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and Elke Bradt et al.
Functional Hydrogels for Agricultural Application
Reprinted from: Gels 2023, 9, 590, doi:10.3390/gels9070590 . . . . . . . . . . . . . . . . . . . . . . 31

Marin Simeonov, Anton Atanasov Apostolov, Milena Georgieva, Dimitar Tzankov and Elena
Vassileva
Poly(acrylic acid-co-acrylamide)/Polyacrylamide pIPNs/Magnetite Composite Hydrogels:
Synthesis and Characterization
Reprinted from: Gels 2023, 9, 365, doi:10.3390/gels9050365 . . . . . . . . . . . . . . . . . . . . . . 48

Yazhou Wang, Zhiwei Peng, Dong Zhang and Dianwen Song
Tough, Injectable Calcium Phosphate Cement Based Composite Hydrogels to Promote
Osteogenesis
Reprinted from: Gels 2023, 9, 302, doi:10.3390/gels9040302 . . . . . . . . . . . . . . . . . . . . . . 70

Bianca-Elena-Beatrice Cret, u, Alina Gabriela Rusu, Alina Ghilan, Irina Rosca, Loredana
Elena Nita and Aurica P. Chiriac
Cryogel System Based on Poly(vinyl alcohol)/Poly(ethylene brassylate-co-squaric acid)
Platform with Dual Bioactive Activity
Reprinted from: Gels 2023, 9, 174, doi:10.3390/gels9030174 . . . . . . . . . . . . . . . . . . . . . . 82

Hideaki Tokuyama, Ryo Iriki and Makino Kubota
Thermosensitive Shape-Memory Poly(stearyl acrylate-co-methoxy poly(ethylene glycol)
acrylate) Hydrogels
Reprinted from: Gels 2023, 9, 54, doi:10.3390/gels9010054 . . . . . . . . . . . . . . . . . . . . . . . 94

Tim B. Mrohs and Oliver Weichold
Hydrolytic Stability of Crosslinked, Highly Alkaline Diallyldimethylammonium Hydroxide
Hydrogels
Reprinted from: Gels 2022, 8, 669, doi:10.3390/gels8100669 . . . . . . . . . . . . . . . . . . . . . . 101

v



Bailin Dai, Ting Cui, Yue Xu, Shaoji Wu, Youwei Li and Wu Wang et al.
Smart Antifreeze Hydrogels with Abundant Hydrogen Bonding for Conductive Flexible
Sensors
Reprinted from: Gels 2022, 8, 374, doi:10.3390/gels8060374 . . . . . . . . . . . . . . . . . . . . . . 112

Tianzhu Shi, Zhengfeng Xie, Xinliang Mo, Yulong Feng, Tao Peng and Dandan Song
Highly Efficient Adsorption of Heavy Metals and Cationic Dyes by Smart Functionalized
Sodium Alginate Hydrogels
Reprinted from: Gels 2022, 8, 343, doi:10.3390/gels8060343 . . . . . . . . . . . . . . . . . . . . . . 123

vi



About the Editors

Dong Zhang

Dong Zhang received his Ph.D. degree in chemical engineering from the University of Akron

(with Professor Jie Zheng) in December 2022. He has been working as a postdoctoral fellow

at Professor Younan Xia’s group in the Georgia Institute of Technology and Emory University

since January 2023. His research interests include the rational design and synthesis of polymers,

biomaterials, hydrogels, and nanostructured materials for environmental, biological, and biomedical

applications. He has co-authored more than 100 peer-reviewed publications.

Jintao Yang

Dr. Jintao Yang is a Professor within the College of Materials Science and Technology, Zhejiang

University of Technology. He received his B.S. and Ph.D. degrees in chemical engineering at China

University of Petroleum (2000) and Zhejiang University (2005), respectively. His main research

interests include polymer processing, polymer surfaces, and interfaces, particularly smart materials

based on zwitterionic polymers for biological and sensing applications.

Xiaoxia Le

Dr. Xiaoxia Le received her Ph.D. degree in polymer chemistry and physics from the Ningbo

Institute of Materials Technology and Engineering (NIMTE), Chinese Academy of Sciences (2019).

She then joined Professor Tao Chen’s group as a postdoctoral research fellow. Currently, she is

an associate professor at NIMTE. Her research focuses on the construction and functionalization

of stimuli-responsive hydrogels for applications in the soft actuator and fluorescent information

anti-counterfeiting fields.

Dianwen Song

Dr. Dianwen Song is a Professor within the School of Medicine, Shanghai Jiaotong University.

His research interests include bone tissue engineering, bio-mimetic hydrogel, and 3D printing. He

has published over 60 peer-reviewed papers.

vii





Citation: Zhang, D.; Yang, J.; Le, X.;

Song, D. Editorial for Special Issue:

Advances in Smart and Tough

Hydrogels. Gels 2023, 9, 789. https://

doi.org/10.3390/gels9100789

Received: 21 September 2023

Accepted: 21 September 2023

Published: 1 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 gels

Editorial

Editorial for Special Issue: Advances in Smart and
Tough Hydrogels
Dong Zhang 1,* , Jintao Yang 2, Xiaoxia Le 3 and Dianwen Song 4

1 The Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory
University, Atlanta, GA 30332, USA

2 College of Materials Science & Engineering, Zhejiang University of Technology, Hangzhou 310014, China;
yangjt@zjut.edu.cn

3 Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences,
Ningbo 315201, China; lexiaoxia@nimte.ac.cn

4 School of Medicine, Shanghai Jiaotong University, Shanghai 200240, China; dwsong@sjtu.edu.cn
* Correspondence: dzhang470@gatech.edu

1. Introduction

Smart hydrogels possess both intelligent and responsive properties, which are de-
signed to exhibit specific responses to external stimuli such as changes in temperature, pH,
or the presence of specific ions/counterions, making them “smart” or “responsive” materi-
als. Tough hydrogels are engineered to have exceptional mechanical strength/toughness,
which means they can endure significant mechanical stress or deformation without breaking
or losing their structural integrity. Both of them have a wide range of potential applications
in fields such as biomedicine, tissue engineering, drug delivery, and soft robotics, where
their combination of responsiveness and mechanical resilience can be highly advantageous.

This Special Issue features contributions from prominent experts in the field, with
substantial input from 53 researchers representing more than 10 diverse regions worldwide
(Figure 1a). These regions encompass countries such as China (including Taiwan), Japan,
the USA, Germany, Romania, Bulgaria, the Czech Republic, Austria, Pakistan, and Saudi
Arabia. Significantly, the important research collection included essential synthesis and
characterization processes, along with practical applications spanning biological and tissue
engineering, heavy metal removal, flexible sensors, shape memory devices, and agricultural
fertilizers, among others (Figure 1b).
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Figure 1. Summary of the Advances in Smart and Tough Hydrogels as a Special Issue of Gels. (a) Promi-
nent contributing countries in research articles and (b) key themes in smart and tough hydrogels
explored for this Special Issue.

2. Contributions

It is evident that over an extended period, the quest for a comprehensive understand-
ing of gelation phenomena, coupled with the discovery of innovative gelation mechanisms
and systems, has remained a pressing and unmet need. This ongoing pursuit under-
scores the continuous demand for advancements in this field, driven by the ever-evolving
challenges and opportunities it presents. With this mission, Yutaka et al. contributed
an intriguing gelation phenomenon: the intelligent gelation occurring at low concentra-
tions when combining the polymer hydrogelator NaPPDT with the water-soluble polymer
poly(vinyl alcohol) (PVA) [1]. This unique behavior is exclusive to the NaPPDT and PVA
combination, as it is not observed when mixing aqueous anionic polymer solutions with
other sodium sulfonate or phosphonic acid side chains and aqueous PVA solutions. More
interestingly, even when diluting the concentrations of the gelator and PVA in aqueous
solutions, the composite gel materials exhibit improved mechanical properties.

Not all chemical gelation processes exhibit stability. Indeed, the potential for degrad-
able dynamics holds great promise, particularly in the context of injectable hydrogels.
The Weichold group conducted a comprehensive assessment of the durability of alkaline
hydrogels utilizing a widely used crosslinker, N,N′-methylenebisacrylamide (MBAA),
and three recently introduced tetraallyl crosslinkers [2]. Upon subjecting the hydrogel
models to accelerated aging at 60 ◦C for 28 days, those crosslinked with MBAA eventu-
ally transitioned into a liquid state, whereas the storage modulus and degree of swelling
of the hydrogels crosslinked with the tetraallyl compounds which remained unaltered.
This work significantly addresses the current knowledge gap in our understanding of
the long-term performance and durability of synthetic hydrogels when subjected to hy-
drolytic conditions, while it simultaneously provides valuable insights into the practical
utility and longevity of these crosslinked systems. Structurally, Marin et al. developed
a novel hydrogel based on poly(acrylic acid-co-acrylamide)/polyacrylamide pseudo-
interpenetrating polymer networks (pIPNs), with the inclusion of magnetite achieved
through the in situ precipitation of Fe(III)/Fe(II) ions within the hydrogel matrix [3].
This unique design conferred upon the hybrid hydrogels the ability to respond to pH
and ionic strength variations, in addition to endowing them with superparamagnetic
properties. This breakthrough highlights the potential of pIPNs as matrices for precisely
controlling the deposition of inorganic particles, representing a promising approach for
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manufacturing structural soft matter. In essence, researchers are encouraged to utilize
chemical tools/reactions for fine-tuning network distributions and structures in the
development of smart and robust hydrogels, such as phase separation or macrophase
separation strategies [4–6].

In the fields of smart medicines and biomedical tissue engineering, Wu and cowork-
ers engineered a smart hydrogel by melding xanthan gum, Pluronic F-127, and synthetic
monomer acrylic acid using the free radical polymerization technique [7]. Smart hy-
drogels exhibited minimal swelling behavior at pH 1.2 and 4.6, while they displayed
increased drug release at pH 7.4, indicating their pH-responsive characteristics in regu-
lating the release of atomoxetine HCl within the colon over an extended duration. The
resulting hydrogels demonstrated an impressive level of intelligence and adaptability,
underscoring their potential for diverse applications in drug delivery and control release.
Zhang, Song, and colleagues embarked on the mission to tackle existing challenges in
local fracture healing and early anti-osteoporosis therapy for osteoporosis [8]. Their
approach involved designing injectable hydrogels loaded with calcium phosphate ce-
ment (CPC). The integration of this robust biomimetic hydrogel with bioactive CPC
represents a highly promising and innovative contender for the development of com-
mercial clinical materials aimed at improving the prognosis of patients grappling with
osteoporotic fractures.

As for the applications of environmental science, Shi et al. demonstrated the remark-
able adsorption capabilities of smart hydrogels using a functionalized sodium alginate
hydrogel (FSAH) [9]. This hydrogel was specifically engineered for the efficient removal of
heavy metals and dyes by incorporating hydrazide-functionalized sodium alginate with
hydrazone groups for the selective capture of heavy metals (Pb2+, Cd2+, and Cu2+), while
another dopamine grafting functional group offers active sites for adsorbing methylene
blue, malachite green, and crystal violet. Notably, even after undergoing five adsorption–
desorption cycles, it retained over 70% efficiency in the removal process. The encapsulation
of hydrophobic molecular compounds into a polymer matrix has emerged as a method
to modulate low solubility in water and a promising approach to preserve their chemical
integrity, efficacy, but also their controlled release in a pulsating or continuous regime. A
new cryogel system based on PVA and poly(ethylene brassylate-co-squaric acid) (PEBSA)
obtained by repeated freeze–thaw processes, showing the cumulative antioxidant efficiency
and antimicrobial activity against E. coli (Gram-negative strain), S. aureus (Gram-positive
strain), and C. albicans (fungal strain) [10]. In addition, Martina’s group employed intel-
ligent superabsorbent polymeric hydrogels, utilizing them as both a water reservoir and
a supplier of mineral and organic nutrients with the aim of enhancing soil quality. In
this case, the incorporation of NPK fertilizer reinforced the flexibility of the hydrogels,
whereas the inclusion of lignohumate induced a shift in their rheological properties to-
wards a more liquid-like behavior [11]. In light of the growing interest and attention toward
hydrogel-based smart soils and relevant sustainable devices for tackling agricultural and
environmental challenges, we recommend considering the following perspectives of smart
hydrogels: (i) enhancing moisture retention and irrigation efficiency, (ii) implementing
controlled nutrient release mechanisms, (iii) integrating soil health monitoring and environ-
mental protection, (iv) ensuring compatibility with soil microorganisms, and (v) exploring
additional avenues [12].

In hydrogel-based smart devices, Hideaki and colleagues unveiled that poly(stearyl
acrylate (SA)-co-methoxy poly(ethylene glycol) acrylate (MPGA)) hydrogels featuring
XSA > 0.5 trigger a transition from crystalline to amorphous state, constituting a chal-
lenging shift from hardness to softness at approximately 40 ◦C [13]. These hydrogels
exhibited remarkable volume stability, irrespective of temperature fluctuations. This
distinct attribute led to the utilization of poly(SA-co-MPGA) hydrogel in the develop-
ment of shape memory “devices”, rendering them pliable and flexible at temperatures
exceeding 40 ◦C, and stiffening when cooled below 37.5 ◦C. Hydrogels with a high
water content (50~99%) are susceptible to freezing, leading to reduced flexibility at low
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temperatures, significantly restricting their utility in cold environments. To address this,
Tang and coworkers employed butanediol (BD) and N-hydroxyethyl acrylamide (HEAA)
monomers, both featuring a multi-hydrogen bond structure, to fabricate a LiCl/p(HEAA-
co-BD) conductive hydrogel with anti-freezing properties [14]. They achieved this by
strategically manipulating intermolecular and intramolecular hydrogel bonds within
the crosslinking network, effectively inhibiting the formation of primary ice crystals.
The designed smart hydrogel-based sensors enabled an excellent anti-freezing property
with a low freeze point of −85.6 ◦C, while they maintained stretchability up to 400%
with a tensile stress of ~450 kPa for human motion detection at −40 ◦C. Although smart
hydrogel devices offer numerous advantages, including flexibility, biocompatibility, and
sensitivity, they do have certain limitations, such as limited long-term stability, low
gauge factor, and slow response time, among others. Continual research and innovations
in this field are poised to tackle these hurdles, broadening the scope of potential appli-
cations, and enhancing the overall efficacy of hydrogel devices across diverse domains
such as healthcare, environmental monitoring, and beyond.

3. Conclusions

We aspire for this Special Issue to offer readers insightful glimpses into the synthesis,
characterization, and applications of both smart and tough hydrogels. Given the dynamic
and rapidly advancing nature of this field, it is unfeasible to encompass every facet, partic-
ularly the recent breakthroughs from research groups not directly involved in this Special
Issue. Undoubtedly, this burgeoning field will continue to flourish, drawing contributions
from diverse disciplines such as chemistry, physics, materials science, and engineering. We
also hope that readers will derive both enjoyment and inspiration from the diverse array of
topics presented here, potentially propelling this field closer to the commercial significance
of soft hydrogels in various promising fields.

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

References
1. Ohsedo, Y.; Ueno, W. Creation of Polymer Hydrogelator/Poly (Vinyl Alcohol) Composite Molecular Hydrogel Materials. Gels

2023, 9, 679. [CrossRef] [PubMed]
2. Mrohs, T.B.; Weichold, O. Hydrolytic Stability of Crosslinked, Highly Alkaline Diallyldimethylammonium Hydroxide Hydrogels.

Gels 2022, 8, 669. [CrossRef] [PubMed]
3. Simeonov, M.; Apostolov, A.A.; Georgieva, M.; Tzankov, D.; Vassileva, E. Poly (acrylic acid-co-acrylamide)/Polyacrylamide

pIPNs/Magnetite Composite Hydrogels: Synthesis and Characterization. Gels 2023, 9, 365. [CrossRef] [PubMed]
4. Zhang, D.; Tang, Y.; Zhang, K.; Xue, Y.; Zheng, S.Y.; Wu, B.; Zheng, J. Multiscale bilayer hydrogels enabled by macrophase

separation. Matter 2022, 6, 1484–1502. [CrossRef]
5. Zhang, D.; Tang, Y.; He, X.; Gross, W.; Yang, J.; Zheng, J. Bilayer Hydrogels by Reactive-Induced Macrophase Separation. ACS

Macro Lett. 2023, 12, 598–604. [CrossRef] [PubMed]
6. Ni, C.; Chen, D.; Yin, Y.; Wen, X.; Chen, X.; Yang, C.; Chen, G.; Sun, Z.; Wen, J.; Jiao, Y.; et al. Shape memory polymer with

programmable recovery onset. Nature 2023, 1–6. [CrossRef] [PubMed]
7. Suhail, M.; Chiu, I.H.; Lai, Y.R.; Khan, A.; Al-Sowayan, N.S.; Ullah, H.; Wu, P.C. Xanthan-Gum/Pluronic-F-127-Based-

Drug-Loaded Polymeric Hydrogels Synthesized by Free Radical Polymerization Technique for Management of Attention-
Deficit/Hyperactivity Disorder. Gels 2023, 9, 640. [CrossRef] [PubMed]

8. Wang, Y.; Peng, Z.; Zhang, D.; Song, D. Tough, Injectable Calcium Phosphate Cement Based Composite Hydrogels to Promote
Osteogenesis. Gels 2023, 9, 302. [CrossRef] [PubMed]

9. Shi, T.; Xie, Z.; Mo, X.; Feng, Y.; Peng, T.; Song, D. Highly efficient adsorption of heavy metals and cationic dyes by smart
functionalized sodium alginate hydrogels. Gels 2022, 8, 343. [CrossRef] [PubMed]

10. Cret,u, B.E.B.; Rusu, A.G.; Ghilan, A.; Rosca, I.; Nita, L.E.; Chiriac, A.P. Cryogel System Based on Poly (vinyl alcohol)/Poly
(ethylene brassylate-co-squaric acid) Platform with Dual Bioactive Activity. Gels 2023, 9, 174. [CrossRef] [PubMed]
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Abstract: Polymer hydrogels, including molecular hydrogels, are expected to become materials for
healthcare and medical applications, but there is a need to create new functional molecular gels that
can meet the required performance. In this paper, for creating new molecular hydrogel materials,
the gel formation behavior and its rheological properties for the molecular gels composed of a
polymer hydrogelator, poly(3-sodium sulfo-p-phenylene-terephthalamide) polymer (NaPPDT), and
water-soluble polymer with the polar group, poly(vinyl alcohol) (PVA) in various concentrations
were examined. Molecular hydrogel composites formed from simple mixtures of NaPPDT aqueous
solutions (0.1 wt.%~1.0 wt.%) and PVA aqueous solutions exhibited thixotropic behavior in the
relatively low concentration region (0.1 wt.%~1.0 wt.%) and spinnable gel formation in the dense
concentration region (4.0 wt.%~8.0 wt.%) with 1.0 wt.% NaPPDT aq., showing a characteristic
concentration dependence of mechanical behavior. In contrast, each single-component aqueous
solution showed no such gel formation in the concentration range in the present experiments. No
gel formation behavior was also observed when mixed with common anionic polymers other than
NaPPDT. This improvement in gel-forming ability due to mixing may be due to the increased density
of the gel’s network structure composed of hydrogelator and PVA and rigidity owing to NaPPDT.

Keywords: polymer hydrogelator; molecular hydrogel; thixotropic behavior; poly(vinyl alcohol); composite

1. Introduction

Gels encompass old and new forms of substances and materials that are typically
found in food and other aspects of life [1]. These gel-like substances are known to be formed
from various materials such as organic polymers and clay minerals; such substances that
are formed from polymers are typically regarded as polymer gels [2,3]. Polymer gels
contain solvents in the three-dimensional network structure of polymer chains, and there is
interest in academic investigations aimed at elucidating the correlation between material
properties and the polymer structure [2,3]. Conversely, by designing and controlling
the interaction between polymer chains or solvent molecules inside a polymer gel, or
by designing and controlling the network structure, it is possible to introduce various
functionalities, including external stimulus responsiveness. Thus, there is interest in the
development and application of intelligent functions such as sensors and actuators, and
active research and development is underway [4]. In particular, polymer hydrogels, which
are hydrogels and polymer gels, are expected to have an affinity with living organisms, as
their structure is similar to that of cells, the extracellular matrix, and other biomaterials
because the living organism itself can be considered a hydrogel. For these reasons, polymer
hydrogels are being actively investigated as polymeric biomaterials that can be used as
cell scaffold materials, drug delivery systems, or artificial organs, and their development
is attracting attention from both the basic and applied perspectives [4–7]. In applications
other than biomaterials, polymer gels have attracted attention as a form of functional
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polymeric material, and various research and development efforts are underway for their
practical applications. For example, gel actuators that realize macroscopic movements
using polymer hydrogels are attracting attention as a material that can lead to the creation
of artificial muscles made from polymer hydrogels in the future because of the smooth
and soft movements derived from gel-like substances and the expected biocompatibility of
polymer hydrogels which is expected to be applied in the medical field [8]. As described
above, polymer gels, especially polymer hydrogels, are one of the material forms and gel
materials that have been actively focused on in recent years for the creation of new materials
in terms of both basic science and applications. Among various polymer gels, molecular
gels composed of polymer gelators have received remarkable attention for research and
application due to their ease of acquisition, as gels can be reproducibly obtained simply by
standing a solution obtained from thermal dissolution in a solvent or room-temperature
dissolution [9–14].

We have focused on molecular gels that form self-assembled or cohesive fiber struc-
tures and are physically crosslinked by reversible interactions between molecules, and as
part of our research on the fabrication of new molecular gel materials, we have conducted a
series of studies on the function of water-soluble aromatic polyamide poly(3-sodium sulfo-
p-phenylene-terephthalamide) (NaPPDT) [15] as a polymer hydrogelator. The hydrogel
obtained from this gelator possesses a thixotropic property [16–18], which is of consid-
erable interest as a required essential property for creams and ointments, as it exhibits a
reversible change from a sol state to a gel state when subjected to an external mechanical
force. Furthermore, this polymer hydrogelator is a thixotropic composite gel material that
serves as a matrix for various organic and inorganic materials, such as inorganic nanosheet
Laponite [19] and water-dispersible polyanilines [20,21], both of which have potential
applications as a base material for ointments in the healthcare fields [22–25].

Herein, to fabricate novel molecular gel materials using polymer gelators as a matrix
in healthcare fields, a new composite molecular hydrogel is fabricated by mixing a water-
soluble polymer with NaPPDT (Figure 1). Poly(vinyl alcohol) (PVA) was selected as the
water-soluble polymer to be mixed, as it is an electrostatically neutral non-ionic water-
soluble polymer that is not expected to form water-insoluble polyionic complexes with
NaPPDT containing a sodium sulfonate salt moiety, and it is a proven compound as a
hydrophilic component in numerous polymer composites [26,27]. In the fabrication of
composite gels by mixing polymers with gelling agents, the behavior of gel formation may
be tuned by the molecular weight of the polymers. In this study, simple mixing of NaPPDT
and PVA aqueous solutions at room temperature resulted in composite molecular gels that
exhibit different mechanical properties compared to NaPPDT molecular hydrogels. This
study revealed a thixotropic hydrogel material with a novel polymeric network structure,
which is not observed in a single system of the same concentration region and is inferred to
have a new polymeric network structure, as shown below.

Figure 1. Chemical structures of polymer hydrogelator NaPPDT and water-soluble polymer PVA.
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2. Results and Discussion

First, the mixing of the prepared NaPPDT aqueous solutions with PVA aqueous
solutions at room temperature by vortex mixer and the resulting mixed solution were
observed (Table 1 and Figure 2). The polymer hydrogelator NaPPDT was a sample obtained
by polycondensation, according to a previous study [15]. The NaPPDT solution is the
liquid state at 0.5 wt.%, but at 1.0 wt.%, the solution has good thixotropic properties with
a recovery time to the gel state within 1 min after making sol by applying external force.
The resulting mixed solution is a light-yellow molecular hydrogel with good thixotropic
properties and a recovery time to gel within 1 min after solvation under external force. As
NaPPDT at concentrations above 2.0 wt.% does not flow by pressing and requires time to
mix with other components, aqueous solutions with NaPPDT concentrations of 0.5 wt.%
(liquid) and 1.0 wt.% (gel) were used for mixing with the aqueous PVA solution. The
adjusted aqueous PVA solution became viscous at 8.0 wt.%, and as mixing with aqueous
NaPPDT solution by simple vortex mixing would be difficult at higher concentrations,
a concentration series was prepared with the highest concentration of 8.0 wt.% for the
PVA solutions. Aqueous NaPPDT solutions (which form a gel at ≥1.0 wt.%) and aqueous
PVA solutions (which were in a solution state with no gel formation even at 8.0 wt.%
for both types of PVA described below) were mixed at a weight ratio of 1:1, and the gel-
forming ability of the mixtures was evaluated (low and high molecular weight PVAs were
designated PVA-L and PVA-H, respectively, as shown in Table 1); the mixture of 1.0 wt.%
NaPPDT formed a gel in both combinations, although the concentration of NaPPDT after
mixing was 0.5 wt.%, which is not gel-forming, indicating that the complexes were formed
by the interaction of PVA with NaPPDT, which is involved in gel formation. The resulting
gel could be extracted and showed thixotropic properties.

Table 1. Gelation behavior of mixed solutions of NaPPDT aq. and PVA aq. (mixing at 1:1 by
weight ratio).

NaPPDT 0.1 wt.% NaPPDT 0.5 wt.% NaPPDT 1.0 wt.%

PVA-L 0.1 wt.% L 1 L G 2

PVA-L 0.5 wt.% L L G
PVA-L 1.0 wt.% L GD 3 G
PVA-L 2.0 wt.% – – G
PVA-L 4.0 wt.% – – G
PVA-L 8.0 wt.% – – G
PVA-H 0.1 wt.% L L G
PVA-H 0.5 wt.% L GD G
PVA-H 1.0 wt.% L GD G
PVA-H 2.0 wt.% – – SG 4

PVA-H 4.0 wt.% – – SG
PVA-H 8.0 wt.% – – SG

1 L: liquid state. 2 G: gel state. 3 WG: gel that drips off after 5 min. 4 SG: spinnable gel.

To determine whether hydrogel formation by mixing aqueous NaPPDT/PVA sys-
tems in this low concentration range is a common phenomenon observed in the mixing of
other anionic polymer/PVA systems other than NaPPDT, with other sodium sulfonates
or phosphoric acids as side-chain polar groups of each of the polymers (1.0 wt.%) used,
i.e., poly(sodium 4-styrenesulfonate) (two polymers with different molecular weights),
chondroitin sulphate sodium salt, and deoxyribonucleic acid sodium salt, 1.0 wt.% aqueous
polymer solutions were mixed with 1.0 wt.% aqueous PVA solutions and observed (Table 2).
The results showed that the mixture was a clear solution and did not form a gel, indicating
that the thixotropic gel formation due to earlier mixing in the low concentration range is a
characteristic result of the NaPPDT/PVA complex. This is presumably because a certain
degree of main chain rigidity is beneficial for gel formation at low concentrations, and
other nonconjugated polymers with sodium sulfonate or phosphoric acid as side-chain
polar groups lack rigidity or concentration. The mixing of higher concentrations of PVA
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solutions from 2.0 wt.% to 8.0 wt.% with a 1.0 wt.% NaPPDT solution was then investigated
(Table 1). The results showed that, as with the mixing in the low concentration range, gels
were obtained by mixing, but when the PVA concentration was above 4.0 wt.%, the gels
obtained showed spinnability not seen in PVA alone systems of the same concentration,
indicating that spinnable hydrogels were obtained (Figure 2h). These results also sug-
gest that complexation of PVA and NaPPDT by mixing is involved in gel formation and
that complexation by mixing is involved in the development of the spinnability of the
gels obtained.
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Table 2. Gelation behavior of aqueous anionic polymer solutions mixed with aqueous PVA solutions
(mixing at 1:1 by weight ratio).

PVA-L 1.0 wt.% PVA-H 1.0 wt.%

NaPPDT 1.0 wt.% G 1 G
poly(sodium 4-styrenesulfonate) (Mw 70,000)

1.0 wt.% L 2 L

poly(sodium 4-styrenesulfonate) (Mw
1,000,000) 1.0 wt.% L L

Chondroitin sulfate sodium salt 1.0 wt.% L L
Deoxyribonucleic acid sodium salt 1.0 wt.% L L

1 G: gel state. 2 L: liquid state.

To quantitatively evaluate the composite gel formation described above, dynamic
viscoelasticity measurements (strain dispersion measurements) were performed using a
rheometer, and the results are shown in Figure 3. In both systems, the composite gels were
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gels that transitioned from G′ > G′′ (gel) to G′ < G′′ (sol) [28] and had a lower modulus
than NaPPDT alone at all PVA concentrations, and they are softer than NaPPDT alone
at all PVA concentrations. The elastic modulus tended to increase with increasing PVA
concentration, and the transition strain increased compared with the NaPPDT alone system,
making the gels more resistant to deformation. In contrast, the NaPPDT/PVA-H system
produced a stable gel with a higher modulus than the PVA-L system (less blurring of the
measurement plots). The elastic modulus in the region above 100% strain was greater than
that of the NaPPDT alone system. This shows that the higher molecular weight of PVA
may have improved the gel network to the extent that it exhibited a high elastic modulus,
resulting in the development of towing properties from gel formation. There was also an
interesting trend toward higher modulus but lower transition strain at PVA concentrations
that resulted in spinnable gels. The details of this phenomenon are a subject for further
research, but it may be related to the gel’s spinnability and ability to expand.
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Next, the thixotropic properties of the obtained composite gels were quantitatively
evaluated using dynamic viscoelasticity measurements. The results shown in Figure 4 indi-
cate that both composite hydrogels in both PVA-L and PVA-H systems exhibit reversible
recovery from gel to sol after significant deformation. The degree of recovery, as determined
by comparing the modulus of elasticity, showed that they had almost returned to their
pre-deformation state. A trend from G′ > G′′ to G′ ≥ G′′ was observed after gel recovery as
the PVA solution concentration increased in both systems. The scatter of the elastic modu-
lus plots and the shape stability indicate that the high molecular weight PVA-H is more
stable than PVA-L. This suggests that the high molecular weight PVA-H has an advantage
in recovering to the gel state after large deformation. This may indicate that the presence
of high molecular weight PVA is more effective in inter-network linkages in the recovery
behavior and macroscopic recovery of the gel state. The reason for this could be that higher
molecular weight, longer molecular chain lengths, and larger average radii of polymer
chain filaments are more favorable for inter-network linkages compared to lower molecular
weight polymers. However, although the PVA-H composite gels recovered repeatedly, at
higher PVA concentrations the distance between G′ and G′′ was almost the same as at low
PVA concentration. This is probably due to the predominance of the NaPPDT property
at low PVA concentrations, but the predominance of the liquid property of PVA as the
PVA concentration increases; spinnable gels were obtained at high PVA concentrations, but
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the spinnable property is close to liquid and gel may be important. This may be because
the plots were stable in a stable gel state, but as the PVA concentration increased and the
liquid properties appeared, the plots became unstable and blurred. This trend was more
pronounced for the low molecular weight PVA-L composite gel compared to PVA-H, which
may be related to the fact that low molecular weight PVA-L is less favorable for recovery to
a gel after large deformation.
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The falling ball method evaluated the transition temperature from gel to sol during
the temperature increase to evaluate the thermal stability of the mixed composite molecular
hydrogels. The results (Table 3) showed that the transition temperature of the hydrogels
ranged from 40 ◦C to 60 ◦C and that they maintained their gel state at about 37 ◦C, the
body temperature of the human body. This suggests that these hydrogels have potential
for healthcare applications involving contact with the human body, such as ointment base
materials. These results also showed that the transition temperature tended to be lower
when the PVA had a lower molecular weight. This corresponds to the lower elastic modulus
and softer properties of the lower molecular weight PVA in the rheometry measurements,
which is thought to facilitate the transition due to increased temperature. In addition, for
all PVAs, the transition temperature tended to decrease when the PVA concentration was
2.0 wt.% or higher. This corresponds to the result that, in rheometry measurements, the
higher the PVA concentration, the more spinnable the gel becomes, and the closer it is to a
liquid, the softer and easier it is to flow, which is thought to facilitate the transition when
the temperature rises.

Scanning electron microscopy (SEM) observations of the freeze-dried xerogels were
used to examine the internal microstructure of the composite gels in the µm to nm range
and the surface topography of the constituent elements. From the SEM image in Figure 5,
the xerogel of NaPPDT alone appeared to be a folded aggregate of several µm wide bands
of material that were partially fused together. The dried PVA solution also appeared to
have overlapping fibrous components of tens of nm width and appeared to be plate-like.
The mixed composite xerogels obtained by mixing these materials were found to have
finer constituents than the raw material components, particularly the NaPPDT xerogels.
This suggests that the NaPPDT mixed with PVA interacted with each other to unwind the
aggregates of the NaPPDT µm diameter material band into fibrous aggregates of smaller
diameters and thicknesses, forming a new fine dense network of which it was a component.
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This qualitative improvement in the composite gel network due to mixing may be the
reason for the improved mechanical properties as measured by dynamic viscoelasticity
described above. Although there is a concern that observation of such dried xerogel samples
will show artefacts not present in the original gel-like samples due to shape changes during
the drying process, it is thought that even if there are changes during the drying process, it
is certain that the components have become smaller due to the mixing process as shown in
our previous studies [19–21].

Table 3. Gel to sol transition temperature of the hydrogels results by falling-ball method.

Mixed Composite Sample Temperature of Gel to Sol (◦C)

PVA-L 0.1 wt.%/NaPPDT 1.0 wt.% 50 1

PVA-L 0.5 wt.% /NaPPDT 1.0 wt.% 50
PVA-L 1.0 wt.% /NaPPDT 1.0 wt.% 50
PVA-L 2.0 wt.% /NaPPDT 1.0 wt.% 40
PVA-L 4.0 wt.% /NaPPDT 1.0 wt.% 40
PVA-L 8.0 wt.% /NaPPDT 1.0 wt.% 40
PVA-H 0.1 wt.% /NaPPDT 1.0 wt.% 60
PVA-H 0.5 wt.% /NaPPDT 1.0 wt.% 60
PVA-H 1.0 wt.% /NaPPDT 1.0 wt.% 61
PVA-H 2.0 wt.% /NaPPDT 1.0 wt.% 60
PVA-H 4.0 wt.% /NaPPDT 1.0 wt.% 57
PVA-H 8.0 wt.% /NaPPDT 1.0 wt.% 57

1 The evaluation was performed by increasing the substrate plate temperature from 25 ◦C at 1 ◦C/min.
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second component, PVA, but the mesh was maintained. Further studies on the mesh 
structure in gels using various composite samples will be necessary in the future. 

Figure 5. SEM images of the mixed composite and single xerogels and dried sample of PVA obtained
from freeze-drying of hydrogels and PVA aqueous solution: (a) xerogel obtained from 1.0 wt.%
NaPPDT aq.%; (b) freeze-dried sample obtained from 8.0 wt.% PVA-H aq.; (c) xerogel obtained from
NaPPDT/PVA-L 1.0 wt./1.0 wt.%; (d) xerogel obtained from NaPPDT/PVA-H 1.0 wt./1.0 wt.%;
(e) xerogels obtained from NaPPDT/PVA-L 1.0 wt./8.0 wt.%; (f) xerogels obtained from NaP-
PDT/PVA-H 1.0 wt./8.0 wt.%.

