along the edge of the tube and the non-coagulated red blood cells were coagulated by
shaking and were incubated for 1 min. Subsequently, 0.8 mL of the supernatant was placed
into the centrifuge tube and the absorbance of the solution was measured at 545 nm with a
microplate reader. The measurement of each sample was repeated three times. Thereafter,
4.55 mL of anticoagulated whole blood was directly added to 1 mL of deionized water and
incubated at 37 ◦C with shaking for 1 min, which served as a positive control. Subsequently,
the BCI was calculated according to the following formula:

BCI(%) =
Ia

Iw
× 100% (3)

where Ia represents the absorbance of the solution after the recalcified anticoagulated whole
blood contacted the sample for a set time and Iw represents the absorbance of the solution
after the anticoagulated whole blood was mixed with deionized water.

4.4.7. In Vivo Hemostasis Test

A rat liver injury model was used to evaluate the hemostatic ability of the composite
hydrogel samples. The rats were randomly divided into three groups (medical gauze,
PCZ0, and PCZ3) of three rats in each group. The rats were anesthetized and fixed. After
an abdominal incision, the liver was exposed and the fluid around the liver was cleaned.
A wound (5 × 5 mm, depth: 3 mm) was created on the anterior lobe of the rat liver using
a scalpel. A pre-weighed gauze and samples of the required size (length: 1.5 cm) were
immediately administered to the site of the incision on the anterior lobe of the liver with
a scalpel. Observations were recorded every 30 s until the bleeding completely stopped
to measure the time to hemostasis. Photographs were taken of the wound. Subsequently,
the hemostatic materials were weighed to calculate the amount of bleeding after they
completely absorbed the blood.

4.4.8. In Vitro Antibacterial Test

A medium preparation of an LB liquid medium was composed of 100 mL of distilled
water in a graduated cylinder and poured into a 250 mL reagent bottle. Subsequently,
1 g of tryptone, 0.5 g of yeast powder, and 1 g of sodium chloride were weighed by an
analytical electronic balance. The above weighed reagents were added to the reagent bottle
and mixed and then sterilized at a high temperature in a high-pressure steam sterilizer at
121 ◦C for 15 min. An LB solid medium was prepared by measuring 100 mL of distilled
water in a graduated cylinder, which was then poured into a 250 mL reagent bottle. A total
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of 1 g of tryptone, 0.5 g of yeast powder, 1 g of sodium chloride, and 1.5 g of agar powder
were weighed by an analytical electronic balance. The above weighed reagents were added
to the reagent bottle and mixed and then sterilized at a high temperature in a high-pressure
steam sterilizer at 121 ◦C for 15 min.

For the experiment procedure, PCZ0, PCZ1, PCZ2, and PCZ3 were weighed to 0.1 g,
respectively, and sterilized under UV irradiation for 30 min. Before dilution, the concen-
tration of Escherichia coli was 1.31 × 109 CFU/mL and the concentration of Staphylococcus
aureus was 1.01 × 109 CFU/m. The bacterial solution was diluted to 2 × 106 CFU/mL
with the LB liquid medium and 10 mL of the diluted bacterial solution was added to a
disposable bacterial culture tube. The samples were incubated with Staphylococcus aureus
(ID: ATCC29213) and Escherichia coli (ID: ATCC25922) for 6 h at 37 ◦C. Thereafter, 10 µL of
the suspension was diluted with 1 mL of sterile PBS and 100 mL of the diluted solution
was evenly spread onto the solid LB medium. The plates were incubated in an incubator
set at 37 ◦C for 20 h. The plates were imaged. The control was the liquid medium without
a sample. The experiment was repeated three times.

4.4.9. Statistical Analysis

All experiments were carried out three times and the data were expressed as a
mean ± standard deviation. The results were analyzed with a one-way ANOVA by Origin
2017. A value of p < 0.05 was considered to be statistically significant.
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Abstract: With the development of science and technology, photocatalytic technology is of great inter-
est. Nanosized photocatalysts are easy to agglomerate in an aqueous solution, which is unfavorable
for recycling. Therefore, hydrogel-based photocatalytic composites were born. Compared with other
photocatalytic carriers, hydrogels have a three-dimensional network structure, high water absorption,
and a controllable shape. Meanwhile, the high permeability of these composites is an effective way to
promote photocatalysis technology by inhibiting nanoparticle photo corrosion, while significantly
ensuring the catalytic activity of the photocatalysts. With the growing energy crisis and limited
reserves of traditional energy sources such as oil, the attention of researchers was drawn to natural
polymers. Like almost all abundant natural polymer compounds in the world, cellulose has the
advantages of non-toxicity, degradability, and biocompatibility. It is used as a class of reproducible
crude material for the preparation of hydrogel photocatalytic composites. The network structure and
high hydroxyl active sites of cellulose-based hydrogels improve the adsorption performance of cata-
lysts and avoid nanoparticle collisions, indirectly enhancing their photocatalytic performance. In this
paper, we sum up the current research progress of cellulose-based hydrogels. After briefly discussing
the properties and preparation methods of cellulose and its descendant hydrogels, we explore the
effects of hydrogels on photocatalytic properties. Next, the cellulose-based hydrogel photocatalytic
composites are classified according to the type of catalyst, and the research progress in different
fields is reviewed. Finally, the challenges they will face are summarized, and the development trends
are prospected.

Keywords: cellulose; cellulose derivatives; hydrogels; photocatalytic composites

1. Introduction

With the economy’s progress and the improvement in living standards, environmental
and energy problems are becoming increasingly prominent. The emission of dyes, heavy
metals, pesticides, and the emergence of a vast number of microbial pathogens is extremely
hazardous to human health and can even cause system disorders, cancer, and other dis-
eases [1,2]. Researchers have carried out the disposal of organic pollutants and heavy
metal ions by employing adsorption [3], reverse osmosis [4], and ion exchange [5]. Still,
these techniques have limitations, such as high cost and low efficiency. For the threat of
pathogenic bacteria, antibiotics [6], ultraviolet light, and high-temperature sterilization [7]
are commonly used. However, antibiotic sterilization tends to cause the development of
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drug-resistant strains, and UV and high-temperature sterilization also have limitations.
Meanwhile, energy shortages affect socioeconomic development and human living stan-
dards. Therefore, it is urgent to seek a green, safe, and sustainable energy technology.
Photocatalytic technology uses sunlight to irradiate photocatalytic materials in order to
degrade organic pollutants, reduce heavy metal ions, inactivate bacteria, and produce
hydrogen, which is highly efficient, green, safe, and cheap, and is one of the ideal ways to
solve environmental and energy problems.

Nanosized photocatalysts are easily agglomerated in water and are not suitable for
recovery. Activated carbon [8], molecular sieve [9], hydrogel [10], and other materials
are usually used as carriers to immobilize photocatalysts and improve the utilization
rate. Hydrogels, with high permeability, adsorption, and insolubility, are a type of bionic
photocatalytic reactor that has received wide attention from researchers [11]. Hydrogels are
three-dimensional network structures formed by electrostatic interaction, an entanglement
of molecular chains, and cross-linking of chemical bonds [12]. Due to their absorption of
large amounts of water and certain flexibility, they can form various hydrogels, such as gel
columns, gel spheres, gel films, etc. [13]. Meanwhile, supercritical drying, freeze-drying,
and evaporative drying can all be used to obtain porous solid aerogels [14].

With the increasing emphasis on the development and utilization of renewable re-
sources, bio-based polymers have received a lot of attention from researchers. The bio-
compatibility and degradability of bio-based hydrogels have led to their application in
agriculture [15], medical [16], and environmental fields [17]. Cellulose is a linear polymer
composed of many D-glucopyranose units interconnected by β-glycosidic bonds. It is one
of the most widely distributed polysaccharides in nature, and is present in several plants,
bacteria, and algae such as cotton, rice straw, trees, and Chlorophyta. [18–20] (Figure 1).
The exposed hydroxyl groups of cellulose can undergo more chemical reactions, providing
the possibility of preparing cellulose derivatives, optimizing their disadvantages such as
water solubility and poor mechanical properties [21]. With their non-toxicity, and easy
degradability, hydrogels of cellulose and its descendants can be used in agriculture (storage
and continuous release of water and fertilizers [22]), water treatment (adsorption of heavy
metal ions [23], desalination of seawater [24], photocatalytic degradation of organic pollu-
tants [25], or photocatalytic sterilization [26]), and biomedicine (drug delivery [27], wound
dressings [28], tissue engineering [29], health care hygiene [30], and smart materials [31]),
among other areas.

Cellulose hydrogels are cited for use in both the water treatment [32] and antimicrobial
fields [33], emphasizing their adsorption properties as well as their photocatalytic proper-
ties. This paper mainly summarizes the properties, preparation methods, and classification
of cellulose-based hydrogel materials and their different applications in the direction of
photocatalysis over the past 15 years, providing a good basis for future development.
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Figure 1. Molecular structure of cellulose and its origin in nature.

2. Characteristics of Cellulose-Based Hydrogel Photocatalytic Composites

Cellulose hydrogels as semiconductor carriers have three main characteristics: high
adsorption, dispersibility, and morphological auxiliary. The adjustment of these character-
istics can change the structural features of the semiconductor, which in turn, can effectively
improve photocatalytic efficiency.

2.1. High Adsorption

Cellulose molecules form intramolecular and intermolecular hydrogen bonds, and the
molecular chains are coiled to form highly crystalline fibers that are more difficult to dis-
solve. At the same time, hydroxyl groups are blocked within, which affects their adsorption
properties for water, oil, and heavy metal ions [34]. In practical applications, cellulose is
chemically modified (oxidation, esterification, grafting, etc.) by introducing specific groups
to avoid its insolubility and enhance its adsorption properties [35,36]. Therefore, cellulose
derivatives are common materials for preparing cellulose-based hydrogels, specifically: hy-
droxy cellulose (HEC), carboxy cellulose (CMC), and amino cellulose. Han et al. prepared
titanium dioxide hydrogel cages using HEC and CMC. The hydrogel cages showed good
adsorption performance: within 5 min, the hydrogel cages adsorbed 43% more dye than
titanium dioxide nanoparticles, which greatly enhanced the photocatalytic performance of
the composites [37]. Adsorption is an essential part of the photocatalytic link, and a high
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stirring speed is usually used to reduce the mass transfer resistance. Hydroxy cellulose
and carboxy cellulose hydrogel photocatalytic composites enhance the adsorption of dyes
in wastewater through electrostatic interaction, which in turn promotes photocatalytic
reaction activity. In short, a synergistic adsorption–photocatalytic system was constructed
to enhance the photocatalytic effect [38,39]. Amino cellulose has an amino group at the
end, which is similar to the structure of chitosan. The introduction of the amino group
makes it very soluble, film-forming, and adsorbent of heavy metal ions, yielding good
prospects for biological applications such as wound dressing, immunofluorescence, and
drug release [40–42]. However, the complex synthesis process of amino cellulose and the
poor selectivity and economy of the synthesis process hinders the production and limits the
application of amino cellulose. No research on hydrogel-type photocatalytic composites
has been done in photocatalysis.

2.2. Dispersibility

Nanophotocatalysts have high specific surface energy and are thermodynamically
unstable systems. The nanoparticles agglomerate to form soft and hard agglomerates
due to van der Waals and Coulomb forces between the particles during preparation or
post-processing, affecting the adequate performance of their photocatalytic properties [43].
Therefore, cellulose can be a suitable carrier for improving the dispersion of nanophotocat-
alysts to expose more active sites to capture light or change the semiconductor bandgap to
participate in the reaction. The atoms and ions of semiconductors are anchored by func-
tional groups in cellulose through chemical or hydrogen bonding. For example, based on
the chemical interaction between Zn2+ and COO− of ZnO, Zn2+ was adsorbed in floatable
carboxy methyl cellulose/polyphenyl amide hydrogel (PAM/CMC/DDM), which enabled
the practical separation of heavy metal ions in sewage. Subsequently, PAM/CMC/DDM-
ZnO photocatalytic composite was obtained by processing Zn2+ into ZnO nanoparticles
using an in situ precipitation method. The nanoparticles in this composite avoided agglom-
eration during the preparation processes, creating a highly efficiently degradation of the
dye under visible light [25]. The hydroxyl groups of cellulose can form strong hydrogen-
bonding interactions with titanium dioxide nanoparticles, which can be made to adhere to
the cellulose surface using a hydrothermal method to obtain cellulose nanofiber/titanium
dioxide (P25) aerogel (CNFT) (Figure 2a). The P25 in CNFT2 is uniformly dispersed,
and the transmission electron micrographs show that its average diameter is around
6.8 nm (Figure 2b). Moreover, the spectral red-shift of the composites was obtained by
UV-vis diffuse reflection (Figure 2c), narrowing the bandgap of P25 and favoring the
photocatalytic reaction [44].

2.3. Morphological Adjuvants

Usually, controlling the photocatalyst morphology is also a meaningful means of
enhancing the catalyst activity. The structure, specific surface area, crystal shape, and
crystal defect of photocatalyst are the factors that affect the separation of photogenerated
electrons from holes [45]. In contrast to the existing morphology-modulating auxiliaries,
cellulose-based hydrogels have the advantages of being green, simple, and efficient.

Cellulose hydrogels can be used as reactors. Qin et al. successfully prepared flower-
like ZnO nanoparticles with a crystalline form of hexagonal fibrous zincite from sodium
hydroxide and zinc acetate. In this study, there is a chemical bonding between the hydrogel
reactor and sodium hydroxide and water, which makes Zn2+ and OH− slowly combine into
[Zn(OH)4]2− ions in the three-dimensional pores. Finally, the nanoflowers are generated
by dehydration, induction into nanosheets, and self-assembly, yielding homogeneous size
of the flower-like ZnO nanosheets in cellulose hydrogel pores and a high surface area
(39.18 m2/g) after calcination. It accelerated a decrease in rhodamine B concentration
under UV light [46].
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Figure 2. (a) Synthesis mechanism of cellulose nanotitanium dioxide aerogel (CNFT); (b) TEM
micrograph of CNFT2; (c) UV-Vis spectra of P25 and CNFT2 [44].

Cellulose hydrogels act as green capping agents to guide the semiconductor shape
change. As a typical example, Sabbaghan et al. selectively prepared cellulose oxide gel
membranes of different shapes (NFC/Cu2O) (spherical, cubic, and truncated cubic) using
the reduced end groups of cellulose for Cu2+ ion binding. The bandgap of the NFC/Cu2O
films with different shapes was shown to be in the range of 2.02–2.25 eV by inspection, and
this optical property opens up new applications for cellulose gel films [47].

3. Preparation of Cellulose-Based Hydrogel Photocatalytic Composites

There is a cross-linking of the hydroxyl, acetyl, and carboxyl functional groups of
cellulose and a loading of photocatalyst to obtain hydrogel photocatalytic composites.
Standard cross-linking methods can be categorized as physical, chemical, and radiation
cross-linking methods (Table 1).
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Table 1. Classification of cellulose-based hydrogel photocatalytic composites.

Categories Photocatalysts Hydrogel
Materials Characteristics Preparation

Methods
Specific
Surface

Area/m2g−1
References

Metal
Oxide

Semicon-
ductor

Compos-
ites

ZnO

PAM/CMC/DDM

Suspended hydrogels,
adsorb heavy metal ions,

and degrade dyes
efficiently

Mechanical
foaming and in

situ
polymerization

- Zhao et al. 2021

Cellulose Dispersion framework
for nanomaterials

Physical
crosslinking - Jiao et al. 2018

Bamboo fiber High specific surface area Chemical
crosslinking 39.18 Qin et al. 2017

Cu2O Cellulose/AA/AM High adsorption Chemical
crosslinking 89.56 Su et al. 2017

TiO2

CMCNa/HEC

Superabsorbent,
biodegradable, and

photocatalytic
degradation crosslinker

Chemical
crosslinking - Marcı et al. 2006

Cotton cellulose High temperature
resistant

Physical
crosslinking 6.10 Melone et al. 2013

α-Cellulose
TiO2 in situ generators,
excellent strength and

good toughness

Chemical
crosslinking 550 Wang et al. 2017

TOCNs/PAM Super-tough Chemical
crosslinking - Yue et al. 2020

BC
Self-cleaning,

antibacterial, and UV
shielding

Chemical
crosslinking - Rahman et al. 2021

CNFs

Good adsorption,
photocatalytic

degradation ability, low
density, and easy

recovery

Chemical
crosslinking 330 Li et al. 2021

Na2Ti3O7 Sisal cellulose High specific surface area Physical
crosslinking 248.93 Liu et al. 2021

Metal
sulfide

(chloride)
semicon-
ductor

composites

MoS2 BC
Bifunctional

adsorbent/photocatalyst
membranes

Chemical
crosslinking 137 Ferreira-Neto et al. 2022

CdS Straw cellulose Green recyclable Chemical
crosslinking - Qian et al. 2020

CdxZn1-xS CMC
High yield of hydrogen,

good stability, easy
recovery

Chemical
crosslinking - Wu et al. 2018

Ag/AgCl CMC
Hydrogel beads,
photocatalytic

degradation of RhB

Chemical
crosslinking - Heidarpour et al. 2020

Organic
semicon-
ductor

composites

g-C3N4

Polyester
fiber/cotton wool

High specific surface
area, impact resistant

Chemical
crosslinking - Chen et al. 2019

Cotton linter
Enhanced carrier

separation - - Bai et al. 2019;
Yao et al. 2019CMC/β-

Cyclodextrin

GO MCC
Adsorption–

photocatalytic
synergy

Chemical
crosslinking 48.6 Liu et al. 2021

MIL-100(Fe) CMC/β-
Cyclodextrin Good water retainability Chemical

crosslinking - Zhang et al. 2021

3.1. Physical Cross-Linking Method

The physical cross-linking method is mainly based on hydrogen bonding, crystal-
lization, and van der Waals forces to obtain hydrogels with a three-dimensional network
structure [48]. Its operation is simple, but the reversible connection between the chains
means that heat will return the gel the solution state [49]. Su et al. heated cellulose, car-
rageenan, and titanium dioxide in 1-ethyl-3-methylimidazole acetate solution, then cooled
and washed it to obtain hydrogel photocatalytic membranes by hydrogen bonding [50].
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3.2. Chemical Cross-Linking Method

The chemical cross-linking method uses covalent bonds between molecules to form hy-
drogels with desirable stable structures and mechanical strength. This method is accessible
using a broad range of monomers and mild conditions, usually with cross-linking agents
such as acrylic acid, polyethylene glycol, ammonium persulfate, polyethyleneimine, etc. Su
et al. used ammonium persulfate to generate free radicals in cellulose, which cross-linked
with acrylic acid (AA) and acrylamide (AM). Meanwhile, the Cu source was added and
freeze-dried to gain Cu2O/cellulose-based aerogels. The adsorption of large amounts of
molecular oxygen at the surface of aerogels promotes the separation of Cu2O photoelectrons
and holes, thus enhancing the catalytic activity [51].