To see the intermolecular interactions between the components in the composite gels,
the attenuated total reflectance Fourier transform infrared spectroscopy (attenuated total
reflectance (ATR)–FTIR) absorption spectra of the xerogel and the dry samples were eval-
uated. As depicted in Figure 6a,c, other than the addition of the individual components,
no new absorption bands or significant shifts in the absorption bands were observed in
the xerogel of the composite gel in the wavenumber region of the stretching vibration of
the hydroxyl and sodium sulfonate moieties (3000–2600 cm−1). No significant changes
were also observed in the absorption region of the amide bonding sites of NaPPDT. This is
presumably due to the lower concentration of sites contributing to intermolecular inter-
actions involved in mesh formation compared with the concentration of sites involved in
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absorption bands due to inter- and intramolecular interactions involved for a single compo-
nent. A schematic illustration of the mesh structure before and after mixing, combining
these results with those obtained from rheometry and SEM images, is shown in Figure 6c.
As shown in Figure 6c, the mesh of the NaPPDT gel was loosened by the addition of
the second component, PVA, but the mesh was maintained. Further studies on the mesh
structure in gels using various composite samples will be necessary in the future.
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Finally, in order to see the potential application of spinnable hydrogel, an attempt was
made to obtain fibrous samples from samples in which spinnable hydrogel was formed
by mixing NaPPDT/PVA-L 1.0 wt.%/8.0 wt.%. For the sample after mixing in the vial,
the edges of the gel were pinched with tweezers and pulled to obtain fibrous material.
The fibrous material was dried at 60 ◦C to obtain dried fibers. A photograph, images of
SEM, and polarized light microscope of the dried composite gel fibers are shown below.
As shown in this Figure 7, straight fibers were obtained in µm order. Polarized light
microscopy (under crossed Nicols conditions) showed that the area where the fibers were
present appeared bright, indicating that the fibers were oriented or anisotropic. This is
thought to be due to the fibers being oriented as a result of drawing to form the fibers and
the orientation or anisotropy because NaPPDT exhibits lyotropic liquid crystallinity in the
mixed concentration range. Thus, it was found that oriented fibers could be obtained from
the composite gel. However, as we are still investigating experimental conditions to obtain
fiber samples with constant diameter, mechanical property tests including tensile tests of
the fibers will be considered in the future.
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3. Conclusions

A gel-like substance with thixotropic properties was obtained by mixing the polymer
hydrogelator NaPPDT with the water-soluble polymer PVA at low concentrations, where
the single component of composites would be a liquid. This is possible with the combination
of NaPPDT and PVA and is a special phenomenon that is not observed with mixtures
of aqueous anionic polymer solutions with other sodium sulfonate or phosphonic acid
side chains and aqueous PVA solutions. In addition, increasing the PVA concentration
in the composite gel to a high concentration of 2.0 wt.% or more, gel stabilization and
the development of spinnable gel properties were observed due to an increase in the gel-
sol transition strain, and an increase in the elastic modulus was observed by increasing
the molecular weight of PVA in the composite gel. These observations can be attributed
to the qualitative improvement in the network structure of the gel due to the increased
concentration and high molecular weight. Thus, despite the dilution of gelator and PVA
concentrations when mixing aqueous polymer hydrogelator and PVA solutions, composite
molecular gel materials with improved mechanical properties could be produced. As this
gel material has been shown to be a matrix for functional materials such as NaPPDT and
PVA, respectively, it can be expected to be a potential candidate for a base material for
ointments in the healthcare field as a new gel-like matrix.

4. Materials and Methods

The polymer hydrogelator NaPPDT (Mn = 10,000) was prepared according to the previ-
ous literature [15] by polycondensation of phenylenediamine and sodium 2-sulfotrerephthalate
with LiCl in N-methyl-2-pyrrolidone using the phosphorylation method. Pure water was
deionized with an Elix UV 3 Milli-Q integral water purification system (Nihon Milli-
pore K.K., Tokyo, Japan). Low molecular weight poly(vinyl alcohol) (average mol wt.
30,000–70,000, 87–90% hydrolyzed), low molecular weight poly(vinyl alcohol) (average
Mw 146,000–186,000, 87–89% hydrolyzed) poly(sodium 4-styrenesulfonate) (average Mw
70,000), and poly(sodium 4-styrenesulfonate) (average Mw 1,000,000) were purchased
from Sigma-Aldrich Japan (Merck KGaA, Darmstadt, Germany) and used as received.
Chondroitin sulfate sodium salt and deoxyribonucleic acid sodium salt were purchased
from Tokyo Chemical Industry Co., Ltd. and used as received. All other chemicals were
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obtained from Wako Pure Chemical Industries, Ltd., Tokyo, Japan, and they were used
without purification.

The preparation of NaPPDT/PVA composite molecular hydrogels was done as fol-
lows: at first, 0.5 wt.% and 1.0 wt.% NaPPDT aqueous solutions were made by mixing
NaPPDT solid and pure water and rested for one day at room temperature (the 0.5 wt.%
aqueous solution was liquid, and the 1.0 wt.% aqueous solution was gel). Then PVA
aqueous solutions of various concentrations obtained by dissolving at 90 ◦C for one day
were added to the NaPPDT aqueous solutions at 1:1 by weight ratio at room temperature
and mixed by use of a vortex genie (Scientific Industries, Inc., Bohemia, New York, NY,
USA). Before measurements, the mixed composite hydrogels were rested for 30 min at
room temperature.

Gelation and thixotropic properties were determined using the vial inversion method.
The vial inversion method judges a mixture as a gel if it does not fall out of the vial
containing the mixture when the vial is inverted, and as a sol if it does. The vial inversion
method was performed five minutes after the mixture was mixed to detect gelation. The
gel was also judged to have returned to gel if the contents did not fall out when the vial was
inverted again, after the vial had been left standing following the application of external
mechanical force by a vortex mixer to the vial containing the gelled substance, and the gel
was judged to have thixotropic properties. The falling-ball method was used to evaluate the
change in state from gel to sol with increasing temperature. A 1 mm diameter, 7 mg weight
SUS ball was gently placed on the top of the hydrogel in a vial, and the vial was placed
on a cool plate CP-085 (Scinics Corporation, Tokyo, Japan) and wrapped with insulation
(absorbent cotton), and the temperature of the base plate of the cool plate was raised from
25 ◦C at 1 ◦C/min for evaluation. In this study, we employed a Leica ML9300 polarized
optical microscope (MEIJI TECHNO CO., LTD., Saitama, Japan) with crossed Nicols to
conduct polarized light microscopy observations on composite hydrogels. For SEM image
measurements, a JSM-6700FN scanning electron microscope (JEOL Ltd., Tokyo, Japan)
operating at 1.0 keV was used. The freeze-dried xerogel samples were carefully positioned
on a conductive tape situated on the brass SEM stage. Prior to imaging, a 10 nm thick
of Pt was applied to the samples using a sputtering technique to enhance their electrical
conductivity. Dynamic rheological measurements for samples were performed using an
MCR 302e rheometer (Anton Paar Japan K.K., Tokyo, Japan) with a parallel plate set at
a gap of 0.50 mm (8 mm diameter) at 25 ◦C. Frequency sweeps were conducted with a
strain amplitude (γ) of 0.01%, and strain sweeps were carried out at a constant angular
frequency of 1 rad s−1. For the repeated step-shear measurements, a small strain with an
amplitude of 0.01% and a frequency of 1 Hz was applied, followed by a large strain with
a shear rate of 3000 s−1 for 0.1 s. Furthermore, ATR–FTIR spectra were recorded using a
FTIR6600 spectrometer (JASCO Corporation, Tokyo, Japan) in conjunction with a single
bounce diamond attenuated total reflectance (ATR) accessory.
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Abstract: Smart and intelligent xanthan gum/pluronic F-127 hydrogels were fabricated for the
controlled delivery of atomoxetine HCl. Different parameters such as DSC, TGA, FTIR, XRD, SEM,
drug loading, porosity, swelling index, drug release, and kinetics modeling were appraised for the
prepared matrices of hydrogels. FTIR confirmed the successful synthesis of the hydrogel, while
TGA and DSC analysis indicated that the thermal stability of the reagents was improved after the
polymerization technique. SEM revealed the hard surface of the hydrogel, while XRD indicated a
reduction in crystallinity of the reagents. High gel fraction was achieved with high incorporated
contents of the polymers and the monomer. An increase in porosity, drug loading, swelling, and
drug release was observed with the increase in the concentrations of xanthan gum and acrylic acid,
whereas Pluronic F-127 showed the opposite effect. A negligible swelling index was shown at pH
1.2 and 4.6 while greater swelling was observed at pH 7.4, indicating a pH-responsive nature of the
designed hydrogels. Furthermore, a higher drug release was found at pH 7.4 compared to pH 1.2
and 4.6, respectively. The first kinetics order was followed by the prepared hydrogel formulations.
Thus, it is signified from the discussion that smart xanthan gum/pluronic F-127 hydrogels have the
potential to control the release of the atomoxetine HCl in the colon for an extended period of time.

Keywords: attention-deficit/hyperactivity disorder; atomoxetine; porosity; swelling; drug release

1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is one of the most common neurode-
velopmental disorders in childhood and adolescence. This disorder affects between 2.2%
and 17.8% of all school-aged children and adolescents. Different developmental deficits
such as learning limitation, control of executive functions, as well as global impairments
of social skills are associated with ADHD in children [1]. As early as 1902, “deficiencies
in “volitional inhibition” and an excessive inability to pay attention for long periods of
time” were seen with a group of restless children. In 1937, it was discovered that the
levels of hyperactivity and behavioral issues could be reduced by amphetamine. In the
1950s, the term “minor brain damage” (MBD) was often used to describe these symptoms
in children; however, in most cases, no evidence of neurological damage was identified.
Until 1960, the disorder was known and labeled as ADHD and attention deficit disorder

17



Gels 2023, 9, 640

(ADD). ADHD symptoms, inattention and impulsivity (and ADHD hyperactivity), have
become attributed to a syndrome. The question of whether ADHD is a separate disorder
or a continuum that serves as a risk factor for future adversities is one that is still being
debated. With each new diagnostic system, the symptoms have changed, and the World
Health Organization diagnostic system (ICD-10) now labels it as hyperkinetic disorder and
the American Medical Association System (DSM-IV) describes it as ADHD, which look
similar to each other [2]. Hence, different drugs such as atomoxetine HCl (ATMH) and
a number of other drugs, including certain antidepressants and -agonists used off-label,
have been added to the pharmacotherapy of ADHD [3]. The different recommended psy-
chostimulants and other medications in the treatment of children and adolescents with
ADHD are Methylphenidate, Ritalin Medikinet, Concerta, and the Amphetamine liquid,
respectively. Cognitive behavioral therapy, neuropsychological treatment, noninvasive
brain stimulation, and other multimodal treatments are the different non-pharmacological
approaches that are used for the management of ADHD [4].

ATMH is approved in the US for the management of ADHD patients [5]. Its absorption
occurs very rapidly after ingestion. The bioavailability is only affected slightly by the intake
of food, so the drug can be taken independently of meals. Absolute bioavailability is
commonly reached 63% after oral delivery, while the maximum plasma concentration is
reached 1 to 2 h after ingestion. At therapeutic concentrations, the atomoxetine–albumin
binding ratio is 98% in the plasma. High pre-systemic metabolism and albumin binding
occur. The half-life is 4–5 h. Cytochrome P450-2D6 isoenzyme is responsible for the
degradation of ATMH in the liver [5]. The available dosage form is a capsule with different
doses of 10, 18, 25, 40, 60, 80, and 100 mg for adults and pediatrics, with a dose frequency of
40 mg PO once daily at first; 80 mg PO once daily or divided every 12 h after that; and maybe
100 mg if the desired reaction is not attained. ATMH presents some problems when ingested
orally. It has a very short half-life and is absorbed very rapidly. Upset stomach, nausea,
vomiting, constipation, loss of appetite, dry mouth, headache, lethargy, feeling drowsy, or
weakness during the day are common adverse effects, while serious side effects like liver
damage, elevated suicidal thoughts, angioedema, and heart problems are associated with
a single-dose administration per day. Several researchers have prepared different carrier
systems for ATMH delivery. Teaima and coworkers prepared solid lipid nanoparticles
for the brain targeting of ATMH and sustained the release of ATMH for 8 h [6]. Mohanty
et al. (2023) prepared ATMH-loaded nanostructured lipid carriers and demonstrated the
sustained release of ATMH for 12 h [7]. Similarly, Stanojevic and coworkers prepared tablets
for the sustained release of ATMH of up to 8 h [8]. Yet, further research work is needed to
not only sustain the release of ATMH, but also combat its adverse effects following oral
delivery. Hydrogel with unique properties has been used as one of the most suitable agents
for controlled drug delivery systems [9]. Khalid et al. (2018) prepared polymeric hydrogels
of chondroitin sulfate for the controlled release of loxoprofen [10]. Similarly, Malik and
coworkers prepared chitosan/Beta-cyclodextrin-based hydrogels for acyclovir-controlled
release [11].

In the current study, the authors report ATMH-loaded polymeric hydrogels of xanthan
gum and pluronic F-127 fabricated by the free radical polymerization technique. The
combination of natural polymer xanthan gum and synthetic polymer pluronic F-127 with
synthetic monomer acrylic acid increased the pH sensitivity of the fabricated hydrogels.
The mechanical strength and stability of the developed hydrogels were increased due to
the intermixing of natural and synthetic contents, which not only enhanced the swelling
and loading of drugs, but also sustained the release of ATMH for an extended period
of time (96 h). Characterization techniques such as FTIR, TGA, DSC, XRD, and SEM
were performed for the formulated hydrogels. Similarly, a set of studies including sol–gel
analysis, porosity, swelling, drug loading and release, along with kinetics modeling have
been performed for the fabricated networks of hydrogel. Gelation mechanism of prepared
hydrogels is shown below in Scheme 1.
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2. Results and Discussion
2.1. FTIR Analysis

The nature of new bond formations and changes in the chemical structure of devel-
oped hydrogels were elucidated by FTIR analysis. The FTIR spectra of all components
are indicated in Figure 1. XG indicated FTIR spectra by bands at 3280 and 1608 cm−1,
demonstrating hydrogen-bonded OH groups and COO– groups, whereas the bending
of O–H and C–H was seen by peaks at 1018 and 1420 cm−1 [12,13], respectively. The
FTIR spectra of PF-127 represent a C–O–C stretching vibration within the 1202–1002 cm−1

range. Likewise, the stretching vibration of COC and COC–CH2 was seen by peaks at
1098 and 1059 cm−1, whereas the CC–COC bond was confirmed by a peak at 1148 cm−1.
Two characteristic bands were observed at 1342 and 1468 cm−1, indicating a CH2 group.
An absorption peak at 2918 cm−1 was assigned to the methyl group [14,15]. Similarly, the
FTIR spectrum of Aa indicated a stretching vibration of –CH2 by a broad band at 3014 cm−1.
Furthermore, the stretching vibration of C=O of the carboxylic acid was presented by a
peak at 1702 cm−1 [16]. The FTIR spectra of the XG/PF127 hydrogel indicated prominent
peaks of XG, PF127, and Aa. Certain new peaks were formed while some were modified,
indicating the successful crosslinking among hydrogel components. The prominent bands
of XG and PF127 were changed from 3280, 1608 cm−1, and 2918, 1468 cm−1 to 2910, 1490,
2950, and 1505 cm−1, respectively. Similarly, the position of certain peaks of Aa were also
modified, like bands at 3014 and 1702 cm−1 which were moved to 3042 and 1685 cm−1. This
all demonstrates the synthesis of hydrogels. The FTIR spectrum of ATMH indicated the
stretching vibration of the amino group (N–H) by a peak at 3270 cm−1, while the stretching
vibrations of CH2 and COOH groups were observed at 2940 and 3322 cm−1, respectively.
The C=C ring stretching and the C–H bending of CH2 groups were detected at 1598 and
1438 cm−1 [17]. After loading, a slight change was observed in the peaks of ATMH as 1438
and 2918 cm−1 were slightly shifted to 1412 and 2950 cm−1, representing the successful
loading of ATMH by the XG/PF-127 hydrogel [18].
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2.2. TGA

TGA was performed for XG, PF-127, and prepared hydrogels as illustrated in Figure 2.
The TGA curve of XG indicated a weight loss of 8 and 42% at 218 and 400 ◦C, respectively.
The initial loss of weight was correlated with the release of volatile matter and absorbed
water. On the other hand, stability can be seen by the TGA of PF-127 till 378 ◦C. Further rise
in temperature resulted in the decomposition of PF127. A 95% weight loss was observed
as temperature reached 423 ◦C. Increasing temperature led to a further decomposition
of PF127, which still continued to entire degradation. The loss in the weight of PF-127
was due to the elimination of functional groups with the increase in temperature [19,20].
A degradation of 37% in weight was observed by TGA of XG/PF-127 as temperature
approached 310 ◦C. This might be due to the removal of absorbed and bonded moisture
and loss of hydroxyl groups. Similarly, a weight loss of 48% was seen at 487 ◦C. Further de-
composition of developed hydrogel was seen with the increase in temperature. Comparing
the thermal stability of XG and PF127 with the formulated hydrogel, we can demonstrate
that the prepared hydrogel exhibited higher thermal stability than pure polymers, which
basically indicated enhancement in the thermal stability of excipients after crosslinking
among them [21].
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2.3. DSC

The DSC curve of individual excipients and prepared hydrogel is shown in Figure 3.
An exothermic peak was demonstrated at 65 ◦C while a broad endothermic peak was
detected at 280 ◦C by XG’s DSC. The endothermic and exothermic peaks of XG indicated
moisture loss and thermal decomposition. The DSC of PF-127 exhibited a strong endother-
mic peak at 70 ◦C, representing the devastation of crystalline network of the PF-127 chain.
Similarly, an exothermic peak was seen at 113 ◦C. The developed hydrogel and individual
components are quite compatible, as seen by the prepared formulation’s peaks migrating
towards a higher glass transition temperature than the parent components [22] because of
the higher intermolecular hydrogen bonding [23]. Therefore, greater thermal stability was
indicated by the formulated hydrogel [24].
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2.4. XRD Analysis

The recorded XRD spectra of XG, PF127, and the formulated hydrogels are indicated
in Figure 4. Prominent peaks were demonstrated by the XRD spectra of XG at 2θ = 20.19◦,
32.10◦, and 48.40◦. XG is amorphous by nature and forms aggregates with the other side
chains, hence restricting the proper packaging of polymer chains. Similarly, high sharp
peaks of PF-127 were seen at 2θ = 19.20◦, 21.83◦, and 27.10◦, respectively. The sharp
high intense peaks of the PF-127 basically indicated its high stability and crystallinity.
However, sharp and prominent peaks of XG and PF127 were replaced by dense peaks
after crosslinking and polymerization reaction as indicated by the XRD analysis of the
prepared hydrogel. All these factors indicate a decrease in pure reagent’s crystallinity after
polymerization. The reduction in crystallinity of the reagents as indicated by polymeric
hydrogel may be the feature of the formation of the conjugate of Aa with XG and PF127
in the presence of MBA, hence indicating enhancement in the fraction of the amorphous
phase [25,26].
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2.5. SEM

The SEM of the XG/PF-127 hydrogel is illustrated in Figure 5. The prepared network
displayed a hard surface with a few big pores, which may be connected to high crosslinking
of the XG and PF-127 with the Aa content. The strong crosslinking among hydrogel reagents
improved the mechanical strength and stability of the hydrogel; thus, it can be used as a
controlled drug delivery carrier [27].
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2.6. Sol–Gel Analysis

The cross-linked and uncross-linked fractions of the synthesized hydrogel were esti-
mated by sol–gel analysis (Table 1). Gel is the cross-linked while sol is the uncross-linked
fraction of the formulated hydrogel. Both sol and gel fractions were influenced highly by
the incorporated reagents of hydrogel. With an increase in the XG and PF127 feed ratios,
the gel fraction rose. During polymerization reaction, free radicals are produced, which
leads to the crosslinking of XG and PF-127 with Aa by MBA. Thus, as the feed ratios of
XG and PF127 increase, more free radicals are generated in the same way. Thus, greater
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reactive sites are available for the monomer to crosslink with the polymers. Similarly, high
incorporated feed ratios of Aa also resulted in high levels of gel formation. Aa plays a
key role in polymerization of hydrogel reagents. Crosslinking density of the hydrogel is
improved with the high incorporated contents of Aa, thus high gel fraction is achieved. In
other words, we can say that like XG and PF127, high feed rations of Aa also result in high
gel fraction [27]. Khalid and coworkers reported high gel fraction with the high feed ratios
of hydrogel reagents [28]. Unlikely, a reduction was observed in the sol fraction with the
high incorporated hydrogel contents [29]. Nasir et al. (2019) reported low sol with high gel
fractions for the developed gels with their high incorporated contents [30].

Table 1. Drug loading and polymer volume fraction of XG/PF-127 hydrogels.

Formulation Code
Sol Fraction

(%)
Gel Fraction

(%)
Drug Loaded (mg)/350 mg of Dry Gel

Weight Method Extraction Method

PXF-1 11 89 132.10 ± 0.71 130.84 ± 1.03
PXF-2 9 91 155.23 ± 0.93 152.42 ± 0.64
PXF-3 7 93 164.01 ± 1.10 163.02 ± 0.85
PXF-4 15 85 102.34 ± 0.78 101.04 ± 0.94
PXF-5 12 88 93.61 ± 0.93 91.23 ± 1.01
PXF-6 10 90 86.03 ± 1.03 84.87 ± 0.84
PXF-7 16 84 143.44 ± 0.87 142.31 ± 0.92
PXF-8 14 86 161.05 ± 0.91 159.92 ± 0.48
PXF-9 13 87 170.72 ± 0.83 168.63 ± 1.20

2.7. Porosity

The swelling and drug loading of the hydrogel and its sub-micro/nano particulate
systems are dependent completely on their porosity. High porosity resulted in maximum
swelling and loading of the drug. Porosity study was performed for the hydrogel for-
mulations. Porosity was affected by different incorporated feed ratios of the hydrogel
contents (Figure 6). With XG’s increased feed ratios, a rise in porosity was seen. Similarly,
an increase was seen in porosity with the high feed ratios of Aa. This may be correlated
with the formation of highly viscous mixture during the polymerization process, which
restricted the evaporation of bubbles; as a result, interconnected channels were produced.
Water molecules penetrated into the hydrogel networks through these channels, and thus
high porosity was achieved. Unlike in the case with XG and Aa, PF127 also affected the
porosity, but in a reverse way. An increase in PF127 contents resulted in a low porosity
due to the formation of a highly cross-linked network, which increased the hardness and
decreased the pore size of the prepared network. Hence, it can be demonstrated that an
increase in feed rations of PF127 and a drop in porosity are observed while an increase in
porosity is seen with the high incorporated feed ratios of XG and Aa [31,32].

2.8. Swelling Study

The swelling degree of hydrogels is shown in Figure 7A, indicating a low swelling
index at pH 1.2 and 4.6; however, it augmented considerably with the increase in pH of the
medium, i.e., to pH 7.4. This change in swollen hydrogels due to pH changes can occur due
to the development of osmotic swelling forces. These forces are generated by the carboxyl
groups (Aa) present in the hydrogel network. Carboxyl groups begin to ionize at pH 4
and completely ionize above pH 6. The existence of more ionic groups in the hydrogel
network at high pH resulted in maximum swelling. The prepared XG/PF-127 hydrogel
consist of both COO− and –COOH groups. These groups can change into one another
under favorable conditions. At pH 1.2, –COO groups protonated into –COOH, but at basic
pH 7.4, –COOH entirely deprotonated back into –COO groups. Moreover, XG contains
O-acetyl, pyruvyl and unreacted hydroxyl groups, which also undergo deprotonation at pH
> 6. Thus, high charge density was produced, and thus high electrostatic repulsion between
negatively charged –COO− groups occurred, which led to high swelling of prepared
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hydrogel at higher pH values [33]. The hydrogen-bonding strength among hydrogel
networks is most likely to be strengthened by the large ratio of protonated COOH groups,
and thus low swelling was observed at pH 1.2 and 4.6 [30]. Similarly, hydrogel contents
also have a significant impact on the hydrogel’s swelling. A rise in swelling was seen with
the high feed ratios of XG and Aa because of their high functional groups, while in case of
PF-127, a drop was observed in swelling with the high levels of the incorporated PF-127
contents. The reason may be attributed to the formation of a hard and bulk network of
hydrogel which did not allow the sufficient water molecules to enter into the hydrogel
networks [34,35].
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2.9. Drug Loading and In Vitro Drug Release Studies

Drug loading was conducted for XG/PF-127 hydrogels as illustrated in Table 2. Like
porosity and swelling, the contents of the hydrogel also affected the drug loading. Greater
drug loading was detected with the high feed ratios of XG and Aa. The possible reason is
the high porosity and swelling index of the hydrogel which occurred with the increase in
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XG and Aa contents [36,37]. Contrary to XG and Aa, a drop was seen in drug loading by
the synthesized matrix as the feed ratios of PF-127 were enhanced [38].

Table 2. Kinetic modeling release of drug from XG/PF-127 hydrogels.

F. Code
Zero Order First Order Higuchi Korsmeyer–Peppas

r2 r2 r2 r2 N

PXF-1 0.9432 0.9920 0.8937 0.9582 0.5331
PXF-2 0.9356 0.9978 0.9220 0.9819 0.5562
PXF-3 0.9682 0.9870 0.9712 0.9754 0.5040
PXF-4 0.9548 0.9764 0.9692 0.9625 0.5128
PXF-5 0.9793 0.9954 0.9830 0.9922 0.5673
PXF-6 0.9450 0.9788 0.9706 0.9414 0.5468
PXF-7 0.9890 0.9903 0.9790 0.9378 0.5219
PXF-8 0.9063 0.9661 0.9332 0.9627 0.5493
PXF-9 0.9274 0.9845 0.9568 0.9439 0.5790

Drug release tests were carried out at pH 1.2, 4.6, and 7.4 for the prepared hydrogels
and commercial product Strattera (Figure 7B,C). Maximum release of the drug was seen
at high pH values due to the deprotonation of XG and Aa functional groups, whereas
minimum drug release was detected at pH 1.2 due to the protonation of such functional
groups [39,40]. The release studies of the Strattera indicated a rapid release of drug at all
three pH values. Almost a 90% concentration of the drug was released at pH 7.4 within the
initial 2 h, while in the case of pH 4.6 and 1.2, a concentration of more than 80% of the drug
was released within the initial 2 h. Comparing the drug release of Strattera and that of the
prepared hydrogel, we can predict that the drug was sustained successfully for extended
period of time by the developed hydrogels.

Similar to swelling, the hydrogel’s contents also have an impact on drug release. High
drug release was observed with the high incorporated XG and Aa contents [41], while a
decline was perceived in drug release with the high PF-127 contents [42] and vice versa.

2.10. Release Mechanism

To establish the sequence and drug release from the prepared networks, multiple
kinetic models were computed using the release data of the synthesized hydrogels. “r”
values determine the most suitable kinetic order. Table 2 indicates that the “r” values for
the first order were higher than the “r” values of all other kinetic models. As a result, we
can state that all formulations of the prepared hydrogel follow the first order of kinetics.
The diffusion type is determined by the “n” value. If 0.45 > n, Fickian diffusion occurs;
otherwise, non-Fickian or anomalous transport similar to linked diffusion/polymer relax-
ation occurs. [43]. All formulations have “n” values between 0.5040 and 0.5790, indicating
non-Fickian diffusion [44].

3. Conclusions

The free radical polymerization technique was adopted for the development of XG/PF-
127 hydrogels. A stimuli-responsive effect was manifested by the graft copolymer. The
controlled release of the ATMH was detected at pH 7.4 for 96 h. The compatibility among
the various formulation components of the developed hydrogel was shown by FTIR.
DSC and TGA showed an increase in the thermal stability of XG and PF-127 after the
polymerization process. Similarly, SEM indicated a hard surface with few large pores
through which water penetration occurred. After a polymerization process, XRD showed a
reduction in the crystallinity of polymers. High swelling index was seen at pH 7.4, whereas
at pH 1.2 and 4.6, low swelling was observed. Hence, it could be inferred from the results
that the XG/PF-127 hydrogel can be employed as a potential agent for controlled drug
delivery, which would be helpful not only in minimizing undesired GIT effects, but also in
enhancing patient compliance and therapeutic output.
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4. Materials and Methods
4.1. Materials

ATMH was obtained from Hetero labs limited (UNITE I), Telangana, India. Similarly,
Xanthan gum was purchased from Tokyo Chemical Industry Co., Ltd., (Tokyo, Japan).
Acrylic acid was purchased from Acros (Carlsbad, CA, USA). Likewise, pluronic F127
and ammonium persulfate were obtained from Sigma-Aldrich (Chemie GmbH, Riedstir-
Steinheim, USA) and Showa (Tokyo, Japan). N,N′-Methylene bisacrylamide (MBA) was
acquired from Alfa Aesar (Lancashire, UK), respectively.

4.2. Methods of Preparation

Xanthan gum (XG)- and pluronic (PF-127) [XG/PF-127]- based hydrogels were pre-
pared by the free radical polymerization technique. A pre-weighed quantity of XG was
dissolved in distilled water at 40 ◦C for 6 h. The PF-127 solution was mixed with the
XG solution under constant stirring. Ammonium persulfate (APS) was poured into the
mixture. After that, acrylic acid (Aa) was added in to the XG, PF127 and APS mixture.
Finally, an MBA solution was mixed with the aforementioned mixture to crosslink the
polymers and monomer on their specific sites. The entire mixture was kept on stirring
until a transparent solution was formed, purged by nitrogen gas and then transferred into
the glass molds, which were positioned in the water bath. The temperature of the water
bath was maintained at 55 ◦C initially for 2 h, which was increased up to 65 ◦C later. The
formulated gel was cut into 8 mm discs. A mixture of distilled water and ethanol was used
for washing the prepared discs of gels. After that, hydrogel discs were placed for one week
in a vacuum oven for dehydration. The dried discs were processed further for different
studies. A set of formulations is shown in Table 3.

Table 3. Feed ratio scheme for formulation of XG/PF-127 hydrogels.

F. Code
Polymer

(XG)
g/30 g

Polymer
(PF-127)
g/30 g

Monomer
(Aa)

g/30 g

Initiator
(APS)
g/30 g

Cross-linker
(MBA)
g/30 g

PXF-1 0.080 0.200 4.0 0.1 0.2
PXF-2 0.120 0.200 4.0 0.1 0.2
PXF-3 0.160 0.200 4.0 0.1 0.2
PXF-4 0.050 0.300 4.0 0.1 0.2
PXF-5 0.050 0.350 4.0 0.1 0.2
PXF-6 0.050 0.400 4.0 0.1 0.2
PXF-7 0.050 0.200 4.5 0.1 0.2
PXF-8 0.050 0.200 5.0 0.1 0.2
PXF-9 0.050 0.200 5.5 0.1 0.2

4.3. Characterization

FTIR, TGA, DSC, XRD, and SEM were performed according to our previous publica-
tion [45].

4.4. Sol–Gel Anaylsis

The sol and gel contents of the synthesized hydrogel were estimated by sol–gel analysis.
The unreacted part of the hydrogel is known as the sol fraction, while the reactant part
is known as the gel fraction. The weighed discs of the prepared hydrogel were placed
for 12 h in distilled water. After that, the discs were removed and positioned in the oven
for dryness. The dehydrated discs were weighed again [46]. Equations (1) and (2) were
applied for the estimation of sol and gel fractions.

Sol fraction% =
C1 − C2

C1
× 100, (1)

Gel fraction = 100− Sol fraction. (2)
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Here, C1 represents the initial weight of dried hydrogel before the extraction process,
while C2 is the final weight after the extraction process.

4.5. Porosity

The porosity study of the prepared hydrogels was performed in absolute ethanol. Hy-
drogel discs were taken, weighed (A1) and immersed in ethanol for 3 days. After achieving
equilibrium swelling, discs were removed and weighed (A2) again [47]. Equation (3) was
employed for the determination of porosity of the prepared hydrogels.

(%) Porosity =
A2 −A1

ρV
×100. (3)

Here, ρ is the density of absolute ethanol while V is the swelling volume of hydrogel
discs.

4.6. Swelling Study

Weighed hydrogel discs were soaked in buffer solutions of pH 1.2, 4.6 and 7.4. The
discs were removed at a specific interval of time, blotted with filter paper, weighed, and
placed again in the respective media [48]. Dynamic swelling (q) was determined by
Equation (4).

(q) =
T2

T1
, (4)

where T2 indicates the weight of the swollen hydrogel disc and T1 represents the weight of
the dried hydrogel disc at time t.

4.7. Drug Loading

A pH 7.4 phosphate buffer solution was used to prepare a 1% drug solution. For four
days, precisely weighed hydrogel discs were submerged in the drug solution. Following
that, discs were removed and cleaned with distilled water to remove any drugs that adhered
to the hydrogel discs’ surface. The cleaned discs were placed in a vacuum oven to dry [49].

4.8. In Vitro Drug Release Study

USP dissolution apparatus-II was employed for the drug release study. The release
of the drug from the formulated hydrogel and commercial product Strattera (60 mg) (ELI
LILLY and Co., Ltd.) was investigated at three different pH values, i.e., pH 1.2, 4.6 and pH
7.4. XG/PF127-loaded hydrogel discs and the commercial product were placed in 900 mL
of each buffer solution with 50 rpm at 37 ± 0.5 ◦C. Samples of 5 mL were collected and
fresh medium of the same quantity was added back to maintain constant sink conditions.
The collected samples were analyzed by using a UV spectrophotometer (U-5100, 3 J2-0014,
Tokyo, Japan) at the wavelength (λmax) of 226 nm [50].

4.9. Release Mechanism

The order and release mechanism of the drug from the prepared hydrogel was de-
termined by using various kinetic models. The release data were fitted into zero-order,
first-order, Higuchi, and Korsmeyer–Peppas models [51], respectively.

4.10. Statistical Analysis

SPSS Statistic software 22.0 (IBM Corp, Armonk, NY, USA) was performed for the
statistical analysis of all experimental data. Differences between the tests were determined
by Student’s t-Test and considered significant statistically (p-value < 0.05).
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M.; Smilková, M.; Sedláček, P.; Pekař,
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Abstract: Ten different hydrogels were prepared and analyzed from the point of view of their use
in soil. FT-IR spectra, morphology, swelling ability, and rheological properties were determined for
their characterization and appraisal of their stability. The aim was to characterize prepared materials
containing different amounts of NPK as mineral fertilizer, lignohumate as a source of organic carbon,
and its combination. This study of stability was focused on utility properties in their application in
soil—repeated drying/re-swelling cycles and possible freezing in winter. Lignohumate supported
the water absorbency, while the addition of NPK caused a negative effect. Pore sizes decreased with
NPK addition. Lignohumate incorporated into polymers resulted in a much miscellaneous structure,
rich in different pores and voids of with a wide range of sizes. NPK fertilizer supported the elastic
character of prepared materials, while the addition of lignohumate shifted their rheological behavior
to more liquid. Both dynamic moduli decreased in time. The most stable samples appeared to contain
only one fertilizer constituent (NPK or lignohumate). Repeated re-swelling resulted in an increase in
elastic character, which was connected with the gradual release of fertilizers. A similar effect was
observed with samples that were frozen and defrosted, except samples containing a higher amount
of NPK without lignohumate. A positive effect of acrylamide on superabsorbent properties was not
confirmed.

Keywords: superabsorbent; swelling; fertilizer; lignohumate; rheology; stability

1. Introduction

Superabsorbent polymers are hydrogels created by freely crosslinked three-dimensional
networks of flexible polymeric chains homogenously distributed in a water dispersion
medium. From a structural point of view, they are crosslinked polyelectrolytes [1]. They
have the unique ability to absorb and retain relatively large amounts of water or water solu-
tions in their structure as a result of rising entropy inside the polymer chain network [1–6].
Their field of application is very wide. They are suitable where the absorption of liquids is
required. The most common application is in sanitary equipment. They are very often used
as targeted carriers of special substances, e.g., in agriculture, to ensure sufficient humidity
for cultivated crops [7–12].

Inspired by published works [2,3,7–12] and their results, the composite materials for
the controlled release of mineral nutrients and humic substances for agricultural appli-
cation were developed in our previous work [13]. In this work, we are focused on the
characterization of prepared materials by means of FT-IR, SEM, and rheology. The aim of
this work is to investigate materials from the point of view of their agricultural application.
It means that the effect of freezing and repeated re-swelling on the mechanical properties
of storage and loss moduli was investigated.
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In the beginning, we investigated results available in studies published for super-
absorbent polymers with similar compositions. Li et al. [8] synthetized a poly(acrylic
acid)/sodium humate superabsorbent composite and studied its water absorbency prop-
erties. The effects of the initial concentration of acrylic acid, its neutralization degree,
contents of crosslinker (N,N′-methylenebisacrylamide), initiator (ammonium persulfate),
and sodium humate as an active filler were investigated. It was found that the water
absorbency was much higher in distilled water compared with the NaCl solution. The
addition of sodium humate supported material swelling up to 20% wt. A decrease in
swelling was observed for higher additions. Water absorbency gradually decreased with
the re-swelling cycles up to ~70% wt. of the initial value for the fifth cycle. Materials
were characterized by FT-IR spectrometry and thermogravimetry. Similar studies were
realized by Chu et al. [9,10]. They synthetized superabsorbents based on the same starting
materials, but their achieved water absorbency was much lower [9]. They studied swelling
in various saline solutions and observed a linear relationship between the saturated water
absorbency and the minus square root of the ionic strength of the external medium. The
water absorbency of PAA-AM/KHA in various salt solutions had the following order:
NH4Cl(aq) = KCl(aq) = NaCl(aq) > MgCl2(aq) > CaCl2(aq) > AlCl3(aq) > FeCl3(aq) [10]. Liu
et al. [11] prepared a multifunctional superabsorbent based on chitosan, g-poly(acrylic
acid), and sodium humate. They stated that sodium humate enhanced water absorbency,
and the content of 10 wt% sodium humate gave the best absorption. Gao et al. [12] inves-
tigated the effects of N, reaction temperature, and contents of initial materials on water
absorption. They confirmed the positive effect of the addition of humic acid on water
absorbency.