3.3. Radiation Cross-Linking Method

Radiation technology uses the interaction between rays, accelerated electrons, ions,
and substances to ionize and excite in order to produce free radicals, and initiate cross-
linking reactions [52]. The radiation cross linking method has the advantages of simple
operation, room temperature reaction, high efficiency, and green and non-polluting proper-
ties when compared to the above methods [53]. Liu and his colleagues used the electron
beam radiation method to develop poly-N-isopropyl acrylamide/highly substituted hy-
droxypropyl cellulose/carbon nitride (NIPAAm/HHPC/g-C3N4) intelligent hydrogels,
which is a thermally driven property photocatalyst. The high specific surface area, porosity,
and large specific surface area of this hydrogel enhance the contact of rhodamine (RhB)
dyes. The networked three-dimensional structure of the hydrogel effectively adsorbed RhB
dye ions, achieving the combination of adsorption and photocatalysis [54].

4. Classification of Cellulose-Based Hydrogel Photocatalytic Materials

Based on the current research results, the cellulose-based hydrogel photocatalytic ma-
terials can be classified into metal oxide semiconductor composites, metal sulfide (chloride)
semiconductor composites, and organic semiconductor composites according to the types
of photocatalysts (Table 1).

4.1. Metal Oxide Semiconductor Composites

Currently, most of the metal oxide semiconductors applied in cellulose hydrogels
are titanium dioxide, due to their stable nature, non-toxicity, and cheapness [55]. Earlier,
researchers considered that toxic cross linking agents (dialkyl sulfone) would remain in the
synthesis of cellulose hydrogels, causing water contamination [56]. Therefore, a new highly
absorbent and biodegradable hydrogel was synthesized using sodium carboxymethyl
cellulose (CMCNa), hydroxyethyl cellulose (HEC), and titanium dioxide nanoparticles
(TiO2). This hydrogel was entirely degraded by dialkyl sulfone under 5 h of light [57].
Subsequently, several hydrogels with unique properties have been developed. For example,
high-temperature resistant cotton fiber aerogel [58]; α-cellulose hydrogel as TiO2 in situ
reactors with excellent strength and good toughness [59]; high stiffness titanium diox-
ide/polyacrylamide/chitin oxide nanofiber hydrogel (TiO2-TOCNs-PAM), its compressive
strength at 70% strain is 1.46 MPa, tensile stress is 316 kPa, tensile strain is 310%, and
toughness is 47.25 kJ/m3 [60]; multifunctional flexible bacterial cellulose gel film with self-
cleaning, photocatalytic, and UV protection properties [61]; and cellulose nanofiber aerogels
loaded with TiO2, with good adsorption properties, high photocatalytic degradation, low
density, and easy recycling [62].

ZnO nanoparticles and cuprous oxide are also materials of interest to researchers.
Hasanpour et al. prepared six different shapes of cellulose/ZnO (CA/ZnO) heterogeneous
aerogels using microcrystalline cellulose (MCC) and zinc nitrate hexahydrate as the primary
raw materials by means of hydrothermal, sol-gel, and impregnation methods. Among these,
the highest degradation rate of MO was 94.78% for the CA/ZnO heterogeneous aerogel in
plate shape [63]. However, iron trioxide (α-Fe2O3), sodium trititanate (Na2Ti3O7), silver
phosphate (Ag3PO4), and bismuth vanadate (BiVO4) semiconductors are relatively rare
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composites combined with cellulose hydrogels due to their high price or complexity of
preparation [64–68].

4.2. Metal Sulfide (Chloride) Semiconductor Composites

Metal sulfides have a narrower bandgap compared to metal oxides. Currently, cad-
mium sulfide (CdS) and molybdenum sulfide (MoS2) are mostly studied in cellulose-based
hydrogel photocatalytic materials [69]. CdS crystals are one of the best visible light-reactive
photocatalysts. Its forbidden bandwidth is 2.4 eV [70]. CdS nanoparticles are combined
with cellulose to form hydrogel composites, and their strong adsorption ability on MB
molecules indirectly improves photocatalytic activity [23,71]. Cadmium sulfide solid solu-
tion (CdxZn1-xS) can be used to improve the optical properties of the catalyst by modulating
the elemental composition. Wu et al. used in situ chemistry to embed CdxZn1-xS particles
with a dimension of about 3 nm into carboxymethyl cellulose hydrogels. Among them,
the maximum hydrogen yield of Cd0.2Zn0.8S gel composites was 1762.5 µmol g−1 h−1.
This is 104 times the hydrogen production rate of pure cadmium sulfide. This hydro-
gel photocatalytic complex is stable and easily recyclable, meeting the criteria for green
hydrogen production [72]. The surface of noble metal nanoparticles can absorb visible
light and has a surface plasmon effect [73]. On the path of surface plasmon photocatalyst
exploration, Ag/AgCl has been the most studied by scientists. Heidarpour et al. wrapped
Ag/AgCl in Al(III) and Fe(III) crosslinked cellulose hydrogel beads (Ag/AgCl@Al-CMC
and Ag/AgCl@Fe-CMC, respectively). Experimental tests showed that the gel beads have
good photocatalytic properties. The diverse cases on the photocatalytic performance was
also explored, and the photocatalytic reaction rate constants are shown in Table 2 [74].

Table 2. Photocatalytic rate constants of Ag/AgCl@Al-CMC and Ag/AgCl@Fe-CMC under different
conditions ((copied from Reference [74]).

Ag/AgCl@Ag-CMC AgCl@Fe-CMC

Catalyst Dosage 1 (g/L) 2 (g/L) 4 (g/L) 6 (g/L) 1 (g/L) 2 (g/L) 4 (g/L) 6 (g/L)
Kapp 0.0101 0.0223 0.0517 0.0711 0.0073 0.0152 0.0304 0.0395
R2 0.98 0.99 0.95 0.98 0.98 0.99 0.99 0.99

RhB
concentration 10 (ppm) 15 (ppm) 20 (ppm) 25 (ppm) 10 (ppm) 15 (ppm) 20 (ppm) 25 (ppm)

Kapp 0.0517 0.0318 0.0233 0.0141 0.0304 0.0224 0.0170 0.0103
R2 0.95 0.99 0.97 0.99 0.99 0.99 0.98 0.99
pH 4 7 9 4 7 9

Kapp 0.0295 0.0517 0.0673 0.0198 0.0304 0.0352
R2 0.99 0.95 0.99 0.99 0.99 0.95

4.3. Organic Semiconductor Composites

Graphitic phase carbon nitride (g-C3N4), graphene oxide (GO), and organic metal
frameworks are representative materials for organic conjugated semiconductors. Graphitic-
phase carbon nitride is a layered material consisting of triazine and tri-s-triazine rings as
basic units [75]. It is of interest because of its advantages, such as being non-toxic, cheap,
and responsive in visible light. However, the disadvantages of carbon nitride, such as
a small specific surface area, easy polymerization, and few active sites, affect its photo-
catalytic performance [76]. Combining it with cellulose to form aerogel photocatalytic
materials can expand the specific surface area and upgrade carrier separation, thus im-
proving the photocatalytic ability [77–79]. GO has a large specific surface area compared
to g-C3N4. Its large number of hydroxyl and carboxyl groups can be used for adsorption.
However, GO is soluble in water and difficult to use as an adsorbent [80]. Combining it
with MCC and polyaniline (PANI) perpetuates the adsorption performance and achieves
sound synergistic adsorption-photocatalytic degradation [81]. Metal-organic frameworks
(MOFs) are composed of metal units and organic ligands combined in a framework by
coordination to form an open network with high porosity, a stable network, and a massive
surface area. MIL-100(Fe) is merged with CMC and cyclodextrin to form a hydrogel with
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catalytic and water fixation capabilities. It has a good hydrophilicity, with a swelling rate
of 363%, which allows it to be used in environmental applications [82].

5. Application of Cellulose-Based Hydrogel Photocatalytic Materials

The advantages of cellulose-based hydrogel photocatalytic composites and photo-
catalysts and hydrogels are combined to promote cellulose with unique properties for
different applications. In this section, the latest applications of cellulose-based hydrogel
photocatalysts in wastewater treatment and energy will be briefly outlined.

5.1. Wastewater Treatment

The insolubility and hydrophilicity of most types of cellulose make cellulose-based
hydrogel photocatalytic composites widely used in wastewater treatment.

5.1.1. Removal of Dyes and Heavy Metal Ions

The degradation of dyes and heavy metals are the two most frequent methods used to
evaluate photocatalytic performance. Every year, printing and dyeing processes produce
hundreds of millions of tons of highly concentrated wastewater containing different types
of dyes, in addition to heavy metals, acids, and bases, causing severe environmental prob-
lems [83,84]. The dyes and heavy metals commonly used for photocatalytic degradation
are rhodamine B [85,86], methyl orange [87,88], methylene blue [89], carmine [90], and
hexavalent chromium ions [91]. Cellulose hydrogels carry functional groups that enhance
the adsorption and induce the photocatalytic degradation of dyes [92,93]. Table 3 lists the
degradation efficiency of methyl orange (MO) by different photocatalytic materials.

Table 3. Degradation efficiency of MO by different photocatalytic materials.

Dye Catalysts Dye Concentration
(mg/L) Time (min) Degradation (%) References

MO

TiO2-TOCNs-PAM 10 90 97.3 Yue et al. 2020

CA/ZnO 20 120 94.78 Hasanpour et al. 2021

g-C3N4 Cellulose aerogel 20 180 99 Ma et al. 2021

Ag@AgCl-contained
cellulose hydrogel 10 70 93 Tang et al. 2018

Cu2O/TiO2/CNF/rGH 20 120 85.62 Zheng et al. 2022

Cu@Cu2O/RGO/cellulose
hybrid aerogel 10 120 92.8 Du et al. 2019

Two representative cases are presented in particular. Du et al. synthesized layered
stomatal Cu/doped Cu2O/reduced graphene oxide/cellulose (Cu@Cu2O/RGO/CE) cat-
alytic materials using the in situ deposition method (Figure 3a). It had a high photocatalytic
performance for the degradation of MO in visible light. A reasonable photocatalytic degra-
dation diagram was obtained by EPR tests showing that hydroxyl radicals and superoxide
radicals take effect in the photocatalytic process (Figure 3b) [94]. NH2-MIL-88B(Fe) (NM88)
and g-C3N4 loaded onto aerogels, combined with natural cellulose and polyacrylonitrile
fibers (BMFAs), achieved a 99% reduction of Cr(VI) within 20 min. At the same time, this
composite has excellent memory properties and shape deformability (Figure 3c) [95].
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Figure 3. (a) Synthesis process of Cu@Cu2O/RGO/CE hybrid catalysts; (b) Mechanism diagram of
Cu@Cu2O/RGO/CE photocatalytic degradation of MO; (c) Elasticity test map; and (d) plasticity of
BMFAs [94,95].

5.1.2. Degradation of Antibiotics

Antibiotics are remarkably effective in treating infectious diseases and are in high
demand in the livestock and aquaculture industries. However, residual antibiotics can
also have severe ecological and public health impacts [96]. Therefore, the problem of
antibiotic reprocessing is among the urgent issues to be addressed. Currently, efficient,
mild, and non-polluting photocatalytic technology shows good prospects for degrading
antibiotic wastewater. Tetracycline, as a spectral antibiotic, has received significant attention
from researchers. Recent literature reported that the combination of photocatalyst and
cellulose to form an open porous three-dimensional structure and high specific surface
area enhanced its adsorption, thus improving the degradation efficiency [97]. The high
mechanical strength of hydrogels allows the reusability of the composites [98].
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5.1.3. Antibacterial Properties

After an assessment by the World Health Organization (WHO), the following informa-
tion was obtained. In developing countries, 80% of diseases originate from water sources
contaminated with pathogenic microorganisms, including fungi, bacteria, and viruses [99].
These microorganisms can cause diseases such as diarrhea, typhoid, and pneumonia. Pho-
tocatalysis has received attention from researchers as an effective and inexpensive method
for sterilization. Zhang et al. synthesized multifunctional cellulose/TiO2/β-CD hydrogels
with extreme photocatalytic antibacterial properties and drug release capacity. Their excel-
lent photocatalytic antibacterial activity was verified by the inhibition circle method under
dark and light conditions [100].

5.2. Energy
5.2.1. Hydrogen Energy

In today’s society, the development of green energy plays a vital role in economic
development and human living standards. Hydrogen energy with high calorific value and
no secondary pollution is becoming a hot spot for research. In contrast to electrochemi-
cal hydrogen generation [101] and anaerobic microbial fermentation [102], photocatalytic
hydrogen generation is essential for the development of hydrogen energy by converting
sunlight into hydrogen energy using water as a raw material. Kang et al. used an in situ
method to combine nanoscale CdS and CMC, while doping with trace amounts of Pt, to
produce highly efficient hydrogen-producing photocatalytic hydrogels, with a hydrogen
generation efficiency of 1365 µmol h−1g−1. The cellulose hydrogel enabled a better dis-
persion of CdS nanoparticles and avoided the secondary contamination of nanoparticles,
which has practical implications for the development of hydrogen energy [103].

5.2.2. Food Packaging

Food packaging bags mainly include two types: plastic and paper bags. Plastic bags
make up the bulk of packaging materials, prepared by the polymerization of ethylene in
petroleum cracking; these are not easily degradable, and doing so will cause secondary
pollution. At the same time, due to energy constraints, the transformation of plastic
packaging bags is imminent. Cellulose is easily accessible and biodegradable, laying the
foundation for the development of green packaging materials. Xie et al. prepared a cellulose
gel film containing zinc oxide nanoparticles on the surface by chemical cross-linking and
hydrothermal methods. This food packaging film has specific mechanical properties to
block oxygen and water vapor and ensure the freshness of food. At the same time, it has
some antibacterial effects under both dark and UV light irradiation conditions. Under UV
light, the bacteria were inactivated more efficiently by synergistic photocatalytic oxidation
and mechanical rupture [104].

6. Conclusions and Prospect

Cellulose is widely distributed in nature, has the largest reserves, and is easily degrad-
able. Therefore, the development of functional cellulose materials is of significant meaning
to the progress of green chemistry and the reduction of dependence on fossil resources.
The functional properties of cellulose, including hydrophilicity and good biocompatibility,
make it a suitable carrier for photocatalysts. In this paper, we review the research progress
of cellulose-based hydrogel photocatalytic materials, detailing the properties, preparation
methods, classification, and applications of the composites in the environmental and energy
fields. Combined with the above literature, it is concluded that cellulose hydrogels as carri-
ers exhibit the following main advantages. First, the three-dimensional network of cellulose
hydrogels increases the specific surface area, which dramatically improves the adsorption
performance of composites. Second, the negative ions on cellulose can bind metal cations,
which can immobilize the photocatalyst on the surface and improve the dispersibility of
nanoparticles. Finally, cellulose can improve the carrier separation efficiency.
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Although the research on cellulose-based hydrogel photocatalytic composites contin-
ues to progress, there are still some issues of concern: (1) From the preparation method of
composites, radiation preparation has the advantages of green qualities and high efficiency,
but relatively little research has been reported on this method. (2) Whether or not the
mechanical strength of a hydrogel carrier will be affected during the photocatalytic cycle.
Therefore, further research is needed. (3) Most of the applications of the composites are
concentrated in the environmental field and very few are developed in the energy field. We
have not seen any research in the medical fields, such as photodynamic therapy. Therefore,
future research can focus on this area and fully expand its biocompatibility to enable its
application in the medical field.
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Abstract: Cellulose pulp (CP), polyurethane (PU), and curcumin-based biocompatible composite
films were prepared using a simple cost-effective method. Significant structural and microstructural
changes were studied using FT-IR spectroscopy, XRD, and SEM. The 5% and 10% gravimetric losses
of the CP/PU/curcumin composite were found to be in the range 87.2–182.3 ◦C and 166.7–249.8 ◦C,
respectively. All the composites exhibited single Tg values in the range 147.4–154.2 ◦C. The tensile
strength of CP was measured to be 93.2 MPa, which dropped to 14.1 MPa for the 1:0.5 CP/PU
composite and then steadily increased to 30.5 MPa with further addition of PU. The elongation at the
break of the composites decreased from 8.1 to 3.7% with the addition of PU. The addition of PU also
improved the water vapor permeability (3.96 × 10–9 to 1.75 × 10–9 g m−1 s−1 Pa−1) and swelling
ratio (285 to 202%) of the CP composite films. The CP/PU/curcumin composite exhibited good
antioxidant activity and no cytotoxicity when tested on the HaCat cell line. The visual appearance
and UV transmittance (86.2–32.9% at 600 nm) of the CP composite films were significantly altered by
the incorporation of PU and curcumin. This study demonstrates that CP/PU/curcumin composites
can be used for various packaging and biomedical applications.

Keywords: cellulose pulp; polyurethane; curcumin; antioxidant properties; non-cytotoxicity; barrier
properties; mechanical properties

1. Introduction

In recent years, sustainable and environmentally friendly materials have garnered
significant attention in both scientific and industrial research fields. This is because they are
abundant; low-cost; present low risk to animals, humans, and other living organisms; car-
bon neutral, biodegradable and biocompatible [1–5]. These concerns and challenges have
led to the development of novel environment-friendly and biodegradable packaging mate-
rials. Among natural biopolymer resources, biomass has evolved as a value-added product
for various industrial applications. Biomass-based nanocomposites are novel composites
consisting of biodegradable biopolymers and bio-nanofillers. Recently, several researchers
fabricated metal nanocomposites using different plant-based and natural biopolymers and
revealed the least cytotoxicity and higher antimicrobial properties. Cellulose pulp (CP)
is the most abundant, renewable, and inexpensive lignocellulosic material consisting of
D-glucopyranose units, which is widely used in the paper and agricultural industries [6–9].
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However, the brittleness and solubility of cellulose pulp restrict its application. Owing to
its partly crystalline and partly amorphous structure, cellulose pulp is poorly soluble in
many organic solvents [10–17]. A combination of 10% NaOH, NaOH/urea, and DMA/LiCl
can dissolve cellulose pulp, but it requires a relatively lengthy pre-treatment process. Ionic
liquids are promising green solvents for dissolving cellulose pulp and are rapidly replacing
organic solvents. Moreover, they have been used to prepare various composites by blending
cellulose, wood pulp, and chitosan [18,19].

The addition of organic polymers, inorganic nanoparticles, and natural fillers to poly-
mer backbones has gained popularity because they help improve the thermal, mechanical,
and water barrier properties of composites. For instance, polyurethane (PU) is a block
copolymer consisting of both soft and hard segments. PU-based composites have been
extensively studied and widely used in polymer and materials sciences owing to their
excellent mechanical, gas barrier, and water barrier properties [20–25]. They have several
biomedical applications, such as in the field of tissue engineering; they also have impor-
tant medical and industrial applications because of their exceptional biocompatibility and
biodegradability. A synergistic combination of cellulose pulp and PU has been shown to
reduce the dependence on synthetic resources to a certain degree; in addition, such plant-
based natural fiber-reinforced polymer matrix composites promote the use of renewable
resources [26–30].

Turmeric (Curcuma longa) is a rhizomatous perennial plant. It is a rich source of phe-
nolic compounds, such as curcuminoids. Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione) is a natural bioactive compound extracted from turmeric powder.
It has a low molecular weight and a phenolic structure consisting of α,β-unsaturated car-
bonyl groups. Curcumin has various therapeutic applications because of its antimicrobial,
antioxidant, and anti-inflammatory properties. Moreover, it is compatible with different
types of polymers [31–36]. We hypothesize that the incorporation of PU and curcumin
into CP can improve the antioxidant, mechanical, and thermal properties of the resulting
composite films.

To test our hypothesis, in this study, we prepared composites based on a synergistic
novel combination of CP, PU, and curcumin by simple dissolution in N-methylmorpholine
N-oxide (NMMO) solvent. We thoroughly investigated the thermal, mechanical, and water
barrier properties of these sustainable composites by performing Fourier transform infrared
(FT-IR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), and
UV spectroscopy. In addition, we examined the antioxidant activity and cytotoxicity of
these CP/PU/curcumin composites. In this study, we highlight the properties that make
these composites suitable for packaging applications.

2. Experimental Section
2.1. Materials

Cellulose pulp was purchased from Moorim P & P Co., Ltd., (Ulsan, South Korea) and
curcumin was purchased from Sigma-Aldrich (Yongin, South Korea). NMMO and curcumin
powder were purchased from Dajang Chemicals (Siheung, South Korea). Polyurethane
(Elastollan® 1283 D11 U) was purchased from BASF (Seoul, South Korea). Water-soluble
tetrazolium salt (WST-1) cat. #EZ-1000 cytox was purchased from Daeil Lab Service Co.
(Seoul, South Korea), to measure cytotoxicity. Note that all the reagents were used as
received without further purification.

2.2. Preparation of CP/PU/Curcumin Composite Films

First, CP (4 g), PU (4 g), and curcumin (10 wt%) were mixed thoroughly using a hand
blender. Next, the CP/PU/curcumin mixture was dispersed in a round-bottom (RB) flask
containing NMMO (92 g) and heated to 100 ºC. The RB flask was tightly closed and dipped
in an oil bath to maintain uniform temperature and avoid recrystallization of the NMMO
solvent at the top of the flask. After 2.3 h, the RB flask was removed and kept in a vacuum
oven at 100 ºC for another 6 h to completely remove air bubbles. Subsequently, a viscous
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CP/PU/curcumin solution at 80 ◦C was spread uniformly on a glass surface. The glass
plate was immediately transferred to a coagulation bath containing water, where it was kept
for 6 h and fresh water was transferred every 1 h without disturbing the film. Following
the complete removal of the solvent from the CP/PU/curcumin composite film, it was
transferred to another glass plate and dried at room temperature for 48 h. The thickness of
the resulting transparent films was in the range of 0.07–0.10 mm. The prepared composite
films were stored at 30 ◦C and 60 ± RH. All CP/PU/Curcumin composites were prepared
using the above-mentioned procedure. A series of composite films were prepared using
a similar method, such that they consisted of only CP; 1:0.5 CP/PU; 1:1 CP/PU and 1:1
CP/PU with 10 wt% curcumin (Table S1). The characterization methods of these composite
films are provided in the Supporting Information

3. Results and Discussion
3.1. FT-IR Spectroscopy

The FT-IR analysis of the CP/PU/curcumin blend films was carried out to study the
interaction between the polymeric materials, and the resulting FT-IR spectra were shown in
(Figure 1). The broadband observed at 3100–3450 cm−1 (for both CP and CP/PU compos-
ites) corresponds to the stretching vibration of the O–H bond. The peaks at 2893 cm−1 and
1367 cm−1 correspond to the stretching vibrations of the C–H bond and bending vibrations
of the O–H bond in cellulose, respectively. The peak at 858 cm−1 results from the vibrations
of the C–H bond, which is commonly observed in neat cellulose pulp [37,38]. The band at
895 cm−1 can be attributed to the stretching vibrations of C–O–C in the β-(1-4)-glycosidic
linkages of cellulose, which is considered to be in the amorphous phase. PU added CP com-
posites showed characteristic bands at 1697 cm−1, 1313 cm−1, and 1231 cm−1 owing to the
stretching vibrations of C=O, C–N, and C–O in the urethane group, respectively [39]. It also
exhibited bands corresponding to the carbonyl (1650–1850 cm−1), amide (1420–1650 cm−1)
and ether (910–1250 cm−1) groups. The characteristic peaks of curcumin at 1652 cm−1,
1532 cm−1, and 1446 cm−1 correspond to the vibrations of the carbonyl group C=O, stretch-
ing vibrations of the C–C bond in the benzene ring, and olefinic bending vibrations of the
C–H bond in the benzene ring exhibited in 1:1 CP/PU with 10 wt% curcumin composites,
respectively. The intensity and positions of the peaks in the 1:1 CP/PU composite spectrum
were observed to change when 10 wt% curcumin was added, indicating that the CP, PU,
and curcumin bonded with each other in the CP/PU/curcumin composite. Character-
istic peaks at 1357 cm−1 (C–O–H bending), 1017 cm−1 (C–O stretching), and 1704 cm−1

(PU-carbonyl group) shifted to lower wavenumbers, namely, 1372, 1056, and 1697 cm−1,
respectively. These results suggest that hydrogen bond interactions were present in the
CP/PU/curcumin composite films.
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Figure 1. FT−IR spectra of composite films having: (a) only CP, (b) 1:0.5 CP/PU, (c) 1:1 CP/PU, and
(d) 1:1 CP/PU with 10 wt% curcumin.

3.2. XRD Analysis

The miscibility and compatibility of the materials of each film were studied by XRD
pattern. The reinforcement effect of PU on CP was characterized using XRD analysis, and
the corresponding XRD patterns are shown in Figure 2. It is well known that the width
and intensity of the peaks in an XRD pattern are related to the crystalline structure of the
underling material. The XRD pattern of neat CP exhibited a peak of about 2θ = 16–23◦,
which indicates a crystalline phase. However, after the dissolution of PU, the structure
of CP changed, and the diffraction peaks of the 1:0.5 CP/PU and 1:1 CP/PU composites
were observed to shift. The amorphous nature of PU significantly altered the intensity of
the XRD peaks and a broad peak was exhibited by the 1:1 CP/PU composite with 10 wt%
curcumin. The crystallinity of the CP/PU composites gradually decreased owing to the
dissolution of PU in the CP matrix. Broader peaks indicate an increase in the amorphous
phase of the CP composites, which in turn increases the solubility of the composites in the
NMMO solvent and helps form intermolecular hydrogen bonds between the components.
The addition of PU to CP increased its amorphous nature such that the XRD peaks of the
CP/PU composites were relatively broad with high intensity. Furthermore, peak shifts
were observed in the XRD patterns of the CP/PU and CP/PU/curcumin composite films.
The XRD pattern of curcumin showed intense diffraction peaks between 10◦ and 30◦ owing
to its highly crystalline structure. The substantial decrease in the peak intensity of the
CP/PU/curcumin composite clearly indicates the interaction between all the components
in the polymer backbone. The absence of peaks corresponding to curcumin in the XRD
pattern of 1:1 CP/PU composite with 10 wt% curcumin indicates that curcumin is properly
combined with the CP/PU biopolymer matrix and is present in a low-order or amorphous
state. These results confirm the proper dispersion of materials in the solvent and are in
good agreement with the results of previous studies [6,35,40–43].
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Figure 2. XRD patterns of composite films having: (a) only CP, (b) 1:0.5 CP/PU, (c) 1:1 CP/PU, and
(d) 1:1 CP/PU with 10 wt% curcumin.

3.3. UV Spectroscopy

UV light protection is one of the properties in great demand in multifunctional materi-
als. The thickness of the CP/PU/curcumin composite films was in the range of 0.07–0.1.
The surface color and visual appearance of the CP films were affected owing to the addition
of PU. The neat CP films appeared translucent, whereas the 1:0.5 CP/PU, 1:1 CP/PU, and
1:1 CP/PU with 10 wt% curcumin films appeared slightly opaque. The Hunter L* (lightness)
value of the composites decreased, whereas the Hunter a* (redness) and b* (yellowness)
values increased with increasing PU content. The neat CP composite film was colorless
and transparent; however, the composite films containing PU and curcumin exhibited a
yellow color. The UV transmittance of the CP/PU/curcumin composites as a function of
wavelength is shown in Figure 3 (also, see Table 1). The UV transmittance of neat CP was
86.2% at 600 mm; however, it decreased significantly after the incorporation of PU. The
transmittance of 1:0.5 CP/PU, 1:1 CP/PU, and 1:1 CP/PU with 10 wt% curcumin was 65.1,
41.2, and 32.9%, respectively. Note that the 1:1 CP/PU composite and 1:1 CP/PU compos-
ite with 10 wt% curcumin almost completely blocked the UV light below 400 mm. This
indicates that the materials were well dispersed in the solvent and the resulting composites
are suitable for packaging applications.
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Figure 3. UV transmittance spectra of composite films having: (a) only CP, (b) 1:0.5 CP/PU, (c) 1:1
CP/PU, and (d) 1:1 CP/PU with 10 wt% curcumin.

Table 1. UV-transmittance, thickness, and color values of the CP/PU/curcumin composite films.

Sample Thickness
(mm)

T (%)
at 600 nm

Water Vapor
Permeability (×10−9

gm/m2 Pas)

Water
Contact

Angle (o)

Swelling
Ratio (%)

Only CP 0.07 86.2 3.96 51.4 285
1:0.5 CP/PU 0.09 65.1 2.34 55.6 262
1:1 CP/PU 0.10 41.2 1.81 58.2 215

1:1 CP/PU with
10 wt% of curcumin 0.09 32.9 1.75 60.1 202

3.4. Water Vapor Permeability

The water vapor permeability (WVP) is the most important ertyin food packaging
application to control the moisture transfer between the food and the surrounding atmo-
sphere. The WVP of the CP/PU/curcumin composites was measured to determine their
water barrier properties, and the corresponding data are summarized in Table 1. The
WVP of neat CP was measured to be 3.96 × 10–9 g m−1 s−1 Pa−1, which decreased to
2.34 × 10−9 g m−1 s−1 Pa−1 on the addition of PU. Note that both PU and curcumin are
hydrophobic in nature; moreover, when PU and curcumin are dispersed throughout the CP
matrix, a tortuous path for the diffusion of water molecules is created that increases the dif-
fusion path length. The WVP of the 1:1 CP/PU composite was 1.81 × 10–9 g m−1 s−1 Pa−1,
which decreased to 1.75 × 10−9 g m−1 s−1 Pa−1 with the addition of curcumin powder.
Note, that the reduced hydrophilicity of the CP/PU/curcumin composites makes them
suitable for packaging applications.

3.5. Swelling Ratio

The swelling behavior of the CP/PU/curcumin composites was studied in water at
25 ◦C. A low swelling ability is attributed to a high cross-link density of the composite
films. This is because, at higher cross-link densities, water permeation into the matrix
becomes more difficult, which in turn influences the swelling capacity of the gel. The SR of
neat CP decreased from 285% to 262% with the addition of PU. Thus, the SR of neat CP was
32% higher than that of the 1:1 CP/PU composite. The SR further decreased to 202% for
the CP/PU-1:1 composite with 10 wt% curcumin. Therefore, the hydrophobic nature of PU
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and curcumin fillers hinders the diffusion of the water molecules through the composite
films and significantly influences the swelling properties of CP.

3.6. Contact Angle

The surface hydrophilicity/hydrophobicity of the composite films is an important
determining factor for packaging applications. It is determined by measuring the water CA,
whose values are listed in Table 1. The results indicate that the addition of PU increased the
hydrophobicity of the composite films. The CA of neat CP was 51.4◦, which increased to
55.6◦ and 58.2◦ for the 1:0.5 CP/PU and 1:1 CP/PU composites, respectively. Furthermore,
the addition of curcumin slightly increased the CA of the 1:1 CP/PU composite film. This
is owing to the hydrophobic nature of the curcumin fillers, which hinder the diffusion of
water molecules through the composite films. This result is consistent with the SR values
of the CP/PU/curcumin composites.

3.7. Thermogravimetric Analysis

The characteristic thermal stability of the CP/PU/curcumin composites was studied
using TGA in an O2 atmosphere and the results are presented in Figure 4 and Table 2. All
composites exhibited three stages of weight loss. PU significantly improved the thermal
stability of CP. The 5% and 10% gravimetric losses of the composites were in the range
87.2–182.3 ◦C and 166.7–249.8 ◦C, respectively. The initial degradation temperature of neat
CP was 87.2 ◦C, which increased to 136.8, 172.1, and 182.3 ◦C for the 1:0.5 CP/PU, 1:1
CP/PU, and 1:1 CP/PU with 10 wt% curcumin composites, respectively. We found that
adding PU to the CP matrix caused a shift in the first and third degradation temperatures
towards higher temperatures (approximately 130–230 ◦C and 250–450 ◦C, respectively).
However, the weight loss was nearly constant during the second degradation stage. The
char yield of neat CP was 7.8%, which increased to 15.7% for the 1:1 CP/PU with 10 wt%
curcumin composites. The improvement in the thermal stability of the CP/PU/curcumin
composite can be ascribed to a confined network structure and uniform dispersion of
the components in the polymer matrix. Furthermore, the incorporation of PU leads to
synergistic interfacial interactions, which slows down the thermal decomposition of these
composite films [28,39].
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Figure 4. TGA curves of composites having: (a) only CP, (b) 1:0.5 CP/PU, (c) 1:1 CP/PU, and (d) 1:1
CP/PU with 10 wt% curcumin.
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Table 2. Thermal properties, mechanical properties, WVP, and CA of the CP/PU/curcumin
composite films.

Sample
TGA DSC Tensile

Strength
(MPa)

Elongation at
Break (%)T5% T10% CY (%) Tg (◦C) Tm (◦C)

Only CP 87.2 166.7 7.8 147.4 187.3 93.2 8.1
1:0.5 CP/PU 136.8 227.7 11.5 151.2 191.1 14.1 3.7
1:1 CP/PU 172.1 247.5 14.8 153.4 202.4 29.5 3.9

1:1 CP/PU with 10
wt% of curcumin 182.3 249.8 15.7 154.2 204.2 30.5 3.7

3.8. Differential Scanning Calorimetry

The DSC thermogram revealed Tg and Tm of the CP/PU/curcumin composites and the
results are summarized in Table 2 and Figure 5. The addition of PU seemed to improve Tg
and Tm of neat CP. The 1:1 CP/PU with 10 wt% curcumin composite exhibited the highest
Tg (154.2 ◦C) and Tm (204.2 ◦C) values, which is owing to the higher order interactions
and relaxation mechanisms in this composite. All composite films exhibited single Tg
and Tm peaks. However, the intensity of the Tm peaks decreased with the addition of
PU to the composites. The significant improvement in the Tg and Tm values indicates the
restricted molecular motion in the composite network, which is formed by the covalent
cross-linking and strong hydrogen bonding between the CP and PU networks. These
results are consistent with that of the XRD analysis and the mechanical properties of the
composites [26,39,44,45].
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Figure 5. DSC thermogram of composites having: (a) only CP, (b) 1:0.5 CP/PU, (c) 1:1 CP/PU, and
(d) 1:1 CP/PU with 10 wt% curcumin.

3.9. Mechanical Properties

The mechanical properties of the hydrogel films are important for the food packaging
application during shipping, handling and storage. The mechanical properties of the
CP/PU/curcumin composites are listed in Table 2. The tensile strength (TS) of neat CP
was 93.2 MPa; however, it decreased to 14.1 MPa in the 1:0.5 CP/PU composite. The
TS increased again to 29.5 MPa in the 1:1 CP/PU composite. The sudden decrease in
TS was due to the dilution effect, poor adhesion between the polymer matrices leads to
the formation of numerous voids at the matrix interface. The elongation at break (EB) of
the CP was 8.1% which decreased to 3.7 and 3.9 with the addition of polyurethane. This
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decrease in EB on the addition of PU can be attributed to a decrease in polymer extensibility,
which is caused by the formation of microphase separations in the composite films. These
results are consistent with those of the SEM analysis, which revealed the CP/PU/curcumin
composites to have an uneven and rough surface that may be responsible for the low
EB [46]. Note that a low aspect ratio and particulate nature can also lead to a low EB [47].
Overall, the CP/PU/curcumin composites were found to be hard and brittle in nature.

3.10. SEM Analysis

Scanning electron microscopy (SEM) analysis was carried out to characterize the
microstructure morphology and homogeneity of the CP/PU/Curcumin composite films
with different ratios. Figures 6 and 7 show the surface and cross-sectional SEM images of
the composite films, respectively. The neat CP film had a homogenous surface without any
agglomerates. However, the 1:0.5 CP/PU and 1:1 CP/PU composites had less homogenous
surfaces; in addition, they exhibited small, uneven, and discontinuous voids. The cross-
sectional image of the neat CP film shows that it has a slightly rough and uneven surface.
The addition of PU increased the surface roughness of the composites. Note, that these
results are consistent with the mechanical properties of the composite films. The voids and
cavities revealed by the cross-sectional SEM images are the main cause of the low TS and
EB of the CP/PU/curcumin composite films. These results suggest that cellulose pulp,
polyurethane and curcumin based composite films possess reasonably good mechanical
properties. The SEM results were consistent with the mechanical and water absorption
properties of the composite films.
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3.11. Antioxidant Activity

Packaging films that have antioxidant properties are extremely effective in protecting
food materials. The antioxidant activity of the CP/PU/curcumin composite films was
determined using the DPPH radical scavenging activity (see Figure 8). As expected, the neat
CP, 1:0.5 CP/PU, and 1:1 CP/PU composites showed no antioxidant activity. Curcumin is
well known for its strong antioxidant activity, as it acts as a superoxide radical scavenger
and singlet oxygen quencher. The 1:1 CP/PU with 10 wt% curcumin composite showed
good antioxidant activity (24.8%) after an incubation period of 1 h. Curcumin is reported
to have good thermal stability, as heating does not affect its active compounds, such as
curcumin and phenolic hydroxyl groups. Some studies have pointed out that theβ-diketone
moiety plays an important role in the antioxidant mechanism of curcumin; for instance,
the donation of an H-atom from the β-diketone moiety to a lipid alkyl or a lipid peroxyl
radical has been shown to contribute to the antioxidant activity of curcumin. The high
antioxidant activity of the CP/PU/curcumin composites makes them potential candidates
for antioxidant food packaging material.
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Figure 8. DPPH radical scavenging activity of composites.