Smart hydrogels for agricultural applications were recently developed and investi-
gated [14,15]. Obtained results and characteristics were described in several reviews [16–19].
Zhang et al. [14] developed new multifunctional smart soils with double-layer structures con-
sisting of zwitterionic, thermo-responsive poly(NIPAM-co-VPES), and poly(NIPAM-co-SBAA)
aerogels doped in the upper layer and the bottom bed of the soils, respectively. Pushpa-
malar et al. [15] developed eco-friendly smart hydrogels for soil conditioning and sustain
release fertilizer generated from biomass waste. A review focused on cellulose-based hy-
drogel materials and their prospective applications in agricultural activity was published by
Kabir et al. [16]. Another review encompassed the latest developments in the field of smart
hydrogel synthesis based on their unique features and different aspects of their responsive
behaviors was published by Sikdar et al. [17]. Azeem et al. [18] published the review that
spotlighted application prospects of three-dimensional hydrogel in agriculture. Hydrogel
functioning, significance, advantages, mechanism of fertilizer release, and agriculture-specific
applications were comprehensively described. In the review of Chakraborty et al. [19], the use
of different nanocomposite materials developed for nutrient management in agriculture was
summarized with a major focus on their synthesis and characterization techniques and appli-
cation aspects in plant nutrition, along with addressing constraints and future opportunities
of this domain.

Effects of structural variables on water absorbency and rheological behavior of super-
absorbents based on acrylic polymers were investigated by Ramazani-Harandi et al. [20].
Their results showed a linear correlation between water absorbency and storage modu-
lus over the rubber-elastic plateau. The swelling improvement and swollen gel strength
were observed with increased crosslinker concentration. Zaharia et al. [21] enriched a
poly(acrylic acid-co-N,N′-methylene-bis-acrylamide) composite hydrogel with bacterial
cellulose. Infrared spectra, thermogravimetric curve, XRD diffraction pattern, SEM mi-
crograph, swelling degree, and rheological properties were determined and investigated
for both basic polymer and enriched material. These results can be used for the compar-
ison with our experimental data. A review focused on the rheological properties and
behavior of polymer hydrogels for different industrial applications was published by
Rehman and Shah [22].
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NPK, as a mineral nutrient used in agriculture, is often combined with different
organic manures in order to achieve suitable fertilization for soil health, plant growth, and
crop yields [23–25]. In this work, the amendment of manure was replaced by lignohumate
as the source of organic carbon. It is an industrially produced analog of natural humic
substances produced by the thermal processing of technical lignosulfonate, which is based
on the oxidation and hydrolytic destruction of lignin-containing raw materials [26–29]. Due
to its smaller molecular size and weight in comparison to humic substances isolated from
native sources, it is more soluble and has a similar character to the most active fractions of
humic substances dissolved in soil solution [30–33]. The characterization of lignohumate
using elemental analysis and spectral methods and its comparison with humic substances
isolated from different raw materials can be found in refs. [27,34]. The unique properties
and supramolecular character of lignohumate can result in the promotion of plant growth
connected with its utilization for agricultural and horticultural purposes [27,35–40].

The above-mentioned references provide characteristics for the comparison with
functional materials investigated in this study. Our materials are based on poly(acrylic
acid) (AA). N,N´-methylenebisacrylamide (MBA) was used as a crosslinker, and potassium
peroxydisulfate (KPS) as an initiator. The polymer was enriched by potassium lignohumate
(LH) as a source of organic carbon and NPK as a mineral nutrient [13]. The effect of their
additions on the properties of prepared functional materials was investigated. In this work,
the addition of acrylamide (AM), which was used in several references [2,3,5,10], was also
studied in order to consider its influence on the properties of superabsorbent materials.
However, the use of acrylamide is problematic because of its toxicity [41–44]; therefore, the
superabsorbent polymers containing higher amounts of acrylamide are not friendly for
agricultural use.

2. Results and Discussion

Ten different superabsorbent materials were prepared in order to investigate the effect
of inorganic and organic nutrients, as well as acrylamide, on the material properties. The
composition of prepared materials is described in Table 1. AA, KOH, MBA, and KPS were
used for the preparation of all superabsorbent materials in the same amounts; therefore,
only constituents differed in individual samples are listed in Table 1. Samples A. . .F
contained mineral nutrient NPK in lower (A, C, E) and higher (B, D, F) amounts. Samples
C. . .F combined NPK with LH, and samples G and H contained only LH. Samples I and
J were without inorganic and organic nutrients and were analyzed for comparison with
others. Alternatively, materials containing acrylamide (E, F, G, J) were prepared for the
comparison of their properties and behavior. In consideration of AM toxicity, its content
was relatively low. The AM/AA ratio was 5/95 in comparison with [45], where the ratios
were from 30/70 to 70/30.

Table 1. The composition of prepared superabsorbent materials.

Sample A B C D E F G H I J

AM (g) 0 0 0 0 0.75 0.75 0.75 0 0 0.75
NPK (g) 0.660 6.602 0.660 6.602 0.660 6.602 0 0 0 0
LH (g) 0 0 1 1 1 1 1 1 0 0

2.1. FT-IR Spectrometry

FT-IR spectra of prepared materials, NPK, and lignohumate were collected. Samples
were measured in dry forms by means of the ATR technique. In Figure 1, spectra for NPK,
LH, and sample I are compared. Spectra were collected for the comparison of different pre-
pared superabsorbent polymers and the identification of their constituents. The spectrum of
NPK was described in detail in [45–47]. Peaks between 3000 and 3500 cm−1 can be assigned
to stretching modes of O-H and N-H bonds in urea, potassium dihydrogen phosphate, and
ammonium dihydrogen phosphate. The shoulder around 2800 cm−1 corresponds to the
O-H stretching. Peaks between 1300 and 1400 cm−1 belong to P=O stretching, 1160 cm−1
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is related to P-OH stretching, and 1070 cm−1 is attributed to the HO-P-OH bending. The
O-N=P and O-N bonds in ammonium dihydrogen phosphate appear as peaks between
700 and 800 cm−1 [45,46]. The spectrum of lignohumate was analyzed and compared with
natural humic substances in ref. [29]. The broad peak above 3000 cm−1 belongs to O-H
stretching and N–H stretching in different functional groups and overlaps vibrations of
C-H groups in aromatic structures. Bands between 2800 and 3000 cm−1 can be assigned to
C–H and CH2 groups. Aromatic C=C vibrations and C=O stretching of quinone and amide
groups can be observed between 1600 and 1640 cm−1. N–H deformation and C=N stretch-
ing of amides appear between 1500 and 1520 cm−1. Bands between 1400 and 1500 cm−1

can be assigned to C-H bending of the CH3 group, O-H deformation, and C-O stretch-
ing phenolic groups. C=O stretching of aryl esters and C-O stretching of aryl ethers and
phenols can be seen between 1200 and 1300 cm−1. C-O stretching of secondary alcohols,
ethers, and polysaccharides or polysaccharide-like substances appear between 1000 and
1200 cm−1 [34,48]. Superabsorbent polymers based on AA and AM, as well as the starting
materials, were characterized in ref. [49]. Peaks between 3000 and 3500 cm−1 belong to
O-H and N-H stretching. The peak of C-H in the methylene group is visible at 2940 cm−1.
Two bands between 1550 and 1720 cm−1 can be assigned to C=C and C-O vibrations. C-O
vibrations also appear between 1100 and 1200 cm−1.
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observable at 1390 cm−1, 1140 cm−1, 1160 cm−1, and 1100 cm−1 are related to P=O stretching, 

Figure 1. FT-IR spectra of NPK (blue), lignohumate (green), and sample A (red). Dotted lines are
added for easy comparison of peaks in spectra.

FT-IR spectra of some prepared hydrogels are shown in Figure 2. We can see that the
presence of NPK fertilizer came through mainly in the spectrum of sample D which contains
ten times higher amounts in comparison with sample C. Characteristic peaks observable
at 1390 cm−1, 1140 cm−1, 1160 cm−1, and 1100 cm−1 are related to P=O stretching, P-OH
stretching, and 1070 cm−1, and HO-P-OH bending, respectively. The peaks shifted slightly
in comparison with the spectrum of NPK (Figure 1). Samples G and H are without NPK
and contain LH as a source of organic carbon. The difference between the two samples is
the addition of AM (sample G). No noticeable differences in the spectra of both samples
were observed.
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2.2. SEM Analysis

The morphology of superabsorbent polymers was characterized by means of scanning
electron microscopy (SEM). At first, the prepared samples before swelling were analyzed
in order to discover possible changes in their surface given by different constituents added
to the basic polymer constituents. In Figure 3, the photos of samples with low and high
contents of NPK and the effect of LH addition are shown.
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Figure 3. SEM photos of samples A with low content of NPK (a), B with high content of NPK (b), and
D with high content of NPK and LH (c) before swelling.

As can be seen, the surface of sample A has a wrinkly character without visible pores
and voids (Figure 3a). The surface morphology changed if the content of NPK increased
(ten times). The crystals of NPK constituents (urea, potassium dihydrogen phosphate,
and ammonium dihydrogen phosphate) are visible on the surface, which became more
heterogeneous (Figure 3b). A similar effect on the surface morphology of superabsorbent
polymers (if inorganic nutrients were incorporated in them) was observed in refs. [45,50,51].
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The deposition of NPK fertilizer and the crystals of their constituents deposited onto
pores walls were also observed in the swollen state in the higher magnification [45,51].
The surface roughness also increased after LH addition (Figure 3c) which can suppose
the swelling ability of the superabsorbent (see Section 2.3.). The positive effect of humic
substances on the formation of the porous structure was also observed in refs. [9,12,52].

The surface morphology of superabsorbent polymers in lower magnification was
not affected by the addition of NPK, LH, and AM (Figure 4). Prepared samples (before
swelling) had similar characteristics. The surface heterogeneity caused by the increased
amount of NPK incorporated into polymers was, in the lower magnitude, less visible (not
shown). The addition of LH resulted in the brown coloration of the prepared samples.
Although some authors (e.g., [53]) observed the increase in hydrogel porosity in the case of
higher content of AM, the low AM amount added in polymers had no similar effect. In
Figure 5, the comparison of swollen and freeze-dried hydrogels is shown. It was observed
that the NPK addition resulted in a decrease in pore size. While the sizes of pores and
voids in the hydrogel with low content of NPK were several tens of µm (Figure 5a), it
decreased in magnitude if the addition of NPK was higher (Figure 5b). The surface of pores
was covered by NPK fertilizer, similarly as in refs. [45,51]. The incorporation of LH in the
superabsorbent polymer changed the structure of the swollen hydrogel. We can see that
it is much miscellaneous and rich in different pores and voids of a wide range of their
sizes. The detail of the structure formed by the combination of NPK and LH is shown in
Figure 6a. This structure was detected only in the case of sample C; the higher content of
NPK resulted in the collapse of this miscellaneous character, and the crystals originating
from NPK covered the pore surface. Although the addition of AM was not too high in
comparison with other studies [2,3,5,10,49,54–56], its presence in hydrogel significantly
changed the shape of pores and voids from spherical to oblong slits. This observation can
influence the swelling behavior of samples enriched with AM, as described in Section 2.3.
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(b), and H with LH (c) before swelling.
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2.3. Water Absorbency

The swelling degrees of superabsorbent polymers in deionized and tap water are
shown in Figure 7. The values were determined on the basis of weight increase after 24 h.
The swelling kinetics was studied in our previous work [13], and it was found that the
swelling was relatively fast, and the equilibrium was achieved over several hours. Similar
findings were published in refs. [3,5,10]. Dadhanyia et al. [5] observed maximum swelling
degree after 20 h. Some superabsorbent polymers prepared by Raju et al. [3] achieved the
maximum swelling degrees instantly, others in several minutes [57,58]. As can be seen,
all prepared samples exhibited very good swelling properties. The samples differed from
each other by their special compositions, as shown in Table 1. Higher contents of NPK in
the structure of the sample induced a significant negative effect on swelling properties.
The lowest values were obtained for samples containing higher amounts of NPK which
caused the depression of swelling. Samples B, D, and F exhibited a much lower ability to
absorb surrounding water. In contrast, samples with the addition of lignohumate swelled
significantly better than samples without lignohumate. The addition of LH supported the
absorption of water, which resulted in the greatest degree of swelling of samples G and H
(without NPK) and an increase in swelling degree for samples containing a combination of
NPK and LH (C, D, E, and F) in comparison with samples enriched by NPK alone LH (A and
B). An adequate number of humic substances in the hydrogel polymeric network enhanced
the hydrophilicity of superabsorbent samples. Free functional groups of humate (-OH,
-COOH, -NH2, -SO3, quinonyl groups) interacted with acylamino and carboxyl groups of
superabsorbent polymers and caused a collaborative absorbent effect. The positive effect of
humic substances on swelling was observed in recent works [8,10,12,59,60].

Superabsorbents containing potassium or sodium humate [8,10,12] evinced both a
higher swelling rate and a greater amount of absorbed water. However, some authors
noted that the efficiency of humic addition to enhance swelling reached a maximum value
that the addition of higher amounts of humic substances had no additional influence on
swelling [12] or, conversely, began to have a negative influence [8–11]. A recommended
allowance of humic substances differed between 3 and 30% wt. Chu et al. [9] showed
that with the addition of a superabsorbent (1% wt.), water retention in soil increased
31 times and 40 times with the addition of a superabsorbent enriched with sodium humate.
The increase in moisture in soil enriched by superabsorbent polymers was observed in
recent work [61]. Our content of LH was in the lower limit. The increase in ionic strength
usually suppressed the ability of the hydrogel to absorb water, and their degrees of swelling
decreased in the presence of salts [10,11]. It corresponds with the increase in swelling degree
in tap water observed for all prepared samples.
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Figure 7. Swelling degree of prepared superabsorbent polymers in deionized (blue) and tap (red)
water. Samples A and B contain only NPK, C, D, E, and F combination of NPK and LH, G and H only
LH. Samples I and J are without nutrients. AM was added to samples E, F, G, and J.

It was confirmed that the presence of acrylamide (samples E, F, and G) had little
impact on the swelling ability of the studied hydrogels both in deionized and tap water.
The samples without the presence of AM exhibited no lowering of the water absorbency.
When we compare “pure” hydrogels differing only in the AM addition without NPK
and LH (samples I and J), no difference in their swelling behaviors was observed. Some
authors [53,62–64] studied the effect of AM content on the water absorbency and observed
a maximum for different AM/AA ratios (0.1 [64], 0.4 [62], and 1 [53]). In this work,
the AM addition is lower in comparison with published works [2,3,5,10] because of its
toxicity [41–44]. The aim was to investigate potential positive effects on the prepared
superabsorbent polymers, which were not confirmed in the case of water absorbency.

2.4. Rheological Properties of Prepared Superabsorbent Polymers

In Figure 8, the dynamic moduli of all superabsorbent polymers enriched by a fertilizer
are compared. We can see that the storage modulus G′ proportional to the elastic component
of the hydrogel is higher than loss modulus G′′ proportional to the viscous component
of the hydrogel. It means that all prepared materials have an elastic character. Storage
modulus G′ increases with increasing frequency (samples A, C, E, F, G, and H) or seems to
be practically independent of frequency (samples B and D). Samples B and D contain higher
amounts of NPK, and no acrylamide was used in their preparation. When AM was added
(sample F), the frequency dependence of G′′ becomes increasing. A general effect of a higher
amount of NPK is, therefore, the increase in (elastic) storage modulus (samples B, D, F).
The increase in the difference between G′ and G′′ for samples without AM and the decrease
in (viscous) loss modulus G′′ with increasing frequency supported the elastic character
of prepared hydrogels (Figure 8a,b). Superabsorbent polymers containing lignohumate
had lower dynamic moduli G′ and G′′ (Figure 8b–d) in comparison with samples A and B
enriched only by NPK (Figure 8a). The character of frequency dependence of loss modulus
G′′ changed with the LH addition. In contrast to Figure 8a, loss modulus increased slightly
with increasing frequency or remained practically constant (except sample D with higher
NPK content which kept decreasing G′′ dependence). The lowest values of both moduli had
samples G and H containing only lignohumate without NPK. The addition of acrylamide
into superabsorbent polymers resulted in a stronger increase of storage modulus G′ with
increasing frequency (compare samples D and F in Figure 8b,c) or in the decrease of both
moduli in Figure 8d.
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In summary, we can state several conclusions about how the individual constituents
affect the viscoelastic behavior of superabsorbent polymers: (1) the increase in NPK content
resulted in the increase in (elastic) storage modulus G′ and decreasing character of frequency
dependence of (viscous) loss modulus G′′; (2) the addition of LH caused the decrease in
both moduli G′ and G′′; (3) the addition AM resulted in the decrease in both moduli G′ and
G′′. It means that the NPK fertilizer supported the elastic character of prepared materials
while the addition of lignohumate shifted the rheological behavior of superabsorbent
polymers to more liquid. The more elastic character of samples with higher content of NPK
means that they can resist mechanical stress, and their structure can be worse damaged. On
the other hand, this effect is connected with the suppression of the release of lignohumate
from superabsorbent D [13]. The addition of acrylamide did not improve the properties
of prepared materials. The values of both moduli decreased with AM addition. The
difference between G′ and G′′ strongly decreased for samples with higher NPK content
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which resulted in a more liquid character of sample F (in comparison with sample D).
The difference between both moduli for samples containing lignohumate (without NPK)
remained practically the same (Figure 8d).

2.5. Stability of Prepared Superabsorbent Polymers

The stability of superabsorbent polymers was studied from three points of view. The
first one was the time stability when the samples were repeatedly measured for one year.
Other important aspects of the superabsorbents functionality in soil are drying/re-swelling
cycles as well as the effect of freezing and defrosting of materials in winter.

An example of the time development of dynamic moduli measured for sample A is
shown in Figure 9. We can see that both storage and loss moduli decreased gradually in
time as materials lost their mechanical resistance. On the other hand, the decrease in both
moduli was relatively favorable to the effect that the values did not differ in magnitude,
and storage modulus remained above 100 Pa also after 1 year (Figure 9a). The ratio between
loss and storage moduli increased slightly in time (Figure 9b). The G′′/G′ ratio represents
a criterion of the “liquid behavior” of the studied samples. When the ratio is equal to one,
the storage and loss moduli have the same values, and the degrees of liquid and elastic
extents are precisely balanced. Values higher than one denote that the sample behaves as a
viscoelastic liquid.
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Figure 9. Time stability of sample A: Storage modulus G′ (circles) and loss modulus G′′ (triangles)
measured for sample A (a) and the ratio G′′/G′ (b): after 24 h (black), 5 weeks (red), and 1 year (green).

The time stability of superabsorbent materials enriched by nutrients (NPK and LH) is
compared in Figure 10. The ratio between loss and storage moduli after 24 h and 1 year
are compared. The trend of a slight increase in the G′′/G′ ratio observed for sample A
(Figure 9b) was not confirmed for all prepared materials. In some cases (samples D, E, F,
G, and partially H), the ratio decreased after a year, which means that the participation of
viscous character decreased. It is not caused by a strengthening of hydrogel structure but
by the different rates of decrease in individual moduli, as shown in Figure 11. As can be
seen, the highest decrease in both moduli was observed for samples containing NPK in
combination with LH. The decrease for these samples (C, D, E, and F) was between 80 and
90%. In contrast, the decrease in moduli obtained for samples enriched with only one type
of fertilizer (NPK or LH) was lower and comparable (samples A, B, G, and H). The effect of
AM addition on the decrease in moduli was negligible.
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Samples A and B contain only NPK, C, D, E, and F combination of NPK and LH, G and H only LH.
Samples I and J are without nutrients. AM was added to samples E, F, G, and J.

Changes in the rheological behavior of superabsorbent polymers during repeated
swelling are shown in Figure 12. We can see that the G′′/G′ ratio decreased with the
number of cycles (Figure 12a). In Figure 12a, the examples of data obtained for sample C
are shown. A similar effect of re-swelling on the rheological behavior was observed for all
prepared hydrogels. The viscous extent decreased gradually with a number of cycles. The
results obtained for individual samples differed in the final G′′/G′ ratio (Figure 12b). The
highest extent of liquid character was determined for samples G and H containing only
lignohumate without NPK. Samples containing NPK evinced less viscous participation
and seemed to be more resistant to mechanical stresses. The gradual decrease during
re-swelling cycles is caused by the increase in both dynamic moduli, which was observed
for all prepared hydrogels, e.g., the storage modulus of samples E and F increased after
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the fifth cycle more than three times. The reinforcement of prepared materials during
re-swelling cycles is connected with the release of nutrients from their structure described
in some refs. [13,45–47,51,65].
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The effects of freezing on the rheological character of superabsorbent polymers are
summarized in Figure 13. In general, the freezing and defrosting resulted in a decrease
in the G′′/G′ ratio (except samples B and C). It means that the portion of liquid character
decreased, and samples became more resistant to mechanical stresses. In contrast, the
behavior of sample B shifted to a more liquid character. In this case, the reinforcement by a
higher content of NPK disappeared during freezing. The ratio G′′/G′ remained approxi-
mately constant for samples C and D, combining the additions of NPK and lignohumate,
but its value decreased if AM was added in the superabsorbent structure (samples E and
F). The biggest decrease in the G′′/G′ ratio was observed for samples G and H containing
LH without NPK. The addition of AM had a negligible effect on pure superabsorbents
(samples I and J).
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3. Conclusions

Ten superabsorbent polymers based on polyacrylic acid were prepared and investi-
gated from the point of view of their potential use in soil as a water reservoir and source
of mineral and organic nutrients. The release of nutrients and the effect on plant growth
were studied in detail in our previous work [13]. The aim of this work was to consider the
behavior and stability of prepared materials, including repeated swelling/drying cycles
and the freezing/defrosting process. The addition of NPK had a negative effect on the
ability of polymers to absorb water, while the lignohumate supported the superabsorbent
swelling. SEM analysis showed that the lignohumate supported the formation of complex
structures with different pores and voids. The time stability was studied in one year. Both
dynamic moduli decreased in time, but their ratio often remained practically the same. The
highest decrease was observed for materials combining the NPK and lignohumate addition.
Repeated swelling/drying cycles resulted in a decrease in the G′′/G′ ratio. It means that
the character of materials that shifted to a more elastic and liquid character gradually
decreased, which was connected with the gradual release of fertilizers. The more liquid
character remained only for samples containing lignohumate without NPK. In general, the
freezing and defrosting of prepared materials caused a decrease in their liquid character.
Samples combined with a higher amount of NPK became more liquid, and the character
of samples combining NPK with lignohumate (without acrylamide) remained the same.
This was the one case where the addition of acrylamide resulted in the change of sample
properties (compare samples C and D with E and F). Its effect on the pure superabsorbent
polymers (without fertilizers) was negligible, and a positive effect on the utility properties
of prepared materials was not confirmed.

4. Materials and Methods
4.1. Chemicals

Ten different samples of superabsorbent polymers were synthesized through the rapid
solution polymerization of partially neutralized acrylic acid under normal atmospheric
conditions. Some samples were based on acrylic acid and acrylamide mixture. Powders
of potassium lignohumate (Amagro s. r. o., Prague, Czech Republic) and NPK 20-8-8
(Lovochemie a.s., Lovosice, Czech Republic) were used as organic and mineral nutrients.

Acrylic acid, acrylamide, N,N’-methylenebisacrylamide, and potassium peroxydisul-
fate were purchased from Sigma-Aldrich (St. Luis, MO, USA). KOH was purchased
from Penta (Prague, Czech Republic). NPK 20-8-8 was purchased from Lovochemie a.s.
(Lovosice, Czech Republic). Lignohumate was kindly provided by Amagro (Prague, Czech
Republic). Its main characteristics, such as elemental composition and structural features,
can be found in refs. [26,28,34,40].

4.2. Preparation of Superabsorbent Polymers

The basic materials were prepared using the following method. The weight quantity
of AA (57 g) was dissolved in distilled water (100 cm3). The AA solution (25 cm3) was
neutralized by 10 cm3 of 8.5 M potassium hydroxide solution and crosslinked by MBA
(0.016 g). Then, the initiator KPS was added (0.5 g). The mixture was continuously heated
and stirred until reaching the temperature of approximately 85 ◦C; then, the highly viscous
mixture was removed from the beaker and placed in an oven for 24 h, which was settled at
80 ◦C. The dried product was crushed by a hammer into small pieces [9,13]. When samples
with NPK (A, B), LH (E, F), and its combination (C, D) were prepared), their powder was
added to the AA solution neutralized by KOH. Alternatively, AM (0.75 g in 1.5 cm3 of
distilled water) was mixed with AA before neutralization (E, F, G, and J). The compositions
of prepared samples are described in detail in Table 1.

4.3. Characterization of Superabsorbent Polymers

Prepared superabsorbent polymers were characterized by several methods: FT-IR
spectrometry, scanning electron microscopy (SEM), and water absorbency.
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FT-IR spectra of lignohumate, NPK, and prepared superabsorbent polymers were mea-
sured by ATR technique over the range of 4000–400 cm−1. FT-IR spectrometer (Nicolet iS 50)
operating with a peak resolution of 4 cm−1 and 128 scans were performed on each acquisi-
tion. All prepared samples were measured in a dry state before swelling.

Scanning electron microscopy (JOEL JSM-7600F, Thermo Fisher Scientific, Waltham,
MA, USA) was used for the characterization of the surface morphology of prepared super-
absorbent polymers before swelling and then for the characterization of their pore structure
in swollen forms after freeze-drying.

Water absorbency was determined by means of swelling experiments in deionized
and tap water. Superabsorbent polymers in the form of xerogel were mixed with water
in the ratio of 50 mg: 100 cm3. The swelling degree was determined on the basis of
weight increase after 24 h [13]. The weight increase caused by the absorption of water was
expressed as the so-called swelling degree Q. It was calculated as the amount of absorbed
water (expressed as the difference between the weight of hydrogel mh and the weight of
xerogel mx) normalized on the weight of xerogel [3–5,8,10,12,13,54]:

Q =
mh −mx

mx
. (1)

4.4. Rheological Properties of Prepared Superabsorbent Polymers

Rheological properties were determined by means of an Anton Paar Physica MCR
501 rheometer (Anton Paar, Gray, Austria), partially according to a previously reported
method [55,56]. The measurement was performed using a parallel plate system (PP25-SN6375,
25 mm diameter) with a 1 mm gap. First, a conditioning step was performed (3 min),
followed by a strain sweep test (strain: 0.01–100%, 10 rad/s) to determine the linear vis-
coelastic region. The region ranged from 0.01 to 1% for almost all samples, except E and G.
These latter two were more pliable; their linear viscoelastic region ranged from 0.01 to 0.5%.
Therefore, an amplitude of deformation of 0.1% was chosen as suitable for all further
experiments (frequency sweeps).

Frequency sweep measurements were taken for all samples under the following
conditions: strain, 0.1%, and frequency, 0.1–628 rad/s. Conditioning steps were performed
before each measurement. Viscoelastic measurements in oscillatory shear flow—frequency
sweep and strain sweep—were performed for each sample, and the obtained values of
moduli G′ and G′′ were compared. The storage modulus G′ is proportional to the extent
of the elastic component, and the loss modulus G′′ is proportional to the extent of the
viscous component of the system. The strength of prepared samples can be characterized
in summary by means of their ratio G′′/G′. Three repetitions of viscoelastic measurements
were performed for each sample, and the obtained values of moduli were checked for
reproducibility. Three repetitions of viscoelastic measurements were performed for each
sample, and the obtained values of moduli were checked for reproducibility.

4.5. Stability of Prepared Superabsorbent Polymers

The first stability study was based on the repeat measurement of rheological properties
over time (up to one year). Samples were kept in a swollen state; they were stored in a
desiccator with water to prevent drying out.

The next experiment was focused on the re-swelling process on superabsorbent poly-
mers. It means that superabsorbent polymers were repeatedly dried and re-swollen in
order to investigate potential changes in their properties in the cycles. The cycles were
realized with deionized water as described above (Section 4.3).

Since the superabsorbent polymers should be used outside in soil, other characteristics
were focused on their freezing and defrosting. Samples were frozen in their swollen form
(after 1st cycle) at −19 ◦C (24 h) and then defrosted at laboratory temperature (24 h).
Viscoelastic moduli (G′ and G′′) were measured after each cycle of re-swelling as well as
after the defrosting of samples.
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Abstract: Novel composite hydrogels based on poly(acrylic acid-co-acrylamide)/polyacrylamide
pseudo-interpenetrating polymer networks (pIPNs) and magnetite were prepared via in situ pre-
cipitation of Fe3+/Fe2+ ions within the hydrogel structure. The magnetite formation was confirmed
by X-ray diffraction, and the size of the magnetite crystallites was shown to depend on the hydro-
gel composition: the crystallinity of the magnetite particles increased in line with PAAM content
within the composition of the pIPNs. The Fourier transform infrared spectroscopy revealed an
interaction between the hydrogel matrix, via the carboxylic groups of polyacrylic acid, and Fe
ions, which strongly influenced the formation of the magnetite articles. The composites’ thermal
properties, examined using differential scanning calorimetry (DSC), show an increase in the glass
transition temperature of the obtained composites, which depends on the PAA/PAAM copolymer
ratio in the pIPNs’ composition. Moreover, the composite hydrogels exhibit pH and ionic strength
responsiveness as well as superparamagnetic properties. The study revealed the potential of pIPNs
as matrices for controlled inorganic particle deposition as a viable method for the production of
polymer nanocomposites.

Keywords: magnetite; polyacrylamide; poly(acrylic acid); interpenetrating polymer networks;
hydrogels; polymer nanocomposites

1. Introduction

Hydrogels are three-dimensional networks built of hydrophilic polymers which can
absorb and retain large amounts of water. Due to their high water content and soft na-
ture, they are very similar to living tissues and thus possess very good biocompatibility.
Therefore, they are extensively studied for biomedical applications such as drug deliv-
ery systems [1], biosensors [2], tissue engineering [3], etc. The combination of different
polymers has the potential to ensure the development of novel polymeric materials with
improved functionality. One of the possible ways to combine polymers of different natures
and with different properties in one material is the formation of interpenetrating polymer
networks (IPNs). IPNs comprise two or more networks that are at least partially interlaced
on a molecular scale but not covalently bonded to each other and cannot be separated
unless chemical bonds are broken [4]. When the IPN comprises a polymer network formed
in the presence of a linear polymer, the so-called pIPNs are obtained [5].

Magnetite (Fe3O4) particles are used for various applications such as drug delivery,
and bioseparation, and as contrast agents [6]. The major problem which arises when
processing magnetic particles is their colloidal instability and tendency to aggregate due
to dipole–dipole interactions [7]. To overcome their aggregation, the magnetite particles
are either coated with polymers [8,9] or surface functionalized, e.g., with acids [10] or
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bioactive compounds [11]. Another possible approach to address this challenge is the in
situ formation of magnetic particles within a polymer matrix, e.g., in a hydrogel [9,12,13],
the latter being used as a template which also provides the possibility of controlling the
particles’ size as well as the size distribution. This approach is inspired by nature as it is
known that some bacteria are able to synthesize magnetic particles intracellularly using the
in situ approach [14].

Poly(acrylic acid) (PAA) and polyacrylamide (PAAM) are among the polymers used
for coating magnetite particles [8] due to their functionality. Both PAA and PAAM are
known to interact with iron ions [9,10], providing centers for nucleation and crystal growth
via their functional groups. When PAA and PAAM are combined in one material, e.g., as in
copolymers or IPNs, hydrogen bonds are formed between their pendant carboxylic and
amide groups, respectively. Thus, the PAA/PAAM-based materials are known to exhibit
upper critical solution temperature (UCST) behavior due to these hydrogen bonds. These
materials can respond simultaneously to changes in environmental pH (due to the COOH
groups in the PAA) and temperature (due to the hydrogen bonds between both polymers),
which defines them as smart materials.

Linear PAA was applied as a coating to stabilize magnetite nanoparticles [8,15] and
prevent their agglomeration. Sanchez et al. study the effect of molecular weight and
PAA content on the magnetic and structural properties of iron oxide nanoparticles. The
results show that the increase in PAA content results in smaller sizes and narrower size
distributions of the synthesized iron oxide particles. Magnetization analysis shows that
the PAA-coated particles are superparamagnetic [8]. Chełminiak et. al. synthesized PAA-
stabilized magnetite nanoparticles through photopolymerization. The synthesized particles
were characterized by their pH sensitivity and superparamagnetic properties, which allow
their fast separation from the media [15]. Several studies show that the PAA-coated
magnetic particles can be useful materials for biomedical applications. The immobilization
of PAA potentiates the anticoagulant activity and increases the thrombin time [16] as well
as providing good biocompatibility [17] depending on the magnetic particles’ sizes. Large
particles with high PAA content cause a reduction in proliferation of cell cultures, while
smaller particles are not harmful to cell proliferation. PAAM hydrogels were explored as
matrices for in situ formation of magnetite [12,13]. It was demonstrated that the water
uptake and drug release rate of these hydrogels can be controlled by applying an external
magnetic field. This is due to the alignment of magnetic moments of individual magnetite
nanoparticles, which leads to the hydrogel swelling at a faster rate [12]. A current study
demonstrates the coating of magnetite particles with a PAA/PAAM copolymer using
gamma radiation. The pH- and temperature-responsiveness of the resulting hydrogels
appear to depend on the hydrogels’ composition, i.e., the PAA/PAAM ratio. The resulting
materials appear to be superparamagnetic. These hydrogels were successfully tested as
drug delivery systems for doxorubicin [18].

To the best of our knowledge, however, no study to date has been dedicated to the role
of IPN hydrogels combining both polymers in the in situ formation of magnetic particles.
Thus, the aim of the study was to evaluate the role of P(AA-co-AAM)/PAAM pIPNs for the
in situ formation of magnetite particles and therefore obtain novel P(AA-co-AAM)/PAAM
pIPNs/magnetite composite hydrogels. We assume that the pIPNs’ composition and
structure allow the control of the overall polymer network density and functionality and
hence they are expected to influence the size and size distribution of the magnetite particles
deposited in situ when compared to the single PAA and PAAM networks.

2. Results and Discussion
2.1. Swelling Behavior
Equilibrium Swelling Ratio (ESR)

The neat pIPNs hydrogels increase their initial weight ~20 times upon swelling in
water (ESR~20–24) but no clear dependence of their ESR on the PAA/PAAM ratio is seen
(Figure 1A). The pIPNs’ ESR values are comparable to the ESR of the AA100 sample and
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higher when compared to the neat PAAM (ESR of AA0~18). Nevertheless, such an ESR
value is comparatively low for super absorbents such as PAA and PAAM. This could be
because, at pH~6 (the swelling experiment is performed in distilled water), the prevailing
number of the carboxylic groups of PAA are protonated, and ~40% of the carboxylic
groups of PAA are in their anionic form [19]. Thus, two effects take place during water
absorbance: (i) hydrogen bonds are formed either between –COOH groups of PAA [20] or
between –COOH (from PAA) and –CONH2 groups (from PAAM), which implies additional
constraints on the pIPNs’ swelling ability and explains the not very high ESR values; and
(ii) the ionized carboxylic groups start to repulse each other and, the more carboxylic anions
are formed, the stronger the repulsion, which results in the hydrogel expansion. This
process lies behind the super absorbency of PAA. Thus, as the two effects act in opposite
directions, no clear dependence of ESR on the pIPNs hydrogels’ composition is observed
(also confirmed by the applied ANOVA analysis, Table S1).
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Figure 1. Equilibrium swelling ratio of: (A) neat pIPNs hydrogels and (B) pIPNs/magnetite composites.

The in situ formation of magnetite particles in the IPNs results in a significant increase
in the ESR and the obtained pIPNs/magnetite composites swell much more than the
neat IPNs (Figure 1B). Moreover, a clear dependence of ESR on the IPN composition is
observed: the ESR decreases as the AA content decreases (Figure 1B), as also confirmed
by ANOVA (Table S2 and Figures S1 and S2, Supplementary Information). This trend
could be explained by the disruption of the hydrogen bonds in the neat pIPNs, due to
the preferable interaction of -COOH groups from AA with Fe ions, as revealed by the
ATR-IR spectra of neat IPNs (Figure S3). Thus, the secondary physical network in pIPNs is
destroyed and the total network density is reduced, i.e., the swelling degree increases. In
the pIPNs/magnetite composites, the carboxylic anions dictate their swelling behavior due
to the repulsive interactions between adjacent -COO− anions.