3.12. Cytotoxicity

Cell viability is an essential parameter to test the biosafety of a material. The cyto-
toxicity of the synthesized CP, CP/PU, and CP/PU/curcumin composites was evaluated
using the WST-1 assay method on human keratinocyte cells (i.e., the HaCaT cell line),
and the results are summarized in Figures 9 and 10. All the different composites were
found to be non-cytotoxic. There was no difference in cell viability between the control
and neat CP films. However, cell viability decreased in the 1:0.5 CP/PU and 1:1 CP/PU
composites. Note that the cell viability of the 1:1 CP/PU with 10 wt% curcumin composite
was better than that of the other CP/PU composites. The decrease in cell viability was
caused by cellular stress owing to the presence of a foreign element in the cell medium.
The cell viability of the 1:1 CP/PU with 10 wt% curcumin composite was 91%, which can
be attributed to the disappearance of cellular growth that is favorable for cell proliferation.
This result is in good agreement with those of previous studies [35,48]. The above results
show that the CP/PU/curcumin composites are biocompatible and safe to be used for
packaging applications.
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Figure 10. Light microscopy images of HaCaT cell line for composites having: (a) only CP, (b) 1:0.5
CP/PU, (c) 1:1 CP/PU, and (d) 1:1 CP/PU with 10 wt% curcumin.

4. Conclusions

In this study, we successfully blended two sustainable materials, namely, CP and cur-
cumin, with a commercially available synthetic material, namely, PU, using an ionic solvent,
namely, NMMO. The apparent color and UV transmittance of the composite films were
significantly changed owing to the addition of PU. XRD analysis showed that PU decreased
the overall crystallinity of CP. SEM analysis revealed that although all the components
were uniformly dispersed in the polymer matrix, the composites had a rough and uneven
surface that affected their mechanical properties. The TS of neat CP was 93.2 MPa, which
decreased to 14.1 MPa for the 1:0.5 CP/PU composite and increased to 29.5 MPa for the 1:1
CP/PU composite. However, the EB of CP declined monotonically with the addition of PU.
The CP/PU/curcumin composite also exhibited excellent thermal stability. The Tg and T5%
values of the composites were in the range 147.4–154.2 ◦C and 87.2–182.3 ◦C, respectively.
Moreover, the addition of PU and curcumin to the CP matrix decreased the hydrophilicity
of the CP/PU/curcumin composite, which in turn improved the water barrier properties
and SR of the CP/PU/curcumin composite. The CP/PU/curcumin composite exhibited
excellent antioxidant properties and all the composites were found to be non-cytotoxic
when tested on the HaCaT cell line. Nevertheless, further research is required to better
understand the mechanical properties of these composites and to establish their utility in
packaging applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8040248/s1, Table S1: Cellulose pulpn (CP)/polyurethane
(PU)/Curcumin composite composition.
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Abstract: The use of hydrogel in tissue engineering is not entirely new. In the last six decades,
researchers have used hydrogel to develop artificial organs and tissue for the diagnosis of real-life
problems and research purposes. Trial and error dominated the first forty years of tissue generation.
Nowadays, biomaterials research is constantly progressing in the direction of new materials with
expanded capabilities to better meet the current needs. Knowing the biological phenomenon at the in-
teraction among materials and the human body has promoted the development of smart bio-inert and
bio-active polymeric materials or devices as a result of vigorous and consistent research. Hydrogels
can be tailored to contain properties such as softness, porosity, adequate strength, biodegradability,
and a suitable surface for adhesion; they are ideal for use as a scaffold to provide support for cellular
attachment and control tissue shapes. Perhaps electrical conductivity in hydrogel polymers promotes
the interaction of electrical signals among artificial neurons and simulates the physiological microen-
vironment of electro-active tissues. This paper presents a review of the current state-of-the-art related
to the complete process of conductive hydrogel manufacturing for tissue engineering from cellulosic
materials. The essential properties required by hydrogel for electro-active-tissue regeneration are
explored after a short overview of hydrogel classification and manufacturing methods. To prepare
hydrogel from cellulose, the base material, cellulose, is first synthesized from plant fibers or gener-
ated from bacteria, fungi, or animals. The natural chemistry of cellulose and its derivatives in the
fabrication of hydrogels is briefly discussed. Thereafter, the current scenario and latest developments
of cellulose-based conductive hydrogels for tissue engineering are reviewed with an illustration from
the literature. Finally, the pro and cons of conductive hydrogels for tissue engineering are indicated.

Keywords: conductive hydrogel; cellulose; tissue engineering; hydrogel design and characterization;
electro-active tissues

1. Introduction

Every year, millions of people lose tissue or organs as a result of accidents or ill-
nesses [1]. Tissue or organ transplantation is used to treat these patients. This approach,
however, is constrained by the lack of donors. To solve the problem of the severe short-
age of organ transplants, intensive research work, a review [2], has been performed in
the last four decades to develop artificial organs and tissue for diagnosis and research
purposes. Cells and their extracellular subassemblies are used to develop biological tis-
sues for body repair, primarily with bio-based material scaffolds. The scaffolds support

219



Gels 2022, 8, 140

cellular attachment and regulate tissue shape. Some of the strategies used to develop
scaffolds were tri-dimensional textiles [3,4], aerogel [5,6], hydrogels [1], nanofibers [7,8],
and composites [9]. In all cases, scaffolds should ideally be sufficiently porous to enable the
growth of cells, nutritional diffusion, and physiologic waste extraction [10]; have adequate
tensile strength and elasticity [11]; have controlled degradation [12]; and possess suitable
chemistry for cell adhesion [13]. Other desirable properties, such as electrical conductiv-
ity, in polymers have also been reported to accelerate the nerve regeneration in artificial
nerve grafts [14]. However, the importance of electrically conductive hydrogels in tissue
engineering has received insufficient attention as yet [15].

A hydrogel is a tri-dimensional polymeric material that can take the form of a matrix,
film, liquid, or microsphere [16] which is water insoluble and has the ability to swell and
preserve a significant amount of water, typically greater than the mass ratio of the polymer
materials in their interstitial structures [17]. Due to the presence of hydrophilic groups,
such as –NH2, –OH, –COOH, and –SO3H, in their polymer networks and osmotic pressure,
hydrogels continue to absorb and swell upon contact with water to form 3D structures.
Physical or chemical crosslinking causes the ability of hydrogels to maintain an unaltered
3D structure during swelling, and this also helps to prevent hydrogels from dissolving
in the solvent [18]. Upon hydration in an aqueous environment, hydrophilic groups or
domains of polymeric networks form the hydrogel structure presented in Figure 1 [19].
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Hydrogel products are classified based on a variety of criteria, as shown in Figure 2.
The origins of the polymeric constituent of hydrogel can be classified as synthetic [20],
hybrid [21], and natural [22]. Hydrogels from natural sources [22] can be derived from
polysaccharide-based materials, such as cellulose [23]; chitosan [24]; glycosaminogly-
cans [25]; alginate [26,27]; protein-based materials, such as, silk fibroin [28,29], collagen [30],
elastin [31], gelatin [32], and fibrin [33]; and decellularized hydrogels [34,35]. The integrity
of the hydrogel is maintained through chemical crosslinking, physical crosslinking, or
both [17,19,36–38]. Physical crosslinking, such as heating/cooling, hydrophobic interac-
tions, freezing–thawing, complex coacervation, ionic interactions, and hydrogen bonding,
have resulted in temporary networks of hydrogels, whereas permanent junctions exist in
chemically crosslinked networks [16] obtained by employing grafting, chemical crosslink-
ers, radiation crosslinking, enzymatic reactions, click chemistry, radical polymerization,
and thermo-gelation. A crosslinked network is a set of one, two, or three, and maybe
more, types of monomers referred to as homopolymer, copolymer, and multipolymer,
respectively [17]. Perhaps the hydrogel network is arranged in a network to swell up in a
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monomer; afterward, it reacts by forming a second intermeshing network structure to form
interpenetrating polymeric composition [20].
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The spatiotemporal control of hydrogel physicochemical characteristics is essential
for monitoring their dynamics, such as durability and orientation [39]. The orientational
dynamic appearance of biomolecules may be either crystalline or amorphous.

Hydrogels can be biodegradable or non-biodegradable in terms of durability [20].
Hydrogel physical properties have been advanced from conventional to smart [16]. Smart
hydrogels are stimuli-sensitive and change the volume of the system structure in response
to various stimuli, such as electric, light, temperature, and pH [17,40–42].

The work presented in this review aims to demonstrate the possibilities for produc-
ing conductive hydrogel of cellulosic-based materials. The organic compound cellulose
was preferred for the hydrogel base material in this review, due to its excellent inherent
properties, such as renewability [43,44], absorption ability [45], hygroscopicity [46], air
permeability [47], biocompatibility [48–50], stability [51], bioactivity [50], and biodegrad-
ability [52]. In contrast to some of the other studies discussed in this review, however,
design parameters’ consideration and characterization of hydrogel scaffolds for electro-
active tissues, in general, and the preparation techniques of cellulosic-based conductive
hydrogel, in particular, are given a place of due attention on this list.

2. Cellulosic-Based Hydrogel as Biomaterials

Biomaterials should be biocompatible and still have specialized biochemical, mechani-
cal, and physical attributes in order to mimic fundamental aspects of the in vivo conditions.
The need to assess the biocompatibility of biomaterial is to examine the biological responses
that may cause harm or unwanted side effects to the host. In tissue engineering, bioma-
terials need to be biocompatible to have the ability to function as a support for tissue
regeneration without eliciting any adverse local or systemic response in the eventual host.
Biocompatibility is the potential of a material to coexist and interact in the presence of
specific tissues or biological functions without causing excessive harm. The purpose of
making a hydrogel biocompatible is to assess its toxic impact on the body [53]. Another
attribute of a biomaterial is its bio-activity. A bioactive material is one that has been de-
signed to induce specific biological activity, for example, tissue uptake, metabolism, or
physiological response [54,55]. Cell arrangement, viability, and function are all influenced
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by biomechanical interactions between cells and biomaterial scaffolds. Biomechanics is the
analysis of the interaction of biomedical scaffold and biological structures of cells, as well
as the effects of such forces during stem-cell differentiation and molecular transport [56].

Tissue function in tissue engineering is affected by cell adhesion, proliferation, differen-
tiation, and maturation. Biocompatibility, bioactivity, and biomechanics are critical require-
ments for any biomaterial, in general, and tissue engineering, in particular; cellulose-based
biomaterials meet all three of these requirements. Cell adhesion facility, in conjunction
with cellulose’s hydrophilic hydroxyl substituent, as well as specialized β-d environments,
helps cells to attach to cellulose [57]. Due to the nature variety of chemical structures and
functional properties, cellulose-based hydrogels are nontoxic. The patterned porosity of
hydrogel scaffolds was found to promote the cellular adhesion, growth, proliferation, and
infiltration of cells [58].

Cellulose is a polysaccharide polymer that is made of a linear chain of glucose
molecules [59]. Five thousand to fifteen thousand glucose molecules with the molecu-
lar formula (C6H10O5)n are covalently bonded together to form cellulose by acetal oxygen
via covalent bonding of C1 of glucose ring and C4 of the adjacent ring, as shown in
Figure 3 [59,60].
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The electrical characteristic of the body is essential in the physiological aspects of
life [61]. Electric-potential stimulation occurs in a number of stem-cell functions, including
cell interaction and the stimulation of signal transduction involved in cell-cycle progression.
For instance, neurological rehabilitation and cell birth occur when nerve cells access the
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voltage-gated route liable for receptor activation in the presence of electrical activity, and
cardiomyocytes are electrically active cells that generate contractile force when heart tissue
works in tandem with bone tissue in a living heart. Even bone cells can be electrically
stimulated as a result of the stress exerted on them by muscle contractions. Hence, the
cells make use of electrical characteristics for a number of different purposes, and electrical
stimulation of tissue in a controlled and targeted manner can enhance vascularization and
differentiation of stem cells into different types of cells [61].

3. Classification of Cellulose Hydrogels
3.1. Source

Cellulose is abundantly found in plant-cell walls or synthesis from bacteria (Figure 4) [57].
Cellulose is extracted from reinforcing the polymer of the cell walls of plants via chemical,
mechanical, and biological extraction [62]. It is also synthesized from extracellular polysac-
charides that are produced as protective envelopes around the cells of bacteria [38,63,64].
Diverse bacteria produce celluloses with varying morphological features, structures, char-
acteristics, and functionalities [64]. Plant cellulose and bacterial cellulose differ in terms of
macromolecular properties [65]. Plant cellulose contains impurities, such as hemicellulose
and lignin; has a moderate water-holding capacity of 60%; and possesses a moderate level
of tensile strength and crystallinity. Meanwhile, bacterial cellulose is chemically pure,
which is hydrophilic and has a high water-holding capacity (100%), as well as high crys-
tallinity and tensile strength [66]. A wide range of studies have been conducted on the
difference of bacterial and plant cellulose as potential biomaterials [65,66].
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Figure 4. Cellulose source.

To broaden its applicability, the esterification, etherification, and electrolytic dissocia-
tion reactions are used to modify the parent cellulose structure by substituting the hydroxyl
group via organic species, such as methyl and ethyl units [23].

3.2. Crosslinking

Cellulosic hydrogel scaffolds can be naturally derived or synthesized. The stabilization
process of polymer to create the multidimensional extension of a polymeric chain to produce
a network structure is achieved by performing either chemical or physical crosslinking.
Linking of macromolecular chains together changes a liquid polymer into solid or gel. The
rheological measurements of a liquid polymer is monitored by using the cone and plate
geometry [67]. This transition from a structure with finite branched polymer to an infinite
molecule system is referred to as gelation, and it results in an insoluble network [19,37,68]
(Figure 5).
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Permanent and temporary junctions of cellulose-based hydrogels can be manufactured
by crosslinking aqueous solutions of cellulose derivatives, such as ethyl cellulose (EC),
hydroxyethyl methylcellulose (HEMC), methylcellulose (MC), hydroxypropyl methylcellu-
lose, Hydroxypropylcellulose (HPC), and sodium carboxymethylcellulose (CMC), which
are the most common forms of etherified modified cellulose (Figure 6) [18,69]. A majority
of water-soluble cellulose derivatives are produced through cellulose etherification, which
occurs when the active hydroxyl groups of cellulose react with organic species such as
methyl and ethyl units. The average number of etherified hydroxyl groups in a glucose unit
determines the degree of substitution, which is controlled so that cellulose derivatives have
the desired solubility and viscosity in water solutions [18]. The arrangement of functional
chemical groups and their subsequent physicochemical characteristics are affected by the
original material, as well as the fabrication method [57].
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and O[CH2CH(CH3)O]H OCH2COONa for MC, EC, HEMC, HPC, and CMC, respectively.

Due to the presence of numerous hydroxyl groups, which can link the polymer
network via hydrogen bonding, hydrogels based on natural cellulose can be prepared from
a pure cellulose solution via physical crosslinking [18,58]. The highly extended hydrogen-
bonded structure of cellulose results in a compactness that is difficult to dissolve in common
solvents. Hence, different solvents have been used to dissolve cellulose [58]. Table 1 shows
a list of cellulose derivatives, as well as their solvents and processing methods.
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Table 1. Summary of some cellulose derivatives and their corresponding hydrogel processing
methods (copied from Reference [58]).

Cellulose and
Cellulose Derivatives Nature of Solvent Solvent Systems Corresponding Hydrogel

Preparation Methods

Cellulose form wood Polar solvents NMMO Solution polymerization at 85 ◦C

Cellulose from cotton pulp Polar solvents LiCl/DMAc Solution polymerization at 75–90 ◦C

Filter paper Ionic solvents [Amim]Cl Solution polymerization at 70 ◦C, 2 h

Tunicate cellulose Alkali aqueous Alkali/urea Polymerization at −12 to −10 ◦C,
5–10 min

Cotton linter systems Alkali/thiourea Polymerization at −5 ◦C, 2–10 min

Carboxymethylcellulose Alkali aqueous H2O Solution polymerization,
in situ polymerization

(CMC) systems DCM/DMSO Solution polymerization,
in situ polymerization

Methyl cellulose (MC) Polar solvents H2O Solution polymerization,
cryogenic treatment

Hydroxyethyl cellulose (HEC) Polar solvents H2O/ethanol Solution polymerization, inverse-phase
suspension polymerization

Hydroxypropyl methyl cellulose Polar solvents Acetone/ H2O Chemical crosslinking

NMMO, N-methylmorpholine-N-oxide; LiCl/DMAc, lithium chloride/dimethylacetamide; [Amim]Cl, 1-allyl-3-
methylimidazolium chloride; H2O, water; DCM/DMSO, dichloromethane/dimethyl sulfoxide.

4. Design and Characterization of Hydrogel Scaffolds

Tissue engineering integrates engineering and cell science principles and consists
of three elements, namely scaffolds, cells, and growth factors, as shown in Figure 7 [36].
Scaffolds play an integral role in the development of tissue regeneration by providing
structure support in tri-dimensional space to accommodate and guide their growth into
a particular tissue [70]. Hydrogels can be used as scaffolds that imitate extracellular
matrices to encapsulate and deliver cells, to provide structural integrity and bulk for
cellular organization and morphogenic guidance, to act as tissue barriers and bio adhesives,
to serve as drug depots, and to deliver bioactive moieties that promote natural reparative
mechanisms [71]. Forming hydrogels for cellular experiments typically entails either
encapsulating viable cells within the material or fabricating substrates, using molds that
are later seeded with cells [72].
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Methyl cellulose (MC) Polar solvents H2O Solution polymerization, cryogenic treatment 

Hydroxyethyl cellulose (HEC) Polar solvents H2O/ethanol 
Solution polymerization, inverse-phase suspension 

polymerization 

Hydroxypropyl methyl cellulose Polar solvents Acetone/ H2O Chemical crosslinking 

NMMO, N-methylmorpholine-N-oxide; LiCl/DMAc, lithium chloride/dimethylacetamide; 

[Amim]Cl, 1-allyl-3-methylimidazolium chloride; H2O, water; DCM/DMSO, dichloromethane/di-

methyl sulfoxide. 

4. Design and Characterization of Hydrogel Scaffolds 

Tissue engineering integrates engineering and cell science principles and consists of 

three elements, namely scaffolds, cells, and growth factors, as shown in Figure 7 [36]. Scaf-

folds play an integral role in the development of tissue regeneration by providing struc-

ture support in tri-dimensional space to accommodate and guide their growth into a par-

ticular tissue [70]. Hydrogels can be used as scaffolds that imitate extracellular matrices 

to encapsulate and deliver cells, to provide structural integrity and bulk for cellular or-

ganization and morphogenic guidance, to act as tissue barriers and bio adhesives, to serve 

as drug depots, and to deliver bioactive moieties that promote natural reparative mecha-

nisms [71]. Forming hydrogels for cellular experiments typically entails either encapsu-

lating viable cells within the material or fabricating substrates, using molds that are later 

seeded with cells [72]. 