We have also detected an additional ionization of the pIPNs/magnetite composites due
to the PAAM alkaline hydrolysis which takes place under the experimental conditions used
for magnetite formation, namely pIPNs’ treatment with 6 M NaOH for 72 h (Figure S5):

−CONH2 + NaOH→−COO− Na+ + NH3 (1)

In this way, some of the AAM monomeric units are transformed into sodium acrylate
and this is confirmed when comparing the IR spectra of AA0 and AA0N (Figure S5A,
Supplementary Information). Thus, the procedure for the iron oxide formation increased
the number of -COO− anions (Table S3, Figure S5) resulting in an enhanced electrostatic re-
pulsion between adjacent chains and contributing to the increased ESR of pIPNs/magnetite
composites compared to that of the neat pIPNs. The ESR of pIPNs/magnetite composites

50



Gels 2023, 9, 365

increases at higher PAA content, which is expected due to the enhanced number of COO-
anions and the repulsion between adjacent anions in the pIPNs, resulting in both cases in a
higher swelling degree.

When comparing the ESR of pIPNs/magnetite composites obtained using different
concentrations of the Fe solutions used for the in situ iron oxide formation (namely X, Y
and Z series in Materials and methods section), it is clearly seen that they do not differ in
their ESR, i.e., the Fe ion concentration does not influence the ESR of pIPNs (Figure S6).

2.2. Number Average Molecular Mass between Crosslinks and Mesh Size of Neat pIPNs

As can be seen in Table 1, the polymer volume fraction ν2,s in the swollen state increases
as the AA content decreases, while the number average molecular mass between crosslinks
decreases. This means that the network becomes denser as the PAA content decreases,
which is in line with the ESR study of the pIPNs/magnetite composites (Figure 1B). The
causes, as outlined above, are the interlaced IPN structure as well as the decrease in the
number of charged groups (coming from PAA) that repulse each other and expand the
polymer hydrogel upon swelling.

Table 1. P(AA-co-AAM)/PAAM pIPNs hydrogels swelling characteristics in distilled water.

Sample
Designation

ν2,s Mc [Da] Mc,t [Da] ξ [nm]

Equation (5) Equation (6) Equation (7) Equation (8)

AA100 0.0415 ± 0.0005 355,676 ± 11,809 1801 1144 ± 24

AA80 0.0464 ± 0.0037 248,403 ± 58,424 1797 862 ± 125

AA50 0.0481 ± 0.0069 211,178 ± 60,791 1790 702 ± 138

AA20 0.0484 ± 0.0059 182,124 ± 62,749 1783 561 ± 122

AA0 0.0463 ± 0.0028 166,366 ± 22,494 1777 481 ± 42

The mesh size characterizes the space between macromolecular chains, and this is
the space where a solute in a network could travel as well as being the space where iron
oxide nanoparticles could be formed. That is why the mesh size is expected to play an
important role in the in situ formation of iron oxides. Figure 2 presents the dependence of
both the number average molecular mass between crosslinks as well as the mesh size of
pIPNs hydrogels on the polymer volume fraction. As the polymer volume fraction, ν2,s,
increases, both Mc and ξ decrease, which again proves the network density increase. This
observation is in line with similar results for polymer networks reported elsewhere [21].

The theoretical number average molecular mass between crosslinks for pIPNs hydro-
gels, Mc,t, was calculated (Equation (7)) and is presented in Table 1. Both Mc values show
the same dependence on pIPNs’ composition, but they significantly differ in their values.
The theoretically predicted Mc,t is much lower than the corresponding experimentally
determined Mc value. This can be explained by the fact that the theoretical predictions do
not consider the presence of the linear PAAM chains which contribute to the overall pIPNs
samples’ behavior, in particular their swelling. Following the model of Andrews et al. [22],
the molecular network in a rubber sample is a dual or “hybrid” network, containing two
types of chains: (1) chains which are at equilibrium when the sample is at its unstretched
length (in our case these are the PAAM linear chains, part of the pIPN structure); and
(2) chains which are at equilibrium when the sample is at its stretched length (this is the
copolymer network). The interchain entanglements between the copolymer network and
the linear polymers could possibly be the source of the significant difference between the
two Mc values.
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Figure 2. Dependence of the number average molecular mass between crosslinks and the mesh size
of pIPNs hydrogels on polymer volume fraction.

2.3. Determination of the Iron Content in pIPNs/Magnetite Composites

The swelling ability of the pIPNs is expected to influence the quantity of iron ions that
they absorb. As the amount of PAA in the pIPNs decreases, the absorbed iron increases,
as revealed by two independent methods, namely flame atomic absorption spectroscopy
(FAAS) and energy-dispersive X-ray analysis (EDX) (Figure 3). These results are supported
by the visual appearance of the pIPNs composite hydrogels (Figure 4). The pIPNs hydrogels’
color changes (deepens) from transparent through yellowish to black as PAA content in the
pIPNs decreases from AA100 to AA0. Thus, the pIPNs’ composition is a tool for controlling
the in situ formation of magnetite within the P(AA-co-AAM)/PAAM pIPNs hydrogels.
The quantity of absorbed Fe ions and hence the quantity of iron oxides formed in situ
also influenced the crystallinity of the pIPNs composites. We have demonstrated that
using different concentrations of the initial Fe3+/Fe2+ solution, changing in this way the
amount of in situ-formed iron oxide, changed not only the visual appearance of the samples
(Figure 4c) but also the crystallinity of the formed iron oxide (Figure S9).
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Figure 3. Iron ions content in pIPNs composites as determined by flame atomic absorption spec-
troscopy (FAAS) and energy-dispersive X-ray analysis (EDX).
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Figure 4. Appearance of the pIPNs/magnetite composites (a) when dry and (b) in their swollen
state. (c) Comparison in the appearance of the AA50 composites obtained by swelling in Fe3+/Fe2+

solutions with different concentrations (Z denotes the lowest Fe ions concentration used).

The higher amount of Fe in the pIPNs with the lowest PAA content could be explained
by the increased amount of in situ-formed (precipitated) iron oxide particles in these pIPNs.

The precipitation of the iron oxide in AA monomeric units-rich hydrogels is hampered
by the complex formation between COO− anions from PAA and Fe cations from the salts,
which is confirmed by comparing the IR spectra of AA100 (i.e., neat PAA) and one of its
composites, i.e., AA100Fe (Table S4, Figure S5B). It illustrates that the bands for −C=O
antisym and νC=O –COOH in pIPNs observed in the spectrum of the PAA homopolymer
(AA100) at 1700 cm−1 and 1653 cm−1 shift, respectively, to 1711 cm−1 and 1666 cm−1 in
AA100Fe (which is the same pIPN sample swollen in Fe salts solution) due to fact that
Fe ions interact preferably with –COO- groups of PAA. In contrast, the amide I, II and III
bands do not change their position after swelling in Fe solution, which is clearly seen when
comparing the spectra of AA0 and AA0Fe, i.e., the same network after its swelling in Fe
salts aqueous solution (Table S3, Figure S5A). Thus, the interaction between Fe ions and
COO− groups of PAA hampers the in situ formation of iron oxide particles. In contrast, in
PAAM-rich pIPNs, the Fe ions are “free” to form iron oxide particles as the Fe ions do not
interact with –CONH2 groups of PAAM (Figure S5A) and thus the quantity of iron oxides
formed increases.

2.4. X-ray Diffraction of the pIPNs Composites

X-ray diffraction was used to characterize the pIPNs iron oxides obtained in situ
(Figure 5). The diffractograms of the pIPNs hydrogels with in situ-formed iron oxide
particles show peaks which are characteristic of magnetite (at 2θ = 30.15; 35.4; 43.05;
53.5; and 57.0, marked with asterisk * in Figure 5) [23]. The hydrogels’ composition,
i.e., the PAA/PAAM ratio, strongly influences the magnetite formation; in the samples
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where AA monomeric units prevail (AA100X and AA80X), no crystal peaks are detected,
while in the samples AA50X, AA20X and AA0X, the magnetite peaks are clearly seen
(Figure 5). This observation is in line with the explanation provided above of how the pIPNs’
composition determines the iron content in the respective pIPNs/magnetite composites. As
mentioned above, the -COO− groups’ interaction with Fe ions does not allow the formation
of crystalline magnetite: the higher the COOH groups content, the lower the amount of
crystalline magnetite.
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For the sake of comparison, the X-ray diffractogram of neat iron oxide obtained using
the same procedure for in situ preparation of the pIPNs/magnetite composites (designated
as MPS in Table 2) is presented in Figure 5. The neat iron oxide (MPS sample) shows
slightly shifted peak positions when compared to magnetite (PDF# 01-1111); these are most
probably due to irregularities of the samples’ surface.

Table 2. Crystallite size of magnetite particles formed in situ in pIPNs at two 2θ values.

Sample Crystallite Size [Å]
at 2θ = 35.4 Dhkl (311)

Crystallite Size [Å]
at 2θ ~ 43 Dhkl (400)

AA100X amorphous amorphous

AA80X 11 amorphous

AA50X 46 30

AA20X 73 96

AA0X 72 90

MPS 92 98

The crystallite size of magnetite particles was calculated using the peaks at 2θ = 35.4
Dhkl(311) and 2θ = 43 Dhkl(400) (Table 4). The magnetite crystallites are very small
(≤ 11 nm) which explains well the peak broadening observed in their X-ray diffractograms
(Figure 5). Thus, according to the XRD results, magnetite crystallites with size ≤11 nm
form bigger polycrystalline particles (which we call magnetite particles in the manuscript).
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In Table 4, the size of MPS magnetite crystallites is also provided for the sake of
comparison. As could be expected, it is higher than the crystallite size of magnetite
particles formed in situ in pIPNs due to the constraints that the hydrogel exerts on the
magnetite formation.

Magnetite crystallite values, such as those obtained within this study, were reported
when in situ precipitation of iron oxide in a neat PAAM network was performed. Specifi-
cally, 6 and 9 nm are reported by Sivudu et al. while, without the influence of any polymer,
magnetite crystallites of size ~10 nm was observed [7]. This opens up the avenue for
successful exploration of pIPNs as a template for the in situ formation of magnetite as a
method for the manufacture of magnetite–polymer nanocomposites. Such a method may
avoid the agglomeration of magnetite nanoparticles, which usually takes place when such
nanocomposites are obtained via direct blending of the polymer and the ferric oxide parti-
cles [24]. Furthermore, the size and crystallinity of magnetite particles could be controlled
via pIPNs’ composition as Figure 6 reveals: there is a clear relationship between the mesh
size of the pIPNs and the crystallite size of the in situ-formed magnetite.
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Figure 6. Dependence of the magnetite crystallite size on the pIPNs’ mesh size for pIPNs/magnetite
composites.

Moreover, the concentration of the initial Fe3+/Fe2+ solution could also be used to influ-
ence the quantity of the in situ-formed iron oxides as well as their crystallinity (Figure S9).
The dilution of the Fe salts solution results in an insufficient quantity of Fe ions which could
be further effectively involved in the formation of crystal phases and, thus, the crystallinity
could be varied.

2.5. pH-Responsive Behavior of pIPNs and the pIPNs/Magnetite Composites

The presence of –COOH groups in the pIPNs defines their ability to respond to changes
in pH. At pH > pKa

COOH (pKa
COOH of PAA is in the range from 4.25 to 4.75) [25,26], –COOH

groups are deprotonated, which results in negatively charged pIPNs. Thus, an electrostatic
repulsion arises between neighboring chains and the hydrogel expands, leading to an ESR
increase. This pH responsiveness is clearly seen for neat P(AA-co-AAM)/PAAM hydrogels
in Figure 7A where:

• At pH = 3 (i.e., below pKa of COOH), all –COOH groups are protonated and the pIPNs
hydrogels show a swelling ratio ~10 for all pIPNs compositions, i.e., AA content does
not influence the ESR.

• At pH = 5 and above (i.e., above pKa of COOH), the polyanionic character of the
pIPNs hydrogels makes the hydrogels increase their swelling ratio up to 70–80, i.e., 7
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to 8 times, at an alkaline pH when compared to the swelling ratio obtained for pH = 3
(Figure 7A, Figure S10).
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Figure 7. pH responsiveness of (A) neat pIPN hydrogels and (B) pIPNs/magnetite composite
hydrogels.

The ESR value is highly dependent on the hydrogel composition: the higher the
AA content, the higher the ESR. As expected, the PAAM/PAAM IPN hydrogel (AA0
sample) does not show pH responsiveness. Thus, the AA/AAM monomeric units’ ratio
in their copolymer is also a key tool for controlling the smart behavior of the P(AA-co-
AAM)/PAAM hydrogels upon pH change.

The pIPNs/magnetite composite hydrogels also demonstrate pH responsiveness
although their swelling ratio, for some compositions, increases “only” twice upon pH
increase (Figure 7B). Several factors define the weaker effect of pH on the swelling ratio
of pIPNs/magnetite composites. Firstly, magnetite particles act as additional crosslinking
junctions, reducing the swelling ratio of the composite hydrogels in comparison to the
neat pIPNs; this is clearly seen at higher pH when all COOH groups are deprotonated.
Similar observations are reported for PAAM/magnetite composites where the swelling of
magnetite-loaded PAAM hydrogels in physiological fluid was observed to decrease when
increasing the amount of magnetite in the gel [12]. Secondly, the increased ionic strength of
the media, as the pH value is adjusted using 0.1 M phosphate buffer and 0.1 M NaOH, is
known to suppress the swelling of polyelectrolytes (in this particular case—PAA). Thirdly,
the complexation between the carboxyl groups of PAA and iron ions partially shields the
repulsion between adjacent COO- thus diminishing the pH influence on the swelling ratio
of pIPNs/magnetite composite hydrogels [27].

The different behavior of the AA0 sample (PAAM/PAAM pIPNs) and the respec-
tive composite AA0X (PAAM/PAAM pIPNs with in situ-formed magnetite) should be
noted. While, as expected, AA0 shows no pH responsiveness (Figure 6A), the respective
composite hydrogel exhibits some influence of pH on its swelling (Figure 6B). Similar
results are reported in the literature for PAAM hydrogel loaded with magnetite nanoparti-
cles; they also demonstrated pH responsiveness [6]. The authors explained the observed
behavior by enhanced electrostatic forces between the amide groups and iron oxide. How-
ever, according to our results (Table S4, Figure S5A), which are further confirmed by a
recent paper [13], this pH responsiveness could be due to the PAAM hydrolysis to PAA
(Figure S4) which takes place during the magnetite formation where a high concentration
of NaOH is used. Thus, COO− anions appear along the PAAM chains which define the
observed pH responsiveness of the respective composites.
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2.6. Salt-Concentration Responsiveness of pIPNs and the pIPNs/Magnetite Composites

All pIPNs hydrogels—neat and composite ones—exhibit a polyelectrolyte effect, i.e., a
decrease in their swelling ratio upon increasing the ionic strength of the medium (Figure 8).
It is interesting to note the sharp increase in the swelling ratio (SR) of the neat pIPNs
hydrogels at very low (0.001 M) NaCl concentration (Figure 8B, Table 3). The effect could
be explained by the partial or complete destruction of the hydrogen bonds formed between
PAA and PAAM by the stronger interaction of COOH groups with the sodium ions from
NaCl. This results in liberation of part of the pIPNs chains and thus the SR sharply increases.
The further increase in the ionic strength, however, shields up the repulsive interactions
between carboxylic anions in the PAA and, correspondingly, the SR decreases.
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Figure 8. Ionic-strength responsiveness of pIPNs hydrogels: (A) and (B) without magnetite; (C) and
(D) with in situ-formed magnetite. Figure (B) and (D) are provided in order to better illustrate the
swelling ratio at ionic strength lower than 0.01 mol/L.
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Table 3. Swelling ratios of pIPNs and pIPNs/magnetite composites in water and in 0.001 M NaCl
aqueous solution.

Sample H2O 0.001 M NaCl

AA80 22 ± 2 58 ± 5

AA80X 91 ± 5 85 ± 4

AA50 26 ± 1 57 ± 2

AA50X 79 ± 2 79 ± 4

AA20 22 ± 1 39 ± 1

AA20X 61 ± 1 67 ± 5

For pIPNs/magnetite composite hydrogels, such SR increase at low NaCl concentra-
tions is not observed (Figure 8C, samples with “X” in Table 3). Their SR decreases as the
NaCl concentration increases most probably due to the lower number of hydrogen bonds
between PAA and PAAM: the concurrent interaction of the PAA –COOH groups with Fe
ions results in weaker PAA-PAAM interactions. The smaller number of hydrogen bonds in
pIPNs/magnetite composites means a lower number of H-bonds that could be disrupted
upon the addition of electrolytes and the resulting effect of the salt on the SR is weaker.
This observation indirectly confirms the proposed explanation for the neat pIPNs’ swelling
behavior at low NaCl concentration (Figure 8A). Moreover, due to the PAAM hydrolysis,
the number of CONH2 groups decreases as they are transformed into sodium acrylates
under the experimental conditions used for magnetite formation, which could also result
in a decrease in the number of PAA-PAAM hydrogen bonds.

2.7. Temperature Responsiveness of pIPNs and pIPNs/Magnetite Composites

The hydrogen bonds between PAA and PAAM in the pIPNs define temperature
responsiveness and PAA/PAAM-based materials show upper critical solution temperature
behavior (UCST). The neat pIPNs hydrogels exhibit temperature responsiveness, which
is influenced by their composition (Figure 9A): as the PAA content decreases, the PAAM
content increases correspondingly, and the temperature responsiveness diminishes. The
reason for this is the decreased number of inter- and intramolecular hydrogen bonds that
results from variation of pIPNs composition, which defines less pronounced temperature
responsiveness (Figure 9A).
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Figure 9. Temperature responsiveness of (A) neat P(AA-co-AAM)/PAAM pIPN and (B) pIPNs/magnetite
hydrogels.
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The pIPNs/magnetite composites, however, do not show temperature responsiveness;
their swelling ratio does not change upon temperature increase (Figure 9B). This confirms
the explanation above that, due to the concurrent interaction of –COOH groups from
PAA with Fe ions, the number of hydrogen bonds between –COOH and –CONH2 groups
(from PAAM) is reduced and this results in diminishment of the temperature response.
Moreover, the procedure for magnetite formation results in –CONH2 groups hydrolysis,
i.e., a decrease in the number of sites where hydrogen bonds could be formed, additionally
reducing the number of hydrogen bonds in the composites. All these factors result in the
loss of temperature responsiveness in the pIPNs/magnetite composites (Figure 9B). Similar
studies with hybrid pIPNs/magnetite materials obtained at lower Fe ions concentration
(Figure S11) confirm this conclusion and reveal that even low Fe concentrations could make
the pIPNs lose their temperature responsiveness.

2.8. Thermal Properties

The thermal properties of neat pIPNs as well as of their composites containing
magnetite were studied to evaluate the influence of magnetite on the pIPNs’ properties
(Figures S12 and S13). The pIPNs show one Tg which is between the Tg’s of the neat
PAA, namely 73 ◦C for the AA100 sample, and 111 ◦C for the neat AA0 sample (Table S6,
Figure S12). The experimentally determined Tg (black squares) show a slight positive
deviation from the dependence predicted by the additivity law (red dots), which could be
explained by the hydrogen bonding between PAA and PAAM (Figure 10).
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In contrast, for pIPNs/magnetite composites, Tg increases as PAA content increases
(Table S6, Figure 10). As the ATR-IR data have shown, there is an interaction between COO−

anions and Fen+ ions (Table S4), which imposes additional conformational constraints on
the polymer segments involved in the binding of Fe ions. The reduction of the polymer
flexibility is accompanied by an increase in Tg as reported for e.g., poly(ethylene oxide)
interaction with Na+ and Li+ ions [28]. The authors report an exponential increase in Tg
as salt concentration increases, which enhances the polymer–metal ion interactions. The
case here is similar: the number of interactions between PAA and Fe ions increases as PAA
content increases (Figure 10).
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The Tg values for AA0X and AA20X do not show any deviation from the respective
neat pIPNs, which could mean that, once formed, the magnetite does not strongly interact
with the polymer network, which is also revealed by ATR-IR (Figure S5, Table S4). Thus, the
positive deviation in the Tg dependence on PAA content is related mainly to the interaction
between –COO− pendant groups and Fe ions [29].

2.9. Scanning Electron Microscopy

The morphology of the broken surface of two pIPNs/magnetite composites are pre-
sented in Figure 11. Both samples were chosen as they present two border cases: AA80X has
a lower iron content than AA20X. Moreover, the latter is proven to contain magnetite rather
than Fe ions (Figure 5). The in situ-formed magnetite particles in AA80X could be clearly
seen as bright spots that are evenly dispersed within the polymer matrix (Figure 11A). The
SEM image of the AA20X sample reveals a greater size of the formed magnetite particles
(Figure 11B) when compared to the particles seen in AA80X. The average size of magnetite
particles in AA80X is ~200 nm (Figure 11C) while in AA20X they have an average diameter
of ~400 nm (Figure 11D). These results are well aligned with the XRD data and confirm
the conclusion that the copolymer composition controls the process of in situ iron oxide
formation. Moreover, the smaller mesh size of the pIPNs provides a greater saturation in
its loops, leading to the formation of magnetite particles with higher crystallinity.
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2.10. Magnetic Properties

The magnetic properties of pure magnetite (MPS) and the pIPNs/magnetite compos-
ites were studied using a vibrating sample magnetometer (VSM) at room temperature
(Figure 12).
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Figure 12. Magnetization of neat MPS and PAAM/PAAM pIPNs/magnetite composites.

The magnetization response, i.e., magnetization versus the applied magnetic field,
has the well-known S-shaped curve, with coercive field and remanent magnetization very
close (within the experimental error) to zero. Thus, both the pure magnetite (MPS) as well
as magnetite/pIPNs composite hydrogels exhibit superparamagnetic behavior, i.e., they
become magnetized when a magnetic field is applied but have no permanent magnetization
(remanence) after the magnetic field is removed. It is clearly understood from the literature
that magnetite nanoparticles with particle sizes of less than 20 nm are superparamagnetic
and single domain, since 20 nm is less than the domain size for that material [30]. The
magnetization values for iron oxide nanoparticles are usually between 30 and 50 emu/g [31],
while higher values (e.g., 90 emu/g) have been observed for bulk materials. Here, the lower
values for AA0X magnetization (~3 emu/g) could be related mainly to the small particle
sizes (less than 20 nm), as confirmed by SEM (Figure 11). The factors which are known
to contribute to the magnetization value of superparamagnetic iron oxide nanoparticles,
are (i) the size of the particles; (ii) the spacing between the nanoparticles (coatings such
as silica or polymers separate the magnetic domains, allowing each individual magnetite
particle to act independently and thus enhancing the net magnetism per gram); and
(iii) the crystalline structure of the iron oxide [31]. The size and the crystallinity are the
most probable factors contributing to the lower magnetization of MPS as compared to that
of similar particles reported in the literature.

The saturation magnetization of the hybrid hydrogel at room temperature is sig-
nificantly lower than that of the pure magnetite samples. The cause is the diamagnetic
contribution of the polymer matrix within which the magnetite nanoparticles are evenly
dispersed, the mass of which was not possible to estimate and subtract.

3. Conclusions

This study reveals the synthesis of novel P(AA-co-AAM)/PAAM pIPNs and their
composites with magnetite, obtained via in situ deposition. Formation of magnetite parti-
cles takes place via a complex mechanism involving the predominant role of PAA as an
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Fe2+/Fe3+ binding component. The results demonstrate that the pIPNs’ composition is
a powerful tool to control the size, crystallinity and quantity of the magnetite particles
deposited in situ. SEM and XRD studies clearly confirm these conclusions. Moreover, the
magnetite nanoparticles formed in situ act as additional crosslinks for the pIPNs networks,
resulting in decreased swelling as well as reduced pH and ionic strength responsiveness of
the pIPNs/magnetite composites when compared to the neat pIPNs. The valuation of the
magnetic properties of the obtained composite hydrogels reveals their superparamagnetic
properties with magnetization of ~3 emu/g. The results are encouraging and could be
further used to widen the application of IPNs, in particular pIPNs, as templates for the
preparation of polymer nanocomposites. Such novel inorganic/organic composites could
find a wide range of applications as smart systems with defined pH and salt concentration
responsiveness.

4. Materials and Methods
4.1. Materials

Iron (III) chloride, anhydrous and cyclohexane were purchased from Fisher Chemicals
(Fisher Scientific, Waltham, MA, USA). Iron (II) sulfate heptahydrate, acrylic acid, acry-
lamide, potassium persulfate, N, N’-methylene-bis-acrylamide, N, N, N’,
N’-tetramethylethylene diamine (TEMED), sodium hydroxide, nitric acid, perchloric acid
and phosphoric acid were purchased from Sigma Aldrich, USA. Polyacrylamide (PAAM)
(Mw > 5,000,000) was purchased from BDH Laboratory reagents, Poole, England. All
reagents were used as received.

4.2. Methods
4.2.1. Synthesis of P(AA-co-AAM)/PAAM pIPNs

P(AA-co-AAM)/PAAM pIPNs were synthesized by free radical polymerization. In
summary, a defined amount of each monomer (Table 4) was dissolved in 1 wt% aqueous
solution of linear PAAM (Mw = 5,000,000) giving a final total monomer concentration of
1.4 M. The initiator potassium persulfate (0.3 mol% to the total monomer content) and the
crosslinking agent, N, N’-methylene-bis-acrylamide (2 mol% to the total monomer content)
were added and the solution was homogenized using a magnetic stirrer at 350 rpm until all
components were fully dissolved. Next, TEMED (0.2 v/v%) was added and the solution
was further homogenized for 3 min. The obtained solution was placed between two
glasses separated with a 1 mm thick rubber spacer and the polymerization took place over
45 min at 60 ◦C. After the end of the polymerization period, the obtained hydrogels were
carefully removed from the glasses and placed in distilled water to purify them of any
residuals. Water was changed 3 times daily until no residuals were found in the wastewater,
as monitored by UV spectrophotometry. The purified hydrogels were cut into disk-shaped
pieces and left to dry.

Table 4. Composition of the initial polymerization solutions as well as of the P(AA-co-AAM) copoly-
mer (obtained by using the Mayo–Lewis equation).

Sample
Initial Polymerization Solution Composition Reactivity Ratios Values Copolymer Composition

AA
[mol. %]

AAM
[mol. %] pH r1 r2

AA *
[mol. part]

AAM
[mol. part]

AA100 100 0 2.7 PAA homopolymerization 0.96 -

AA80 80 20 2.9 1.34 0.69 0.81 0.19

AA50 50 50 3.3 1.34 0.69 0.55 0.45

AA20 20 80 3.7 1.28 0.82 0.24 0.76

AA0 0 100 6.2 PAAM homopolymerization 0 1

* N,N’-methylene-bis-acrylamide amount taken into account.
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4.2.2. P(AA-co-AAM) Composition

The ratio between AA and AAM monomeric units in their copolymer was estimated
using the Mayo–Lewis equation:

MP
AA

MP
AM

=
[AA]·(r1·[AA] + [AM])

[AM]·([AA + r2·[AM])
(2)

where [AA] and [AM] are the molar concentrations of the monomers AA and AAM in the
starting solution. MP

AA and MP
AM are the molar fractions of the corresponding monomeric

units in the copolymer. r1 and r2 are, respectively, the reactivity ratios for the AA/AAM
copolymerization. As the reactivity ratio depends on the pH of the reaction mixture, its
values were taken at the closest point to the respective initial comonomer solution pH
(Table 4) [32].

4.2.3. Preparation of pIPNs/Magnetite Composite Hydrogels

An aqueous solution of two Fe salts, namely FeCl3 (0.30 M) and FeSO4.7H2O
(0.15 M), was prepared and dry disk-shaped samples of pIPNs were immersed in it for
72 h. Fe2+/Fe3+ loaded pIPN hydrogels were taken out of the solution, washed with
distilled water, and placed in 6 M NaOH for 72 h. The same procedure was repeated using
two other concentrations of the mixed Fen+ salts solutions: 10 times diluted, i.e., FeCl3
(0.03 M) and FeSO4.7H2O (0.015 M) (composite hydrogels designated with “Y”), and
100 times diluted, i.e., FeCl3 (0.003 M) and FeSO4.7H2O (0.0015 M) (composite hydrogels
designated with “Z”), respectively. The obtained composite hydrogels were washed with
distilled water for 7 days, the water being changed twice daily. All hydrogels were left to
dry in ambient conditions. The compositions of the obtained composites are presented in
Table 2.

AA100Fe and AA0Fe samples (Table 5) were obtained to evaluate the swelling in
Fen+ mixed salt aqueous solution of the neat PAA and PAAM, respectively. Similarly,
AA100N and AA0N samples (Table 5) were obtained to evaluate the swelling in NaOH
aqueous solution of the neat PAA and PAAM samples. Moreover, for the sake of compari-
son, neat magnetite particles were synthesized via co-precipitation. In brief, the aqueous
solution of FeCl3(0.30 M) and FeSO4.7H2O (0.15 M) was alkalized with 6 M NaOH to
reach pH = 11. The obtained black precipitate was magnetically decanted, washed five
times with distilled water and dried under ambient conditions. These particles are desig-
nated as MPS in Table 5. Their size was found to be 388 ± 143 nm via DLS (Figure S16,
Supplementary Information).

Table 5. pIPN hydrogels with in situ-formed magnetite particles via co-precipitation.

Sample
Designation

AA
[mol. %]

AAM
[mol. %]

Fe3+

[mol/L]
Fe2+

[mol/L]
6 M NaOH

AA100X 100 0 0.30 0.15 yes

AA80X 80 20 0.30 0.15 yes

AA50X 50 50 0.30 0.15 yes

AA20X 20 80 0.30 0.15 yes

AA0X 0 100 0.003 0.0015 yes

10 times dilution

AA80Y 80 20 0.03 0.015 yes

AA50Y 50 50 0.03 0.015 yes

AA20Y 20 80 0.03 0.015 yes
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Table 5. Cont.

Sample
Designation

AA
[mol. %]

AAM
[mol. %]

Fe3+

[mol/L]
Fe2+

[mol/L]
6 M NaOH

100 times dilution

AA80Z 80 20 0.003 0.0015 yes

AA50Z 50 50 0.003 0.0015 yes

AA20Z 20 80 0.003 0.0015 yes

AA100Fe * 100 0 0.30 0.15 no

AA0Fe * 0 100 0.30 0.15 no

AA100N * 100 0 no no yes

AA0N * 0 100 no no yes

MPS * - - 0.003 0.0015 yes
* Samples obtained to be as referent.

4.2.4. Swelling Behavior

The volume of the dry polymer network, Vd, and the volume of the hydrogel at
equilibrium swelling in water, Vs, were determined using the following equations:

Vd =
md,a −md,h

ρ
(3)

Vs =
ms,a −ms,h

ρ
(4)

Here md,a and md,h are the weights of the dry polymer networks measured in air and
in cyclohexane, respectively, while ms,a and ms,h are the weights of the swollen hydrogels
measured in air and in cyclohexane, respectively.

The polymer volume fraction, ν2,s, in the swollen state was calculated by using the equation:

ν2,s =
Vd
Vs

(5)

The number average molecular mass between crosslinks (Mc) was determined by the
swelling experiments according to the Flory–Rehner equation:

1
Mc

= −
ν
V1
[ln(1− ν2,s) + ν2,s + χν2

2,s](
3
√
ν2,s − 0.5ν2,s

) (6)

where V1 is the molar volume of water (18 cm3/mol) [21], ν is the specific volume of the
polymer (0.67) [33], and χ is the Flory–Huggins interaction parameter between the polymer
and water, which is 0.5 for PAA and 0.49 for PAAM [33].

The theoretical number average molecular mass between crosslinks, Mc,t, was calcu-
lated by using the equation:

Mc,t =
Mr

2X
(7)

where Mr is the molecular mass of the polymer repeat unit determined as weighted average
and X is the nominal crosslinking ratio, calculated as the molar ratio between total monomer
content and the crosslinking agent.

The network mesh size, ξ, was calculated using the equation:

ξ =
1

3
√
ν2,s

√
2CnMc

Mr
l (8)
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Here Cn is the Flory characteristic ratio (CPAA
n = 6.7 and CPAAM

n 2.72) [33,34], and l is
the carbon–carbon bond length (1.54 Å).

4.2.5. Equilibrium Swelling Ratio (ESR)

Both the pIPNs and the pIPNs/magnetite composites were left to swell in water
until they reached a constant weight. Next, their equilibrium swelling ratio (ESR) was
determined by the equation:

ESR =
msw −mdry

mdry
(9)

where msw and mdry denote the weights of the sample in swollen state and dry state, respec-
tively. pH of water used in the experiment was measured to be ~5.6 (Hanna instruments
HI 2211 pH/ORP meter).

4.2.6. pH Responsive Behavior of pIPNs and pIPNs/Magnetite Hydrogels

The pH responsiveness of pIPNs and the pIPNs/magnetite composite hydrogels were
determined in the pH range from 3 to 11 at 25 ± 1 ◦C. Briefly, dry disk-shaped samples
(4.5 mm diameter) were swollen in buffer solution with defined pH until they reached a
constant weight (for ~24 h). The swelling ratio at the respective pH (SRpH) was calculated
by using the equation:

SRpH =
mpH

sw −mdry

mdry
(10)

where mpH
sw and mdry denote, respectively, the weights of the sample in its swollen state at

certain pH and in its dry state. The buffer solutions were prepared following a procedure
described in the literature [35].

4.2.7. Temperature Responsive Behavior of pIPNs and the pIPNs/Magnetite
Composite Hydrogels

The temperature responsiveness of pIPNs and their magnetite composites was tested
in the temperature range from 25 to 55 ◦C in water. Dry disk-shaped samples (4.5 mm
diameter) were swollen in water at a defined temperature for 8 h. The swelling ratio at the
defined temperature (SRTemp) was calculated by using the equation:

SRTemp =
mTemp

sw −mdry

mdry
(11)

where mTemp
sw and mdry denote the weight of the sample in its swollen state at certain

temperature and in its dry state, respectively.

4.2.8. Ionic Strength Responsive Behavior of pIPNs and pIPNs/Magnetite Composite
Hydrogels

The ionic strength responsiveness of pIPNs and the pIPNs/magnetite composites was
measured in aqueous NaCl solutions with concentration ranging from 0.001 M to 1 M as
well as in pure water (0 M). In brief, dry disk-shaped samples (4.5 mm diameter) were
swollen in a solution with certain NaCl concentration until they reached a constant weight
(~24 h). The swelling ratio (SRI) was calculated for each NaCl concentration by using
the equation:

SRI =
mI

sw −mdry

mdry
(12)

where mI
sw and mdry denote the weights of the sample in its swollen state at certain NaCl

concentration and in its dry state, respectively.
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4.2.9. Attenuated Total Reflectance-FTIR (ATR-FTIR)

pIPNs and the pIPNs/magnetite composites were characterized using infrared spec-
troscopy (IR) in a regime of attenuated total reflectance by using an IRAffinity-1 Shimadzu
Fourier transform infrared (FTIR) spectrophotometer with MIRacle attenuated total re-
flectance attachment. The samples were studied as dry solids, without any
preliminary treatment.

4.2.10. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry tests were performed on DSC apparatus Q200, TA
Instruments, USA. Dry samples (~5–6 mg) were heated from −50 to 150 ◦C, then cooled to
−50 ◦C before being heated again to 230 ◦C at a 10 ◦C/min heating rate under nitrogen
flow (50 mL/min). The results that were used and reported within the study are from the
second heating run.

4.2.11. X-ray Diffraction (XRD)

A Siemens D500 diffractometer, Germany, with secondary monochromator and Cu-Kα

radiation was used to obtain the diffractograms over 2θ range of 10–80◦ with a step of 0.03◦

and count time of 10 s. The search-match program Match3 was used to identify the crystal
phases. The crystallite size Dhkl (in Å) in direction perpendicular to the (hkl) planes (311)
and (400) was calculated according to Scherrer’s formula:

D〈hkl〉 =
0.9∗λ

β 1
2

cos θ
(13)

where λ = 1.542 Å is the wavelength used, 2θ is the reflection position and β1/2, in rad, is
the physical integral width of the reflection hkl positioned at 2θ. Gaussian function was
used to approximate the reflections. β1/2 was obtained from the experimental width B and
instrumental width b.

4.2.12. Iron Content Determination in pIPNs/Magnetite Composites
Flame Atomic Absorption Spectroscopy

Pieces from each pIPNs/magnetite composite were weighed (~0.2–0.3 g) and im-
mersed in 2 mL conc. nitric acid in a 25 mL beaker. The beaker was covered with watch
glass and then heated on a hot plate at 90–100 ◦C for 1 hour. This time was enough to
partially degrade the polymer. The solution was then cooled down to room tempera-
ture. Then, 1 mL conc. perchloric acid was added and the beaker was heated again to
100–120 ◦C until white fumes appeared, and complete polymer degradation was achieved.
After cooling down, the solution was diluted with distilled water and transferred to a 25 mL
volumetric flask. The concentration of Fe ions was determined by flame atomic absorption
spectroscopy (Perkin Elmer Analyst 400, Waltham, MA, USA) using a calibrating curve
(Figure S17, Supplementary Information).