 

Figure 7. Tissue generation from cell to organ; cell (a), scaffold (b), bioactive factors (c), tissue engi-

neering construct (d), and synthetic organ (e). 

A variety of hydrogel properties, such as mechanics, swelling, mesh size, and degra-

dation, may be of interest to characterize. When purchasing commercial kits or following 

specific hydrogel recipes, these may already be known and do not need to be described 

by every user. However, it is critical to understand how these characteristics are defined 

and how they may affect the utility of hydrogels in cell culture applications [72]. Hence, a 

proper designing of engineering hydrogel scaffolds considering all the possible factors is 

Figure 7. Tissue generation from cell to organ; cell (a), scaffold (b), bioactive factors (c), tissue
engineering construct (d), and synthetic organ (e).
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A variety of hydrogel properties, such as mechanics, swelling, mesh size, and degra-
dation, may be of interest to characterize. When purchasing commercial kits or following
specific hydrogel recipes, these may already be known and do not need to be described
by every user. However, it is critical to understand how these characteristics are defined
and how they may affect the utility of hydrogels in cell culture applications [72]. Hence, a
proper designing of engineering hydrogel scaffolds considering all the possible factors is
essential and a prerequisite for controlling cell orientation and tissue growth, and a few are
listed in Table 2.

Table 2. Design parameters consideration and characterization of hydrogel scaffolds for electro-
active tissues.

Parameters The Study Significance for Tissue Engineering Instrument/Test Method References

Molecular structures
To know the formation of hydrogel through
investigating functional group reaction and

intermolecular bonding.

Fourier-transform infrared
(FTIR) spectroscopy [73,74]

Morphologies
To justify suitability of hydrogel for cell adhesion

by examining the mechanical toughness
of hydrogel.

Scanning electron
microscopy (SEM) [73]

Polymer Morphology
To understand suitability of hydrogel for

adhesivity to cells by studying the crystalline
nature of polymeric hydrogels.

X-ray diffraction (XRD) [73]

Cross polarization
Enables to know local magnetic fields around

atomic nuclei/magnetic angle spinning by
examining the molecular identity and structure.

Nuclear magnetic
resonance (NMR) [75]

Thermal stability

To Establish a connection between temperatures
decomposition properties of substances through
weight loss by studying the thermal property of

the material.

Thermogravimetric
(TGA) analysis [73]

Thermal properties

To investigate the correlation between
temperature and particular physical properties

of the materials to use an aqueous phase diagram
and the study of material physicochemical

parameters in a composite formation.

Differential scanning
calorimetry (DSC) [74]

Swelling kinetics

Control of the most efficient way to transfer
nutrients to cells and absorb wound exudates for
rapid wound healing. The swelling properties
can be used to detect batch-to-batch variations

and consistency in hydrogel fabrication
properties, as well as to determine whether the

hydrogel mechanics are changing over time.

Soaking and swelling
ratio calculation [72–74]

Hydrophility Enables to know the number of active
hydrophilic groups.

Contact angle measurement
by drop-shape analyzer [75]

Electrical conductivities
Capable of delivering the electrical stimulation

of nerve cells by measuring the electrical
conductivity of scaffold.

Four-probe method, two-point
probe, insulation
resistance tester

[73,76,77]

Electrical and dielectric
investigations

To investigate the correlation between
temperature and electrical conductivity

properties of the materials.

Broadband dielectric
spectroscopy (BDS-40) [78]

Electro mechanical
properties

To simulate electrical properties of nerve cell by
studying the dielectric behavior of gel through

actuation test.
Laser displacement sensor [74,79]
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Table 2. Cont.

Parameters The Study Significance for Tissue Engineering Instrument/Test Method References

Mechanical properties

The durability and stability of the material in
culture influence cellular mechanotransduction,
which has consequences for cellular behaviors

such as spreading, migration, and stem cell
differentiation. It is investigated by using

stress–strain measurements, elastic modulus,
break elongation, and tensile strength.

Tensile strength tester
Atomic force

microscopy (AFM)
[72–74,76,79]

Degradation kinetics

Understanding culture stability and biophysical
properties such as hydrogel elastic modulus are

made possible with the degradation kinetics
analysis. Changes in mechanics and swelling
that may affect cell behaviors such as motility,

spreading, and traction force generation is
correlated with degradation kinetics. Stability to
a certain timescales is useful even for degradable

hydrogels mechanical and or enzymatic
disruption may require in isolating cells from

hydrogels that require kinetic
degradation analysis.

Buffer degradation
profile, changes in

mechanical properties
[72]

Antimicrobial activity
Enables us to understand tissue infections

through bacterial surface adhesion and
subsequent colonization.

The agar plate method
Disc agar diffusion method [80,81]

Purity

Rather than extracting cells for analysis, some
hydrogel studies will require in-situ cell imaging
to visualize cells and biomolecules in hydrogels,

necessitating knowledge of hydrogel
transparency. Neat hydrogel has a high degree

of transparency.

UV–Vis Spectroscopy [72,74]

Porosity

Influence nutrient flux throughout the matrix is
studied by the measurement of the diffusion of

fluorescently tagged polymers entrapped within
the hydrogel. The ability of hydrogel to allow
nutrients, oxygen, and metabolic products to

diffuse easily into their matrices need to be studied.

SEM, Fluorescence recovery
after photo-bleaching (FRAP),

DNA electrophoresis
[72,79]

Self-healing activity

Considering the strong penetrability to biological
systems, examining the reversible melting

process and recrystallization under heating and
cooling cycle of hydrogel is essential.

Healing efficiency calculation
by tracking optical

microscopy.
[82]

Electro stimulated
Cell Culture

To examine cell viability through electro
stimulating potentials

Fluorescence staining and a
MTT assay. [77]

Animal Experiments

The electro-active hydrogels combined with
electrical fields, mimicking the

electro-physiological environment in native
tissues for proof of concept in skin

tissue regeneration.

in vitro biological evaluation [77]

5. Hydrogel Conductivity Inclusion
5.1. Electro-Active Tissues

Electrical conductivity is an integral component of the human body [83]. Neurons
function as a result of interacting networks woven by nerve cells. The nervous system is
thought to contain approximately a trillion neurons. These highly irregularly shaped cells
have the basic properties of the nervous system, such as intrinsic electrical conductivity.
The ability of neurons to transmit signals from one neuron to another, as well as from a
neuron to muscles and glands, is referred to as conductivity. The cell membrane allows a
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relatively large amounts of potassium ions to diffuse out of the cell, while allowing only a
small amount of sodium ions to enter. These diffusive movements are simply the result
of these ions moving down concentration gradients, following active transport by the
sodium–potassium pump. When a voltage-gated ion channel opens, positively charged
sodium ions diffuse into the axon, changing the membrane potential from −70 mv to zero
and even higher, frequently reaching +35 mv. The membrane is said to have depolarized at
that point. It happens in about a half-millisecond. The sodium gate then closes, and the
usual outward diffusion of potassium occurs, causing the membrane potential to return
to −70 and possibly lower to −73, due to a temporary overshoot in outward diffusion of
potassium. This return to resisting is referred to as repolarization. Repolarization takes
approximately half a millisecond. Thus, an action potential is a depolarization that is
followed by a repolarization that takes about a millisecond to complete for a set of cells
and tissues to function [55,84].

Electrical stimulation is a concern that is specific to a subset of cell types, including
neurons and myocytes, in nerve-tissue engineering [85] (Table 3). As a result, electro-active
biomaterials are required [61]. To meet these performance requirements, cellulose scaffolds
coated with conductive materials can be used. Such materials have defined pore sizes,
physicochemical characteristics, and electrical conductivities; they are also biocompatible
and promote neurological differentiation [57].

Table 3. Conductivity of human tissue (Siemens per meter (Sm−1); copied from Reference [85].

Tissues Sm−1 Tissues Sm−1

Cerebellum 0.10 Pancreas 0.35
C.S.F. 2.00 Prostate 0.40

Cornea 0.40 Small intestine 0.50
Eye humor 1.50 Spleen 0.10
Grey matter 0.10 Stomach 0.50

Hypothalamus 0.08 Stomach contents 0.35
Eye lens 0.25 Tendon 0.30

Pineal body 0.08 Testis 0.35
Pituitary 0.08 Thyroid gland 0.50

Salivary gland 0.35 Trachea 0.35
Thalamus 0.08 Urine 0.70

Tongue 0.30 Blood 0.70
White matter 0.06 Cortical bone 0.02

Adrenals 0.35 Bone marrow 0.06
Bladder 0.20 Cartilage 0.18

Large intestine 0.10 Fat 0.04
Duodenum 0.50 Muscle 0.35
Esophagus 0.50 Nerve (Spinal cord) 0.03

Bile 1.40 Skin 0.10
Gall bladder 0.20 Tooth 0.02

Heart 0.10 Ligament 0.30

5.2. Electro-Active Hydrogel

Cellulose scaffolds are an excellent material for nerve neurogenesis, due to their cus-
tomizable surface chemistry and mechanical characteristics. Perhaps, to improve integrin-
based attachment and cell–scaffold interactions, cellulose materials can be chemically
modified and protein-coated [57]. Electro-active biomaterial-mediated stem-cell differentia-
tion into specific cell lineages is of great significance for tissue regeneration. Although the
underlying molecular events and mechanism of electro activation are not fully understood,
there are some general guidelines for designing conductive hydrogels. Aside from matching
the morphology and mechanical properties of hydrogels to the tissue microenvironment, it
is critical to mimic the tissue electrophysiological environment. Neurons form synapses to
transmit electrical signals and integrate into neuronal circuits in the mature nervous system.
Neurons switch from an active electrical transmission state to an electrically silent and
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growth-competent state after axonal injury. When a cell shifts a single cell to multicellular
collections and tissues, a striking parallel is found. Cells are regulated not only by their
own potential, but also the potential of their neighboring cells via gap junctions [84,86].

Electrically conductive materials and crosslinked hydrogel networks are used to
create conductive hydrogels through co-networks, blends, and self-assembly. This can
be achieved through post-polymerization of a conducting monomer in a prefabricated
hydrogel; composite strategies involving the mixing of conductive materials/monomers
and hydrophilic polymers/monomers, followed by simultaneous or stepwise crosslinking
to produce conductive hydrogels; and in situ polymerization involving the self-assembly
of the modified electrically conductive materials [87]. The pros and cons of the strategies
are given in Table 4.

Table 4. Advantages and disadvantages of different design strategies for preparing conductive
hydrogels (copied from Reference [87]).

Design Strategies Advantages Disadvantages

In situ polymerization
• Barrier-free preparation
• Uniform polymerization

• Potentially cytotoxic unreactive oxidants
and monomers

• Need for chemical synthesis process design

Post-polymerization
• Adding conductive materials to

synthesized hydrogels
• Possibility of the conductive coating method

• Cytotoxic unreactive oxidants and monomers
• Additional polymerization step

Composite strategies
• Adjustable conductivity
• No cytotoxic unreactive oxidants or monomers

• Non-uniform additive distribution
• Conductive additive toxicity

Different types of conductive materials exhibit varying properties. Research (a review
by Rong et al., 2018) [88] shows that three classes of materials are used on hydrogels for con-
ductive purposes: metals, carbon allotropes, and intrinsically conductive polymers (ICPs).

For semi-conductor hydrogels, ionomers and silicones may be used as conducting
materials as well [88]. As just an instance, when cellulose dissolved in an aqueous solution
of benzyltrimethyl ammonium hydroxide (BzMe3NOH), ionic conductive cellulose hydro-
gels (CCHs) with anti-freezing properties were directly fabricated by chemical crosslinking
without further treatment [89].

6. Incorporation of Conductive Materials on to Cellulose Hydrogels
6.1. Intrinsically Conductive Polymers (ICPs)

ICPs are conjugated polymers that have an extended delocalized system of π electrons
that generally runs along the polymer backbone and is made conductive through dop-
ing [90]. The free motion of the loosely held π electrons within the unsaturated segments
can open an electrical path for itinerant charge carriers. However, the changes in surface
zeta potential and polymer surface properties, such as wettability and spatial conformation,
can affect the cell behavior of electrical stimulation behavior [91]. It was subsequently
understood that several polymers, such as polyacetylene, polypyrrole (PPy), polyaniline,
polythiophene, poly (p-phenylene), and poly (3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT/PSS), are conjugated polymers whose electrical conductivity is dramati-
cally increased by doping. Doping involves the addition of a small amount of a chemical
agent, which alters the electronic structure. The doping process, on the other hand, is
reversible and involves a redox process.

Two major fabrication routes have already been investigated for the development
of conductive polymer hydrogels by using ICP: gelation of CPs and hydrophilic poly-
mers/monomers by self-assembly or the introduction of cross-linkable elements, as well as
chemical oxidation; and electrochemical polymerization in a prefabricated hydrogel [88].
In a specific instance, X. Liang et al. developed a conductive hydrogel by polymerizing PPy
through a prefabricated of chemically crosslinked microcrystalline cellulose (MMC) [73].
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Gelation and chemical physical polymerization were employed after mixing the bacterial
cellulose (BC) and PEDOT/PSS [92] to enhance the conductivity also.

6.2. Carbon Allotropes

Carbon-based materials are regarded as promising conductive materials for the fabrica-
tion of conductive hydrogels, due to their unique properties of high electrical conductivities,
excellent environmental stability, and low production costs [88]. Materials that consist of
only carbon atoms can have a wide range of conductivities, from the insulator diamond
to conductors such as charcoal [93], carbon black (CB), graphene, and carbon nanotubes
(CNTs) [94,95]. The level of conductivity will depend on the degree of delocalized electrons,
thus making the graphitization and purity of the carbon compounds important factors [96].
Carbon-based biomaterials are commonly used as reinforcing agents in tissue-engineering
applications to improve the mechanical performance and conductivity of the polymer
matrix. Along with their unique mechanical properties, chemical stability, large specific
surface area, and high electrical conductivity, graphene and carbon nanotube-based materi-
als are the most widely used in tissue engineering. Furthermore, their large surface area
and abundance of functional groups aid in the loading and release of bioactive species,
such as chemical drugs, growth factors, genes, and proteins [83].

Blending with various polymers and self-assembly after modification are the two
most common ways of preparing carbon-based conductive hydrogels [88]. Cellulose
nanocrystals were grafted in to phenylboronic acid (CNCs-ABA) and multi-walled carbon
nanotubes (MWCNTs) to develop electrical conductivity [97]. Another illustration is
the post-polymerization of MWCNTs, with graphene powder (r-GOx) to adhere to pure
regenerated cellulose-based electrolyte membranes [79].

Sometimes more than one conductive material may be used to enhance the conductiv-
ity of hydrogel. In a specific instance, to develop a conductive hydrogel, bacterial cellulose
(rBC) slurry was mixed with PPy and single-walled carbon nanotubes (SWCNTs) and
crosslinked in a stepwise manner. After preparing the rBC/PPy hydrogel, CNTs were
added to the prepared rBC/PPy solution and dispersed before physical crosslinking had oc-
curred [75]. The different preparation techniques of cellulosic-based conductive hydrogels
is illustrated in Table 5.

6.3. Metals

Metals’ exceptional features, such as high conductivity, optical, magnetic, and catalytic
properties, as well as metallic nanoparticles/nanowires, such as Al, Au, Ag, Cu, etc,
have been widely used in the fabrication of conductive hydrogels [98]. Due to their
high mechanical properties, fatigue resistance, and conductivity, bulk metals, such as
titanium, magnesium, and stainless steel, have been used as bone-repair implants [83].
Although metals have some drawbacks, such as lack of flexibility, toxicity, cost, and negative
environmental effects, they remain the only viable alternative for applications requiring
high conductivity [91,99].

The common methods to develop metal-based conductive hydrogels are UV crosslink-
ing and the in situ polymerization of hydrogel monomer and reduction of metal ions,
using reducing agent [88]. An illustration of in situ polymerization through simultaneous
crosslinking was performed by blending a precursor cellulose microcrystalline (CMC)
solution; a monomer acrylic acid, initiator ammonium persulfate, catalyst N,N,N′,N′

tetramethylethylenediamine and crosslinker aluminum hexahydrate (AlCl3.6H2O), and
the conductive materials of metallic ions of Al3+ produced conductive hydrogels [82].
Another example is grafting of acrylonitrile (AN) and acrylamide copolymers onto the
hydroxypropyl methylcellulose (HPMC) chains in the presence of zinc chloride (ZnCl2),
using ceric ammonium nitrate (AM) as the initiator [76]. In situ polymerization to form
nanocomposite hydrogels of tannic acid–coated cellulose nanocrystal (TA@CNCs) ionic gel
and then immersion in Al3+ solution to produce ionic coordination [100] have also been
reported to develop cellulosic-based conductive hydrogel.
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7. Conclusions and Future Outlook

Tissue engineering and regeneration are growing fields that have the potential to
revolutionize biomedical engineering. On the other hand, the translation of laboratory
findings to the clinic has, indeed, been weak. The electrical stimulation of tissue can improve
vascularization and differentiation of stem cells into various cells, but it is difficult to achieve
targeted and controlled electrical stimulation. Electrically, conduction hydrogels hold great
potential for conquering such barriers. In order to reconstruct completely operational
tissue, the physicochemical and biological characteristics of hydrogel must enable cell
generation and differentiation. The papers discussed in this article have consolidated
research in the area of cellulose-based biomaterials in the broad sense of characteristics that
regulate cellular functions and scaffold practicability for tissue engineering. Due to their
diverse and adaptable physicochemical and biological properties, cellulose-based materials
clearly have a high potential to become the next generation of standard biomaterials.
Hydrogel properties are constantly evolving in an attempt to match the sophistication of
native tissues.