Scanning Electron Microscopy (SEM) with Energy-Dispersive X-ray Spectroscopy (EDX)

To determine the iron content as well as the magnetite particles’ dispersion within
the composites, the fractured surface of dry samples was covered with a thin carbon film
(~10 nm). The samples were examined under a scanning electron microscope Lyra 3 XMU
(Tescan), operating at 10 kV and coupled with EBSD and EDX analysis systems (Quantax
200, Bruker, Billerica, MA, USA).

Transmission Electron Microscopy (TEM)

Dry pIPNs/magnetite composites were cut into slices of ~100 nm width using an
ultramicrotome (Leica EM UC7). The slices were examined under HR TEM (JEOL, JEM-
2100), operating at 200 kV.
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Magnetic Measurements

Magnetization curves were measured at room temperature using a vibrating sample
magnetometer (VSM) in fields up to 6 kOe. The samples were prepared by pressing the
powder into cylindrical (Ø = 3 mm, h = 10 mm) quartz containers so that the particles were
unable to move during the measurements.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9050365/s1, [12,36–41] Table S1. ANOVA data for the de-
pendence of ESR on the pIPNs compostion for neat IPNs, Table S2. An effect size of groups’ ESR.
Generalized eta squared-ges of 0.945 (95%) means that 95% of the change in the ESR can be ac-
counted for the treatment conditions. Figure S1. One-way single factor ANOVA results. Variance
of ESR between groups. Figure S2. P.adjust dependence from Tukey test for significance. Figure S3.
ATR-IR spectrum of neat pIPNs (A) and samples AA0 and AA20, showing the band shifting due to
hydrogen bonding (B). Figure S4. ATR-IR spectra of the pIPNs, obtained with PAA homopolymer
(AA100N) and PAAM hopomopolymer (AA0N) after treatment with 6 M NaOH for 72 h. Table S3.
Band assignments the pIPNS IR spectra with homopolymer PAAM (AA0 sample). Table S4. Band
assignments of the pIPNs with homopolymer PAA (AA100 sample). Figure S5. ATR-IR spectra of
pIPNs (A) with homopolymer PAAM: neat (AA0); with absorbed Fe ions (AA0Fe); treated with
6M NaOH for 72 h (AA0N); and the respective magnetite/PAAM composite AA0X; and (B) with
homopolymer PAA: neat (AA100); with absorbed Fe ions (AA100Fe); treated with 6M NaOH for
72 h (AA100N); and the respective magnetite/pIPNs composite (AA100X). Figure S6. Equilibrium
swelling ratio of pIPNs hydrogels with in situ formed iron oxide obtained via using different Fe
aqueous solutions concentration: X (Fe3+—0.30 mol/L; Fe2+—0.15 mol/L); Y (Fe3+—0.030 mol/L;
Fe2+—0.015 mol/L) Z (Fe3+—0.003 mol/L; Fe2+—0.0015 mol/L). Table S5. ANOVA analysis on
the dependence of initial iron solution on the ESR of the resulting hybrid hydrogels. Figure S7.
Iron content as determined by Flame Atomic Absorption Spectroscopy (FAAS) in pIPNs composite
materials with in situ formed iron oxide obtained via using different Fe aqueous solutions concen-
tration: X (Fe3+—0.30 mol/L; Fe2+—0.15 mol/L); Y (Fe3+—0.030 mol/L; Fe2+—0.015 mol/L) Z
(Fe3+—0.003 mol/L; Fe2+—0.0015 mol/L). Figure S8. XRD patterns of sample AA20X in is dry
and swollen state. Figure S9. XRD diffractograms of pIPNs/magnetite composites with different
composition with in situ formed magnetite. Figure S10. Comparison between the swelling ratios
of pIPNs and the pIPNs/magnetite composites at pH = 5. Figure S11. Temperature responsiveness
of pIPNs/magnetite composite hydrogels. Figure S12. DSC thermograms of neat pIPNs (the 2nd
heat scan from heat/cool/heat run is presented). Figure S13. DSC thermograms of pIPNs/magnetite
composites (the 2nd heat scan from the heat/cool/heat run is presented). Table S6. Experimen-
tally determined Tg of pIPNs and pIPNs/magnetite composites. Figure S14. ATR-IR spectrum of
pIPNs/magnetite composites. It is clearly visible there is no significant difference between samples.
Figure S15. Normalized concentration of TC removed by AA0X (A) and by of potassium persulfate
activation (B). Figure S16. Size of the neat magnetite particles MPS as revealed by DLS. Figure S17.
Calibration curve for Fen+ ions, used in FAAS experiments.
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Abstract: Osteoporosis is one of the most disabling consequences of aging, and osteoporotic fractures
and a higher risk of subsequent fractures lead to substantial disability and deaths, indicating that
both local fracture healing and early anti-osteoporosis therapy are of great significance. However,
combining simple clinically approved materials to achieve good injection and subsequent molding
and provide good mechanical support remains a challenge. To meet this challenge, bioinspired by
natural bone components, we develop appropriate interactions between inorganic biological scaffolds
and organic osteogenic molecules, achieving a tough hydrogel that is both firmly loaded with calcium
phosphate cement (CPC) and injectable. Here, the inorganic component CPC composed of biomimetic
bone composition and the organic precursor, incorporating gelatin methacryloyl (GelMA) and N-
Hydroxyethyl acrylamide (HEAA), endow the system with fast polymerization and crosslinking
through ultraviolet (UV) photo-initiation. The GelMA-poly (N-Hydroxyethyl acrylamide) (GelMA-
PHEAA) chemical and physical network formed in situ enhances the mechanical performances
and maintains the bioactive characteristics of CPC. This tough biomimetic hydrogel combined with
bioactive CPC is a new promising candidate for a commercial clinical material to help patients to
survive osteoporotic fracture.

Keywords: injectable hydrogels; osteogenesis; bone cement; biocompatible polymers

1. Introduction

Osteoporosis, a major worldwide health problem, is associated with substantial social,
economic, and public health burdens. By 2030, approximately 13.3 million individuals
in the United States older than 50 years are expected to have osteoporosis [1]. Fractures,
the most important consequence of osteoporosis, are associated with enormous costs and
substantial morbidity and mortality [2,3]. Roughly 9 million osteoporotic fractures occur
worldwide each year [4], and approximately one in three women and one in five men aged
50 years or older will have a fragility fracture during their remaining lifetime. Furthermore,
a total of 23% of the subsequent fractures occur within 1 year after the first fracture, and
54.3% occur within 5 years [5], indicating the treatment for the first fracture with an internal
fixation system or bone cement alone is deemed insufficient, resulting in an urgent need
for early anti-osteoporosis therapy after a first fracture to prevent subsequent fractures.
However, achieving rapid recovery of local fractures to avoid long-term bedrest that can
lead to further systemic osteoporosis, and at the same time, improving the total bone mass
to avoid secondary fractures is still a great challenge.
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Osteoporosis is a systemic skeletal disease characterized by reduced bone mass and
microarchitectural deterioration of bone tissue leading to an increased risk of fragility
fracture [3]. Osteoporosis is a chronic disease and long-term management is required. The
purpose of treating patients with osteoporosis medication is to reduce the risk of fracture
and subsequent pain and disability [6]. At present, most existing therapeutics used in the
treatment of osteoporosis are anti-resorptive drugs, such as bisphosphonates, and bone
anabolic agents, including denosumab and teriparatide [3,6]. If individuals at high risk
of fractures do not receive appropriate treatment, this may result in further consequences.
Vertebral fractures are the most common among osteoporotic fractures and due to poor
bone quality, screw loosening and pull-out occur frequently in older osteoporotic patients,
which presents several challenges to spine surgeons [7,8].

Common strategies for improving osteointegration include aesthetic contouring at
the physical level and osteogenesis at the biochemical level [9–11]. Percutaneous verte-
broplasty (PVP) and percutaneous kyphoplasty (PKP) are widely used in the treatment of
osteoporotic vertebral compression fractures (OVCFs). PVP and PKP refer to a minimally
invasive spine surgery technique that injects bone cement into the vertebral body through
the pedicle or beside the pedicle to relieve back pain, increase the stability of the vertebral
body, and restore the height of the vertebral body [12]. Pedicle screw fixation is widely
used to treat spinal disease, and the number of spine surgeries in elderly patients with os-
teoporosis continues to increase worldwide due to the increasingly aged population [13,14].
To improve the pull-out strength of screws in the osteoporotic spine and decrease the risk of
screw loosening, several techniques are used, such as using an expandable screw, enlarging
the length and diameter of the screw, and using a cement-augmented pedicle screw (CAPS).
Among these approaches, CAPS has been proven to be the most effective strategy for
enhancing the fixation strength to improve pedicle screw stability in patients with osteo-
porosis [13,14]. However, combining simple clinically approved materials to achieve good
injection and subsequent molding and provide good mechanical support remains a chal-
lenge. The common types of bone cement used clinically include polymethylmethacrylate
(PMMA), calcium phosphate cement (CPC), calcium sulfate cement (CSC), and composite
bone cement. Currently, PMMA bone cement is the most commonly used bone cement
in PVP/PKP and CAPS, having advantages such as biocompatibility, injectability, and
good mechanical properties [12,15]. However, PMMA also has various disadvantages, such
as it cannot be degraded, a lack of biocompatibility, a propensity to cause surrounding
tissue damage due to polymerization exotherm, and residual monomer toxicity [12]. In
addition, the injection of PMMA bone cement into a vertebral body increases the possibility
of fracture of the adjacent vertebral body.

The ideal bone cement is biocompatible, resorbable, osteoconductive, osteoinductive,
and mechanically similar to bone. The study and development of new bone cement alterna-
tives to PMMA is the focus of intensive investigations worldwide. In the last few decades,
injectable hydrogels have gained increasing attention due to their structural similarities
with the extracellular matrix, easy process conditions, and potential applications in min-
imally invasive surgery [15]. CPC, which has good osteoconductive and biocompatible
capacity, presents an advantageous alternative material. Fortunately, with the rapid devel-
opment in nanotechnology, nanomaterials are easily characterized (such as using X-ray
and neutron diffraction to detect structure) [16–18] and evaluated (surface morphology
and surface energy determined by atomic force microscopy) [19]. Thus, nanomaterials
have been widely applied in the ferrimagnetic and optical domains [20,21]. The control-
lable preparation of CPC nano powder-formed CPC scaffolds has been widely applied
in clinical application [22–25]. However, the time-consumer curing process, intrinsic un-
controlled brittleness, and poor washout resistance have limited its further integrated
applications. To address these drawbacks of pure CPC, one of the major strategies is to
integrate organic-inorganic phases and simulation tissue composite. Some peptide-based
matrices endow materials with bioactive and mechanical properties, but they are limited by
stringent synthesis processes [26,27]. Gelatin methacryloyl (GelMA) derived from collagen
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with injectable, bioactivity, and fast crosslinking progress has been widely studied [28–32].
However, its poor mechanical behavior has confined it to accelerating bone reconstruction.
Introducing poly(ethylene glycol) diacrylate (PEGDA) to form GelMA/PEGDA hydrogel
showed guided bone regeneration, however, the mechanical properties were still weak [28].
Thus, developing injectable, osteoblast-active, and tough materials is still a big challenge.
In this study, we design an organic-inorganic precursor containing CPC, GelMA, and
N-Hydroxyethyl acrylamide (HEAA) with fast gelation behavior [33–37]. The CPC and
GelMA are supported to promote bone regeneration. The in situ-formed chemical and
physical GelMA-poly(N-Hydroxyethyl acrylamide) (GelMA-PHEAA) network endows the
composite with a uniquely tough structure that enhances the mechanical performance and
maintains the bioactive characteristics of CPC. Due to the above properties, the resultant
GelMA-PHEAA/CPC hydrogels impart superior tough mechanical properties and strong
osteogenic ability.

Herein, bioinspired by natural bone structure, we develop a biomimetic bone structure
that fully considers the need for appropriate interactions between inorganic osteogenic
teriparatide and organic powerful biological scaffolds, achieving a scaffold that is both
firmly loaded with CPC and able to provide strong mechanical support. The HEAA bridges
in the system make the whole hydrogel network very tough, realizing the great storage
of CPC and excellent osteogenic properties. Meanwhile, the components are Food and
Drug Administration (FDA)-approved and well-suited to clinical translation. In summary,
this bioactive injectable hydrogel is a novel promising therapy for fracture patients and
well-suited to clinical commercialization.

2. Results and Discussion
2.1. Synthesis and Characterization of GelMA-PHEAA/CPC Hydrogels

In this study, a new injectable and bioactive hydrogel was designed. The schematic
in Figure 1A illustrates the hydrogel preparation process. By introducing GelMA and
HEAA monomer into the CPC precursor, a fast cross-linked homogeneous hydrogel system
could be fabricated. Such a protocol allowed the in-situ gelation of hydrogels at localized
defects and accelerated bone regeneration. As shown in Figure 1B, the typical vial inversion
test proved that GelMA-PHEAA/CPC hydrogel could be easily formed under UV photo
initiation in 2 min. The injection process in Figure 1C demonstrated that the precursor was
able to plastically mold in a preset shape with fast cross-linking. Figure 1C(I–IV) show the
precursor injection, defect filling, formation in situ, and final shape, respectively. These
properties will allow the repairing of irregular defects in clinical applications. A rheological
test was used to evaluate the processability of the used materials. Although the pre-solution
contains macromolecule, monomer, and inorganic particles, the system still exhibits an
obvious shear thinning phenomenon (Figure 1D). Due to the fast cross-linking ability, the
system could form a stable network consisting of an organic-inorganic hybrid structure.
A rheological frequency-sweep test (Figure 1E) showed that the storage modulus (G′) of
the GelMA-PHEAA/CPC precursor was lower than the loss modulus (G′′) at the sol stage,
and after polymerization, the G′ of the GelMA-PHEAA/CPC hydrogels was always higher
than the G′′, which indicated that the hydrogels had both a stable structure and elasticity at
a wide range of frequencies.

Figure 2A shows the SEM micrographs of the hydrogels. The pure GelMA hydrogel
exhibited a smooth surface with few porous structures, while the GelMA-PHEAA hydrogel
presented a flat smooth surface. However, the introduction of CPC in the GelMA system
caused a remarkable increase in porosity. The CPC powder was loose within the GelMA net-
works. In addition, compared with the GelMA/CPC hydrogel, the GelMA-PHEAA/CPC
hydrogel revealed a tighter structure, which allowed CPC to be well-dispersed in the system.
The surface element detection in Figure 2B also illustrates that the GelMA-PHEAA/CPC
hydrogel contains abundant bioactive particles with a homogeneous composition. The
chemical structures of the precursor and hydrogels were tested using FT-IR spectroscopy
(Figure 2C). The characteristic absorption peaks at 3300~3000 cm−1 of HEAA and the
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GelMA macromolecule represented the unsaturated C-H vibration. Absorption peaks at
1680~1620 cm−1 represent the -C=C- vibration of HEAA, which was observed in both
HEAA and the GelMA-PHEAA/CPC precursor. However, in the case of GelMA, this
double bond vibration may overlap with the -NH- vibration whose characteristic peak lay
at 1650~1500 cm−1. After photo-initiation for 2 min, the double bond and unsaturated C-H
vibration peaks in both GelMA-PHEAA and GelMA-PHEAA/CPC groups disappeared,
indicating that both systems experienced in situ completed polymerization. In general,
the complete polymerization of hydrogel precursors always results in less cytotoxicity for
clinical application compared to the toxic monomers.
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Figure 1. Schematic representations of GelMA-PHEAA/CPC hydrogels for bone regeneration (A).
The optical images present the sol−gel transformation of hydrogels, and I,II represent the origi-
nal state and after photo-initiation of GelMA-PHEAA/CPC precursor and GelMA-PHEAA/CPC
hydrogel, respectively (B). The optical images present the injectability and ability to form in situ
of the materials, and I–IV represent precursor injection, defect filling, formation in situ, and final
shape, respectively (C). Rheological behavior of pre-solution and hydrogels under rotation ramp
mode (D) and dynamic frequency sweep tests (E).

Next, to determine the phase composition of CPC in the composite GelMA-PHEAA/CPC
hydrogels, X-ray diffraction (XRD) analysis was performed (Figure 2D). The CPC consisted
of tetracalcium phosphate (TTCP, Ca4(PO4)2O) and dicalcium phosphate anhydrous (DCPA,
CaHPO4), which could form hydroxyapatite (Hap) (Ca10(PO4)6(OH)2) in situ [38]. The
broad peak at around 20 = 23◦ represented the polymer chain segment of the organic
composite. Both samples exhibited typical peaks of HAp and anhydrate TTCP phase.
However, the intensity of HAp and TTCP in GelMA-PHEAA/CPC was obviously weaker
than CPC, which might be due to the shielding effect of the organic phase. Appropriate
mechanical properties are vital for materials applied in bone defects. As mentioned, GelMA-
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PHEAA/CPC hydrogel could be injectable with fast cross-linking, but the form of the
organic-inorganic composite needs to be strong enough to support tissue regeneration. The
compress-strain curves in Figure 2E,F show a comparison of the mechanical performance
of each sample. The clinically used CPC was brittle with less than 10% compressibility,
which is a major disadvantage in practical application. At the same time, while, due to its
bioactivity and biocompatibility, GelMA is wildly researched in tissue regeneration, the soft
and weak networks it forms limited its application in hard tissue repair. The introduction
of CPC in GelMA would weaken the network. As shown in Figure 2F, the modulus of
GelMA/CPC is one-third that of GelMA. However, by introducing PHEAA into the system,
both Young’s modulus and the compressibility of the materials were significantly promoted.
GelMA/CPC and GelMA-PHEAA/CPC both showed lower mechanical properties than
their hydrogel matrix. This may be attributed to the weak interaction between CPC dis-
persed in the system and the polymer, which decreases the strength of the polymer network
connections. However, with the increase in compression deformation, the breaking stress of
GelMA/CPC and GelMA-PHEAA/CPC became greater than that of their hydrogel matrix.
These phenomena may be due to the strong interaction between CPC and the polymer
network. In addition, the fluctuations in the curve of the GelMA-PHEAA/CPC hydrogel
after 78% deformation indicated the local failure of the system; however, the materials could
maintain their structural integrity at 90% strain with over 3.5 MPa stress. This property
allowed the GelMA-PHEAA/CPC hydrogel to support a hard tissue structure and would
reduce the potential risk of implant material rupture.
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Figure 2. The characteristics of the hydrogels. (A) surface morphology of the hydrogels by SEM.
(B) Elemental composition and distribution of GelMA-PHEAA/CPC. (C) FT-IR spectra of GelMA,
HEAA, GelMA-PHEAA, and GelMA-PHEAA/CPC. (D) XRD of CPC and bioactive hydrogel, and the
characteristic peaks were labeled with *. (E) Typical compress-strain curves of different samples and
detailed performance of the first 0–20% strain (F). (G) The Young’s modulus of different hydrogels.
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The stability of a hydrogel after swelling is very important because the mechanical
property of traditional hydrogels is supposed to be weak in the swollen state. However,
as shown in Figure 3A(I), the structure of GelMA-PHEAA/CPC hydrogel remained intact
in the swollen state. We compressed the cylindrical hydrogel with a 500 g hook weight
and it underwent deformation (Figure 3A(II,III)). After removing the force, the GelMA-
PHEAA/CPC hydrogel recovered its initial shape, indicating that this hydrogel was stable
in the solution environment. The swelling curve in Figure 3B exhibits the weight change of
the freeze-dried hydrogels versus time. The swelling rate of pure GelMa hydrogel reached
over 1000%, while, after introducing CPC or PHEAA in the system, the swelling rate of the
hydrogels decreased. The PHEAA network is influenced more obviously than the inorganic
component CPC. The GelMA-PHEAA/CPC hydrogel showed an appropriate ability to
absorb water, and this behavior is thought to promote affinity with tissue. All hydrogels
can be degraded by collagenase. The weight retention curves in Figure 3C demonstrated
that the pure GelMA hydrogel degrades too fast to fill a defect, while the degradation
ratio of GelMA/CPC was nearly 50% after 7 days. The hydrogel with PHEAA degraded
more slowly than the single network materials, as the PHEAA promoted network density
and enhanced the interaction of all components, making the system more stable. Thus,
the GelMA-PHEAA/CPC needed a long time to degrade. This behavior could prolong
the bioactive effect of the CPC hydrogel scaffold and slow the release of CPC, rather than
rupturing quickly.
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Figure 3. Stability test of the hydrogels. (A) The optical images of GelMA-PHEAA/CPC hydrogel
in the swelling state. I: shape integrity of the swelling hydrogel. II–IV: the compression process on
swollen GelMA-PHEAA/CPC hydrogels using a 500 g hook weight. (B) The swelling properties of
different hydrogels. (C) Biodegradation of hydrogels.

2.2. Cell Proliferation

As presented in Figure 4, the Live/Dead staining showed almost no dead cells among
all samples after being cultured for 48 and 72 h, suggesting that the biocompatibility of
GelMA and the incorporation of CPC were satisfactory, and the hydrogels do not affect
the proliferation of cells on the samples. L929 cells spread and grew well on all the sample
surfaces cultured for 48 h. When cultured for 72 h, all of the samples were almost covered
by cells. There were plenty of living cells (green fluorescence), indicating that all hydrogels
were biocompatible, which is consistent with the previous literature [39] and demonstrates
that all components are well-suited for clinical translation.
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Figure 4. In vitro cell biocompatibility of GelMA-PHEAA/CPC hydrogels. Representative live/dead
staining images of L929 cells for GelMA, GelMA-PHEAA, GelMA/CPC, and GelMA-PHEAA/CPC
on 48 (A) and 72 h (B).

2.3. Osteogenic Activity

The expressions of osteogenic genes including Runx2, OPN, OCN, ALP, COL I, and OSX
in MC3T3 were evaluated by qRT-PCR. As shown in Figure 5A–F, the cells on the GelMA-
PHEAA/CPC hydrogel sample expressed a higher level of these osteogenic-related genes than
the other samples. The trends in the expressions of the four genes in cells on the four samples
were consistent and ran: GelMA < GelMA-PHEAA < GelMA/CPC < GelMA-PHEAA/CPC.
The increased expressions of osteogenic genes in the cells may be due to the formation of a
hard tissue structure and reduced risk of CPC rupture, and the good storage of CPC, which
could promote the differentiation of MC3T3 cells.
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Figure 5. Expression of osteogenic-related genes in MC3T3 cells seeded on hydrogels at Day 7:
(A) Runx2, (B) OPN, (C) OCN, (D) ALP, (E) COL I and (F) OSX, (n = 4, * p < 0.05, ** p < 0.01,
*** p < 0.001).

Meanwhile, the protein expression of COL I and OCN, which were analyzed using
immunofluorescence staining, were further investigated to evaluate the osteogenic activity
of the hydrogels. As shown in Figure 6A,B, the GelMA-PHEAA/CPC hydrogel significantly
promoted COL I and OCN expression compared to the other hydrogels. Semi-quantitative
statistical analysis results further confirmed that the protein expression of COL I and OCN
in the GelMA-PHEAA/CPC group was notably higher than that in the GelMA/CPC and
GelMA hydrogels (Figure 5C,D). These results confirmed the bioactivity of the GelMA-
PHEAA/CPC hydrogel. In summary, this bioactive injectable hydrogel is a novel promising
therapy for fracture patients and well-suited to clinical commercialization.
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Figure 6. Immunofluorescence expressions stained by DAPI, F-actin, COL I (A), OCN (B), and their
Merged images of GelMA, GelMA-PHEAA, GelMA/CPC, and GelMA-PHEAA/CPC on Days 21.
Statistics of relative expression of COL I (C) and OCN (D) for GelMA, GelMA-PHEAA, GelMA/CPC,
and GelMA-PHEAA/CPC in Days 21. The data was presented as the mean ± SD (n = 3), * p < 0.05,
** p < 0.01, *** p < 0.001.

3. Conclusions

In this work, GelMA-PHEAA/CPC hydrogel was synthesized through a one-pot
process. Due to the fast cross-linking and injectable behavior, in situ defects can be formed
easily. The GelMA-PHEAA network endowed the system with a strong and tough network,
and the inorganic CPC phase promotes bioactivity for bone regeneration. The GelMA-
PHEAA/CPC hydrogel exhibited good biocompatibility and promoted cell proliferation.
The good storage of CPC in the hydrogel system promoted the mRNA expressions of
osteogenic genes (Runx2, OPN, OCN, ALP, COL I, and OSX). The improved osteogenic
activity of GelMA-PHEAA/CPC was due to the increase in the CPC content and the stable
hydrogel system. This study provided a reference for the modulation synthesis of injectable
hydrogel, strongly supporting the contention that the biological properties of CPC can be
improved by modulation synthesis to endow bone implants with good osteogenic abilities.

4. Materials and Methods
4.1. Chemicals and Reagents

Methacrylate Gelatin (GelMA), N-Hydroxyethyl acrylamide (HEAA, 98%), and Lithium
Phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP, 98%) were purchased from Aladdin
Reagent Inc. (Shanghai). Tetracalcium phosphate (TTCP, Ca4(PO4)2O) and dicalcium
phosphate anhydrous (DCPA, CaHPO4, 98%) were supplied by Macklin Biochemical Co.,
Ltd. (Shanghai, China). Calcium phosphate cement (CPC) powder was prepared by
equimolar mixing of TTCP and DCPA. All reagents were used as received without further
purification. In this experiment, all purified water was obtained from a Millipore system
with an electronic conductance of 18.2 MΩ cm.
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4.2. Preparation of GelMA-PHEAA/CPC Hydrogels

To obtain the fast gelation bioactive hydrogel, a predetermined amount of GelMA
(0.3 g) was added to 1.5 mL purified water and stirred at 60 ◦C to prepare a GelMA
solution. Then 1.2 g HEAA, 15 mg LAP photoinitiator, and 0.3 g CPC were added into
the solution and subjected to ultrasonic dispersion (see Scheme 1). The obtained pre-
solution was transferred into a syringe and injected into the template. After exposure to UV
light (365 nm, 36 W) for 2 min, the bioactive hydrogel was fabricated and named GelMA-
PHEAA/CPC. Hydrogels without CPC were defined as GelMA-PHEAA, and the 10 wt%
GelMA hydrogel was chosen as a control group. The hydrogel base materials including
GelMA, GelMA-PHEAA, GelMA/CPC, and GelMA-PHEAA/CPC were prepared by photo-
initiation. Clinically used CPC scaffold was chosen as the control group [38].
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4.3. Characterization of Hydrogels

Fourier-transform infrared (FTIR) spectra were acquired using a Nicolet 5700 (Thermo)
at room temperature from 4000 to 400 cm−1. The morphology and surface elemental
composition of the hydrogels were visualized under scanning electron microscopy (SEM)
(3400-N, Hitachi, Tokyo, Japan). The rheological behavior of the hydrogels was evaluated by
a HAAKE MARS III rheometer. The pre-solution processability was tested under rotation
ramp mode from 0.01–100 s−1 in 1 min at 37 ◦C. Dynamic frequency sweep tests were
carried out from 15 to 0.1 Hz at 37 ◦C with an oscillatory strain of 1% at the thickness of
1 mm. The microstructure of the materials was examined by X-ray diffraction (XRD, Rigaku
D/Max2550, Tokyo, Japan) with a scan range of 10 to 60 degrees. The mechanical properties
of hydrogels were evaluated by an electronic mechanical testing machine (SANS CMT2503,
Guangzhou, China). Hydrogel samples were fabricated in a cylindrical shape (8 mm
in diameter and 10 mm in height) and tested at a speed of 10 mm min−1. The swelling
test was evaluated by gravimetric analysis. The freeze-dried hydrogel was weighed,
giving Wd, and then hydrogels were immersed in phosphate-buffered saline (PBS). The
hydrogels were taken out from PBS at different time intervals and weighed again, to find
Ws, until swelling equilibrium. The swelling ratio was then calculated from swelling
ratio = (Ws −Wd)/Wd × 100%. The degradation of the samples was also recorded using
gravimetric analysis. The prepared hydrogels were weighed to find W0 and then incubated
in PBS with 2 CDU mL−1 collagenase type I solution at 37 ◦C for one week. The hydrogels
were weighed every day to find Wt. The degradation ratio was then calculated from
degradation ratio = (W0 −Wt)/W0 × 100%.

4.4. In Vitro Cytocompatibility Evaluation

All hydrogel specimens were immersed in sterile medium to reach a swelling equi-
librium and further exposed under ultraviolet (UV) light (8 W) for another 1 h before
testing. The hydrogel was soaked in fresh medium for 24 h to prepare the extracts. L929
cells were seeded in a 6-well plate for 24 h. Then, medium was replaced with extracts and
incubated for 48 and 72 h. After culturing, the cells were stained with Calcein AM/PI
(Servicebio, Beijing, China). Finally, the cells were viewed with fluorescence microscopy
(Leica, Weztlar, Germany).
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4.5. Quantitative Real-Time PCR (qRT-PCR) Analysis

The mRNA expressions of osteogenic genes in MC3T3-E1 cells on different samples were
evaluated by using qRT-PCR. Briefly, MC3T3 cells with a cell density of 1 × 105 cells/mL
were seeded on samples for 7 days. At the end of the incubation time, the cells were rinsed
with PBS and the total RNA was extracted with TRIzol™ reagent (Invitrogen, MA, USA).
Afterward, 1.0 µg of the RNA was reverse-transcribed into complementary DNA (cDNA) by
Transcript or First Strand cDNA Synthesis Kit (Roche, Switzerland). Subsequently, qRT-PCR
was carried out on the Roche LightCycler480 II system using an SYBR Green I PCR Master
(Roche, Switzerland). The housekeeping gene was GAPDH, and runt-related transcription
factor 2 (RUNX2), osteopontin (OPN), osteocalcin (OCN), Alkaline Phosphatase (ALP),
type I collagen (COL I), and Osterix (OSX) were the chosen osteogenic genes. The relative
mRNA expressions of target genes were normalized to that of the reference gene GAPDH.
All the primers for RT-PCR are listed in Table 1.

Table 1. Primers for RT-PCR.

Primers Sequences Primers Sequences

GAPDH Forward AGAACATCATCCCTGCATCCAC GAPDH Forward
Reverse TCAGATCCACGACGGACACA Reverse

RUNX2 Forward CCTCGAATGGCAGCACGCTA RUNX2 Forward
Reverse GCCGCCAAACAGACTCATCCA Reverse

ALP Forward CACGGCGTCCATGAGCAGAAC ALP Forward
Reverse CAGGCACAGTGGTCAAGGTTGG Reverse

COL I Forward TGGTCCTGCTGGTCCTGCTG COL I Forward
Reverse CTGTCACCTTGTTCGCCTGTCTC Reverse

4.6. Effects of the Osteogenic Activity of MC3T3

The osteogenic activity of the hydrogels was detected by immunofluorescence staining.
Briefly, immunostaining of COL I and OCN was performed after 21 days of culture at a
density of 1 × 104 MC3T3 cells per scaffold. After being fixed with 2.5% glutaraldehyde
for 15 min, the cells were permeabilized with 0.1% Triton X-100 solution and blocked
with 5% bovine serum albumin (BSA) for 1 h. Then, COL I and OCN were incubated
with mouse-anti-osteocalcin IgG (Abcam, Cambridge, UK) at 4 ◦C overnight, followed by
incubation with Alexa Fluor® 647 labeled goat-anti-mouse IgG (Abcam, HK, ab150115) for
2 h. Then, F-actin was stained with phalloidin, and the nucleus was stained with DAPI
(Beyotime, Shanghai, China). Subsequently, the immunofluorescence images were observed
and captured by a confocal laser scanning microscopy (CLSM, A1, Nikon, Natori, Japan).

4.7. Statistical Analysis

All numerical data were generated by at least three separate experiments and ex-
pressed as the mean and standard deviation of each experimental condition. One-way
analysis of variance (ANOVA) was used in the statistical analysis, and Tukey’s signifi-
cant difference posterior test was used. Statistical significance was accepted at * p < 0.05,
** p < 0.01, and *** p < 0.001.
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Abstract: The inability to meet and ensure as many requirements as possible is fully justified by the
continuous interest in obtaining new multifunctional materials. A new cryogel system based on
poly(vinyl alcohol) (PVA) and poly(ethylene brassylate-co-squaric acid) (PEBSA) obtained by repeated
freeze–thaw processes was previously reported and used for the incorporation of an antibacterial
essential oil—namely, thymol (Thy). Furthermore, the present study aims to confer antioxidant
properties to the PVA/PEBSA_Thy system by encapsulating α-tocopherol (α-Tcp), targeting a double
therapeutic effect due to the presence of both bioactive compounds. The amphiphilic nature of the
PEBSA copolymer allowed for the encapsulation of both Thy and α-Tcp, via an in situ entrapment
method. The new PVA/PEBSA_Thy_α-Tcp systems were characterized in terms of their influence
on the composition, network morphology and release profiles, as well as their antimicrobial and
antioxidant properties. The study underlined the cumulative antioxidant efficiency of Thy and
α-Tcp, which in combination with the PEBSA copolymer have a synergistic effect (97.1%). We believe
that the convenient and simple strategy offered in this study increases applicability for these new
PVA/PEBSA_Thy_α-Tcp cryogel systems.

Keywords: poly(vinyl alcohol); copolymacrolactone; thymol; α-tocopherol; synergistic effect;
hydrogel dressings

1. Introduction

A wound is defined as the disruption of the anatomical structure and normal function
of the skin, caused by various types of trauma, burns, or surgery [1]. As the wound occurs,
the healing process begins [2]. During this process, the generation of an excess of reactive
oxygen species (ROS) also occurs as part of the defense mechanism against pathogens.
ROSs are small molecules derived from unstable oxygen that try to stabilize themselves by
capturing the electrons of some molecules in living organisms, implying the appearance
of associated complications (dysfunctions at the level of cell membranes, conformational
changes in proteins, loss of enzyme roles along with breaking DNA chains) [3,4].

Antioxidants are chemical compounds that can alleviate oxidative stress by donating
electrons to other molecules, such as ROSs, and support the wound healing process [5]. An-
tioxidants can be classified as endogenous, produced naturally in the body as, for example,
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and exoge-
nous obtained through the diet, such as carotenoids, vitamin C, vitamin E and flavonoids,
among others [6]. Among the tocopherols, α-Tcp is the most abundant form of vitamin
E and is considered a powerful fat-soluble antioxidant that protects membrane lipids
against oxidation and contributes to the mechanical stabilization of membranes through
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Van der Waals physical interactions [7]. The administration of α-tocopherol, as well as
the other liposoluble vitamins, presents some particularly important challenges due to
its low water solubility and stability [8]. Moreover, vitamins are sensitive molecules so
they require protection from pro-oxidant factors such as oxygen, UV or high tempera-
tures. In this sense, the encapsulation of vitamins into a polymeric network could be
a promising approach to preserve their chemical integrity and effectiveness, but also
their controlled release, thus reducing the occurrence of hypervitaminosis syndrome [9].
Conventional hydrogels are commonly used by scientists to overcome the problems men-
tioned above, but the problems surrounding their implementation on a large scale increase
due to the closed and small cavity of hydrogels. Cryogels have received tremendous
attention in applications targeting the controlled release of active principles and tissue
engineering of the skin, considering their large pore size, rough surface, absorption ca-
pacity and rapid swelling [10,11]. PVA is one of the most investigated water-soluble
synthetic polymers in obtaining cryogels, with applications as drug carriers, in wound
dressings and for tissue engineering due to its biocompatibility, biodegradability and
non-toxicity [12].

A new cryogel system based on PVA and PEBSA obtained by repeated freeze–thaw
processes was previously reported and used for the incorporation of an antibacterial es-
sential oil—namely, Thy [13]. Thy, chemically known as 2-isopropyl-5-methylphenol, is
a natural monoterpenoid phenol which is isolated from Thymus vulgaris and other plants
such as Ocimum gratissimum L., Origanum L., Satureja thymbra L. [14]. Various pharmaco-
logical properties of thymol have been investigated and reported, including antimicrobial,
antifungal, antioxidant, anti-inflammatory, analgesic, and healing activities [15–18]. PEBSA,
a copolymacrolactone system was synthetized from ethylene brassylate (EB) and squaric
acid (SA) by the ring-opening copolymerization procedure described before [19,20]. The
supramolecular structure and high functionality of PEBSA copolymer, as well as its bio-
compatibility and good thermal stability, have led to it being recommended as a matrix for
the incorporation of hydrophobic bioactive compounds [21,22].

In order to achieve a system with dual effect and activity, specifically antioxidant
and antimicrobial, the alfa-tocopherol-thymol bioactive formulation was encapsulated in
the new PVA/PEBSA polymer network. The PEBSA copolymer, due to its amphiphilic
character, allowed for the encapsulation of hydrophobic bioactive substances such us Thy
and α-Tcp, via an entrapment in situ method. Moreover, the hydrophobic affinity of the
compounds involved in the system led to a good dispersion of the bioactive molecular
agents in the PEBSA polymer network [20]. The newly prepared bioactive complexes were
characterized in terms of the influence of the composition on the network morphology and
release profiles, as well as the dual bioactive behavior due to the presence of Thy and α-Tcp.
To support previous studies, PVA/PEBSA_Thy_α-Tcp systems were prepared using PEBSA
with three different ratios between EB and SA comonomers, namely, 25/75, 50/50 and
75/25. To our knowledge, there have been no reported studies focusing on the synergistic
effect between the antimicrobial properties of Thy and the antioxidant properties of α-Tcp
associated with biomedical applications. Overall, this study offers a convenient strategy to
achieve a PVA/PEBSA cryogel system with dual therapeutic effect due to the presence of
both bioactive compounds. We intend to use the PVA/PEBSA_Thy_α-Tcp cryogel system
for antimicrobial and wound healing applications, and in this regard, we carry out the
necessary studies.

2. Results and Discussion

The present study aims to obtain cryogels based on PVA/PEBSA incorporating Thy
and α-Tcp, targeting dual activity generated by the presence of the two bioactive com-
pounds. Our group envisioned this approach to enhance the efficacy of these new an-
timicrobial cryogels to be used as wound dressings. The encapsulation of the bioactive
compounds into the PEBSA polymeric matrix was realized by an inclusion complexation
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performed in 1,4-dioxane by entrapping of Thy, of α-Tcp, into the amphiphilic PEBSA
network (Figure 1).
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2.1. Morphological Analysis

The internal morphology of the PVA/PEBSA polymer matrix and PVA/PEBSA_Thy_α-
Tcp systems were evaluated by SEM. As can be seen in Figure 2A, the SEM micrographs of
cryogels based on PVA and PEBSA copolymacrolactone illustrate their three-dimensional
network with interconnected honeycomb-like pores and numerous meshes, which can
ensure the incorporation of bioactive molecular compounds. The morphology of the
PVA/PEBSA_Thy_α-Tcp systems highlights a relatively uniform distribution of the bioac-
tive substances on the surface of the polymer network. The homogeneous distribution of
Thy and α-Tcp in the PEBSA polymer network is due to the amphiphilic character of the
copolymer and also to the hydrophobic affinity of the compounds involved in the system.
Some differences in their morphology result from the cryogel preparation condition namely,
the ratio between EB and SA comonomers in the copolymacrolactone system as well as the
amount of bioactive compound.

Therefore, in the case of the PVA_PEBSA_Thy_α-Tcp sample (Figure 2B–D), with the
increase in the EB/SA ratio in the sample, the pore size increases. This is associated with
an increase in the number of carbonyl functional groups in SA, which further results in
a higher number of hydrogen bonds between the mixing partners. Thus, the structure and
pore size of PVA/PEBSA cryogels can be modified by adjusting the ratio between EB and
SA comonomers from PEBSA composition. The morphological characterization of the new
variants of cryogels is consistent with that recently reported in the literature [13].
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2.2. Release Studies

The burst release of drugs from therapeutic formulations is not desirable, especially in
the treatment of wound infections [23]. Therefore, incorporating these active principles into
an effective delivery system, such as a hydrogel, and releasing them in a controlled manner
reduces potential side effects. In the reported literature, there are studies that focused on
the controlled release of Thy and α-Tcp from a hydrogel polymer matrix—examples are
shown in Table 1:

Table 1. A summary of controlled release studies of bioactive compounds from hydrogels.

Scaffold Material

Bioactive
Compounds

Cumulative Bioactive
Compound Release in

Different Release Media
Reference

Thy α-Tcp

Chitosan hydrogels 3 -

~ 70% of Thy release in artificial
saliva and ~ 45% of Thy release

in phosphate-buffered saline
(PBS) after 4 h; 100% of Thy

release in almost 48 h

[24]

Sodium alginate/chitosan
hydrogels - 3

37.9 ± 5.18% of α-Tcp release in
simulated body fluid after 24 h;

a sustained release of
77.2 ± 11.51% over 14 days

[25]

Sodium alginate/poly(2-
ethyl-2-oxazoline)
chitosan-coated

semi-interpenetrating
hydrogels

3 - 78.1 ± 1.7% of Thy release in
PBS after 25 days [26]

Hydroxypropyl-β-
cyclodextrin

hydrogels
3 - 73.4–98.9% of Thy release in

PBS, 7.4 after 6 h [27]
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Table 1. Cont.

Scaffold Material

Bioactive
Compounds

Cumulative Bioactive
Compound Release in

Different Release Media
Reference

Thy α-Tcp

Sodium caseinate/gelatin
nanocomposite hydrogel 3 -

71% of thyme essential oil in
PBS, 7.4 supplemented with

20% ethanolafter 72 h
[28]

PVA/pyrrolidone hydrogel 3 - 70% of Thy release in ethanol
solution after 5 days [29]

Pluronic®

F-127/nanocellulose
hydrogel

- 3 100% of α-Tcp release in 8 days [30]

Starting from the premise that pH 5.4 is representative of healthy skin which can range
between 5.4 and 8 when the deep layers of the skin are exposed following injuries [31],
in this study, the cumulative release of the bioactive compounds was investigated at two
different pHs: 5.4 and 7.4 (Figure 3).

Gels 2023, 9, 174 5 of 13 
 

 

over 14 days 
Sodium algi-

nate/poly(2-ethyl-2-oxaz
oline) chitosan-coated 
semi-interpenetrating 

hydrogels 

✓ ‒ 78.1 ± 1.7% of Thy release in 
PBS after 25 days [26] 

Hydroxypro-
pyl-β-cyclodextrin hy-

drogels 
✓ ‒ 

73.4–98.9% of Thy release in 
PBS, 7.4 after 6 h [27] 

Sodium caseinate/ gela-
tin nanocomposite hy-

drogel 
✓ ‒ 

71% of thyme essential oil in 
PBS, 7.4 supplemented with 

20% ethanol 
after 72 h 

[28] 

PVA/pyrrolidone hy-
drogel ✓ ‒ 

70% of Thy release in etha-
nol solution after 5 days [29] 

Pluronic® 
F-127/nanocellulose 

hydrogel 
‒ ✓ 

100% of α-Tcp release in 8 
days 

[30] 

Starting from the premise that pH 5.4 is representative of healthy skin which can 
range between 5.4 and 8 when the deep layers of the skin are exposed following injuries 
[31], in this study, the cumulative release of the bioactive compounds was investigated at 
two different pHs: 5.4 and 7.4 (Figure 3). 

 
Figure 3. Cumulative release of Thy and α-Tcp at (A) pH 5.4 compared to (B) pH 7.4. Graphical 
data are expressed as mean ± standard error of the mean. 

The initial burst release of Thy_α-Tcp complex from PVA_PEBSA25/75_Thy_α-Tcp 
cryogel, 68.71% at pH 5.4 and 64% at pH 7.4, was observed in the first 30 min, while only 
39.71% (pH 5.4) and 39.23% (pH 7.4) of bioactive compounds was released from 
PVA_PEBSA75/25_Thy_α-Tcp cryogel at the same time. The release of a smaller amount of 
the bioactive substance during the burst release step in the case of the 
PVA_PEBSA75/25_Thy_α-Tcp system correlates with a stronger hydrophobic character of 
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Figure 3. Cumulative release of Thy and α-Tcp at (A) pH 5.4 compared to (B) pH 7.4. Graphical data
are expressed as mean ± standard error of the mean.

The initial burst release of Thy_α-Tcp complex from PVA_PEBSA25/75_Thy_α-Tcp
cryogel, 68.71% at pH 5.4 and 64% at pH 7.4, was observed in the first 30 min, while
only 39.71% (pH 5.4) and 39.23% (pH 7.4) of bioactive compounds was released from
PVA_PEBSA75/25_Thy_α-Tcp cryogel at the same time. The release of a smaller amount of
the bioactive substance during the burst release step in the case of the PVA_PEBSA75/25_Thy_α-
Tcp system correlates with a stronger hydrophobic character of PVA_PEBSA75/25 matrix
due to the higher ratio of EB. Therefore, the SA carbonyl groups ensure the coupling of
bioactive compounds in the polymer matrix, while the hydrophobic alkyl chains of EB
constitute the shell of the complex. Consequently, increasing the amount of EB comonomer
to 75% in the chemical structure of the copolymer will determine the immobilization of the
bioactive compounds in the network and their controlled release in a pulsating regime.

In order to study the influence of Thy_α-Tcp complex loading in the polymer matrix
on the release capacity of the new bioactive compounds, the system with the equimolec-
ular ratio between monomers was selected to vary the amount of bioactive compound
(PEBSA50/50_2xThy_α-Tcp and PEBSA50/50_Thy_2xα-Tcp). The PVA_PEBSA50/50_2xThy_α-
Tcp and PVA_PEBSA50/50_Thy_2xα-Tcp systems present a “burst” release of Thy and α-Tcp
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attributed to the diffusion of a double amount of bioactive compounds. According to
Figure 3, the minimum and maximum release rates of Thy and α-Tcp from the studied
systems over 24 h were 94.83% (pH 7.4) for the PVA_PEBSA25/75_Thy_α-Tcp sample and
69.22% (pH 5.4) in the case of the PVA_PEBSA75/25_Thy_α-Tcp sample. Since the largest
number of granulocytes appear after 12–24 h at the injury site, the cells responsible for
the immune response against microbial agents, the risk of infection is higher in the first
minutes and hours after wounding. Consequently, the first 24 h after the appearance of the
injury is the most important time interval to intervene with a material with antimicrobial
properties to prevent infection. Therefore, the rate of drug release from hydrogel dressings
is a significant factor in preventing infection [32].

2.3. Antimicrobial Activity

The antimicrobial activity screening of the newly synthesized bioactive compounds
against S. aureus (Gram-positive bacterial strain), C. albicans (fungal strain), and E. coli
(Gram-negative bacterial strain) was determined by disk diffusion assay. All the tested sam-
ples presented antimicrobial activity against the selected reference strains (as presented in
Table 2 and Figures 4–6), results that correlate very well with recently reported antimicrobial
assays [13].

Table 2. Antimicrobial activity (mm) of the tested samples against the reference strains.

Sample
Inhibition Zone (mm) *

S. aureus E. coli C. albicans

PVA_PEBSA25/75_Thy_α-Tcp 22.30 ± 0.14 21.90 ± 0.99 38.55 ± 1.48

PVA_PEBSA50/50_Thy_α-Tcp 21.10 ± 0.00 19.15 ± 1.06 32.25 ± 3.18

PVA_PEBSA75/25_Thy_α-Tcp 25.90 ± 0.70 25.45 ± 3.46 34.65 ± 0.91

PVA_PEBSA50/50_2xThy_α-Tcp 27.05 ± 0.63 28.40 ± 0.14 37.80 ± 0.28

PVA_PEBSA50/50_Thy_2xα-Tcp 21.80 ± 3.25 19.20 ± 0.00 28.25 ± 0.77
* Data are represented as mean ± standard deviation from triplicate experiments.
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Figure 4. Antibacterial activity of the tested samples: (A) PVA_PEBSA25/75_Thy_α-Tcp,
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(B) PVA_PEBSA50/50_Thy_α-Tcp, (C) PVA_PEBSA75/25_Thy_α-Tcp, (D) PVA_PEBSA50/50_2xThy_α-
Tcp, and (E) PVA_PEBSA50/50_Thy_2xα-Tcp against C. albicans.

The samples proved to be very effective especially against fungal strain represented by
C. albicans (up to 38 mm of inhibition zone). Moreover, no significant differences were no-
ticed in terms of antimicrobial activity among systems with different ratios between EB/SA
comonomers. A smaller zone of inhibition was noticed in case of PVA_PEBSA50/50_Thy_2xα-
Tcp system against E. coli (19 mm), while the PVA_PEBSA50/50_2xThy_α-Tcp system was
more effective against all the tested microbial strains (>27 mm of inhibition zone)—Table 2,
the efficiency related to the presence of Thy in a higher ratio. Compared to previous
results [13], the addition of α-Tcp to the PVA72000_PEBSA_Thy system did not substantially
affect the antimicrobial character of the samples.

2.4. Antioxidant Efficiency

The interest of researchers in identifying new combinations of biomaterials that exhibit
antimicrobial, antioxidant, anti-inflammatory, and healing activities for the treatment of
wounds as well as their associated complications is increasing. α-Tcp, the most abun-
dant form of vitamin E, is well known for its strong endogenous antioxidant activity by
protecting membrane lipids against oxidation and mechanically stabilizing membranes, im-
proving wound healing and skin regeneration [25]. Supplementing the PVA/PEBSA_Thy
system with this antioxidant molecule targets a dual therapy and effect with these two
bioactive compounds. The DPPH radical scavenging activity of the synthesized bioactive
compounds is illustrated in Figure 7.Gels 2023, 9, 174 8 of 13 

 

 

 
Figure 7. The antioxidant activity of the positive controls and PVA/PEBSA_Thy_α-Tcp systems. 
Graphical data are expressed as mean ± standard error of the mean. 

According to the data obtained in this study, all samples showed antioxidant activ-
ity. The most evident activity is observed in the case of the PVA_PEBSA25/75_Thy_α-Tcp 
system (97.1%) containing the PEBSA25/75 variant. The carbonyl groups in SA have the 
ability to accept hydrogen; therefore, increasing the content of SA in the matrix deter-
mines a better free radical scavenging activity. At the same time, the cumulative antiox-
idant efficiency of Thy and α-Tcp in combination with the PEBSA copolymer has a re-
markable synergistic effect, between 93.2% and 97.1% (Figure 7). In summary, the mix-
ture of the two bioactive compounds and PEBSA produces new cryogels with potential 
applications as wound dressings whose therapeutic effects are superior to the effects 
produced by each individual component. 

3. Conclusions 
The encapsulation of hydrophobic molecular compounds into a polymer matrix has 

emerged as a method to modulate the low solubility in water and a promising approach 
to preserve their chemical integrity, efficacy, but also their controlled release in a pul-
sating or continuous regime. Three-dimensional scaffolds based on cryogels are strong 
candidates and of particular interest for this purpose [33]. In this study, our group used 
this strategy to develop new cryogels with antimicrobial and antioxidant activity based 
on PVA, PEBSA, Thy, and α-Tcp obtained by a repeated freeze–thaw process. On the one 
hand, Thy shows antimicrobial properties on a wide spectrum of bacteria (e.g., S. aureus, 
Bacillus licheniformis, E. coli, P. vulgaris, C. albicans, etc.) [16] and on the other hand, the 
encapsulation of α-Tcp confers antioxidant properties to the PVA/PEBSA_Thy system, 
targeting a double therapeutic effect due to the presence of both bioactive molecular 
agents. The new bioactive compounds prepared by encapsulation of Thy and α-Tcp into 
the PVA/PEBSA system were investigated from the point of view of the influence of the 

Figure 7. The antioxidant activity of the positive controls and PVA/PEBSA_Thy_α-Tcp systems.
Graphical data are expressed as mean ± standard error of the mean.

88



Gels 2023, 9, 174

According to the data obtained in this study, all samples showed antioxidant activity.
The most evident activity is observed in the case of the PVA_PEBSA25/75_Thy_α-Tcp
system (97.1%) containing the PEBSA25/75 variant. The carbonyl groups in SA have the
ability to accept hydrogen; therefore, increasing the content of SA in the matrix determines
a better free radical scavenging activity. At the same time, the cumulative antioxidant
efficiency of Thy and α-Tcp in combination with the PEBSA copolymer has a remarkable
synergistic effect, between 93.2% and 97.1% (Figure 7). In summary, the mixture of the two
bioactive compounds and PEBSA produces new cryogels with potential applications as
wound dressings whose therapeutic effects are superior to the effects produced by each
individual component.

3. Conclusions

The encapsulation of hydrophobic molecular compounds into a polymer matrix has
emerged as a method to modulate the low solubility in water and a promising approach to
preserve their chemical integrity, efficacy, but also their controlled release in a pulsating or
continuous regime. Three-dimensional scaffolds based on cryogels are strong candidates
and of particular interest for this purpose [33]. In this study, our group used this strat-
egy to develop new cryogels with antimicrobial and antioxidant activity based on PVA,
PEBSA, Thy, and α-Tcp obtained by a repeated freeze–thaw process. On the one hand,
Thy shows antimicrobial properties on a wide spectrum of bacteria (e.g., S. aureus, Bacillus
licheniformis, E. coli, P. vulgaris, C. albicans, etc.) [16] and on the other hand, the encapsu-
lation of α-Tcp confers antioxidant properties to the PVA/PEBSA_Thy system, targeting
a double therapeutic effect due to the presence of both bioactive molecular agents. The new
bioactive compounds prepared by encapsulation of Thy and α-Tcp into the PVA/PEBSA
system were investigated from the point of view of the influence of the composition on the
network morphology, release profiles, antimicrobial and antioxidant dual activity. SEM
micrographs of the PVA/PEBSA polymer matrix illustrated their three-dimensional struc-
ture with interconnected pores and numerous meshes, which can ensure the incorporation
of small molecular compounds. The morphology of PVA/PEBSA_Thy_α-Tcp systems
highlights a relatively uniform distribution of the bioactive substances on the surface of
the polymer network. The homogeneous distribution of Thy and α-Tcp into the PEBSA
polymer network is due to the amphiphilic character of the copolymer and also to the
hydrophobic affinity of the compounds involved in the system. Thy_α-Tcp release profiles
from polymeric cryogels confirm the ability of PVA/PEBSA system to encapsulate these
bioactive compounds. The lower release rate of Thy and α-Tcp during the burst release
step in the case of the PVA_PEBSA75/25_Thy_α-Tcp system (39.71% at pH 5.4 and 39.23%
at pH 7.4) correlates with a stronger hydrophobic character of the PVA_PEBSA75/25 matrix
(due to a higher ratio of EB), determining the immobilization of the bioactive compounds
in the network and their controlled release. The new PVA/PEBSA_Thy_α-Tcp systems
proved antimicrobial activity against S. aureus (Gram-positive bacterial strain), C. albicans
(fungal strain), and E. coli (Gram-negative bacterial strain). The study also underlined
the cumulative antioxidant efficiency of Thy and α-Tcp, which in combination with the
PEBSA copolymer have a synergistic effect (97.1%). However, this high potential of the
investigated systems needs to be extensively evaluated by additional studies, in vitro and
in vivo, with focus on possible cytotoxicity concerns, as well as their applicability in the
management of skin wounds. The design of multifunctional hydrogel dressings with good
adaptability to wounds and with painless on-demand removal property to avoid bacterial
colonization remains a major problem to be solved [34,35].

4. Materials and Methods
4.1. Materials

Ethylene brassylate (EB, 1,4-dioxacycloheptadecane-5,17-dione, C15H26O4, Mw =
270.36 g/mol, purity of 95.0%), squaric acid (SA, 3,4-dihydroxy-3-cyclobutene-1,2-dione,
H2C4O4, Mw = 114.06 g/mol, purity > 99.0%), (+)-α-Tocopherol (α-Tcp), 2,2-diphenyl-

89



Gels 2023, 9, 174

1-picrylhydrazyl (DPPH), and 1,4-dioxane (purity ≥ 99.0%) were all purchased from
Sigma-Aldrich (Darmstadt, Germany), poly(vinyl alcohol) (PVA, Mw = 72,000 g/mol, 98%
hydrolyzed) was acquired from Merck (Hohenbrunn, Germany), thymol (Thy, 2-isopropyl-
5-methylphenol, C10H14O) was obtained from Alfa Aesar (Kandel, Germany), anhydrous
1-hexanol was purchased from Across-Organics (Geel, Belgium), monosodium phosphate
(NaH2PO4 × 2H2O). Disodium phosphate (Na2H2PO4 × 7H2O) was procured from Chem-
ical Company (Iasi, Romania) and ethanol (absolute, ≥99.8%) from Honeywell (Seelze,
Germany). All chemicals were used as received without further purification.

4.2. Preparation of Cryogels by In Situ Entrapment of Thymol and α-Tocopherol

The cryogels were individually obtained by mixing proper ratios of PVA and PEBSA_Thy_α-
Tcp complex solutions (Table 3), which were poured into molds and then subjected to
three consecutive freeze–thaw cycles, respectively, freezing for 18 h at −20 ◦C followed by
thawing for 8 h at 25 ◦C (ambient temperature) [13].

Table 3. Samples name and bioactive compound preparation.

Sample PVA/PEBSA Ratio

Composition for a Volume of 5 mL Sample

PVA
(g)

PEBSA
(g)

Thymol
(g)

α-Tocopherol
(g)

PVA_PEBSA25/75_Thy_α-Tcp

2/1 0.132 0.066

0.066 0.066

PVA_PEBSA50/50_Thy_α-Tcp 0.066 0.066

PVA_PEBSA75/25_Thy_α-Tcp 0.066 0.066

PVA_PEBSA50/50_2xThy_α-Tcp 0.132 0.066

PVA_PEBSA50/50_Thy_2xα-Tcp 0.066 0.132

Briefly, PEBSA was synthesized as previously described [19] by a polycondensation
procedure of EB macrolactone after ring-opening with SA. The new bioactive compound
was obtained by the initial preparation of the PEBSA_Thy_α-Tcp complex produced by
mixing PEBSA (0.066 g/mL in 1,4-dioxane) with different amounts of Thy and α-Tcp to
obtain the desired PEBSA/Thy/α-Tcp mass ratio (either 1/1/1, 1/2/1, or 1/1/2 w/w/w).
Then, the obtained complex was mixed with the PVA solution (4% w/v) in a volumetric
ratio of 2/1. The synthesized samples were frozen with liquid nitrogen and lyophilized for
24 h at −55 ◦C (Alpha 1-2LD Plus, Martin Christ, Germany) for further characterization.

4.3. Characterization
4.3.1. Morphological Analysis

The morphology in the cross-sections of the freeze-dried samples was observed by
scanning electron microscopy (SEM Quanta 200, FEI Company, Hillsboro, OR, USA). The
instrument operated with secondary electrons at 20 kV in low-vacuum mode, without any
coating. Before analysis, the samples were fixed on aluminum stubs with double-adhesive
carbon tape.

4.3.2. Release Studies

To study the in vitro release behavior of the bioactive compounds, each sample was
weighed (20 mg) and incubated in 10 mL of PBS, 0.01 M, at a constant temperature of 37 ◦C
for 24 h. The release profiles of the bioactive substances were measured under different
conditions using buffer solutions of pH 5.4 and 7.4 to simulate the pH of normal healthy
skin and, respectively, the pH of injured skin. At predetermined time intervals, 2 mL of
each sample was extracted and analyzed at 283 nm using a UV-VIS spectrophotometer
(Jenway 6305, Stone, Staffordshire, United Kingdom). The cumulative release of Thy and
α-Tcp was calculated based on the calibration curves determined at the same wavelengths.
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4.3.3. Antimicrobial Activity

The antimicrobial activity of the PVA/PEBSA_Thy_α-Tcp systems was determined
using a disk diffusion assay [36,37] against three different reference strains: Gram-positive
bacterial strain, Staphylococcus aureus ATCC25923 (S. aureus); Gram-negative bacterial strain,
Escherichia coli ATCC25922 (E. coli); and fungal strain, Candida albicans ATCC10231 (C.
albicans). All microorganisms were stored at −80 ◦C in 20% glycerol. The bacterial strains
were refreshed on trypticase soy agar (TSA) at 37 ◦C and the yeast strain was refreshed on
Sabouraud dextrose agar (SDA) at 37 ◦C. Microbial suspensions were prepared with these
cultures in sterile solution to obtain turbidity optically comparable to that of 0.5 McFarland
standards. Volumes of 0.1 mL from each inoculum were spread onto TSA/SDA plates, and
then the sterilized samples of 10 mm and 25 mg each were added.

To evaluate the antimicrobial properties, the growth inhibition was measured under
standard conditions after 24 h of incubation at 37 ◦C. All tests were carried out in triplicate
for each sample. After incubation, the samples were analyzed with SCAN1200®, version
8.6.10.0 (Interscience, Saint Nom la Brétèche - FRANCE).

4.3.4. Antioxidant Efficiency

The free radical scavenging activity of the bioactive compounds was evaluated by the
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay according to the methodology described by
Brand-Williams et al. [38]. Briefly, 3 mL of ethanol and 20 mg of the sample were added
to 0.3 mL of DPPH stock solution 0.5 mM in absolute ethanol. The control solution was
prepared by mixing ethanol (3 mL) and DPPH stock solution (0.3 mL). The reaction mixture
was incubated in a dark place at room temperature for 30 min. The changes in color, from
intense violet to light yellow, were recorded spectrophotometrically at 517 nm (Jenway 6305
UV–VIS Spectrophotometer, Stone, Staffordshire, UK). The percentage of DPPH radical
scavenging activity was calculated by the following equation:

% DPPH radical scavenging activity =
AC − AS

AC
× 100

where Ac is the absorbance of the control DPPH solution and AS is the absorbance of the
DPPH solution containing samples; the values reported for each sample represents the
mean of three independent measurements.

4.3.5. Statistical Analysis

All experimental data were performed in triplicate and the results were expressed
as mean ± standard error of the mean. Statistical analysis was performed with XLSTAT
Ecology version 2019.4.1 software [39].
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Abstract: Stimuli-sensitive hydrogels are highly desirable candidates for application in intelligent
biomaterials. Thus, a novel thermosensitive hydrogel with shape-memory function was developed.
Hydrophobic stearyl acrylate (SA), hydrophilic methoxy poly(ethylene glycol) acrylate (MPGA),
and a crosslinking monomer were copolymerized to prepare poly(SA-co-MPGA) gels with various
mole fractions of SA (xSA) in ethanol. Subsequently, the prepared gels were washed, dried, and re-
swelled in water at 50 ◦C. Differential scanning calorimetric (DSC) and compression tests at different
temperatures revealed that poly(SA-co-MPGA) hydrogels with xSA > 0.5 induce a crystalline-to-
amorphous transition, which is a hard-to-soft transition at ~40 ◦C that is based on the formation/non-
formation of a crystalline structure containing stearyl side chains. The hydrogels stored in water
maintained an almost constant volume, independent of the temperature. The poly(SA-co-MPGA)
hydrogel was soft, flexible, and deformed at 50 ◦C. However, the hydrogel stiffened when cooled to
room temperature, and the deformation was reversible. The shape-memory function of poly(SA-co-
MPGA) hydrogels is proposed for potential use in biomaterials; this is partially attributed to the use
of MPGA, which consists of relatively biocompatible poly(ethylene glycol).

Keywords: thermosensitive hydrogel; shape-memory function; crystalline-to-amorphous transition;
stearyl acrylate; biocompatible polymer

1. Introduction

Stimuli-sensitive hydrogels are promising candidates for use in soft actuators and
intelligent biomaterials. Hydrogel actuators based on stimuli-sensitive polymers can alter
their shape, size, or strength in response to external stimuli, such as heat, pH, light, and
magnetic fields, resulting in flexible, complex mechanical motion and shape-memory func-
tion [1–3]. Robust mechanical and highly flexible properties are required for biomaterials
such as artificial muscles, tendons, and ligaments. Hydrogels with excellent properties
include slide-ring [4], double network [5], and tri-branched hydrogels [6].

Poly (N-isopropylacrylamide) (poly(NIPA)) is a polymer that is extensively used in
hydrogel actuators. Poly(NIPA) is thermosensitive, with a lower critical solution tempera-
ture of ~33 ◦C in water [7,8]. Additionally, poly(NIPA) exhibits a hydrophilic/hydrophobic
transition in response to temperature variation, and its hydrogel induces a volume phase
transition. Thus, poly(NIPA)-based hydrogel actuators can stretch, shrink, bend, and
twist [9–13]. However, its poor mechanical strength and thermosensitive volumetric
changes may be disadvantageous for certain applications.

Poly(stearyl acrylate) (poly(SA)) is a thermosensitive polymer. Hydrophobic poly(SA)
absorbs lipophilic solvents, but not water, and forms an organogel [14] instead of a hydro-
gel. Hydrogels consisting of poly(SA) were prepared by copolymerization of SA with a
hydrophilic monomer. In the 1990s, Osada et al. [15–17] developed poly(SA-co-AA) (AA:
acrylic acid) hydrogels that induced a crystalline-to-amorphous transition, which is an
order-disorder transition associated with interactions between alkyl side chains at ~40 ◦C
(depending on the monomer composition). This resulted in a significant change in the
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Young’s modulus and shape-memory function of the material. Furukawa et al. [18–21]
developed poly(SA-co-DMAA) (DMAA: N,N-dimethylacrylamide) hydrogels for applica-
tions such as artificial lenses, bandages, and three-/four-dimensional (3D/4D) printing.
Additionally, poly(SA-co-AM) (AM: acrylamide) was developed [22]. Thus, poly(SA)-based
hydrogels induce a hard-to-soft transition in response to temperature while maintaining a
constant volume.

In this study, the development and characterization of a novel poly(SA-co-MPGA)
(MPGA: methoxy poly(ethylene glycol) acrylate) hydrogel as a potential thermosensitive
biomaterial is reported. Notably, poly(ethylene glycol) (PEG) is a more biocompatible
material than AA, AM, and DMAA; therefore, the poly(SA-co-MPGA) hydrogel is suitable
for biomedical applications. Differential scanning calorimetric (DSC), compression, and
shape-memory tests are conducted in relation to the crystalline-to-amorphous transition,
as shown in Figure 1.
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Figure 1. Chemical structure of poly(SA-co-MPGA) and an illustration of the crystalline-to-amorphous
transition.

2. Results and Discussion

Figure 2 shows the swelling ratio of poly(SA-co-MPGA) hydrogels at 20–50 ◦C as a
function of (a) temperature and (b) the mole fraction of SA, xSA, in the pre-gel solution.
Figure 2a shows the average values of the swelling ratio (that is, the size) of the hydrogels in
the temperature range of 20–50 ◦C. The swelling ratio was almost constant and independent
of the temperature. The swelling ratio increased with a decrease in xSA, which corresponds
to an increase in the mole fraction of hydrophilic MPGA. The hydrogels with xSA <0.4 had
a swelling ratio of >1, indicating a good water-swollen state. Hydrogels with xSA >0.5
induced the crystalline-to-amorphous transition, as described later, and had a swelling
ratio of <1.

The W/Wdry ratio was determined as a measure of the water absorption capacity
of the gel, where W and Wdry were the masses of the hydrogel and dry gel, respectively.
The W/Wdry for poly(SA-co-MPGA) with xSA = 0.5 was 2.94 at 50 ◦C. For reference, the
W/Wdry values reported in the literature were ~1.4 for poly(SA-co-DMAA) [21] and ~4.5
for poly(SA-co-AM) [22].

Figure 3 shows the DSC thermograms of the poly(SA-co-MPGA) hydrogels prepared
with xSA = 0.5, 0.7, and 0.8. These hydrogels had endothermic and exothermic peaks,
whereas the hydrogel prepared with xSA = 0.3 did not exhibit these peaks. A similar
DSC thermogram for poly(SA) was reported in the literature [14,21]. Poly(SA) induces a
crystalline-to-amorphous transition; the hydrophobic stearyl side chains form a crystalline
structure at temperatures below the crystallization temperature Tc, and their packing
becomes amorphous at temperatures above the melting temperature Tm. Previously, the
Tm and Tc of the dry poly(SA) gel were reported to be 44.8 and 41.8 ◦C, respectively [14]. The
DSC results demonstrated that the poly(SA-co-MPGA) hydrogel also induced a crystalline-
to-amorphous transition (as shown in Figure 1). The Tc values were 43.3, 39.8, and 41.1 ◦C
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for poly(SA-co-MPGA) hydrogels prepared with xSA = 0.5, 0.7, and 0.8, respectively. The Tm
value was slightly unclear owing to the broad DSC peak, which was slightly higher than
the Tc. The peak area for the poly(SA-co-MPGA) hydrogel prepared with xSA = 0.5 was
smaller than that of the hydrogels prepared with xSA = 0.7 and 0.8, based on the amount of
SA units per gram of hydrogel.
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Figure 2. Swelling ratio of poly(SA-co-MPGA) hydrogels at 20–50 ◦C as a function of (a) temperature
and (b) the mole fraction of SA, xSA, in the pre-gel solution. The solid horizontal lines in (a) show the
average swelling ratio at 20–50 ◦C.

Gels 2023, 9, 54 3 of 7 
 

 

 
Figure 2. Swelling ratio of poly(SA-co-MPGA) hydrogels at 20–50 °C as a function of (a) temperature 
and (b) the mole fraction of SA, xSA, in the pre-gel solution. The solid horizontal lines in (a) show 
the average swelling ratio at 20–50 °C. 

Figure 3 shows the DSC thermograms of the poly(SA-co-MPGA) hydrogels prepared 
with xSA = 0.5, 0.7, and 0.8. These hydrogels had endothermic and exothermic peaks, 
whereas the hydrogel prepared with xSA = 0.3 did not exhibit these peaks. A similar DSC 
thermogram for poly(SA) was reported in the literature [14,21]. Poly(SA) induces a crys-
talline-to-amorphous transition; the hydrophobic stearyl side chains form a crystalline 
structure at temperatures below the crystallization temperature Tc, and their packing be-
comes amorphous at temperatures above the melting temperature Tm. Previously, the Tm 
and Tc of the dry poly(SA) gel were reported to be 44.8 and 41.8 °C, respectively [14]. The 
DSC results demonstrated that the poly(SA-co-MPGA) hydrogel also induced a crystal-
line-to-amorphous transition (as shown in Figure 1). The Tc values were 43.3, 39.8, and 
41.1 °C for poly(SA-co-MPGA) hydrogels prepared with xSA = 0.5, 0.7, and 0.8, respectively. 
The Tm value was slightly unclear owing to the broad DSC peak, which was slightly higher 
than the Tc. The peak area for the poly(SA-co-MPGA) hydrogel prepared with xSA = 0.5 
was smaller than that of the hydrogels prepared with xSA = 0.7 and 0.8, based on the 
amount of SA units per gram of hydrogel. 

 
Figure 3. DSC thermograms of poly(SA-co-MPGA) hydrogels prepared with xSA = 0.5, 0.7, and 0.8. 

0 0.5 10

0.5

1.0

1.5

20oC
30oC
40oC
50oC

 

 Mole fraction of SA, xSA [-]

Sw
el

lin
g 

ra
tio

 [-
]

20 30 40 500

0.5

1.0

1.5

       xSA, average
0.3, 1.28
0.4, 1.12

0.5, 0.640
0.7, 0.515
0.8, 0.432

 

 Temperature [oC]

Sw
el

lin
g 

ra
tio

 [-
]

(a) (b)

20 30 40 50
-0.4

-0.2

0.0

0.2

0.4
            xSA  

  0.8
  0.7
  0.5 

H
ea

t f
lo

w
 [W

/g
]

Temperature [oC]

ex
o.

en
do

.

heating

cooling

Figure 3. DSC thermograms of poly(SA-co-MPGA) hydrogels prepared with xSA = 0.5, 0.7, and 0.8.

Figure 4 shows the compression test results of the cylindrical poly(SA-co-MPGA)
hydrogels using a weight (36 g) as a load under various temperature conditions. The
normalized length l/l0 of the hydrogel prepared with xSA = 0.7 was ~1 at 20–37.5 ◦C, and it
decreased with an increase in temperature (>40 ◦C). This behavior indicates that the hydro-
gel stiffened <37.5 ◦C and softened >40 ◦C. The change in the hardness and softness, that is,
the hard-to-soft transition, of the hydrogel was attributed to the crystalline-to-amorphous
transition of the stearyl side chains of SA. The crystalline structure of the stearyl side chains
function as pseudo-crosslinking points (as shown in Figure 1), enhancing the hydrogel

96



Gels 2023, 9, 54

strength. The hydrogel prepared with xSA = 0.5 exhibited a similar thermosensitive behav-
ior; however, the l/l0 value was smaller at temperatures of >40 ◦C. The hydrogel prepared
with xSA = 0.3 had an l/l0 value of ~0.8 at 20 ◦C, confirming its softness.
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Figure 4. Normalized length, l/l0, of cylinder-shaped poly(SA-co-MPGA) hydrogels with xSA = 0.3,
0.5, and 0.7 as a function of temperature. l0 is the initial length at 20 ◦C. l is the hydrogel length
loaded with weight (36 g) at a given temperature.

The hydrogel strength at temperatures of >40 ◦C decreased with a decreasing xSA. The
hydrogel strength is primarily influenced by the swelling ratio shown in Figure 2. The
rubber network theory, which was derived based on the statistical mechanics of crosslinked
polymer networks, describes the relationship τ ∝ (νe φp

–2/3) in the stress-strain curves
of the tensile or compressive strengths of gels, where τ is the stress required for a given
deformation, νe is the effective crosslinking density, and φp is the volume fraction of the
polymer in the hydrogel [23–25]. As shown in Figure 2, a decrease in xSA causes an increase
in the swelling ratio, resulting in reductions in νe and φp and consequently a decrease in τ.