In tissue construct, cell and tissue microenvironments vary at different periods through-
out human life, notably during organ development and tissue repair, and designing an
electro-active scaffold hydrogel that accommodate the changes over the period is a big chal-
lenge. Despite considerable advances in tissue engineering, neither material fully conveys
the intricacies of native tissue or restores function to an ideal level. Conductive hydrogels
have attracted a lot of attention for their widespread use in biomedical engineering, due
to their structural similarity to soft tissue. However, designing conductive materials that
combine biocompatibility with good mechanical and electrical properties remains difficult.
AS a practical matter, the vestiges difficulty is just to develop new materials-design ap-
proaches in order to achieve actual biomimetic tissues. As the complexity of the application
increases, such as in highly dynamic tissues, active remodeling of the scaffolding will be
required. As a result, the complex interaction between cells and the artificial matrix will
be critical. Perhaps cellulose-based hydrogels are difficult to prepare because cellulose is
insoluble in water and common organic solvents, and the use of ionic liquid is evolving.
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Abstract: Hydrogels that have a capability to provide mechanical modulus matching between
time-dynamic curvilinear tissues and bioelectronic devices have been considered tissue-interfacing
ionic materials for stably sensing physiological signals and delivering feedback actuation in skin-
inspired healthcare systems. These functionalities are totally different from those of elastomers
with low ionic conductivity and higher stiffness. Despite such remarkable progress, their low
conductivity remains limited in transporting electrical charges to internal or external terminals
without undesired information loss, potentially leading to an unstable biotic–abiotic interfaces in the
wearable electronics. Here, we report a soft stretchable conductive hydrogel composite consisting of
alginate, carboxymethyl cellulose, polyacrylamide, and silver flakes. This composite was fabricated
via sol–gel transition. In particular, the phase stability and low dynamic modulus rates of the
conductive hydrogel were confirmed through an oscillatory rheological characterization. In addition,
our conductive hydrogel showed maximal tensile strain (≈400%), a low deformations of cyclic
loading (over 100 times), low resistance (≈8.4 Ω), and a high gauge factor (≈241). These stable
electrical and mechanical properties allowed our composite hydrogel to fully support the operation
of a light-emitting diode demonstration under mechanical deformation. Based on such durable
performance, we successfully measured the electromyogram signals without electrical malfunction
even in various motions.

Keywords: carboxymethylcellulose; alginate; polyacrylamide; silver flake composite; conductive
hydrogel; soft hydrogel; stretchable hydrogel; electromyogram

1. Introduction

Soft and stretchable devices that can intimately interface with various biological tis-
sues, such as skin, brain, heart as well as peripheral nerves have attracted huge attention
in realizing the ultimate closed-loop bioelectronics capable of personalized healthcare
monitoring and feedback precise treatment [1–6]. In the beginning of such devices, their
stretchability with low stiffness was achieved by adopting some deformable designs such
as a buckled structure in a neutral mechanical plane or rigid active cell island with wavy
interconnects [7–9]. However, this approach remains critical due to the challenges as-
sociated with high-cost microfabrication processes and low areal density. To overcome
such limitations, a materials-driven approach, “intrinsically stretchable electronics”, was
newly introduced [10–12]. The point is that conductive stretchable composite materials
can replace the wavy interconnects/electrodes fabricated through the previous structural
deformable designs. The conductive stretchable composites are generally formed by mixing
elastomers (e.g., polydimethylsiloxane (PDMS), styrene ethylene/butylene styrene (SEBS))
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or hydrogels with conductive fillers (metal particles, carbon materials, or conjugated
polymers) [13–16]. Despite the remarkable progresses of the elastomer-based conductive
composites, their stiffness values that are higher than those of the living tissues may lead
to chronic tissue irritation or electrical performance degradation.

To solve these issues, hydrogels with high water contents are good candidates due to
their tissue-like stiffness, ionic conductivity, and even long-term biocompatibility. Most hy-
drogels are fabricated through chemical crosslinking or the physical entanglement of natural
polymers [17–24]. From the aspect of fabrication cost, the use of natural polymers can also
provide advantages for developing cheap and large-scale bioelectronics [25]. Nevertheless,
the current hydrogels cannot be applied to tissue-interfacing electrodes or interconnects
due to their low ionic conductivity, compared to those of metal or carbon materials [26–29].
Thus, a significant improvement of the electrical conductivity of those hydrogels is required
for utilizing them as electrode and electrical circuit materials. Although much effort to
enhance their conductivity has been toward embedding a versatile conductive filler in
the polymeric network, such an approach result in heterogenous mechanical/electrical
properties of the final products. When the conductive fillers are incorporated in pre-gel
solution, their sol–gel transition via generally light-induced crosslinking can be inhibited.
For homogenous gelation, the polymeric concentration as well as the amounts of initiators
and monomers should be carefully optimized.

In this study, we optimized the methodology for a homogenous fabrication of conduc-
tive hydrogel composite in a way that mixes three different polymers (alginate, polyacry-
lamide (PAM), and carboxymethyl cellulose (CMC)) with the conductive filler (e.g., silver
flake; Gaff) (Figure 1). Specifically, the CMC that is synthesized via the alkali-catalyzed re-
action of cellulose partially contains hydroxy or carboxyl groups. The CMC is highly tough,
owing to its triple networks (Figure 1a,b). The mechanical modulus (≈50 kPa) thanks to
the conductive composite hydrogel (Alg/PAM/CMC-CHs) was effectively reduced via
two issues: (i) decrease in the number of binding sites between the carboxyl and amine
groups and (ii) the plasticizing effect of AgF (Figure 1c). Such low stiffness allowed our
conductive hydrogel composite to be further suitable for interfacing with skin tissue. To
better optimize its mechanical and electrical characteristics, the AgF concentration in the
hydrogel was optimized while analyzing the rheological behaviors, mechanical strength,
and stretching durability. Based on the reliable properties, we successfully demonstrated
the stable operations of a light-emitting diode and electromyogram signal monitoring
without electrical malfunction even in various deformations.
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2. Materials and Methods
2.1. Preparation of Alg/PAM/CMC-CHs

Sodium alginate, acrylamide (AAm) (suitable for electrophoresis,≥99%), carboxymethyl-
cellulose sodium salt (CMC) (low viscosity), N,N-methylenebisacrylamide (MBAA) (pow-
der, for molecular biology, suitable for electrophoresis, ≥99.5%), and ammonium persulfate
(APS) (ACS reagent, ≥98.0%) were purchased from Sigma-Aldrich. Silver flakes (AgF)
(DSF-500 MWZ-S) were purchased from Daejoo Electronics. Gallium indium tin eutectic,
99.99% (metal basis) (liquid metal) was purchased from Alfa Aesar.

The Alg/PAM/CMC-CH was synthesized using the sol–gel transition of Alg/PAM
tough hydrogel synthesis protocols from previous studies [15,30]. First, the CMC, alginate,
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and AAm were dissolved in deionized water (ratio between the CMC, alginate, and AAm
was 1:1:8 wt %). Then, the MBAA (0.25 × 10−2% of the total weight of AAm) and AgF
(0%, 10%, 20%, 40%, and 80% of the total DI water wt%) were added to the mixture.
The entire synthesis was performed by stirring at 400 rpm. Finally, the APS (bleaching
agent) (0.03 wt % of the total weight of AAm) was added to the mixture solution, which
was subsequently cast into cylindrical molds and placed in an oven at 70 ◦C for 5 h at
approximately 40% humidity. Each completed sample was labeled: ‘Alg/PAM/CMC’ (w/o
AgF = pristine), ‘AgF-1’ (10%), ‘AgF-2’ (20%), ‘AgF-4’ (40%), and ‘AgF-8’ (80%) (Table 1).

Table 1. The precursor compositions of different Alg-PAM-CMC conductive hydrogels.

Di Water
(g)

Alg
(g)

CMC
(g)

AAm
(g)

AgF
(g)

MBAA
(g)

APS
(g)

Alg/PAM 10 1 0 4 0 0.01 0.12
Alg/PAM/CMC 10 0.5 0.5 4 0 0.01 0.12

AgF-1 10 0.5 0.5 4 1 0.01 0.12
AgF-2 10 0.5 0.5 4 2 0.01 0.12
AgF-4 10 0.5 0.5 4 4 0.01 0.12
AgF-8 10 0.5 0.5 4 8 0.01 0.12

Alg = alginate; CMC = carboxymethyl cellulose; AAm = acrylamide; AgF = silver flake; MBAA = N’ methylenebisacry-
lamide; APS = ammonium persulfate.

2.2. Rheological Characterization

The oscillation frequency sweep and continuous step strain measurements of the
rheological characteristics of Alg/PAM/CMC-CHs were conducted using a TA Instruments
Discovery Hybrid Rheometer 2 (TA Instruments, USA). The Alg/PAM/CMC-CHs were
fabricated using bulky cylindrical molds (1.25× 1.25× 2 mm3). All rheology measurements
were conducted using a parallel-plate geometry (diameter: 20 mm). Continuous step strain
measurements were used to evaluate the disruption and recovery of storage (G′) and loss
(G′′) modulus of conductive hydrogels. These measurements were conducted on alternate
strains with 0.5% and 1000% storage and loss modulus, respectively. The oscillation
frequency sweep measurement was used to evaluate the change in G′ and G′′ rates per
frequency rate from 0.01 to 10 Hz. The gap size and axial force were maintained at 2 mm and
1 N, respectively, during all rheological characterization. The two moduli were calculated
using the following equations:

ε = ε0 sin (ωt), σ = σ 0 sin (ωt + δ) (1)

Storage modulus (G′) = σ0/ε0 (cos δ) (2)

Loss modulus (G′′) = σ0/ε0 (sin δ) (3)

(σ is stress (Pa), ε is strain (mm/mm), ω is frequency of strain oscillation (rad(◦)/s), t is
time (s), and δ is phase lag between stress and strain (rad(◦)/s)).

2.3. Universal Tensile Machine Measurement

To measure the tensile stress per stretching of the Alg/PAM/CMC-CHs controlled
via different volumes of AgF, linear-shaped Alg/PAM/CMC-CHs were fabricated using
narrow cylindrical molds (2.5 × 2.5 × 20 mm3). The experiments were performed using
a universal tensile machine (UTM, INSTRON 6800), which performed measurements of
two types: continuous stretching at a speed rate of 10 mm/min and cyclic stretching test
(about 100 times) from 0% to 50% tensile strain at a speed rate of 1 mm/s.

2.4. Resistance per Stretching Measurement

To measure the resistance per stretching of the Alg/PAM/CMC-CHs, which can be
used to compare the conductive performance between the different volumes of AgF and
organic precursors, linear-shaped Alg/PAM/CMC-CHs were fabricated using narrow
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cylindrical molds (similar to the tensile strength measurement samples). The experiments
were performed using a probe station (MST 5500 B, MSTECH Inc., Hwaseong, Korea);
an LCR meter basic support program (4284A, Agilent Technology Inc., Santa Clara, CA,
USA) with 1 kHz frequency, 0.1 V DC voltage bias, and a step motor controller (SMC-100,
Ecopia Corp., Anyang, Korea); and an automatic stretch-testing machine (Stretching Tester,
Jaeil Optical System Corp., Incheon, Korea). Two types of experiments were performed:
continuous stretching at a speed of 0.015 mm/s and cyclic stretching test (100 times) from
0% to 50% strain at a speed of 0.3 mm/s. During the measurements, a small amount
of liquid metal was dripped onto the contact area of the samples for stable electrical
contact between the samples and the probe station. Conductivity was calculated using the
following equation [19]:

σ = L/(ρ × A) (4)

where σ is the conductivity (S/mm), ρ is the resistance (Ω), A is the cross-section of the
hydrogels (mm2)), and L is the length of the hydrogel (mm).

2.5. Light-Emitting Diode and Electromyogram Demonstration

To assess the performance of the Alg/PAM/CMC-CH as an electrode for a wearable
sensor platform, electromyogram (EMG) signal monitoring and a demonstration using an
LED were performed. First, the LED demonstration proceeded via a light-emitting diodes
Bulb LED Lamp, 5 mm (white color) with a basic breadboard and a Keithley 2450 source
meter (Tektronix, Inc., Clackamas, OR, USA) as a power supply. Cyclic stretching was
performed from 0% to 200% tensile strain at a speed of 0.3 mm/s. Second, two samples were
connected to fine wire and hook-type electrodes, and the EMG signals were monitored in
real time via data acquisition equipment (DAQ, PowerLab 8/35). Transparent skin patches
(3M Tegaderm, Minnesota, MN, USA) were used to establish contact between the skin and
electrodes with a sampling frequency of 200 kHz.

3. Results and Discussion
3.1. Rheological Behaviors of Alg/PAM/CMC-CHs

Rheological behaviors are typically evaluated through the rate distinctions and the
absolute values between G′ and G′′. These moduli indicate the relative energy loss with
varying frequency rate, which is observable in the oscillatory behavior of parallel-plate
geometry with viscoelastic material. Thus, the dynamic modulus rates from the viscoelastic
material can be easily calculated (Equations (2) and (3)). The oscillation frequency sweep
results show each optimum ratio between the fixed organic precursors and AgF via the
gaps between G′ and G′′ (Figure 2a,b). The results showed that the Alg/PAM/CMC-CHs
have low dynamic modulus rates and clear rate distinctions between G′ and G′′. Usually,
most hydrogels made through sol–gel transitions barely satisfy both low absolute values
and clear rate distinctions of G′ and G′′. However, all the Alg/PAM/CMC-CHs overcome
these issues. In addition, continuous step strain results showed the disruption and recov-
ery of G′ and G′′ of all samples. The results showed that Alg/PAM/CMC-CHs have a
similar dynamic modulus compared to that of the pristine hydrogel (Alg/PAM/CMC)
(Figure 2c,d).

3.2. Evaluating Tensile Stress of Alg/PAM/CMC-CHs

All the candidate samples of the hydrogels for UTM measurement were protected via
sandpaper for reducing deviations from mechanical mismatching with jigs (Figure 3a,b).
The continuous tensile strain test was conducted to measure the maximum tensile strain
rates of the hydrogel with varying toughness. The mechanical behavior of Alg/PAM
could not endure more than 200% elongation, but the Alg/PAM/CMC hydrogel endured
more than 400% elongation. On the other hand, compare with w/o AgF samples, in the
case of Alg/PAM/CMC-CHs containing different volumes of AgF, the elongation value
was significantly decreased, while the overall toughness value was decreased because of
the plasticizing effect of AgF. In addition, in the case of the AgF-4 condition in which an
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appropriate amount of AgF was added, it looks as though the mechanical strengths were
rapidly increased due to the linear energy dispersion of AgF. Furthermore, evaluating the
mechanical performance of samples as a conductor of stretchable electronics, the results
of AgF-4 and AgF-8 are excellent, but other Alg/PAM/CMC-CHs quickly reached the
mechanical fatigue point and were thus unreasonable to use as a conductor of stretchable
electronics (Figure 3c). The mechanical behaviors of cyclic stretching showed that all of the
Alg/PAM/CMC-CHs could endure cyclic strains more than 100 times (Figure 3d).
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Figure 2. Rheological characterization of stretchable Alg- PAM-CMC conductive hydrogels con-
taining different amounts of AgF. (a,b) Oscillation frequency sweep measurements of Alg/PAM
dual-network hydrogel (Alg/PAM), Alg/PAM/CMC triple-network hydrogel (Pristine), and var-
ious Alg/PAM/CMC-CHs with different AgF ratio. (c,d) Continuous step strain measurement of
Alg/PAM/CMC and Alg/PAM/CMC-CHs.

3.3. Electrical Performance per Tensile Strain of Alg/PAM/CMC-CHs

To analyze the varying resistance per tensile strain of the Alg/PAM/CMC-CHs, the
method employed in a previous report was followed (Figure 4a,b) [19]. The results show
that initially, the resistance of the pristine samples decreased exponentially when the
amount of AgF in the samples increased. Similarly, varying resistance rates per tensile
strain were also affected by the ratio of AgF (Figure 4c). In addition, the results of the
calculated gauge factor (GF) showed that AgF-4 and AgF-8 were excellent candidates
(maximum GF = AgF-4: 20, AgF-8: 241) for electrodes of the strain sensor. In contrast, the
AgF-8 (8.4 Ω to 8.1 kΩ per 0% to 391% strain) will be the best for use as an integrated circuit
for fabricating wearable sensor devices via 3D printing. The cyclic stretching test (0% to
100% strain repeated 100 times) showed the denaturation of resistance (Figure 4d). The
results showed that AgF-4 and AgF-8 quickly denatured the strain resistance, during which
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significant resistance noise was detected. The results in this section suggest appropriate
electrical demonstrations for each of the different Alg/PAM/CMC-CHs.
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Figure 3. Tensile strength measurement via tensile stress per stretching. (a) Schematic illustration
of measuring tensile strain–stress curve and (b) instrument (UTM) photograph. (c,d) Strain–stress
curves of Alg/PAM/CMC-CH. Each measurement was proceeded via continuously strain (c), and
cyclic strain was about 0% to 50% at a speed of 1 mm/s at 100 times (d).
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Figure 4. Measurements of resistance per tensile strain via different Alg/PAM/CMC-CHs.
(a) Schematic illustration of resistance per strain test with automatic stretch-testing machine and
LCR meter and (b) photographs showing pristine (i), stretched/released (ii), and mechanically bro-
ken Alg/PAM/CMC-CHs. (c) Continuous tensile strain of the samples at a speed of 0.015 mm/s.
(d) Cyclic stretching test from 0% to 100% repetitively for strains at a speed of 0.3 mm/s at 100 times.

3.4. Electrical Performance Demonstration of Alg/PAM/CMC-CHs

Two types of electrical performance demonstrations were performed. First, LED demon-
strations were performed using the method described in our previous report (Figure 5a,b) [31].
The results show a luminous change in the LEDs between the stretch state and release
state. In addition, the tensile strained state of AgF-4 and AgF-8 was optically confirmed
(Figure 5c,d). Similarly, EMG demonstrations were performed using the method described
in our previous report (Figure 6a,b) [31]. The patch type of the AgF-8 based electrode
exhibited excellent signal transmission efficiency of EMG signals generated by the repeated
clenching and opening of the human fist (Figure 6c).
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Figure 5. LED demonstration of Alg/PAM/CMC-CHs (AgF-8 and AgF-4) as a strain sensor electrode.
Schematic illustration of LED demonstration (a,b) photograph. (c,d) Resistance per repeatedly stretch
(≈200%) curve and macroscopic images of stretched and released Alg/PAM/CMC-CHs.
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Figure 6. Schematic description of real-time EMG signal monitoring with Alg/PAM/CMC-CH
(AgF-8). (a) Illustration describes the three-electrode (sensing, reference, and ground) EMG recording
system and (b) photograph. (c) Amplitude changes in response to clenching-unfolding fist (c, (i)) and
soft-dynamic repeated clenching fist (c, (ii)).

4. Conclusions

In this study, we evaluated the Alg/PAM/CMC-CHs, which can be utilized as a
conductor in soft electronics. The Alg, CMC, and PAM are capable of forming mild and
stretchable hydrogels via sol–gel transition, which was classified as a triple-network-based
composite with both strong and weak bonding. The UTM measurements and rheologi-
cal characterization showed that the Alg/PAM/CMC-based triple-network hydrogel had
lower toughness and higher stretchability than the Alg/PAM-based dual-network hydro-
gel. In addition, the UTM measurements of different Alg/PAM/CMC-CHs with different
AgF contents (AgF-1, AgF-2, AgF-4, AgF-8) showed that AgF-4 had optimal mechani-
cal properties (≈650%). Furthermore, the resistance per tensile strain measurement of
Alg/PAM/CMC-CHs confirmed that a visible electrical resistance change occurred in
AgF-8 at approximately ≈390% stretching (8.4 Ω to 8.1 kΩ for 2.5 × 2.5 × 20 mm3 sample
stretching, GF = ~241). In contrast, AgF-1 exhibited less change in electrical resistance from
0% to ≈400% stretching (4.8 to 25.3 kΩ as the same volume). Finally, electrical performance
demonstrations (LED and EMG) using different Alg/PAM/CMC-CHs as conductors were
performed. The LED demonstration showed an evident luminous change while stretching
the AgF-8 hydrogel, verifying its potential for use as a high-performance strain sensor
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electrode. The EMG demonstration showed the high resolution of recording signals via
conformal contact between the epidermis and AgF-8 through low mechanical properties,
verifying its potential for use as a wearable electronics electrode. The suggested conductive
composite hydrogel has satisfactory low toughness and high conductive performance. We
expect that the Alg/PAM/CMC-CH will be utilized to provide significant benefits in a
high-performance wearable strain sensor.
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Abstract: Herein we report the synthesis of cellulose-based metal-loaded nano-sponges and their
application as heterogeneous catalysts in organic synthesis. First, the combination in water solution
of TEMPO-oxidized cellulose nanofibers (TOCNF) with branched polyethyleneimine (bPEI) and citric
acid (CA), and the thermal treatment of the resulting hydrogel, leads to the synthesis of an eco-safe
micro- and nano-porous cellulose nano-sponge (CNS). Subsequently, by exploiting the metal chelation
characteristics of CNS, already extensively investigated in the field of environmental decontamination,
this material is successfully loaded with Cu (II) or Zn (II) metal ions. Efficiency and homogeneity
of metal-loading is confirmed by scanning electron microscopy (SEM) analysis with an energy
dispersive X-ray spectroscopy (EDS) detector and by inductively coupled plasma-optical emission
spectrometry (ICP-OES) analysis. The resulting materials perform superbly as heterogeneous catalysts
for promoting the reaction between aromatic aldehydes and alcohols in the synthesis of aromatic
acetals, which play a fundamental role as intermediates in organic synthesis. Optimized conditions
allow one to obtain conversions higher than 90% and almost complete selectivity toward acetal
products, minimizing, and in some cases eliminating, the formation of carboxylic acid by-products.
ICP-OES analysis of the reaction medium allows one to exclude any possible metal-ion release,
confirming that catalysis undergoes under heterogeneous conditions. The new metal-loaded CNS
can be re-used and recycled five times without losing their catalytic activity.

Keywords: nanocellulose hydrogels; cellulose-based nanosponges; heterogeneous catalysis; acetal-
ization; metal-catalyzed reactions; sustainability

1. Introduction

The demand for sustainable and environmentally friendly materials is constantly
increasing nowadays. The design and development of products and processes by promoting
the reduction or possibly even the abatement of the use of dangerous substances, following
the guidelines of green chemistry principles [1], encounters the request of the Sustainable
Development Goals [2].

Considering these recommendations, in the last years we have developed a new class
of nanocellulose-based nanostructured materials which could be easily produced from
aqueous dispersions of TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-oxidised cellulose
nanofibers (TOCNF) [3], branched polyethyleneimine (bPEI), and citric acid (CA), by
thermally treating the resulting hydrogels according to a two-step protocol, namely freeze-
drying, followed by heating at about 100 ◦C [4]. These cellulose-based nanosponges have
shown a high micro-porosity (due to the freeze-drying step), but also a nano-porosity
derived from the cross-linking between primary amines of bPEI and the carboxylic groups
pf TOCNF [5].
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Recently, the synthetic protocol has been revised and optimized following an eco-
design approach that is an eco-toxicological evaluation of the material in order to guarantee
more and more the eco-safety of our final cellulose nanosponges (CNS) [6]. This is due to
the fact that these engineered nanomaterials have been primary developed for being in
direct contact with the environment, which are particularly efficient in the decontamination
of water solutions from organic dyes and heavy metals [4,6,7]. In particular, the latter can
be efficiently trapped and coordinated in the CNS network thanks to the chelating action of
the several amino-groups present in the nanostructure and deriving from bPEI cross-linker.

More recently the same material has been successfully proposed as an ideal het-
erogeneous catalyst for promoting Henry and Knoevenagel reactions due to its alkaline
properties [8]. In this context, by considering the high affinity of CNS for heavy metals, as
demonstrated when exploiting their decontamination action, we envisioned that the same
structure could be considered as a biomass-derived support for metal ions, to be used for
promoting metal-catalyzed organic reactions under heterogeneous conditions.

The acetalization reaction is one of the most useful protecting methods for carbonyl
compounds in multi-step reactions [9]. Moreover, acetals are important compounds with
various practical applications, widely used as flavors and fragrances in the cosmetic and
food industry [10]. Despite their simple molecular structure, the practical synthesis of
acetals is not trivial, since the equilibrium of the reaction is shifted toward the reagents and
the yields are often low.

Most methods for acetal synthesis are based on the reaction of a carbonyl com-
pound with alcohols or ortoesters [11] and these reactions are generally catalyzed us-
ing p-toluenesulfonic acid, pyridinium salts, triflic acid [12–14] and Lewis acids in their
metal chlorides and trifluoromethanesulfonates form, as well as transition metal com-
plexes [15,16]. These homogeneous catalysts show several limitations, which include the
problematic work-up procedures, the use of toxic and corrosive reagents, the necessity
of neutralization of the strong acid media, and the lack of possibility of recovering and
recycling the catalyst [17]. This is of particular importance when contamination of the final
products is an issue, as in the case of pharmaceutical substances.

A practical way to prevent these issues is the use of heterogeneous catalysis, in which
the metal is supported and immobilized on a solid material, thus allowing for the recovery
of the catalyst by simple filtration at the end of the process. For these reactions, different
heterogeneous catalysts have been already reported in literature, namely clays [18] and
resins [19–21]. However, most of these heterogeneous systems must be used in a high
catalyst to substrate ratio and for long reaction times, which favours the formation of
side products. At the same time, the use of carbon-based nanostructures as heteroge-
neous supports for the catalysis of organic reactions has been attracting more and more
attention [22,23].

Therefore, we considered the possibility of loading CNS with two different transi-
tion metal cations (Zn (II) and Cu (II)), and to use the new metal-organic composites as
heterogeneous catalysts for the acetalization reaction.

2. Results and Discussion
2.1. Catalyst Synthesis and Characterization

The catalyst was synthesized following a previously reported procedure, according
to [6,7]. The schematic synthetic procedure is described in Scheme 1.
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Briefly, TOCNF and bPEI were first mixed in deionized water in a 1:2 weight ratio,
and CA (18% mol with respect to primary amino groups of bPEI) was added to better fix
bPEI in the final network by increasing the number of carboxylic groups. The resulting
nanocellulose-based hydrogel was transferred in molds, lyophilized, and then heated in
oven at about 100 ◦C, in order to favour the cross-linking by removing water and promoting
the formation of amide bonds between the carboxylic groups of TOCNF and CA and the
primary amines of bPEI. Finally, CNS were grinded in a mortar before use, in order to
increase the exposed superficial area.

CNS so obtained had been previously characterized by several techniques. First, the
formation of amide bonds after thermal treatment had been evidenced by FT-IR analy-
sis [24,25] and also confirmed by 13C CP-MAS solid-state NMR [4]. Moreover, a high
micro-porosity due to the freeze-drying step, with pore sizes in the range of 10–100 µm,
had been observed by scanning electron microscopy (SEM) [4], and estimated to be around
70–75% by microcomputed tomography (µ-CT) analysis [24], with trabecular inner struc-
ture with an average trabecular thickness of about 30–40 µm and a trabecular separation
of about 70–75 µm. Furthermore, nano-porosity in the network had been also revealed
by means of small angle neutron scattering (SANS) analysis of water nano-confinement
geometries in the sorbent material [5].

Once synthesized, CNS were loaded with Zn (II) and Cu (II) ions, in order to produce
the metal-organic composite to be used as heterogeneous catalyst. The loading efficiency
was determined by means of ICP-OES and Table 1 shows the percentage in weight of the
metals present on the catalyst.

In order to verify the stability of loaded CNS under reaction conditions, we simulated
a standard synthetic procedure in a 15 mL vial in absence of reagents and we conducted an
ICP-OES analysis on the reaction mixture. The results reported in Table 2 revealed that the
amounts of metal released into solution were negligible.
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Table 1. ICP-OES analysis result for the sample before the reactions. I, II and III indicate three
different samples on which measurements were performed.

CNS-Zn

I II III Average Std. Deviation

Zn (w%) 6.85 6.69 6.78 6.77 0.08

CNS-Cu

I II III Average Std. Deviation

Cu (w%) 7.44 7.67 7.56 7.56 0.12

Table 2. ICP-OES analysis results obtained analyzing the methanol solution after a simulated standard
synthetic protocol (2 h, methanol, microwave irradiation, 40 ◦C). For CNS-Cu 6 mg of catalyst in
15 mL of methanol were used, while for CNS-Zn 45 mg of catalyst in 15 mL of methanol were used
(quantities selected according to the optimization tests discussed in Section 3).

Cu [mg/L] Zn [mg/L]

Test with CNS-Zn 0.0545 ± 0.002 0.4613 ± 0.010
Test with CNS-Cu 0.0515 ± 0.002 0.0883 ± 0.002

The loading efficacy and homogeneity was also confirmed by SEM-EDS analysis
(Figures 1 and 2).

Gels 2022, 8, x FOR PEER REVIEW 4 of 15 
 

 

Table 2. ICP-OES analysis results obtained analyzing the methanol solution after a simulated stand-

ard synthetic protocol (2 h, methanol, microwave irradiation, 40 °C). For CNS-Cu 6 mg of catalyst 

in 15 mL of methanol were used, while for CNS-Zn 45 mg of catalyst in 15 mL of methanol were 

used (quantities selected according to the optimization tests discussed in Section 3). 

 Cu [mg/L] Zn [mg/L] 

Test with CNS-Zn 0.0545 ± 0.002 0.4613 ± 0.010 

Test with CNS-Cu 0.0515 ± 0.002 0.0883 ± 0.002 

The loading efficacy and homogeneity was also confirmed by SEM-EDS analysis 

(Figures 1 and 2). 

 

Figure 1. Distribution of elements on CNS-Zn observed with EDS analysis. 

 

Figure 2. Distribution of elements on CNS-Cu observed with EDS analysis. 

Figure 1. Distribution of elements on CNS-Zn observed with EDS analysis.

252



Gels 2022, 8, 54

Gels 2022, 8, x FOR PEER REVIEW 4 of 15 
 

 

Table 2. ICP-OES analysis results obtained analyzing the methanol solution after a simulated stand-

ard synthetic protocol (2 h, methanol, microwave irradiation, 40 °C). For CNS-Cu 6 mg of catalyst 

in 15 mL of methanol were used, while for CNS-Zn 45 mg of catalyst in 15 mL of methanol were 

used (quantities selected according to the optimization tests discussed in Section 3). 

 Cu [mg/L] Zn [mg/L] 

Test with CNS-Zn 0.0545 ± 0.002 0.4613 ± 0.010 

Test with CNS-Cu 0.0515 ± 0.002 0.0883 ± 0.002 

The loading efficacy and homogeneity was also confirmed by SEM-EDS analysis 

(Figures 1 and 2). 

 

Figure 1. Distribution of elements on CNS-Zn observed with EDS analysis. 

 

Figure 2. Distribution of elements on CNS-Cu observed with EDS analysis. Figure 2. Distribution of elements on CNS-Cu observed with EDS analysis.

2.2. Optimization of the Reaction Conditions in Methanol

Initial experiments, devoted to the verification of activity of CNS-Cu and CNS-Zn as
heterogeneous catalysts and to the optimization of the protocol, were conducted under dif-
ferent operating conditions by reacting p-F-benzaldehyde with methanol under microwave
irradiation instead of conventional heating. As expected, the formation of the carboxylic
acid product due to the auto-oxidation of the aldehyde in the presence of oxygen could be
observed, since the reaction is not conducted in an inert environment. The percentage of
carboxylic acid formed is reported in the tables to demonstrate how effective the catalyst is
in converting the aldehyde to acetal before its oxidation to carboxylic acid.

In a first set of reactions, the effect of temperature was evaluated (Table 3). Two blank
tests in the presence of not-loaded CNS were carried out at 40 ◦C (entry 1 of Table 3) and
80 ◦C (entry 4 of Table 3), showing that in the absence of metal no formation of any desired
product could be observed.

Table 3. Optimization of the reaction temperature in methanol a.
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Entry T [◦C] Catalyst Type % Conversion
Selectivity

% 1 % 2

1 40 CNS - - -
2 40 CNS-Cu 42 96 4
3 40 CNS-Zn 98 97 3
4 80 CNS - - -
5 80 CNS-Cu 92 90 10
6 80 CNS-Zn 96 76 24

a 50 mg of p-F-benzaldehyde in 2.5 mL of methanol were used, processing the reaction under microwave (MW)
irradiation.

253



Gels 2022, 8, 54

Despite the lower conversion values in the case of the Cu-catalyzed reactions, we
decided to work at 40 ◦C when using methanol as a solvent. This choice was taken since
working at 40 ◦C provides advantages in terms of costs and safety. Moreover, by optimizing
the amount of catalyst to be used in order to obtain the desired results, we envisioned it
could be still possible to reach high conversions also for CNS-Cu. For these reasons, once
the temperature was fixed, we progressively reduced the amount of catalyst (Table 4).

Table 4. Optimization of the % w/w of CNS-Cu and CNS-Zn a.
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Entry Catalyst % w/w Catalyst % Conversion
Selectivity

% 1 % 2

1 CNS-Cu 35 42 96 4
2 CNS-Cu 15 47 94 6
3 CNS-Cu 2 89 96 4
4 CNS-Zn 35 98 97 3
5 CNS-Zn 15 99 96 4
6 CNS-Zn 2 72 95 5

a 50 mg of p-F-benzaldehyde in 2.5 mL of methanol were used, processing the reaction in MW.

The reactions were repeated starting with 35% w/w catalyst and gradually reducing
the quantity of catalyst up to a 2% w/w amount.

The results with CNS-Cu showed that, by operating at 40 ◦C, it was possible to achieve
very good conversions (entry 3 in Table 4) using only 2% w/w catalyst. Unexpectedly, in-
creasing the amount of CNS-Cu catalyst at T = 40 ◦C resulted in a lower conversion, whereas
at T = 80 ◦C, high conversion was obtained. We can suggest that at lower temperature, an
interaction between the aldehyde and the copper loaded nanosponge is established, thus
making the substrate less reactive or available and slowing the reaction. This hypothesis
could explain why a lower amount of catalyst is beneficial to the reaction. A possible
implication of the backbone CNS material was excluded, since with the use Zinc this effect
was not observed. Nonetheless, we decided to not further investigate this very unusual
outcome, having reached optimal results with the 2% of catalyst loading.

On the other hand, in the case of CNS-Zn it was necessary to work with 15% w/w
catalyst to obtain interesting results. Despite the higher percentage of catalyst, in this
case the results were satisfactory also in view of the possibility of recycling it, as it will
be discussed later. From the tests conducted, we can therefore conclude that the ideal
operating conditions for reactions in methanol were 40 ◦C and 2% w/w of catalyst for
CNS-Cu, and 40 ◦C and 15% w/w of catalyst for Zn-CNS. In fact, under these conditions,
both the catalysts led to a selectivity >95% towards product 1 (acetal) with very high
conversions.

2.3. Kinetic Tests

The model reaction was also followed along the time, with both CNS-Cu (Table 5) and
CNS-Zn (Table 6), in order to analyze the course of the reaction in terms of conversion.
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Table 5. Results for kinetic tests with CNS-Cu a.

Time [min] % Conversion

30 81
60 81
90 88

120 84
a The reaction was conducted using 50 mg of p-F-benzaldehyde in 2.5 mL of methanol processing the reaction in
MW, with a reaction temperature of 40 ◦C and a 2% w/w of CNS-Cu.

Table 6. Results for kinetic tests with CNS-Zn a.

Time [min] % Conversion

30 61
60 71
90 81

120 84
a The reaction was conducted using 50 mg of p-F-benzaldehyde in 2.5 mL of methanol processing the reaction in
MW, with a reaction temperature of 40 ◦C and a 2% w/w of CNS-Zn.

For reactions with CNS-Cu a good conversion could be observed already after 30 min,
while for reactions with CNS-Zn it was necessary to extend the time to 120 min to achieve
the maximum conversion (Figure 3). Therefore, in order to standardize the reaction time
for both metals, 120 min of reaction time was selected as the optimal condition.
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Figure 3. (A) Conversion trend for reaction with CNS-Cu; (B) conversion trend for the reaction with
CNS-Zn.

2.4. Scope of the Reaction

With the optimized conditions in hand, we set out to examine the scope of the reaction.
First, we extended the transformation to a wider range of carbonyl compounds (Table 7).
General reaction is reported in Scheme 2.
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Table 7. Reactions with different carbonyl compounds using methanol as solvent *.

Entry Reagent Catalyst % Conversion
Selectivity

% 3 % 4

1 p-F-benzaldehyde CNS-Cu 74 1: 93 2: 7
2 p-Me-benzaldehyde (a) CNS-Cu 94 3a: 98 4a: 2
3 m-OMe-benzaldehyde (b) CNS-Cu 69 3b: 100 4b: -
4 o-OMe-benzaldehyde (c) CNS-Cu 93 3c: 98 4c: 2
5 Cyclohexanone (d) CNS-Cu 96 3d: 100 4d: -
6 Cyclopentanone (e) CNS-Cu 55 3e: 100 4e: -
7 2-Naphtaldehyde (f) CNS-Cu 86 3f: 84 4f: 16
8 2-Furaldehyde (g) CNS-Cu 52 3g: 100 4g: -
9 Benzaldehyde (h) CNS-Cu 90 3h: 87 4h: 13

10 p-Cl-benzaldehyde (i) CNS-Cu 35 3i: 100 4i: -
11 p-F-benzaldehyde CNS-Zn 94 1: 97 2: 3
12 p-Me-benzaldehyde (a) CNS-Zn 98 3a: 100 4a: -
13 m-OMe-benzaldehyde (b) CNS-Zn 97 3b: 100 4b: -
14 o-OMe-benzaldehyde (c) CNS-Zn 99 3c: 98 4c: 2
15 Cyclohexanone (d) CNS-Zn 100 3d: 100 4d: -
16 Cyclopentanone (e) CNS-Zn 55 3e: 100 4e: -
17 2-Naphtaldehyde (f) CNS-Zn 87 3f: 98 4f: 2
18 2-Furaldehyde (g) CNS-Zn 49 3g: 100 4g: -
19 Benzaldehyde (h) CNS-Zn 98 3h: 100 4h: -
20 p-Cl-benzaldehyde (i) CNS-Zn 37 3i: 00 4i: -

* All reactions were conducted in MW at 40 ◦C for 2 h, using 50 mg of carbonyl compound and 2.5 mL of methanol,
with 2% w/w percentage for CNS-Cu and 15% w/w percentage for CNS-Zn.