Figure 5 shows the shape memory function of the poly(SA-co-MPGA) hydrogel pre-
pared with xSA = 0.5. Initially, the hydrogel was rod-shaped. The hydrogel was soft and
flexible at 50 ◦C and deformed into an S shape. When the hydrogel was cooled to room
temperature, it stiffened, and the S shape was fixed. When the hydrogel was heated to
50 ◦C, it reverted to its original shape. The deformation based on the hard-to-soft transition
induced by heating or cooling occurs within a few minutes and repeatedly. The S-shaped
hydrogel structure can be retained indefinitely in water at room temperature, which was
confirmed for several months.

The poly(SA-co-MPGA) hydrogel deforms at a temperature slightly higher than body
temperature and stiffens at body temperature. Thus, the poly(SA-co-MPGA) hydrogel is
proposed for use as a cast-like, anti-adhesive, or stent material with a well-fitted shape to
reinforce and protect injured or post-surgery organs and tissues in the body.
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3. Conclusions

Poly(SA-co-MPGA) hydrogels were prepared by free-radical copolymerization of SA,
MPGA, and EGDM in ethanol, followed by washing, drying, and re-swelling in water at
50 ◦C. The DSC and compression tests performed at different temperature conditions re-
vealed that poly(SA-co-MPGA) hydrogels with xSA >0.5 induce a crystalline-to-amorphous
transition, which is a hard-to-soft transition that occurs at ~40 ◦C. The hydrogels had an
almost constant volume, independently of the temperature. The shape-memory function
of poly(SA-co-MPGA) hydrogel is that it is soft, flexible, and deformed at temperatures
of >40 ◦C and that it stiffens when cooled to <37.5 ◦C. Additionally, the deformation of
hydrogel is reversible.

4. Materials and Methods
4.1. Preparation of Poly(SA-co-MPGA) Gels

Copolymer gels with various concentrations of SA and MPGA (average molecular
weight: 483) were synthesized by free-radical polymerization. Ethanol was used as a solvent
to dissolve hydrophobic SA and hydrophilic MPGA. The monomer solution contained SA,
MPGA, ethylene glycol dimethacrylate (EGDM; crosslinking monomer), and N,N,N′,N′-
tetramethylethylenediamine (TEMED; polymerization accelerator). The initiator solution
contained 2,2′-azobis(2,4-dimetylvaleronitrile) (ADVN; polymerization initiator). Nitrogen
gas was bubbled through each solution for 1 h to remove dissolved oxygen. Subsequently,
the initiator solution was added to the monomer solution in a polytetrafluoroethylene
(PTFE) tube (inner diameter: 6 mm). Polymerization was performed at 60 ◦C for 1 d in a
nitrogen atmosphere. The overall concentration of the primary monomers in the pre-gel
solution was 1000 mol/m3; for example, 700 mol/m3 of SA and 300 mol/m3 of MPGA,
corresponding to an SA mole fraction, xSA, of 0.7. The concentrations of EGDM, TEMED,
and ADVN were 100, 30, and 20 mol/m3, respectively, for all the gels. The resulting gels
were cut into cylinders with a length of 6 mm. Subsequently, the gels were washed with
ethanol at 50 ◦C to remove non-crosslinked chemicals and then dried in an oven at 50 ◦C.

4.2. Swelling Properties in Water

The dry, cylindrical gel was immersed in water at 50 ◦C for several days, and water
was absorbed to obtain the poly(SA-co-MPGA) hydrogel. The hydrogel diameter, d [mm],
at swelling equilibrium was measured using a photograph taken with a digital camera.
Subsequently, the hydrogel diameter was measured at 40, 30, and 20 ◦C. The swelling ratio
was defined as the hydrogel volume divided by the volume of the as-synthesized gel, and
was calculated as follows: (d/6)3.
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4.3. Compression Test

The temperature dependence of the softness and hardness of the poly(SA-co-MPGA)
hydrogel was evaluated. The cylindrical hydrogel was vertically placed in a glass test tube,
and water was added to half the height of the hydrogel. Subsequently, the test tube was
placed in a constant-temperature water bath at 20 ◦C. The initial length l0 of the hydrogel
at 20 ◦C was measured using a digital camera. A total weight (36 g) was placed on the
hydrogel. Subsequently, the length l of the hydrogel was measured after several minutes.
Under a continuous load, the temperature was increased stepwise, and the hydrogel length
was measured at each temperature.

4.4. DSC Analysis

A differential scanning calorimeter (DSC-60, Shimadzu Co., Kyoto, Japan) was used
to perform DSC analysis. The poly (SA-co-MPGA) hydrogel was ground, and the ground
sample (3.2 mg) was enclosed in an aluminum cell. α-Alumina was used as a reference
material and enclosed in another cell. The cells were placed in a sample chamber under
nitrogen gas flow. For DSC measurements, the cells were heated and subsequently cooled
between 0 and 60 ◦C at a rate of 2 ◦C/min.
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Abstract: The aim of this study was to evaluate the persistence of alkaline hydrogels based on a com-
mon (N,N′-methylenebisacrylamide, BIS) and three recently published tetraallyl crosslinkers. Such
hydrogels have been shown to be suitable materials for the rehabilitation of cementitious materials. Of
the four crosslinkers under investigation, N,N,N′,N′-tetraallylpiperazinium dibromide decomposed
quickly in 1 M KOH solution and was not considered further. BIS showed the first signs of a decom-
position after several days, while tetraallylammonium bromide and N,N,N′,N′-tetraallyltrimethylene
dipiperidine dibromide remained unaffected. In contrast to BIS, which suffers from low solubility
in water, the two tetraallyl crosslinkers show unlimited miscibility with diallyldimethylammonium
hydroxide solutions. For the study, gels with up to 50 wt % crosslinker were prepared. Of these, gels
containing tetraallylammonium bromide always show the highest degrees of swelling, with a peak
value of 397 g/g at a content of 2 wt %. Under accelerated ageing at 60 ◦C for 28 d, gels crosslinked
with BIS ultimately turned liquid, while the storage modulus and the degree of swelling of the two
tetraallyl-crosslinked gels remained unchanged. This indicates that alkaline gels can be suitable for
long application periods, which are common for rehabilitation measures in the construction industry.

Keywords: hydrogel; copolymer; durability; hydrolysis; swelling; rheology; crosslinker

1. Introduction

Hydrogels have become increasingly important in research and industry in recent
years. Gels in general are crosslinked polymer networks, which can absorb and release
various liquids without losing their discrete three-dimensional structure. If the absorbed
medium is water, the polymer network is referred to as hydrogel [1]. The major advantage
of hydrogels is the potential to specifically tailor the chemical structure, which allows for a
wide range of applications. Non-ionic hydrogels, for example, are often used in protein
analysis [2] or biomedical applications [3] due to their pH-independent swelling properties
and their insensitivity to salt concentrations [4]. However, the majority of hydrogels are
ionic, such as the well-known poly(sodium acrylate), which is used as a superabsorber for
diapers [5] or as a shrinkage-reducing agent in concrete [6]. Ionic hydrogels usually exhibit
significantly higher degrees of swelling and can respond to changes in pH value and/or
salt concentration in the surrounding medium [7].

Hydrogels that are particularly suitable for the construction industry can be obtained
by using cationic networks with hydroxide as a counterion; these have recently been
realized based on diallyldimethylammonium hydroxide (DADMAOH) as a monomer
and N,N′-methylenebisacrylamide (BIS) as a crosslinker. Such highly alkaline polymer
networks were not only shown to be valuable materials in the rehabilitation of steel-
reinforced concrete by exchanging carbonate ions in aged concrete with hydroxide ions,
thereby restoring the high pH value necessary for preventing steel corrosion [8], but also
as a coupling material for electrochemical chloride extraction [9]. A similar hydrogel was
recently used to seal water-bearing cracks, while at the same time restoring the protective
passive-layer on the exposed parts of steel rebars [10]. Although the system has already
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been tested successfully in field trials [9], the crosslinker BIS appears to be a weak point
for a number of reasons: BIS suffers from a rather low solubility in water (approx. 20 g/L
at 20 ◦C [11]), which limits the possibility to prepare firm gels. Moreover, as an acrylate
derivative, BIS polymerizes significantly faster than the diallyl (DADMA+) unit, which was
shown to lead to inhomogeneous networks [12]. Gels crosslinked with BIS also made the
qualitative impression of softening over the course of several months. The hydrolysis of
the bisamide liberates formaldehyde, which is undesirable in large-scale applications [13].

We have recently reported on the synthesis of three new tetraallylammonium-based
crosslinkers, namely tetraallylammonium bromide, N,N,N′,N′-tetraallylpiperazinium di-
bromide, and N,N,N′,N′-tetraallyltrimethylene dipiperidine dibromide [12], and we used
these to successfully crosslink diallyldimethylammonium chloride, a pH-neutral derivative
of DADMAOH. Due to their better solubility in water, a wider range of crosslinking densi-
ties can be obtained, and due to their structural similarity, the copolymerisation leads to
homogeneous networks [12]. The question now arises as to how these crosslinkers perform
in the alkaline diallyldimethylammonium hydroxide (DADMAOH) system designed for
application in, e.g., cementitious materials. This question is addressed by first evaluating
the persistence of the pure compounds in alkaline media and then validating these findings
by monitoring the rheological and swelling properties of gels under accelerated ageing.
The results are compared to gels crosslinked with BIS.

2. Results and Discussion

The copolymerization of DADMAOH with the crosslinkers 1a–c follows the published
procedure for the polymerization of DADMAOH with BIS using a redox initiation system
consisting of potassium peroxodisulfate and sodium disulfite [8]. As shown in Figure 1,
the diallyldimethylammonium unit polymerizes under ring closure, triggered by the attack
of a radical. The same mechanism also operates in the crosslinkers 1a–c. BIS, on the other
hand, polymerises by linear radical addition to each of the double bonds—i.e., it does not
form a ring—and, therefore, exhibits clearly different copolymerization characteristics than
1a–c with DADMA+ monomers [12].
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tetraallyl crosslinkers 1a–c appeared only successful with TAAB (1a) and TAMPB (1c). 
The mixture with TAPB (1b) turned from colourless to yellow and dark orange in a short 
period of time without forming a gel and simultaneously developed a strong fish-like 
odour, indicating the release of amines. This is even more surprising, since poly(acrylate)s 
crosslinked with TAPB (1b) were found to be largely unaffected by boiling in NaOH 

Figure 1. Top: general scheme for the crosslinking polymerization of DADMAOH; bottom: structures
of the cross-linkers 1a–c and BIS used in this study.

Initial tests for the preparation of such highly alkaline DADMAOH gels using the
tetraallyl crosslinkers 1a–c appeared only successful with TAAB (1a) and TAMPB (1c).
The mixture with TAPB (1b) turned from colourless to yellow and dark orange in a short
period of time without forming a gel and simultaneously developed a strong fish-like
odour, indicating the release of amines. This is even more surprising, since poly(acrylate)s
crosslinked with TAPB (1b) were found to be largely unaffected by boiling in NaOH
solutions [14]. Therefore, control experiments regarding the hydrolytic stability of the
crosslinkers 1a–c and the previously used BIS were run by monitoring the 1H-NMR spectra
in D2O containing 1 mol/L KOH over the course of seven days (Figure 2). The spectra in
pure D2O were used as a reference.
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Figure 2. 1H-NMR spectra of the pure crosslinkers in 1 M KOH solution in D2O over the course
of 7 days: (a) tetraallyl ammonium bromide, (b) N,N,N′,N′-tetraallyl piperazinium dibromide,
(c) N,N,N′,N′-tetraallyl trimethylene dipiperidine dibromide, (d) BIS. The numbers on the right axis
indicate the time code: (1) reference spectrum without KOH, (2) 1 M KOH in D2O on the same day,
(3) after 24 h, (4) after 48 h, (5) after 7 days.

The control experiments showed no change in the appearance of the 1H-NMR spectra
of TAAB (Figure 2a) and TAMPB (Figure 2c) over the period of 7 days. It can, thus,
be concluded that these two are resistant to alkaline hydrolysis under these conditions.
BIS, on the other hand, already shows (Figure 2d) the first signals of decomposition on
the same day (Figure 2d(2)). Their intensity increases over time, while simultaneously
the characteristic signals of BIS at 6.25 ppm, 5.83 ppm, and 4.75 ppm decrease and are
completely lost after 48 h. In the case of TAPB (Figure 2b), signals of the crosslinker at
6.06 ppm, 5.86 ppm, 4.23 ppm, and 3.96 ppm could be identified on the same day in
KOH/D2O, but these disappeared completely after 24 h (Figure 2b(3)). The susceptibility
of TAPB to decomposition in alkaline media could be explained by a Hofmann-type
elimination (Figure 3). The mechanism is particularly favoured by the proximity of the
two positive charges on the piperazine ring, which creates tension within the ring due to
the electrostatic repulsion and renders the hydrogen atoms α to the positive charges in 1b
more acidic. The latter can be indirectly observed by comparing the position of these H
atoms (4.7 ppm, Figure 2b) to those in compound 1c (3.7 ppm, Figure 2c), which are shifted
to a higher field. The decrease of the signal intensity in the NMR is accompanied by the
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formation of a water-insoluble phase, which deposits a supernatant layer and appears to
contain various decomposition products such as allylpiperazine, diallylvinylamine, and
diallylamine, amongst others. An 1H-NMR spectrum of this in CDCl3 is given in Figure S1
(Supplementary Material).
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Figure 3. Potential beginning of the alkaline degradation of TAPB (1b) by Hofman-type elimination.

As a result, TAPB (1b) is considered unsuitable as a crosslinker in the highly alkaline
media and will therefore not be considered further. BIS, on the other hand, decomposes
much more slowly and forms at least stable gels. BIS has previously been used to crosslink
highly alkaline gels [8–10] and will therefore be used as reference for the allyl crosslinkers
1a and 1c.

In order to find a suitable degree of crosslinking for the durability tests, the swelling
properties of the gels were first determined as a function of the crosslinker content. For
this purpose, DADMAOH hydrogels containing 2–50 mol% TAAB (1a) or TAMPB (1c)
were prepared (Figure 4). In the case of BIS, the gels could only be prepared with 3 and
4 mol%, as amounts of less than 3 mol% did not result in stable gels, and 4 mol% is the
solubility limit of BIS in this mixture. Technically, higher BIS/monomer ratios are possible
at lower monomer concentrations, but such gels again exhibit poor mechanical stability.
All gels were polymerized over a period of 3 weeks to ensure complete conversion. The
comparatively long polymerization times are based on those previously observed for
diallyldimethylammonium chloride gels [12].
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Three trends can be observed from Figure 4: (i) as expected, the degree of swelling de-
creases for all gels with increasing crosslinker content, (ii) this seems to be less pronounced
for TAAB (1a) than for TAMPB (1c), as the ratio of the degrees of swelling increases from
4.6 at 2% to 10 at 10% and to 13.1 at 50%, and (iii) TAAB (1a) consistently results in by far
the highest degrees of swelling, with a measurable value of up to 397 g/g at a content of 2%.
These values are comparable to common acrylate superabsorbent polymers [15,16]. BIS, on
the other hand, is not only limited by the solubility but also by a seemingly much stronger
decrease in the degree of swelling. Thus, the application range of gels with crosslinkers
1a,c is much broader than that of the original BIS-DADMAOH system.

As stated above, DADMAOH crosslinked with 2% BIS does not form stable gels. To
compensate this, methacrylamide (MAA) has previously been added as comonomer, which
stabilizes the resulting gels due to the formation of hydrogen bonds and dipole-charge
interactions [8]. As a side effect, the gels also become more pliable, which has a favourable
effect on the processability. Although the addition of a comonomer to obtain coherent gels
at low crosslinker contents is not necessary when using the tetraallyl compounds 1a,c, it
was interesting to test the effect of MAA on the present system in view of potential later
applications. For this, the (chemical) crosslinker content was fixed at 10 mol% 1a,c, and
the MAA content was increased from 0 to 8 and then to 20% molar fraction; i.e., the ratio
of crosslinker to the total amount of monomers was equal in all mixtures. After complete
polymerization, the storage modulus and swelling properties of the resulting gels were
analysed (Figure 5).
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Figure 5. Storage modulus (a) and equilibrium degree of swelling (b) of gels crosslinked with 10 mol%
TAAB (triangles) and TAMPB (squares), as a function of the molar fraction of methacrylamide. The
storage modulus was determined at an amplitude of 1%, a frequency of 1 Hz, and a contact pressure
of 5 N.

Figure 5a shows that for both TAAB (1a) and TAMPB (1c), the storage modulus
decreases with increasing MAA content. This is in contrast to previous studies using
2 mol% BIS as a crosslinker, which noted a stiffening of the gels upon increasing MAA
content [8]. The rate of decrease appears similar for both crosslinkers, despite the initial
large difference in storage modulus (33.3 kPa for TAMPB, 10.4 kPa for TAAB). This leads to
the assumption that the decrease is independent of the molecular structure. The decrease in
storage moduli could, therefore, originate in a combination of two effects: gels crosslinked
with tetraallyl compounds exhibit a homogeneous distribution of nodes, and at 10 mol%
crosslinker, the gel appears to be too rigid for the weaker hydrogen bonds and dipole-charge
interactions to be noticeable. On the other hand, the uncharged monomer reduces the
charge density in the chains and reduces the electrostatic repulsion. This renders the chains
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more flexible. However, the reduction of the charge density does not seem to affect the
swelling properties (Figure 5b). MAA was, therefore, used in the following experiments.

For the rheological investigations, a crosslinker content of 2 mol% was selected for
the TAMPB and TAAB gels and 4 mol% for the BIS gels due to the otherwise insufficient
gel stability. In addition, 8 mol% methacrylamide based on DADMAOH was added to
the polymerization solutions. Initially, all gels were cured in individual vials for 3 weeks
and then 3–5 mm thick slices were cut from the centre of each gel block. The measurement
errors due to the thickness variation of the gel slices are not significant here [17]. In order
to be able to carry out the measurements reliably, the upper plate needs to contact the gel
completely. This is not an issue in the case of very soft gels such as the ones crosslinked
with BIS. For these heterogeneous gels, the dependence of storage modulus and normal
force is not linear due to the macroporous structure, so measurements should be taken at
low normal force [18]. Gels based on the tetraallyl crosslinkers 1a,c appear firmer, despite
the lower crosslinker content. Here, an additional pressure in the form of a normal force
was needed to achieve full contact. Since it is known that this has a considerable influence
on the determined moduli [17], the effect of the normal force on the present system was
tested using a gel crosslinked with 2 mol% TAMPB (1c) at an amplitude of 1% (Figure 6).
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Figure 6. Storage modulus of a poly(DADMAOH) hydrogel with 2 mol% TAMPB and 8 mol%
methacrylamid as a function of the applied normal force. The values were recorded at an amplitude
of 1% and a frequency of 1 Hz 4 weeks after starting the polymerization.

Figure 6 shows that the observed storage modulus increases with increasing normal
force, but with two different dependencies. At forces < 1 N, a very sharp increase can be
seen, which changes to a significantly lower slope at forces > 1 N. From visual observation,
the initial sharp increase can be addressed to the increasing contact area of the gels with
the plates of the rheometer. In accordance with the literature, the subsequent region with
lower slope is the result of the polymer chains in rigid gels being compressed, which results
in macroscopic stiffening [17]. In order to remove the first effect, all samples crosslinked
with TAAB (1a) and TAMPB (1c) were analysed using a normal force of 1 N. This was
in agreement with the observations in the work of Karpushkin [18], where the values of
approx. 0.1 to 1 N were reported. For significantly harder gels, it is necessary to use higher
contact pressures, but these are determined by the same procedure in the later progress of
the work.

To assess the susceptibility of the gels to alkaline hydrolysis, the polymerisation was
allowed to continue for 3 weeks. The reference values (t = 0 in Figure 7) were determined
at this point. The gels were then stored at room temperature and also at 60 ◦C and
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continuously monitored by analysing their rheological and swelling properties. At room
temperature, a very small decrease in the storage modulus of BIS-crosslinked DADMAOH
gels was observed, but not in those gels containing the tetraallyl-crosslinkers 1a,c. The
same applies to the degree of swelling at room temperature (Figures S2 and S3 in the
Supplementary Materials). Therefore, the experiments were repeated at 60 ◦C to accelerate
potential decomposition reactions (Figure 7).
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Figure 7. Change of the storage moduli of poly(DADMAOH-co-MAA)-hydrogels crosslinked with
2 mol% TAAB (triangles) or TAMPB (squares) and 4 mol% BIS (circles) at 60 ◦C.

Over the course of 28 days at 60 ◦C, the storage modulus of the BIS-crosslinked
samples continuously decreased from 256 Pa to approx. 13 Pa. This enormous loss can
also be observed haptically and visually, since after 28 days the gels were fluid. In contrast,
the storage modulus of gels crosslinked with TAAB (1a) or TAMPB (1c) appeared to be
constant. To corroborate this, a linear regression of the values in Figure 7 afforded a slope
of −0.04 ± 0.0009 for gels crosslinked with BIS, while for the other two, the slope was 0
within the scatter of the measured values. On the molecular scale, the liquefaction can be
explained by a degradation of the crosslinking points. This is a strong indication that gels
crosslinked with 1a,c are resistant to alkaline hydrolysis over the period of observation
(28 d, 60 ◦C).

In order to verify the above results, the swelling properties of the samples in Figure 7
were also determined (Figure 8).

Figure 8 shows that for TAAB-crosslinked gels, the degree of swelling is very much
constant at approx. 250 g/g over the course of 28 days at 60 ◦C. The same applies to
TAMPB-crosslinked gels, albeit with a lower degree of swelling of approx. 70 g/g. Since
swelling mainly depends on the crosslinking density within the gels, it can be concluded
that the crosslinking points persist in the highly alkaline environment. This confirms the
findings in Figure 7. In contrast, gels crosslinked with BIS are again strongly affected, but
despite the continuous decrease of the storage modulus shown in Figure 7, the degree
of swelling increases at first from approx. 120 g/g to approx. 180 g/g. After 14 days, it
decreases at an increasing rate and cannot be determined after 28 d since the sample is
liquid. This also supports the decomposition of BIS already suspected in Figure 7. The
initial increase is also, in our opinion, evidence for the beginning decomposition of the
crosslinking points, since a lower crosslinking density gives—within certain limits—rise
to higher degrees of swelling. The turning point over the course of the swelling curve is
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also initiated by parts of the gel flowing through the 90 µm wide meshes of the polyester
teabag. As gels crosslinked with BIS have previously been shown to possess a non-uniform
network structure [12], small amounts of hydrolysis might sever larger portions of polymer
from the gel, which are then lost in the experiment.
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3. Conclusions

The persistence of the present highly alkaline hydrogels depends on the nature of
the crosslinker. The amide bonds in the commonly used N,N′-methylenebisacrylamide
are subject to slow hydrolysis, which ultimately causes liquefication of the gels. Rather
unexpectedly, N,N,N′,N′-tetraallylpiperazinium dibromide decomposes so quickly that
alkaline gels do not form. The reason could be the proximity of the two positive charges
in the six-membered ring, which renders the α-H atoms strongly acidic. This favours
a Hofmann-type elimination. Gels crosslinked with tetraallylammonium bromide and
N,N,N′,N′-tetraallyltrimethylene dipiperidine dibromide did not show any signs of decom-
position after 28 d at 60 ◦C, which translates to at least 15 months at ambient temperature.
This is sufficient for basically all relevant rehabilitation measures, such as realkalisation or
chloride extraction. Both suitable tetraallyl crosslinkers allow the preparation of gels with a
wide range of mechanical and swelling properties and are compatible with methacrylamide
as comonomer, which renders the gels more pliable.

4. Materials and Methods
4.1. Materials

Diallyldimethylammonium chloride (65 wt % in H2O) and triallylamine (99%) were
purchased from Sigma Aldrich, and piperazine and D2O (99.9%) were obtained from Merck
KGaA (Darmstadt, Germany). Allyl bromide (99%), potassium carbonate (99%), methanol
(99%), and 1,3-bis(4-piperidyl)propane (97+%) were purchased from Alfa Aesar (Kandel,
Germany). The anion exchange-resin Lewatit Monoplus MP 800 was provided by Lanxess
(Leverkusen, Germany). Chloroform (≥99%), acetone (≥99%), bidistilled water, potas-
sium hydroxide, dichloromethane (≥99%), potassium persulfate, sodium metabisulphite,
N,N′-methylenebisacrylamide and sodium hydroxide (97%) were obtained from VWR
International GmbH (Darmstadt, Germany). All chemicals were used as received. Polyester
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filter bags with a maximum mesh size of 90 µm were purchased from Rosin Tech Products
(Bethpage, NY, USA).

4.2. Synthesis of the Crosslinkers

Tetraallylammonium bromide 1a (TAAB), N,N,N′,N′-tetraallylpiperazinium dibro-
mide 1b (TAPB) and N,N,N′,N′-tetraallyltrimethylenedipiperidine dibromide 1c (TAMPB)
were synthesised by using a previously published procedure [12]. Briefly, TAAB was
prepared by reacting triallylamine with allyl bromide in acetone (80 ◦C, 72 h). The synthesis
of 1b was performed in two steps. First, piperazine was reacted with 2 eq. allyl bromide in
H2O (20 ◦C, 48 h). The purification resulted in a yellow oily liquid. For the second step, the
liquid was heated with 2.2 eq. allyl bromide in acetone (80 ◦C, 72 h) to give TAPB. Finally,
the preparation of 1c follows the two-step procedure outlined for TAPB. Trimethylenedip-
iperidine with 2 eq. allyl bromide afforded crude diallyltrimethylenedipiperidine (DAMP)
as a brown oily liquid. In the second step, DAMP yielded TAMPB as a beige crystalline
solid after recrystallization in methanol.

4.3. NMR Spectroscopy
1H-NMR spectra were recorded with 400 MHz on a Mercury 400 spectrometer (Varian,

Palo Alto, CA, USA). Chemical shifts were calculated using the HDO signal at 4.64 ppm
or the CDCl3 signal at 7.26 ppm as a reference. To check for potential alkaline hydrolysis,
25 mg of the crosslinkers were added to 1 mL of a solution containing 561.1 mg (0.01 mol)
KOH in 10 mL D2O. 1H-NMR spectra were taken on the same day and after 24 h, 48 h, 72 h,
and after 7 days. Spectra recorded in pure D2O were used as reference.

4.4. Preparation of Diallyldimethylammonium Hydroxide (DADMAOH) by Ion Exchange [8]

A total of 1125 g of the ion-exchange resin in the chloride form and 1.8 L of 1 M NaOH
were placed in a chromatography column. The mixture was allowed to sit for 30 min
before the column was drained and the resin washed with 1.2 L bidistilled water. For the
exchange, 360 g of the 65 wt % commercial diallyldimethylammonium chloride (DADMAC)
solution were diluted with 750 mL water and then slowly fed onto the column followed
by 2.25 L bidistilled water. The combined solutions were adjusted to a concentration of
30 wt % by rotary evaporation. The dry weight was determined gravimetrically by freeze-
drying 5 mL of the solution. The amount of chloride left in the product was determined by
potentiometric titration and was for all samples less than 5 mol%.

4.5. Copolymerisation of Crosslinked DADMAOH Hydrogels

The method is described using 2 mol% of the TAAB (sample TAAB2) crosslinker
as an example. Details on all compositions can be found in Table S1 in the Supporting
Information. A mixture of 5 g of a DADMAOH solution (30 wt % in water, 10.5 mmol),
30 mg sodium disulfite (0.16 mmol), and 54 mg tetraallylammonium bromide (0.2 mmol,
2 mol% relative to the DADMAOH content) was stirred until the crosslinker had completely
dissolved. Meanwhile, 60 mg KPS was dissolved separately in 1.5 mL H2O and then added
to the monomer solution. All solutions were stirred for 15 min and then stored at room
temperature for 3 weeks.

4.6. Swelling Experiments (Teabag Tests)

All tested gels were cut into small particles and lyophilized under reduced pressure.
Approx. 100 mg of the dried hydrogels were weighed into polyester filter-bags and
submerged in 0.5 L of bidistilled water at 22 ◦C. Every hour, the teabags were removed
from the solution and carefully stripped off. To drain unabsorbed water, the samples were
hung up for 5 min before the mass changes were measured gravimetrically. The reported
maximum swelling ratios were determined by averaging the last three recorded values.
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4.7. Preparation of Crosslinked DADMAOH-Co-Methacrylamide Hydrogels and Durability Test

The method is described using 2 mol% TAAB (sample TAAB2 + MAA) as an example.
Details on all used compositions can be found in Table S2 in the Supporting Information.
A mixture of 5 g of a DADMAOH solution (30 wt % in water, 10.5 mmol), 30 mg sodium
disulfite (0.16 mmol), 54 mg tetraallylammonium bromide (0.2 mmol, 2 mol% related to the
DADMAOH content), and 71.3 mg methacrylamide (0.8 mmol, 8 mol%) was stirred until
the crosslinker had completely dissolved. Meanwhile, 60 mg KPS was dissolved separately
in 1.5 mL H2O and then added to the monomer solution. The solutions were stirred for
15 min and then sealed with parafilm to avoid drying effects. After storing the samples
at room temperature for 3 weeks, half of the samples were placed in a Memmert UN55
drying oven at 60 ◦C and kept there over a period of 4 weeks. The samples were evaluated
by rheological experiments according to Section 4.8 or by swelling experiments according
to Section 4.6 after lyophilisation. For that, the glass vial of a sample was broken, and the
gel was carefully removed. A 3–5 mm thick gel slice was then cut from the centre of the gel
cylinder. Care was taken to ensure that the thickness of the slice remained the same over
the entire surface. The first (reference) measurement was made after the initial 3 weeks at
RT. Further measurements were made after an additional 6 weeks at RT, as well as after
7/14/21 and 28 days of storage at 60 ◦C. At the corresponding time points, the sample vials
were carefully shattered, and the bulk gel was removed from the glass fragments.

4.8. Rheology

The rheological data were recorded on an Anton Paar Modular Compact Rheometer
102. A plate–plate geometry with a diameter of 25 mm and made of stainless steel was
used. All samples were measured at 20 ◦C. The gap distance was selected depending on
the applied normal force, which was set between 0 and 5 N depending on the experiment.
For each measurement, an amplitude sweep was performed, with an angular frequency of
1 Hz and an increasing amplitude of 0.01–100% over 25 measurement points.

4.9. Ratio Exchange Tests of Crosslinked DADMAOH-Co-Methacrylamide Hydrogels

Three separate solutions were prepared from the 30% DADMAOH solution obtained
in Section 4.4, in which equimolar 0/8/20 mol% DADMAOH monomers were exchanged
by dilution with bidistilled water and the subsequent addition of methacrylamide. For
each of the three solutions, 3 reaction mixtures for each of the crosslinkers were prepared
as follows. For each sample, a mixture of 5 g of one of the above three DADMAOH-MAA-
solutions (10.5 mmol), 30 mg sodium disulfite (0.16 mmol), 270 mg TAAB, or 557.5 mg
TAMPB (0.2 mmol, 10 mol% related to the DADMAOH-MAA content), was stirred until
the crosslinker had completely dissolved. Meanwhile, 60 mg KPS was dissolved separately
in 1.5 mL H2O and then added to the monomer solution. All solutions were stirred for
15 min and then sealed with parafilm to avoid drying effects. All samples were stored at
room temperature for 3 weeks and then analyzed for storage moduli and swelling ratios
according to the above procedures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/gels8100669/s1, Figure S1: 1H-NMR spectrum in CDCl3 of the supernatant was performed
during the decomposition of 1b in 1 M KOH; Figure S2: Storage moduli of poly(DADMAOH-co-MAA)
hydrogels crosslinked with 2 mol% TAAB, 2 mol% TAMPB, and 4 mol% BIS at different times after
storage of the polymerized gels at room temperature; Figure S3: Swelling ratios of poly(DADMAOH-
co-MAA)-hydrogels crosslinked with 2%mol TAAB/2%mol TAMPB/4%mol BIS at different times after
storage of the polymerized gels at room temperature; Table S1: Details on the sample composition
used to prepare crosslinked DADMAOH hydrogels; Table S2: Details on the sample composition
used to prepare crosslinked DADMAOH-co-MAA hydrogels.
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Abstract: Recently, flexible sensors based on conductive hydrogels have been widely used in human
health monitoring, human movement detection and soft robotics due to their excellent flexibility, high
water content, good biocompatibility. However, traditional conductive hydrogels tend to freeze and
lose their flexibility at low temperature, which greatly limits their application in a low temperature
environment. Herein, according to the mechanism that multi−hydrogen bonds can inhibit ice
crystal formation by forming hydrogen bonds with water molecules, we used butanediol (BD) and
N−hydroxyethyl acrylamide (HEAA) monomer with a multi−hydrogen bond structure to construct
LiCl/p(HEAA−co−BD) conductive hydrogel with antifreeze property. The results indicated that
the prepared LiCl/p(HEAA−co−BD) conductive hydrogel showed excellent antifreeze property
with a low freeze point of −85.6 ◦C. Therefore, even at −40 ◦C, the hydrogel can still stretch up
to 400% with a tensile stress of ~450 KPa. Moreover, the hydrogel exhibited repeatable adhesion
property (~30 KPa), which was attributed to the existence of multiple hydrogen bonds. Furthermore,
a simple flexible sensor was fabricated by using LiCl/p(HEAA−co−BD) conductive hydrogel to
detect compression and stretching responses. The sensor had excellent sensitivity and could monitor
human body movement.

Keywords: intelligent gel; antifreeze conductive hydrogel; flexible sensor

1. Introduction

Hydrogel is a kind of soft−wet material with a three−dimensional polymer net-
work [1–3]. In recent years, hydrogels have been widely applied in the fields of intelligent
sensing [4,5], biomedicine [6–10], and human health monitoring [11–13] due to its high
stretchability, ionic conductive path, and high water content [14–16]. Electronic or ionic
conductivity is a necessary condition to ensure that hydrogel can transform external me-
chanical stimulation into easily collected electrical signals. However, most hydrogels lack
conductivity due to the insulating properties of conventional polymer networks. Com-
monly used methods to enhance the conductivity of hydrogel include filling conductive
fillers (graphene [17,18], carbon nanotubes [19,20], polypyrrole [21,22] and polyaniline [23],
etc.) or adding soluble electrolytes (e.g., LiCl, NaCl, and (NH4)2SO4) [24–28]. Although the
introduction of conductive fillers provides ionic or electronic conductivity for hydrogels, it
also raises some issues, such as difficult dispersion of conductive nanomaterials and easy
agglomeration, leading to the loss of mechanical properties and electrical conductivity of
hydrogels. In addition, the inherent incompatibility between a rigid conductive polymer
network and flexible networks results in a decrease in the flexibility of hydrogels. On the
other hand, the high water content of hydrogel makes it easy to freeze at low temperature,
losing its flexibility and conductivity. Therefore, how to endow hydrogels with conductivity
and improve their frost resistance remains a huge challenge.
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The introduction of a soluble electrolyte (e.g., LiCl, NaCl, and (NH4)2SO4) is one of
the most commonly used methods, which can not only improve the conductive ability of
hydrogels, but also inhibit the generation of ice crystals, and reduce the freezing point of
hydrogels [29–31]. Zhang and co−workers prepared anti−freezing hydrogels by soaking
hydrogel in (NH4)2SO4 solution to replace the water of the hydrogel. The resultant hy-
drogel showed excellent ionic conductivity (~2.7 S/m) at −40 ◦C, and maintained good
flexibility in a wide temperature range (−40~25 ◦C) [32]. Nevertheless, too much salt
in a hydrogel will lead to undesirable mechanical properties, which is not conducive to
practical applications of hydrogels. Another way to endow hydrogel with frost resistance is
to introduce an organic solvent, which reduces the freezing point of hydrogels through the
interaction of organic solvents with water molecules. Based on this strategy, Wu et al. de-
signed a gelatin/N−hydroxyethyl acrylamide/glycerol/lithium chloride double network
hydrogel by one pot−heating−cooling method [33]. The prepared hydrogel possesses
excellent mechanical property (tensile stress/strain of 2.14 MPa/1637.49%). Moreover,
due to the introduction of glycerol, the hydrogel shows good anti−freezing ability. It still
has good flexibility at −40 ◦C and can light LED at −80 ◦C. However, the introduction of
an organic solvent with a low dielectric coefficient reduces the ionic moving speed of a
hydrogel, resulting in low conductivity the hydrogel in question.

Herein, we designed a LiCl/p(HEAA−co−BD) conductive hydrogel with anti−freezing
ability and a high mechanical property. BD is a monomer with polyol structure, which is
similar to ethylene glycol and glycerol. The polyol structure of BD is easy to combine with
free water through hydrogen bonding, thus inhibiting the formation of ice crystals and
reducing the freezing temperature of hydrogel. Moreover, HEAA was selected due to its
rich amide and hydroxyl groups, which can form more hydrogen bonds between inter− and
intra− polymer chains, thus enhancing the mechanical properties and adhesion properties
of hydrogel. Therefore, the obtained LiCl/p(HEAA−co−BD) conductive hydrogel has
a low freeze point at −85.6 ◦C, and the tensile stress/strain of the hydrogel can reach
450 KPa/400% at−40 ◦C. In addition, hydrogel shows excellent adhesive ability (~150 KPa)
on various non−porous substrates, such as rubber, plastic, foam, paper and other substrates.
Furthermore, a flexible sensor based on a LiCl/p(HEAA−co−BD) conductive hydrogel
was prepared, which can effectively respond to different pressure and monitor human limb
bending. This design strategy of a low−temperature conductive hydrogel will effectively
expand the application of hydrogel.

2. Results and Discussion
2.1. Preparation of LiCl/p(HEAA−co−BD) Antifreeze Conductive Hydrogel

As shown in Figure 1a, LiCl/p(HEAA−co−BD) antifreeze conductive hydrogels were
synthesized by a photopolymerization method (Figure 1). The specific synthesis steps are as
follows: BD, HEAA, MBA, LiCl and I2959 were added to a bottle with water. After that, the
prepared solution was injected into the mold through a syringe and placed under 8 W UV
light for 1 h. In this process, free radicals were generated by the decomposition of I2959 to
induce the copolymerization of BD and HEAA, which further formed a three−dimensional
polymer network by cross−linking agent MBA. Among them, LiCl is uniformly dispersed
in the polymer hydrogel network, which gives the hydrogel excellent electrical conductivity
by forming movable free hydration ions. In addition, the hydrogel exhibited excellent
freezing resistance by inhibiting the formation of ice crystals in hydrogels through the
multiple hydrogen bonding of butanediol and N−hydroxyethyl acrylamide with H2O at
low temperature. As shown in Figure 1b, a pure pHEAA hydrogel (mHEAA:mH2O = 1:1) was
frozen at−20 ◦C, showing poor frost resistance. The formed pure pHEAA hydrogel did not
freeze at−20 ◦C when HEAA concentration was increased to 61.5 wt% (mHEAA:mH2O = 8:5).
Obviously, with the increase in HEAA concentration, the content of hydrophilic functional
groups in the pHEAA polymer chain increased, and the number of hydrogen bonds formed
with free water increased, thus enhancing the freezing resistance of the polymer.
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On the side, the transparency of the LiCl/p(HEAA−co−BD) anti−freezing conductive
hydrogel was measured with a UV−vis spectrometer. As shown in Figure 1c, the transmis-
sion of the hydrogel was as high as 80–90% in the wavelength range of 400–700 nm, which
was close to the transmission rate of some commercial transparent films. In addition, the
Chinese characters (Chinese name of Hunan University of Technology) printed on the paper
were clearly observed through the cuvette containing the hydrogel, and the characters of
“Hunan University of Technology” were clearly observed. Compared with the blank next
to them, there was no obvious blurring of the characters, showing high permeability.
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Figure 1. (a) Schematics of preparation of LiCl/p(HEAA−co−BD) antifreeze conductive hydrogel;
(b) Frost resistance of HEAA hydrogels with different concentrations of HEAA at −20 ◦C; (c) The
transmittance of LiCl/p(HEAA−co−BD) antifreeze conductive hydrogel in a colorimetric dish.

2.2. Comparison of Anti−Freezing Capacity of Different Hydrogel Components

The anti−freezing ability of different hydrogel components was shown in Table 1. All
hydrogel prepolymerized solutions were transparent. Then, the prepolymerized solution
was polymerized by UV light to form a transparent hydrogel at room temperature (RT).
The anti−freezing ability of the hydrogel was judged by the change of its color at −20 ◦C.
The hydrogel still showed high light transmittance after being frozen at −20 ◦C for 12 h,
which indicated that the hydrogel did not freeze at −20 ◦C. When this series of hydrogels
were further frozen at −80 ◦C for 12 h, it was found that the LiCl/p(HEAA−co−BD)/H2O
hydrogel was still transparent, which means that there was no freezing in this hydrogel,
while all or part of the LiCl/pHEAA/H2O, p(HEAA−co−BD)/H2O and pHEAA/H2O
hydrogels were milky white. This means that the LiCl/p(HEAA−co−BD)/H2O hydrogel
had the best anti−freezing ability, which was attributed to the interaction between the
monomer and LiCl with water molecules.
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Table 1. Freezing resistance of each component hydrogel.

LiCl/p(HEAA−co−BD)/H2O LiCl/pHEAA/H2O LiCl/pHEAA/H2O pHEAA/H2O

Monomeric ratios (g:g) 0.45:8:2:5 0.45:8:5 8:2:5 8:5

Pre−polymerized
liquid
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2.3. Low−Temperature Tensile Properties of LiCl/p(HEAA−co−BD) Anti−Freezing
Conductive Hydrogels

Tensile properties of the LiCl/p(HEAA−co−BD) hydrogel at different temperatures
were shown in Figure 2a. At RT, −20 ◦C and −80 ◦C, the hydrogel shows good tensile
properties and excellent flexibility.

In order to quantitatively test and compare the anti−freezing ability of this series
of hydrogels, we presented the DSC curves of hydrogels (Figure 2b). The glass transi-
tion temperatures of the LiCl/pHEAA/H2O, p(HEAA−co−BD)/H2O and pHEAA/H2O
hydrogels were −51.8 ◦C, −64.9 ◦C and −17.1 ◦C, respectively. The above data demon-
strated that both BD and LiCl have excellent anti−freezing ability. It can be clearly
observed that after combining BD and LiCl with pHEAA/H2O hydrogel, the resultant
LiCl/p(HEAA−co−BD)/H2O hydrogel had the lowest glass transition temperature (Tg) of
−85.6 ◦C. This method overcomes the limitation that traditional antifreeze hydrogels are
mostly based on organic hydrogels and obtains excellent antifreeze water−based hydrogels.

The tensile properties of the hydrogel were quantitatively characterized by a tensile test
at a low temperature from RT to −40 ◦C (Figure 2c). The hydrogel showed superb tensile
properties, which can be stretched up to 200 KPa/1000% at RT. When the temperature was
gradually reduced to −10 ◦C, −20 ◦C and −30 ◦C, the fracture strain of the hydrogel did
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not change significantly, but the fracture stress gradually increased. When the temperature
was reduced to −40 ◦C, the fracture strain shrank to ~400% and the fracture stress reached
a maximum of 450 KPa. Obviously, when the temperature decreases from RT to −40 ◦C,
the elastic modulus of the hydrogel showed a similar trend to the tensile properties of the
hydrogel (Figure 2d). This occurs as, when the temperature drops, the hydrogel gradually
begins to change from a highly elastic state to a glassy state, where it becomes harder and
less flexible.
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Figure 2. (a) LiCl/p(HEAA−co−BD) hydrogel stretched under RT, −20 ◦C and −80 ◦C; (b) DSC
curves of hydrogels with different components; (c) Stress–strain curves and; (d) Elastic modulus of
LiCl/p(HEAA−co−BD) hydrogel at RT, −10 ◦C, −20 ◦C, −30 ◦C, and −40 ◦C, respectively.

2.4. Adhesion of LiCl/p(HEAA−co−BD) Hydrogel

The LiCl/p(HEAA−co−BD) hydrogel possesses excellent adhesion due to it con-
tains a large number of hydrogen bonds. First, the adhesive properties of hydrogel on
various non−porous substrates were qualitatively tested. As shown in Figure 3a, the
LiCl/p(HEAA−co−BD) hydrogel not only could adhere to inorganic materials such as
stainless steel, ceramics and glass, but also can adhere to organic materials such as rubber,
plastic, foam and cardboard. In addition to showing adhesion to hydrophilic substances, the
hydrogel also adhered to hydrophobic PTFE substrates, overcoming the problem that most
adhesives do not adhere to hydrophobic materials. Furthermore, the adhesion strength of
the hydrogel on glass substrates was quantitatively tested. Figure 3b shown a schematic
diagram of 180◦ peeling test for exploring the adhesion of hydrogel [34]. The adhesion
strength of the LiCl/p(HEAA−co−BD) hydrogel at different peeling speeds is shown in
Figure 3c. It can be seen that the adhesion strength of the hydrogel gradually increased
from ~60 KPa to 150 KPa as the peeling speed increased from 10 mm/min to 100 mm/min,
showing obvious speed−dependent properties.

More than that, the LiCl/p(HEAA−co−BD) hydrogel demonstrated excellent re-
versible adhesion properties. As shown in Figure 3d, the reversible adhesive strength of the
hydrogel was tested five times with a resting time of two minutes during the two peeling
tests. The results showed that the hydrogel adhesion strength decreased rapidly from
~160 KPa to ~50 KPa when the second adhesion test was performed. This occurs as, in the
early stage of synthesis, the prepolymerized solution could be filled into the micropores on
the glass substrate, which can eliminate some invisible bubbles on the glass substrate. After
an hour photopolymerization, the hydrogel fragments in the micropores form a whole with
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the surface hydrogel, so the strength of hydrogel is higher than cyclic adhesion. After the
first peeling, some hydrogel fragments would remain on the surface of the hydrogel, and
when re−adhering, these hydrogel fragments would contact with the bulk hydrogel to
form bubbles, thus reducing the adhesion ability when re−adhering. Due to the above
reasons, the second adhesive strength will be lower than the first adhesive strength. When
the peeling−adhesion test was repeated several times, the adhesion strength was basi-
cally stabilized at ~30 KPa. This is due to the immediate recovery of dynamic reversible
interaction. Therefore, the LiCl/p(HEAA−co−BD) hydrogel showed relatively weak and
relatively stable adhesive strength in a limited recovery time.
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2.5. Conductivity of LiCl/p(HEAA−co−BD) Antifreeze Hydrogels

The conductivity of the LiCl/p(HEAA−co−BD) hydrogel was tested by serially con-
necting it into the circuit of a battery with 8V at RT, −20 ◦C and −80 ◦C, respectively. The
results were shown in Figure 4. The hydrogel not only had excellent conductivity at RT
(LED emitted bright light), but also possessed conductivity at a low temperature (LED can
be lit). Among them, since LiCl can be hydrogenated to freely mobile Li+ and Cl− at RT,
which can allow the hydrogel to exhibit conductive ability, the LED in the path exhibits
bright emission. With the decrease in temperature, the decline in mobility of hydrated Li+,
resulting in the decrease in the conductivity of hydrogel.

2.6. Sensing Performance of LiCl/p(HEAA−co−BD) Hydrogel

Figure 5a shows the resistance changes of LiCl/p(HEAA−co−BD) hydrogel with
compressive strain. It could be seen that the resistance changes of hydrogel showed an
obvious linear relationship (R2 = 0.99) and GF = 0.65 with the compressive strain of 0–50%.
Furthermore, we tested the pressure response properties of the hydrogel by adding heavy
weights. As shown in Figure 5b. As the mass of the weight applied to the hydrogel increases
from zero to 100 g, the resistance changes rate of hydrogel decreased from 100% to 4%,
showing excellent pressure response properties.
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Figure 5. (a) Compression stress and compression strain and (b) Resistance changes of hydrogel
response to different weights.

The sensitivity of the strain sensor, based on the LiCl/p(HEAA−co−BD) hydrogel,
was also assessed. The GF were 1.12, 1.68 and 2.19 in the tensile strain range of 0–100%,
100–200% and 200–500% (Figure 6a), respectively, which exhibited excellent sensitivity. Par-
ticularly, the obvious signals were successfully gained in the process of loading–unloading
under strain of 1%, 100–400%, respectively. (Figure 6b,c). Additionally, the response time
of the hydrogel flexible sensor was simultaneously recorded at the stretching speed of
100 mm/min and 200% strain (Figure 6d). The results showed that the response time was
only 0.2 s, and it is proved that the hydrogel flexible sensor could immediately respond to
the changes in external strain. The stability of the flexible sensor was tested via sixty times
loading–unloading cycles with 50% strain. As shown in Figure 6e, the relative resistance of
sensor has remained almost unchanged during the cyclic deformations (Figure 6e inset).
The deviation of relative resistance was less than 1%, which means that the flexible sensor
based on the LiCl/p(HEAA−co−BD) hydrogel shows high stability.

In view of the high tensile property, good electrical conductivity, adhesive property
and strain response capability of this anti−freezing hydrogel. A flexible wearable sensor for
monitoring human motion was prepared based on the LiCl/p(HEAA−co−BD) hydrogel.
As shown in Figure 7, the hydrogel based flexible sensor was directly adhered to each joint
of the human body. Then, the human movement signals were collected by an electrochemi-
cal workstation. The results showed that the relative resistance of hydrogel varied from 0
to 60% with the stretching and bending of a finger, and when the wrist, elbow, and knee
were straight and bent, the relative resistance changes of the hydrogel were 30%, 100%, and
50%, respectively. Since the relative deformability of fingers and elbows is greater than
that of wrists and knees, the relative resistance of hydrogels changes more obviously with
bending deformation.
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3. Conclusions

In conclusion, LiCl/p(HEAA−co−BD) hydrogels with freeze resistance and electrical
conductivity were prepared by one−pot photopolymerization with different antifreeze com-
ponents, such as LiCl, BD and HEAA. Due to the interaction between the multi−hydrogen
bonding molecular network with water molecules and the hydration of LiCl, the hydro-
gel showed a low freezing point of −85.8 ◦C. Moreover, the hydrogel exhibited excellent
tensile strength (the tensile stress/strain of the hydrogel could reach 450 KPa/400% at
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−40 ◦C) and conductivity (the LED could still be lit at −80 ◦C) at low temperature. In
addition, based on the dynamic reversible property of a hydrogen bond, the hydrogel
also showed a reversible adhesion strength of ~30 KPa. Finally, the flexible sensor based
on a LiCl/p(HEAA−co−BD) hydrogel was prepared, which showed a high sensitivity
(GF = 2.19) and a fast response speed (0.2 s) to external force. Based on the above advan-
tages, the hydrogel can effectively monitor the movements of human limbs (such as finger
bending, knee bending, wrist bending and elbow bending).

4. Experimental Parts

Experimental reagents and specifications. N−hydroxyethyl acrylamide (HEAA,
98%, chemically pure) was purchased from TCL Reagents Inc. 2−Hydroxy−4′−(2−
hydroxyethoxy)−2−methylpropiophenone (I2959, 99%, chemically pure) and N,N’−methylene
bisacrylamide (MBA, 99%, chemically pure) were purchased from Shanghai Aladdin
Reagent Co. Butenediol (BD, 98%, chemically pure) was purchased from Jiangsu Aikang
Biopharmaceutical R&D Co. Lithium chloride (LiCl, analytical purity) was purchased
from Sinopharm Reagent Co. Deionized water was prepared by Milli−Q system water
purification system, with an impedance of 18.2 MΩ/cm. All reagents were not further
purified before use.

Preparation of LiCl/p(HEAA−co−BD) antifreeze conductive hydrogel. LiCl/P(HEAA−
co−BD) conductive hydrogels with anti−freezing ability was prepared by photo−initiated
radical polymerization reaction. The specific synthesis steps are as follows: First of all, the
reactants of LiCl (0.21 g, 3 wt.%), HEAA (3.5 g, 50 wt.%), BD (0.7 g, 10 wt.%), MBA (6.8 mg),
and photo−initiator I2959 (68 mg) were added to a glass bottle containing deionized water
(2.8 g, 40 wt.%). Then, the mixture solution was stirred to form a clear solution. The
solution was injected into a glass mold with a thickness of 1 mm through a syringe, and
then transferred to an 8 W 365 nm UV light for polymerization for 1 h. After polymerization,
the transparent hydrogel was formed. In order to facilitate the removal of the prepared
hydrogel from the mold, a layer of PET film was covered on the contact surface between
the glass and the hydrogel.

Mechanical property test. Tensile tests were carried out on a universal tester (AGS−X)
equipped with 1000 N load cell at a speed of 100 mm/min. The hydrogel specimen was cut
into a dumbbell shape with an effective stretching length of 25 mm, a width of 4 mm and a
thickness of 1 mm, and mounted on the chuck of the stretching machine. Stretched at a rate
of 100 mm/min until the hydrogel fractured. The tensile strain (ε) was calculated by the
following equation:

ε = lt/l0 (1)

where l0 is the original length of the hydrogel and lt is the length of the hydrogel after
stretching. The tensile stress (σ) is the tensile force applied per unit area, and the formula is
as follows:

σ = F/A0 (2)

where F is the tensile force and A0 is the cross−sectional area of the hydrogel sample.
Low temperature tensile test. The tensile stress and tensile strain of hydrogels below

zero temperature were tested by a universal tester (Zwick Roell Z010) with an environmen-
tal chamber. Before stretching, each sample was kept at the test temperature for 20 min to
ensure that the temperature of the sample was the same as that of the external environment.
The stretching rate was also controlled at 100 mm/min.

Differential Scanning Calorimetry (DSC). DSC test was performed using NETZSCH DSC
200F3 at a heating rate of 10 ◦C/min in a set temperature range under nitrogen protection.

Adhesion strength test. The adhesive strength of the hydrogels was determined using
a 180◦ peeling test at a peeling−set speed. The hydrogels were prepared into cuboids
(length, 10 mm; width, 10 mm; thickness, 2 mm). Adhesive strength (g) was calculated
as follows:

g = Fmax/S (3)
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where Fmax is the maximum force applied in the stripping process, and S is the area of the
hydrogel sample.

Transmittance test. The UV−vis absorption spectrum of the hydrogel was acquired
using a UV−vis spectrophotometer (TU−1810) at a wavelength scanning range from 400
to 800 nm and a scanning rate of 100 nm/min.

Sensing performance test. Compression test electrochemical performance test: Compres-
sion response of conductive gels to different masses of weights: The LiCl/p(HEAA−co−BD)
conductive hydrogel was made into a cylinder with a diameter of 1 cm and a height of
1 cm, and each of the two cross sections was connected to the electrochemical worksta-
tion through an aluminum sheet. The gage factor (GF) is calculated according to the
following formula:

GF =4R/R0 × 100% (4)

where R0 is the original resistance, and4R is the change of resistance during stretching.
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Abstract: In this paper, functionalized sodium alginate hydrogel (FSAH) was prepared to efficiently
adsorb heavy metals and dyes. Hydrazide-functionalized sodium alginate (SA) prepared hydrazone
groups to selectively capture heavy metals (Pb2+, Cd2+, and Cu2+), and another functional group
(dopamine grafting), serves as sites for adsorption methylene blue (MB), malachite green (MG),
crystal violet (CV). Thermodynamic parameters of adsorption indicated that the adsorption process
is endothermic and spontaneous. The heavy metals adsorption by FSAH was physical adsorption
mainly due to ∆Hθ < 40 kJ/mol, and the adsorption of cationic dyes fitted with the Langmuir models,
which indicated that the monolayer adsorption is dominated by hydrogen bonds, electrostatic
interactions, and π-π interactions. Moreover, the adsorption efficiency maintained above 70% after
five adsorption-desorption cycles. To sum up, FSAH has great application prospect.

Keywords: sodium alginate; modification; heavy metals; dye; adsorption

1. Introduction

In the process of rapid industrial development, it is easy to cause environmental
pollution problems. The improper treatment of industrial waste water leads to the de-
struction of the water ecological environment [1]. In particular, heavy metals and dyes in
sewage are very resistant to biodegradation, posing a serious threat to human health [2],
for example, lead poisoning can cause brain damage and kidney and liver dysfunction;
excessive malachite green can also cause nausea, abdominal pain, etc. [3–7]. The adsorption
method is widely used due to its advantages of low-cost, simple-operation, and good
selectivity. Heavy metals and dyes coexist in wastewater, and the current adsorption mate-
rial treatment capacity limits its large-scale application [8–11]. Researchers are committed
to developing adsorbents with large adsorption capacity, no secondary pollution, and
wide application.

SA, a natural polysaccharide, is widely used in the food industry, pharmaceutical
industry, rubber industry, and other industries. At the same time, SA as adsorption material
to adsorb heavy metals and organic pollutions through physical and chemical modification,
has attracted wide attention [12,13]. The chemical modification of SA can be divided into:
the C–C bond of o-diol that was oxidized to dialdehyde or dicarboxylic groups; and COO–

on SA was grafted to new groups, such as amides or esters [14].
Hydrazone is very sensitive to heavy metals and can easily coordinate to form co-

ordination structures, [15–18]. DA (dopamine) has strong functional modification ability,
and catechol and amine groups could form various hydrogen bonds to adsorb target
pollutants [19–21]. DA-modification is a highly functional surface modification strategy.
Combining the advantages of the hydrazone group and DA-modification, an SA-based
adsorption material FSAH was prepared.
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In this paper, the functional modification of sodium alginate was divided into two
steps: the hydrazone group was prepared by using sodium alginate and biphthalate
dihydrazide (BDD) based on the Schiff base reaction, and DA was grafted to form an amide
carbonyl group to prepare the adsorbent FSAH. The adsorption capacity of heavy metals
and dyes was evaluated, and pH, initial concentration, time, and reaction temperature
were investigated. The adsorption isotherm equations, adsorption thermodynamics, and
adsorption kinetics were analyzed in the adsorption process. According to FT-IR, SEM, and
XPS analysis, the mechanism of FSAH adsorption of heavy metals and dyes was proposed.
Adsorption–desorption experiments showed FSAH had broad application prospects in the
removal of heavy metals and dyes.

2. Results and Discussion
2.1. Characterizations
2.1.1. SEM and EDS–Mapping Analysis

The microstructure and morphology of material before and after modification were
recorded by SEM, respectively. The SA surface was smooth with dense small particles
(Figure 1a), but the surface of FSAH (Figure 1b) showed rough, multi-fractured, and porous
structure resulting from SA that was grafted with BDD and DA, respectively, and the
specific surface area (BET) was increased. Figure 1c,d shows the C, O, and Na elements
in SA by EDS–mapping as shown in Table S1, but the N element is added to FSAH after
modification. The element content of C increased from 32.49 to 48.35%, however, O and
Na contents decreased, respectively. The new element N increased to 25.88%, as shown
in Table S5.
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2.1.2. FT-IR and XPS Analysis

The infrared absorption spectra of FSAH, DSA (dialdehyde sodium alginate), and SA
were determined using FT-IR spectroscopy (Figure 2a). The dialdehyde group (1731 cm−1)
was generated by oxidation of the C–C bond in o-diol groups by NaIO4, and the stretching
vibration of the aldehyde group proton was observed at 2910 and 2842 cm−1 of DSA [22].
In FSAH, the C=N imine and the N-H peak occurred at 1597 and 1003 cm−1, respectively,
and the 1731 cm−1 peak vanished, indicating that the hydrazone group was successfully
prepared [23]. The connection between δ N-H and ν C-N, as well as the C=N peak positions,
created the amide II (1528 cm−1) and amide III (1283 cm−1) belts peaks, respectively.
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Figure 2. (a) FT–IR spectra of SA, DSA, and FSAH. (b) The XPS spectra of SA and FSAH. (c) C 1s,
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As shown in Figure 2b,c, C 1s, O 1s, and N 1s core levels were investigated using
deconvoluted fitting of complex spectra, and the N 1s, which was new peak, occurred in
FSAH. The C 1s spectrum for SA displayed the bonds as being C–C, C–H bond (284.80 eV),
O–C–O bond (286.29 eV), C–OH bond (286.88 eV), and C=O bond (288.01 eV), respec-
tively [24,25]. However, a new peak of 287.70 eV appeared in C 1s of FSAH, belonging
to the C=N bond in the hydrazone group, and the other three peaks BE shifted to 284.80,
286.28, and 288.70 eV, successively. The atom fraction at 284.80 eV increased to 70.47%,
indicating that the dopamine grafting was successful. The peak of 535.90 eV in FSAH
disappeared, the electron binding energy of –OH bond increased from 532.80 to 533.25 eV
in O 1s, and the atomic fraction of the –OH decreased by 19.32% (from 55.96% to 36.64%).
The N 1s curve formed by the Schiff base and aldimine condensation reactions, with BEs of
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399.92, 400.15, and 400.92 eV for the C=N, N–N, and C–N bonds, respectively. The structure
of the planned target adsorbent FSAH is compatible with these results.

2.1.3. TG and BET Analysis

As Figure 3a shows, the decomposition of SA and FSAH involved three processes:
mass loss of 9% was attributed to the loss of water at around 210 ◦C in the first step; the
thermal decomposition weight loss rate of carboxyl, hydrazone, amide, and hydroxyl
groups increased clearly under 260 ◦C; and the breakdown and decomposition of the
molecular carbon chain and basic skeleton (T > 260 ◦C).
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dye removal rates (d).

Figure 3b,c showed that N2 adsorption increases slowly under relatively low pressure,
the adsorption capacity of N2 increased obviously with the increase of pressure which
can be classified as VI type adsorption isotherm according to IUPAC classification criteria,
which showed a lag loop of H3 associated with slit pores when the relative pressure (P/P0)
is close to 0.6. After the adsorption of Pb2+ by FSAH, the average pore size of BJH decreased,
and the concentrated distribution of pore size changed from 20.34 to 12.29 nm. The pore
uniformity was good, but the volume of adsorption pores of BET and BJH increased greatly.

126



Gels 2022, 8, 343

2.2. Adsorption Performance Study
2.2.1. DA Mass Ratio

The DA was applied to prepare FSAH to adsorb cationic dyes (MB, MG, and CV)
with variable proportions (1.60, 1.28, 0.96, 0.64, and 0.32 g). When the amount of DA
increased from 0 to 0.96 g, the removal rates of MB, MG, and CV increased from 42.31,
39.52, and 38.85 to 99.99, 99.61, and 99.66% (Figure 3d). The removal efficiency of cationic
dyes did not change significantly when the amount of DA was increased. This indicated
the carboxyl group on the SA chain was conjugated to a certain amount of DA by N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), and N-hydroxysuccini-
mide (NHS), and excessive DA remained in the PBS buffer. Considering cost and benefit,
the input of DA grafting was determined to be 0.96 g.

2.2.2. pH

The relationship between pH and heavy metals (pH: 1–7) and dyes (pH: 1–12) removal
rate is shown in Figure 4. The point of zero charge (pHZPC) value of FSAH at zero potential
was 4.07. The amount of H+ was increased, causing protonation of the adsorbent surface
at pH < pHZPC, resulting in a positively charged surface. At pH > pHZPC, the level of
OH– was increased, and functional groups of FSAH surfaces formed negative charge, thus
promoting the removal rate of heavy metals and cationic dyes [26]. The pH of 5 was the best
for FSAH to adsorb heavy metals and cationic dyes, because of the hydroxide formation at
pH > 5; as Medusa software showed formation of copper hydroxide at pH = 6; and then the
adsorption removal rate had no significant changes to dyes at pH > 5. When pH < pHPZC,
the adsorption ability was restricted because a mass of H+ on FSAH surface caused group
protonation, which prevented the adsorption removal rate [27,28].
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2.2.3. Adsorption Isotherm

To evaluate the equilibrium adsorption mechanism, the Langmuir [29], Freundlich,
and Redlich–Peterson isotherm models [30] were used (Equations (S1)–(S4), respectively).

Compared with the fitting correlation coefficient (R2) of the Freundlich isotherm
model and Langmuir isotherm model, the Freundlich isotherm model was more suitable
to describe the adsorption process of Pb2+, Cd2+, and Cu2+ by FSAH at three temperature
conditions in Figure 5 (R2 > 0.95). The adsorption intensity decreased with the increase in
temperature (1/n < 0.5) and KF increased with the increase of temperature, which indicated
that the adsorption process was easier to proceed with accompanied by an increase in tem-
perature. In the Langmuir isotherm model, Figure 5 shows the change curve of adsorption
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separation factor (RL) and adsorbent initial concentration, 0 < RL < 1, indicating that the
adsorption behavior is favorable and has a strong affinity (Figure S1). It can be inferred
that the adsorption process of heavy metal ions mainly tended to be multilayer adsorp-
tion. In the adsorption process of MB, MG, and CV, the fitting correlation coefficient R2 of
the Langmuir isotherm model was >0.9, which was larger than the Freundlich isotherm
model’s R2, and the adsorption data were more consistent with the Langmuir isotherm
model. These results indicated that the adsorption of MB, MG, and CV by FSAH mainly
involved monomolecular adsorption induced by the point-facing adsorption mechanism.
KF and n represented the adsorption strength and strength, respectively. The KF and n
values of MB were the largest when fitting parameters with the three cationic dyes, which
indicated that the affinity of FSAH with cationic dyes was MB > CV > MG [31]. Rendering
a high R2 value and a low χ2 value, fitting with the Redlich–Peterson model was also fairly
good (R2 > 0.9, Table S2). The saturated adsorption capacity of Pb2+, Cd2+, Cu2+, MB, MG,
and CV by FSAH were 371.4, 304.3, 157.1, 1147.71, 1332.75, and 1210.01 mg/g in Table S1,
respectively. Comparison with other adsorption materials are reported in Table S6. The
adsorption capacity of FSAH on heavy metals and dyes has a relatively large advantage.
As a consequence, FSAH was a valuable adsorbent material for wastewater treatment.
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2.2.4. Adsorption Kinetic

In order to fit the experimental data, the non-linear pseudo-first-order (PFO) [32],
pseudo-second-order (PSO) [33] rate laws kinetic models, and internal diffusion models
are represented by Equations (S5)–(S7) in this paper, respectively.

Figure 6 and Tables S2 and S3 show that the adsorption of heavy metal ions and cationic
dyes had a higher degree of fit with PSO, R2(PSO) > R2(PFO) and χ2(PSO) < χ2(PFO) based
on high values of R2 and low values of the non-linear chi-square statistics (χ2), and the
qe calculated by PSO was more consistent with the actual value of the experiment. The
relevant kinetic fitting parameters K1, K2 > 0, which showed that the adsorption behavior
of heavy metals was spontaneous. In the case of the coexistence of chemical adsorption and
physical adsorption, the rate-determining step was chemical adsorption. C1, C2 6= 0 in the
two stages of intraparticle diffusion adsorption, indicating that boundary layer diffusion
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has a great influence on adsorption. The kid1 > kid2 which indicated that the surface of the
adsorbent was occupied by the adsorbate with the increase of adsorption time, and the
adsorbate molecules diffused from the surface of the adsorbent to the internal pores of the
adsorbent, resulting in a very slow process and a decrease in the adsorption efficiency [34].
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2.2.5. Thermodynamic Adsorption

The Gibbs free energy (∆Gθ), enthalpy (∆Hθ), and entropy (∆Sθ) were calculated using
Equations (S8)–(S11) at 298.15, 308.15, and 318.15 K, respectively [35,36]. Figure 7 and Table
S4 show the related thermodynamic parameters. The ∆H > 0 indicated that increasing
the temperature increased the resultful collision efficiency between heavy metals, dyes,
and FSAH, which promoted diffusion in the microchannels inside, improved adsorption
ability to adsorb heavy metals which were very advantageous to adsorption. The ∆S > 0
showed that solute adsorption was accompanied by solvent desorption in the adsorption
process; the former process was accompanied by a loss in entropy, whereas the latter
process increased entropy [37]. At various temperatures, the ∆Gθ < 0, adsorption processes
were viable and spontaneous. In conclusion, adsorption reactions were spontaneous
endothermic reactions.
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2.2.6. Reuse Adsorption

To assess recycle adsorption ability of FSAH was an important index [38]. After
five recycles, the adsorption removal rate of FSAH decreased to 93.15%, 77.28%, 55.18%,
92.45%, 89.23%, and 91.23% for Pb2+, Cd2+, Cu2+, MB, MG, and CV (Figure 8), respectively.
The main reasons were speculated on the partial functional groups that were occupied
with heavy metals and dyes incomplete desorption, and the structure of FSAH could
be damaged with HCl [39]. In general, the FSAH as heavy metals and dyes adsorbent
materials possessed excellent regeneration and reuse potential.
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2.3. Adsorption Mechanism

Figure 9a shows the FT-IR analysis of FSAH before and after adsorption of Pb2+ and
MB. The peak of C=N came from Schiff base condensation shifted from 1597 to 1586 cm−1,
The peak of COO– at 1392 cm−1 changed initial position, which showed that ion-exchange
and coordination would have occurred after adsorption Pb2+. The peak of carboxyl groups
shifted significantly after adsorption MB, and new peaks appeared.
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S 2p (f), respectively.

The new peaks of Pb 4f and S 2p clearly emerged in Figure 9b revealed that the FSAH
had adsorbed Pb2+ and MB from XPS analysis, respectively. The O 1s peak for C–O of
–COO– shifted from 532.60 to 532.83 eV which possibly revealed the covalent interaction
between Pb2+ and C–O of –COO– was ionic interactions after adsorption Pb2+ [40–42];
however, the BE of C=N shifted from 401.28 to 402.05 eV (∆BE > 0.5 eV), the atomic
fractions of C=N were significantly reduced which indicated the preferential covalent
interaction between Pb2+ and N-donor ligands over O-donors [10,43–45]. After adsorption
of MB on FSAH, the S 2p3/2 (163.90 eV) and S 2p1/2 (168.60 eV) appeared in Figure 9c, and
the O 1s spectra noticeably shifted, possibly from the influence of –OH and COO– in FSAH.
Because the dyes of MB, MG, and CV have positive-charge, FSAH has negative-charge
when the system pH is greater than pHZPC, and the adsorption data of MB, MG, and CV
fitted with the Langmuir model which showed that monolayer adsorption was dominant.

In general, the most possible explanation for adsorption is the ion exchange interaction
from COO– groups and chelation coordination from hydrazone groups played important
roles in adsorption of heavy metals in FSAH; due to graft DA introducing functional
groups that have more adsorption effect on dyes, especially catechol groups, which utilized
electrostatic attraction, hydrogen bonding, π-π interaction, and Van der Waals force [46].

3. Conclusions

The secondary grafting of hydrazide and DA to prepare adsorption material FSAH,
which has a high removal rate for Pb2+, Cd2+, Cu2+, MB, MG, and CV. The saturated
adsorption capacity of FSAH for Pb2+, Cd2+, Cu2+, MB, MG, and CV were 371.4, 304.3,
157.1, 1147.71, 1332.75, and 1210.01 mg/g, respectively. SEM, BET, FT-IR, and XPS analysis
show that heavy metals are easier to enter the FSAH in the spatial network structure; the
structure of BDD boosted adsorption effectiveness of dyes through the π–π-interaction. At
ideal pH = 5, the thermodynamic study revealed that the adsorption process is endothermic
and spontaneous. The hydrazone groups coordination and ion exchange, which was
primarily chemical adsorption, fitted the Freundlich model for heavy metal ion adsorption.
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However, cationic dye adsorption was linked to a variety of interactions, including H–
bond, electrostatic, and π-π interaction, which fitted the Langmuir model and revealed
that monolayer adsorption was the most common. Furthermore, after fivefold adsorption–
desorption, adsorption efficiency can still be over 80%. To sum up, we concluded that
FSAH was a valuable adsorbent material for wastewater treatment.

4. Materials and Methods
4.1. Materials

SA (500–1000 mPa·s) was purchased from Adamas Reagent (Shanghai, China). Acetic
acid, BDD, dopamine (DA), ethylene glycol, Pb (NO3)2, Cd (NO3)2·4H2O, Cu (NO3)2·4H2O,
MB, MG, CV, EDC, NHS, lead, cadmium, and copper standard solution (1000 mg/L)
were obtained from Aladdin Biochemical Technology (Shanghai, China). Anhydrous
ethanol, and sodium periodate (NaIO4) were obtained from the Kelong Chemical Reagent
Factory (Chengdu, China). Unless otherwise noted, all reagents were used without
further purification.

4.2. Preparation of DSA

SA (5 g) was dispersed in anhydrous ethanol (50 mL) for 2 h, and 40 mL aqueous
solution (2.5 g, NaIO4) was dropped into SA-ethanol dispersion in the dark for 12 h
(318.15 K, pH = 4.0). Furthermore, ethylene glycol (5 mL) was used to terminate reaction,
the product was washed 3 times with a mixture of ethanol and water (v/v = 5:4), and
finally, DSA was vacuum-dried [47]. Using an automatic potentiometric titrator and the
hydroxylamine hydrochloride method, the oxidation degree (OD) of DSA was determined
by potentiometric titration for the detection of aldehyde groups [22,37], and the OD of DSA
is 64.28%.

4.3. Preparation of FSAH

The mixture (DSA, 5.00 g and BDD, 2.70 g) was stirred to prepare DBD at 318 K for
12 h in ethanol (20 mL), which was collected by filtration; DBD (500 mg), EDC (440 mg),
and NHS (295 mg) were stirred in PBS buffer solution (50 mL) for 30 min, and then added
to 900 mg DA through nitrogen protection for 24 h at 15 ◦C. The hydrogel particle of FSAH
was washed 3 times, and freeze-dried [18,21]. The preparation route of FSAH is presented
in Figure 10.
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