For the reactions catalyzed by CNS-Cu, selectivity towards product 3 was always
almost complete, while conversions were generally quite high, except for some substrates
(entries 6, 8, and 10 in (Table 7), but in any case, lower than those obtained in the presence
of CNS-Zn. Nevertheless, results obtained with CNS-Cu result interesting if we consider
that we worked with a very low percentage of catalyst (2% w/w). Reactions catalyzed
by CNS-Zn showed a high selectivity towards product c too. The conversion in this case
turned out to be on average higher than the reactions with CNS-Cu.

Hence, for the choice of catalyst in the case of reactions in methanol it is necessary
to decide between higher conversions, thus using CNS-Zn, with the disadvantage of the
quantity of catalyst to be used, or to accept slightly lower conversions, but operating with
lower quantities of catalyst CNS-Cu.

2.5. Optimization of the Reaction Conditions in Ethanol

Finally, we verified if the best conditions developed for methanol could be transferred
to ethanol operating with CNS-Cu as catalyst.

In this case we saw a significantly lower conversion in ethanol (Table 8) and con-
sequently we proceeded with the optimization of the reaction by maintaining fixed the
percentage amount of the catalyst used (CNS-Cu 2% w/w) and varying reaction time and
temperature (Table 9).

Table 8. Comparison between the same reaction conditions in methanol and in ethanol a.

Solvent % Conversion
Selectivity (%)

% Acetal % Acid

Methanol 90 1: 87 2: 13
Ethanol 33 5: 63 b 2: 37

a The reaction was conducted using 50 mg of p-F-benzaldehyde in 2.5 mL of solvent processing the reaction in
MW, with a reaction temperature of 40 ◦C, a reaction time of 2 h and a 2% w/w of CNS-Cu. b Product 5 is reported
in the scheme of Table 9.
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Table 9. Optimization of the reaction conditions using ethanol as solvent a.
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Entry Reagent Catalyst % Conversion 
Selectivity 

% 6 % 4 

1 p-F-benzaldehyde CNS-Cu 68 5: 97 2: 3 

2 p-Me-benzaldehyde (a) CNS-Cu 50 6a: 92 4a: 8 

Entry T [◦C] t [h] % Conversion
Selectivity

% 5 % 2

1 80 2 61 78 22
2 80 4 75 82 18
3 80 6 86 82 18
4 100 2 68 79 21
5 100 4 87 80 20
6 100 6 85 81 19

a 50 mg of p-F-benzaldehyde in 2.5 mL of ethanol were used, processing the reaction in MW. Catalyst type:
CNS-Cu.

The results suggested that by increasing the temperature up to 80 or 100 ◦C, the
selectivity in all cases was about 80% in favour of product 5. Therefore, in order to choose
the best conditions, we focused on only on the results related to conversion.

The operating conditions were selected to be 4 h, 100 ◦C and 2% w/w catalyst for
CNS-Cu. For CNS-Zn, regarding the percentage of catalyst used, we selected the best
conditions found in MeOH (15% w/w) and choosing the reaction time and temperature
conditions that gave the best performance for CNS-Cu, namely 100 ◦C for 4 h. Scheme 3
reports the general reaction in ethanol.
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Once optimized the operating conditions, the reaction was tested on a wide family of
carbonyl compounds (Table 10).

The reactions catalyzed by CNS-Cu showed in all cases excellent selectivity, but in
most cases the conversion was too low to be considered interesting. The reactions catalyzed
by CNS-Zn in addition to excellent selectivity provided high conversions, over 80%, being
therefore of greater interest.

Hence, we can conclude that using ethanol as solvent under these operating conditions,
unlike in methanol, there is a strong difference in the results obtained with CNS-Cu and
CNS-Zn, as only the latter guarantees both high selectivity and high conversion.
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Table 10. Reactions with different carbonyl compounds using ethanol as solvent *.

Entry Reagent Catalyst % Conversion
Selectivity

% 6 % 4

1 p-F-benzaldehyde CNS-Cu 68 5: 97 2: 3
2 p-Me-benzaldehyde (a) CNS-Cu 50 6a: 92 4a: 8
3 m-OMe-benzaldehyde (b) CNS-Cu 12 6b: 100 4b: -
4 o-OMe-benzaldehyde (c) CNS-Cu 70 6c: 98 4c: 2
5 Cyclohexanone (d) CNS-Cu 48 6d: 100 4d: -
6 Cyclopentanone (e) CNS-Cu 24 6e: 100 4e: -
7 2-Furaldehyde (g) CNS-Cu 31 6g: 100 4g: -
8 Benzaldehyde (h) CNS-Cu 87 6h: 80 4h: 20
9 p-Cl-benzaldehyde (i) CNS-Cu 2 6i: 100 4i: -

10 p-F-benzaldehyde CNS-Zn 84 5: 97 2: 3
11 p-Me-benzaldehyde (a) CNS-Zn 76 6a: 97 4a: 3
12 m-OMe-benzaldehyde (b) CNS-Zn 80 6b: 98 4b: 2
13 o-OMe-benzaldehyde (c) CNS-Zn 89 6c: 99 4c: 1
14 Cyclohexanone (d) CNS-Zn 58 6d: 100 4d: -
15 Cyclopentanone (e) CNS-Zn 31 6e: 100 4e: -
16 2-Furaldehyde (g) CNS-Zn 96 6g: 97 4g: 3
17 Benzaldehyde (h) CNS-Zn 93 6h: 84 4h: 16
18 p-Cl-benzaldehyde (i) CNS-Zn 84 6i: 100 4i: 0

* All reactions were conducted in MW at 100 ◦C for 4 h, using 50 mg of carbonyl compound and 2.5 mL of EtOH,
with the catalyst at 2% w/w percentage for CNS-Cu and at 15% w/w percentage for CNS-Zn.

2.6. Catalyst Recycling and Reuse

Referring to the optimized conditions in methanol, we also conducted some tests to
verify the possibility to recover and re-use the CNS-metal catalyst at the end of the reaction,
by filtering the mixture, drying the solid at about 50 ◦C for 2 h and then re-using it. Four
reusability cycles were performed on both CNS-Cu and CNS-Zn metal-loaded catalysts
and results are reported in Tables 11 and 12, respectively, while Figures 4 and 5 show
schematically the reusability test results for the same materials.

Table 11. Results of the reusability tests conducted with CNS-Cu a.
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Entry T [◦C] t [h] % Conversion
Selectivity

% 1 % 2

A 80 2 72 97 3
B 80 4 88 98 2
C 80 6 83 97 3
D 100 2 49 68 32

a 50 mg of p-F-benzaldehyde in 2.5 mL of methanol were used, processing the reaction in MW. Catalyst type:
CNS-Cu % w/w of catalyst: 2%.
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Table 12. Results of the reusability tests conducted with CNS-Zn a.
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Entry T [◦C] t [h] % Conversion
Selectivity

% 1 % 2

A 80 2 85 83 17
B 80 4 85 88 12
C 80 6 92 89 11
D 100 2 86 78 22

a 50 mg of p-F-benzaldehyde in 2.5 mL of methanol were used, processing the reaction in MW. Catalyst type:
CNS-Zn % w/w of catalyst: 15%.
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Results confirmed that both the catalysts could be reused without any loss of per-
formance in terms of selectivity and conversion, at least for three cycles. In the case of
CNS-Cu at the fourth recycling test, there was a decrease in both selectivity and conversion.
However, this result could be ascribed to the difficulty in recovering the entire amount of
catalyst from the third test, by considering the significantly lower quantities used in this
case (2% w/w versus 15% w/w of CNS-Zn).
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3. Conclusions

In this work, we investigated the possibility of converting the use of CNS aerogels,
obtained by combining TOCNF with bPEI and CA in a unique hydrogel, from a material
for water decontamination from heavy metal ions to a totally green heterogeneous support
for metal-catalyzed organic reactions. Exploiting the metal chelation characteristics of this
aerogel, previously highlighted in the field of environmental remediation, it was possible
to load the catalyst with Cu (II) and Zn (II) metal ions and to test the performances of the
resulting composites in heterogeneous catalysis for the synthesis of aromatic acetals. The
loading efficiency and homogeneity was verified by both ICP-OES and SEM-EDS analysis.

Using methanol as a solvent, we were able to obtain high conversions and good selec-
tivity towards acetal products under optimized conditions, which comprised of operation
in a microwave reactor, at low reaction times and temperatures never higher than 100 ◦C,
and with low percentages of the catalysts which, in the case of CNS-Cu, reached a minimum
value of 2%.

The scope of the reaction, first tested on p-F-benzaldehyde as a starting substrate, was
extended to a wider range of aromatic carbonylic compounds, obtaining (in all cases) high
yields in the desired acetal products, with in just a few cases tiny amounts of carboxylic
acids as by-products. In order to further investigate the general interest of this reaction,
ethanol was also used as solvent and reagent. Also in this case, after a required optimization
of the reaction conditions, good results were observed both in terms of conversion and
selectivity.

The catalysts could be recovered and re-used up to five times without a significant
loss in the catalytic activity. In fact, no leaching of metal ions in the reaction medium was
observed after ICP-OES analysis of the organic solution.

Due to the high conversions and selectivity observed, the recyclability of the mate-
rial, and its production starting from sustainable and bio-based renewable sources, the
proposed heterogeneous system candidates are much more convenient with respect to both
homogeneous and heterogeneous catalysts proposed in the literature for the synthesis of
aromatic acetals.

4. Materials and Methods

All of the reagents were purchased from Merck (Darmstadt, Germany). Cotton linter
was obtained from Bartoli paper factory (Capannori, Lucca, Italy). Deionized water was
produced within the laboratories with a Millipore Elix® Deionizer with Progard® S2 ion
exchange resins (Merck KGaA, Darmstadt, Germany). All 1H-NMR spectra were recorded
on a 400 MHz Brüker (Billerica, MA, USA) NMR spectrometer. Microwave reactions were
conducted in a Biotage® Initiator+ (Uppsala, Sweden). Other equipment used in the proce-
dures include a Branson SFX250 Sonicator (Emerson Electric Co., Ferguson, MI, USA), a SP
Scientific BenchTop Pro Lyophilizer (SP INDUSTRIES, 935 Mearns Road, Warminster, UK),
a Büchi Rotavapor® R-124 8 (Flawil, Switzerland) and a Thermotest—Mazzali laboratory
oven (Monza, Italy). Scanning electron microscopy (SEM) was performed using a variable-
pressure instrument (SEM Cambridge Stereoscan 360) at 100/120 pA with a detector BSD.
The operating voltage was 15 kV with an electron beam current intensity of 100 pA. The
focal distance was 9 mm. The EDS analysis was performed using a Bruker Quantax 200
6/30 instrument (Billerica, MA, USA). The metal concentrations were measured by ICP-
OES atomic emission spectroscopy using a Perkin Elmer Optima 3000 SD spectrometer
(Wellesley, MA, USA).

4.1. TEMPO-Oxidized Cellulose Nanofibers (TOCNFs) Production and Titration

100 g of cotton linter paper were minced with gradual addition of deionized water.
Simultaneously, 2.15 g of tetramethyl-piperidine-N-oxide (TEMPO) and 15.42 g of KBr
were dissolved in 2 L of deionized water. Once the paper was homogeneously blended
with water, the solution was transferred in the reaction keg and water was added in order
to obtain a total volume of 5.7 L. Then, 437 mL of 12% w/v NaClO aqueous solution were
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dripped in the reaction mixture, keeping the pH above 10.5–11.0 with dropwise addition
of NaOH 4 M. The suspension was left stirring overnight and after 12–16 h the oxidized
cellulose was acidified with HCl 12 N until a pH of 1–2 to induce the aggregation of the
cellulose fibers and their easy separation from water. The oxidized cellulose was then
filtered on a Buchner funnel and washed with deionized water until neutrality and then
titrated for the estimation of the obtained concentration of carboxylic acids on the cellulose
structure (oxidation degree). This latter was performed by titration of –COOH groups with
NaOH 0.1 N using phenolphthalein as colorimetric indicator. The oxidation degree was
estimated to be around 1.5 mmolCOOH/gTOCNF.

4.2. Synthesis of CNS

3.5 g of TOCNF were suspended in 140 mL of deionized water, in order to obtain a 2.5%
w/v solution. Granular NaOH (5.25 mmol, 0.210 g) was added, and the suspension was
ultrasonicated to further promote the separation of the nanofibers, obtaining a transparent
mixture. This latter was then acidified with 1 N HCl (20 mL), filtered and washed until
neutral pH. The residual water content was calculated and the remaining water necessary
to obtain a 2.8–3% w/v TOCNF solution was split up in three quotas, in order to re-suspend
the cellulose and dissolve the cross-linking polymer (bPEI 25 kDa) and the co-reticulant
agent CA, in three separate batches. The amount of the cross-linking polymer (7 g) was
calculated as double of the initial weight of TOCNF and 1.8 g of co-reticulant were used.
Once dissolved in water, the cross-linker and the co-reticulant agents were slowly added to
the TOCNF solution, while continuously stirring up to obtain a white and homogeneous
hydrogel, which was placed in 24-wells well-plates and quickly frozen at −35 ◦C. After
24 h, the well-plates were moved to the freeze-dryer. At the end of the process, white
cylindrical-shaped spongy aerogels were obtained. They were removed from the wells and
placed in an oven, at the initial temperature of 55 ◦C. The temperature was then slowly
raised up to 102 ◦C and then kept constant for 16 h. At the end of the thermal treatment,
CNS were washed 6 times with deionized water (6 × 100 mL) and the last time with 97%
ethanol solution (1 × 50 mL).

4.3. Metal Loading on CNS

The uploading of the metals on CNS’s bulk was carried out with aqueous solutions of
Zn(NO3)2 (prepared dissolving 250 g of Zn(NO3)2 in 250 mL deionized water) and CuSO4
(prepared dissolving 80 g of CuSO4 in 250 mL deionized water). 1 g of CNS was stirred for
4 h in 250 mL of Zn (II) and Cu (II) solutions. At the end of the sorption process, CNS were
filtered off and then washed once with deionized water (500 mL), obtaining Zn-loaded
(CNS-Zn) and Cu-loaded (CNS-Cu) catalysts.

4.4. General Procedure for Catalytic Synthesis of Acetals

The catalyst (CNS-Zn or CNS-Cu), the reagents and finally the alcohol as solvent were
added in a 5 mL microwave vial, equipped with a magnetic stirrer, in the quantities reported
in Tables 3–12. The reactions were conducted in a microwave reactor in a time ranging from
2 to 6 h, with a temperature comprised between 40 ◦C and 100 ◦C, at atmospheric pressure.

4.5. Products Characterization

All conversion and selectivity data were calculated by 1H-NMR analysis on the crude
(see Supplementary Materials). For a better accuracy, the percentage of the acid by-product
in the mixture, often present in very low amounts, was determined by GC-MS analysis.

The 1H-NMR spectra of known products 1, 3a–i and 7a–h, are in agreement with the
literature references as reported in the Supplementary Materials.

Product 2 was recovered and purified according to the following procedure in order
to demine the isolated yield and to compare that with the value of calculated by 1H-NMR
with internal standard. The catalyst was removed by filtration and the alcoholic solvent
was removed under vacuum. The obtained crude was dissolved in 15 mL of ethyl acetate
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and washed with deionized water (3 × 15 mL). The extracted organic layer was dried with
sodium sulfate and the solvent was removed under vacuum by means of a Rotavapor®.
Flash column chromatography was performed to purify the product by using 10–12 mm
silica gel packing. The eluent was chosen in order to move the desired components to Rf
0.35 on analytical TLC. The selected eluent was a mixture of hexane and ethyl acetate in a
9:1 ratio.

The unknown product 5 was isolated according to procedure previously reported for
product 2. Flash column chromatography was performed to purify product 5 by using
10–12 mm silica gel packing and the selected eluent was a mixture of hexane and ethyl
acetate in a 95:5 ratio. The characterization of new compound 5 is here reported.

1-(diethoxymethyl)-4-fluorobenzene 5. 1H NMR (400 MHz, Chloroform-d) δ 7.45 (dd,
J = 8.6, 5.6 Hz, 2H), 7.03 (t, J = 8.8 Hz, 2H), 5.48 (s, 1H), 3.60 (dq, J = 9.8, 7.2 Hz, 2H), 3.52 (dq,
J = 9.5, 7.1 Hz, 2H), 1.23 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 162.7 (d,
J = 246.2 Hz), 135.1 (d, J = 3.2 Hz), 128.4 (d, J = 8.1 Hz, 2C), 114.9 (d, J = 21.4 Hz, 2C), 100.9,
60.9, 15.1. Elemental analysis for C11H15FO2: C, 66.65%; H, 7.63%; F, 9.58%; O, 16.14%.
Found C, 66.12%; H, 7.65%.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8010054/s1. 1H NMR Spectra of the crude products for all
the known compounds used to determine the product yield. Figure S1: 1H NMR spectrum of product
1 in CDCl3; Figure S2: 1H NMR spectrum of product 3a in CDCl3; Figure S3: 1H NMR spectrum
of product 3b in CDCl3; Figure S4: 1H NMR spectrum of product 3c in CDCl3; Figure S5: 1H NMR
spectrum of product 3d in CDCl3; Figure S6: 1H NMR spectrum of product 3e in CDCl3; Figure S7:
1H NMR spectrum of product 3f in CDCl3; Figure S8: 1H NMR spectrum of product 3g in CDCl3;
Figure S9: 1H NMR spectrum of product 3h in CDCl3; Figure S10: 1H NMR spectrum of product 3i
in CDCl3; Figure S11: 1H NMR spectrum of product 6a in CDCl3; Figure S12: 1H NMR spectrum of
product 6b in CDCl3; Figure S13: 1H NMR spectrum of product 6c in CDCl3; Figure S14: 1H NMR
spectrum of product 6d in CDCl3; Figure S15: 1H NMR spectrum of product 6e in CDCl3; Figure S16:
1H NMR spectrum of product 6g in CDCl3; Figure S17: 1H NMR spectrum of product 6h in CDCl3;
Figure S18: 1H NMR spectrum of product 6i in CDCl3; Figure S19: 1H NMR spectrum of product 5 in
CDCl3; Figure S20: 13C-APT NMR spectrum of product 5 in CDCl3; Figure S21: 13C NMR spectrum
of product 5 in CDCl3; Figure S22: COSY NMR spectrum of product 5 in CDCl3; Figure S23: HSQC
NMR spectrum of product 5 in CDCl3.
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